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ABSTRACT. The surface velocity of Thwaites Glacier (TG),West Antarctica, during
the period 1992^2000 is measured with synthetic aperture radar feature-tracking tech-
niques.We find no indicationof interannual velocity variations of the grounded ice further
than about 20 km inland of the grounding line. The velocity of the floating TG Tongue
shows cyclical variationswith an amplitude of 10%; a minimum around1997 is bracketed
by similarly sized maxima in 1995 and 2000.The observed velocity variations can be ex-
plained by time-dependent rotation and deformation superimposed on the steady flow of
TG Tongue. The orientation of the rotation is clockwise during the entire observation
period; the mean center of the rotation is close to a small ice rise, situated at the east side
of the tongue about 20 km past the grounding line. The recent calving of TG Tongue in
February 2002 is consistent with continued clockwise rotation that eventually led to crack-
ing from west to east across the tongue. The rotation and deformation of TG Tongue is
caused by forces unrelated to glacier dynamics. Analysis of European Centre for Med-
ium-RangeWeather Forecasts wind data suggests a synoptic-scale origin for the external
forcing that causes the rotation.

INTRODUCTION

Thwaites Glacier (TG) is the second largest ice stream in
the Amundsen Sea sector of the West Antarctic ice sheet
(WAIS), rivaled only by its immediate neighbor Pine Island
Glacier (PIG). Surface velocities past the grounding line of
TG are the fastest observed in Antarctica.TG forms a large
floating tongue, approximately 40 km wide and100 km long
(Fig. 1) that undergoes periodic calving. The timing of the
recent calving of TG Tongue in February 2002 (Fig. 8),
nearly coincident with a large calving event of PIG (R. A.
Bindschadler, http://nsidc.org/iceshelves/pine__island/) has
raised the question whether global climate warming could
have reached this region and triggered the events. The on-
going debate on the possible inherent instability of this part
of theWAIS (e.g. Hughes,1973; Fastook 1984; Bentley,1998)
has called for long-term monitoring of TG and PIG.

Using radar altimetry for the period 1992^96,Wingham
and others (1998) found a drop in ice-sheet surface elevation
in the upper catchments of TG and PIG on the order of
^0.1ma^1. Previous observations on PIG are summarized in
Vaughanand others (2001). Further signs of currently unstable
ice flow have been observed for the lower part of PIG.The ice
surface there has dropped on the order of 1m (Shepherd and
others, 2001), and surface velocity has increased by about15%
during the last decade (Rignot and others, 2002; Rabus and
Lang, 2003). Internal forcing appears to cause these current
changes of PIG.

Observations forTG differ from those for PIG. Landsat
(T. A. ScambosandJ. Bohlander, http://nsidc.org/data/velmap/
pine__getz/thwaites/thwaites.html) and synthetic aperture
radar (SAR) sensors (Rosanova and others,1998) were used
to measure the surface velocity of the floating TG Tongue
with feature tracking. Comparison of the two studies sug-
gested an increase in flow velocity since the 1980s, but the
comparison is problematic due to differing sensor viewing
geometries and coordinate reference systems. Measuring
velocity two-dimensionally with SAR interferometry, Rignot
and others (2002) found acceleration on the periphery of the
lower TG for the period 1996^2000. The flow of the main
glacier trunk, however, appeared to be stable during this
period. In an approach complementary to that of Rignot
and others (2002), we use time series of feature-tracking
velocity measurements along longitudinal profiles (Fig. 1) to
analyze the flow of the main trunk of TG during the last
decade. To infer the forcing behind the velocity changes we
find for the floatingTG Tongue, we look for correlation with
time series of grounding-line position and European Centre
for Medium-Range Weather Forecasts (ECMWF) meteoro-
logical data.

