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ABSTRACT

A technique previously developed for assessing the effects of sampling errors on sea surface height (SSH)
fields constructed from satellite altimeter data is extended to include measurement errors, thus providing estimates
of the total mean-squared error of the SSH fields. The measurement error contribution becomes an important
consideration with the greater sampling density of a coordinated tandem satellite mission. Mean-squared errors
are calculated for a variety of tandem altimeter sampling patterns. The resolution capability of each sampling
pattern is assessed from a subjectively chosen but consistent set of criteria for the mean value and the spatial
and temporal inhomogeneity of the root-mean-squared errors computed over a representative large collection of
estimation times and locations.

For a mean mapping error threshold tolerance criterion of 25% of the signal standard deviation, the filter
cutoff wavelength and period defining the resolution capability of SSH fields constructed from a tandem TOPEX/
Poseidon (T/P) and Jason satellite sampling pattern with evenly spaced ground tracks are about 2.28 by 20 days.
This can be compared with the resolution capability of about 68 by 20 days that can be obtained from a single
altimeter in the T/P orbit. A tandem T/P–Jason mission with 0.758 spacing between simultaneously sampled
parallel tracks that has been suggested for estimating geostrophic velocity yields an SSH mapping resolution
capability of about 3.78 by 20 days. For the anticipated factor-of-2 larger orbit errors for ENVISAT compared
with Jason, the resolution capability of a tandem Jason–ENVISAT scenario is about 38 by 20 days.

For mapping the SSH field, the tandem T/P–Jason sampling patterns with evenly spaced, interleaved ground
tracks and either a 5-day or a 0-day offset is far better than the other tandem altimeter mission scenarios
considered here. For the highest-resolution mapping, the 5-day offset is preferable to the 0-day offset. The
scientific benefits of such a tandem mission are discussed in the context of two specific examples: Rossby wave
dispersion and investigation of eddy–mean flow interaction.

1. Introduction

The launch of the Jason altimeter satellite in Decem-
ber 2001 offers the first opportunity for a coordinated
tandem satellite mission for high-quality altimeter mea-
surements of sea surface height (SSH). TOPEX/Posei-
don (T/P) established a 10-yr record of SSH measure-
ments from a 10-day exact-repeat orbit with an incli-
nation of 668, for which neighboring ground tracks are
separated by 2.8348 of longitude. The Jason altimeter
satellite was launched into the same orbit as T/P, thus
continuing the 10-yr record of SSH along the T/P ground
tracks. After an initial 7-month calibration and valida-
tion phase, it became possible for the first time to es-
tablish a coordinated tandem sampling pattern. By ma-
neuvering T/P into a different 10-day exact-repeat orbit
with the same 668 inclination, SSH could be measured
along a ground track pattern with a wide range of pos-
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sible separations longitudinally and temporally relative
to the ground track pattern sampled during the first 10
years of the T/P mission. Another opportunity for a
coordinated tandem mission will become available after
the launch of the Jason follow-on altimeter satellite that
is presently planned for 2007. The objective of this study
is to investigate what tandem orbit configuration best
satisfies the needs of scientific studies of SSH vari-
ability.

The most intuitive tandem sampling pattern for map-
ping the SSH field is an interleaved orbit consisting of
evenly spaced ground tracks with a longitudinal sepa-
ration of 1.4178. This sampling pattern would also pro-
vide a quadrupling of the grid of crossover points at
which estimates of the zonal and meridional components
of the surface geostrophic velocity field could be ob-
tained by the crossover method (Morrow et al. 1992,
1994; Schlax and Chelton 2003). The crossover points
would consist of a latitudinally staggered grid with a
1.4178 longitudinal spacing and an approximate 1.58
latitudinal spacing at midlatitudes. Stammer and Die-
terich (1999) devised an alternative to the crossover
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method that would utilize SSH data obtained from par-
allel ground tracks. This method would allow velocity
estimates to be obtained at closely spaced intervals
along tracks, with the goal of resolving short-scale fea-
tures of the flow field and possibly yielding high-res-
olution along-track wavenumber spectra of geostrophic
velocity variability. Estimates of orthogonal compo-
nents of geostrophic velocity are obtained with this pro-
posed parallel-track method from between-track differ-
ences of SSH. From simulations based on the charac-
teristics of T/P measurement errors, the optimal tandem
T/P–Jason mission for parallel-track estimation of geo-
strophic velocity is one for which the ground tracks are
offset by a longitudinal shift of 0.758 (Leeuwenburgh
and Stammer 2002; Schlax and Chelton 2003). A closer
track spacing amplifies the effects of measurement and
orbit errors on estimates of the along-track component
of geostrophic velocity and a wider track spacing in-
creases sampling errors from unresolved mesoscale var-
iability with spatial scales shorter than the track spacing.

The errors in velocity estimates from both the cross-
over and parallel-track methods have been compared
through simulations based on a high-resolution ocean
circulation model (Leeuwenburgh and Stammer 2002)
and by analytical means (Schlax and Chelton 2003).
Leeuwenburgh and Stammer (2002) conclude that the
parallel-track method is capable of providing velocity
estimates with errors that are at least as small as, and
possibly smaller than, those from the crossover method.
Schlax and Chelton (2003) argue that estimates from
both methods are subject to substantial errors and nei-
ther is clearly superior with regard to the magnitude of
the estimation errors. Schlax and Chelton (2003) also
caution that the effects of latitudinally varying filtering
and estimation errors that are inherent in the parallel-
track method need further study before its use for high-
resolution along-track wavenumber spectral analyses
can be recommended.

After much deliberation, including consideration of
the results presented in this paper, the tandem mission
that was adopted for T/P and Jason consists of inter-
leaved orbits with evenly spaced ground tracks sepa-
rated by 1.4178 of longitude with 7-min offset between
adjacent tracks (referred to here as a 0-day offset). This
tandem sampling pattern was established on 16 Septem-
ber 2002. After the launch of the Jason follow-on al-
timeter planned for 2007, it will be possible to consider
alternative tandem orbit configurations such as the 0.758
track separation suggested by Leeuwenburgh and Stam-
mer (2002). In addition to the estimation of geostrophic
velocity considered by Leeuwenburgh and Stammer
(2002) and Schlax and Chelton (2003), a decision to
commit to a future tandem altimeter mission with 0.758
track separation should consider the impact of this sam-
pling pattern on the ability to map SSH. The primary
goal of this paper is to compare the SSH mapping res-
olution capabilities of a tandem T/P–Jason altimeter
mission with 0.758 track spacing and two tandem T/P–

Jason missions with evenly spaced ground tracks, one
with 5-day offset and the other with the 0-day offset
between adjacent tracks adopted for the present tandem
T/P–Jason mission.

The paper is organized as follows. The details of the
method used to assess the resolution capability from
estimates of the mapping errors in SSH fields con-
structed from altimeter data are summarized in section
2. The analyses of the effects of sampling errors con-
sidered previously by Chelton and Schlax (1994) and
Greenslade et al. (1997) are extended here to include
measurement and orbit errors. While the measurement
error contribution is relatively small compared with
sampling errors for a single altimeter, measurement er-
rors become more important with the greater sampling
density of tandem altimeter missions, especially when
the orbit errors are large. The present analysis is also
based on a more accurate representation of the spatial
autocorrelation function of global SSH variability than
was used in our earlier studies. The method is applied
in sections 3a–c to determine the SSH mapping reso-
lution capability of a single altimeter in the T/P orbit
and the tandem T/P–Jason sampling patterns described
above.

Given the availability of SSH data from ENVISAT (a
successor to the ERS-1 and ERS-2 satellites), we also
investigate in section 3d the mapping errors in SSH
fields constructed from the tandem Jason–ENVISAT
sampling pattern as a possible alternative for obtaining
high-resolution SSH fields. The effects of measurement
errors become especially important when considering
the ENVISAT data, for which the orbit errors are ex-
pected to be approximately double the orbit errors of
T/P and Jason.

It will be concluded that a tandem T/P–Jason sam-
pling pattern with evenly spaced ground tracks and a 5-
day offset between the adjacent tracks offers the best
option for a tandem orbit configuration in terms of map-
ping the SSH field. The accuracy of SSH fields con-
structed from this tandem ground track pattern is de-
graded somewhat when the offset between adjacent
tracks is reduced to zero days, as in the present tandem
T/P–Jason mission. The degradation becomes almost
imperceptible, however, for smoothing of more than 28
3 28 3 20 days. The scientific benefits of these tandem
T/P–Jason sampling patterns with evenly spaced ground
tracks are discussed in section 4 in the context of two
specific examples: investigation of the wavenumber-fre-
quency dispersion characteristics of oceanic Rossby
waves from SSH fields, and analysis of surface geo-
strophic velocity to investigate the effects of eddy Reyn-
olds stresses on the mean and slowly varying ocean
circulation. These applications are both important to un-
derstanding ocean dynamics. Neither topic can be ad-
dressed adequately from the sampling pattern of a single
altimeter in the T/P orbit.
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FIG. 1. (left) The weighting functions and (right) filter transfer functions for the loess smoother
with a nondimensionalized half-span of one (heavy lines) and a boxcar average with a nondi-
mensionalized full-span of 0.6 (thin lines).

2. Methodology

A technique for assessing the effects of sampling er-
rors on SSH fields constructed from an irregularly sam-
pled dataset was developed by Schlax and Chelton
(1992) (referred to hereafter as SC92) and has been
applied to altimeter data by Chelton and Schlax (1994)
and Greenslade et al. (1997) (referred to hereafter as
CS94 and GCS97, respectively). The method is based
on a formalism that quantifies the filtering properties of
any linear interpolation or smoothing algorithm applied
to an arbitrary spatial and temporal distribution of ob-
servations. The filter transfer function for a given es-
timate is compared with an idealized ‘‘boxcar’’ low-
pass filter that passes 100% of the variability at wave-
numbers and frequencies below specified cutoff values
and attenuates all of the variability at higher wavenum-
bers and frequencies. The mean squared error of an
estimate of smoothed SSH is derived from the imper-
fections of the filter transfer function and the spectral
characteristics of the signal and measurement errors [see
Eq. (2) below].

