
Interactive comment on “Evolution of surface velocities and ice discharge of Larsen B outlet
glaciers from 1995 to 2013” by J. Wuite et al. 

Reply to T.A. Scambos (Referee)

COMMENT:  Review of Wuite et al, The Cryosphere Disc. The paper describes a series of ice
velocity mappings of the Larsen B tributary glaciers, and flux gate estimates of their outflow for
1995 and a series of measurements since then, mainly post-2002. The authors conclude that all the
glaciers are moving much faster than their 1995 rates, and that wide-embayment glaciers (e.g.,
Hektoria-Green-Evans) have had a series of accelerations and partial decelerations. 

This is  a very good observational  study – well  presented,  well  referenced,  and well  written.  It
deserves to be published. There are really no major weaknesses here. However, interpretation of the
results is somewhat cursory. I assume that with this manuscript out, future papers will be able to
use the data presented here to understand the system and explain it, or model it, better. 

REPLY: We thank the reviewer for his comments and suggestions, below you find our response to
the  review.  We hope  this  and the  adjustments  in  the  text  clarify the  manuscript.  The  velocity
products generated during this study will be made available soon for the wider scientific community
through our project website at: http://glacapi.enveo.at/

COMMENT: The statement on 6278 L13-L18 is significant, but not supported, not that I can see –
If there is truly evidence of summer seasonal acceleration, it should be highlighted with a clearer
figure, and if a case can be made for sea ice backstress, it should be shown, or the statement should
be retracted. This potential for seasonal variability has been talked about quite a bit. It would be
plausible because of the similarity in climate to areas of the Greenland coast.  There has been
speculation about either summer melt percolation or fast ice back-stress, but no clear evidence that
I’m aware of. If you have it, that would be a nice addition to the paper.

REPLY: Based on the comment we checked again the velocity time series. The velocity variations
for the glaciers in the study area are clearly dominated by multi-annual trends triggered by ice shelf
disintegration  of  the  northern  and  central  sections  of  Larsen-B,  respectively  the  weakening  of
SCAR Inlet ice shelf. Based on a time series of 22 TerraSAR-X image pairs we observe a signal of
seasonal  acceleration  by several  per  cent  on  Crane  and Jorum glaciers,  but  not  in  every year.
Compared to the longer-trend this signal is rather modest. We revised the text accordingly.

COMMENT: The data for Flask, Leppard, Starbuck, and the Scar Inlet shelf area is interesting,
and clearly shows a system in slow-motion transition, adjusting to the loss of the main Larsen B
backstress. The development of sharper shear margins, and the tension cracks on the eastern side of
Scar Inlet, suggest that no further change in climate or ocean conditions may be needed for this
area to rapidly calve away the current shelf and initiate the same kind of rapid acceleration and
thinning seen for, e.g.,  Crane and Jorum post-2002. This should be stated more broadly in the
conclusions (the current statement is one sentence).

REPLY:  Thanks for pointing out the interest in the observations of the SCAR Inlet area and the
suggestions. We strengthened these issues in the discussion and conclusion sections.

http://glacapi.enveo.at/


COMMENT: Error bars should be shown for the different missions, especially for Figures 6 and 7,
where they would be more obvious (and some note on Figure 3 that they are comparable or smaller
than the line thickness). Rather than clutter up these nice clear graphics, I think a set of example
errors for the different velocity mappings, next to the color / mapping legends, would be adequate.

REPLY:The error bars have been added to the figures.

COMMENT:  Similarly, Table 2 shows clearly that errors are large enough that reporting mass
flux to 0.001 Gt/a is unnecessary, and in fact nearest 0.1 to 0.05 Gt/a is all that is justified.

REPLY: We agree, Tables 2 & 3 are adjusted in the revised manuscript.

COMMENT: I would like to see a figure similar to Fig 3 and Fig 6 showing Mapple, Pequod, and
Melville Glaciers, and perhaps Punchbowl and Starbuck. I’m quite surprised at the rather large
velocity increase reported for MMP. Elevation decrease was relatively minor for these glaciers in
the 2000’s.

REPLY:  The velocities and the mass turnover of these glaciers are rather small. Acceleration is
confined to the lowest few kilometres of the terminus. This explains why the increase of ice export
and the resulting mass deficit after ice shelf collapse have been rather small. We provided additional
details on the velocities of these glaciers in the text, and updated figure 3 with additional velocity
profiles for Punchbowl and Melville.  The acceleration was highest  at  Melville  Glacier  whereas
Starbuck Glacier did not accelerate (see velocities in Fig. 7).

COMMENT: Have a look at compilations of the marine bathymetry published in Lavoie et al (The
Cryosphere  Discussions,  discussion  closed)  – this  may help  extend the kinds  of  observations  /
speculations made regarding Crane Glacier to others in this study.

REPLY: Thanks for this suggestion. The information in this publication on the location of troughs
in the Larsen B embayment supports our conclusion on small mass turnover of MMP and Starbuck
glaciers (no deep troughs) versus deep troughs in front for Crane, HG, and centre of Scar inlet IS
(downstream of Flask and Leppard glaciers). 

COMMENT:  6272 L17 – change to . . . their discharge was 38% and 45% respectively, higher
than in 1995. 

REPLY: Changed

COMMENT: 6279 L8 – change ‘since’ to ‘for’ — for an American or British ear, at least. 

REPLY: Changed

COMMENT: 6287 L9-10 ‘intermitted is awkward to a U.S. ear (eye). 

REPLY: Changed to “alternated with”



Interactive comment on “Evolution of surface velocities and ice discharge of Larsen B outlet 
glaciers from 1995 to 2013” by J. Wuite et al.

Response to Anonymous Referee #2

COMMENT: This study presents a very thorough and probably the most careful and complete 
analysis of variations in ice discharge of outlet glaciers into the former and remnant parts of the 
Larsen B ice shelf so far. Based on satellite measurements of ice dynamics over various time 
periods and measurements or estimations of ice thickness at flux gates it is a significant and 
important addition to previous studies which have been primarily or solely based on change in 
surface elevation. Elevation change methods provide information of total ice mass change, whereas 
the budget (or input/output) method like the one presented allows much better insight into 
underlying processes. Although the information on surface mass balance in this area is very limited,
I see the outcome of this observational study as an important contribution for a better understanding
of changes in ice dynamics during and post ice shelf collapse. The results are clearly summarized 
and presented in the tables and are likely to find uptake in future studies. The paper is well 
structured and written. I have three major comments, and several minor comments about the 
analysis, description of methods, wording, and figures, but recommend full publication once this is 
considered.

REPLY: We thank the reviewer for his/her comments and suggestions, below you find our response
to the review. We hope this and the adjustments in the text clarify the manuscript. The velocity
products generated during this study will be made available soon for the wider scientific community
through our project website at: http://glacapi.enveo.at/

COMMENT: Major comments: 1/ Baseline for the surface velocity fields are one day repeat pass 
interferograms in 1995 and 1999. There are meanwhile quite a few examples and theoretical studies
that velocities over such short repeat pass intervals are not representative for mean velocities. E.g. 
Marsh et al. (2013) report that tides produce horizontal velocity variations of > 50% around the 
mean velocity near the grounding line at the Beardmore Glacier, which are still around 5% about 15
km upstream. However, daily fluctuations rapidly smooth out over time. It seems that the authors 
did either ignore or did not observe such fluctuations at the Larsen B ice shelf. In any case it needs 
either to be mentioned (that such fluctuations are ruled out) or at least taken into account in larger 
errors bars for the ice discharge in 1995 and 1999. The comment on p 6279 (line 25-27) is 
insufficient, as it is about the uncertainties related to vertical tidal displacements in the 
interferograms rather than horizontal velocity fluctuations. This could be mentioned in various 
places, like in section 3.1/3.2, the discussion, or in the introduction.

