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ABSTRACT: Geological free-air gravity anomalies of the polar
marine areas were estimated from dense ERS1 radar altimeter
data. Data processing techniques were developed to deal with data
gaps from the seasonal ice coverage, directional variations of the
ascending and descending orbital data tracks, and other high-lat-
itude mapping problems. To reduce along-track data distortions,
the ERS1 168 altimetry data were geodetically co-phased and
spectral correlation filtered. Geoid undulations were first esti-
mated and converted to the free-air gravity anomalies by Brun’s
formula and the fundamental equation of geodesy. The results in
the open waters of the Barents and Kara Seas of the Russian Arc-
tic show good coherence with global model and shipborne data,
whereas along the coastline, strong ocean currents, possible tidal
model inaccuracies, and poor data coverage limit the coherence.
The approach uses local satellite altimetry to update reference
gravity models in the polar regions. It thus has considerable utility
for resolving details of the polar marine gravity field as global
warming removes the ice cover and the cross-track distance of
altimeter missions decreases.
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1. INTRODUCTION

Satellite radar altimeter observations have been increas-
ingly used to determine free-air gravity anomalies for geo-
logical studies of the remote marine regions of the Earth
(Hofmann-Wellenhof and Moritz, 2006, Seeber, 2003).
Altimetry satellite missions are typically near polar orbit-
ing and thus provide especially dense spatial coverage over
the polar regions where the orbital tracks converge. To take
advantage of the enhanced coverage in the polar regions,
this study developed procedures to reduce the non-geolog-
ical noise in the altimetry-derived free-air gravity esti-
mates. Specifically, the radar altimeter data from the first
European Remote Sensing Satellite (ERS1) were used to
predict the free-air gravity anomalies (FAGA) of the Bar-
ents and Kara Seas in the Russian Arctic between the area
20°-70° E and 68°-78°N. The orbital inclination of this
mission was roughly 98.5°. The effect of this near polar
orbit limited the satellite’s track coverage to between 81.5°
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North and South latitudes. ERS1 was operated to produce
repeat orbits at 3-, 5-, and 168-day intervals. The 3- and
35-day mission data can be stacked to reduce noise, but the
spacing between tracks is appropriate only for the most
regional geological applications. The 168-day mission was
run twice so that the ground tracks of the second mission
were in between those of the first. Thus, no overlapping
tracks were obtained, but the effective track spacing pro-
vided relatively dense spatial coverage. For example, the
two 168-day mission data obtained track spacing of about
8 km at the equator and about 2.3 km for the study area
(73°N). Hence, this study considered only the 168-day
mission data for recovering geologically useful gravity
anomalies.

To derive FAGA from satellite radar altimetry, vertical
deflections of the geoidal undulations are often used
(Sandwell, 1990, 1992). This approach minimizes the need
for orbital and cross-over adjustments, because the gradi-
ent solutions are used. However, the approach includes
track-line noise in its predictions and regional distortions
that may be important in studying the gravity effects of
large-scale crustal features. An alternative method derives
free-air gravity anomalies directly from geoid undulations
using the fundamental equation of geodesy and Brun’s for-
mula (Heiskanen and Moritz, 1967). This method incorporates
orbital cross-over adjustments and spectral correlation fil-
tering of neighboring orbital data tracks, as well as maps
from the ascending and descending data sets to estimate
geoid undulations with maximum signal-to-noise ratios
(von Frese et al., 1997). This approach enhances the recov-
ery of gravity at all wavelengths, because it is based on
determining geoid undulations as accurately as possible.
Furthermore, this approach permits procedures to be
implemented in the wavenumber domain that are effective
for attenuating track-line noise (Kim et al., 1998), espe-
cially at high latitudes where ascending and descending
orbits cross each other at relatively high angles.

This study presents a direct method to recover free-air
gravity anomalies of the Barents and Kara Seas between
20°-70° E and 68°-78° N from the 168-day mission of the
ERS1. This application calculates gravity anomalies from
dense polar altimeter data that includes gaps from ice cov-
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erage and considerable track-line noise. For quality assess-
ment, the estimated FAGA are compared against the KMS02
global gravity model (Andersen et al., 2003) and shipborne
gravity obtained by the Lamont-Doherty Earth Observa-
tory of Columbia University (NGDC, 1998).

