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Detection of grounding line and vertical displacement of
ice shelf by SAR interferometry
— A case study for the Stanjukovicha Ice Shelf, East
Antarctica, using ERS tandem SAR data —
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Abstract:  Synthetic Aperture Radar (SAR) interferometiy was applied to the
Stanjukovicha Ice Shelf, East Antarctica, to detect its grounding lines and vertical
motion and to monito1 the ice shelf behavior  The ERS-1 and -2 tandem mission
data were used Fringes were clearly revealed on the obtained interferograms
By tracing the inland side of the dense fringes, the grounding lines weie obtdained
not only for the boundary between the continental ice sheet and the ice shelf. but
also for the boundaries around the small “islands”  The grounding lines derived
from SAR interferometry were not always accompanied by cleai changes mn
surface properties of SAR intensity 1mages Since the displacement fringes
include the component of horizontal ice flow, the component of vertical displace-
ment was extiacted by counting only the phase difference along the ice flow lines
not absolute phase difference The derived vertical displacements agreed well
with modeled sea surface height changes with a standaid deviation of 49cm
Thus the SAR inteiferometry demonstrated its ability and applicability
monitoiing the Antarctic ice shelf

key words SAR interferometry, Stanjukovicha Ice Shell. ocean tide grounding
line, ERS tandem mission

1. Introduction

Ice shelf-ocean margins around Antarctica are crucial areas in studying the global
freshwater cycle However, there are many logistic difficulties in conducting in situ
geodetic surveys n these areas The locations of grounding lines. which are the bound-
aries between the ice shelf and the area where the ice sheet grounds on the bedrock, are
important variables in monitoring the stability of the ice shelf and i1ce mass flux  Many
studies have been attempted to detect them by a remote sensing technique based on ice
surface roughness changes across the grounding lines (e g, Orheim, 1978, Kim et a/ . 2001)
However, little 1s known about the basic relationship between surface roughness properties
and underlying ground conditions, and the spatial resolution of applied 1mages 1s not
sufficient 1n many cases Thus 1t would be helpful to use a geodetic remote sensing
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Fig 1 Map around Stanjukovicha Ice Shelf Solid boxes indicate SAR scene areas of Pairs
1 to 4 Coastlines and topographic contours are depicted using the Antarctic Digital
Database (ADD British Antarctic Survey, 1998) Sold circle indicates the location of
Syowa Station (395°E, 690°S)

technique with improved accuracy

Ocean tide observations 1n the marginal seas around Antarctica also have logistic
difficulties  Recently, ocean tide models have been greatly improved with the development
of satellite altimetry (e g, Matsumoto et al, 1995,2000) However, the accuracies of the
models are not known 1n the marginal areas around Antarctica, because of the sparseness
of in suu observations and inherent difficulties in satellite altimetry  Therefore, further
independent observations are needed for the improvement of ocean tide models, a geodetic
remote sensing technique would be useful for such an objective

Goldstein et al (1993) applied ERS-1 Synthetic Aperture Radar (SAR) inter-
ferometry, which 1s one of the geodetic remote sensing techniques, to the Rutford Ice
Stream, West Antarctica, and showed the usefulness of SAR interferometry in monitoring
the 1ce flow and the grounding line  Rignot (1996) applied ERS-1 SAR interferometry to
Petermann Gletscher, Greenland, and proposed a method which 1s able to measure the
location of the grounding line and the vertical displacement of the ice tongue caused by
the ocean tide  This method, however, needs more than two interferograms acquired on
the same satellite track  Furthermore 1t also needs Digital Elevation Model (DEM), and
thus the applicable areas are limited Moreover, this method can measure only the
difference between the vertical displacements measured from the first and second interfero-
grams