METHODS

As in the related study on PIG (Rabus and Lang, 2003) we
use feature tracking on geocoded European Remote-
sensing Satellite (ERS) SAR amplitude geocoded ellipsoid
corrected (GEC) pairs for measuring ice velocities. Further,
we use repeat mapping in differential SAR interferograms
to monitor the position of the grounding line. Both methods,
feature tracking and repeat mapping, require accurate geo-
registration of SAR images. An error analysis for both
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methods including relevant details of image geo-registra-
tion has been presented in Rabus and Lang (2003). The
geo-registration does not use ground-control points.

Feature-tracking velocity measurements

Feature tracking on interannual time-scales uses surface
features such as crevasses that are passively advected with
glacier flow. In contrast to interferometric velocity measure-
ments, the feature-tracking method represents a longer time

interval (months vs days) and gives absolute velocities with-
out requiring reference points of known velocity. Also, no
corrections due to tidal motion or topographyare necessary.
Disadvantages of the feature-tracking method are the lower
spatial resolution as well as the presence of high random
scatter in the results. The resulting accuracy for velocity
averages along longitudinal profiles of about 100 measure-
ment points and a minimum time separation of 105 days is
25 m a^1 (Rabus and Lang, 2003).

The use of a constant reference elevation h0 ˆ 0 during

Fig. 1. Location map. ERS SAR backscatter mosaic of lowerTG. Feature-tracking profiles are shown as dots, each dot representing
an individual measurement location.Two black crosses, respectively, indicate a nunatak and a small rock island that were used to
check the accuracy of the feature tracking.The black line delineates the grounding-line position.

Table 1.Velocity biases due to terrain elevation differences ¢z with respect to GEC reference elevation zref ˆ 0 m

Feature-trackingpair Orbit 1/2 Orbit 2 Track1 Track 2 B? ¢t Max.velocity bias
a b

m days m a^1 m a^1

11Mar.1992 ^ 21Jan.1994 E1-03418 E1-13167 10 10 398 680 0.16
21Jan.1994 ^ 31Oct.1995 E1-13167 E1-22457 10 425 30£103 648 12.8
31Oct.1995 ^ 19 Mar.1996 E1-22457 E1-24461 425 425 ^489 140 1.0
19 Mar.1996 ^ 16 Oct.1996 E1-24461 E2-07794 425 425 452 211 0.6
14 Mar.1996 ^ 15 Nov.1996 E1-24386 E2-08220 350 350 ^263 246 0.3 3.0
19 Mar.1996 ^ 05 Mar.1997 E1-24461 E2-09798 425 425 866 351 0.7
16 Oct.1996 ^ 05 Mar.1997 E2-07794 E2-09798 425 425 414 140 0.8
15 Nov.1996 ^ 18 Jul.1997 E2-08220 E2-11727 350 350 920 245 1.0 10.0
03 Feb.1999 ^ 10 Nov.1999 E2-19818 E2-23826 425 425 222 280 0.2
04 Jul.1997 ^ 30 Jan.1998 E2-11530 E2-14536 153 153 ^366 210 0.5
30 Jan.1998 ^ 03 Feb.1999 E2-14536 E2-19818 153 425 12£103 369 9.0
10 Nov.1999 ^ 23 Feb. 2000 E2-19818 E2-25329 425 425 341 105 0.9
21Nov.1999 ^ 01Oct. 2000 E2-23980 E2-28489 78 78 127 315 0.1 10.0

Notes: Last column: a and b apply to profilesTG4,TG4-west,TG4-east (¢z 5100 m) andTG1,TG2,TG3 (¢z 51000 m), respectively. For descending tracks
10, 425 and 153 we use frames 5193 and 5175; for ascending tracks 350 and 78 we use frames 5589 and 5607.
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projection of the GECs introduces an additional velocity
bias in the feature tracking. This bias depends on the devi-
ation ¢h of terrain elevationwith respect to h0 as well as the
perpendicular baseline and time separation ¢t of the fea-
ture-tracking pair (see Rabus and Lang, 2003, equation (1)).
Table 1 lists this velocity bias for all feature-tracking pairs
used in this study. Due to the flat topography of TG Tongue
the bias is smaller than the method-inherent random error of
25 m a^1 even for unfavorable combinations of > ¢h and ¢t.
For TG the accuracy of feature-tracking results was checked
at two locations, a large nunatakon the west side of TG and a
rock island seawardof TGTongue, both of which should have
no surface motion (marked with cross-symbols in Fig. 1). For
all GEC pairs inTable 1, these points come out stationary to
better than half a pixel (6.25 m), in accordance with the ex-
pected errors listed inTable1.