A practical difficulty of the SC92 technique is the
necessity for the evaluation of improper, three-dimen-
sional integrals. These computations become infeasible
when calculating the sampling errors for a broad range
of spatial and temporal smoothing parameters at a large
number of estimation times and locations. CS94 and
GCS97 addressed this practical limitation by estimating
the sampling errors at only two estimation locations (a
crossover and a diamond center at a middle latitude)
and at a small number of estimation times, and by re-
placing the full integration with a Monte Carlo approx-
imation.

Schlax et al. (2001) (referred to hereafter as SCF01)
recently developed a modified approach to estimating
the sampling errors for a specific linear interpolation
and smoothing algorithm: the quadratic loess smoother
introduced by Cleveland and Devlin (1988), which con-
sists of a weighted least squares fit to a quadratic surface
in space and time (see also SC92 and appendix B of
GCS97). The integral necessary to estimate the errors
of quadratic loess estimates can be evaluated analyti-

cally if the tricubic weighting function of the Cleveland
and Devlin (1988) algorithm is replaced with a Gaussian
weighting function1 and the filter transfer function for
the irregular sampling pattern is compared with the best
achievable filter transfer function, rather than the ide-
alized perfect boxcar filter transfer function. The ‘‘best
achievable filter transfer function’’ is the transfer func-
tion that would exist for the quadratic loess smoother
if the observations were continuously distributed in
space and time.

As in our previous studies, the filtering properties of
the modified loess smoother are characterized here by
the filter cutoff wavenumbers and frequencies corre-
sponding to the half-power points of the filter transfer
function in longitude, latitude, and time. The Gaussian
weighted loess smoother used here was calibrated so
that these half-power points are approximately equal to
the half spans in space and time over which the data
are fit to a quadratic surface. It is thus straightforward
to control the filtering properties of the loess smoother
by a priori specification of the spatial and temporal spans
of the smoother. For comparison with the more familiar
linear smoother consisting of a simple block average in
space and time, a quadratic loess estimate with filter
cutoffs of 38 in longitude and latitude by 10 days, for
example, is approximately equivalent to the filter cutoffs
of a block average over 1.88 in longitude and latitude
by 6 days (see Fig. 1; see also Figs. 4 and 6 of SC92).
The sidelobes of the filter transfer functions are quite
large for the block average and virtually nonexistent for
the quadratic loess smoother, rendering the block av-
eraging method much less efficient as a low-pass filter.

The ability to evaluate the integrals analytically with
the SCF01 method allows estimates of the sampling
errors at a large number of estimation times and loca-
tions with a broad range of smoothing parameters. The
estimated sampling errors are smaller than those ob-
tained by the earlier methodology (typically by about

1 The differences between loess smoothed estimates obtained with
tricubic vs Gaussian weighting functions are almost indistinguishable
(see the filter transfer functions in Fig. 9 of SCF01).
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50%) because the actual filter transfer function for ir-
regularly sampled observations is always more similar
to the best achievable filter transfer function than it is
to the idealized boxcar filter transfer function (see Fig.
9 of SCF01). Except in magnitude, however, the patterns
of the sampling errors are very similar from the two
methods. Both methods therefore lead to generally the
same conclusion regarding the relative contributions of
sampling errors to the accuracies of SSH fields con-
structed with a variety of smoothing parameters.

The previous studies by CS94 and GCS97 addressed
only the effects of sampling errors. For SSH fields con-
structed from measurements with the higher sampling
density of tandem satellite datasets, it becomes impor-
tant to consider also the effects of measurement errors.
For the case of altimeter data, orbit errors are of greatest
concern. The orbit errors for T/P are 2–3 cm (Chelton
et al. 2001) and early analysis indicates that the orbits
for Jason are accurate to even better than 2 cm (John
Ries 2002, personal communication). In comparison,
because of its lower orbit altitude and the larger physical
size of the satellite, the orbit errors for ENVISAT are
expected to be about a factor of 2 larger than the T/P
and Jason orbit errors. It will be seen that these larger
orbit errors have a significant impact on the accuracy
of SSH fields constructed from ENVISAT data.

To investigate the importance of measurement and
orbit errors, the previous studies of sampling errors are
extended here to consider the mean-squared error (mse)
of an estimate ĥ of the best possible estimate ofh
smoothed SSH that would be obtained by the quadratic
loess smoother if the observations were continuously
distributed in space and time. This differs from the more
traditional characterization of the error relative to the
total (unsmoothed) SSH that is considered in optimal
interpolation (e.g., Le Traon and Dibarboure 1999). The
mse of smoothed SSH can be written as

2 2 2^(ĥ 2 h) & 5 ^(ĥ 2 ^ĥ &) & 1 ^(h 2 ^ĥ &) &, (1)

where the angle brackets denote the expected value. The
first and second terms on the right side of this equation
are, respectively, the measurement error variance and
the expected squared bias of ĥ. The effects of sampling
errors are wholly embodied in the expected squared bias
term. The contributions of measurement and orbit errors
to the mean squared error are contained in the variance
term. As shown in CS94 and GCS97, (1) can be ex-
pressed as

` ` `
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` ` `
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(2)

where k and l are the zonal and meridional wavenum-
bers, f is frequency, Sh and Serr are the wavenumber-

frequency power spectral densities of the SSH and the
measurement errors, and DP̂(k, l, f ) is the wavenumber-
frequency dependence of the imperfections of the filter
transfer function. As noted above, DP̂ is defined here
to be the differences between the filter transfer function
for the particular irregular sampling pattern and the best
achievable filter transfer function that would be obtained
if the observations were continuously distributed in
space and time.

The quality of an individual estimate is quantified
here by the root-mean-squared error (rmse), which is
the square root of (2) and will also be referred to herein
as as the ‘‘mapping error.’’ To calculate the expected
squared bias contribution [the second term on the right
side of (2)], it is necessary to specify the wavenumber-
frequency spectrum of SSH, or equivalently, the space–
time autocorrelation function and variance of SSH. A
further restriction for evaluating the expected squared
bias analytically by the method of SCF01 is the re-
quirement that the autocorrelation function have the
form of a Gaussian multiplied by a polynomial with
only constant and second degree terms. The polynomial
terms allow for zero crossings of the autocorrelation,
which may be an important feature in some applications
of the methodology.

In our previous assessments of the effects of sampling
errors (CS94 and GCS97), we have focused on the es-
timation of SSH at midlatitudes where a Gaussian au-
tocorrelation function with an e-folding decorrelation
scale of 50 km was assumed. For the wide range of
latitudes to be considered here, the general equatorward
increase in the spatial decorrelation scale of SSH var-
iability must be taken into consideration. Stammer
(1997) presented a global, latitudinally varying corre-
lation function for SSH with a decorrelation scale that
is linearly related to the Rossby radius of deformation.
His analytical function representation appears to provide
a good description of the spatial correlation of SSH [see
Fig. 26b and Eqs. (13) and (19) in Stammer (1997)].
However, the function is not positive definite in either
one or two dimensions (which may be demonstrated by
direct numerical calculation of its Fourier and Hankel
transforms) and is therefore not useful for calculating
mapping errors (Bretherton et al. 1976). For the func-
tional representation required by the method of SCF01,
we were not able to obtain positive definite approxi-
mants with the specified zero crossing for the autocor-
relation functions presented by Stammer (1997).

For the purposes of this study, we have assumed a
simple Gaussian spatial autocorrelation function for
SSH with spatial e-folding decorrelation scale chosen
to match the latitudinally varying spatial decorrelation
scales of the function proposed by Stammer (1997) and
based on the Rossby radii calculated by Chelton et al.
(1998). As shown in Fig. 2, the spatial autocorrelation
of SSH for the analysis presented here has longer de-
correlation scale at all latitudes (especially in the Trop-
ics) than the midlatitude 50-km decorrelation scale con-
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FIG. 2. The latitudinally varying spatial decorrelation scale of sea
surface height used in this study. The dashed line shows the 50-km
spatial decorrelation scale assumed by Chelton and Schlax (1994)
and Greenslade et al. (1997).

sidered by CS94 and GCS97. As a result, the spatial
resolution capabilities of the altimeter sampling patterns
are correspondingly slightly better at midlatitudes in the
analyses presented here than in our previous assess-
ments of midlatitude resolution capability. CS94 and
GCS97 did not consider the resolution capability in trop-
ical or subpolar latitudes.

As in CS94 and GCS97, we have assumed a Gaussian
temporal autocorrelation function with an e-folding de-
correlation scale of 30 days (Shen et al. 1986; Stammer
1997).

For presentation purposes, we have further assumed
that SSH has a signal standard deviation of 10 cm. As
discussed at the end of this section, the results presented
here are easily scaled to obtain rmse for arbitrary signal
standard deviations. The wavenumber-frequency distri-
bution of the signal variance is specified by the wave-
number-frequency spectrum of the Gaussian form as-
sumed here for the space–time autocorrelation function
of SSH.

The variance contribution to the mean squared error
[the first term on the right side of (2)] depends on the
wavenumber-frequency spectrum, or equivalently, the
space–time covariance function of the altimeter mea-
surement errors. The SSH data are assumed here to be
contaminated by two types of measurement error: ran-
dom instrumental errors e and long-wavelength mea-
surement and orbit errors o. The first are assumed to be
uncorrelated between measurements with a variance of

. This error process thus has a covariance matrix with2se

on the diagonal and zeros elsewhere. The long-wave-2se

length measurement and orbit errors are assumed to have
variance and a Gaussian autocorrelation function2s o

with a decorrelation timescale of 30 min, reflecting an
assumption that these errors have long along-track
length scales but are uncorrelated between neighboring
ground tracks and between different repeats of a given
ground track. The off-diagonal terms in the covariance
matrix for these long-wavelength errors are therefore
nonzero. We assume that the measurement error com-
ponents e and o are uncorrelated, so that the total co-
variance matrix for the errors is the sum of the individual
matrices.