Ozawa et al (1999) applied ERS-1 SAR interferometry to the Zubchatyy Ice Shelf
area, East Antarctica, and detected grounding lines and vertical displacement of the ice
shelf by a simple method This method detects those from one interferogram with the
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Table 1 Summary of SAR data

| 2 3 4 5

I 1996/4/2 4/3 275 3615

2 1996/4/11 4/12 703 1414

3 1996/4/17 4/18 155 6419

4 1996/5/28 5/29 614 1619
Column I Interferometric pair number

Column 2 Acquisition date of ERS-1

Column 3 Acquisition date of ERS-2

Column 4 Perpendicular component of baseline 1n metel

Column 5 Topogiaphic height change per 1 cycle phase
change 1n meter

assumption that the horizontal movement of the ice shelf i1s negligible  They showed that
the obtained vertical displacement was in good agreement with the modeled one using the
ORI96 ocean tide model (Matsumoto et a/, 1995) This method 1s not more accurate
than the method by Rignot (1996), but 1s useful 1n a region where a DEM 1s not available
and where there are few SAR data, and the absolute vertical displacement of the ice shelf
can be measured However, there were still some problems to be solved in this method
Generally, the effect of horizontal movement of ice shelves cannot be neglected There
were no appropriate principles in selecting the point pairs from which their vertical
displacements were calculated

In this study, we apply SAR interferometry to improve the detection of the grounding
lines and extend the applicable areas in deriving the vertical displacement of 1ce shelves
Another objective 1s to extend the analysis domain to much broader areas in our ongoing
project of mapping and monitoring over East Antarctica  The study area 1s the Stanju-
kovicha Ice Shelf (Fig 1) located along the Princess Ragnhild Coast and about 250 to 550
km west of Syowa Station (39 SE, 69 0°S)  The width of this ice shelf 1s about 100 km 1n
the latitudinal direction and about 300 km n the longitudinal direction  This area 1s one
of the intensive observation areas of Japanese Antarctic Research Expeditions (JARE), and
operations have been conducted to map the coast lines, ice shelf margin, topographic
elevation and so on  Thus the area 1s suitable for the establishment of the new technique
and for monitoring 1ts behavior continuously

2. SAR data and interferograms

SAR data used in this study were obtained by ERS-1 and ERS-2 satellites operated
by the European Space Agency These satellites were designed with the same
specifications, and ERS-2 passed through the same orbit as ERS-1 one day later  These
tandem SAR data pairs have an advantage for SAR interferometry, because the temporal
decorrelation 1s low as mentioned by Zebker and Villasenor (1992) The ERS-1 and -2
tandem SAR data were intensively acquired from February 15 through June 3, 1996, at
Syowa Station (Do et al, 1999) We selected four tandem SAR data pairs observed
around Stanjukovicha Ice Shelf (Table I) These data were converted to level 0 CEOS
format, which 1s applicable to various SAR processors (Do1 et al/, 2000) We generated
the single look complex (SLC) images and SAR interferograms for each pair (Fig 2)
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Fig 2 Mosaicked nterferograms superposed on SAR intensity image  The color bar indicates
the phase from —gx to +x  Dashed white curves are the grounding lhnes obtained by
SAR interferometry  White lines show the representative ice flow lnes from the SAR
intensity image Yellow arrows show the area not used n calculation of vertical
displacement  The white boxes indicate the areas in Fig 3b and Fig 5

