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We compare sea surface height anomalies observed by satellite altimeters in exact repeat mission orbits to anomalies observed by
altimeters 1n geodetic or drifting orbits. We find no distinguishable differences. One experiment compares data from the drift of TOPEX
between 1ts Tandem and Interleaved missions to repeat-orbit data from Jason-1, ERS-2 and GFO. A second experiment compares data
from the ERS-1 non-repeating Geodetic Phases E and F to the repeating TOPEX data. Both studies cover the North Atlantic from 0° to
82°W and 15° to 55°N 1n order to sample both the Gulf Stream and quieter regions. Height anomalies are obtained along repeat and non-
repeat orbits alike by use of a mean sea surface model. Each experiment 1s performed twice, once with the EGM2008 and once with the
DNSCO08 models, showing that the results are model-independent; DNSCOS8 yields an insignificant 2 mm lower RMS musfit. To compare
anomalies between repeat and non-repeat orbits with different spatio-temporal sampling we grid the 1-Hz along-track point data and
interpolate the grid to point values. RMS differences between grids and point values are around 4 ¢cm 1n quiet areas and 6 cm over the
entire region, with negligible difference between misfits to repeat and non-repeat data. A grid built solely from ERS-1 geodetic data
captures at least 85% of the variance in repeat-track TOPEX point data. Ground tracks of drifting or geodetic orbits can repeat within a
mesoscale correlation length at regular intervals. Geosat's geodetic orbit repeated within 50 km every 23 days, and ERS-1's geodetic
phases repeat within 82, 66 and 17 km every 17, 20 and 37 days.
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We compare sea surface beight anomalies observed by satellite
alimeters in exact repeat missqon orbats to anomalies observed by
alimeters in geodetic or dnfting orbits. We find no distinguish
able ditferences. One expenment compares data from the dnft of
TOPEX between its Tandem and Interleaved massions to repeat
arbat data from Jasen-l, ERS.2 and GFO. A second expeniment
compares data from the ERS-1 non-repeating Geodetic Phases E
and F to the repeating TOPEX data. Both studses cover the Nogth
Atlantic from 0 to 82" W and 15 to 55 N in order to sample both
the Gulf Stream and quecter regrons. Height anomalies are obtained
along repeat and non-repeat orhits alike by use of a mean sea sur
face model. Each experniment is performed twice, once with the
EGM2008 and once with the DNSCO8 models, showing that the re
sults are model-independent; DNSCOS yrelds an mnsignificant 2 mm
lower RMS misthit. To compare anomalies between repeat and non
repeat orbats with dafferent spatro-temporal sampling we gnd the
1-Hz along-track point data and interpolate the grud to point values
RMS difterences between gnids and poent values are around 4 cm
in guict areas and 6 cm over the entire region, with neghgible dif
ference between masfits to repeat and non-repeat data. A grid built
solely from ERS-1 geodetsc data captures at least 85% of the van
ance 1 repeat-track TOPEX point data. Ground tracks of dnfting
ar geodetic orbits can repeat within a mesoscale correlation length
at regular intervals. Geosat's geodetic arbat repeated withan 50 km
every 13 days. and ERS-1's geodetic phases repeat within 82, 66

and 17 km every 17, 20 and 37 days

1. Introduction

The Geosat, ERS- 1, TOPEX/Poseidon, ERS-2. GFO, Jason-1
Envisat and Jason-2/0STM radar altimeter massions together have
collected more than 63 satellite-years of sea surface height (SSH)
observations, all but 2.4 of them in exact repeat and frozen orbits
that repeatedly overfly the same set of ground tracks within £ 1 km
Al the ime when the first exact repeat massion (ERM) was desagned
[Born eral., 1987], hittle was known of the marine geoid and large
geographically correlated radial crbit errors were common in satel
lite ephemendes. These conditions necessitated the altimeter data
processing scheme that has become traditional in physical oce:
raphy: one takes the SSH profile obtainad on any ERM
track 1n any repeat cycle and subtracts from it a time-average (over
a year or more, to remave seasonal vanations) of SSH profiles along
the same ERM track. Heights so difterenced yield SSH anomalhies
(SSHA) with respect to the ime-averaged profile, a baseline that
may be quite arbatrary, due to inter-annual vanations m SSH (Fig
ure 1)
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recavery of some SSH sagnals. Mesoscale SSHAs have much larger
amplitudes and spatial scales [Jacobs et al., 2001] than present ra
chal orbit errors (oeder 2 cm, [ Scharroo, 2002 Lathcke et al., 2003])
or the now unknown part of the manne geosd (gradients of 2 to
3 mm/km contined to half wavelengths shorter than 10km [Sandwell
and Smith, 2008]). One may now obtain SSHA by subtracting from
the SSH profile amoedel geotd or mean sea surface (MSS) such as the
EGMI08 [Paviis et al., 2008] or DNSCO8 [Andersen and Knudsen
2008] models. This approach has several advantages. The model
synthesizes results assimalated from many satellite massions, and
so may be closer to the true background SSH than any average of
profiles from one ERM orbat alone. SSHA referred to a geoid rathe
than a MSS should contain the total dynamic ocean signal. The
model can be evaluated at any point so that SSHA can be obtuined
anywhere, not only along ERM tracks

