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Abstract: Synthetic Aperture Rdda1 (SAR) mterfe1omet1y Wd� dpphed to the 

StdnJukov1cha Ice Shelf, East Antarctica, to detect its grounding lmes ctnd vert1cctl 

motion ctnd to momtoi the ice shelf behdv1or The ERS-1 and -2 tandem m1ss1on 

dcttd were u�ed Fnnges were cledr!y revealed on the obtd1ned 1nterferogrdms 

By tracing the mland �1de of the deme fringes, the ground mg ]mes we1e obtctmed 

not only for the boundary between the continental ice sheet and the ice shelf, but 

cd�o fo1 the boundcme:, around the small ''islands" The groundmg Imes derived 

from SAR interferometry were not alwdys accompanied by clea1 changes 111 

<,urface p1opert1e:, of SAR intensity 1mctges Smee the d1spldcement fringes 

mclude the component of honzontal ice flow, the component of vert1cctl d1spldce­

ment wcts ext, acted by countmg only the phase difference dlong the ice flow lmec; 

not ctbsolute phase difference The denved vertical displacements agreed well 

with modeled sed surface height chctnges with d �tctndai d dev1at1on of 4 9 cm 

Thu� the SAR mte1 ferometry demonstr ctted 1t� ctbil1ty ctnd applicc1bd1ty 111 

mon1to11ng the Antdrct1c ice shelf 

key words SAR mterfe1 ometry, Stdn1ukov1cha Ice Shell, oceclll tide grounding 

line, ERS tctndem rn1ss1on 

t fotroduction 

Ice shelf-ocean margms around Antarctica are crucial areas 111 studying the global 

freshwater cycle However, there are many log1st1c d1fficult1es m conducting in sztu 
geodetic survey� m these areas The locat10ns of grounding Imes, which are the bound­

anes between the ice shelf and the area where the ice sheet grounds on the bedrock, are 

important variables m morntonng the �tabd1ty of the ice �helf and ice mass flux Many 

studies have been attempted to detect them by a remote �ensmg technique based on ice 

�urface roughness changes across the grounding line<; (e g, Orhe1m, 1978, Kim et al. 2001) 

However, little 1s known about the basic relat1onsh1p between surface roughness properties 

and underlymg ground cond1t1ons, and the spatial resolution of applied images 1s not 

sufficient in many cases Thus 1t would be helpful to use a geodetic remote sensmg 

*P1e�ent ctddre�:-i Japdn Society fo1 the Promotion of Sc1ence/Geog1ctph1Cdl Survey lmt1tutc, I K1ta-;ctto 

lbaic1k1 305-0811 
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Ftg 1 Map around Stan;ukovzcha Ice Shelf Solzd boxes zndzcate SAR scene areas of Pazrs 
1 to 4 Coast/mes and topographzc contours are depzcted usmg the A ntarctzc Dtgttal 
Database (ADD Brztzsh Antarctic Survey, 1998) Solzd czrcle zndtcates the locatzon of 
Syowa Statzon (39 5

° E, 69 0° SJ 

technique with improved accuracy 

Ocean tide observat10ns in 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 m the marginal areas around Antarctica, because of the sparseness 

of in sztu observat10ns and inherent d1fficult1es m satellite alt1metry Therefore, further 

independent observat10ns are needed for the improvement of ocean tide models, a geodetic 

remote sensing technique would be useful for such an obJect1ve 

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 lee 

Stream, West Antarctica, and showed the usefulness of SAR interferometry in monitoring 

the ice flow and the grounding lme Rignot (1996) applied ERS-1 SAR interferometry to 

Petermann Gletscher, Greenland, and proposed a method which 1s able to measure the 

locat10n of the grounding lme and the vertical displacement of the ice tongue caused by 

the ocean tide This method, however, needs more than two mterferograms acqmred on 

the same satellite track Furthermore 1t also needs Digital Elevation Model (DEM), and 

thus the applicable areas are hm1ted 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 Imes and vertical displacement of the ice 

shelf by a simple method This method detects those from one mterferogram with the 
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Table I Summary of SAR data 