For the calculations here, the random instrumental

measurement errors for T/P, Jason, and ENVISAT are
all assumed to have a standard deviation of se 5 2 cm,
which is a slightly conservative approximation of the
1.7-cm T/P instrumental measurement errors (Chelton
et al. 2001). For T/P and Jason, we assume that the
long-wavelength measurement and orbit errors have a
standard deviation of so 5 2 cm, which factors in an-
ticipated continued improvements in precision orbit de-
termination over the present orbit accuracy of about 2.5
cm. For ENVISAT, we consider the cases of long-wave-
length measurement and orbit errors with standard de-
viations of so 5 4 and 6 cm.

Because of the complicated space–time characteris-
tics of satellite sampling patterns, the rmse at a particular
location typically varies considerably over the period of
an exact-repeat orbit, especially for small spatial and
temporal smoothing of the data. Likewise, the rmse for
a particular time typically varies considerably over the
mapping area; examples are shown below. When these
spatial and temporal inhomogeneities of the mapping
errors are large, they can result in artifacts in the SSH
fields that might be misinterpreted as real oceanographic
features (see Figs. 6 and 7 below). Since the rmse for
any linear estimate can be calculated for any time and
location in the mapping domain, it is possible to restrict
analysis of smoothed and gridded SSH fields to the times
and locations where the rmse is deemed to be acceptably
small. In practice, however, such selective analysis is
seldom implemented. A preferred approach for most
applications is to select the smoothing parameters so
that the overall average rmse and the spatial and tem-
poral inhomogeneities of the rmse are both reduced to
acceptably small levels.

The quality of SSH fields constructed from the var-
ious altimeter sampling patterns considered here is as-
sessed from the overall average and the spatial and tem-
poral variability of rmse values calculated over a rep-
resentative collection of estimation times and locations.
Our previous assessments of the resolution capability
of altimeter sampling patterns (CS94 and GCS97) char-
acterized the spatial and temporal inhomogeneity of
mapping errors by the maximum deviation from the
mean mapping error. This metric is replaced here by the
90% quantile range of variation in a histogram of rmse
values, that is, the range that encompasses the central
90% of the distribution of rmse values. For the 10-day
sampling patterns of T/P and Jason, the two measures
of inhomogeneity of mapping errors lead to essentially
the same conclusions. For the longer 35-day repeat of
the ERS and ENVISAT orbits, however, the rmse vari-
ability criterion adopted here is more ‘‘forgiving’’ in the
sense that it leads to more liberal estimates of the res-
olution capability because of the long-tailed nature of
the distributions of rmse values (see section 3d).

For the analyses in section 3, we adopt somewhat
arbitrary values of 2.5 and 1.0 cm as thresholds of ac-
ceptable average and 90% quantile values of rmse for
the smoothed fields constructed from altimeter-sampled
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FIG. 3. Rmse of SSH constructed from measurements from a single altimeter in the T/P orbit for the zonal, meridional and temporal filter
cutoffs indicated at the top of each panel. The calculations assume Gaussian autocorrelation functions with an e-folding temporal scale of
30 days, the latitudinally varying spatial e-folding scale shown in Fig. 2, and an SSH signal variance of 10 cm. When multiplied by 10,
these rmse can be interpreted as percentages of an arbitrary signal standard deviation. The T/P ground tracks are overlaid on the middle
and right panels.

SSH with the total signal standard deviation of 10 cm
assumed here. The results presented here are easily gen-
eralized to mapping of SSH variability with arbitrary
signal standard deviation. When multiplied by 10, the
rmse presented in section 3 can be interpreted as per-
centages of the signal standard deviation. The threshold
values of 2.5 and 1.0 cm for the mean and 90% quantile
values of rmse thus correspond to 25% and 10% of an
arbitrary signal standard deviation. The conclusions
about the relative mapping resolution capabilities of the
various altimeter sampling patterns are not strongly sen-
sitive to the precise values adopted for these threshold
parameters.

The method used here to assess the resolution ca-
pability of an altimeter sampling pattern thus strives to
produce SSH fields on a fine space–time grid with rel-
atively homogeneous mapping errors. This approach
differs from that developed by Tai (1998). For estimates
of SSH at the midpoints along the ground tracks halfway
between each crossover, he is able to quantify the Ny-
quist wavelengths and period below which the SSH var-
iability is unresolved and aliases into the SSH estimates.
The zonal and meridional Nyquist wavelengths are, re-
spectively, the zonal and meridional spacings of the
crossover points, and the aliasing period is twice the
exact-repeat period of the satellite orbit. For the T/P
orbit, the zonal spacing of crossovers is 2.8348 of lon-
gitude and the latitudinal spacing decreases from about

88 at the equator to about 18 at 608 latitude (see Fig. 4
of GCS97). The midlatitude resolution capability de-
duced by Tai (1998) for SSH at the midpoints is thus
about 38 of longitude by 68 of latitude by 20 days. In
more recent developments, Tai (2001) suggests that the
resolution capability of the midpoints is also the reso-
lution capability of the entire dataset.

3. Mapping errors in SSH fields

a. A single altimeter in the T/P orbit

As a benchmark for comparison with the tandem orbit
configurations considered in sections 3b–d, we first
summarize the mapping errors in SSH fields constructed
from a single altimeter in the T/P orbit. Example maps
of rmse are shown in Fig. 3 for three selected combi-
nations of spatial and temporal filter cutoffs. For these
calculations, the rmse was computed on a 0.258 grid
over the geographical domain shown in the figures for
a specific estimation time during the T/P 10-day repeat
period. The error maps differ somewhat for different
estimation times, especially for small smoothing param-
eters. The errors for the case of 38 by 10-day smoothing
(left panel) are far in excess of 4 cm over most of the
region. Increasing the temporal smoothing to 20 days
(middle panel) reduces the errors to less than 3 cm near
the crossover locations, but errors are still in excess of
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FIG. 4. The spatial sampling patterns in a longitudinal band near the international date line for (a) a single altimeter in the T/P orbit; (b)
a tandem T/P and Jason sampling pattern with evenly spaced interleaved ground tracks; (c) a tandem T/P and Jason sampling pattern with
ground tracks offset by 0.758; and (d) a tandem Jason and ENVISAT sampling pattern. Heavy solid lines in all four panels correspond to
the T/P ground tracks. The thin solid and dashed lines in (b) and (c) correspond, respectively, to the ground tracks of the evenly spaced,
interleaved sampling pattern and the 0.758 offset sampling pattern. The thin solid and dashed lines in (d) correspond to the ENVISAT ground
tracks during the first and second halves of the 35-day orbit repeat period. The dots in each panel indicate the locations at which the mapping
errors were calculated to obtain the average values and the 90% quantile ranges of variation of rmse in Figs. 5, 9, 11, and 13.

4 cm in the unsampled diamond centers. With the coarse
2.8348 spacing of the T/P ground tracks, it is necessary
to increase the spatial smoothing to at least 58 to reduce
the mapping errors to less than 4 cm everywhere, as
shown in the right panel of Fig. 3.

Note that the errors with 58 smoothing are slightly
larger at the crossovers, rather than at the diamond cen-
ters as in the case of the smaller 38 spatial smoothing
in the middle panel of Fig. 3. With 38 smoothing, there
are very few observations within the radius of influence
for estimates at the diamond centers, thus resulting in
the largest mapping errors occuring at the diamond cen-
ters. With the larger radius of influence for 58 smooth-
ing, estimates at a diamond center include observations
from the entire perimeter of the diamond, albeit with
no observations close to the diamond center. For esti-
mates at the crossovers, the radius of influence with 58
smoothing includes nearby observations along the two
ground tracks that form the crossover but the estimates
of smoothed SSH are poorly constrained by observa-
tions to the north, south, east, and west of the estimation
location. At latitudes equatorward of 308, latitudinal
sampling imposes a greater limitation than longitudinal

sampling because of the latitudinal elongation of the
diamond patterns formed by the intersecting ground
tracks. In the units of degrees used here to define the
spatial smoothing parameters, the meridional spacing of
the latitudes of crossovers for T/P and Jason is larger
than the zonal spacing equatorward of 308 (see Fig. 4
of GCS97). The result of the geographical distribution
of observations from which estimates of 58 smoothed
SSH are constructed is zonal banding of the errors along
crossover latitudes with slightly larger errors near the
crossovers. This geographical inhomogeneity diminish-
es poleward of 308 latitude where the spacing of the
latitudes of crossovers becomes smaller than the lon-
gitudinal spacing between crossover points.

The lower meridional resolution that is responsible
for the zonal banding of the tropical and midlatitude
mapping errors in SSH fields constructed from altimeter
sampling patterns has been quantified by Tai (1998).
From consideration of SSH at the midpoints along the
ground tracks between crossovers, he showed that the
Nyquist aliasing wavelengths in the meridional and zon-
al directions are, respectively, the meridional and zonal
dimensions of the diamonds formed by intersecting
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FIG. 5. (left) The averages and (right) 90% quantile ranges of variation of the rmse for SSH fields constructed from
a single altimeter in the T/P orbit with spatial and temporal smoothing parameters ds and dt for (top) subpolar latitudes
(358–508N), (middle) subtropical latitudes (158–358N), and (bottom) tropical latitudes (the equator to 158N). The dots
in the middle panels indicate the resolution capability in the subtropical band according to the criteria discussed in the
text. Results are not shown for ds less than 38 because the coarse 2.8348 ground track spacing of the T/P sampling
pattern is unable to resolve such short scales. For clarity, the maximum contour displayed in the plots of 90% quantile
range of variation is 2 cm.

ground tracks. At 308 latitude, for example, the merid-
ional aliasing wavelength deduced by Tai (1998) is
about double that of the zonal aliasing wavelength.

