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Abstract. Over 20 global ocean tide models have been developed since 1994, primarily as a 
consequence of analysis of the precise altimetric measurements from TOPEX/POSEIDON and as 
a result of parallel developments in numerical tidal modeling and data assimilation. This paper 
provides an accuracy assessment of 10 such tide models and discusses their benefits in many fields 
including geodesy, oceanography, and geophysics. A variety of tests indicate that all these tide 
models agree within 2-3 cm in the deep ocean, and they represent a significant improvement over 
the classical Schwiderski 1980 model by approximately 5 cm rms. As a result, two tide models 
were selected for the reprocessing of TOPEX/POSEIDON Geophysical Data Records in late 
1995. Current ocean tide models allow an improved observation of deep ocean surface dynamic 
topography using satellite altimetry. Other significant contributions include theft applications in 
an improved orbit computation for TOPEX/POSEIDON and other geodetic satellites, to yield 
accurate predictions of Earth rotation excitations and improved estimates of ocean loading 
corrections for geodetic observatories, and to allow better separation of astronomical tides from 
phenomena with meteorological and geophysical origins. The largest differences between these 
tide models occur in shallow waters, indicating that the current models are still problematic in 
these areas. Future improvement of global tide models is anticipated with additional high-quality 
altimeter data and with advances in numerical techniques to assimilate data into high-resolution 
hydrodynamic models. 

Introduction collection of tide gauge data. That model, although now known to 
contain decimetric and larger errors, played a central role in 

Tides have been important for commerce and science for oceanographic and geophysical research for more than a decade. 
thousands of years. Historically, tides were measured only by Earlier Seasat-derived models were useful in verifying the 
coastal tide gauges along continental coastlines and at islands and qualitative validity of Schwiderski's tidal maps, although they did 
by bottom pressure recorders at a few hundred deep-sea sites. The not themselves provide a significant quantitative gain in accuracy 
advent of satellite altimetry in the late 1970s enabled the study of and were never used in further oceanographic studies to any 
deep ocean fides using Seasat radar altimeter data [e.g., extent. 
Cartwright and Alcock, 1983; Mazzega, 1985]. At that time, the Geosat in the late 1980s provided the first altimetric data set for 
most accurate ocean tide model was that of Schwiderski [1980], extended global tide studies, enabling the derivation of models of 
who constructed a hydrodynamic interpolation scheme for the comparable or better accuracy than Schwiderski [e.g., Cartwright 
assimilation of the tidal constants data set derived from the global and Ray, 1991] and of practical utility for oceanography. Ray 

[1993] gives an interesting review of tidal studies at the start of 
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development of models of unprecedented accuracy by a number 
of authors. This research owes its success primarily to the superb 
accuracy, coverage, continuity, and data sampling of T/P but also 
to parallel developments in numerical tidal modeling and data 
assimilation [Le Provost et al., 1995]. One motivation of this 
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fact that the tidal signal in T/P altimetric data is the largest 
contributor to sea surface height variability and accounts for more 
than 80% of the signal variance [Ray, 1993]. Therefore tides are 
immediately apparent in even the briefest examination of an 
altimetric data set. Second, the quality and length of the T/P data 
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set and the efficient distribution of T/P altimetry by data centers Global Ocean Tide Models 
have enabled ready and precise analysis. 

In turn, there tend to be two overlapping groups of researchers Table 1 lists 10 global ocean tide models and their revisions 
who require the new tidal models. The first group includes which were used in this study. In Table 1, an asterisk indicates 
scientists interested in tides in their own right, for example, for ocean tide model solutions computed from data with more 
studies of tidal dissipation, while the second group contains accurate orbits using improved models, including the Joint 
investigators who require simply an efficient "tidal correction Gravity Model (JGM-3) gravity field model, the dynamical tidal 
term" or "tidal filter" algorithm prior to other oceanographic and perturbation model computed from T/P tide models, and the 
geophysical studies. 

It will be seen that many of the new models are very similar. 
This similarity is at first reassuring, since they have after all been 
derived from essentially the same data sets. However, it is 
important to fully consider the remaining small differences 
between models because of the potential for residual errors to 
corrupt the other oceanographic studies, particularly as 
researchers begin to employ the extended T/P, ERS1 and ERS2 
data sets for the study of small-amplitude, large-scale processes. 
For example, tidal signals sampled in a specific way can alias into 
oceanic signals which satisfy the dispersion relation for planetary 
waves [Jacobs et al., 1992]. 

This paper is intended to provide an accuracy assessment of the 
currently available ocean tide models and to demonstrate their 
applications to other interdisciplinary study areas. Since Ray 
[1993], several other reviews of tide models have been carried 
out, the most recent being that of Andersen et al. [1995]. 
However, a further review and a comprehensive accuracy 
assessment of the current tide models is justified for the following 
reasons: 

1. There has been significant progress since the end of 1994 
when the Andersen et al. review was conducted. 

2. This study, in part, is based on the results of a tidal accuracy 
assessment performed by an unprecedented collaborative 
effort of tidal experts within the T/P project in May 1995. 

3. As a result of that assessment, two of the available models 

were selected by the T/P project as best suited for the 
reprocessing of T/P data sets in 1996. It is almost certain 
therefore that these two models will be employed more than 
any others in altimetric research over the next few years. 
Consequently, it is important to document how the choice 
of these two models was made. 

As will be described below in detail, a variety of tests were 
conducted to provide an accuracy assessment of these tide models. 
Some of these tests provided clear demonstration of improved 
interdisciplinary applications of these models in the field of 
geodesy, orbit determination, geophysics, and oceanography. 

terrestrial reference frame [Precision Orbit Determination (POD), 
1994; Marshall et al., 1995], while the others employed data with 
orbits using the older JGM-2 gravity field model [Tapley et al., 
1994]. In principle, tide models computed from the JGM-3 orbit 
(gravity field, dynamical tide model, and other improvements) are 
to be preferred, because the estimated radial accuracy of the orbits 
of 2-3 cm represents a significant improvement over the 3-4 cm 
for JGM-2. In addition to gravity errors, JGM-2 orbits contained 
residual radial orbit errors on the order of 1 cm at tidal periods 
[Marshall et al., 1995], which would propagate into the tide 
model solutions. However, JGM-2 derived models were not 

excluded from the study, primarily because of the time required 
for some of the solutions to be updated using the improved orbit 
would delay the tide model evaluation process. 

Four of the 10 models have used a priori purely hydrodynamic 
tide solutions made available by Le Provost et al. [1994] at the 
end of 1994. This set, Finite Element Solutions, version 94.1 

(FES94.1), includes 13 tidal constituents. Among them, only the 
eight major ones have been computed through the hydrodynamic 
finite element model developed by the Grenoble tidal modeling 
group: three diurnals (K•, O•, Q•) and five semidiurnals (M2, S2, 
N2, K2, 2N2). The other five constituents have been deduced by 
admittance from these eight major ones, following a method 
described by Le Provost et al. [1991]. These waves are t. t2, v2, I-a, 
T•., and P•. All these solutions were made available on a 
0.5øx0.5 ø grid, although the full resolution solutions, computed 
on the original finite element grid (down to 10 km, along the 
coasts), were also available on request. Comparison of FES94.1 
to the first TIP-derived solutions of Schrama and Ray [1994] 
revealed that the former contained large-scale errors, of the order 
of up to 6 cm in amplitude for M2 (see Figure 3 of Le Provost et 
al. [1995]) and a few centimeters for the other major constituents. 