2. THEORETICAL BACKGROUND

2.1. Estimating Free-air Gravity Anomalies from Geoid
Undulations

From the geometry of satellite radar altimetry shown in
Figure 1 (e.g., von Frese et al., 1999, Kim, 1996), we can
estimate the sea surface height, SSH, by

SSH =Hs — Ha (1)
Here, the sea surface height, SSH, is the distance between
the footprint of the radar signal on the sea surface and the
reference ellipsoid, where Hs is the altitude of the ERS1 sat-
ellite from the reference ellipsoid, and Ha is the distance
from the footprint on the sea surface to the ERS1 satellite.

The only observable of satellite radar altimetry, Ha, can
be calculated by measuring the two-way travel time of an
electromagnetic pulse from the onboard radar transmitter
and antenna system. The radar pulse passes through a dis-
tance of about 1,560 km for ERS1 (i.e., 2x780 km) in the
atmosphere that is not an ideal vacuum and contains mate-
rials causing time delays. Thus, corrections for dry and wet
tropospheric as well as ionospheric effects are made in
addition to the instrumental error corrections (Kim, 1996).

In general, SSH is obscured by many factors and must
be corrected for the time-varying effects of the Earth’s tidal
response by the Moon and the Sun. In this study, dynamic
ocean tidal corrections were implemented using the CSR3.0
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Fig. 1. Geometry of satellite radar altimetry. The observed altim-
eter height can be obtained by removing the sea surface height
from the orbital height. The free-air gravity anomaly can be cal-
culated from the geoid undulation that was estimated from the
mean sea surface height.
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and FES95.2.1 models (CLS, 1993).
The corrected sea surface height, SSH.,, is given by

SSH,.= GU+ DSST+ e 2)
where GU is geoid undulation, DSST is the dynamic sea
surface topography, and e is the error due to instrumental
and other uncertainties. We used the OSU91 DSST global
model (Rapp et al., 1991) to account for DSST contributions
and spectral correlation filtering of the related N estimates to
reduce the errors, e.

The free-air gravity anomaly, Ag in Gal, can be obtained
from the geoid undulation, GU in cm, because Brun’s for-
mula (Heiskanen and Moritz, 1967) relates them to the dis-
turbing potential, 7, in Galxcm by as follows

GU=Tly 3)

where yis normal gravity in Gal. The disturbing potential 7'
represents the gravitational potential of the mass that devi-
ates from the standard homogeneous ellipsoidal Earth so that
inhomogeneities in the Earth are represented by proportional
changes in the GU. The fundamental equation of geodesy
(Heiskanen and Moritz, 1967) also relates the gravity anom-
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Fig. 2. Fig. 2. ERS1 168-day mission data coverage of the Barents
and Kara Seas includes 115309 ascending track points (panel A)
and 116163 descending track points (panel B).
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alies, Ag, and the disturbing potential, 7, as

Ag = (-0T/0r)-2T/R 4)
where R is the Earth’s radius in ¢m and the radial (r) gra-
dient of the gravity disturbance T(=GU-») can be calculated
from a spectral filter (von Frese et al., 1999).

2.2. Wavenumber Correlation Filtering

Gravity measurements at repeat stations or stations that
are close to each other compared to depth of the sea floor
map highly correlated geological components. Further-
more, enhancing the anomaly correlations in these obser-
vations improves the geological signal(S)-to-noise(N) ratio
as N/§=1 raa —1, where CC is the correlation coefficient
(Foster and Guinzy, 1967, Kim, 1996).

Wavenumber correlation filtering can improve the fea-
ture correlations in adjacent tracks and between co-regis-
tered maps made from the ascending and descending
modes of satellite observations. This improvement can
greatly enhance the estimation of the geological compo-
nents in the altimetry-derived gravity anomalies (Kim,
1996, von Frese et al., 1997).

Correlative anomaly features between co-registered data
sets can be extracted by using the wavenumber correlation
spectrum (von Frese et al., 1997) given by

X+ Yi

CCk = COS(AHk) = =——— (5)
x| 7]
where the k-th wavevectors
_ _ | % _ _ .,
X, =|XJe ™ and ¥, = |Vi|e ™ (©6)

have respective amplitudes |)_(k| and |f/k , and phase angles
0%, and 6y with the phase difference A6, = (65, — 6 ), and
j = /-1. The correlation coefficient CCy between the k-th
wavenumber components X and ¥ is simply the cosine of
the shift or difference in the component phases.