In addition to the latitudinal banding equatorward of
308N, a significant latitudinal variation of the mapping

errors is apparent from Fig. 3. For any particular choice
of smoothing parameters, the errors are maximum near
208 latitude, decrease poleward of about 408 owing to
the greater sampling density from the convergence of
ground tracks, and decrease equatorward because of the
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FIG. 6. The standard deviation of loess smoothed SSH fields computed from 7 yr of T/P data
in the western North Pacific with (top) 38 3 38 3 30-day smoothing and (bottom) 58 3 58 3 30-
day smoothing. Note the different color bars in the two figures.

increased spatial decorrelation scale (Fig. 2). The lati-
tudinal variation of the relatively higher errors at inter-
mediate latitudes represents a trade-off between the in-
crease in the local sampling density with increasing lat-
itude and the decrease in the spatial decorrelation scale
with increasing latitude.

To investigate the effects of smoothing on the ac-
curacy of SSH fields in more detail, the rmse were com-
puted for wide range of spatial and temporal smoothing
parameters at the 40 representative locations shown in
Fig. 4a at daily intervals over the 10-day repeat period

(a total of 400 estimation times and locations). Because
of the variation of mapping errors with latitude, the error
characteristics are summarized in Fig. 5 for three dif-
ferent latitude bands: a subpolar band from 358 to 508N
(top panels), a subtropical band from 158 to 358N (mid-
dle panels), and a tropical band from the equator to 158N
(bottom panels). The means and 90% quantile ranges
of the T/P mapping errors over the estimation times and
locations within each latitude band are shown for qua-
dratic loess smoothing parameters corresponding to iso-
tropic spatial filter cutoffs ds ranging from 38 to 88 and
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FIG. 7. Longitudinal profiles along 37.258N (thin lines) and 20.258N
(heavy lines) from the maps of the standard deviation of loess
smoothed SSH in Fig. 6.

temporal filter cutoffs dt ranging from 10 to 40 days. It
is evident that the mean mapping errors within each
latitude band for any particular combination of ds and
dt are about 20% smaller in the subpolar band than in
the subtropical and tropical latitude bands.

Except for temporal smoothing shorter than about 20
days, it is apparent from Fig. 5 that the mean and 90%
quantile range of variation of rmse for a given degree
of spatial smoothing depend only weakly on the degree
of temporal smoothing; increasing the temporal smooth-
ing for a given degree of spatial smoothing has little
effect on the accuracy of the SSH fields. The mapping
errors for a single altimeter in the T/P orbit are more
sensitive to spatial smoothing. For high-resolution map-
ping of the SSH field, the coarse 2.8348 longitudinal
spacing of the T/P ground tracks is therefore more lim-
iting than the 10-day orbit repeat period.

Based on the 2.5-cm threshold for the mean rmse
suggested in section 2, the filter cutoff wavelength and
period defining the resolution capability of the T/P sam-
pling pattern in the subtropical band is about 68 by 20
days. The 90% quantile range of variation of rmse for
this smoothing is about 0.5 cm, which falls well within
the 1.0-cm criterion adopted here. The mean and 90%
quantile range of variation of rmse begin to increase
rapidly if the temporal smoothing is reduced to less than
about 20 days or the spatial smoothing is reduced to
less than about 5.08.

Our assessment of 68 3 68 3 20 days for the reso-

lution capability of the T/P sampling pattern is quite
comparable to the 38 3 68 3 20-day resolution deduced
by Tai (1998). The greater degree of zonal smoothing
required here is due in part to the more stringent re-
quirement of reducing the mean mapping errors to the
threshold of 2.5 cm on the fine spatial grid considered
here (and used in most applications of altimeter data).
The aliasing considerations of Tai (1998) are specific to
estimates at only the midpoints along the ground tracks
halfway between each crossover. Moreover, the method
of Tai (1998) does not explicitly treat the effects of
measurement errors, of which the orbit errors are most
problematic. The threshold of 2.5 cm for the mean map-
ping error adopted here imposes additional constraints
beyond the effects of unresolved variability considered
by Tai (1998), thus requiring a somewhat greater degree
of smoothing than would be required to address only
the aliasing limitations.

The 68 by 20-day resolution capability of the T/P
sampling pattern is perhaps surprisingly coarse. As
shown previously in Fig. 1, these filter cutoffs are anal-
ogous to the filtering properties of block averages with
dimensions of about 3.68 by 12 days and are essentially
the same as the 68 by 25-day smoothing recommended
by GCS97. The need for such heavy spatial smoothing
is illustrated in Fig. 6. The top panel shows the standard
deviation of 38 by 30-day loess-smoothed estimates of
SSH on a 0.58 grid at 10-day intervals constructed from
7 yr of T/P data. Within the latitude range from about
158 to 408N, the standard deviation is systematically
lower at the diamond centers than at the neighboring
crossovers to the east or west, creating a sampling-in-
duced zonally periodic pattern. The zonal periodicities
are shown more clearly for two selected latitudes in the
top panel of Fig. 7.

The geographical pattern in the standard deviation of
the 38 spatially smoothed SSH in the top panels of Figs.
6 and 7 is directly related to the geographical pattern
in the rmse (see the middle panel of Fig. 3). The spatial
inhomogeneities of the mapping errors and of the stan-
dard deviation of the smoothed SSH fields are much
smaller poleward of 408 and are somewhat smaller equa-
torward of 108.

Patchiness from sampling errors is also apparent in
the standard deviation of 58 by 30-day smoothed SSH
fields shown in the bottom panel of Fig. 6. Locally larger
variability at the crossovers is most notable near 358N
within the zonal band of energetic variability associated
with the Kuroshio Extension. The effects of sampling
errors are also apparent between 208N and 258N, though
more difficult to discern because of the smaller overall
amplitude of the SSH variability within this latitude
band. Sampling-induced zonal periodicities with 58
smoothing are shown more clearly in the lower panel
of Fig. 7 for two selected latitudes. The patchiness in
the standard deviation is directly related to the geo-
graphical pattern in the rmse for 58 spatial smoothing
(see the right panel of Fig. 3). It is clear that 58 spatial
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FIG. 8. As in Fig. 3 except for SSH fields constructed from measurements from a tandem T/P–Jason sampling pattern with evenly spaced,
interleaved ground tracks. The panels correspond to (top) 5-day and (bottom) 0-day offsets between neighboring T/P and Jason ground
tracks.

smoothing is not sufficient to suppress geographical in-
homogeneity of mapping errors from poorly resolved
mesoscale variability.

b. A tandem T/P–Jason sampling pattern with evenly
spaced ground tracks

The rmse presented here for a tandem T/P–Jason mis-
sion are based on values of se 5 2 cm and so 5 2 cm
for both altimeters. Maps of rmse for SSH fields con-

structed from interleaved tandem T/P–Jason sampling
patterns with evenly spaced ground tracks separated by
1.4178 of longitude are shown in Fig. 8 for three choices
of smoothing parameters and two choices of the time
offset between the parallel T/P and Jason ground tracks.
The upper and lower panels show, respectively, the map-
ping errors for 5-day and 0-day offsets between parallel
ground tracks of T/P and Jason. The 7-min time offset
between neighboring ground tracks that was adopted for
the tandem T/P–Jason mission that began on 16 Sep-
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tember 2002 is equivalent to what is referred to here as
the 0-day offset. The two choices of time offset are
considered here to determine whether either offers a
significant advantage over the other.

The rmse for both of these interleaved tandem T/P–
Jason orbits decrease by almost a factor of 2 compared
with the mapping errors in Fig. 3. For the case of the
38 by 10-day smoothing shown in the left panels of Fig.
8, there are patches of errors in excess of 4 cm. These
patches are larger in geographical extent for the 0-day
offset than for the 5-day offset, indicating a preference
for the 5-day offset for this small degree of smoothing.
The precise locations of the patches of large errors for
the 0-day offset migrate around the map for different
estimation times during the 10-day repeat cycle. When
the temporal smoothing is increased to 20 days, the
localized patches of large mapping errors are eliminated
and the mapping errors are essentially indistinguishable
for these two tandem sampling patterns.

The means and 90% quantile ranges of the mapping
errors for the 5-day offset interleaved sampling pattern
are shown in Fig. 9a as functions of spatial and temporal
smoothing parameters. The mapping errors were com-
puted at the 40 locations shown in Fig. 4b and at daily
intervals over the 10-day repeat period. It is evident
from comparisons of the left panels of Figs. 5 and 9a
that the mean mapping errors from the interleaved tan-
dem orbit are more than a factor of 2 smaller than for
the case of the single altimeter considered in section 3a.
For small spatial filtering, the 90% quantile ranges of
variation of the rmse in Fig. 9a decrease by a factor of
about 7 in the subtropical latitude band and by a factor
of 3 or 4 in the subpolar and tropical bands, compared
with the rmse for the single altimeter (Fig. 5).

For the mean error threshold of 2.5 cm, the resolution
capability in the subtropical band is about 2.28 by 20
days for this interleaved tandem orbit. The correspond-
ing 90% quantile range of variation of rmse is about
0.2 cm, well within the threshold criterion of 1.0 cm
adopted here. The spatial resolution of 2.28 is nearly a
factor-of-3 improvement over the 68 spatial resolution
capability of a single altimeter in the T/P orbit. For the
mean error threshold adopted here and 20-day temporal
smoothing, the spatial smoothing could be decreased to
less than 28 in the subpolar band without violating the
1-cm threshold for the variability. In the tropical band,
the 90% quantile range of variability exceeds 1 cm for
ds , 28.