2 3 

1996/4/2 4/3 

2 1996/4/11 4/12 

3 1996/4/17 4/18 

4 1996/5/28 5/29 

Column I Interferometnc pdir number 

Column 2 Acqu1s1t1on ddte of ERS-1 

Column 3 Acqu1s1t1on ddte of ERS-2 

4 

27 5 

70 3 

15 5 

61 4 

5 

361 5 

141 4 

641 9 

161 9 

Column 4 Perpend1culdr component of basel111e 111 mete1 

Column 5 Topog1 dph1c height chc111ge per I cycle phdse 

chdnge 111 meter 

assumption that the honzontal movement of the ice shelf 1s negligible They showed that 

the obtained vertical displacement was m good agreement with the modeled one using the 

ORI96 ocean tide model (Matsumoto et al, 1995) This method 1s not more accurate 

than the method by R1gnot ( 1996), but 1s useful m 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 m this method 

Generally, the effect of honzontal movement of ice shelves cannot be neglected There 

were no appropnate pnnc1ples m 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 

lme-, and extend the applicable areas m denvmg the vertical displacement of ice shelves 

Another objective 1s to extend the analysis domain to much broader areas m our ongoing 

project of mapping and momtonng over East Antarctica The study area 1s the StanJu­

kov1cha Ice Shelf ( Fig I) located along the Pnncess; Ragnhild Coast and about 250 to 550 

km west of Syowa Station (39 S
°

E, 69 0
°

S) The width of this ice shelf 1s about 100 km m 

the lat1tudmal d1rect1on and about 300 km m the long1tudmal d1rect1on This area 1s one 

of the intensive observation areas of Japanese Antarctic Research Exped1t1ons (JARE), and 

operations have been conducted to map the coast lines, ice shelf margin, topographic 

elevation and '.-.O on Thus the area 1s suitable for the establishment of the new techmque 

and for momtonng its behav10r continuously 

2. SAR data and interferograms 

SAR data used m this study were obtained by ERS-1 and ERS-2 satell!tes operated 

by the European Space Agency These satellites were designed with the same 

spec1ficat1ons, and ERS-2 pa'.-.sed through the same orbit as ERS-1 one day later These 

tandem SAR data pairs have an advantage for SAR interferometry, because the temporal 

decorrelat10n 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 (DOI et al, 1999) We selected four tandem SAR data pairs observed 

around StanJukov1cha Ice Shelf (Table I) These data were converted to level O CEOS 

format, which 1s applicable to vanous SAR processors (DOI et al, 2000) We generated 

the single look complex (SLC) images and SAR mterferograms for each pair ( Ftg 2) 
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Fzg 2 Mosazcked znterferograms superposed on SAR zntenszty zmage The color bar zndzcates 
the phase from - n to + n Dashed whzte curves are the groundzng lznes obtazned by 
SAR znterferometry Whzte lznes show the representatzve zce flow lznes from the SAR 
zntenszty zmage Yellow arrows show the area not used zn calculatzon of vertzcal 
dzsplacement The whzte boxes zndzcate the areas zn Fzg 3b and Fzg 5 

The coherences of the obtamed SAR mterferograms were very good and clear fnnges 
appeared except m part of Pa1r 2 Decorrelat10n m Pa1r 2 may be caused by Its long 
baseline (see Table I) and/ or scattenng change on the ice shelf surface, as ment10ned by 
Zebker and Villasenor (1992) Fortunately, however, we can count fnnges of groundmg 
Imes, because the decorrelat10n appeared only m the central area of the ice shelf These 
mterferograms were flattened usmg the precise ephemens and ground control pomts 
(GCPs) The phase on an mterferogram consists of both the topographic phase caused by 
topographic features and the displacement phase caused by honzontal ice flow and/ or 
vertical displacement due to oceamc 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 IS 
sufficiently "flat" m est1matmg the topographic phase effect The elevat10n of the ground­
mg lme on the surface was estimated as less than 200 m from the I 5,000,000 scaled map 
of East Queen Maud Land-Enderby Land (Nat10nal Institute of Polar Research, 1988), 
and then the topographic phase will be O 3 to l 4 cycles or less on the ice shelf for the each 
pa1r If 1t 1s assumed that the surface elevat10n decreases lmearly m the zone about 100 
km from the groundmg lme ( < 200 m) to the margm of the ice shelf on the sea surface 
(0 m), the topographic fnnges will be O 03 to O 14 cycles m a 10 km width This amount 
1s comparable to only l to 4 mm of displacement m the lme-of-s1ght (LOS) d1rect10n, which 
1s the 1llummatmg d1rect10n of radar Oceamc height vanat10ns are usually an order or 
two larger on the time scales of the tandem data acqms1t10ns, and th us the displacement 
fnnge will be the dommant component on the shelf m the generated mterferograms 
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Ftg 3 (a) Vertzcal dzsplacement profile along A-A' lzne Dashed Imes 111d1cate the bendzng 
area due to ocean tzde (called 't,ansztzon zone' zn tlus paper) (b) Enlarged znte,fero­
gram for the whtte box zn Fzg 2 Dashed curve zndzcates the obtazned groundzng !me 
The pomts A and A' are 'lhown wzth czrcles 