A concise description of the ocean tide models used in the 
study (Table 1) is given below. It can be seen that within this area 
of work the term "model" is an ambiguous one, sometimes 
referring to the results of pure numerical computation schemes, 
other times referring to purely empirical parameterizafions of 

Table 1. List of Global Ocean Tide Models Used in This Study 
Model Description 

AG95.1* 
CSR3.0* 
DW95.0/.l* 
FES95.1/.2.1' 
Kantha. 1/.2 
ORI 

SR95.0/.1' 
GSFC94A 
RSC94 
TPXO.2 

KMS Andersen-Grenoble model 

UT/CSR Eanes model 
CU Desai-Wahr models 

Grenoble Le Provost et al. models 

CU Kantha models 

U. Tokyo Ocean Research Institute Matsumoto et al. model 
Delft/GSFC Schrama-Ray models 
GSFC Sanchez-Pavlis model 

GSFC Ray-Sanchez-Cartwright model 
OSU Egbert et al. model 

* Indicates solution obtained using T/P data with JGM-3 orbits. The slash after model 
acronyms indicate revisions of some of the models which were used in this study. 
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altimetric data, and in further cases referring to results of hybrid 
analyses involving data assimilation. The terms "solution" or 
"estimate" might be more appropriate in the first case, while 
"parameterization" might be suitable in the second. However, as 
"model" is endemic throughout the literature of this subject, we 
have continued to use it, although the reader is urged to note the 
important differences in each case. The following sections 
provide a concise description of these tide models. 

AG95.1 

The Anderson-Grenoble, Version 95.1 (AG95.1) model 
[Andersen, 1995; Andersen et al., 1995] is a long-wavelength 
adjustment of the FES94.1 pure hydrodynamic model [Le Provost 
et al., 1994] for the M2 and S2 constituents using the first 2 years 
of T/P crossover data (70 repeat cycles) and JGM-3 orbits. The 
Cartwright and Ray [1991] solutions for ocean loading were 
employed prior to determination of the tide model solution. 
Without altering the short-wavelength structure of the FES94.1 
model, Andersen derived an ocean tide correction for M2 and S2 
using an orthotide approach and interpolated the adjustments onto 
regular grids using collocation with a half width of 3500 km. The 
resolution of the normal version of the model (as for FES94.1) is 

DW95.0/.I 

The Desai-Wahr, Version 95.0 (DW95.0) ocean tide model 
[Desai and Wahr, 1995] is an empirical ocean tide model 
estimated using data from exact repeat cycles 10 to 78 of the T/P 
altimeter mission. The data used employed the JGM-3 orbit 
computed at the University of Texas. In addition to estimating a 
smooth response across the diurnal and semidiurnal tidal bands, 
the monthly, fortnightly, and termensual ocean tides are also 
estimated. The model defines the diurnal admittance function as 

one with the expected free core nutation resonance removed. The 
DW95.1 ocean tide model is a recent revision of the DW95.0 
model and employed additional cycles of T/P data. 

FES95.1/2.1 

The Finite Element Solutions, Versions 1 and 2.1 (FES95.1/2.1) 
models stem from the earlier pure hydrodynamic finite element 
solution FES94.1. An improved version of the FES94.1 solutions 
was derived by assimilating into the hydrodynamic model of 
Grenoble the earlier empirical T/P CSR2.0 tidal solution using a 
representer method as developed by Egbert et al. [1994]. The 
CSR2.0 solutions were computed at the end of 1994 by the 
University of Texas from 2 years of T/P data and with JGM-3 

0.5øx0.5 ø within the latitude range 65 ø S to 65 ø N. Outside of orbits. The assimilated data set used in the assimilation consisted 
these limits the model is exactly the same as FES94.1. With the of a sampling of CSR2.0 on a 5øx 5 ø grid for ocean depths greater 
exception of M2 and S2, all other constituents (totaling 13 waves) than 1000 m. The assimilation was performed over five basins: 
are taken directlyfromFES94.1. North Atlantic, South Atlantic, Indian Ocean, North Pacific 
CSR3.0 Ocean, and South Pacific Ocean. The solutions were then 

completed by adding the Mediterranean Sea (from Canceil et al. 
The Center for Space Research, Version 3.0 (CSR3.0) model (submitted manuscript, 1995)), the Arctic Ocean from Lyard 

[Eanes and Bettadpur, 1996] is basically a long-wavelength [1995], and Hudson Bay, English Channel, North Sea, and Irish 
adjustment to the AG95.1 model for the semidiumal fides and to Sea from FES94.1. Two versions of the assimilation solutions 
the FES94.1 pure hydrodynamic model for the diurnal fides. have been produced. In FES95.1, which still includes only 13 
Thereby a tide model product is produced which preserves the constituents, the two major ones (M2 and S2) have been adjusted 
long wavelength accuracy of T/P with essentially the detailed by means of the assimilation. The 11 other constituents are the 
spatial resolution of the Grenoble model. 

The model is based upon 89 cycles (2.4 years) of T/P altimetry. 
First, diurnal orthoweights were fit to the Q•, O•, P•, and K• 
constituents of the AG95.1 model [Andersen et al., 1995] 
FES94.1 [Le Provost et al., 1994], and semidiurnal orthoweights 
were fit to the N2, M2, S2, and K2 constituents of Andersen's 
"Adjusted Grenoble Model" [Andersen et al., 1995]. Tides in the 
Mediterranean from P. Canceil et al. (Barotropic tides in the 
Mediterranean Sea from a finite element model, submitted to 
Journal of Geophysical Research, 1995; hereinafter referred to as 
Canceil et al., submitted manuscript, 1995) were used in both tidal 
bands as they appeared in the Andersen Adjusted Grenoble model 

ones of FES94.1. FES95.2.1 differs from FES95.1 in two points: 
1. N 2, K•, and O• have also been corrected by means of the 

assimilation. 

2. The set of components included has been extended to 26, 
deduced as before by admittance from the eight major ones. 
Among these secondary waves are M•, J•, Oo•, œ2, )•2, and 
•12 (C. Le Provost et al., A hydrodynamic ocean tide model 
improved by assimilating a satellite altimeter-dervied data 
set, submitted to Journal of Geophysical Research, 1996). 

Kantha.l/2 

The Kantha models [Kantha, 1995] are high-resolution, data- 
as well as in FES94.1 itself. Radial ocean loading tides from the assimilated, fully nonlinear barotropic ocean tide model. The 
previous CSR2.0 model were added to the Grenoble ocean tides to Kantha. 1 solution assimilates tidal values computed using an 
convert them to geocentric tides. Then T/P altimetry was used to earlier version of the Desai and Wahr model (denoted DW94.0 
solve for corrections to these orthoweights in 3øx3 ø spatial bins. and based on JGM-2 orbits for 69 cycles of T/P data) and coastal 
The orthoweight corrections so obtained were then smoothed by tide gauge data into a finite difference, explicit, vertically 
convolution with a two-dimensional gaussian for which the full- integrated barotropic scheme. An orthotide approach is employed 
width-half-maximum (FWHM) was 7.0 ø. The smoothed to extend the model results into a total of 30 semidiurnal and 30 
orthoweight correcqons were output on the 0.5øx0.5 ø grid of the diurnal tidal frequencies. The model grid spacing is 0.2øx0.2 ø 
Grenoble model and *_hen added to the Grenoble values to obtain (approximately 22 km at the equator). The relatively high 
the new model with a global domain. The T/P orbit used for this resolution of the model is expected to provide more accurate fides 
tide model development was computed at Texas and used the in coastal oceans and marginal seas, limited, however, by the 
JGM-3 gravity field and a dynamical ocean tide model based upon accuracy of available bathymetric and tide gauge data. The 
an even earlier Texas solution (CSR1.6). Kantha. 1 represents an improved model which provides better 



25,176 SHUM ET AL.: ACCURACY ASSESSMENT OF RECENT OCEAN TIDE MODELS 

quality control for assimilation of tide gauge measurements and 
has been extended to 80øS to cover Antarctic oceans. The 

Kantha.2 model is a revised model using additional data and 
assimilates a later version of the Desai-Wahr model (DW95 
model). 