The coherences of the obtained SAR interferograms were very good and clear fringes
appeared except in part of Pair2 Decorrelation 1n Pair 2 may be caused by its long
baseline (see Table 1) and/or scattering change on the ice shelf surface, as mentioned by
Zebker and Villasenor (1992)  Fortunately, however, we can count fringes of grounding
lines, because the decorrelation appeared only 1n the central area of the ice shelf These
interferograms were flattened using the precise ephemeris and ground control points
(GCPs) The phase on an interferogram consists of both the topographic phase caused by
topographic features and the displacement phase caused by horizontal ice flow and/or
vertical displacement due to oceanic changes On the ice shelf, we can assume that the
phase 1s only due to the displacement phase, because the surface of the ice shelf 1s
sufficiently “flat” 1n estimating the topographic phase effect  The elevation of the ground-
ing line on the surface was estimated as less than 200 m from the 1 5,000,000 scaled map
of East Queen Maud Land-Enderby Land (National Institute of Polar Research, 1988),
and then the topographic phase will be 0 3 to 1 4 cycles or less on the ice shelf for the each
parr  If 1t 1s assumed that the surface elevation decreases linearly 1n the zone about 100
km from the grounding line (<200 m) to the margin of the ice shelf on the sea surface
(0 m), the topographic fringes will be 003 to 0 14 cycles in a 10 km width  This amount
1s comparable to only | to 4 mm of displacement 1n the line-of-sight (LOS) direction, which
1s the illuminating direction of radar  Oceanic height variations are usually an order or
two larger on the time scales of the tandem data acquisitions, and thus the displacement
fringe will be the dominant component on the shelf in the generated interferograms
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Fig 3 (a) Verucal displacement profile along A-A’ line  Dashed lines indicate the bending
area due to ocean tde (called ‘transition zone’ in this paper) (b) Enlarged interfero-
gram for the white box in Fig 2 Dashed curve indicates the obtained grounding line
The pomnts A and A" are shown with circles

3. Detection of the grounding lines

The grounding line 1s the boundary between ice grounded on the bedrock and ice
floating on the seawater The ice shelf on the water moves vertically with sea surface
height change caused by oceanic processes, whereas the grounded portion 1s not affected by
the processes  Part of the ice shelf near the grounding line (called the “transition zone”
in this paper) 1s bent in a width of several kilometers taking the grounding line as a
supporting point (the displacement profile shows in Fig 3a) Therefore dense fringes
appear 1n the transition zone (Fig 3), because the positions of the displacement fringes are
equal to those of co-displacement contour lines Then we can precisely detect the
grounding line by tracing the grounded area boundary of the dense fringes (the broken line
in Fig 3b)  The accuracies in position of the derived grounding lines must be within 20
pixels (about 600 m) for Pairs I, 3 and 4, because dense fringes clearly appear in the
transition zones  Unfortunately the dense fringes did not appear for Pair 2 The reason
must be that the bending in the transition zone was actually small, because the sea surface
height change for this pair was expected to be small at that time from an ocean tide model
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Fig 4 Comparison between the obtained grounding hne and that of the Antarctic Digital
Database (ADD Brtish Antarctic Survey, 1998) Colored lhnes are determined by
SAR  Blue, red and yellow curves are the obtained grounding line by SAR nterfer-
ometry, marginal hne of 1ce shelf and coasthine (grounding area-ocean boundary),
respectively  Solid curves indicate those from ADD
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Fig 5 Comparison between grounding lhne derved from SAR interferometry (white curve) and
that from SAR ntensity image (dashed curve) The SAR intensity image area is
consistent with the white box in Fig 2
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Thus the accuracy of the grounding line detection for Pair 2 was lower than that for the
other pairs

The obtained grounding lines (broken white lines in Fig 2) were not only the
boundaries between the ice shelf and the continental ice sheet areas, but also those around
small “islands” (the word 1s used hereafter, although we do not know their actual ground
structures)  For example, the grounding lines can be clearly identified around Derwael Ice
Rise and the small islands east of 1t It was difficult to discriminate these small islands
using usual satellite imagery sensors or even by aerial photography  The applicability for
unmapped 1slands 1s one of the advantages of SAR interferometry

GCPs are generally needed for constraining the obtained grounding line to geographic
coordinates However, no GCPs were available on the SAR 1mages used here As a
compromise we use the coastlines from the Antarctic Digital Database (ADD British
Antarctic Survey, 1998) as GCPs, the conversion parameters were determined so that the
coastlines obtained from the SAR 1mages (grounding area-ocean yellow lines in Fig 4)
are adjusted to those of ADD by eye