REPLY: Regarding the 1995 to 1999 velocities on the Larsen-B Ice Shelf and its tributary glaciers,
comprehensive work has been performed before at Univ. of Innsbruck, reported in the Ph. D. thesis
of W. Rack (Rack, 2000) and other publications (Rack et al., 2000; Rack and Rott, 2004). Therefore
emphasis of this paper is on ice flow behaviour of glaciers after Larsen B collapse. The question of
possible temporal variations of velocities is certainly important. Therefore we checked again the

http://glacapi.enveo.at/


surface motions at the flux gates, using the following ERS interferograms, acquired from the same
view direction (descending orbit) with excellent signal (high coherence): 15/16 Oct. 1995, 31 Oct/1
Nov 1995, 9/10 Nov 1999. The agreement of the motion related fringes in these interferograms at
the flux gates is remarkable, in spite of the fact that the tidal deformation further downstream, at the
transition  zone  between  the  ice  shelf  and  glaciers,  is  quite  different  on  the  three  dates.  The
maximum difference in velocity between the 3 dates at any of the gates is < 5%. On the other hand,
the Larsen B Ice Shelf has been subject to gradual acceleration during the pre-collapse period, with
the acceleration increasing towards the front of the ice shelf (see references above, cited also in the
manuscript). The InSAR observations indicate stable conditions of the outlet glaciers, at least until
1999. It should be mentioned that the gates for retrieving the 1995-1999 ice fluxes correspond to the
2008/09 flux gates, and therefore were located in 1995-1999 several kilometres inland of the upper
limit of the tidal deformation zone. We explained this now in the text.

Besides, we observe good agreement between GPS velocity measurements at two stations of British
Antarctic Survey on Flask Glacier, 12 km and 16 km above the grounding, and our velocity analysis
with TerraSAR-X. Velocities of 0.95 m/d, respectively 0.71 m/d, were measured by GPS at the two
stations over an annual interval (9 Nov 2009 to 5 Nov 2010). The TerraSAR-X velocities at these
stations, derived from an image pairspanning 2 July to 13 July 2010, are 0.91 m/d and 0.71 m/d.
Because of the different time periods the GPS data  cannot be used for direct  validation of the
satellite measurements. However, this agreement is another indication for rather stable velocities, as
observed by TerraSAR-X during the 2009 to 2013 time period on Flask Glacier.

The retrieval of 2D velocities on grounded ice uses points on ice free surfaces near the glacier
margins as reference for zero velocity. On floating ice points without horizontal motion are used, so
that the observed reference signal corresponds to the tidal displacement. In our analysis for Larsen-
B ice motion the reference points are located at the margins of the Seal Nunataks and at several
points in small coves along the ice shelf margin of Jason Peninsula. The agreement of the tidal
deformation at  these points confirms that  the vertical  displacement is  representative for the ice
shelf. Uncertainty in tidal deformation plays mainly a role in the velocity retrievals from 1-day
repeat pass ERS InSAR data. With the estimated uncertainty in tidal deformation at the reference
points  of  0.5  fringes  (corresponding  to  3.6  cm  projected  onto  a  horizontal  surface)  and  an
uncertainty of 0.2 fringes for a velocity point, the resulting total uncertainty for ERS InSAR derived
horizontal motion is 3.9 cm. For grounded ice the estimated uncertainties are 0.2 fringes for the
reference points and 0.2 fringes for the velocity point, resulting in total uncertainty of horizontal
displacement of 2.0 cm. 

COMMENT: 2/ As the authors describe, there has been a significant change in surface topography 
post ice shelf disintegration, and the DEM used in the interferometric analysis is therefore not 
representative. What is the introduced error in the InSAR analysis?

REPLY:The geocoding of the 2D velocity vector (retrieved in radar geometry) is performed for
each displacement value independently. We use the 100 m Digital Elevation Model derived from the
ASTER GDEM and available through the NSIDC database (Cook et al, 2012a), which is the most
detailed available DEM for the total study area. This DEM is compiled from ASTER scenes from a



range of dates between 2000 and 2009 which are unspecified in the final product (Cook et  al,
2012b). Part of this period is pre-collapse and part is post-collapse. In general absolute errors in the
DEM lead to very small errors in velocity. In order to estimate the impact of a change in surface
slope we estimate the introduced error for a hypothetical test case with 100 m surface lowering over
15 km, which is comparable to the amount of surface lowering observed on the lower terminus of
large outlet glaciers. Even in this case the induced error in velocity is well below 1%.

Cook, A. J., T. Murray, A. Luckman, D. G. Vaughan, and N. E. Barrand.: A new 100-m digital
elevation  model  of  the  Antarctic  Peninsula  derived  from  ASTER  Global  DEM:  Methods  and
accuracy assessment, Earth System Science Data Discussions, 5 (1), 365–403, doi:10.5194/essdd-
5-365-2012, 2012a.

Cook, A. J., T. Murray, A. Luckman, D. G. Vaughan, and N. E. Barrand.: A new 100-m digital
elevation  model  of  the  Antarctic  Peninsula  derived  from  ASTER  Global  DEM:  Methods  and
accuracy assessment, Earth Syst. Sci. Data, 4, 129-142, doi:10.5194/essd-4-129-2012, 2012b.

COMMENT:  3/  It  would be good to show the velocity differences as a figure (the difference
between Figure 2 left and right) to illustrate how far upglacier velocity acceleration was detected.

REPLY: We have added a third panel to Figure 2 showing the increase in velocities between the
two epochs in percent. The figure illustrates the extent of the velocity changes due to the collapse.
We also added extra info to the text.

COMMENT:  Minor comments: 6272, Abstract, SCAR Inlet: I suggest capital letters for SCAR
(often neglected in the literature, but it is an acronym for the Scientific Committee for Antarctic
research, it has nothing to do with a scar) like in the heading for 3.2, but be consistent throughout
the manuscript.

REPLY:  All occurrences have been capitalized in the updated manuscript.

COMMENT: Change wording in last sentence, use e.g.: In 2013 their discharge was 38% (Flask 
Gl.) and 45 % (Leppard Gl.) higher than in 1995.

REPLY: Sentence is adjusted

COMMENT: 6272, 26: remove ‘calving’

REPLY: Deleted



COMMENT: 6273, 4/5: change wording, maybe: . . . and its interaction with grounded ice.

REPLY: Sentence is adjusted

COMMENT: 6: ‘Larsen Ice Shelf’ as it is a geographic name change to capital letters throughout 
the manuscript.

REPLY: All occurrences have been capitalized in the updated manuscript.

COMMENT: 18: wording. Maybe change to: “. . . tributary glaciers continued at almost the same 
rate over the period. . .”

REPLY: Sentence is adjusted

COMMENT: 21: use past tense in ‘inferred’.

REPLY: Changed

COMMENT: 6274, 14: . . ., defined by the ASTER. . .

REPLY: Changed

COMMENT: 16/17: . . .vectors are provided in South polar stereographic . . .

REPLY: We prefer to keep it Antarctic polar stereographic projection

COMMENT: 6275, 5: . . .from the velocity vectors . . .

REPLY: Changed

COMMENT: 17/18: . . .with a typical accuracy of 0.1 fringes . . .

REPLY: Changed

COMMENT: 19: For a one day . . .

REPLY: Changed



COMMENT: 22: . . . uncertainty for the retrieval of the displacement is in the order . . .

REPLY: Changed

COMMENT: 6276, 3 (equation (1)): instead of an integral I suggest using a summation sign (with
i=0,N) and discrete step size with (greek) delta y, as the authors were summing up a finite number
of pixels across the flux gate.