Mapping of grounding-line location

For mapping the grounding-line location of TG, there is
insufficient repeat coverage of differential interferometric
data for the grounding line of the main glacier tongue.
Instead we monitor the grounding line of a small ice shelf
(50650 km2) at the eastern side of the main glacier tongue
(subsequently called Thwaites East Glacier, or TG-East),
which has gooddata coverageand is fed by the only tributary
of the TG drainage basin that fails to join the main glacier
trunk before the latter reaches the sea (O. Lang and others,
unpublished information). ERS single look complex (SLC)
data used to form the differential interferograms are com-
piled inTable 2.

TG-East shares the same oceanographic regime as the
main tongue, and is equally sensitive, or more so, to changes
of ice thickness or sea level. Consequently, grounding-line
changes will likely reflect changes of oceanographic condi-

tions but possibly not the ice dynamics of the main glacier
trunk. Velocities at the grounding line are 1km a^1 at TG-
East compared to 3.5 km a^1 on the main glacier tongue.

Misplacement errors due to ephemeral migration of the
grounding line with tide level were found to be similar for
PIG and TG-East (Rabus and Lang, 2002). Consequently,
we use the value of 400 m estimated for PIG by Rabus and
Lang (2003) as the accuracy for locating the grounding line
of TG-East.

RESULTS

Velocity magnitude measured with the feature-tracking
method along profiles TG1,2,3,4 is shown in Figure 2a. Tem-
poral coverage is March 1992^October 2000. According to
these measurements, the floating portion of TG undergoes
temporal velocity variations on the order of 10% of the mean
velocity (Fig. 2b). Velocity differences diminish up-glacier
and become insignificant 520 km above the grounding line.
Figure 2b shows that the TG velocity decreased up to 1997
and has been increasing since.

The described spatio-temporal distribution of velocity
variations of TG is markedly different from that found for
PIG (Rabus and Lang, 2003). PIG showed constant accelera-
tion extending 480 km up-glacier of the grounding line,
which suggested internal forcing of the velocity variations
(Rabus and Lang, 2003). The velocity variations of TG are
similar in magnitude but cyclical and largely restricted to
the floating part of the glacier. From Figure 2a it seems unli-
kely that the velocity variations of TG are caused by glacier
dynamics inland of the grounding line.The observed velocity
variations alongTG3 andTG4 on the floating glacier tongue
are weakly reflected in theTG2 velocity variations above the
grounding line, but this effect is seen to dampen out com-
pletely 530 km inland of the grounding line.

Grounding-line position of TG-East

Changes of the grounding-line position of TG-East (Fig. 3)
appear uncorrelated with the velocity variations of TG
Tongue. The grounding line of TG-East was stagnant from
1994 to1996, but by 2000 it had retreated by about1km.Most
likely, the latter retreat took place from 1999 to 2000, when
significant disintegration was observed onTG-East shelf. In
1999 the configuration of TG-East was still very similar to
that in Figure 1, while in 2000 it had already changed to the
configuration visible in Figure 8a and b. Partial disintegra-
tion and grounding-line retreat of TG-East would be consis-
tent with the acceleration observed by Rignot and others
(2002) for this region. As with the main trunk of PIG (Rabus
and Lang, 2003), it is difficult to decide whether the accelera-
tion of TG-East causes the shelf disintegration (internal for-
cing) or, alternatively, is caused by reduction of ice-shelf back
pressure (external forcing).