Altimeter measurements of SSH have many applications, but one
may group these into three broad areas: (1) high spatial resolution
geodesy for inertial navigation and reconnaissance bathymetry; (2)
mesoscale dynamic topography for ocean currents and eddies; and
(3) larger-scale and long-term vanatioas related to planetary waves
and other climate phenomena. The launch of Jason-200STM in June
2008 onto the 10-day ERM track established by TOPEX meets the
climate objective for the next several years. However, that orbat
15 a poor choice for the mesoscale objective [Jacobs er af., 2001 ]
and cannot satisfy the geodesy objective. All the other alimeters

currently operating are near or beyond their designed life, and 1t
15 expected that spatiodemporal resolution of the mesoscale eddy
field will decline in the future unless some other satellite mission
15 launched. Envisat may be directed into a dnfting orbat, as s
fuel 15 likely to run out before its instruments fail. In this paper
we demonstrate that an altimeter in a dnfing or geodetic orbit can
abserve the mesoscale SSHA feld

2. Data Analysis

One cannot compare the SSHA recovered from a non-ERM path
to what would have been obtained if the same observing system had
been on an ERM path at the same time. Instead we must compare
SSHA from an altimeter on a non-ERM path to SSHA obtained over
the same time mterval by another altimeter on an ERM path. Two
oppestunities to do this have occurred, and we examine both; these
are the “TOPEX Dnft” (July to October, 2002) and “ERS- | Geode
tic Phase” (Apnil 1994 to March 1995) analyses described below
Both mvestigations cover the same large area of the Nogth Atlantic
in order to sample areas of both high and low mesoscale energy

To obtain SSHA on non-ERM paths we must subtract a model
geond or mean sea surface from the along-track SSH observations
We perform all our analyses twice; once using the EGM2008 model
and once using the DNSCO8 model, in order to show that our results
are model-independent. All altimeter satellite SSHA data analyzed
throughout this paper are obtained from the “1-Hz" sample rate
data in the Radar Altimeter Database System, with all correcthions
applied, and then either the EGM2008 or the DNSCO8 mean sea
surface models removed

Compansons must iterpolate between the space-time sampling
paths of different satellite orbits. Alumeters have used 3+, 10+, 17
and 35-day ERM orbats, each having ditferent spatial and temporal
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sampling and aliasing of SSH signals, with no one of them adeguate
to fully sample all the mesoscale SSH vanabaility [Lacobs et al

2001 In particular. the gaps between adjacent ground tracks in
the TOPEX and Jason- | orbats are much larger than the typical size
of mesoscale eddies, and so one must expect that duning the Dnfl
and Interleaved periods TOPEX sampled eddy SSHA not sampled
by Jason- 1. and vice-versa. To control for thas and oblain the most
appropriate compansons, we first build a space-time gnid of SSHA
data from those satellites whose space-time sampling is closest to
optimal according to Plate 9 1n Jacobs et al. [2001]. We then inter

polate the grid to the along-track sample points of all the satellites
and examine the SSHA differences between observed point data and

interpolated and gndded data. Thas allows one to compare height
differences due to dnting or ERM orbits against height ditferences
due merely to smoothing and gndding