ORI 

The ORI model was developed by the Ocean Research Institute 
at the University of Tokyo and the National Astronomical 
Observatory [Matsumoto et ad., 1995]. This model is based on 
harmonic analysis of data from crossover points from the first 77 
cycles of TOPEX altimetry processed using the JGM-2 orbits. A 
hydrodynamic interpolation scheme, similar to that of 
Schwiderski, was employed to allow interpolation between the 
crossovers and for high-latitude areas outside the T/P domain, 
although admittedly with less precision. Tidal constants were 
computed for the eight major constituents (O•, Q•, P•, K•, M2, S2, 
K2, and N2), while eight additional terms (2N2, !.t2, v2, I-a, T2, M•, 
J•, and OO•) were computed by interpolations of semidiumal and 
diurnal admittances. The model spatial resolution is 1ø x 1 o. 

SR95.0/.1 

The SR95.0 model (version 950308) is an update of the one 
described by Schrama and Ray [1994]. Most of the details 
concerning the data processing and other aspects can be found in 
that paper. The two major changes are that the present model was 
derived as a correction to the Grenoble FES94.1 model, whereas 

the published paper shows corrections to the Schwiderski and 
Cartwright-Ray models. As in FES94.1, the model is given on a 
0.5 ø geographical grid. Second, the load tide required for deriving 
the ocean tide from the geocentric altimetric tide was computed in 
a rigorous manner, following Appendix A of Cartwright and Ray 
[1991]. Another small improvement was a minor correction to the 
orbit, which was implemented in a semianalytic fashion by 
Bettadpur and Eanes [1994]; the orbit therefore corresponds to 
the one computed from the JGM-3 gravity model with a T/P- 
based tide model (as in the second release of the Geophysical 
Data Records (GDRs)). Additionally, of course, more altimeter 
data have been used: both TOPEX and POSEIDON altimetry 
from cycles 9 through 71 as processed for this version. 

model on a 2øx2 ø grid within 76.75øS to 69.25øN. The 
GSFC94A model does not rerum valid tidal heights in most of the 
shallow ocean. 

RSC94 

This Ray-Sanchez-Cartwright (RSC) model (version 941230) 
was briefly described in an abstract by Ray et al. [1994a], 
although the last sentence of that abstract, referring to use of 250 
gauge data, does not apply to this version of the model. The 
model was derived by a generalized response method [Groves and 
Reynolds, 1975] and with the response weights (or orthoweights) 
expressed by expansions in Proudman functions (up to maximum 
degree 700). Hence the model was created by one large inversion 
problem, of approximate size 5300 coefficients. The Proudman 
functions were computed on a 1 ø grid coveting the area between 
latitudes-68 ø and 68 ø, although several marginal areas (e.g., the 
Mediterranean, Hudson Bay, and the complex seas near 
Indonesia) were excluded. The additional radiational forcing at 
the S2 frequency was handled by the method suggested by 
Cartwright and Ray [1994]. The model is completely 
independent of any other model; that is, it is not a correction to 
some previous model. (This is also true of the Desai-Wahr and 
Egbert-Bennett-Foreman models.) However, for this version, the 
Cartwright-Ray model was used for the load-fide correction. 

The tidal solution was based on repeat cycles 1 to 64, with both 
TOPEX and POSEIDON contributing. (A relative bias between 
these two altimeters was estimated simultaneously with the tidal 
coefficients.) Additionally, the harmonic constants at about 20 
stations were used in the inversion; most of these stations are 
located along the perimeter of the Labrador Sea, where ice cover 
often yielded fewer altimeter observations, and the North Sea. 

TPX0.2 

TOPEX/POSEIDON Crossover Solution, Version 2 (TPXO.2) 
is a global inodel of ocean fides, which best fits, in a least squares 
sense, the Laplace tidal equations and crossover data from the first 
38 TOPEX/POSEIDON orbit cycles. The largest eight 
constituents were inc!uded as free model parameters, with an 
additional nine nilnor constituents included fit by interpolating 
the admittance in each tidal band. The assumed dynamics, the 

As in the original paper, a simple harmonic method was used relative weighting of dynamics and data, and the computational 
for deriving the tidal solution. Five constituents were solved for 
M2, S2, N2, O1, and K1. The Q1 and K2 constituents were adopted 
(courtesy of C. Le Provost) directly from the FES94.1 model. For 
computing tidal height predictions (e.g., for use in correcting 
altimetry), some 16 additional minor constituents were included 
by linear inference from the major constituents. 

The SR95.1 model is actually identical to SR95.0, except for a 
ch,'mge in the supplied tidal prediction software. The newer 
programs provide for the 16 minor fides that had been neglected 
in the SR95.0 software. 

GSFC94A 

The Goddard Space Flight Center, Version 94A (GSFC94A) 
model [Sanchez and Pavlis, 1995] is based on corrections to the 
Schwiderski model for four diumal (Q•, P•, O•, and K•) and four 
semidiumal (M2, S2, N2, and K2)constituents. Residual sea 
surface heights remaining after the Schwiderski correction from 
the first 40 cycles of JGM-2 orbit TOPEX data were 
parameterized in terms of a set of Proudman functions. The 
solutions from these fits were then used to compute a new overall 

approach ,are essentially as described by Egbert et al. [1994]. 
As a Erst approximation, the FES95.1/2.1, GSFC94A, 

Kantha. l/.2, ORI, and TPXO.2 solutions could be said to differ 

from the others in being different forms of data assimilation into 
numerical models wherein hydrodynamic constraints effectively 
act as a data filter. Conversely, the majority six models were 
largely empirical determinations of ocean tide parameters derived 
primarily from T/P data. However, this distinction is clearly 
blurred in some cases, for example, in the use by AG95.1 and 
CSR3.0 of an empirical scheme to adjust the Grenoble 
hydrodynamic models. 

Except where explicitly noted, long-period fides for all models 
were treated as strictly equilibrium fides. In fact, most of the 
software packages adopted the same small routine, written several 
years ago by D. E. Cartwright, which computes predictions from 
the 15 largest long-period spectral lines, including the 18.6-year 
fide. The DW95 models provided solutions for the fortnightly and 
monthly tides. Most of the models also solved for semiannual and 
annual tides in the solution procedure, however, have adopted 
equilibrium values for these tidal lines. 
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Table 2. Standard Deviations of Differences Between Tidal Models 

Area M 2 M 2 (<50 ½m) Kl 

Global 2.29 1.92 

(>1000 m) 0.97 0.97 
(<1000 m) 9.78 7.90 

Values are given in centimeters. 

0.89 
0.69 
2.76 

Accuracy Assessment 

Each model included in the study was subjected to the 
following evaluation tests: (1) initial examination of model 
differences to identify apparent problems and observe model 
smoothness, (2) pelagic and island tide gauge analysis, (3) 
crossover residuals analysis, (4) T/P sea level time series analysis, 
(5) tide gauge time series analysis. (6) comparison to gravity 
loading measurements. Results from these evaluation tests are 
described below. 

Examination of Model Differences 

Plate 1 shows the standard deviation of the M2 component 
among eight of the models (AG95.1, CSR3.0, DW95.0, FES95.1, 
ORI, RSC94, SR95.0, TPXO.2) at each point in the ocean. A 
comparison with Andersen et al. [1995] indicates a gain in 
consistency in current models even over the models available in 
1994, which were used in the Andersen et al. [1995] study. For 
most of the deep ocean (deeper than 1000 m), the standard 
deviation is less than 1 cm. Remaining areas of disagreement are 
dominantly in shallow water where tidal length scales are short. 
There, the standard deviation of the models can exceed 50 cm. 
Away from coastal areas, many of the areas where the standard 
deviations exceed 1 cm correspond to shallow bathymetric 
features. This occurs because the purely altimetric models such as 
DW95.0 do not have the spatial resolution necessary to reproduce 
the detailed local tidal response. The diagonal line southeast of 
Hawaii is a seam in the FES94.1 model due to an earlier software 

incapability to handle longitude discontinuities. Since many 
models used FES94.1 as a starting model, a slight discontinuity 
appears in the standard deviations as they are compared with each 

other. A specific examination of the FES95 models indicates that 
there is no longer longitude discontinuities. 