To some extent, the changes onTG-East may have influ-
enced the timing of the later calving of TG Tongue, but they
are probably unrelated to the observed velocity variations of
the mainTG trunk (Fig. 2).The likely source of these velocity
variations is external forces exerted by oceancurrents, and/or
wind on the free-floating tongue and its seasonal apron of
land-fast sea ice. Vulnerability to external forcing is great
because most of the 50 km wideTG Tongue is separated from
the grounded ice sheet by a `̀grounding-line crevasse’’; only

Table 2. SLCs grouped according to differential interfero-
grams used for the repeat mapping of the grounding line

Date of SLC Orbit Track Frame Flight dir. B?

m

21Jan.1994 E1-13167 10 5193 Desc. 6
24 Jan.1994 E1-13210
17 Feb.1994 E1-13554 19
20 Feb.1994 E1-13597
21Jan.1994 E1-13167 10 5193 Desc. 6
24 Jan.1994 E1-13210
01Mar.1994 E1-13726 40
04 Mar.1994 E1-13769
17 Feb.1994 E1-13554 10 5193 Desc. 19
20 Feb.1994 E1-13597
01Mar.1994 E1-13726 40
04 Mar.1994 E1-13769
17 Oct.1995 E1-22253 221 5589 Asc. 43
18 Oct.1995 E2-02580
05 Mar.1996 E1-24257 178
06 Mar.1996 E2-04584
08 Feb.1996 E1-23885 350 5589 Asc. 200
09 Feb.1996 E2-04212
14 Mar.1996 E1-24386 99
15 Mar.1996 E2-04713
20 Nov.1999 E1-43656 24 5211 Desc. 39
21Nov.1999 E2-23983
29 Feb. 2000 E1-45102 ^67
01Mar. 2000 E2-25429
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Fig. 2.Velocity magnitude along longitudinal feature-tracking profiles; labels refer to Figure 1. (a) Spatio-temporal distribution
of velocity magnitude; (b) velocity magnitude as a function of time averaged over profileTG4 (on the floating part ofTG).

Fig. 3. Fluctuations of grounding-line position ofTG derived from differential interferometric measurements. (a) Sketch maps
showing reference grounding-line position (solid line) plus grounding-line position at other times along a common sub-segment;
(b) mean grounding-line position with respect to the reference along the chosen sub-segment.
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the eastern 15 km section shows tidal flexure because floating
and grounded ice are continuously linked.

Rotation of TG Tongue

A rotational degree of freedom of TG Tongue was first
noticed in differential interferograms (Rabus and Hoffmann,
1998). Besides the belt of dense parallel phase fringes that

represents tidal flexure near the grounding line, the main
TG Tongue shows a pattern of near-equidistant fringes that
are approximately parallel to the satellite look direction for
both ascending and descending orbit geometry. This fringe
pattern, which is typically seen on free-floating icebergs or
sea-ice floes, must be interpreted as a change of rotation rate
of TG Tongue.The change of rotation rate cannot be simply
related to tidal motion as is concluded by Rignot (2001). This

Fig. 4.Temporal changes of the horizontal velocity vector along profilesTG4,TG4-east andTG4-west relative to the 31 October
1995 to 19 March 1996 feature-tracking pair. Note that rotation sense is clockwise for all panels, despite the fact that relative
velocity vectors are pointing counterclockwise.This is due to the reference feature-tracking pair having the strongest clockwise rota-
tion rate ofall pairs. Also shown for each panel is shear plane orientation and center of rotation (including 95% confidence ellipse)
calculated from the parameters in Figure 8.
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is seen by comparing differential tidal amplitudes (as repre-
sented by the number of fringes in the belt of tidal flexure)
with the number of look-parallel rotational fringes on the
tongue. Rabus and Hoffmann (1998) found several examples
where small differential tidal amplitudes occur together with
large changes of the rotation rate and vice versa. Other than
excluding a tidal origin, the analysis of differential interfero-
grams is of limited use for studying the externally forced
motion of TG Tongue because all steady motion (including a
constant rotation) hasbeen cancelled. Instead, unrepresenta-
tive short-term motion changes within the acquisition peri-
ods of the single interferograms (1 or 3 days) dominate the
differential interferogram.