In both experiments our grids have steps of 0.25° in latitude and
longitade and 3 days in ime, covening the Nogth Atlantic from 0 to
82 Wand 15 1055 N. For the TOPEX Dnft experiment the grid 1s
built using only ERS-2 35.day and GFO 1 7-day ERM data in the in
terval from 2 July to 3 October 2002. Inthe ERS- 1 Geodetic Phases
expennment the gnd 1s built using only dnting ERS- 1 geodetc orbat
data, in the mterval from 17 Apnl 1994 o 10 March 1995, In each
case the gnd values are imtialized by a simple weighted average of
the along-track poant SSHA data, using weights that are Gaussaan
functions of space and time with e-folding scales of 7 days and |
of sphencal angle. After imitialization the residuals (difference of
the point data and the mmalized grud) are formed and weaghted with
e-folding scales of 7 days and 0.57 of distance, and the weighted
resiclual 15 added to each gnd pant. Thas simple grudding m

15 fast to compute and may approximate objective interpolation us

ing Gaussian covanance functions for the mesoscale [Jacobs et al

20017 af slow westward advection

f eddies 15 ignored

2.1. TOPEX Drilt Period

TOPEX/Poseidon was launched 1n 1992 into a 10-day ERM or
bit selected for ats crossang angles and tadal aliasing propertees [Fu
eral., 1991). Later, Jason-1 (2001 ) and Jason - ZJOSTM (2008 ) were
launched to follow the same ERM track established by TOPEX. In
the first 6.5 moaths after the launch of Jason- 1, TOPEX and Jason
1 made SSH observations one manute apart along the same ground
track in a Tandem Mussion. After completion of the tandem mas
sion TOPEX was mancuvered off of the established 10-day ground
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Figure L. Sea surface height in cm above the EGM2008 geoad
along TOPEX and Jason- 1 ascending ground track #217 cross
ing the Gulf Stream. Colored hines indicate yearly means as
measured by TOPEX (1993.2001) or Jason- | (2002-2007); the
than black line 15 the |5 year mean of all these observabons. The
heavy black and grey lines portray the DNSCOS and EGM2008
mean sea surfaces relative to the EGM2008 geoad

track so that it could dnft towards a new 10-day ERM ground track
spatially interfeaved with the onginal 10-day ERM track. The dnft
ing was begun on 15 August and completed on 16 September 2002

After reaching the new ground track, TOPEX was mancuvered to

keep operating as a 10-day ERM on the newly achieved ground
track. Thas Interleaved Mission lasted until the end of the TOPEX
mission

This sequence of events allows one to compare SSHA signals
abserved by TOPEX 1n a 10-day ERM (the Tandem or Interleaved
massions ) with those it observed during the Dnft persod, when its
arbat was not an ERM and it vassted each poant only once. Because
Jason-1 was also operating throughout this time on the 10-day ERM
track oniginated by TOPEX, one can compare the performance of
TOPEX agamst Jason- 1 in all three (Tandem, Dt and Interleaved)
penods, to rule out anomalies in TOPEX s performance duning these
penods. Both TOPEX and Jason- | are dual-frequency altimeters
with ancillary water vapor radiometers, and these systems are con

sidered the “gold standard™ in physical eceanography

We interpolated the ERS-2+GFO SSHA gruds to the 1-Hz along
track sample points of ERS-2, GFO, TOPEX and Jason-1 by lincar
interpolation i latstude, longitude and time, and then formed the
differences between the interpolated grad values and the values ob

served along the trucks of the four satellites. The standard deviations
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Figure 2. Standard deviations of resadual SSHA from TOPEX,
Jason-1, ERS-2 and GFO after subtracting the gndded models of
ERS-2+GFO SSHA relative to the DNSCOS mean sea surface

Each dot represents one altimeter pass. Homzoatal lines indicate
the root-mean-square amplitude of all passes of each altimeter in
cach of the three periods Tandem, Drift or Interleaved, as given
in Table 1. Top: data from the North Atlantic, 157-55"N. Bot

tom: data from the subtropical North Atlantic south of the Gull
Stream, 157-35"N
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of these height differences on each pass are plotted in Figure 2, for
both the entire area analyzed and also a sub-area resincted to the
southern half of the grid (157 to 35”N only); the southern portion

saumples a quiet area of the ocean and excludes the energetic eddies
of the Gulf Stream. We also formed the root sum of sguares of the
individual pass standard deviations in order to form an overall rool
mean square magnitucle of the residual herght for each satellite dur
ing the Tandem, Dnft and Interfeaved penods; these are shown as
horrzontal lines in Figure 2 with numencal values given in Table |