Differences between the averages and 90% quantiles
of mapping errors for the interleaved sampling patterns
with 0-day or 5-day offsets are mostly minor except in
the tropical latitude band when the smoothing param-
eters are shorter than 38 spatially and/or 20 days tem-
porally (Fig. 9b). While the mean rmse in the Tropics
is only slightly larger for the 0-day offset (compare the
bottom-left panels of Figs. 9a and 9b), the spatial and
temporal inhomogeneity of the rmse exceeds the 1-cm
threshold criterion for ds smaller than about 38 or for dt

smaller than about 15 days (compare the bottom-right
panels of Figs. 9a and 9b). The mapping errors for the
0-day offset are also much more inhomogeneous at sub-
tropical latitudes for dt smaller than about 15 days (com-
pare the middle-right panels of Figs. 9a and 9b; see also
the left panels of Fig. 8). For such small smoothing, the
5-day offset yields better estimates of smoothed SSH
than can be obtained from the 0-day offset adopted for
the present tandem T/P–Jason mission.

c. A tandem T/P–Jason sampling pattern with 0.758
track spacing

Maps of rmse for the tandem T/P–Jason sampling
pattern with 0.758 track separation and 0-day offset are
shown in Fig. 10 for the same three choices of smooth-
ing parameters considered in Figs. 3 and 8. While this
tandem sampling pattern yields SSH fields with map-
ping errors smaller than those from T/P alone (Fig. 3),
the improvement is modest compared with that obtained
for the evenly spaced, interleaved sampling patterns
considered in Fig. 8. The closer 0.758 spacing of the
parallel T/P and Jason ground tracks leaves large dia-
mond-shaped regions unsampled [see Fig. 4(c)]. For 38
by 10-day smoothing, there are large areas with mapping
errors exceeding 4 cm. Errors larger than 4 cm still exist
when the temporal smoothing is increased to 20 days.
When the smoothing is increased to 58, the mapping
errors for the 0.758 offset tandem orbit decrease to less
than 3 cm everywhere, but this is about a factor of 2
larger than the mapping errors from the evenly spaced,
interleaved ground track pattern with the same 58 by
20-day smoothing.

The mean values and 90% quantile ranges of variation
of rmse for a 0.758 offset tandem T/P–Jason sampling
pattern are shown in Fig. 11 as functions of spatial and
temporal smoothing parameters. The mapping errors
were computed at the 40 locations shown in Fig. 4c and
at daily intervals over the 10-day repeat period. For the
mean error threshold of 2.5 cm, the resolution capability
of SSH fields constructed from the 0.758 offset tandem
orbit is about 3.78 by 20 days in the subtropical band.
The corresponding 90% quantile range is about 0.8 cm,
which is less than the threshold criterion of 1.0 cm. With
20-day temporal smoothing, the spatial smoothing could
be reduced to about 2.78 within the subpolar band. With
a 1-cm threshold for the 90% quantile range of vari-
ability, the spatial resolution capability for 20-day tem-
poral smoothing in the tropical band is no better than
the 3.78 resolution capability within the subtropical
band.

d. The tandem Jason–ENVISAT sampling pattern

The European Space Agency launched the ENVISAT
satellite in March 2002 as a successor to the ERS-1 and
ERS-2 satellites. ENVISAT was placed into the same
orbit as the ERS satellites with a 988 inclination and a
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FIG. 9a. As in Fig. 5 except for SSH fields constructed from measurements from a tandem T/P–Jason sampling
pattern with evenly spaced ground tracks with 5-day offset. The averages and 90% quantile ranges were computed
from estimates at the 40 locations shown in Fig. 5b and at daily intervals over the 10-day repeat cycle.

35-day exact repeat. Since ENVISAT is operating si-
multaneously with Jason, it is useful to explore the pos-
sibility of obtaining high-resolution SSH fields from this
tandem altimeter dataset. This exercise is complicated
by the lack of coordination of the two orbit configu-
rations (the different repeat periods and different orbit

inclinations) and the fact that the orbit errors are ex-
pected to be larger by a factor of 2 or more for ENVISAT
than for Jason.

Maps of rmse for the tandem Jason–ENVISAT sam-
pling pattern are shown in Fig. 12 for the three choices
of smoothing parameters considered previously. For the
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FIG. 9b. As in Fig. 9a except for the case of evenly spaced ground tracks with 0-day offset.

upper panels, the ENVISAT orbit errors have been as-
sumed to have a standard deviation of 4 cm. As in
sections 3b and 3c, the Jason orbit errors are assumed
to have a standard deviation of 2 cm. For 38 by 10-day
smoothing (top left panel of Fig. 12), the patches of
elevated rmse are both larger in magnitude and more
extensive geographically than for the case of the inter-

leaved, evenly spaced tandem T/P–Jason sampling pat-
tern with either the 0-day or 5-day offset. These patches
of large mapping errors migrate geographically for dif-
ferent estimation times in response to the complicated
space–time sampling of the combined 35-day ENVISAT
and 10-day Jason ground track patterns.

When the smoothing is increased to 38 by 20 days
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FIG. 10. As in Figs. 3 and 8 except for SSH fields constructed from measurements from a tandem T/P–Jason sampling pattern with 0.758
offset between the parallel T/P and Jason ground tracks.

(top-middle panel of Fig. 12), the Jason–ENVISAT map-
ping errors are reduced considerably, but are still in-
homogeneous, ranging from a low of about 1.5 cm to
a high of about 3.5 cm. In comparison, the tandem
T/P–Jason sampling pattern with evenly spaced ground
tracks yields mapping errors for 38 by 20-day smoothing
that are nearly homogeneous with a value of about 2
cm in the subtropical band (middle panels of Fig. 8).
Increasing the spatial smoothing of tandem Jason–
ENVISAT data to 58 (top-right panel of Fig. 12) reduces
the mapping errors to less than 2.5 cm everywhere,
compared with maximum mapping errors of about 1.25
and 1.5 cm for the T/P–Jason sampling patterns with
5-day and 0-day offsets, respectively.

The mean value and the 90% quantile range of var-
iation of the rmse for a tandem Jason–ENVISAT sam-
pling pattern with ENVISAT orbit errors of 4 cm are
shown in Fig. 13a as functions of spatial and temporal
smoothing parameters. The mapping errors were com-
puted at the 40 locations shown in Fig. 4d and at daily
intervals over the 35-day ENVISAT repeat period, that
is, at a total of 1400 estimation times and locations. The
structures of these rmse plots are notably different from
the rmse plots considered previously for the single and
tandem T/P and Jason sampling patterns. For a given
degree of spatial smoothing ds, increasing the temporal
smoothing dt is more effective at reducing the mapping
errors from the tandem Jason–ENVISAT data. This is
because the close spacing of the ENVISAT ground tracks
reduces the spatial resolution limitation that is inherent

in the T/P and Jason sampling patterns, thus elevating
the relative importance of the temporal resolution lim-
itation of the long 35-day orbit repeat period.

In comparison with the results for the interleaved tan-
dem T/P–Jason sampling pattern with evenly spaced
ground tracks and 5-day offset (Fig. 9a), the 90% quan-
tile ranges in Fig. 13a are at least a factor of 2 larger
for small amounts of smoothing. This is a quantitative
measure of the greater inhomogeneity of rmse noted
above from the example error maps in Fig. 12. The
migration of the inhomogeneous mapping errors in
space and time that is responsible for these larger 90%
quantile ranges would contaminate wavenumber-fre-
quency spectra of SSH variability in a very complicated
manner. The energy level of these artifacts in SSH fields
constructed from a tandem Jason–ENVISAT sampling
pattern might obscure the spectral characteristics of SSH
signals that are of interest (e.g., the Rossby wave dis-
persion application discussed below in section 4a).

By the threshold mean error criterion of 2.5 cm, it is
evident from Fig. 13a that the resolution capability of
the tandem Jason–ENVISAT sampling pattern for
ENVISAT orbit errors of 4 cm is about 38 by 20 days
in the subtropical latitude band. The corresponding 90%
quantile range is about 0.8 cm, which is within the tol-
erance criterion of 1.0 cm but is a factor of 4 larger
than the 90% quantile range for the tandem T/P–Jason
case with evenly spaced ground tracks and 5-day offset.
This reflects the much greater spatial and temporal in-
homogeneity of mapping errors noted in Fig. 12. The
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FIG. 11. As in Figs. 5 and 9 except for SSH fields constructed from measurements from a tandem T/P–Jason sampling
pattern with 0.758 offset between the parallel ground tracks. The averages and 90% quantile ranges were computed
from estimates at the 40 locations shown in Fig. 4c and at daily intervals over the 10-day repeat cycle.

spatial resolution capability of 38 is a significant im-
provement over the 3.78 resolution capability of the tan-
dem T/P–Jason mission with 0.758 spacing of simul-
taneously sampled parallel ground tracks. For 20-day
smoothing, the spatial resolution capability of the tan-
dem Jason–ENVISAT sampling pattern improves to
about 2.58 in the subpolar and tropical bands.

It is noteworthy that the 38 resolution capability de-
duced here for the tandem Jason–ENVISAT sampling
pattern is better by more than a factor of 2 than the
resolution capability deduced by GCS97 for the equiv-
alent tandem T/P–ERS sampling pattern. In part, this is
because of the longer signal decorrelation scale adopted
here (Fig. 2). Another factor is that the computational
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FIG. 12. As in Figs. 3, 8, and 10 except for SSH fields constructed from measurements from a tandem Jason–ENVISAT sampling pattern.
Mapping errors for the cases of ENVISAT orbit errors with standard deviations of (top) 4 cm and (bottom) 6 cm, respectively. The Jason
orbit errors are assumed to have a standard deviation of 2 cm in all of these simulations.