To investigate whether longer-term changes of rotation
rate not visible with differential interferometry cause the
observed interannual variations of velocity magnitude, we
use the feature-tracking technique. We compare variations
of the velocity vector along TG4 with variations along two
additional profiles, TG4-west and TG4-east, located about
10 km west and east of TG4 (Fig. 1). In Figure 4 we show
the deviations of the velocity vectors of eight successive fea-
ture-tracking periods with respect to the 10 November 1999
to 23 February 2000 period.This result immediately reveals
thatTG Tongue is affected by external forcing that varies on
interannual time-scales. The forcing must be roughly coast-
parallel (i.e. approximately perpendicular to the flow direc-
tion on the tongue), and its `̀ period’’ seems to be on the order
of about 3^4 years. The main contribution to the velocity
vector difference seems to be a rigid-body rotation, but signs
of deformational contributions are also visible in Figure 4.

Vector analysis of the motion of TG Tongue

In the following, we carry out a quantitative separation of
the velocity vector field of TG Tongue along TG4-west,
TG4,TG4-east according to rigid-body rotation !, uniform
divergence ¯, andunilateral shear ¼ alonga shear plane per-
pendicular to the xy-plane and at an angle ’¼ to the x axis.

We consequently hypothesize that the non-translational
part of the velocity vector v can be written as

v ˆ
vx

vy

³ ´
ˆ !

y ¡ y!

x ¡ x!

³ ´
…1†

‡ ¼‰c¼…x ¡ x¼† ¡ s¼…y ¡ y¼†Š
c¼

s¼

³ ´
‡ ¯

2

x ¡ x¯

y ¡ y¯

³ ´

with (c¼, s¼) ˆ (cos ’¼, sin ’¼) being the directional vector

of unilateral shear, and (x!; y! ), (x¯; y¯ ), (x¼; y¼) being the
center of rotation and divergence, and the pin point of the
shear plane, respectively. One of the parameters x¼, y¼ is
arbitrary and we can choose, for example, x¼ ˆ x!, i.e.
describe the location of the shear plane relative to the rota-
tion center.We now use the relations

r1 ˆ curl…vx; vy† ˆ 2! ¡ ¼

r2 ˆ curl…vx; ¡vy† ˆ …s2
¼ ¡ c2

¼†¼
r3 ˆ curl…vy; vx† ˆ 2s¼ ¡ c¼¼

r4 ˆ curl…vy; ¡vx† ˆ ¯

…2†

with curl …vx; vy† ˆ vx;y ¡ vy;x to calculate the invariants
r1^r4 from two parallel velocity profiles using the Stokes
theorem

curl…vx; vy† ˆ 1

A

X4

iˆ1

vi ‡ vi‡1

2
ti …3†

with

ti ˆ xi‡1 ¡ xi

yi‡1 ¡ yi

³ ´

on a cell of four data points arranged according to Figure 5.
A denotes the area between the four data points. The equa-
tion system (2) can be inverted according to

’¼ ˆ arctan
r2

r3
§

��������������������
r2

r3

³ ´2

‡ 1

s2

4

3

5

¼ ˆ §
��������������������������
…r2†2 ‡ …r3†2

q

! ˆ r1 ‡ ¼

2

¯ ˆ r4 :

