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[1] We use harmonic analysis of 8 years of ERS satellite radar
altimeter (RA) data at orbital crossovers to retrieve complex
amplitude (amplitude and phase) coefficients for several major
tidal harmonics over the Filchner-Ronne Ice Shelf (FRIS),
Antarctica. We describe a method for estimating the accuracy of
this method, which ranges from ~2 to 8 cm per harmonic. A
comparison between M, complex amplitude from a recent ocean
model and from our ERS RA analyses identifies two regions of the
FRIS where the RA data are inconsistent with the model. In both
regions the differences can be attributed to incorrect specification
of the grounding line location in the model. Our study
demonstrates the value of ERS RA data in Antarctic ice shelf
tide modeling, and the potential for future altimeter satellites with
high polar orbits to contribute to the definition of global tide height
variations. INDEX TERMS: 4207 Oceanography: General:
Arctic and Antarctic oceanography; 4294 Oceanography:
General: Instruments and techniques; 9310 Information Related
to Geographic Region: Antarctica

1. Introduction

[2] Ocean tides are the primary cause of high-frequency height
variability of the floating ice shelves surrounding Antarctica, and
tidal height variability often exceeds the seasonal to multi-year
changes that we attempt to observe using satellite-based sensors.
Data from radar altimeter (RA) and synthetic aperture radar (SAR)
instruments, such as those on the European Space Agency’s ERS
satellites, are routinely used to monitor ice shelf surface elevation
change and flow rates, respectively [e.g., Fricker et al., 2000,
Rignot and MacAyeal, 1998]. However, typical satellite repeat
periods (3, 35 and 168 days for ERS) are much longer than the
time-scale of ocean tides (~1 day), and so the tidal height
variability is aliased into the satellite-derived time series. Removal
of the tidal signal from RA and interferometric SAR data collected
over ice shelves is therefore an essential step in detecting true
changes on seasonal and longer time scales.

[3] Removal of tides from satellite data requires an accurate
tidal prediction model. Most recent global models are constrained
to fit TOPEX/Poseidon (T/P) RA data and consequently provide
accurate estimates of ocean tide over the deep ocean [Shum et al.,
1997]. However, the turning latitude for the T/P satellite is ~66°S,
which excludes all of the major Antarctic ice shelves. Ice shelf
tides are difficult to model because of the paucity of good
bathymetry data (including water column thickness in the sub ice
shelf cavity), and a lack of in situ measurements that could be used
in assimilation studies. Comparisons between one assimilation
tidal model [Padman et al., 2002] and GPS measurements on ice
shelves in various regions suggest that further improvement in
predictive skill is needed [King, 2001].
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[4] In this paper we report on a preliminary study to assess
whether RA data from the ERS satellites can provide useful
tidal information for the Antarctic ice shelves. Andersen [1994]
and Smith [1999] have previously used ERS 35-day repeat RA
data to retrieve tides over the open ocean, but the process has
never been applied to the ice shelves. We focus on the large
Filchner-Ronne Ice Shelf (FRIS), which floats on the southern
Weddell Sea.

2. Data

[5] Radar altimeters estimate the range from the spacecraft to
the Earth’s surface by measuring the two-way time delay between
a transmitted and received microwave pulse. The measured range
is to the average surface elevation in the “pulse-limited” RA
footprint, whose diameter is about 5—10 km for ERS over an ice
shelf, depending on the surface roughness. We used RA data
processed by the Ice Altimetry group at the Goddard Space Flight
Center (GSFC). The range had been converted into height above
the WGS-84 ellipsoid with knowledge of the satellite altitude,
corrections for instrument and atmospheric delays, and the body
tide (see Fricker et al. [2000] for details of corrections). No
correction had been applied for the ocean-load tide. The data
had been ‘retracked’ using the GSFC (-parameter retracking
algorithm [Martin et al., 1983] to find the location on the return
waveform best corresponding to the true surface. We rejected
waveforms that had not been successfully retracked or were
classed as specular. This eliminated returns from regions close to
the ice margins where the surface is rougher, and regions which
may contain meltstreams.