3. Detection of the grounding lines 

The grounding lme is 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 p01110n is not affected by 

the processes Part of the ice shelf near the grounding lme (called the "transition zone" 

m this paper) is bent m a width of several kilometers takmg the grounding lme as a 

suppo11mg pomt (the displacement profile shows m Fig 3a) Therefore dense fringes 

appear m the transition zone (Fig 3), because the posit10ns of the displacement fringes are 

equal to those of co-displacement contour Imes Then we can precisely detect the 

ground mg !me by tracing the grounded area boundary of the dense fringes (the broken !me 

m Fig 3b) The accuracies m pos1t1on of the derived grounding hnes must be withm 20 

pixels (about 600 m) for Pa1rs I, 3 and 4, because dense fringes clearly appear m the 

transition zones Unfortunately the dense fringes did not appear for Pair 2 The reason 

must be that the bending m the trans1t1on zone was actually small, because the sea surface 

height change for this pa1r was expected to be small at that time from an ocean tide model 
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Fzg 4 Companson between the obtazned groundzng lzne and that of the A ntarctzc Dzgztal 
Database (ADD Bntzsh Antarctic Survey, 1998) Colored lznes are determzned by 
SAR Blue, red and yellow curves are the obtazned groundzng lzne by SAR znterfer­
ometry, margznal lzne of zce shelf and coastlzne (groundzng area-ocean boundary), 
respectzvely Solzd curves zndzcate those from ADD 

0 5 [km] 
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Fzg 5 Companson between groundzng lzne denved from SAR znterferometry (whzte curve) and 
that from SAR zntenszty zmage (dashed curve) The SAR zntenszty zmage area zs 
consistent wzth the whzte box zn Fzg 2 
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Thus the accuracy of the grounding lme detection for Pair 2 was lower than that for the 
other pairs 

The obtained grounding Imes (broken white Imes m Fig 2) were not only the 
boundanes 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 Imes can be clearly 1dent1fied around Derwael Ice 
Rise and the small islands east of 1t It was difficult to d1scnmmate these small islands 
usmg usual satellite imagery sensors or even by aenal photography The apphcabil1ty for 

unmapped islands 1s one of the advantages of SAR interferometry 
GCPs are generally needed for constrammg the obtained grounding hne to geographic 

coordinates However, no GCPs were available on the SAR images used here As a 
compromise we use the coastlines from the Antarctic D1g1tal Database (ADD British 

Antarctic Survey, 1998) as GCPs, the conversion parameters were determined so that the 
coastlines obtained from the SAR images (grounding area-ocean yellow lmes 111 Fig 4) 

are adjusted to those of ADD by eye 
Comparing the obtained ice sheet-shelf groundmg Imes (blue Imes m Fig 4) with 

those of ADD (solid Imes m Fig 4), the obtained grounding Imes were generally located 

several kilometers mland of those of ADD Though the ADD data were mamly based on 

satellite optical images, we suspect that this difference 1s caused by the inaccuracy of 
d1scrim111atmg groundmg Imes from those images It seems that the grounding Imes 

obtamed from SAR 111tens1ty images are located around the same or offshore area of those 
of ADD (Fig 5 of Kim et al, 2001) Tl11S suggested that the grounding Imes obtamed 
from the SAR mtens1ty image were mostly equal to those from the optical 1mage 
Comparing the groundmg Imes obtamed from SAR mterferometry with the SAR 111tens1ty 
image m this study (Fig 5), 1t seems that those derived from the SAR mtens1ty image were 
located offshore of those from the SAR mterferometry This suggests that the surface 
feature change on the ice shelf does not always comc1de with the grounding l111e Thus. 
to detect the groundmg hne within I km accuracy, SAR mterferometry 1s the probable 