One- and two-dimensional wavenumber correlation fil-
tering has been used to extract static lithospheric compo-
nents of the satellite magnetometer observations (Alsdorf
et al., 1994, Kim, 1996) and to isolate the crustal isostatic
component in gravity observations (e.g. Leftwich et al.,
2005). The procedure amounts to using the correlation
spectrum to design notch filters that pass only the wave-
number components X, and ¥, which correlate at the desired
coefficient levels. Inversely transforming these components
yields the data domain representations of the correlated
features. As with any spectral filtering application, the fil-
tered output must be compared against the input signals to
judge the reasonableness of the results and to establish the
most effective values of the CC; to use in any investiga-
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tion. In this study, one- and two-dimensional wavenumber
correlation filters were applied to extract common compo-
nents between adjacent ERS1 data tracks and the co-reg-
istered geoid undulation maps derived from the ascending
and descending orbital data observations.

2.3. Track-line Noise Attenuation

In satellite, airborne, and shipborne geophysical surveys,
data are commonly collected along nearly parallel lines
where the observation interval is relatively short compared
to the distance between the lines. Maps from these line
data are more strongly aliased and distorted across-track
than along-track. This distortion appears as a washboard
effect or track-line noise parallel to the survey lines. Sur-
vey line data also tend to be reduced and processed along-
track, so that processing errors can readily enhance track-
line noise. To reduce this systematic noise, spectral differ-
ences resulting from the different survey azimuths can be
exploited (Kim et al., 1998).

This approach is simplified in Figure 3, where the upper
left panel shows the noise and line directions that both sub-
tend an angle of @ counterclockwise from the reference
direction or the Y-axis. The AX) and A(¥Y) wavelength
components of track-line noise in the X-and Y-directions,
respectively, are related by tan 8= AX)/AUX).

The spectral components of the noise occur in the quad-
rants which are orthogonal to the direction of the lines,
because the wavenumber, k, and wavelength, A, are inversely
related by k= 27/, so that
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Fig. 3. Track-line geometries in the spatial (upper left panel) and
corresponding amplitude spectrum (upper right panel) domains. Track-
line noise can be suppressed from the spectrum reconstruction of
quadrants A-2, A-4, D-1, and D-3 as shown in the lower right panels.



372

_AUX) _ k(YY)
tanf= /I(_Y)_ = k(_X)

Accordingly, spectral distortions due to track-line noise pre-
dominate in the pair of symmetric quadrants shown in the
upper right panel of Figure 3, whereas the noise is minimum
in complementary pair of symmetric quadrants.

The predominant track-line noise effects in the ascending
and descending data sets are in mutually exclusive spectral
quadrants. Thus, we can reconstruct the spectrum from the
four cleaner quadrants to produce a map of the data with
substantially reduced track-line noise (Kim et al., 1998).
The map obtained by inversely transforming the recon-
structed spectrum can be compared to the ascending and
descending data maps to assess the performance of this
approach for suppressing track-line noise (Figure 3).

@)

3. DATA PROCESSING

To estimate residual geoid undulations from the satellite
altimeter tracks, we used the remove-and-restore technique
(Basi¢ and Rapp, 1992) using the OSU91A gravity model
(Rapp et al., 1991) as the reference gravity field that was
removed to residualize the observed signals. The residual
geoid undulations were then processed for residual free-air
gravity anomalies to which the reference gravity anomalies
were restored to predict the total free-air anomalies. The
sections below describe additional details of the data pro-
cessing.

3.1. Pre-processing

The ERS1 168-day OPRO02 data resolution for the study
area is about 2.3 km between tracks at 73° N and 7 km
along track. The radar altimeter is a nadir looking instru-
ment with a footprint of a few kilometers depending on the
surface slope. The 7-km along track spacing is the effective
altimeter footprint dictating the observable wavelengths
which are roughly two times the footprint and greater.
However, newer altimeter missions like ICESat (Zwally et
al., 2002) with its footprint that is two orders of magnitude
smaller than the ERS1 footprint offer the promise of
resolving even smaller details of the marine gravity field.
In processing the one-second ERS1 observations, appropriate
correction terms determined from various models provided
with the data were applied. These correction terms were
also used to assess the quality of the data, where for exam-
ple extreme values in significant wave height or dry and
wet tropospheric corrections marked unreliable observations.