REPLY: Changed

COMMENT: 8-10: based on Paterson (1994), what are the assumptions made to come up with the 
value 0.95?

REPLY:

We use parameters specified by Hulbe et al. (2008) for estimating the sliding velocity of outlet
glaciers to Larsen-B. The laminar flow approximation for ice deformation is applied, with flow-law
exponent n = 3and the rate factor A = 2.0 ×10− 24 Pa− 3 s− 1. The deformation velocity is computed by:

and   ,

Where  is the surface slope. The value of the shape factor f (depending on glacier width and
depth) is derived for a parabolic cross section according to Patterson (1994), Table 11.3. The results
show moderate values of deformation velocities for all of the glaciers. The resulting umean - values
for the glaciers with accurately know cross sections are: Starbuck: umean = 0.95 usurf; Flask (1995,
1999): umean = 0.95 usurf; Flask (2009): umean = 0.96 usurf; Crane (1995, 1999): umean = 0.96 usurf. For
flux computations we use for Crane (1995, 1999) umean = 0.96 usurf, for the other glaciers umean = 0.95
usurf. For gates at calving fronts we assume full sliding.

Reference: Hulbe, C.L., Scambos, T.A., Youngberg, T., and Lamb A.K.: Patterns of glacier response
to disintegration of the Larsen B ice shelf, Antarctic Peninsula, Global Planet. Change, 63, 1–8,
2008.

COMMENT: 24: clarify if the 5% uncertainty is for the satellite measured surface velocity or the 
vertically averaged ice velocity. It is probably OK for the measured velocity, but because of 
additional assumptions likely too conservative for Um in equation (1).

REPLY:

See reply to comment 8-10 above. According to these results the uncertainty in deriving umean from
usurf is  quite  small.  The  total  error  for  the  flux  estimates  is  dominated  by the  assumptions  on
uncertainty of the cross sections (for which we are using conservative estimates of uncertainty).



COMMENT: 6277, 21 (wording): . . .break up of increasingly large areas. . .

REPLY: Changed

COMMENT: 6277 (27-28)-6278 (1-2): I do not see the connection between the mass turnover and 
sensitivity; the cited reference (Rott et al., 2011) is also unclear about this and inadequate. If this is 
true, why do the authors assume that the mass turnover of e.g. Mapple Glacier is different to e.g. 
Punchbowl Gl.? The catchment basins look very similar in size and distance from the plateau (Fig. 
1).

REPLY: Specific surface mass balance and mass turnover of Mapple Glacier, Punchbowl Glacier,
Starbuck Glacier are similar, as indicated by slow velocities at the frontal flux gates, and reduced
surface accumulation compared to the glaciers originating at the main ice divide (discussed in the
paper).  The name of Punchbowl Glacier slipped in by mistake into p6278, line 7 and does not
correspond to the glaciers with large mass turnover (Crane, Jorum, HG). Thanks for pointing this
out. Corrected now.

COMMENT: 6278, 3-12: why is e.g. Punchbowl so different to Mapple Gl. ? See also previous 
comment.

REPLY: See reply to 6277 (27-28)-6278 (1-2).

COMMENT: 13-23: in this paragraph any observations of daily variations are missing, see also 
major comments.

REPLY:Further info is provided now. See response to Reviewer No. 1.

COMMENT: 6279, 27: I agree to exclude the velocities at the grounding line, but also for other 
additional reasons; see also major comments;

REPLY: Ok

COMMENT: 6280, 24: Because of the retreat. . .

REPLY: Changed



COMMENT: 6281, 8: . . . inland of the ice front. . .

REPLY: Changed

COMMENT: 10: Change ‘For June. . .’ to e.g. ‘Based on the June 2007 analysis . . .’. This sentence
is not correct, as the flux is given for a whole year.

REPLY: Changed

COMMENT: 23: . . . difference compared to 1995.

REPLY:Changed

COMMENT: 6282, 1-3: Is the value of 0.78 Gt a-1 for both glaciers? Change wording (see also 
comment in the abstract for the usage of ‘respectively’).

REPLY: Changed to: “In 1995 and 1999 the velocities in the centreare 1.31md-1 (478 m a-1) and
1.36 m d-1 (496 m a-1) respectively, resulting in an ice discharge of approximately 0.78 Gt a-1 for
both years.”

COMMENT: line 26 to 6283, 1-2: how far upglacier and how fast (implied by ‘moving upward’)
was the acceleration detected? This could be nicely evaluated and illustrated by a figure showing
the difference in velocities. See also major comments. Reword the sentences; e.g. ‘. . .caused flow
acceleration moving upstream. Our analysis of new velocity data also shows that . . .‘

REPLY: See response to major comment 3. Rewording done.

COMMENT: 9: ‘. . . for six periods between . . .’

REPLY: Changed

COMMENT: 15: ‘. . . the ratio between driving stress and lateral shear. . .’

REPLY: Changed

COMMENT: 6285, 15-19: Reword and shorten this sentence. It is especially unclear what is meant
by ‘. . . shear zones vs. slowly moving ice. . .’.

REPLY: “vs. slowly moving ice” deleted



COMMENT: Figures: Figure 1: change ‘coastline’ to ‘ice edge’ or ‘ice front’

REPLY: Changed to ‘ice front’

COMMENT: Figure 3: increase font size

REPLY: The font size is increased

COMMENT: Figure 4: use different color (preferably white) for flux gate lines;

REPLY: Changed to white

COMMENT: Figure 5: What are the yellow arrows? Increase font size. Yellow sections of ICESat

track hardly visible.

REPLY: Figure adjusted

COMMENT: Figure 6: move arrow up too the curve, increase font size;

REPLY: Figure adjusted

COMMENT: Figure 7: increase font size;

REPLY: Font increased 

COMMENT: References:Marsh, O.J., W. Rack, D. Floricioiu, N.R. Golledge, and W. Lawson. 
(2013). Tidally induced velocity variations of the Beardmore Glacier, Antarctica, and their 
representation in satellite measurements of ice velocity. The Cryosphere 7: 1375-1384. 
doi:10.5194/tc-7-1375-2013.

See response to main comment 1
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Abstract 16 

 17 

We use repeat-pass SAR data to produce detailed maps of surface motion covering the glaciers 18 

draining into the former Larsen B ice shelfLarsen B Ice Shelf, Antarctic Peninsula, for different 19 

epochs between 1995 and 2013. We combine the velocity maps with estimates of ice thickness to 20 

analyze fluctuations of ice discharge. The collapse of the central and northern sections of the ice 21 

shelf in 2002 led to a near-immediate acceleration of tributary glaciers as well as of the remnant ice 22 

shelf in ScarSCAR Inlet. Velocities of most of the glaciers discharging directly into the ocean 23 

remain to date well above the velocities of the pre-collapse period. The response of individual 24 

glaciers differs and velocities show significant temporal fluctuations, implying major variations in 25 

ice discharge and mass balance as well. Due to reduced velocity and ice thickness the ice discharge 26 

of Crane Glacier decreased from 5.02 Gt a
-1

 in 2007 to 1.72 Gt a
-1

 in 2013, whereas Hektoria and 27 

Green glaciers continue to show large temporal fluctuations in response to successive stages of 28 

frontal retreat. The velocity on ScarSCAR Inlet ice shelf increased two- to three fold since 1995, 29 

with the largest increase in the first years after the break-up of the main section of Larsen B. Flask 30 

and Leppard glaciers, the largest tributaries to ScarSCAR Inlet ice shelf, accelerated. In 2013 their 31 

discharge was 38 %%, respectively and 46% respectively, higher than in 1995. 32 

  33 
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1. Introduction 34 

Atmospheric warming and changes in ocean conditions during the past decades led to wide-spread 35 

retreat of ice shelves around the Antarctic Peninsula (API) (Cook and Vaughan, 2010). Progressive 36 

retreat culminated in the final disintegration of the Larsen A ice shelf in January 1995 and of the 37 

northern and central sections of the Larsen B ice shelfLarsen B Ice Shelf in March 2002 (Rott et al., 38 