…4†

The inversion is carried out for all data points of profile
TG4, and the mean of all results is subsequently taken. Two
separate calculations are carried out, with TG4-west and
TG4-east as partner profiles to TG4, respectively. After the
parameters !, ¼, ’¼ and ¯ have been calculated they can be
input to Equation (1), and all the remaining parameters the-
oretically can be found by carrying out a least-squares fit to
the data. In reality, only the rotation center (x!, y! ) can be
determined accurately because the fit is almost completely
insensitive to variations of x¯, y¯, y¼ (for simplicity we set
x¯ ˆ x!, y¯ ˆ y!, y¼ ˆ y!). Results from the inversion (4)
are shown in Figure 6; the shear plane orientation is also
shown in Figure 4 together with the fitted rotation centers.
Random errors, obtained by propagating errors estimated
before for the feature-tracking data through Equations (3)
and (4) are 0.1³ a^1, 2610^3 a^1, 5³ and 2610^3 a^1 for !, ¼,
’¼ and ¯, respectively. For clarity, the vertical error bars
are not shown in Figure 6. Comparison of the values for
TG4-east and TG4-west calculations for !, ¼, ’¼ and ¯
allows separate judgment of the validity of the assumptions
in Equation (1), i.e. to what extent the rotation is rigid, the
shear is unilateral and the divergence is uniform. Differ-
ences between the two calculations that exceed the respect-
ive random errors indicate spatial variations transverse to
the profile direction.

In Figure 6a, transverse differences of the angular
velocity ! are usually 50.1³ a^1, consistent with the
calculated error. This suggests that a main component of the
externally induced motion of the glacier tongue is a rigid-
body rotation.The sign is (+) for clockwise and (^) for coun-

Fig. 5. Calculation scheme for invariants r1 to r4. Starting
with point 1 on the first profile, point 2 is constructed as near-
est neighbor on the second profile.Then point 3 on profile 2 is
found at a distance similar to that between points 1 and 2, and
finally point 4 is found as nearest neighbor to point 3 on the
first profile. A denotes the area between points 1,2,3,4.
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terclockwise rotation. The angular velocity decreases from
+0.5³ a^1 in 1996 to ^0.25³ a^1 in fall 1997 and then abruptly
increases again, reaching values around +0.85³ a^1 in 2000.
This corresponds to a clockwise net rotation of ¹0.9³ during
1996^2000, which causeda ¹1.6 km eastward displacement of
the ice front (assuming an approximate distance of 100 km
from the rotation center near the grounding line). Note that
the velocity fields of Figure 4 all show counterclockwise rota-
tion because they are evaluated relative to feature-tracking
pair 9 in Figure 6, which has the largest positive (clockwise)
rotation rate.

For the shear and divergence parameters in Figure 6b^d,
considerably larger differences betweenTG4-east andTG4-
west calculations occur. Individual differences are, however,
largely within the higher random-error bands of these
parameters. This also explains apparent inconsistencies for
feature-tracking pairs whose periods are contained in a pair
with a longer period. Results for pairs 2 and 4 sometimes do
not bracket the result for 3, and similarly those for 7 and 9
do not always bracket that for 8, but the observed inconsis-
tencies do not exceed the calculated random error.

Figure 6b and c show that the shear parameters ¼ and
’¼ have extrema that correspond with the late-1997 mini-
mum of the angular velocity. Shear was strongest and

Fig. 6. Calculated time series of angular velocity (a), shear strength (b), shear angle (c) and divergence (d).

Fig. 7.Time series of wind direction, wind magnitude, and air
pressure at mean sea level calculated from ECMWF 6 hour
data over a 3³ by 7³ latitude^longitude ocean area that
includesTGTongue.
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oriented steepest with respect to the coastline during this
minimum. As a consequence, extension (due to shear),
which is oriented at º45³ to the shear plane, also was stron-

gest and most closely aligned with flow direction during
that time. Increased extension in the flow direction is of par-
ticular interest because it eases the formation of transverse