Comparing the obtained ice sheet-shelf grounding lines (blue lines in Fig 4) with
those of ADD (solid lines in Fig 4), the obtained grounding lines were generally located
several kilometers inland of those of ADD  Though the ADD data were mainly based on
satellite optical 1mages, we suspect that this difference 1s caused by the inaccuracy of
discriminating grounding lines from those images It seems that the grounding lines
obtained from SAR intensity images are located around the same or offshore area of those
of ADD (Fig S of Kim er al, 2001) This suggested that the grounding lines obtained
from the SAR intensity image were mostly equal to those from the optical image
Comparing the grounding lines obtained from SAR interferometry with the SAR intensity
image 1n this study (Fig 95), 1t seems that those derived from the SAR intensity image were
located offshore of those from the SAR interferometry  This suggests that the surface
feature change on the ice shelf does not always coincide with the grounding line  Thus.
to detect the grounding line within | km accuracy, SAR interferometry 1s the probable
technique which can provide physically proper evidence

4. Detection of the vertical displacement

41 Detection of sea surface height change caused by ocean udes and 1its error

estimation

The 1ce shelf surface moves vertically with a sea surface height change by oceanic
processes including tides, with thinning due to basal melting, and so on If the vertical
displacement 1s to be measured by SAR interferometry, that 1s mainly due to the sea surface
height change on time scales of several days or shorter ~ However, the vertical displacement
cannot be directly derived from the absolute phase, because the phase obtained from SAR
interferometry also includes the component of horizontal ice flow

To cancel or reduce the horizontal motion, special care was taken mn counting the
phase differences If the ice flow speed 1s the same along the flow direction within the
transition zone (eg, the zone between A and A’ in Fig 3), the contribution of the
horizontal ice flow component 1s common for the two points  Then the phase ditference
on each side of the transition zone 1s considered to be the vertical displacement component
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Fig 6  Histograms of the obtained vertcal displacement Figure a to d are for Paws 1 to 4,
respectively  Dashed lLnes show the median values Bars show the standard error
calculated from the root-mean-square of residuals

We calculated the phase difference between a point on the inland side of the grounding line
(10 pixels (about 200 m) from the grounding line) and one on the offshore side (400 pixels
(less than 10 km) off) It 1s assumed that the flow direction 1s consistent with the direction
perpendicular to the grounding line  This assumption 1s considered to be reasonable from
the actual SAR data, if the flow lines appeared on the SAR intensity images (representative
flow lines are shown by white lines 1n Fig 2) are equal to the actual flow directions, the
flow directions were 1in good agreement with the direction perpendicular to the grounding
lines derived from SAR interferometry However, the areas around the east and west ends
of the ice shelf (yellow arrows in Fig 2) were not used in this calculation, because this
assumption may not be applicable to these areas  Figure 6a to 6d show the histograms of
the obtained vertical displacements calculated from the LOS component by taking the
incidence angle to be 23 5° for Pairs | to 4, respectively, and the vertical displacement for
each pair was derived from their median value (broken lines in Fig 6 and Table 2) Their
errors, estimated from the root-mean-square of residuals, were 1 7 to 2 7 cm (bars in Fig 6
and Table2) This error 1s probably due to spatial variations in speed of horizontal
motion, uncertainty in the derived flow lines, and random noise on the SAR interfero-
grams

In addition to the above errors, the error factors in SAR interferometry are generally
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Table 2 Comparison of sea surface height changes between
SAR nterferometry results and modeled ones

1 2 3 4 5 6 7 8
Sl =38 17 =202  —116 98 18 242
2 14 27 72 —58  —131 73 202
30 =308 23 121 —187  —126 —61 421
4 —148 25 —163 s 07 08 239

Column I Interferometric pair numbel

Column 2 Obtained veitical displacement from SAR inteifetometry
n centimetets A positive value indicates that seda suiface
height rises