1996; Rack and Rott, 2004; Glasser and Scambos, 2008). The glaciers flowing from the Antarctic 39 

Peninsula plateau, previously feeding the ice shelves, became tidewater calving glaciers. Most of 40 

these glaciers and accelerated significantly, resulting in increased ice discharge (Rott et al., 2002; 41 

De Angelis and Skvarca, 2003; Rignot et al., 2004; Scambos et al., 2004). The response of these 42 

glaciers to ice-shelf disintegration is of particular interest not only for quantifying the contributions 43 

of API outlet glaciers to sea level rise, but also for studying processes of ice shelf retreat and its 44 

interactions with grounded ice masses (Vieli and Payne, 2005; Hulbe et al., 2008). 45 

Investigations on retreat and acceleration of glaciers in the Larsen ice shelfLarsen Ice Shelf region 46 

so far focused mainly on the Larsen B embayment. Rignot et al. (2004) and Scambos et al. (2004) 47 

reported on acceleration of main glaciers draining into the Larsen B embayment, based on analysis 48 

of satellite images. Rott et al. (2011) derived velocities of nine Larsen B glaciers in pre-collapse 49 

state and in 2008 and 2009 from high-resolution radar images, and estimated calving fluxes and 50 

mass balance. Estimates of the mass balance of Larsen B glaciers in recent years have been derived 51 

from changes in surface topography. Shuman et al. (2011) and Scambos et al. (2011) tracked 52 

elevation changes over the period 2001 to 2009 using optical stereo imagery and laser altimetry of 53 

ICESat and of the airborne ATM sensor. Shuman et al. (2011) reported a combined mass loss of -8.4 54 

Gt a
-1

 for these glaciers for the period 2001 to 2006, excluding ice lost by frontal retreat. Berthier et 55 

al. (2012) explained that the mass loss of former Larsen B tributary glaciers continued at almost the 56 

same rate was going on unabated over the period 2002 to 2011, reporting a mass loss rate of -9.04 57 

Gt a
-1

 for the period 2006 to 2010/2011. Scambos et al. (2014) used satellite laser altimetry and 58 

satellite stereo-imagery to map ice elevation change and inferredinfer  mass changes for 33 glacier 59 

basins of the northern API over the time span 2001-2010. They report a mass balance of -7.9 Gt a
-1

 60 

for the tributaries to the Larsen B embayment and -1.4 Gt a
-1

 for the tributaries to the remnant ice 61 

shelf in ScarSCAR Inlet. 62 

These reports provided estimates of mass depletion for the Larsen B tributaries integrated over 63 

multi-year periods. Here we present new analysis of satellite data showing the spatial and temporal 64 

variability in velocities over the whole Larsen B area dating back to 1995. We have included new 65 

satellite data not used in any previous studies so far, and have also reprocessed satellite radar 66 
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images to generate fully consistent and comparable data sets on surface velocities. Our work 67 

includes both recent acquisitions by high resolution radar sensors as well as archived data, some of 68 

which have not been exploited until now. Velocity data and estimates of ice thickness are used to 69 

derive ice discharge at different epochs, showing significant temporal variability as well. The data 70 

sets provide a comprehensive basis for studying the dynamic response of the ice masses to the 71 

disintegration of Larsen B, including the glaciers that are draining now directly into the ocean as 72 

well as the remnant ice shelf in ScarSCAR Inlet and its tributary glaciers. 73 

 74 

2. Data and Methodsmethods 75 

We derived maps of ice flow velocities from repeat-pass Synthetic Aperture Radar (SAR) data of 76 

the satellite missions ERS-1, ERS-2, Envisat, TerraSAR-X (TSX), and ALOS, applying either offset 77 

tracking or SAR interferometry (InSAR). The source data were obtained from the archives at the 78 

European Space Agency (ESA) and the German Aerospace Center (DLR). We retrieved two-79 

dimensional surface displacement in radar geometry which we projected onto the surface, defined 80 

by the ASTER based Antarctic Peninsula DEM (API-DEM) of Cook et al. (2012), in order to 81 

produce maps of surface velocities. The resulting maps of the surface velocity vector are provided 82 

in Antarctic polar stereographic projection resampled to a 50 m grid. The DEM is compiled from 83 

ASTER scenes from a range of dates between 2000 and 2009 which are unspecified in the final 84 

product (Cook et al, 2012). During this period various glaciers have been subject to major 85 

drawdown. The sensitivity analysis on the impact of possible DEM errors shows that even in 86 

extreme cases of surface lowering the induced error in geocoded velocity is below 1%. 87 

The spatial resolution of the SAR images along the flight track and in radar line-of sight (LOS) 88 

rranges from 1.23.3 m x 3.31.2 m for TSX and to 5.6 m x 9.6 m for the Advanced Synthetic 89 

Aperture Radar (ASAR) of Envisat. The time span of the repeat pass image pairs ranges from one 90 

day for ERS-1/ERS-2 tandem images to 46 days for ALOS Phased Array L-band SAR (PALSAR) 91 

images. Because of temporal decorrelation of the phase of the backscatter signal the interferometric 92 

(InSAR) method could only be applied for ERS-1/ERS-2 tandem images, available for on several 93 

dates of the years 1995 to 1999. InSAR data of a single swath provides the surface displacement in 94 

LOS. We combined image pairs of ascending and descending orbits image pairs to derive 2-D 95 

velocity fields for the period late 1995 to early 1996, based on two different LOS directions from 96 

crossing orbits. Being well before the collapse of the Larsen B ice shelfLarsen B Ice Shelf, this 97 

period is of particular importance as reference for studying the impact of ice shelf disintegration on 98 

tributary glaciers. For 1999 ERS SAR data were available only from single view direction. 99 

Assuming unaltered flow direction since 1995/1996, we derived velocity maps in November 1999, 100 
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using the argument from the velocity maps vectors of crossing orbits. 101 

For retrieving maps of ice motion from the TSX SAR, Envisat ASAR and ALOS PALSAR we 102 

apply the offset tracking technique which is based on cross-correlation of templates in SAR 103 

amplitude images. Offset tracking delivers along track and LOS velocity components from a single 104 

image pair. It is less sensitive to displacement than InSAR, but this drawback is (at least partly) 105 

compensated by the longer time span between the repeat pass images (Rott, 2009). We used 106 

templates of 64 x 64 and 96 x 96 pixels size and applied sampling steps of 10 pixels for generating 107 

velocity maps. TSX images are our main data sources for velocity maps between 2007 and 2013, 108 

complemented by occasionally available ALOS PALSAR data. Envisat ASAR data are the basis of 109 

for velocity maps for 2003 to 2006 on large glaciers and on the ScarSCAR Inlet ice shelf. 110 

The uncertainty of retrieved velocities differs between the sensors. The ERS InSAR motion maps 111 

are based on InSAR pairs of good coherence., with typical accuracy of 0.1 fringes One fringe  112 

(phase cycle of 2 ), corresponds to 7.2 cm ing to 4 mm in LOS and 10 mm projected onto the a 113 

horizontal surface. Assuming an uncertainty of 0.2 fringes for a point on the moving glacier surface 114 

and 0.2 for the zero velocity reference points on ice free surfaces, for ERS InSAR theFor a one day 115 

repeat pass this corresponds to ±0.01 m d
-1

 
 
uncertainty in surface velocity of grounded ice is 0.02 116 

m d
-1

. On floating ice control points without horizontal motion are used as reference, so that the 117 

observed signal corresponds to the tidal displacement. The phase differences between individual 118 

reference points, located around the Seal Nunataks and in inlets along Jason Peninsula, are less than 119 