Fig. 8. Calving ofTGTongue. (a, b) Situation on18 January 2002 (a) and 7 March 2002 (b).The orientation and migration of
the crack that led to the calving event is consistent with the observed continued clockwise rotation of TG Tongue around a mean
rotation center at the east side of the tongue.The calving crack started at the west side of the tongue and headed towards a zone of
scars, which first appeared about 7 years earlier (see Fig. 1 representing the situation on 31 October 1995). (c) Lower right is a
blow-up of the 31 October 1995 amplitude image that shows details of the scars. Upper left is a corresponding differential phase
image, 8/9 February 1996 to 14/15 March 1996, that shows the grounding line of the ice rise on the east side ofTGTongue.
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rifts that could lead to calving of the tongue. Figure 6b and c
further show that the assumption of unilateral shear is not
valid.There is a weak trend of ¼ being more negative on the
east side of the glacier and a more significant trend that ’¼

was consistently about 15³ lower (i.e. shear is more shallow
with respect to the coastline) there for the later part of the
observation period. Before 1997 the ’¼ on the east side
seems, however, to have been slightly higher than that on
the west side. The observed turning of the shear plane
through the tongue from west to east describes a clockwise
deformational rotation during the later part of the obser-
vation period.The larger shear angles for the west side place
the shear plane at approximately 45³ with respect to the
flow direction there. The resulting extension in flow direc-
tion is consistent with the more dissected visual appearance
of the western margin of the tongue (Figs 1 and 4) and also
with the higher flow velocities observed there (see two-
dimensional velocity field corrected for rigid rotation in
Rabus and Lang, 2003). Figure 6d shows that there is a sig-
nificant trend towards increasing divergence throughout
the observation interval. As the western section of TG
Tongue appears more susceptible to divergence and disinte-
gration, somewhat larger values of ¯ should be expected
there. If present, such a transverse variation must be insig-
nificant against the corresponding random error.

External forcing of TG Tongue

In summary, the time-variable part of the motion of TG
Tongue is well described as a rigidbody rotationplus aweaker
deformational contribution from shear/divergence. The
changes in ocean currents and wind fields suspected to pro-
vide the external forcing for the time-variable motion can be
of either local or regional/synoptic-scale origin. To check for
the latter case, we investigate a time series of synoptic-scale
meteorological model data available through ECMWF.
Wind speed, wind direction, and air pressure at sea level are
first spatially averaged over a 3³ by 7³ latitude^longitude
matrix (spacing 0.5³) and then temporally averaged with a
Gaussian window of width 1year. We expect that changes of
synoptic-scale wind and ocean currents will be significantly
correlated for such a long temporal averaging window. The
resulting time series are shown in Figure 7. Wind direction
shows a significant linear trend and a remarkably regular
oscillation with a period of about 4 years. Over the 12 year
period shown, the west-southwesterly wind direction turned
from about 35³ to 520³ with respect to the east^west axis (in
the figure the angle is given relative to the x axis of Figures 1
and 5 instead of the east^west axis).Wind speed shows a cor-
responding linear trend, with values of 8 and 4 m s^1 in 1988
and 2000, respectively. Short-term oscillations are less regu-
lar than those of the wind direction. Air pressure, finally,
does not show a significant trend or oscillation. Both wind
direction and wind speed show a pronounced minimum
around 1998 in correspondence with the rotation and shear
parameters in Figure 6.While this is a very interesting coin-
cidence, the record in Figure 6 is really not long enough to
positively identify synoptic-scale changes of the wind field in
the Amundsen Sea as the original source of the velocity vari-
ations of TG Tongue. The record of the actual variations of
velocity magnitude in Figure 2b is longer than the sub-
period in Figure 6, but, due to gross undersampling, the
period1992^96 unfortunately does little to contradict or cor-

roborate such an interpretation. From velocity data obtained
by T. A. Scambos and J. Bohlander (http://nsidc.org/data/
velmap/pine__getz/thwaites/thwaites.html) through feature
tracking on Landsat data, one can construct for Figure 4 one
additional data point for 1989 (representing the period 1988^
90) with 2.9 §0.1km a^1. Whether this considerably lower
velocity reflects the observed linear trends in the synoptic-
scale wind data, or alternatively is just an effect of the chan-
ging geometry of the tongue, is again uncertain. The tongue
was 430 km shorter at this time and therefore could have
reacted very differently to ocean currents and wind fields.