Plate 2 shows a similar comparison for the K• constituent. Here 
the agreement is relatively worse than for M2, given that K• is a 
much smaller tidal constituent. The primary reason for this is that 
the FES95.1 and the AG95.1 model solutions do not provide an 
adjustment of the K1 constituent and are therefore adopting the K1 
constituent from FES94.1. Thus the M2 comparisons are between 
models which all incorporate altimetry data to some extent, while 
the Kl comparison includes the purely hydrodynamic FES94.1 
model. The large disagreement in the southern oceans is thus due 
to differences between the altimetric and hydrodynamic results. 
Note that these defaults have been corrected in the FES95.2.1 K• 
solution by assimilation of T/P-derived data. 

Table 2 gives the standard deviation of the models globally and 
in deep and shallow water. In water deeper than 1000 m, the 
models for both M2 and K1 agree to better than 1 cm. In shallow 
water, the standard deviation of the models for M2 is 9.78 cm, 
while for Ka it is 2.76 cm. If values over 50 cm are excluded, then 
the global M2 standard deviation drops to 1.92 cm and the 
standard deviation in shallow water drops to 7.90 cm. 

A reservation to the apparently excellent result of Plate 1 stems 
from the fact that in the deep ocean, most of the models have had 
"smoothness" imposed in some form. This will act as filter of 
oceanographic data "noise," stemming in particular from 
mesoscale energy. For example, the Proudman function schemes 
of RSC94 and GSFC94A will smooth over mesoscale signals, 
while there is no mesoscale at all in the FES models. This may 
account to some extent for there being no large rms signals in 
Plate 1 in the areas of large currents, with the possible exception 
of the Agulhas region. Even models such as SR95.0 and DW95.0, 

Figure 1. Locations of selected ocean tide observations at 49 island tide gauges and 53 bottom pressure stations. 
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which have no explicit spatial smoothing, have an implicit 
smoothing as a consequence of their data gridding. 

Pelagic and Island Tide Gauge Analysis 

In the course of the T/P project, tide gauge data have been 
employed intensively in order to provide a test of the altimeter 
information. In the case of ocean tide information, sets of deep 
ocean tidal constants have been assembled from pelagic and 
island sites for comparison to the altimetric models [e.g., 
Cartwright and Ray, 1991; Le Provost, 1994]. 

Figure 1 shows the locations of 49 island and 53 bottom 
pressure recorder (pelagic) stations. At these 102 sites, we have 
compared the previously determined harmonic constants to the 10 
new models. Possible systematic differences between the island 
and bottom data sources have been discussed by Andersen et al. 
[1995] and Parke et al. [1995]. For the present exercise, we 
regard the two data sources as being equivalent, except for a small 
adjustment to the S2 pelagic data. Bottom pressure recorders, of 
course, are sensitive to both the ocean and the atmosphere, so the 
S2 atmospheric tide would induce a small (order 1 cm) error into 
our comparisons. We have removed the atmospheric tide by use 
of a simple analytical model due to Haurwitz and Cowley [1973]; 
see also Cartwright and Ray [1994]. 

Table 3 shows the rms differences between tidal constants from 

the in situ data and the altimetry using the 102 gauge set for each 
of the main eight tidal constituents. In the case of the main M2 
constituent, most of the newer models can be seen to have residual 

rms less than 2 cm, which is a significant improvement on the 
older Schwiderski and Cartwrig2:t-Ray models which are included 
for comparison. Best results for M:. are obtained by the Schrama- 
Ray SR95.0/.1 models, closely tollowed by CSR3.0 and AG95.1 
(tied), and FES95.1/.2.1 models. Table 3 also shows the overall 
rss values (square root of the sum of the squares of the 8 rms 
values) for each model. SR95.0 ranks first, closely followed by 
CSR3.0, FES95.2.1, FES95.1, and AG95.1. 

Figures 2a and 2b give scatterplot comparisons between eight 
of the models (CSR3.0, AG95.1, DW95.0, SR95.0, FES95.1, 
TPXO.2, ORI, and RSC94) and tide gauge data, for eight major 
tidal constituents. Note that the differences are scattered fairly 
uniformly about the tide gauge values and that the mean 

differences are near zero for all constituents. Thus there is little 

systematic difference between the recent models and tide gauge 
data. It also suggests that there may be some truth to the 
conjecture that the "best" model might be an average of the 
models studied. Indeed, the average of CSR3.0, SR95, FES95.1, 
and DW95.0 produces equal or better tide gauge comparisons for 
all constituents than any of the individual models. However, such 
averaged solutions require further studies. 

Altimeter Crossover Analysis 

Examination of variance reduction using T/P altimeter 
crossover measurements which were not used in the ocean tide 

model solutions provides a tool for assessing the accuracy of the 
tide models. Table 4 shows T/P crossover residual rms using 
different tide models for T/P cycles 82-95. The crossover 
measurements were edited for values larger than 60 cm and 
crossover time difference which exceeds 3.5 days to minimize 
aliasing of ocean signals. The data were also weighted according 
to latitude locations, to ensure that larger number of higher- 
latitude data would not bias the result. The crossover statistics are 

provided for the global ocean, the deep ocean (depth > 800 m), 
and the shallow ocean (depth < 800 m). The tide models are 
listed according the lowest crossover residual rms in the deep 
ocean. The number of valid data points are also shown in Table 4 
for each of the models. CS R3.0 model is the model with most 

valid crossover data points in this test, indicating that the model is 
valid in more areas than other models. 

Both RSC94 and SR95 (SR95.0 and SR95.1) models made use 
of an algorithm that attempted to compensate for the undesirable 
presence of the S2 atmospheric tide in the GDR-based inverted 
barometric correction [Ray, 1994]. This algorithm was not used 
in the present crossover calculations, and this may bias crossover 
results against RSC94 and SR95. This bias, however, is probably 
insignificant for the following reason: the atmospheric tide will 
affect primarily low-latitude observations, and Schrama and Ray 
[1994] show that low-latitude crossovers essentially do not 
observe S2: the tidal phases are nearly equal at the crossover 
times. If our tests were based on collinear rather than crossover 

differences, the above bias would be more important. 
Table 4 also comr•uted crossover variance statistics for a 

Table 3. Tidal Model Comparisons to 102 Tide Gauge Stations 

Model Q1 Ol P• K! N 2 M 2 S 2 K 2 rss 

S chwiderski 0.35 1.22 0.61 1.43 1.22 3.86 1.66 0.59 4.84 
Cartwright-Ray 0.46 1.23 0.63 1.89 0.98 3.20 2.20 0.67 4.59 
AG95.1 0.29 1.04 0.45 1.22 0.83 1.64 1.05 0.48 2.75 
DW95.0 0.34 0.98 0.42 1.28 0.70 1.85 1.07 0.56 2.88 
DW95.1 0.33 0.96 0.39 1.23 0.68 1.79 1.02 0.54 2.77 
CSR3.0 0.30 0.95 0.40 1.12 0.67 1.64 1.01 0.52 2.61 
FES95.! 0.29 1.04 0.45 1.22 0.83 1.65 0.98 0.48 2.73 
FES95.2.1 0.29 1.00 0.42 1.15 0.74 1.65 0.98 0.48 2.65 
Kantha. 1 2.80 
Kantha.2 0.57 1.04 0.53 1.40 0.64 2.08 1.13 0.56 3.16 
ORI 0.42 1.02 0.62 1.34 0.87 1.93 1.38 0.90 3.25 
SR95.0/. 1 0.29 0.96 0.45 1.04 0.70 1.55 1.00 0.48 2.53 
GSFC94A 0.35 1.06 0.54 1.41 0.87 2.18 1.18 0.63 3.29 
RSC94 0.37 0.99 0.39 1.26 0.78 1.89 1.18 0.49 2.94 
TPXO.2 0.29 0.98 0.44 1.31 0.75 2.16 1.19 0.55 3.14 

Note that Schwiderski's model is not independent of comparison data, but all others are, with the possible 
exception of the Kantha models. Also, all bottom pressure (pelagic) data have been corrected for the S 2 air fide. 
Root-summed-squares (rss) of the 8 rms values are shown for each model. Values are given in cent/meters. 
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Plate 1. Standard deviations for M 2 from eight recent tide models. 
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Plate 2. Standard deviations for K 1 from eight recent tide models. The larger values near Antarctica are owing to 
differences between T/P derived (and necessarily extrapolated) and hydrodynamic solutions. 
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Figure 2. Scatterplots between the eight models used in Plates 1 and 2 and tide gauge data, for the 8 major tidal 
constituents. 

number of the revised models, e.g., DW95.1, SR95.1, Kantha.2, shows a map of the rms difference between the ascending and 
and the FES95.2.1 models. It is evident from crossover analysis descending tidal solution for Me. Purple indicates no solution. 
that the revised models are performing better than their respective The most obvious contributors are the regions of mesoscale 
earlier models. 