0.5 fringes. Assuming an uncertainty of 0.2 fringes for the moving ice shelf and of 0.5 fringes for 120 

the reference points, the uncertainty in horizontal velocity of floating ice is 0.04 m d
-1

. 121 

For offset tracking the accuracy depends on the pixel size, the time interval, and the quality of 122 

features in order to obtain good correlation peaks. We excluded areas of low correlation, so that the 123 

uncertainty for the retrieval of displacement is ion the order of 0.2 to 0.3 pixels. The resulting 124 

uncertainties in the magnitude of surface motion are ±0.05 m d
-1

 for TSX SAR, ±0.08 m d
-1

 for 125 

ALOS PALSAR and ±0.15 m d
-1

 for Envisat ASAR.  126 

The mass flux across a gate of width Y [m] near the calving front or grounding line is computed 127 

according to: 128 

  






Yy

y

miceY dyyHyuF
0

)(sin)(         (1) 129 

Where ice is the density of ice, um is the vertically averaged horizontal velocity,  is the angle 130 

between the velocity vector and the gate, and H is the ice thickness, and  is the section width. We 131 

use a column-averaged ice density of 900 kg m
-3

 to convert ice volume into mass. The surface 132 
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velocity,us, is obtained from satellite data. For calving glaciers full sliding is assumed across calving 133 

fronts, so that um corresponds to the surface velocity, us, obtained from satellite data. For glaciers 134 

discharging into the ice shelf we estimate the ice deformation at the flux gates applying the laminar 135 

flow approximation (Paterson, 1994) using a rate factor as derived by Hulbe et al. (2008) for outlet 136 

glaciers to Larsen-B. The results show moderate values of deformation velocities. For Crane 137 

Glacier the resulting vertically averaged velocity (pre-collapse) is um = 0.96 us, for other glaciers um 138 

= 0.95 us. assume um = 0.95 us. This is based on an estimate for ice deformation in the lower section 139 

of main outlet glaciers applying the laminar flow approximation (Paterson, 1994). 140 

Ice thickness at the flux gates is obtained from various sources. For Flask and Starbuck glaciers 141 

radar sounding data are available (Farinotti et al., 2013; 2014). For Crane Glacier the cross section 142 

of the calving gate is deduced from bathymetric data (Zgur et al., 2007; Rott et al. 2011). For 143 

Leppard Glacier ice thickness data of Huss and Farinotti (2014) are used. For calving fluxes of 144 

Crane, Hektoria and Green glaciers the ice thickness in the centre of the flux gate is estimated from 145 

surface height above sea level assuming flotation. The central sections of these glacier fronts have 146 

been floating at least since 2007. The surface elevation near the calving front is obtained from laser 147 

ranging data of ICESat and the Airborne Thematic Mapper (ATM) (Shuman et al., 2011; Krabill 148 

and Thomas, 2013; 2014) and in 2011 and 2013 also from digital elevation data of TanDEM-X 149 

(Krieger et al., 2013). For uncertainty estimates of mass fluxes through the gates we assume ±10 % 150 

error of the cross section area for Starbuck, Flask and Crane glaciers, and ±20 % for Hektoria, 151 

Green, Jorum and Leppard glaciers. For velocity across the gate we assume ±5 % uncertainty. 152 

 153 

3. Evolution of glacier velocities 154 

3.1 Velocities and frontal retreat of glaciers draining into Larsen B embayment 155 

The location of the glacier basins is shown in Fig. 1, and the areas of the basins for the region 156 

upstream of the 1995 grounding line and of the 2012 glacier fronts are specified in Table 1. The 157 

basin outlines inland were provided by A. Cook based on the ASTER derived Antarctic Peninsula 158 

DEM (API-DEM) (Cook et al., 2012). The positions of the grounding lines in 1995 are from the 159 

ERS InSAR analysis of Rack (2000). The update of glacier fronts and areas in 2012 is based on a 160 

Landsat image of 12 January 2012. Before 2002 all glaciers between the Seal Nunataks and Jason 161 

Peninsula drained into Larsen B ice shelfLarsen B Ice Shelf. Since its collapse, in March 2002, they 162 

drain into a wide bay and in the remnant part of the ice shelf in ScarSCAR Inlet. The area of the 163 

Larsen B tributary glaciers decreased by 270 km
2
 since 1995. The 2012 area refers to the ice front 164 

rather than the grounding line, so that the total loss in grounded ice extent is slightly higher because 165 
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frontal sections of some glaciers are floating. 166 

The largest glaciers north of ScarSCAR Inlet, where the ice shelf disappeared in 2002, are Hektoria-167 

Green-Evans (HGE) and Crane glaciers. Before the ice shelf breakup the frontal zone of HGE 168 

glaciers was formed by the confluence of the three glaciers, stretching across a wide bay. Following 169 

the ice shelf collapse, these frontal regions of HGE retreated quickly (Rack and Rott, 2004; 170 

Scambos et al., 2004), suggesting that they were lightly grounded and sensitive to changes in ice-171 

shelf buttressing. The ice shelf collapse resulted in the progressive breakup of increasingly large 172 

larger and larger areas of grounded ice concomitant with acceleration of ice flow and dynamic 173 

thinning, amounting to a total retreat of 174 km
2
 by January 2012. On Crane Glacier the loss of 174 

grounded ice has been smaller (35 km
2
) because the terminus is confined in a narrow fjord. Jorum 175 

Glacier lost 24 km
2
 in grounded ice, and Punchbowl Glacier 12 km

2
, and

 
Melville Glacier 4.1 km

2
. 176 

The frontal positions of Mapple and Pequod glaciers have been stationary., while Melville Glacier 177 

lost 4.1 km
2
 in area. The frontal velocity of these three glaciers increased between 1999 and 2008 178 

by a factor of 1.8, 2.0 and 2.8 respectively,but the mass turnover is rather modest so that these 179 

glaciers have been less affected by the ice shelf breakup (Rott et al., 2011). 180 

An overview map of surface velocities for the Larsen B region is shown in Fig. 2a for the year 1995 181 

based on ERS InSAR data,. As already reported by Rott et al. (2011), the 1995 velocities of outlet 182 

glaciers to Larsen-B agree within a few percent with the velocities retrieved from 1999 InSAR data. 183 

There is no indication for a significant temporal trend in velocity on any of the glaciers. The 184 

velocities, derived from InSAR data on various dates in 1995 and 1999 differ by less than 5 % at 185 

any of the flux gates. and in Varying tidal deformation along the ice shelf margins, observed in the 186 

different interferograms, did not affect the ice motion at these flux gates which are located several 187 

kilometres inland of the 1995 - 1999 grounding zone. 188 

 Fig. 2b as is a composite of several velocity  maps from TSX and ALOS PALSAR offset tracking 189 

analysis of the years 2008 to 2012.  As the figures show, a major flow acceleration is observed for 190 

HGE, Jorum, Punchbowl, and Crane glaciers. Flask and Leppard glaciers in ScarSCAR Inlet also 191 

accelerated, but at a lower rate. In order to investigate the temporal evolution of velocities we 192 

extracted profiles along the central flow line of the main glaciers: Hektoria, Green, Jorum, and 193 

Crane, Punchbowl and Melville glaciers, now terminating with calving fronts (Fig. 3), and Flask 194 

and Leppard which are still confined by the remnant part of Larsen B Iice Sshelf. The location of 195 

the profiles is charted in Fig. 1. The map of velocity changes (Fig. 2c) and the longitudinal profiles 196 

show that the flow acceleration extends far upstream on the large glaciers, whereas on the smaller 197 

glaciers the acceleration has been modest and confined to the lower part of the tongues. 198 