The TOPEX standard deviations and overall rms appear essen
tially the same as those of Jason-1, 1 all three time intervals, Tan
dem, Daft, and Interleaved. The overall rms values change by a few

Table 1. RMS along-rack SSHA resadual with respect to the
ERS-2 + GFO gnd before (“Tandem™), duning (“Dnift”), and
after (“Interdeaved”) the TOPEX dnift phase m 2002, in cen
timeters. Values before / after the slash are obtained with the
EGM2008 / DNSCOS mean sea surfaces, respectively
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Table 2. RMS along-rack SSHA resadual with respect to the
ERS-1 gnd during the ERS-1 Geodetic Mission of 19945, in
centimeters. Values before £ after the slash are obtained with the
EGM2008 / DNSCOS mean sea surfaces, respectively
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Figure 3. Root mean square sea surface beight anomalies rela
tive to the DNSCOS mean sea surface, obtained by averaging the
gridded ERS-1 SSHA over the 11 months of the ERS- | geodetic
phases. The spatial average RMS aver the entire area shown 1s
9.9 cm., which combines the 4 cm in quaet areas with the =30 cm
signals due to eddies and the meandening Gulf Stream current

tenths of 2 millimeter from one interval to another, but there is no
abvious increase dwe to the dnfling orbat. The results do not depend
on the mean sea surface model used. DNSCOB gives lower RMS
values than EGM2008, but only by an insigmficant 2 mm or so. We
find no essential difference between the ERM and non-ERM SSHA
aobservations of TOPEX

2.2, ERS-1 Geodetic phases

From Apnl 1994 to March 1995 the ERS-1 altimeter was moved
oft of s usual 35.day ERM track o a geodetic orbit.  ERS-|
geodetsic Phases E and F were described as two mterleaved exact
repeats of 168 days cach but were effectively non-repeat orbats by
weraphic standards. At the same time, TOPEX remained in
its 10day ERM orbit. During ERS-17s geodetic phases ats noal
peniod differed from the 35-day ERM perrod by bess than 3 pasts per
thousand, and so the space-time sampling of the geodetic phases
was also nearly 1deal for mesoscale sampling by a single altimeter

[Jacobs et al., 2001]

We mterpolated the SSHA grnids bualt from the ERS-1 geode
tic phase data to the |-Hz along-track sample points of ERS-1 and
TOPEX, and compared the differences as in the TOPEX Dnift exper
iment above. The standard deviations of the differences are shown
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Figure 4. Exact-repeat and near-repeat ground track pattems in
ERM and GM orbits. The hyperbolic curve traces the average
Eguatonial spacing between ascending tracks as a functon of
the repeat cycle ime for an 800 km altitude orbit. Colored dots
without horizontal bars indicate ERM orbits. Dots with hornizon
tal bars indscate near-repeat sub-cycles in 800 km orbits. The
bar’s extent to the left (respectively, nght) indicates the west
ward (respectively, castward) dnft of the ground track pattern
durning each sub-cycle

Table 3. Nearrepeat sub-cycles withan the ERS-1 168.day
Geodetic Phase E or F orbit

Repeat timwe Eguitonal  Easti+) or Wesai-) ¥ of revs
Idays)  spacimg (km) step (hm)  per sub-cycke
LTS 926700 149 316 41
17.002 168274 K2 953 244
ll‘ l‘llx l 4 l-_‘ f". Wi _‘q ¥
17000 'S.561 16.591 33l
4000 51090 L5.1¥1 162

131,000 21.208 16,591 (EETH
16X N 16.591 MECU 2411
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in Table 2. The root-sum-of-squares amplitude of these differences
between TOPEX 10-day ERM and ERS- 1 Geodetic Phase are only
shightly higher than those obtained for ERS - 24GFO versus TOPEX
or Jason- 1, despite the fact that, in this case. the grid was bailt from
one satellite in a GM orbet rather than two satellites in ERM oebits
and ERS-1 was a one-freguency altimeter and had a different ancal
lary radsometer, and some oceanographers would conssder 1ts data
to be infervor to those of TOPEX