The improvement in crossover residual variance with the 
present generation of models, compared to that available with the 
historic models (Schwiderski and Cartwright and Ray models), is 
shown in Table 5. Table 5 also shows tidal power obtained by 
Schlax and Chelton [1995] froIn their sea level analysis, which is 
consistent with the crossover analysis. Table 5 indicates that an 
improvement of approximately 5 cm rms in tidal height has been 
achieved by the current tide models over the 1980 Schwiderski 
model. 

The difference in tidal solutions between ascending and 
descending tracks, each analyzed in an along-track sense, provides 
a measure of the errors that will affect tidal solutions. Plate 3 

variability and the ice edge boundaries. This occurs because of 
the coupling of the mesoscale and tidal aliases. For M2 and for S2 
and O• (not shown) the coupling appears much stronger in the 
Gulf Stream extension than the Kuroshio extension. For P• the 
coupling with the Kuroshio is much stronger. N2, K2, and Q• 
appear less strongly coupled with mesoscale energy. K• is much 
more strongly coupled, presumably because of the extremely 
close proximity of the K• alias frequency to the semiannual 
frequency. 

Table 6 summarizes the rms differences between the ascending 
and descending tide solutions at crossover points. Latitudes above 
55 ø north and south have been excluded to remove ice boundary 
effects. Note the lower global rms values for N2, K2, and Q• and 

Table 4. T/P Crossover Residual Statistics Using Different Tide Models 

Global Ocean Deep Ocean Shallow Ocean 

Tide Models rms cm Points rms cm Points rms cm Points 

CSR3.0 5.82 53058 5.74 50001 10.05 3057 
SR95.1 5.9 ! 50267 5.83 47708 10.16 2557 
DW95.1 5.98 52769 5.87 49998 11.78 2771 
RSC94 6.06 52281 5.98 49759 10.78 2522 
FES95.2.1 6.12 52630 6.02 49943 11.51 2687 
DW95.0 6.18 52967 6.02 49998 13.69 2969 
TPX0.2 6.17 52832 6.07 49971 10.72 2861 
Kantha.2 6.28 52582 6.21 49863 11.30 2719 
AG95.1 6.58 52645 6.49 49941 11.80 2704 
FES95.1 6.59 52506 6.49 49855 11.93 2651 
ORI 6.65 52802 6.52 49946 13.05 2856 
Kantha. ! 6.61 52998 6.53 50001 11.22 2997 
GSFC94 7.07 52348 6.95 49946 13.11 2569 

Altimeter crossover data from T/P cycles 82-95 used. FES95.2 and FES95.2.1 are revised models of 
FES95.1. SR95.1 is a revised model of SR95.0. DW95.1 is a revised model of DW95.0. Kantha.2 is a revised 
model of Kantha.1. 
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Table 5. Typical Crossover Residual Variances From T/P Analyses 
Using Historic and Current Tide Models 

Model Crossover Variance Tidal Improvement over 
cm 2 Power Schwiderski Model 

cm 2 Variance 
cm 2 

Schwiderski 1980 92 4.82 
Cartwright-Ray 1991 82 4.32 2.12 
1995 T/P Models 62 1.12 4.72 

The tidal power values are from Schlax and Chelton [1995]. It is found to be consistent with 
crossover analysis, assuming that crossover variance is square root of two multiplied by height 
variance. A tidal power of approximately 52 crn 2 has been improved by the current model over 
Schwiderski. 

the much higher rms for K1. Unlike the case of the standard spectra the distribution of residual tidal energy over different 
deviations between recent models, rms differences in shallow spatial scaled can be determined. 
water are not much different than deep water. This suggests that Area-weighted SSH variances were calculated from CSR3.0, 
the shallow water deficiency for the recent models may have been DW95.0, SR95.0, SR95.1, FES95.1, FES95.2.1, and TPXO.2 
caused by problems of ground track spacing and model smoothing models to be 88.4, 91.1, 92.8, 88.9, 93.8, 90.6, and 94.8 cm 2, 
and does not necessarily reflect on the quality of the T/P data in respectively. The CSR3.0 and the SR95.1 models lead to the 
shallow water or on problems separating tides from other coastal smallest overall residual variance, with CSR3.0 being somewhat 
oceanography. superior to the latter, while the FES95.1 and TPXO.2 model lead 

to the highest residual variance. Quite remarkable is the 4-cm 2 
T/P Sea Level Time Series Analysis difference between the SR95.0 and SR95.1 variances. As noted 

Another investigation concerned a consistency test of sea above, the only difference in these models is the addition of a 
surface height data after removal of ocean tides from the group of 16 minor tides inferred from the major tides by the tide- 
measured heights [King et al., 1995]. The implicit assumption prediction software. That TOPEX/POSEIDON can so clearly 
here is that a perfect tide model applied to remove tidal signal will detect these often neglected tides is a testament to its 
lead to a minimum residual oceanographic variability and to a unprecedented accuracies. Similarly, the variance improvement 
smooth spectra power distribution where energy on the tidal from the FES95.1 to the FES95.2.1 models can in part be 
aliasing frequencies falls into the overall continuum background attributed to the inclusion of 13 additional minor constituents (13 
spectral relation. In this test, the following five models and their to 26), except that FES95.2.1 also adjusted three additional waves 
revisions are evaluated: CSR3.0, DW95.0, SR95.0/SR95.1, 0N2, Kl, andO1). 
FES95.1/FES95.2.1, and TPXO.2. In the along-track frequency spectra test, a remarkably close 

For each of those tide models, different sets of sea surface agreement of all models was found (Figures 3a-3e) with 
heights (SSH) fields were derived from which the following, differences limited to the parts of the spectrum near the tidal lines. 
purely nontidal properties were studied: (1)global, area-weighted Generally, minimum residual energy was obtained from the 
variance of the residual SSH, (2) global frequency and CSR3.0 model, except at the N2, O1, and Mf lines, where the 
wavenumber spectra from along-track data, and (3) globally DW95.0 model showed less energy. The corresponding along- 
averaged frequency-wavenumber spectra from an expansion of track wavenumber spectra (not shown) indicate differences 
10-day gridded SSH fields into harmonic coefficients as described between models only for wavelengths larger than 400 km, but in 
by Wunsch and Stammer [1995]. While frequency and particular for longer than 2000 km. As in the frequency domain, 
wavenumber spectra give a summary description of excess of the CSR3.0, SR95.1, and DW95.0 model corrections lead to the 
residual tidal energy in the SSH anomaly from one tide model lowest residual energy, while the other models indicate 
relative to another, from the global frequency-wavenumber significantlyhigher energy at t he larger scales. 