demands of the method used by GCS97 restricted the
calculation of the mapping errors to only two locations
(see Fig. 7 of GCS97), which may not have adequately
represented the mapping errors over a large geograph-
ical domain. Probably most significantly, the maximum
deviation from the mean mapping error considered by
GCS97 is more demanding than the 90% quantile mea-
sure of spatial and temporal inhomogeneity of mapping
errors used here, as noted previously in section 2. Be-
cause of the long-tailed nature of the rmse distribution
for the tandem Jason–ENVISAT sampling pattern (i.e.,

occasional extreme values of mapping errors geograph-
ically at a specific estimation time or temporally at a
given estimation location), the maximum deviation is
much larger than the 90% quantile range of rmse. This
leads to the more conservative estimate of resolution
capability suggested by GCS97. Maps and time series
of smoothed SSH constructed from tandem Jason–
ENVISAT data with the 38 spatial smoothing suggested
here will thus be contaminated by occasional large out-
liers owing to sampling errors [see Figs. 2 and 3 of
Greenslade et al. (1997)].
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Since there is some uncertainty about how accurately
the orbits can be estimated for ENVISAT, it is useful to
investigate the sensitivity of the mapping errors to the
magnitude of the orbit errors. The SSH mapping errors
for the case of ENVISAT orbit errors with a larger stan-
dard deviation of 6 cm are shown in the bottom panels
of Fig. 12 for the three choices of smoothing parameters
considered previously. The mapping errors are larger by
25%–50% than for the case of ENVISAT orbit errors
with a standard deviation of 4 cm (top panels of Fig.
12). These increases are typical of the increases of the
average values of the rmse over the full range of smooth-
ing parameters (Fig. 13b). Moreover, the 90% quantile
ranges are also considerably larger with 6-cm orbit er-
rors for SSH fields constructed with small spatial
smoothing. If ENVISAT were to have orbit errors this
large, the resolution capability of SSH fields constructed
from the tandem Jason–ENVISAT sampling pattern ac-
cording to the same criteria adopted previously would
be degraded to about 48 by 20 days in the Tropics and
subtropics, and to about 3.258 by 20 days in the subpolar
latitude band.

e. Summary

The resolution capability of SSH fields constructed
from the various altimeter sampling patterns considered
above has been assessed from the mean and 90% quan-
tile range of variation of the mapping errors based on
an assumed signal standard deviation of 10 cm. When
multiplied by 10, the threshold values of 2.5 and 1.0
cm adopted here for the mean and 90% quantile range
can be interpreted as the percentages of signal standard
deviation. The results presented here are thus easily ex-
tended to the case of arbitrary signal standard deviation.
The threshold criteria for the average value and the 90%
quantile range of variation of rmse correspond, respec-
tively, to 25% and 10% of the SSH signal standard
deviation. The wavenumber-frequency distribution of
the signal variance is specified by the Gaussian form
assumed here for the space–time autocorrelation of SSH.
The metric used here to assess the mapping errors is
based on the mean-squared difference between the qua-
dratic loess estimate and the best possible estimate of
smoothed SSH that would be obtained by the quadratic
loess smoother if the observations were continuously
distributed in space and time.

In order to reduce the number of parameters under
consideration, the focus here has been on the root-mean-
squared errors of SSH fields constructed from mea-
surements from various altimeter sampling patterns
based on temporal smoothing with a filter cutoff period
of 20 days, which corresponds approximately to the
filtering properties of 12-day block averages and is thus
commensurate with the 10-day repeat period of the
T/P and Jason orbits. The spatial resolutions differ con-
siderably for the various sampling patterns. As a base-
line for comparison, it was shown in section 3a that
SSH can be mapped from measurements from a single

altimeter in the T/P orbit with a spatial resolution de-
fined by a filter cutoff wavelength of about 68. This
corresponds approximately to the filtering properties of
3.68 block averages.

Tai (1998) deduced a similar midlatitude resolution
limitation of 38 of longitude by 68 of latitude by 20 days
from a consideration of the harmonics that can be re-
solved in least squares fits using SSH at the midpoints
along the satellite ground tracks halfway between cross-
overs. The somewhat greater zonal smoothing suggested
here mitigates the effects of measurement and orbit er-
rors that were not explicitly treated by Tai (1998) and
reduces the spatial inhomogeneity of the mapping errors
to a level at which SSH fields can be constructed with
acceptably small mean rmse on a much finer spatial grid
than just the midpoints.

Of the tandem T/P–Jason missions considered here,
the sampling patterns with evenly spaced ground tracks
considered in section 3b are the best for mapping the
SSH field. The 5-day offset between parallel tracks is
preferable to the 0-day offset, especially in the tropical
band where the spatial and temporal inhomogeneity of
mapping errors with small smoothing is considerably
larger for the 0-day offset. In the subtropical band, the
resolution capability of both evenly spaced ground track
sampling patterns is about 2.28, which is far superior to
the 3.78 resolution capability of the tandem T/P–Jason
sampling pattern with 0.758 ground track spacing con-
sidered in section 3c. Depending on the precise mag-
nitudes of the ENVISAT orbit errors, even the uncoor-
dinated tandem Jason–ENVISAT sampling pattern (see
section 3d) yields SSH fields with spatial resolution bet-
ter than that of the tandem T/P–Jason sampling pattern
with 0.758 ground track spacing.

The relative accuracies of SSH maps constructed from
the various altimeter sampling patterns considered in
this study can be inferred from the average value and
90% quantile range of variation of rmse for each sam-
pling pattern for a specific choice of smoothing param-
eters. The results for the case of smoothing with filter
cutoff wavelength and period of 38 by 20 days are shown
in Fig. 14. The various sampling patterns are displayed
on the abscissa in order of decreasing average rmse. For
the cases considered, the spatial and temporal inho-
mogeneities of the mapping errors as characterized by
the 90% quantile range of variation decrease in rough
proportion to the overall average mapping error.

The values of 25% and 10% of the SSH signal stan-
dard deviation adopted here as threshold values of the
average value and the 90% quantile range of variation
of rmse are admittedly ad hoc. They are based on our
subjective judgment of the amount of smoothing re-
quired to obtain usefully accurate SSH fields from T/P
data (see Figs. 6 and 7). The key point, however, is that
a consistent set of criteria are used to evaluate the map-
ping resolution capabilities of all of the altimeter sam-
pling patterns considered here. Our conclusions about
the resolution capabilities of the various altimeter sam-
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FIG. 13a. As in Figs. 5, 9, and 11 except for SSH fields constructed from measurements from a tandem Jason–
ENVISAT sampling pattern with ENVISAT and Jason orbit errors with standard deviations of 4 and 2 cm, respectively.
The averages and 90% quantile ranges were computed from estimates at the 40 locations shown in Fig. 4d and at daily
intervals over the 35-day repeat cycle of the ENVISAT orbit configuration.

pling patterns are summarized in Fig. 15. If different
threshold values for the average and 90% quantile rang-
es were adopted, the conclusions about the precise val-
ues of the spatial and temporal resolution capability
would differ somewhat. However, the relative accura-

cies of the various sampling patterns would not likely
differ much from what is shown in Figs. 14 and 15.

The threshold tolerance of 25% of the signal standard
deviation for the average mapping error was sufficient
to define the SSH mapping resolution capability for
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FIG. 13b. As in Fig. 13a except for the case of ENVISAT orbit errors with a standard deviation of 6 cm.

nearly all of the sampling patterns considered here. A
notable exception is the case of the tandem T/P–Jason
mission with 0.758 ground track spacing considered in
section 3c for which the threshold tolerance of inho-
mogeneity of rmse is an issue in the Tropics. Inhomo-
geneity of the mapping errors is also an issue for a
tandem T/P–Jason sampling pattern with evenly spaced
ground tracks and 0-day offset when SSH fields are

constructed in the Tropics with small spatial and tem-
poral smoothing (see section 3b).

4. Scientific benefits of a tandem mission with
evenly spaced ground tracks

Of the three tandem T/P–Jason altimeter sampling
patterns considered in section 3, it was shown that the
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FIG. 14. The average values (solid circles) and the 90% quantile
ranges of variation (open circles) of the rmse of SSH fields con-
structed in the subtropical latitude band from various altimeter sam-
pling patterns for the case of smoothing with a filter cutoff wavelength
and period of 38 by 20 days, corresponding approximately to the
filtering properties of 1.88 by 12-day block averages. The average
and 90% quantile range of rmse are expressed as percentages of the
signal standard deviation. The average and 90% quantile values are
somewhat higher in the tropical latitude band and lower in the sub-
polar latitude band.

FIG. 15. (top) The filter cutoff wavelengths defining the resolution
capability of SSH fields constructed in the subtropical latitude band
from various altimeter sampling patterns based on the threshold cri-
terion of 25% of the signal standard deviation for the average mapping
error. (bottom) The corresponding 90% quantile ranges of variation
of rmse expressed as a percentage of the signal standard deviation.
The tandem T/P–Jason sampling pattern with evenly spaced ground
tracks corresponds to the case of 5-day offset and the tandem Jason–
ENVISAT sampling patterns correspond to the case of 4-cm ENVISAT
orbit errors.

sampling pattern with evenly spaced ground tracks and
5-day offset would yield the best resolution capability
for mapping the SSH field. The parallel-track tandem
mission with 0.758 ground track separation would yield
significantly lower resolution SSH maps constructed
from the combined T/P and Jason data.

High-resolution mapping of SSH is not the only con-
sideration in the selection of the sampling pattern for a
tandem T/P–Jason mission. Another potentially impor-
tant application is the estimation of surface geostrophic
velocity from the tandem altimeter dataset. Leeuwen-
burgh and Stammer (2002) argue that the parallel-track
method applied to tandem T/P–Jason data with a 0.758
track separation and a 0-day offset is capable of pro-
viding velocity estimates with accuracy that is com-
parable to, and possibly better than, the accuracy of
estimates obtained by the crossover method. They sug-
gest that the high along-track resolution available from
the parallel-track method will be useful for determining
the along-track wavenumber spectrum of geostrophic
velocity and other applications. Because of the sensi-
tivity of the accuracy of parallel-track estimates of geo-
strophic velocity to the convergence of satellite ground
tracks at high latitudes, they note that application of the
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FIG. 16. Wavenumber-frequency spectra computed from 9 yr of T/P data along 248 latitude over the longitude ranges indicated at the top
of each panel. Each spectral estimate was band averaged in space and time to obtain 18 degrees of freedom. The dispersion relation computed
from the eigenvalue problems for the classical theory with zero mean background flow and the extended theory of Killworth et al. (1997)
that includes the baroclinic background mean flow are shown by the open and solid circles, respectively. The error bars correspond to
estimates of the 75% confidence intervals for the estimated dispersion relations. The vertical white lines show the wavenumber cutoff
associated with the 68 smoothing applied to the T/P data.

method outside of the subtropical and midlatitude re-
gions will require a reduction of residual orbit errors to
1 cm or less.