2002 calving event of TG Tongue

Figure 8 shows the calving of a 40680 km2 iceberg fromTG
Tongue in early 2002. Prior to calving, the tongue had a
length of about 120 km. Calving of TG Tongue is a quasi-
periodic event. The last large calving occurred in the 1940s
(Ferrigno and others, 1993). The length of the tongue had
exceeded 140 km prior to this earlier event, judged from the
extent of the iceberg produced in Landsat imagery.The ice-
berg (denominated B-10A) stayed loosely attached toTG for
several decades before moving north. Remnants of B10-A
still drift in the South Polar Sea. Several smaller calving
events were recorded (Swithinbank and others, 1997) while
the formation of a new tongue was still disturbed by the
presence of the older tongue. From 1988 onwards, the length
of TG Tongue had increased continuously.

Figure 8a and b show the situation on 18 January and 7
March 2002, respectively. Unfortunately, the ERS acquisi-
tion campaign did not acquire data prior to 14 January
2002. The earliest image from 14 January (not shown) has
poor data quality due to a receiver problem, but visual
inspection revealed that the crack was already present and
only a few km shorter than on the 18 January image. Never-
theless, the typical exponential growth pattern of calving
cracks (e.g. R. A. Bindschadler, http://nsidc.org/iceshelves/
pine__island) suggests that crack initiation in late 2001is most
probable. The orientation and propagation of the crack is
consistent with the observed continued clockwise rotation
of TG Tongue around a mean rotation center at the east side
of the tongue. The calving crack started at the west side of
the tongue and headed towards a zone of scars, which first
appeared about 7 years earlier (see Fig. 1 representing the
situation on 31 October 1995). Figure 8c, lower right, is a
blow-up of the 31October 1995 amplitude image that shows
details of the scars. Figure 8c, upper left, is a corresponding
differential phase image, 8/9 February 1996 to 14/15 March
1996, that shows the grounding line of the ice rise on the east
side of TGTongue. Coincidence of location suggests that the
formation of the `̀ scar’’ was caused by interaction with the
ice rise around1995.

CONCLUSION

Using a simple feature-tracking technique on ERS ampli-
tude images, we have shown that the lower part of TG shows
interannual surface velocity variations with a period of 2^4
years. The amplitude of the variations is 10^15% on the
floating TG Tongue but dampens out completely 520 km
up-glacier of the grounding line. The flow of the grounded
part of the mainTG trunk seems to be currently stable. At
the accuracy level of the method (¹25 m a^1), there is also no
indication of seasonal variations there.
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The velocity variations of TGTongue canbe explainedas
a rigid-body rotation plus a non-negligible spatially inhomo-
geneous shear/divergence contribution.The net rotation dir-
ection is clockwise; the center of rotation is situated at the east
side of the tongue, not far from a small ice rise situated about
20 km from the grounding line. The recent calving event of
TG Tongue (January 2002) is consistent with the continued
clockwise rotation of TG Tongue. Calving was initiated by a
crack propagating from west to east into a structurally weak
zone of crevasse scars that likely had formed by interaction of
TG Tongue with the ice rise about 7 years earlier.

The external forcing for the extra motion superimposed
on the steady translational flow of TG Tongue is most likely
providedby changes of ocean currents and/or wind fields. An
ECMWF time series of wind direction shows a regular oscil-
lation with an amplitude of 10³ and a period of 4 years. The
time series appears to be in phase with the velocity oscilla-
tions ofTGTongue, and this may suggest a synoptic-scale ori-
gin of the external forcing. More data are needed to
corroborate this result. If it is confirmed, glacier tongues else-
where in Antarctica are expected to show similar behavior.
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