[6] We restricted our analysis to RA height data interpolated to
the intersection points of ascending and descending ERS tracks
(“crossovers”). The reasons for this were that over the FRIS the
crossover distribution is dense and the temporal sampling at the
crossovers is better than elsewhere, and data volume is signifi-
cantly reduced. At lower latitudes where crossover spacing is
greater, the additional information available in the along-track
signal would be a valuable addition to the tidal analysis. We used
crossovers between orbits within the same repeat cycle, thus
reducing redundancy in the use of each data point, and limiting
the time delay between the two tracks at each crossover to less than
the repeat period. We used RA data for the period 28 December
1991 to 31 March 2000 (Table 1) for the present study. The 3-day
repeat period does not have good spatial coverage but provides
high temporal resolution at a few locations. The 35-day repeat
period is the most useful for tidal analyses. Although the 168-day
repeat period is long, the orbit contains a sub-cycle of ~35 days
and produces a large number of crossovers.

3. Method

[71 We assume that the ice shelf responds hydrostatically to
changes in the ocean surface height. This is valid over most of the
ice shelf with the exception of the flexural boundary region, within
a few kilometers of the fully grounded ice. At each crossover we
obtained the time (#;, #;) and the heights (4, h,) of the two
intersecting tracks by locating the two nearest RA records on
either side of the crossover location, for each track, and interpolat-
ing between them. The height difference, dA(t1, t,) = hy(t:) — hy(t),
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Table 1. Dates and Repeat Periods for ERS Data Used for Tidal
Analysis

Satellite RP

Dates

ERS-1 3 28 Dec 1991—-30 Mar 1992 and 23 Dec 1993—10 April 1994
ERS-1 35 14 Apr 1992-21 Dec 1993 and 21 Mar 1995-02 Jun 1996
ERS-1 168 10 April 199421 Mar 1995

ERS-2 35 21 April 1995-31 Mar 2000

Repeat periods (RP) are exact multiples of one day.

can be expressed as a sum of # sinusoidal tidal harmonics plus an
error term, i.e.,
n

éh(ll,lz) = Z a;(COS(w,‘tz) - COS(UJ[fl)) + i b,‘(SiIl(UJ,‘Z‘z)

i=1 i=1
—sin(w;t1)) +¢,

where ¢; and b; are the amplitudes of the cosine and sine terms for
the 7’th tidal frequency, w;, and ¢ is referenced to the start of 1992
(denoted ‘#y’). The residual term, €, includes non-tidal sources of
height variability, RA noise, and tidal harmonics that contribute to
the signal but are excluded from the analysis. For the dominant 35-
day repeat orbit, each crossover typically had between 30 and 60
values in its time series.

[8] The fitting algorithm seeks values of {a;:1=1,2,...,n} and
{bi:1=1, 2, ..., n} that minimize the sum of the squared residuals,
Ye?, for a given set of §4. The analysis can be applied to &% data from
a single crossover location, or to all values within a given search
radius (7s) of the point for which a tidal analysis is sought. The
algorithm searches for the M,, K,, N», Oy, K, and Q tides. The S,
tide (period = 12.000 h) cannot be evaluated because it is aliased to
zero frequency by the ERS orbit. The P tide is not included because
its energy, and that of the annual cycle (S,), are correlated with K,
[Smith, 1999; his Table 4.1]. We include K in the analysis to capture
the combined contributions from K;, Py, and S,. The semiannual
cycle, S,, is inseparable from K,, but is insignificant for present
purposes (<1 cm amplitude) based on analysis of long records from
in situ tide gauges in the northern Weddell Sea.

[9] The harmonics chosen for the fitting procedure exclude
those that modulate some constituents through the period of the
nodal tide (~18.6 y), however some of this energy will be
incorporated into the complex amplitude of the fitted tidal har-
monic because the record length (~8 y) is shorter than the period
of the nodal tide. We make no nodal corrections to ERS-derived
complex amplitudes. Once {¢;} and {b;} are found, these coef-
ficients are converted to amplitude and phase (relative to #y), then
phase is converted to Greenwich phase lag based on known
astronomical phases at ¢ = f.