Table 6. Rms Differences Between Tide Solutions From Along-Track Analyses 
in the Ascending and Descending Directions Between 55øS and 55øN 

Constituent Global Deep Shallow 
(> 2000 m) (< 2000 m) 

M2 1.30 1.27 1.66 
S2 1.18 1.11 1.31 
N2 0.86 0.85 1.88 
K2 0.35 0.35 0.39 
K• 3.61 0.66 3.16 
O• 1.07 1.06 1.19 
P• 1.24 1.26 1.16 
Q1 0.96 0.95 1.11 

The rrns value given in Plate 3 is for the entire domain. 
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Figure 3. Three dimensional plots showing residual SSH energy versus frequency as a function of spherical 
harmonic degree (i.e. decreasing wavelength) for (a) CSR3.0, (b) DW95.0, (c) FES95.2.1, (d) SR95.1, and (e) 
TPX0.2 models. Also shown are residual SSH power versus frequency for all the cases. 
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Figure 3. (continued) 

b) 

Frequency-wavenumber spectra based on a spherical harmonic respectively. Also shown are plots of residual tidal power versus 
analysis allow a closer look into the spectral characteristics of frequency for each model. As an example, it is apparent that the 
differences between models. Figures 3a through 3e show the SR95.1 tide (Figure 3d) leads to the smoothest results overall at 
three dimensional frequency-wavenumber spectra plots for the M2 and S2 aliased frequencies (approximately 0.017 
CSR3.0, DW95.0, FES95.2.1, SR95.1, and TPX0.2, models, cycles/day or periods of about 60 days). About the same 
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Figure 3. (continued) 

c) 

impression is obtained from the CSR3.0 model, while all other to actually lower energy than obtained for CSR3.0 at a number of 
models show a clear excess of energy in that tidal aliasing band on frequencie:;. Finally, the TPXO.2 model (Figure 3e) has the 
all spatial scales above a general background state. The highest energy at M2 with contributions from all wavenumbers 
FES95.2.1 correction (Figure 3c) leads to a good correction with and a major residual at K•. 
only an excess of energy at K• and around M2, This model leads From the information derived from this test and within its the 
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tested regions where the •nodels are defined, both the CSR3.0 and 
SR95.1 models appear to give the best ocean tide estimates. 

Tide Gauge Time Series Analysis 

For this analysis, we used 69 tide gauge time series at island 
and pelagic locations distributed around the world (Figure 4). The 
data were provided by the World Ocean Circulation Experiment 

(WOCE) and Tropical Ocean-Global Atmosphere (TOGA) Sea 
Level Centers in Hawaii (Mitehum) and Proudman 
Oceanographic Laboratory (POL)/Bidston (Rickards, Smithson) 
and by Institute de M6canique de Grenoble (IMG) in Grenoble 
(Le Provost). 

Only the high-frequency parts of the records were used (i.e., 
periods less than 3 days obtained by means of standard filtering 
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Figure 3. (continued) 

e) 

techniques on the original hourly time series). These high- 
frequency signals were then compared to the total tide predictions 
obtained from each tide model under test, using only the 
contributions of the diurnal and semidiurnal constituents. The 

residual signals (difference between observed and predicted tide) 
were then used as indicators of the quality of the models. 

Two different global-average quantities were then computed to 
give an overall score: (1) the global rms of the residuals and (2) 
the global explained variance (EV) percentage, defined as 
(raw variance- residual variance)/(raw variance) x 100. 

These indicators were first obtained for each station and the 

global values were computed across the different stations. Results 
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Plate 4. Estimated M 2 signal remaining in T/P sea surface heights after application of the CSR3.0 model. 
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tide models provides approximately 1 cm in T/P radial orbit improvement over the Schwiderski model. 
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Table 7. Results of the Tide Gauge Time Series Analyses 

Model rms Explained Ranking Ranking 
cm Variance (EV) % by rms by EV 

AG95.1 4.1 97.0 4 4 
CSR3.0 3.5 97.9 1 1 
DW95.0 4.9 96.3 6 7 
FES95.2.1 3.9 97.3 3 3 
Kantha. 1 5.3 94.4 9 9 
ORI 5.2 95.2 8 8 
SR95.0 3.7 97.6 2 2 
GSFC94A 6.1 94.4 10 9 
RSC94 4.7 96.5 5 6 
TPXO.2 4.9 96.8 6 5 

Explained variance (EV) is defined as (raw variance- residual variance)/(raw variance) x 100. 

are given in Table 7. The two indicators can be seen to lead to 
slightly different conclusions and the rankings are not the same. 
The rms is an absolute value that does not take into account the 

tidal range, while the explained variance is relative to the original 
variance. The latter quantity is probably more relevant in terms of 
model evaluation. 

As an additional result of this analysis, the same computations 
were performed using tidal constituents deduced by harmonic 
analysis of the time series (instead of the tide models), and an rms 
of 2.6 cm and a global explained variance of 98.9% were 
obtained. These two numbers probably imply an accuracy limit 
which any model-derived harmonic description of the tides cannot 
be expected to exceed. 

Comparison to Gravity Loading Measurements 

Among the tide models mentioned above, five have been 
studied in detail from the point of view of their implied loading 
fide effects. These were the Schwiderski [ 1980] historical model, 
AG95.1, CSR3.0, FES95.1, and ORI. SR95.0 was also studied, 
but its lack of global coverage precluded definitive conclusions by 
this technique. 

A set of 286 gravimetfic stations were used for comparison, 
taken from the recently reanalyzed International Center for Earth 
Tides (ICET) data bank [Melchior, 1994]. The reanalysis 
consisted of subjecting all stations to a set of rigorous 
requirements for each step of the observations, the experimental 
apparatus calibration, and subsequent data reduction. At each 
station, Earth loading fide parameters were determined for the 
major tidal gravity constituents by subtracting the "body tide" 
response of the Earth to the luni-solar potential (through a 
computed Earth model) from the station observations. The 
amplitude and phase of the resulting tidal difference are denoted 
as "vector B" which in turn can be compared to predictions of 
loading from each ocean fide model. 

The comparisons to models were performed in three parts. 
First, mass conservation was considered for each of the models 

which have global coverage. While each of the new models 
showed a great improvement in this respect compared to 
Schwiderski's model, the CSR3.0 model was the one that 
performed best. 

Second, a comparison was made of the residual vector B to the 
oceanic tidal loading (denoted as "vector L") computed from each 
model. This allows us to make full use of the discrimination 

power of the ICET data bank. In general, it appears that the 
correlation coefficients and rms errors between the sine part of B 
and L are better than for the cosine parts for all models. 

The third part of the comparison consisted of an analysis of the 
overall residual "vector X" (i.e. B minus L). To understand that 
comparison, one has to keep in mind that the sine part of vector X 
is not affected by a model of the Earth and thus consists largely of 
instrumental errors plus uncertainties from the ocean tide models. 
On the other hand, the cosine part of X includes information about 
heterogeneity in the lithosphere and thus requires more detailed 
Earth model-dependent analysis. Globally, it appears that all 
models are almost normally distributed about X. 

The standard deviations of X for the AG95.1, FES95.1, and 

CSR3.0 models are approximately 0.65 I. tGal, compared to 0.7 
I. tGal, for Schwiderski. This demonstrates a significant 
improvement in quality of these the new models. Similar tests 
were not made for SR95.0, because of its lack of coverage of 
polar oceans as mentioned above, or for ORI, as its polar ocean 
information is provided solely by hydrodynamic extrapolations 
rather than by data. 

A special look was taken at data from a station at the south 
pole. This is a very high quality station which, in principle, 
should not be subject to any Earth "body tide" effect, although 
loading is still significant. It appears that the FES95.1 and 
AG95.1 models agree with the station data within the 
measurement accuracies. 

From the above elements, it seems that the AG95.1 model 

performs the best for the gravimetric test, with very good results 
for the FES95.1 and CSR3.0 models. More comprehensive results 
and conclusions for the gravity loading test of ocean tide models 
are given by Melchior and Francis [1996]. Another related study 
to evaluate land tides at the south pole using the Schwiderski, 
FES94.1, SR95.0, TPX0.2, CSR3.0, and FES95 models is 

reported by Agnew [1995]. Agnew [1995] concluded that the T/P 
models agree much better than the historic Schwiderski model, 
provided tides underneath the ice shelves are modeled. 