techmque which can provide physically proper evidence 

4. Detection of the vertical displacement 

4 J Detection of sea su rface hezght change caused by ocean tzdes an d zts error 
estzmatzon 

The ice shelf surface moves vertically with a sea surface height change by oceanic 
processes 111clud111g tides, with thmn111g due to basal melting, and so on If the ve111cal 
displacement is to be measured by SAR mterferometry, that 1s ma111ly 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 obta111ed from SAR 
mterferometry also mcludes the component of horizontal ice flow 

To cancel or reduce the honzontal motion, special care was taken 111 count111g the 
phase differences If the ice flow speed 1s the same along the flow d1rect1on w1th111 the 
trans1t1on zone (e g, the zone between A and A' 111 Fig 3), the contribution of the 
honzontal ice flow component 1s common for the two pomts Then the phase difference 
on each side of the trans1t1on zone 1s considered to be the vertical displacement component 
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Fzg 6 H1stograms of the obtazned vertzcal dzsplacement F1gure a to d are for Pairs I to 4, 
respectlvely Dashed Imes show the medzan values Bars show the standard error 
calculated from the root-mean-square of reszduals 

We calculated the phase difference between a pomt on the mland side of the groundmg lme 
(10 pixels (about 200 m) from the groundmg lme) and one on the offshore side (400 pixels 
(less than 10 km) oft) It 1s assumed that the flow d1rect10n 1s consistent with the d1rect10n 
perpendicular to the groundmg lme This assumpt10n 1s considered to be reasonable from 
the actual SAR data, 1f the flow Imes appeared on the SAR mtens1ty images (representative 
flow lmes are shown by white lmes m Fig 2) are equal to the actual flow d1rect10ns, the 
flow d1rect10ns were m good agreement with the d1rect1on perpendicular to the groundmg 
lmes denved from SAR mterferometry However, the areas around the east and west ends 
of the ice shelf (yellow arrows m Fig 2) were not used m this calcul ation, because this 

assumpt10n may not be applicable to these areas Figure 6a to 6d show the histograms of 
the obtamed vertical displacements calculated from the LOS component by takmg the 
mc1dence angle to be 23 5° for PairS 1 to 4, respectively, and the vertical displacement for 
each pa1r was denved from the1r median value (broken lmes m Fig 6 and Table 2) Their 
errors, estimated from the root-mean-square of residuals, were 1 7 to 2 7 cm (bars m Fig 6 
and Table 2) This error 1s probably due to spatial vanat1ons m speed of honzontal 
mot10n, uncertainty m the denved flow lmes, and random noise on the SAR mterfero­
grams 

In add1t10n to the above errors, the error factors m SAR mterferometry are generally 
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Table 2 Comparison of sea ,wjace height changes between 

SAR mterferometrv results and modeled ones 

2 3 4 5 

- 3 1  8 1 7  - 20 2  - 1 1 6 

2 1 4  2 7  7 2  - 5 8 

3 - 30 8 2 3  -- 1 2  I - 1 8 7 

4 - 1 4 8  2 5 - 1 6 3 I 5 

Column I lnterfe1 ometnc pdir numbe1 

6 7 

- 9 8 - I  8 

- 1 3 I 7 3 

- 1 2 6 - 6 1 

0 7  0 8  

8 

242 

202 

42 1 

239 

Column 2 Obtamed ve1t1cdl d1'ipldcement from SAR 111te1fe1ometry 

111 cent1mete1s A po'i1t 1ve Vdlue 111d1c-ette� thdt sed SU1face 

height rn,e-; 

Col umn 3 Stdndd1 d en 01 fo1 obtd111ed vert1cdl dt'iplacement 111 cent 1-

mete1 s 

Column 4 Sea �urface height change CdlcuLtted from OR I96 ocedn 

tide model 111 centimeters 

C olumn 5 Difference between lnSAR 1ec;ults ctnd ORl 96 rec;ult� 1 11 

cent1mete1s 

Column 6 lnve1<,e bctromete1� Cdlcurdted from NCEP 1e-c1nc1lys1� 

cttmo<,phe11c pre"su1 e 111 cent1mete1 :c. 