[10] To find the optimum value for r; and to determine the
accuracy of our method, we tested our algorithm on a synthetic
height dataset derived from the Circum-Antarctic Tidal Simula-
tion Version 01.01 (CATS01.01), an updated version of the CATS
model described by Rignot et al. [2000]. For each crossover,
hi(t;) and hy(t;) were predicted, using #; and #, from the RA
dataset. Gaussian noise was added to /4, and A, to simulate
instrument measurement error and non-tidal variability. The
standard deviation of the noise distribution was 0.7 m, based
on a precision of 0.49 m for a single ERS RA measurement over
ice shelves [Scott et al., 1994], and taking into account the non-
tidal sources of noise such as the inverse barometer effect [Rignot
et al., 2000]. The best results were obtained using values of r ~
25-50 km for most of the FRIS, with the smaller value being
acceptable close to the turning latitude due to the convergence of
the satellite ground tracks.

4. Results

[11] We know of no long-duration (>1 month) direct measure-
ments of tide height for the FRIS, although some estimates have
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been made from tiltmeter records and combined tiltmeter/gravim-
eter studies [Doake, 1992]. Instead of comparing with in situ data,
therefore, we compared ERS-derived tides and CATS01.01 as a
means of assessing the performance of ERS RA analysis over the
larger area of the FRIS. The most energetic tide in the FRIS tidal
fields is the semidiurnal M, [Robertson et al., 1998], whose
amplitude ranges from >160 c¢cm in the southwest corner, to 0 cm
(an amphidromic point) near the Ronne ice front near 57°W. The
M, tide evaluated from ERS RA crossover data (using »; = 50 km
over the entire FRIS), is generally consistent with CATS01.01
(Figure 2). The CATS model provides ocean tides only (surface
height relative to the deformable seabed), whereas the ERS
analysis retrieves the difference of the ocean tide and the ocean-
load tide. While the ratio of ocean-load tide to ocean tide is
spatially variable, a sufficient approximation for the present study
is ~0.05 [Ray and Sanchez, 1989]. Thus, the CATS01.01 ocean
tide predictions have been scaled by 0.95 for direct comparison
with ERS-derived tide. The CATS model is known to predict tide
heights quite well in the Weddell Sea near and north of the FRIS
ice front [Padman and Kottmeier, 2000], so we took the general
agreement between the ERS-derived fields and the model as
confirmation that our analysis of ERS RA data was working in
this region.

[12] We illustrate the accuracy of our coefficient retrieval for
all analyzed tidal harmonics by examining the results in detail
at two sites: a region of large-amplitude tides in the southwest
corner of the Ronne Ice Shelf (T1 in Figure 1; Table 2) and a
region of more typical tides in the central Ronne Ice Shelf (T2
in Figure 1; Table 3). In these tables the “RMS difference” for
each harmonic is the RMS amplitude of the sinusoidal differ-
ence signal between the ERS analysis and CATS01.01. We
used this quantity because it combines the errors in both
amplitude and phase for the two signals being compared. Our
tests on the synthetic dataset gave us accuracy values for the
coefficient retrieval for each harmonic, and that quantity is
given in the last column in parentheses. We interpret an RMS
difference greater than the accuracy value as a significant
difference between ERS and modeled tides. For the two sites
described in Tables 2 and 3, only the ERS-derived M, in the
energetic tidal region (T1) is significantly different from
CATS01.01.

5. Discussion

[13] The ERS time series is now long enough (>8 years) to
extract useful tidal information over the FRIS by harmonic
analysis of RA-derived height difference variability. Tests indi-
cate that 6 tidal harmonics (M,, Oy, K, K5, Ny, Q;) can be
retrieved with RMS accuracies of ~2—8 cm per harmonic. The
ERS orbit imposes some significant limitations on tidal retrieval

Table 2. Tidal Amplitude (cm) and Greenwich Phase Lag (°) of
the 8 Major Tidal Harmonics from CATS01.01 and ERS RA for a
Region of Energetic Tides (73.0°W, 80.1°S: T1 in Figure 1)

CATSO01.01 ERS RMS
(amp./phase) (amp./phase) difference
M, 145/63 152/59 9(5
S, 93/89 Not analyzed -
K> 26/91 19/73 7 (8)
N, 24/45 25/44 1 (5
0O, 40/50 37/53 3 (6)
K 45/65 41/80 9(8)
P, 15/66 Not analyzed -
Q 10/46 10/59 24

The search radius is 7 = 25 km. The measured RMS difference (cm) is
compared with the RMS error (shown in parentheses) that arises from tests
based on sampling the CATS01.01 field at the same times as the ERS RA
(see text).
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using the harmonic method [Smith, 1999]: the S, tide cannot be
retrieved at all because it is aliased to zero frequency, and we
cannot separate K; from the P; tide and the annual cycle. These
limitations in tidal harmonic retrieval imply that we cannot use
harmonic analysis of ERS data to create a predictive model of
tide heights.