The screened tracks were then grouped into ascending
and descending data sets based on their local times for per-
forming one-dimensional wavenumber correlation filtering
(von Frese et al., 1997). Figure 2 gives the 115,309 ascend-
ing (Panel A) and 116,163 descending (Panel B) ERS1
observations that were extracted for this study.
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Reference geoid undulations values were derived from
the OSU91A spherical harmonic gravity model to degree
and order of 360 (Rapp et al., 1991) and removed from
observed values. Static components of the sea surface topogra-
phy determined from the degree and order 10 coefficients
of the OSU91A model (Kim and Rapp, 1990) were also
removed.

3.2. Track Analysis

The tracks surviving the pre-processing were then ana-
lyzed for coherent signals that include the crustal compo-
nents. The data were separated into groups of ascending
and descending tracks. The data interval along the track is
one second or about 7 km. However, altimeter errors, land-
and ice-masses, etc. produce gaps in the coverage. There-
fore, tracks were eliminated with 60% or that are shorter
than 20 km and thus offered only a few points for analysis.

For correlation filtering, the tracks were sorted next into
nearest neighbor pairs. A co-phasing procedure (Kim,
1996) was used to resample the data for each track pair at
a 7-km interval so that the resampled data points were
aligned exactly opposite to each other across the two tracks.
The co-phased tracks were then correlation filtered for the
wavenumber components with CC;>0.8. Stacking or aver-
aging the inverse transformations of these components esti-
mated the static signals with enhanced crustal effects
between the tracks. After spectral correlation filtering, the
mean correlation coefficient between neighboring track
pairs improved from 0.76 to 0.92.

The study area is sufficiently extensive (>1,000x1,000 km)
that least-squares cross-over adjustments must be applied
to the correlation filtered tracks to reduce regional variations
in the data from satellite orbit errors (e.g. Rapp, 1985). In
the Geosat GM data of the southern oceans, for example,
Kim (1996) observed cross-over differences up to 100 cm
that were reduced to 10 cm level after the cross-over
adjustment. The cross-over adjustment was performed
using the intersections of the ascending and descending
tracks across the study region (Knudsen, 1987). With this
procedure, constant biases in the tracks related mostly to
the regional orbital errors were removed. The data were
processed next into maps for further correlation filtering to
suppress additional noise components.

3.3. Map Analysis

The processed ascending and descending data sets of
residual geoid undulation estimates were gridded using a
tensioned cubic spline. The grid spacing for the ascending
and descending maps was 15 minutes in longitude and 5
minutes in latitude in general conformance with the orig-
inal data spacing. To make the analysis more manageable,
the two data sets were further sub-divided into eastern
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(20°-55°E) and western (35°-70° E) sectors. These sectors
were taken with 20° overlap to help reduce edge effects in
recombining the data sets.

The coefficient of correlation between the eastern sector
ascending and descending data maps was 0.95, whereas it
was 0.86 for the western sector maps. To improve the cor-
relations and enhance the geological components, correla-
tion filters were applied to pass the wavenumber components
in the eastern sector maps that correlated at 0.95 and
higher, whereas the western sector maps were filtered for
wavenumber component correlations of 0.86 and greater.
The spectral correlation filtering improved the correlation
between the ascending and descending maps of the eastern
and western sectors by slightly more than 4% and about
11%, respectively.

The sector maps were then recombined into an ascend-
ing data map and a descending data map. For each sector
map, the spectral quadrants from the ascending and descending
data components were reconstructed into the spectrum
with greatly suppressed track-line noise. To suppress the
higher frequency noise further, these results were also low-
pass filtered for wavelengths roughly greater than two
times the grid interval.

Figure 4(A) gives the geoid undulation estimates for the
Barents and Kara Seas from the ERS1 168-day mission
altimeter data. The marine altimetry directly measured undula-
tion variations that now must be converted to related grav-
ity anomalies using Burns’ formula (Equation 3) and the

East Longitute (degree)

20 25 30 35 40 45 50 55 60 65 70
78

(A)

=
o

(B)

North Latitute (degree)
=
()

Fig. 4. (A) Geoid undulations of the Barents and Kara Seas from
ERS1 168-day mission altimetry estimates. (B) Residual free-air
gravity anomalies from the geoid undulations in (A) relative to the
reference OSU91A free-air gravity anomalies in (C).
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fundamental equation of geodesy (Equation 4).