3. Discussion

We have compared ERM and nonERM SSHA recovery by
smoothing some of the data onto grids and then interpolating the
smooth gnds to point data. The RMS residuals from ERS-2 and
GFO in Table 1 and ERS-1 1n Table 2 compare the smoothed and
interpolated gridded values to the poant data from whach the gnds
were bualt, while the values for TOPEX and Jason- 1 in those Tables
compare the grids to poant data not used to buzld the gruds. The RMS
differences in Table 1 are 5.35 to 6.25 cm overall, and 3.92 10 4.82
outsade the Gulf Stream region. These numbers lump together the
smoothing by weighted averaging onto the grud. the error in inter
polabon of the grid to the sample points, sagnals in the along-track
alumeter SSHA not captured by the gnd, and emrors in the ocbits
tide models, and path delay and sea state corrections applied to the
raw alimeter data. Since we have not applied any arc adjustment to
the individual passes, at keast 2 cm of these differences must be due
to arbat error. We have also lumped on-board tracked data (TOPEX
and GFO) with retracked data (ERS-1, ERS.2, Jason-1). These
numbers should be compared to the 3.5 to 3.7 cm RMS error ex
pected tor 1-Hz samples of on-board tracked TOPEX and retracked
Jason- 1 SSH |Chambers er al., 2003)

One may also compare the RMS mesoscale signal amplitude in
along-track data to that oblained by averaging the grids. The more

interesting case is the ERS-1 Geodetic Phase expennment, where the
grid 1s buslt from geodetic orbat tracks; the overall RMS amplitude
of the grnid 1s 9.9 cm, while the RMS amplitude of the SSHA along
the TOPEX ERM tracks is 1 1.3 cm over the same area and mterval

If we subtract (3.6 cm)” from the along track vanance to account for

the expected error in the along-track data. then the RMS along-track
SSHA signal is estimated to be 10.7 cm. Since (9.910.7)7 15 shghtly
mare than 85% our gndding of non-ERM SSHA seems to capture

around 8§5% of the vanance i the aloag-track TOPEX SSHA data
despite the facts that the two satellstes have ditferent space-time sam
pling of SSH, our gridding was sub-optimal for mesoscale signals
and was not designed to interpolate sagnals with other correlation
scales, and our grad was bualt from a non-ERM orbit.  Since the
mesoscale signal is much larger (=30 cm) in energetic areas (Fig
ure 3), the gradding of the non-ERM ERS-1 data has surely captured
much more than 85% of the mesoscale energy

Drifting or geodetic orbats can repeat within 2 mesoscale eddy
carrelation distance at regular intervals (Figure 4). The Geosat GM
for example, repeated within 50 km every 23 days, and the ERS-1
GM had several near repeats (Table 3), with the 20-, 17+ and 37
day near repeats being the most useful for mesoscale studses. The
Eguatorial track spacing in Table 3 1s the average distance between
ascending tracks at the Eguator, and 1s simply the circumference of
the Equator divided by the number of orbits in an exact-repeat or
near-repeat cyvele or sub-cycle (nght hand column of Table 3). A
near repeat sub-cycle lays down a fixed network of tracks, but with
cach sub-cycle the network dnafls east or west by some km, rather
than repeating exactly. For example, one row of the Table shows
that after 244 revolutons, taking 17.002 days, the ERS-1 geode
tic orbit had laid down a network with an average track spacing
of 164 km. Thas resembles the Geosat ERM of 244 revolutions in
17.0505 days, except that ERS-1 dad not exactly repeat; rathes
network of ground tracks then retraced its pattern 83 km west of

where it had been in the previous cycle. After 20 days, a network
with an average spacing of 139 km was built and dnfted 66 km cast
ward. and so on. Only after 2411 revolutzons and 168 days would
the ERS-1 geodetic phase orbat repeat exactly, as shown in the last

raow of Table 3, were 1t not for the fact that the satellite was then
maved to an interfeaving track with the same repeat penod
Geodetie orbats dafter from traditional oceanographac exact re
peat orbats by only a few parts per thousand in the nedal penod
ERS-1 operated conventional ERMs of 43 revolutions in 3 days
and 501 revolutzons in 35 days; 43/3 and S01/35 datter by 0.13%
24117168 and 4323 differ by 01295, and 241 17168 and 501735 dafter
by 0.25%. Any spacecraft h; he propulsion system to mantain
an ERM orbit can easily maneuver between an ERM and a geodetic
arbat. It shoald be possible to design a geodetic orbit which s rich

enough in “near repeats” to meet mesoscale sampling requarements
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