[14] Although we cannot create full tide models from these
data, the ERS-derived fields for individual harmonics, notably M5,
suggest ways in which tide models can be improved. Significant
differences between ERS-derived and modeled M, complex
amplitude were found in two regions of the FRIS: in the south-
west corner of the Ronne Ice Shelf, south of the Korff Ice Rise
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Figure 1. (opposite) Location of principal geographic features
discussed in the text: RIS, Ronne Ice Shelf; FIS, Filchner Ice
Shelf; BI, Berkner Island; KIR, Korff Ice Rise; DIR, Doake Ice
Rumples; and HIR, Henry Ice Rise. The “island” north of
Berkner Island is a set of grounded icebergs that were present
during most of the 1990s. Two points chosen for detailed study
in Tables 2 and 3 are shown: Tland T2. The outlet of Institute
Ice Stream (A) and the area around the outlets of Slessor Glacier
and the Bailey Ice Stream (B) are indicated. Background
coloring indicates the number of crossover pairs used in tidal
analysis at each point, with a search radius of r, ~ 50 km.
Density increases significantly towards the ERS turning latitude
of ~81.5°S, and so the crossover technique is more powerful in
this region. Note that the ERS orbit does not capture all of the
FRIS grounding zone.

(near A in Figure 1); and in the embayment forming the eastern
portion of the Filchner Ice Shelf (near B in Figure 1). In the
former case the error in CATS01.01 appears to be due to the
absence of a grounded region near the outlet of the Institute Ice
Stream, near 80.7°S, 71°W. This grounded region is apparent in
both seismic survey data [Johnson and Smith, 1997] and in our
analyses of ERS crossover data for single crossover locations, and
so should be incorporated into the ice shelf cavity geometry for
future runs of CATS. In the latter case, adjusting the Filchner Ice
Shelf grounding line in CATS to match recent suggested mod-
ifications [Gray et al., 2002] may improve the fit between
modeled and measured values in this region. Note that any model
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Figure 2. Comparison of M, tidal amplitude and “modified” Greenwich phase from CATS01.01 (left panels) and ERS crossover
analysis (right panels). Phase is shifted by 180° to simplify visual comparison of modeled and measured phase under the FRIS. Areas for
which the mean absolute value (m.a.v.) of the predicted tide height is less than 1/3 of the m.a.v. of the total RA height signal are not
contoured. This excludes a band about 80 km wide along the Ronne ice front. Points marked A and B are as indicated in Figure 1.
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Table 3. Same as Table 2, but for a Region of More Typical Tides
(60°W, 78°S: T2 in Figure 1) and ¢ = 50 km.

CATS01.01 ERS RMS
(amp./phase) (amp./phase) difference
M, 63/60 59/61 3(5
S, 37/89 Not analyzed -
Ky 11/88 9/71 2(3)
N, 11/42 12/56 2(2)
0, 31/48 24/54 5(6)
K, 33/63 33/46 7(7)
P, 11/64 Not analyzed -
Q 8/43 4/59 303

geometry amendments suggested by our interpretation of the M,
ERS-derived coefficients should improve the model prediction for
all tidal harmonics.

6. Conclusions and Remarks

[15] This study demonstrates that harmonic analysis of ERS
RA data provides reasonably accurate values of the coefficients
for several major tidal harmonics over the Filchner-Ronne Ice
Shelf. The RA data can also be useful for identifying weak-
nesses in existing tide models in the Antarctic. Improved
solutions may be possible by using the response method of
tidal analysis [e.g., Andersen, 1994], and by including all RA
data in the analysis. Existing tide models may also be improved
through formal assimilation of ice shelf RA measurements. Data
from the Geoscience Laser Altimeter System (GLAS), to be
launched on ICESat in late 2002, will extend the altimetric time
series over the ice shelves for at least another 3 years. The
higher accuracy of GLAS relative to the ERS RA, combined
with its coverage to a higher latitude that encompasses all
Antarctic ice shelves, is expected to significantly improve tide
models for the ice shelves.
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