The spherical coordinate data in Figure 4(A) were res-
ampled into a Cartesian grid (Kim and Lee, 2002) using
the Lambert Conformal Conic Projection (Synder, 1987) to
apply the fast Fourier transform vertical derivative filter
coefficients for estimating gravity anomalies according to
Equation 2. Figure 4(B) shows the resulting residual free-
air gravity anomaly estimates projected back into spherical
coordinates. To obtain the total free-air gravity anomalies,
the reference free-air anomalies from OSU91A in Figure
4(C) were added back to the residual gravity anomalies in
Figure 4(B). Figure 5(A) gives the total free-air gravity
anomaly estimates derived from the ERS1 168-day satel-
lite radar altimeter data for the study region.

4. QUALITY ASSESSMENT

To investigate the veracity of the ERS1 altimetry-implied
FAGA, comparisons were made with the KMS02 global
gravity model (Andersen et al., 2003) and shipborne grav-
ity survey profiles collected for the study region by the
Lamont-Doherty Earth Observatory of Columbia Univer-
sity (NGDC, 1998). Figure 5(B) shows the KMS02 global
model estimates that incorporated gravity data from the
Geosat GM and ERSI, as well as ERM60-63 of ERS2 mis-
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Fig. 5. (A) Total (residual in Fig. 4.B + reference in Fig. 4.C) free-
air gravity anomaly estimates. (B) Free-air gravity anomaly from
the KMS02 model. Red profiles delineate shipborne survey lines
#1 and #2. (C) Differenced free-air gravity anomalies (B—A) of the
study area.
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Table 1. Statistical comparison of free-air gravity anomaly esti-
mates in mGal between ERS1 168-day mission data and the global
model predictions of KMS02.

Gravity . Standard  Correlation
Model (Min, Max) - Mean Deviation  Coefficient
ERSI (-66.6,70.1)  -5.5 16.2 0779

KMS02  (-77.0,129.1) -5.4 16.3 ’

sions. This model used Topex/Poseidon and ERS2 exact
repeat mission data to obtain significantly improved inter-
mediate wavelength (100250 km) components of the
gravity field (Andersen et al., 2003). This model shows
good similarity to ship data where around Iceland, for
example, the rms difference between the ship and KMS02
data was reported to be only 4.2 mGal (Denker et al., 2005).

Table 1 compares the amplitude statistics between the
two sets of gravity estimates. Overall, correlation coeffi-
cient (CC) between the ERS1 free-air anomaly estimates in
this study and KMS02 model prediction is 0.779. Although
the mean and the standard deviation (15) of the two data
sets are nearly identical, the maximum values of the ampli-
tude ranges are somewhat different. The maxima of the
two data sets are found in central Novaya-Zymlaya Island
where no satellite altimetry returns were observed.

Figure 5(C) shows the ERS1 free-air gravity estimates
subtracted from the KMSO02 predictions. The major differ-
ences occur on shore and near the shorelines, such as along
the coast of Novaya-Zymlaya Island. These differences as
well as the differences in minimum and maximum values
(Table 1) may reflect the particular improvement of the
KMS02 model in the coastal region (Anderson et al.,
2003), whereas the ERS1 estimates are restricted to open
water altimetry observations. The differences in the south-
central Kara Sea (Fig. 5(C)) reflect the excessive pruning
of the ERS1 data in this region because the tracks were
either too short or gap-dominated.

Figure 6 shows the radially averaged values of the
amplitude spectra of the two models. The averaged ampli-
tudes were calculated to frequency 7 at the interval of 0.05
cycle/degree. The shorter wavelength components greater
than 3 cycles/degree in the two models are relatively coherent,
and only slightly less coherent for the longer wavelength
components. Overall, the ERSI model estimates using the
OISU91 DSST and reference gravity models (Rapp et al.,
1991) compare well with the more recent KMS02 model
estimates (Anderson et al., 2003).