Other Tests 

Several other possible tests were considered for distinguishing 
between models. From geophysics, these included computations 
of energy dissipation for comparison to estimates available from 
satellite and lunar laser ranging. From oceanography, one could 
perform studies of how well the tidally corrected sea surface 
height variability conforms to expectations of meteorological 
response (i.e., the inverse barometer effect). However, while such 
tests are of interest, it was not clear that they would necessarily 
lead to useful conclusions for the present purpose. Nevertheless, 
it was felt that these and other tests will no doubt be performed by 
other authors in the near future in the appropriate contexts. Some 
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of these tests represent a demonstration of applications of as primarily a T/P-derived model but with hydrodynamic model 
improved tide models to the interdisciplinary areas of Earth information content and FES95.2.1 as primarily a hydrodynamic 
science. Discussions of some of these applications are presented model but with a T/P information content. These two models 
in the subsequent sections. therefore both contain altimetry and modeling and in some sense 

T/P Tide Model Selection Criteria 

In addition to the purpose of providing an accuracy assessment 
of current best ocean tide models, another primary objective of 
this study is to select two of the best models for the future 
reprocessing of T/P Geophysical Data Record GDR data sets in 
early 1996. 

After considerable discussion concerning the relative merits of 
each of the evaluation tests in the context of T/P applications, the 
final selection criteria were based simply on the highest combined 
rankings for the pelagic tide gauge comparison and the crossover 
variance analysis, with the condition that models must not be 
incompatible with the other tests. CSR3.0 scores best overall, 
followed by SR95.0, RSC94, and DW95.0 (Tables 3 and 4). 

One of the original specifications for the selection was that one 
of the two should be a pure hydrodynamic model, independent of 
altimeter information. Conversely, the second might be an 
empirical model based solely on the analysis of 2-3 years of T/P 
data. However, it can be seen that this simple choice is no longer 
possible. 

The only possible choice of pure hydrodynamic model would 
be FES94.1, but its inaccuracies precluded its candidacy in the 
present exercise. FES94.1 should not be confused with 
FES95.1/.2/2.1, which use the same hydrodynamic scheme but 
which assimilate T/P information (from CSR2.0). On the other 
hand, the CSR3.0 T/P-derived model uses the FES94.1 and the 

Andersen Adjusted Grenoble parameterizations to provide a 
high-resolution capability. AG95.1 similarly has FES94.1 as a 
basis. 

While SR95.0 and RSC94, for example, would also be 
candidates in the empirical model category, model CSR3.0, while 
containing elements of FES94.1, ranked slightly higher for the 
specified criteria. Consequently, the choice was made of CSR3.0 

can be said to approach an optimum model from different 
directions. 

It is important to realize that the choice of these two models 
does not mean that they are necessarily "better" than the others, 
and none of them removes the tidal contributions completely. For 
example, Plate 4 demonstrates the possible presence of residual 
tidal signals after application of CSR3.0. First, residual SSH 
values (i.e., SSH minus the point-wise mean values) were 
smoothed alongtrack and subsampled at approximately 30-km 
intervals. Only data in regions with ocean floor depth greater that 
1 km were used. Then, all data from cycles 2-92 within a radius 
of 3 ø of each crossover point were used to fit harmonics at the six 
major tidal constituent periods. The coefficients thus estimated 
were considered as an estimate of the residual tide in the SSH data 

after the application of CSR3.0. Last, at each crossover a time 
series of residual tide was defined by evaluating the estimated 
harmonics at the T/P sample times. The rms of this time series is 
the quantity shown in Plate 4. It is not clear from this analysis 
that the results in the regions of elevated total residual rms 
associated with high natural variability (e.g., the Patagoni•n shelf, 
Agulhas area, Gulf Stream) accurately reflect the residual tides. It 
is likely that these elevated values are the result of nontidal energy 
leaking into the harmonic estimates. Nevertheless, the Plate 4 
does give an overall first-order estimate of the reliability of the 
total tidal correction. 

A second demonstration of potential future improvements in 
models comes from alongtrack analyses. If altimeter data are 
gridded alongtrack, then tidal solutions can be obtained at each 
grid point. In this study, an orthotide approach was used with 22 
orthoweights: six in the diurnal band, six in the semidiurnal band, 
and two each for the annual, semiannual, monthly, fortnightly, 
and 9 day bands. Solutions were only generated at a grid point 
when there were at least 50 acceptable data values available. Such 
solutions provide tidal estimates with no spatial smoothing. By 

90 
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Figure 4. Locations of the 69 stations used in the tide gauge time series analysis. 
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Figure 5. Comparison of the along-track (AT) modcl with DW95.0 and FES95.1 models for a section of the central 
Indian Ocean. Note that the AT model agrees well with the FES95.1 model. 

this means, one can show that short scales missed by the gridding between the FES95.2.1 model and the CSR3.0 model. While 
in pure altimetry models such as DW95.0 are indeed present in the there are clear remaining deep ocean problems (e.g. Plate 5 shows 
altimeter data. Although there are potential problems with this that the band of difference SE of Hawaii, owing to FES94.1 
approach (including possibly severe tidal aliasing effects), the boundary problems and as discussed above, still persists), the 
results give useful suggestions to the true high-wavenumber largest differences are not in the deep ocean but in shallow areas 
structure ofthetidalfields. near coasts where the fides become large and spatially 

As an example, Figure 5 shows the bathymetry along a section complicated. Plate 5 points to very large differences in 
of ground track in the Indian Ocean together with the alongtrack Indonesian and east Asian oceans. 
(AT) solution, the FES95.1 solution, and the DW95.0 solution. A final question in the selection concerned whether the two 
The AT solution shows clearly the bathymetry-related tidal global tide models should be patched with existing precise 
structure found in the adjusted hydrodynamic FES95.1 solution, regional ones. This was universally agreed to be a difficult task. 
while the DW95.0 model is missing this structure. (Note that the In the case of the Mediterranean, a major area of interest for T/P 
tidal structure mismatch for DW95.0 extends to one side of the studies, both CSR3.0 and FES95.2.1 implicitly employ the 
bathymetric feature. This is the direction of propagation of the Canceil et al. (submitted manuscript, 1995) scheme, with and 
fides). While FES95.1 (and by implication CSR3.0 and AG95.1, without further long wavelength adjustment, respectively. It was 
which also contain small spatial scale structure derived from subsequently decided to leave these models as already provided, 
FES94.1) reproduces the AT findings reasonably well in this case, although in principle, alternative precise Mediterranean models 
it is not clear that it will do so in all cases owing to poor are now available [Tsimplis et al., 1995]. It was considered that if 
bathymetry in a number of ocean areas. It will be important in scientists are interested in studying regional seas with different 
future to use .the altimetry not only a long wavelength correction tide models, then the tide model reprocessing will not represent a 
(as in CSR3.0 or AG95.1) but to extract the fullest information major task. 
content from the analyses. There are quite a few other remaining issues that are not being 

Such demonstrations imply that there may be potential considered in the current tide model and therefore can lead to 
additional improvements in models as more data are accumulated. improved modeling of global ocean tides. In addition to regions 
It is clear that although several of the new models are very of shallow sea:;, tides are not at all well known in oceans which 
similar, there are remaining differences at the centimeter level are permanently or partially covered with ice, e.g., Weddell Sea. 
between them (e.g., Plate 5) which may reduce in future, although As it has been mentioned before, the fidelity of the hydrodynamic 
there must eventually be a measurement accuracy limit which, on tidal modeling depends critically on the knowledge of the 
the global scale at least, is not too far off being achieved. Plate 5 bathymetry features, especially in shallow seas and semi-enclosed 
shows the vector differences for the four major constituents basins. Some of the tide models provide values for some of these 
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regions, which may be erroneous in some of the enclosed basins. 
Future effort to continue tidal modeling in shallow seas (Canceil 
et al. (submitted manuscript, 1995)), and Tsimplis et al. [1995] for 
Mediterranean tide modeling) and in ice-covered seas (e.g., 
Smithson et al. [1995] for tide modeling in ice-covered Weddell 
Sea) will eventually lead to improvement in the overall global 
modeling in tides. 