Using a different approach to investigate the accuracy
of parallel-track estimates of geostrophic velocity, we
have found that they are subject to substantial errors
that vary between the components and with latitude
(Schlax and Chelton 2003). We also feel that further
study of the latitudinally varying filtering properties of
the parallel-track method is required before committing
to its use for high-resolution along-track wavenumber
spectral analysis of geostrophic velocity.

On the basis of the SSH mapping results presented
in section 3 and the conclusions of Leeuwenburgh and
Stammer (2002) and Schlax and Chelton (2003) con-
cerning the limitations of velocity estimates derived
from altimeter data, we believe that the interleaved sam-
pling pattern with evenly spaced ground tracks would
have a beneficial impact on a wider range of scientific

applications of altimeter data than would a tandem mis-
sion dedicated to obtaining high-resolution, along-track
velocity estimates from the parallel-track method. Two
examples are summarized in this section. The first con-
siders the benefits of the improved spatial resolution of
SSH fields for investigation of the wavenumber-fre-
quency spectral characteristics of ocean Rossby waves.
The second considers the benefits of geostrophic ve-
locity estimates at the crossover points of an evenly
spaced, interleaved sampling pattern for investigation
of the effects of eddy Reynolds stresses on the mean
and slowly varying ocean circulation.

a. Rossby wave dispersion characteristics

Analysis of the longitude–time structure of SSH var-
iability from the first 3 yr of T/P data by Chelton and
Schlax (1996) showed that westward propagation is
nearly ubiquitous over the World Ocean. A more recent
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FIG. 17. (a) Velocity variance ellipses based on geostrophic velocity
estimates computed by the crossover method from T/P data at the
crossovers of ascending and descending ground tracks, and (b) the
associated eddy kinetic energy in units of cm2 s22.

FIG. 18. The locations of the crossovers of ascending and descend-
ing ground tracks from (a) a single altimeter in the T/P orbit config-
uration, and (b) an interleaved tandem orbit configuration with evenly
spaced ground tracks. The red dots in (b) correspond to the additional
crossover points afforded by the tandem mission. The contours in
both panels represent the dynamic height of the sea surface relative
to a reference level of 1000 db computed from the Lozier et al. (1995)
hydrographic dataset.global synthesis of westward-propagating SSH signals

from 7 yr of T/P data confirms the results of the earlier
analysis (Fu and Chelton 2001). The propagation speeds
decrease with increasing latitude in a manner that is
qualitatively but not quantitatively consistent with the
classical theory for oceanic Rossby waves. Westward
phase speeds estimated from the T/P data are system-
atically higher than the phase speeds predicted from the
classical theory. The discrepancies between the obser-
vations and the classical theory generally increase with
increasing latitude, differing by more than a factor of
2 at 408 latitude [see Fig. 5 of Chelton and Schlax (1996)
and Fig. 14 of Fu and Chelton (2001)].

The apparent insufficiency of the classical theory has
stimulated a great deal of interest in Rossby wave dy-
namics. Since Rossby waves are the mechanism by
which the open ocean adjusts to wind stress, heat flux,
and eastern boundary forcing, it is important to under-
stand the reason for the discrepancies between the ob-
served and predicted westward phase speeds of oceanic
Rossby waves. Ocean general circulation models that
are currently under development for climate studies can-
not be considered useful unless they accurately represent
the observed Rossby wave phase speeds, thus correctly
modeling the transient adjustment time of the ocean. An
overview of theoretical attempts to account for the ap-
parent Rossby wave speedup is given in section 3.4.5
of Fu and Chelton (2001). The most promising expla-
nation to date appears to be that proposed by Killworth

et al. (1997), who suggested that the speedup occurs
because of the modification of free Rossby wave modes
by vertically sheared mean currents.

The empirical and theoretical studies of Rossby wave
propagation that have been conducted thus far have fo-
cused almost entirely on the long-wavelength, low-fre-
quency nondispersive regime. The adequacies or inad-
equacies of the various theories that have been proposed
to explain the fast observed westward phase speeds are
likely to become most apparent when the focus shifts
to the full wavenumber-frequency spectral characteriza-
tion of the westward propagation. Spatial resolution is
the most important limiting factor for wavenumber-fre-
quency spectral analysis of SSH data from a single al-
timeter in the T/P orbit. The results of section 3a indicate
that the resolution capability of SSH fields constructed
from a single altimeter in the T/P orbit is about 68 in
longitude and latitude by 20 days at middle and low
latitudes; the spatial resolution capability improves
slightly to about 4.58 in the subpolar latitudes (see Fig.
5).

Examples of wavenumber-frequency spectra of SSH
computed along 248 latitude in each of the ocean basins
from 68 by 60-day smoothed SSH fields are shown in
Fig. 16. The 60-day filter cutoff was chosen to eliminate
contamination of the SSH fields by tidal errors; the most
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energetic tidal signals all alias into periods shorter than
about 60 days (Chelton et al. 2001). A 60-day period
corresponds to a frequency of 0.016 cpd, which is higher
than the maximum frequency displayed the figures. The
solid vertical white line in each panel corresponds to
the 68 zonal filter cutoff of the loess smoothed SSH
fields. The apparent decrease of the energy of SSH var-
iability at larger negative zonal wavenumbers is due to
attenuation of these short scales by the 68 zonal smooth-
ing.

Over the range of wavenumbers resolved in SSH
fields constructed from T/P data, the wavenumber-fre-
quency spectral characteristics along 248 latitude exhibit
a remarkable quality: the bands of energetic SSH var-
iability fall very nearly along straight lines in wave-
number-frequency space. This indicates that the west-
ward propagation of SSH signals is essentially nondis-
persive over the full range of wavenumbers resolved by
the T/P sampling pattern.

The eigenvalue problem derived by Killworth et al.
(1997) for the case of nondispersive Rossby waves is
extended by Fu and Chelton (2001) to include the de-
pendence on zonal wavenumber. The dispersion rela-
tions from the classical theory and the extended Kill-
worth et al. (1997) shear-modified theory are shown in
Fig. 16 by the open and solid circles, respectively. It is
clear from these plots that the wavenumbers and fre-
quencies of energetic SSH variability are in much closer
agreement with the Killworth et al. (1997) theory than
with the classical theory. It is also apparent that a com-
prehensive test of the Killworth et al. (1997) theory will
require knowledge of the spectral characteristics of SSH
variability at larger negative wavenumbers; the Kill-
worth et al. (1997) theory becomes dispersive for the
wavelengths shorter than the 68 of longitude that are not
well resolved in SSH fields constructed from the T/P
sampling pattern. Moreover, the dispersion relations for
the Killworth et al. (1997) theory and the classical the-
ory become progressively more distinct at these shorter
wavelengths.

Assessment of the Killworth et al. (1997) theory, as
well as of the other theories that have been proposed
to explain the observed Rossby wave phase speeds, thus
requires SSH fields with zonal spatial resolution higher
than can presently be resolved from T/P data alone. The
results of section 3b indicate that an interleaved tandem
T/P–Jason mission with evenly spaced ground tracks
would allow mapping of the SSH field with a zonal
resolution of about 2.28 at middle and low latitudes.
This would extend the wavenumber range of the spectra
of SSH variability beyond the minimum wavenumbers
plotted in Fig. 16. Since the periodicities of the vari-
ability in the short wavenumber regime of interest are
about 100 days, we believe that a 1-yr tandem mission
would provide sufficient statistical reliability, although
a longer record length would be much more desirable.
The extended range of the wavenumber-frequency spec-
tral estimates would enable a quantitative test of the

adequacy of the various theories for fast Rossby waves.
If the Killworth et al. (1997) theory shown by the solid
circles in Fig. 16 is the mechanism for Rossby wave
speedup, then the band of wavenumbers and frequencies
of the most energetic SSH variability should flatten for
zonal wavelengths shorter than the 68 limitation of SSH
fields constructed from T/P data. This corresponds to
zonal wavenumbers with negative values larger in mag-
nitude than the filter cutoff wavenumber indicated by
the vertical solid white lines in Fig. 16.

b. Eddy kinetic energy and Reynolds stresses

Although the coarse grid of crossover points in the
T/P sampling pattern is limiting, the crossover technique
for estimating surface geostrophic velocity nonetheless
provides useful estimates of the velocity variance, es-
pecially in the midlatitude regions of most energetic
eddy variability. An example of the velocity variance
ellipses formed from the variances of the two orthogonal
velocity components and the cross covariance between
the two components (Preisendorfer 1988; Morrow et al.
1992, 1994; Schlax and Chelton 2003) is shown in Fig.
17a and the associated eddy kinetic energy is shown in
Fig. 17b. When multiplied by the water density, the
variances and cross covariance have units of force per
unit area and represent horizontal fluxes of momentum
by the eddy field, the so-called eddy Reynolds stresses.
The cross-track velocity estimates from which the or-
thogonal velocity components were computed for the
velocity variances in Fig. 17 were estimated from 9 yr
of T/P data based on along-track slopes obtained from
least squares fits over nine successive points along the
satellite ground track, which corresponds to a filter cut-
off wavelength of lc ø 100 km (Schlax and Chelton
2003).

The velocity variances and eddy kinetic energy in Fig.
17 can be compared with the results obtained by Rich-
ardson (1983) from 28-gridded averages of the velocities
of 110 surface drifters. In consideration of the rather
coarse spatial resolution of both datasets, and especially
of the small number of drifters, the agreement between
the geographical distributions of the two estimates of
eddy kinetic energy (EKE) is rather remarkable. Both
datasets are characterized by a band of large EKE in
excess of 1000 cm2 s22 that extends northeastward from
Cape Hatteras to about 458W where it turns north around
Grand Banks and extends to about 508. The bull’s-eyes
of locally large EKE at about 348N, 768W and 378N,
718W in the T/P data are associated with isolated ve-
locity variance ellipses in Fig. 17a. The detailed spatial
structures and geographical extents of these regions of
energetic variability are not resolved by the T/P sam-
pling pattern.