Figure 7 compares the ERS1 and KMS02 anomaly esti-
mates with two shipborne gravity profiles obtained by the
Lamont-Dolherty Earth Observatory of Columbia Univer-
sity (NGDC, 1998) along the tracks shown in Figure 5.
Lines #1 and #2 in Figure 5 were respectively measured
between 2-6 Sep. and 12-14 Sep. 1973. These analog data
(#v3011) were collected in September, 1973 by a Graf-
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Fig. 7. Comparisons of the free-air anomaly estimates along ship-
borne survey lines #1 (A) and #2 (B) in Figure 5 obtained by the
Lamont-Doherty Earth Observatory.

Askania GSS2-12 sea gravimeter with mean error of about
2.0 mGal (Valliant et al., 1976).

Table 2 compares the correlation coefficients between
the various anomaly estimates. For the shipborne Line #1,
the ERS1 and KMSO02 profiles have correlation coeffi-
cients of 0.799 and 0.988, respectively, whereas Line #2
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Table 2. Comparison of correlation coefficients along the ship-
borne survey lines #1 (unshaded) and #2 (shaded) shown in Figure 5.

EE: ; SHIP ERSI KMS02
sHip I R
BRSI iy I s
0.988 0.806 -
KMS02 0.967 0.833 -

correlates with coefficients of 0.770 and 0.967, respectively.
The ERS1 and KMS02 estimates along Lines #1 and #2
correlate at 0.806 and 0.833, respectively.

Relative to the ERS1 and KMSO02 estimates, the shipborne
gravity profiles are systematically 10-12 mGals higher due
probably to the different reference ellipsoids used in pro-
cessing of the gravity data sets. In addition, the ship lines
correlate more strongly with the KMS02 than the ERS1
profiles because the ship data in the study region constrain
the KMSO02 coefficients, but not the OSU91A reference
model which is the basis of the ERS1 predictions. Thus,
exchanging the OSU91A model for the KMSO02 coeffi-
cients for defining the residual geoid undulations can make
the ERS1 estimates conform more closely to the ship data.
In general, the accuracies of the residual geoid undulation
and related free-air anomaly estimates will improve as ref-
erence gravity models for the region improve.

5. SUMMARY AND CONCLUSIONS

Free-air gravity anomalies were estimated for the Bar-
ents and Kara Seas of the Russian Arctic from dense ERS1
168-day radar altimeter data. The tracks were sorted into
nearest neighbor pairs and processed for residual geoid
undulations using a reference gravity model. The residual
undulations were then geodetically co-phased and correla-
tion filtered to enhance geological gravity signals from
sources located at depths greater than the track spacing.
The tracks were also cross-over adjusted to help account
for regional variations in the data from satellite orbit errors.

The resultant undulations from the ascending and
descending sets of tracks were gridded and spectrally fil-
tered for directly correlative features to enhance the geo-
logical components further. To suppress track-line noise
effects, the data spectrum was reconstructed from the spec-
tra of the two maps and low-pass filtered for the final esti-
mate of the residual geoid undulations of the study area.

The undulations were projected from spherical into Car-
tesian coordinates and radially differentiated for residual
free-air anomaly estimates, which were projected back into
spherical coordinates (Fig. 4(C)) and added to the reference
gravity field to estimate the total free-air gravity anomalies
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of the study region (Fig. 5(A)). For the Barents and Kara
Seas, the results show good coherence with global model
and shipborne data over open waters, whereas along the
coastline, strong ocean currents, possible tidal model inac-
curacies, and poor data coverage limit the coherence.

Correlation of the ERS1 profile from this study with the
ship lines showed weaker coherence than the KMS02
model, not only because the ship data constrain the KMS02,
but also a greater amount of more recent data was incor-
porated in the model. By exchanging the OSU91A model
for the newer coefficients can make our estimates conform
more closely to the local data.

However, this approach basically uses altimetry to update
existing gravity model predictions over local spherical
patches of open sea. It improves the coherence and thus the
signal-to-noise ratio of geological signals between neigh-
boring tracks and co-registered maps made at different local
times. As opposed to global approaches, it can take max-
imum advantage of any enhancement in the local coverage
like the great densification of orbital altimetry tracks in the
polar regions. Thus, these procedures have considerable
utility for mapping the higher resolution details of the polar
marine gravity field as global warming removes more and
more ice cover and the cross-track distance of satellite altim-
etry missions decreases.
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