The velocity of Hektoria and Green glaciers is presently still much higher than in 1995, but has 199 
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been subject to strong variations since 2002 associated with glacier thinning and frontal retreat. The 200 

velocity profiles (Fig. 3) show periods of acceleration followed by gradual deceleration. 201 

Superimposed on this general trend there is a smaller annual variation in velocities with higher 202 

velocities in summer. These annual variations in flow may possibly be related to changes in sea ice 203 

cover and associated buttressing. In 2008 Hektoria and Green glaciers still had a common terminal 204 

section, but the lower terminus was already heavily fractured (Fig. 4). In 2009 a major section along 205 

the front broke away leading to another rise in velocities. In November 2009 the frontal velocity of 206 

Hektoria and Green glaciers was about twice the velocity at the same point in October 2008. The 207 

high velocities persisted until March 2012, after which significant slow-down and an interim 208 

advance of the floating tongues was observed in 2013.  209 

Ice flow and calving fluxes of Crane and Jorum glaciers have been investigated by Rott et al. (2011) 210 

based on ERS InSAR data of 1995 and 1999 and TerraSAR-X data of several dates between 211 

October 2008 and November 2009. During 2008/09 the velocity was comparatively stable on both 212 

glaciers (Rott et al., 2011). Our analysis of the extended TSX data set shows a strong deceleration 213 

since 2007. The velocity in the centre of the flux gate 1 km upstream of the 2008 glacier front 214 

decreased from 6.8 m d
-1

 in June 2007 to 5.2 m d
-1

 in November 2008 and October 2009, and to 2.9 215 

m d
-1

 in November 2013. Between 2003 and 2007 the strong acceleration of Crane Glacier caused 216 

dynamic thinning and subsidence on the order of 150 m on the lower terminus (Scambos et al., 217 

2011). In spite of continued thinning, although with reduced rate, the position of the glacier front 218 

has been rather stable since 2006. The shape of the glacier bedrock in form of a deep canyon, 219 

inferred from bathymetric data, indicates that the central part of the lower terminus has been 220 

ungrounded since for several years (Rott et al., 2011). This suggests that lateral drag plays a key 221 

role in maintaining the frontal position since 2006. Also the velocity of the Jorum Glacier terminus 222 

is still higher than before ice shelf collapse. As on Crane Glacier, the velocity decreased since 2007, 223 

but at smaller percentage. 224 

The velocities of the glaciers that are originating east of the main ice divide are small, and the flow 225 

acceleration has been modest. On Punchbowl Glacier the velocity at the central flow line near the 226 

calving gate increased from 0.20 m d
-1

 in 1995 to 0.50 m d
-1

 in 2008 to 2012, on Melville Glacier 227 

form 0.25 m d
-1

 in 1995 to 0.40 m d
-1

 in 2008 and 0.70 m d
-1

 in 2012 (Fig. 3). Whereas Punchbowl 228 

and Melville Glaciers have been subject to frontal retreat, the frontal positions of Mapple and 229 

Pequod glaciers have been stable. This is reflected in the observed velocities near the front. On both 230 

glaciers a temporary acceleration is observed in 2007: on Pequod Glacier from 0.29 m d
-1

 in 1995 to 231 

0.40 m d
-1

 in 2007; on Mapple Glacier from 0.16 m d
-1

 in 1995 to 0.21 m d
-1

 in 2007. During the 232 

period 2008 to 2012 the velocities returned to the pre-collapse values.  233 
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The velocity variations of the outlet glaciers are clearly dominated by multi-annual trends triggered 234 

by ice shelf disintegration. On some of the glaciers seasonal variations in velocity by a few per cent 235 

are observed, but not in every year. Compared to the long term trend this signal is not significant. 236 

3.2 Velocities of SCAR Inlet ice shelf and tributary glaciers 237 

The area of the ice shelf in ScarSCAR Inlet decreased from 3463 km
2
 on 18 March 2002 (Rack and 238 

Rott, 2004) to 1870 km
2
in January 2012. The velocities on the ice shelf section which is nourished 239 

by Flask and Leppard glaciers increased two- to three-fold since 1995/1999. This section is 240 

separated by distinct shear zones from the ice shelf sections along Jason Peninsula and the section 241 

downstream of Starbuck and Stubb glaciers (Fig. 5). Major rifts are apparent on the ice shelf in the 242 

ASAR image of 28 January 2004, indicating that the disintegration of the central and northernmain 243 

sections of Larsen B ice shelfLarsen B Ice Shelf affected the stability of the remnant ice shelf 244 

section in ScarSCAR Inlet rather soon. In June 2004 the velocities along the central flowlines 245 

downstream of Flask and Leppard glaciers had already doubled compared to the pre-collapse values 246 

(Fig. 6), another indication that the Larsen B disintegration event had a rather immediate impact on 247 

the stress field of ScarSCAR Inlet ice shelf. In the profiles of 1995 and 1999, based on one-day 248 

InSAR repeat pass data, we exclude the tidal deformation zone because of ambiguity between 249 

horizontal motion and vertical displacement. 250 

In spite of still being backed up by an ice shelf, both Flask and Leppard glaciers accelerated since 251 

1995/1999 (Fig. 6). Between 1995 and 1999 there are no apparent differences in velocity. On Flask 252 

Glacier the mean velocity in 2009 to 2013 at the flux gate, 6 km above the grounding line, is  253 

3841 % higher than the velocity in 1995/1999. On Leppard Glacier the velocity at the flux gate, 4 254 

km above the grounding line, increased by 45 %. The signal of acceleration between the two 255 

periods extends more than 30 km up-glacier, with the velocity change decreasing with distance from 256 

the grounding zone. The acceleration of the glaciers is in line with substantial acceleration of 257 

ScarSCAR Inlet ice shelf since 2002. The main speed-up happened before 2009. Between 258 

September 2009 and July 2013 the velocities have been rather stable. The smaller Rachel, Starbuck 259 

and Stubb glaciers do not show any significant change in velocities since 1995. 260 

 261 

4. Temporal variations of ice discharge 262 

Estimates of ice discharge of Crane, Jorum, Hektoria, and Green glaciers in different years are 263 

presented in Table 2. The estimated discharge of Hektoria and Green glaciers for 1995 amounts to 264 

1.19 Gta
-1

 using the same gate near the 2008 front as Rott et al. (2011) (Fig. 4). By February/March 265 

2004, two years after the collapse, the maximum velocity at this gate was 5.1 m d
-1

 (1862 m a
-1

), 266 
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five times higher than in 1995. A transect on Hektoria Glacier, acquired by the NASA ATM  in2004 267 

(Krabill and Thomas, 2013), allows for an estimate of an ice thickness of 406 m under the 268 

assumption of flotation, resulting in a flux of 4.74 Gt a
-1

. The estimate for 2008 by Rott et al. (2011) 269 

amounts to 2.88 Gt a
-1

. At that time the two glaciers still formed a single calving front. The 270 

maximum velocity at the front was 4.23 m d
-1 

(1545 m a
-1

) and the maximum ice thickness of at the 271 

(floating) calving gate, inferred from an ICESat profile, is estimated at 268 m. Because of the 272 

retreat of the terminus by 4 km between 2008 and 2011, the gates, used here  for the 2010 and 2013 273 

fluxes, are shifted inland (Fig. 4). A transect of surface elevation on Hektoria Glacier was measured 274 

in 2011 by the ATM during the IceBridge campaign. The freeboard at the gate is 55 m, resulting in a 275 

maximum ice thickness of 450 m assuming freely floating ice. The corresponding numbers for the 276 

calving fluxes, with November 2010 velocities, are 1.67 Gt a
-1

for Hektoria Glacier and 1.99 Gt a
-

277 

1
for Green Glacier, adding up to 3.66 Gt a

-1
 which is 27 % higher than the flux in 2008. By July 278 

2013 the combined flux decreased to 3.05 Gt a
-1

. This illustrates the impact of velocity variations on 279 

calving fluxes, resulting in major fluctuations of glacier net mass balance within a few years.  280 