Column 7 Difference between InSAR results dnd model 1esults 1s 

considered dn 1nver�e baromete1 (column 5 +column 6) 1 11 

cent1 meter� 

Column 8 Number of pixels 111 calculdt1on of lnSAR resulb 

expected to be I )  the 111completeness 1 11 remov111g orbital and topographic fnnges and 2) 

the troposphenc delay I )  In the present study, however, the error camed by the 111com­

pleteness 1 11 rernov1 11g the orbi tal and topogr<lph1c fnnges 1s small. because the ice shelf 1s 

approximately flat and the di stance between the two pomts ( e g, A and A' m Fig 3) 1s 

short 2 )  The error caused by troposphenc delay should also be smcd l, because the water 

vapor 1 11 the atmosphere of low ai r temperature 1s few The total error caused by these 

factors will be less than O 5 cycles, thi s amounts to an error of about 1 5 cm m the vertical 

displacement Tak1 11g tlm mto account, the total error for the final vertical displacement 

observed with this method should be 2 3 to 3 1 cm 

4 2 Comparisons b etween the ob taz n ed an d modeled sea su rface hezght changes 
To evaluate the obta111ed vertical di splacements, we compared them with the modeled 

estimates usmg the ORl96 ocean tide model (Matsumoto et al , 1 995) The differences 

between the obtamed and modeled vertical displacements were I 5 to 1 8  7 cm, and the 

standard dev1at10n for four pai rs was 7 4 cm (Table 2) However. the actual sea surface 

height change vanes with atmosphenc pressure ( z  e, the inverse barometer effect )  Di rect 

observdtions of atmospheric pressure were not available m this analysis region, so we used 

sea level pressure data of the N ational Centers for Environmental Prediction (NCEP) 

reanalysis to estimate the mverse barometer effect Tak111g the barometnc effect mto 

account, differences were reduced to O 8 to 7 3 cm (Table 2), and the standard devidt1on was 

reduced to 4 9 cm fapeci ally, the obtamed sea surface height changes of Pai rs I and 4 

were 1 11 good agreement wi th the modeled ones withm 2 cm discrepancies, but the 

differences m Pairs 2 and 3 were around 6 to 7 cm, which were larger than the derived 
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mtnns1c accuracy of 3 l cm of the SAR mterferometry The observat10n penods of the 
ERS- l /-2 SAR data for Pairs 2 and 3 comcided wel l  with the times of large atmosphenc 
pressure vanat10ns Those sudden changes m atmosphenc pressure cannot be ful ly 
resolved m the NCEP reanalysis data If these differences were caused by the atmosphenc 
effect, SAR mterferometry may contnbute to the vahdat10n of atmosphenc models with 
accurate ocean tide models 

5. Summary and conclusions 

The groundmg Imes of StanJukovicha Ice Shelf were detected usmg SAR mterfer­
ometry of the ERS-1/-2 tandem mission, takmg ice shelf dynamics mto account The 
locat10ns of the denved groundmg lmes suggested an mterestmg problem m comparmg 
vanous techmques and data sets for the detect10n of the groundmg Imes We found that 
there was a case m which the groundmg lmes denved from the SAR mtens1ty images were 
located to the offshore side of the actual I0cat10n, and SAR interferometry 1s a useful 
techmque for detect10n of the accurate I0cat10n of the grounding lmes It was demonstrated 
that SAR mterferometry is also effective in  detectmg ice islands in unmapped regions 

We also calculated the sea surface height change by adoptmg two points situated on 
opposite sides of the transit10n zone The honzontal ice flow component 1s canceled or 
reduced by countmg the phase difference between the two points The denved vertical 
displacements agreed wel l  with modeled sea surface height changes, which include the 
barometnc effect This result shows that this method can measure the sea surface height 
change accurately from one mterferogram Such SAR mterferometry will become a useful 
techmque m validating ocean tide models m margmal waters around Antarctica Thus 1t 
was demonstrated that SAR interferometry 1s one of the key techmques for contmuous 
momtormg of Antarctic ice shelf areas 
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