Another issue deals with the neglect of effects such as internal 
fides, meteorological influences, and geophysical phenomena in 
the current solutions of ocean tides. The atmospheric effects on 
fides are well documented [e.g., Ray, 1993; 1994]. RSC94 is the 
only model which attempts to handle the additional radiational 
forcing at the S2 frequency by addressing the inverted barometric 
corrections currently routinely applied to the T/P data [Ray, 
1994], Atmospheric forcing occurs at other frequencies, such as 
S•, and at long period tidal lines: further study is needed for 
further improvement in tide modeling. 

Interdisciplinary Applications of Current Tide 
Models 

This section describes several significant interdisciplinary 
applications of the current global ocean tide models. 

The "background" ocean tide model used to compute 
perturbations on geodetic satellite orbits was obtained by 
interpolation of admittance for major tidal constituents (long 
wavelength) based on a global ocean tide model. The resulting 
dynamic ocean tide model represents a list of major and minor 
constituents whose individual dynamical effort on perturbing the 
orbits of geodetic satellites (e.g., T/P) in the radial component is 1 
cm or larger. The gEelaunch background dynamic tide model for 
T/P was developed based on interpolation of admittance using the 
global Schwiderski model. Two of the T/P ocean tide models 
have been employed to generate improved background ocean tide 
models for orbit determination purposes. The RSC94 model 

Another issue concems geophysical effects such as the effect of (patched with Schwiderski model for upper and lower latitudes) 
free-core nutation resonance on the estimate of diurnal tidal 

admittance [Desai and Wahr, 1995]. The DW95.0/.1 are the only 
models attempting to account for the free-core nutation effect, 
which primarily affect the amplitude of K•. The DW95 are also 
the only models providing long-period tidal solutions (M/. and 
M,,, ) among the models. While it can be argued that the current 
data accuracy and span provide an viable solution, the mapping 
and understanding of global long period tides will be one of the 
next study topics for the years to come. 

Further progress is especially to be anticipated in these areas as 
T/P data continue to accumulate, as the use of other altimetric data 

and the CSR3.0 model were used to generate new background 
ocean tide models which show improved orbit accuracy for 
geodetic satellites tested. In particular, these models represent a 
significant improvement on the computation of perturbation tidal 
forces for T/P. An independent accuracy assessment of T/P orbits 
can be achieved by comparing the orbits computed using different 
force models (e.g., fide) with an orbit computed using Global 
Positioning System (GPS) tracking data. Since GPS data have 
almost continuous coverage, coupled with the additional filtering 
schemes employed, the GPS orbits can be considered as the 
"truth" [Marshall et al., 1995]. Plate 6 shows the radial orbit 

(e.g., Geosat, ERS 1, and ERS2), as better modeling of difference for the variable component between an orbit computed 
background continuum and bathymetry is available, and as using T/P GPS tracking data and the orbits computed using the 
powertiff computer methods are invoked for combining tidal Schwiderski background tide model (top panel)and the orbits 
theory with measurements. computed using T/P background tide model (bottom panel). 
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Figure 6. Lunar deceleration estimates from M 2 plotted for different tide models (current, historic, and solutions 
using SLR analysis). The current solution is shown to be in better agreement with the SLR solutions. 
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Figure 7. S 2 solution from current fide model is shown to agree 
well with SLR solutions of S 2, after correcting the theoretical 
atmospheric tides. 

Approximately 1 cm rms in orbit error due to tides has been 
eliminated for T/P using the new tide model [POD, 1994; 
Marshall et al., 1995]. In light of the current T/P radial orbit 
accuracy (2-3 cm rms), a reduction of 1 cm rms attributable to 
ocean tide error is significant. Although not shown here, the 
improved "background" tide model can be demonstrated to 
improve orbit accuracy for other geodetic satellites, e.g., Starlette 
and Ajisai. 

Diurnal and semidiurnal fides from recent ocean tide models 

have been used to provide accurate predictions of excitation of 
Earth rotation rate variations (AUT1) [Ray et al., 1994b; Chao et 
al., 1995]. The predictions agree well with very long baseine 
interferometry (VLBI) and satellite laser ranging (SLR) 
observations of the Earth rotation parameters. 

Accurate ocean tide estimates provide improved computation of 

accurate load tide corrections are important to the interpretation of 
ice sheet elevation and lake level measurements obtained from 

altimeter and other radar measurements. 

Conclusions 

This paper has attempted to assess the present accuracy of 
global ocean tide models and to describe the process whereby two 
of these models were recommended for use by the T/P SWT in the 
near future. It can be seen that the choice was a difficult, and not 

uncontroversial, one, given the comparable accuracies of many of 
the models. However, the choice is not final as further data and 
research will inevitably provide additional improvements. Global 
models with full inclusion of shelf areas are a clearly required 
development, possibly through the deep ocean T/P 
parameterizations providing precise boundary conditions for high 
spatial resolution numerical shelf models. 

It is clear, particularly from our descriptions of the various 
models, that there has been heavy and fruitful exchanges of ideas 
and data, as well as serious collaborations, between the various 

tidal groups. Our present comparison study is certainly not a 
"contest" between groups. In fact, it is with some satisfaction to 
note that the two "selected" models are probably the two models 
with the greatest amount of project collaboration: the CSR3.0 
model relies heavily on its starting models FES94.1 and AG95.1 
and adopts prediction software originally written by Cartwright 
and Ray; the FES95.2.1 model fits directly to the older CSR2.0 
and it does this through the inverse methodology develope d by 
Egbert and Bennett. The selected models are neither "University 
of Texas models" nor "CNRS/University of Grenoble models," 
but quite simply and properly "TOPEX/POSEIDON models." 

This study also provides a demonstration of the useful 
interdisciplinary applications of the current accurate tide models, 
many of which have important applications not only to satellite 
altimetry but to other fields including geodesy, geophysics, 
oceanography, and satellite orbit determination. 

It is a rather dramatic fact that the recent improvement in global 
ocean tide modeling provides an enhancement of approximately 5 
cm rms over the 1980 Schwiderski model and that all the current 

the deceleration of the Moon's mean motion due to tidal friction. models were generated with comparable accuracy within a span of 
As an example, Figure 6 displays degree and order 2 of M2 for the 1 year. The shallow water tides are still problematic, and different 
T/P tide model CSR3.0, the older tide models (Schwiderski and models seem to perform better in certain regions. However, we 
Cartwright and Ray), and the M2 solution from SLR analysis of are confident that more techniques to optimally assimilate 
geodetic satellites (GEM-T3, TEG-2B, and Lageos). Figure 6 measurements will undoubtedly provide another major advance in 
shows that the SLR solutions agrees very well with the CSR3.0 tidal science in these areas also. 
M2 solution, while the agreement with the Cartwright and Ray 
solution and the Schwiderskisolutionispoorer. Acknowledgments. This comparison exercise, and previous ones 

The S2 (degree and order 2) solution from ocean tide model conducted over the past 2 years, have involved a large number of members 
(T/P) seems to agree well with the SLR observed solution, after of the T/P Science Working team. We would like to acknowledge all 
correcting for the theoretical air tide. Figure 7 shows that the S2 members of the team for their interest in and help with this project. The authors of the 10 models studied deserve special thanks. In addition, we 
tide solution from CSR3.0, corrected for the Chapman and are indebted to the AVISO and PODAAC data centers for their efficient 
Lindzen [1970] atmospheric tide, agrees well with satellite processing of T/P data without which the accurate, new ocean tide models 
solutions of S2 using Lageos SLR (R. Eanes, personal wouldnot exist. 
communication, 1995) and using SLR to multiple satellites 
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