For computing the ice flux for Crane Glacier, the same flux gate 1 km inland of the ice front 281 

location in 2008 and 2009 is used as by Rott et al. (2011) (Fig. 4). Because of slow down of ice 282 

flow (Fig. 3) and reduction in ice thickness, the calving flux of Crane Glacier decreased 283 

significantly during recent years. Based on the June 2007 analysis For June 2007 the flux across the 284 

gate is estimated at 5.02 Gt a
-1

, 4.4 times higher than the pre collapse calving flux of 1.15 Gt a
-1

. 285 

Until November 2013 it decreases to 1.72 Gt a
-1

, one third of the 2007 flux. 286 

In 1995 the combined mass flux of Jorum Glacier across the 2008 calving gates of the two glacier 287 

branches amounted to 0.35 Gt a
-1

 (Rott et al., 2011). In For 2008 the elevation data from an ICESat 288 

transect close to the gates were used to estimate the maximum ice thickness. For estimating the ice 289 

thickness in 2012 we use surface elevation data of the TanDEM-X satellite mission, which show 290 

surface lowering by a few metres since 2008. The estimated calving flux for the two branches of 291 

Jorum Glacier decreased from 0.61 Gt a
-1 

in 2008 to 0.45 Gt a
-1

 in 2013. 292 

For Starbuck, Flask and Leppard glaciers data on ice thickness are available from ice sounding 293 

measurements and ice flow modelling (Farinotti et al., 2013; 2014; Huss and Farinotti, 2014). On 294 

Starbuck Glacier the TSX ice motion data of 2009 and 2011 do not reveal any significant difference 295 

versus compared to 1995 (Fig. 7). Therefore the discharge has likely not changed significantly 296 

either. The flux through the cross section near the grounding line, with maximum velocity of 0.34 m 297 

d
-1

 (124 m a
-1

), yields a flux ofis estimated at 0.67 Gt a
-1

 (Table 3). The ice on Flask and Leppard 298 

glaciers is thicker and velocities are higher. For Flask Glacier the mass flux is derived for a gate 299 

along a transverse profile 4 km above the grounding line (Fig. 7). This corresponds to the position 300 
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of radio echo sounding profile 1, acquired by the BAS Polarimetric Airborne Survey Instrument in 301 

November 2011 (Farinotti et al., 2013). In the centre of the profile the ice thickness is 690 m. In 302 

1995 and 1999 the velocities in the centre are 1.31 m d
-1

 (478 m a
-1

) and, respectively 1.36 m d
-1

 303 

(496 m a
-1

) respectively, the resulting in an ice discharge of across the gates is approximately 0.78 304 

Gt a
-1

 for both yearsand 0.80 Gt a
-1

 for the two years. On Flask Glacier the Vvelocities in 2009 to 305 

2013 range from 1.76 m d
-1 

(642 m a
-1

) to 1.93 m d
-1

 (704 m a
-1

), and the ice discharge ranges from 306 

1.08 Gt a
-1

 to 1.23 Gt a
-1

, without a clear temporal trend. The discharge increased between 38 36 % 307 

and 57 56 % compared to 1995 and 1999. On Leppard Glacier the centre line velocity at the gate 308 

near the grounding line has increased from 1.00 m d
-1 

(365 m a
-1

) in 1995 to 1.44 m d
-1 

(526 m a
-1

) 309 

in 2009 and 1.48 m d
-1 

(541 m a
-1

) in 2013. The flux increased from 1.22 Gt a
-1 

in 1995 to 1.74 Gt a
-

310 

1
 in 2011 and 1.78 Gt a

-1 
in 2013, an increase of 43 % and 46 %, respectively. As for Flask Glacier, 311 

there is no significant difference between 2009 and 2013. 312 

The flow acceleration and increased ice discharge results in dynamic thinning which is confirmed 313 

by ICESat laser altimeter measurements. For analysis of elevation change we selected dates with 314 

closely spaced ICESat repeat tracks: track 129 of 1 June 2004 and 27 November 2008 shifted by 31 315 

m on Leppard Glacier and 28 m on Flask Glacier; track 390 of 18 June 2004 and 19 March 2008 316 

shifted by 71 m on Leppard Glacier. We corrected for the shift by taking into account the surface 317 

slope derived from the API-DEM. For track No. 129, crossing Flask Glacier 0.5 km downstream 318 

and Leppard Glacier 5 km upstream of the Flux flux gate, we obtain a mean annual rate of surface 319 

elevation change of -1.93 m a
-1

 on Leppard Glacier and of ---2.22 m a
-1

 on Flask Glacier. For track 320 

No. 390 we obtain for a profile across Leppard Glacier 13 km upstream of the flux gate a mean 321 

annual rate of elevation change of -1.71 m a
-1

.  322 

 323 

5. Discussion 324 

In line with previous studies, our data shows a drastic increase in flow velocities of major tributary 325 

ies  glaciers following the collapse of Larsen B ice shelfLarsen B Ice Shelf in early 2002. Reduced 326 

backstress and frontal retreat caused the signal of flow acceleration that moved propagated up-327 

glacier. Beyond that, our analysis of new velocity data shows that some of the glaciers slowed down 328 

significantly during recent years. Strong acceleration and increase of calving flux is observed for 329 

HGE glaciers and Crane Glacier, downstream of which the seafloor map shows deep troughs 330 

(Lavoie et al., 2015). 331 

Scambos et al. (2004) present data of ice motion in 2001, 2002, and 2003 along selected points of 332 

the central flow-lines of the glaciers Crane, Jorum, Hektoria, and Green, derived by feature tracking 333 
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in Landsat images. They report for a point near the Hektoria Glacier front a velocity increase from 1 334 

m d
-1

 in 2001 to 5 m d
-1

 in early 2003. Rignot et al. (2004) derived velocities up to 6 m d
-1

 in 2003 335 

near the front of Hektoria Glacier from Radarsat images which agrees with our analysis of ASAR 336 

data of December 2003. Scambos et al. (2011) derived velocities for six periods dates between April 337 

2002 and December 2009 for a point 6 km upstream of the Crane Glacier front, showing a 338 

maximum velocity of 5.3 m d
-1

 in January 2006, similar to the value of 5.5 m d
-1

 we derived for this 339 

point from TSX data of June 2007. 340 

Subsequently, our analysis shows significant deceleration for Crane Glacier since mid-2007, yet 341 

over this time period the position of the ice front has remained comparatively stable. This 342 

suggestsPossibly this is due to a reduction  that in the ratio between  driving stress andversus lateral 343 

shear due to traction at the valley walls decreased, in accordance with decreasing surface slope on 344 

the lower glacier terminus. Targeted ice-flow modelling is required to further address this issue. 345 

From June 2007 to November 2013 the calving flux of Crane Glacier decreased from 5.02 Gt a
-1

 to 346 

1.72 Gt a
-1

. Under the assumption that the pre-collapse flux corresponds to the balance flux (Rott et 347 

al., 2011), the resulting rate of mass loss decreased from 3.87 Gt a
-1

 to 0.57 Gt a
-1

. Based on 348 

differencing of DEMs from optical stereo imagery in combination with ICESat data, Scambos et al. 349 

(2014) et al. report for HG glaciers a mean loss rate of 2.24 Gt a
-1

 for the period March 2003 to 350 

November 2008. This is 42 % lower than our estimate for June 2007 and 35% higher that our 351 

estimate for 2008/09. These large temporal variations emphasize the importance of using common 352 

epochs when comparing glacier contributions to sea level rise obtained by different methods. 353 