The agreement between the T/P and drifter estimates
of velocity variance ellipses is more difficult to assess.
The nature of the anisotropy of the velocity variance
(i.e., the elongation and orientation of the ellipses) is
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generally similar, although there are some notable dis-
crepancies. For example, the T/P variance ellipses at
348N, 768W are rotated about 458 counterclockwise rel-
ative to the drifter ellipses near the same location. This
and other less significant differences could easily be
attributed to inadequate sampling in the drifter results
because of the small number of observations from which
the velocity statistics were computed.

The anisotropy of the velocity variability evident in
Fig. 17a is important to ocean dynamics. In baroclini-
cally unstable flow regimes such as the Gulf Stream,
eddies force the mean and slowly varying flow by a
cross-stream convergence of alongstream momentum,
thus accelerating the mean flow [e.g., Cronin (1996);
see also Fig. 7.3.1 of Pedlosky (1987)]. The conver-
gence or divergence of eddy momentum flux can be
determined from horizontal gradients of the Reynolds
stresses. The coarse 2.8348 staggered grid of crossover
points from a single altimeter in the T/P orbit is severely
restrictive in this regard (Fig. 18a); the approximate 38
latitudinal separations of the crossover points at mid-
latitudes (see Fig. 4 of GCS97) is too coarse relative to
the width of the Gulf Stream to obtain useful estimates
of the eddy convergence of momentum.

A byproduct of the sampling pattern of an interleaved
tandem T/P–Jason altimeter sampling pattern with even-
ly spaced ground tracks is a fourfold increase in the
number of crossovers of ascending and descending
ground tracks. Such a tandem mission would result in
a staggered grid of crossover points with 1.4178 lon-
gitudinal spacing and about 1.58 latitudinal spacing at
midlatitudes (Fig. 18b). This quadrupling of the number
of crossover points would greatly enhance the ability to
investigate eddy–mean flow interaction from altimeter
data.

In principle, the tandem Jason–ENVISAT mission
could provide an even more dense grid of crossovers
for analysis of Reynolds stress gradients. Because of
the complexity of the space–time characteristics of the
uncoordinated Jason and ENVISAT sampling pattern,
however, the effects of sampling errors on crossover
estimates of geostrophic velocity are far more compli-
cated than from a tandem T/P–Jason mission. The high-
er inclination of the ENVISAT orbit results in much
larger errors in the meridional velocity component. The
longer 35-day repeat period results in larger temporal
interpolation errors from the time separations between
ENVISAT–ENVISAT crossovers (which can differ by as
much as 17.5 days) and Jason–ENVISAT crossovers
(which can differ by as much as 12.5 days). Moreover,
the numbers of crossovers within a given time span
differ for Jason–Jason, Jason–ENVISAT, and
ENVISAT–ENVISAT crossovers and thus vary in a com-
plex manner geographically. This results in an additional
source of sampling error that does not exist for a tandem
altimeter mission with a coordinated sampling pattern
(i.e., matched orbit repeat periods).

It is noteworthy that the tandem mission with 0.758

offset between neighboring T/P and Jason ground tracks
that has been suggested by Leeuwenburgh and Stammer
(2002) as an optimal sampling pattern for parallel-track
estimates of geostrophic velocity would not significantly
improve studies of eddy–mean flow interaction. The
method yields Reynolds stress estimates at closely
spaced intervals along the centerline between the par-
allel tracks. However, the orthogonal components of the
Reynolds stress gradient field that effects the momentum
flux in eddy–mean flow interaction cannot be estimated
with the same high along-track resolution. The gradients
could be estimated from Reynolds stresses on the stag-
gered grid consisting of the crossovers and the mid-
points between the crossovers of intersecting center-
lines. This is exactly the same grid obtainable from the
crossover method applied to tandem T/P–Jason data
with evenly spaced ground tracks.

Because of the lack of improvement in spatial reso-
lution, and the fact that the parallel-track estimates of
geostrophic velocity offer no great improvement in pre-
cision over the crossover method for realistic long-
wavelength measurement and orbit errors (Schlax and
Chelton 2003). The parallel-track method appears to be
no more useful than the crossover method for the in-
vestigation of eddy–mean flow interaction. Indeed, the
parallel-track method would be less useful if the residual
long-wavelength measurement and orbit errors were to
exceed 2 cm.

5. Conclusions

The value of continuing the T/P mission for as long
as the dual-frequency altimeter and other system com-
ponents continue to function well is self-evident. After
a 7-month calibration and validation period following
the December 2001 launch of Jason, T/P was maneu-
vered into an interleaved orbit in which neighboring
parallel ground tracks with 1.4178 longitudinal separa-
tion are sampled essentially simultaneously by T/P and
Jason. This tandem mission was established on 16 Sep-
tember 2002. The improved spatial resolution of SSH
fields constructed from the combined T/P and Jason
datasets with this coordinated 10-day exact-repeat sam-
pling pattern will enable scientific investigations that
have not heretofore been possible from past and present
altimeter datasets. Moreover, the future launch of the
Jason follow-on altimeter with a planned launch in 2007
will provide another opportunity for a coordinated tan-
dem altimeter mission. The specifics of a coordinated
tandem mission therefore merit careful consideration.
The primary purpose of this study has been to evaluate
two potential tandem T/P–Jason orbit configurations:
an interleaved sampling pattern consisting of evenly
spaced ground tracks, and a 0.758 offset between si-
multaneous measurements by T/P and Jason that has
been suggested by Leeuwenburgh and Stammer (2002)
as the optimal track separation for estimates of geo-
strophic velocity by the parallel-track method.
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The results presented here are based on an extension
of the technique that we have previously used to assess
the resolution capability of smoothed SSH fields con-
structed from various altimeter sampling patterns (CS94
and GCS97). Our earlier analyses considered only the
effects of sampling errors and restricted attention to the
altimeter sampling patterns and signal autocorrelation
function at midlatitudes. The effects of measurement
errors that were neglected in our earlier studies become
important when considering the ERS and ENVISAT al-
timeters for which the orbit errors are about a factor of
2 larger than for T/P and Jason. The formalism outlined
in section 2 includes the effects of both sampling and
measurement errors. The present study also adopts a
more realistic representation of the signal autocorrela-
tion function that allows an assessment of latitudinally
varying resolution capability of the various altimeter
sampling patterns. The mapping errors are assessed here
from the total root-mean-squared error of quadratic loess
smoothed estimates of SSH compared with the best pos-
sible smoothed estimates that could be obtained by the
quadratic loess smoother if the observations were con-
tinuously distributed in space and time.

The spatial and temporal resolution capabilities of
SSH fields constructed from the two potential tandem
T/P–Jason sampling patterns were quantified in sections
3b and 3c. The resolution capability is assessed from
the mean value and the spatial and temporal variability
of the root-mean-squared errors computed over a rep-
resentative collection of estimation times and locations.
To identify the filter cutoff wavelength and period that
define the resolution capability of SSH fields construct-
ed from each altimeter sampling pattern, we have adopt-
ed a threshold values of 25% of the signal standard
deviation sh for the overall average rmse and a threshold
value of 10% of sh for the 90% quantile range of rmse
variability. The wavenumber-frequency distribution of

is specified by the Gaussian form assumed here for2s h

the space–time autocorrelation function of SSH.
While a 0.758 offset between the T/P and Jason

ground tracks in the tandem mission would offer an
improvement over the resolution capability of SSH
fields constructed from a single altimeter in the T/P orbit
(an increase in resolution from about 68 to about 3.78
of longitude and latitude within the subtropical latitude
band), the improvement falls far short of the 2.28 res-
olution capability of the interleaved tandem sampling
patterns with evenly spaced ground tracks considered
in section 3b. The interleaved tandem sampling pattern
is thus superior for global mapping of the SSH field.
The filter cutoff wavelength and period of 2.28 by 20
days corresponds approximately to the filtering prop-
erties of 1.38 by 12-day block averages.

We also assessed the resolution capability of SSH
fields constructed from the tandem Jason–ENVISAT
sampling pattern in section 3d. Because of the lack of
coordination of the orbit configurations (668 inclination
with 10-day repeat for Jason and 988 inclination with

35-day repeat for ENVISAT) and because of the larger
orbit errors for ENVISAT, the mapping resolution ca-
pability of the tandem dataset falls short of the 2.28
resolution obtainable from the tandem T/P–Jason sam-
pling pattern with evenly spaced interleaved ground
tracks. For ENVISAT orbit errors with a standard de-
viation of 4 cm, the resolution capability of the tandem
Jason–ENVISAT sampling pattern would be about 38.
If the ENVISAT orbit errors are as large as 6 cm, the
spatial resolution of the SSH fields would be degraded
to about 48.

The scientific value of an evenly spaced, interleaved
tandem T/P–Jason sampling pattern was discussed in
section 4 by summarizing two specific applications that
would benefit greatly from the doubling of the spatial
resolution of the SSH field and the quadrupling of the
number of crossovers afforded by the evenly spaced,
interleaved sampling pattern. The higher spatial reso-
lution would allow wavenumber-frequency spectral
analysis of SSH fields at high wavenumbers where com-
peting theories for Rossby wave dispersion differ most
significantly. Since Rossby waves are the means by
which the large-scale ocean circulation adjusts to at-
mospheric and eastern boundary forcing, a theoretical
understanding of Rossby wave dynamics is important
to understanding ocean climate variability on timescales
of the order of a month and longer. The other scientific
application considered here is the estimation of Reyn-
olds stresses and eddy momentum flux convergence and
divergence at the crossovers of ascending and descend-
ing ground tracks. The fourfold increase and regular
spacing of the crossovers in the evenly spaced sampling
pattern of an interleaved tandem T/P–Jason mission
would yield important insight into the role of eddy mo-
mentum flux convergences and divergences in the large-
scale ocean circulation.
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