Column 3 Standaid ertor for obtained vertical displacement m centi-
metels

Column 4 Sea surface height change calculated from ORI96 ocean
tide model 11 centimeters

Column 5 Dufference between InSAR 1esults and ORI96 results n
centimetels

Column 6 Inveise barometers cdlcurated from NCEP 1e-analysis
datmospheric pressuie 1n centimeters

Column 7 Diufference between InSAR results and model 1esults 1s
considered an 1nverse barometer (column 5 +column 6) 1n
centimeters

Column 8 Number of pixels in calculation of InSAR results

expected to be 1) the mncompleteness 1n removing orbital and topographic fringes and 2)
the tropospheric delay 1) In the present study, however, the error caused by the incom-
pleteness 1n removing the orbital and topographic fringes 1s small. because the i1ce shelf 1s
approximately flat and the distance between the two points (eg, A and A" in Fig 3) 15
short  2) The error caused by tropospheric delay should also be small, because the water
vapor 1n the atmosphere of low air temperature 1s few  The total error caused by these
factors will be less than 0 S cycles, this amounts to an error of about 1 5 cm 1n the vertical
displacement  Taking this into account, the total error for the final vertical displacement
observed with this method should be 23 to 31 cm

42 Comparisons between the obtained and modeled sea surface height changes

To evaluate the obtained vertical displacements, we compared them with the modeled
estimates using the OR196 ocean tide model (Matsumoto et al, 1995) The ditterences
between the obtained and modeled vertical displacements were |5 to 18 7cm, and the
standard deviation for four pairs was 74 cm (Table 2) However. the actual sea surface
height change varies with atmospheric pressure (ze, the inverse barometer effect)  Direct
observations of atmospheric pressure were not available in this analysis region. so we used
sea level pressure data of the National Centers for Environmental Prediction (NCEP)
reanalysis to estimate the inverse barometer eftect Taking the barometric effect into
account, difterences were reduced to 08 to 7 3 cm (Table 2), and the standard deviation was
reduced to 49 cm  Especially, the obtained sea surface height changes of Pairs | and 4
were 1n good agreement with the modeled ones within 2cm discrepancies, but the
differences 1n Pairs 2 and 3 were around 6 to 7 cm. which were larger than the derived
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intrinsic accuracy of 31 cm of the SAR interferometry  The observation periods of the
ERS-1/-2 SAR data for Pairs 2 and 3 coincided well with the times of large atmospheric
pressure variations Those sudden changes in atmospheric pressure cannot be fully
resolved in the NCEP reanalysis data  If these differences were caused by the atmospheric
effect, SAR interferometry may contribute to the validation of atmospheric models with
accurate ocean tide models

5. Summary and conclusions

The grounding lines of Stanjukovicha Ice Shelf were detected using SAR interfer-
ometry of the ERS-1/-2 tandem mussion, taking ice shelf dynamics into account The
locations of the derived grounding lines suggested an interesting problem in comparing
various techniques and data sets for the detection of the grounding lines We found that
there was a case in which the grounding lines derived from the SAR intensity images were
located to the offshore side of the actual location, and SAR interferometry 1s a useful
technique for detection of the accurate location of the grounding lines It was demonstrated
that SAR 1nterferometry 1s also effective in detecting ice 1slands in unmapped regions

We also calculated the sea surface height change by adopting two points situated on
opposite sides of the transition zone The horizontal ice flow component 1s canceled or
reduced by counting the phase difference between the two points The derived vertical
displacements agreed well with modeled sea surface height changes, which include the
barometric effect This result shows that this method can measure the sea surface height
change accurately from one interferogram  Such SAR interferometry will become a useful
technique 1n validating ocean tide models in marginal waters around Antarctica  Thus it
was demonstrated that SAR interferometry 1s one of the key techniques for continuous
monitoring of Antarctic ice shelf areas
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