Whereas on Crane Glacier a period of major flow acceleration during the first five years after ice 354 

shelf disintegration was followed by a steady gradual decrease in velocity, the flow behaviour of 355 

Hektoria and Green glaciers has been more variable. Periods with increased flow velocities and 356 

frontal retreat alternated with periods of comparatively stable front positions or short-term advance. 357 

ASTER and ICESat data show substantial elevation losses on lower Green Glacier amounting to 358 

about 100 m during the time span November 2001 to late 2008 (Shuman et al., 2011). Scambos et 359 

al. (2014) report a mean loss rate of 3.84 Gt a
-1

 for the period March 2003 to November 2008 out of 360 

which 0.53 Gt a
-1

 are attributed to the loss of ice mass above floating for the retreating glacier area. 361 

Our estimate of the calving flux across the 2008/09 gate, located about 4 km inland of the 2004 ice 362 

front, yields 4.74 Gt a
-1

 for March 2004 and 2.88 Gt a
-1

 for 2008/09. With the estimated balance flux 363 

of 1.19 Gt a
-1

 (Rott et al., 2011), the resulting net balance for the glacier area above the 2008/09 364 

gate amounts to -3.55 Gt a
-1

 based on velocities of March 2004. For 2008 the estimated net balance 365 

is -1.69 Gt a
-1

. The loss rate increased in 2010/2011, and decreased in 2013, with the discharge in 366 

Table 3 referring to gates shifted inland because of frontal retreat. 367 
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The different patterns of frontal retreat and flow behaviour depend on glacier geometry, glacier size, 368 

topography of the glacier bed, and mass turnover. Hektoria, Green and Evans glaciers, forming a 369 

joined terminus in a wide bay in 2002, have been particularly vulnerable to stress perturbation after 370 

ice shelf collapse as evident from the frontal retreat. Successive phases of transition from weakly 371 

grounded to floating ice due to flow acceleration and thinning, associated with major calving 372 

events, have been maintaining high rates of mass depletion for HGE glaciers to date. Crane and 373 

Jorum glaciers, terminating in deep and narrow fjords, have been subject to acceleration and major 374 

mass depletion during the first five years after ice shelf collapse, but slowed down afterwards. 375 

Similar behaviour after retreat into narrow fjords is observed for Sjögren-Boydell glaciers in Prince-376 

Gustav-Channel and for Dinsmoor-Bombardier-Edgeworth glaciers in the Larsen A embayment 377 

(Rott et al., 2014). The ratio of longitudinal stress to lateral shear stress is critical for glacier motion 378 

in narrow valleys (Hulbe et al. 2008). Decreasing ice thickness and surface slope affect driving 379 

stresses and causeing deceleration in flow. However, considering the ongoing thinning of the 380 

terminus and the resulting decrease of lateral shear stress, it can be concluded that Crane and Jorum 381 

glaciers will still be subject to major retreat before reaching a new equilibrium state further inland. 382 

The two main glaciers draining into ScarSCAR Inlet ice shelf, Flask and Leppard glaciers, have 383 

also been affected by flow acceleration in recent years. GPS measurements at stakes on Larsen B 384 

located 50 km downstream of these glaciers showed flow acceleration on in the order of 10 % 385 

between 1994 and 1999 (Rack, 2000). This indicates that also the southern sections of Larsen B ice 386 

shelfLarsen B Ice Shelf had weakened mechanically previous to the disintegration event in 2002, as 387 

reported for the northern and central sections (Rack et al., 2000; Rack and Rott, 2004). Our analysis 388 

of substantial flow acceleration and development of rifts, evident in satellite data of 2004, imply 389 

implies that the break-up had a near immediate impact on the stress field of ScarSCAR Inletthe ice 390 

shelf. Fricker and Padman (2012) report for two crossover points on ScarSCAR Inlet ice shelf 391 

relatively constant elevation change of -0.19 m a
-1

 during 1992 to 2008. Our analysis on of the 392 

temporal evolution of ice shelf flow points outsuggests that changes in the rheology and stress field 393 

might not have been continuous during this period. The mMain speed-up on ScarSCAR Inlet ice 394 

shelf occurred during the first two years after the disintegration of the northern and central sections 395 

of Larsen B, whereas changes later on were more gradual. According toGiven the spatial pattern of 396 

acceleration, with main speed-up in the ice shelf section nourished by outflow region downstream 397 

of Flask and Leppard glaciers, increased further weakening has to be expected  for the ice inalong  398 

the  shear zonesmargins of this section versus slowly moving ice, and alsoas well as for the ice 399 

immediately downstream of the grounding zone. Numerical models of Larsen B ice shelfLarsen B 400 

Ice Shelf in pre-collapse state show a band of weak ice along the shear zone that separates the 401 
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outflow of Leppard Glacier from the slowly moving ice along Jason Peninsula (Rack et al., 2000; 402 

Vieli et al., 2006). The differential acceleration of flow and the formation of additional rifts, which 403 

are evident in ASAR images and TSX images over the years 2004 tosince 20142004, indicate that 404 

ice in this zone has is further weakened weakeningsince 2002. 405 

Whereas the ice at the flux gates of Leppard and Flask glaciers accelerated from 1995 to 2009 by 406 

44% and 38%, respectively, the velocity of Starbuck Glacier has been stable. This can on one hand 407 

be attributed to the bedrock topography, on the other hand to the rather modest mass turnover. The 408 

lower terminus of Starbuck Glacier is firmly grounded, with a broad sub-glacial ridge in the area of 409 

the grounding zone (Farinotti et al., 2014). Under the assumption of mass balance equilibrium, 410 

supported by the observed steady ice motion since 1995, a specific surface mass balance bn = 230 411 

kg m
-2

 is inferred from the ice flux across the grounding line. 412 

The stable velocity in 1995 and 1999 suggests that Flask Glacier has been close to equilibrium state 413 

in those years. Thus, assuming equilibrium condition, the 1995 mass flux of 0.78 Gt a
-1

 across the 414 

flux gate results in bn = 779 kg m
-2

, 3.4 times higher than the specific mass balance on Starbuck 415 

Glacier. The large difference in bn can be explained by the strong west-east decrease of 416 

accumulation (Turner et al., 2002). Flask Glacier flows down from the main ice divide of the 417 

peninsula, whereas the upper boundary of Starbuck Glacier is located originates on a small ice 418 

plateau 25 km to the east, separated  offrom the main divide with by the deep trough of theCrane 419 

Glaciertongue in between. 420 

Flask and Leppard glaciers have responded to the changing stress conditions on the ice shelf in front 421 

by acceleration. The bedrock of Flask and Leppard glaciers ascends towards the grounding zone 422 

from depressions several kilometres upstream (Farinotti et al., 2013; Huss and Farinotti, 2014). The 423 

elevation height of the glacier surface above the bedrock suggests that the glaciers are still firmly 424 

grounded above the transectswhich we use for retrieving the mass fluxesat the flux gates. 425 

Consequently, changes in the force balance of the grounding zone probably played a main role for 426 

initializing flow acceleration. 427 

Scambos et al. (2014) report rates of mass change of +0.12 Gt a
-1

 for Flask Glacier and -1.31 Gt a
-1

 428 

for Leppard Glacier, based on differencing of optical stereo DEMs from November 2001 to 429 

November 2006 and ICESat data from 2003 to 2008. Our analysis over recent years does not show 430 

a contrasting behaviour for the two glaciers. Under assumption that the 1995 fluxes correspond to 431 

the balance fluxes, we obtain for different dates between 2009 to 2013 mass change rates of -0.30 432 

Gt a
-1

 to -0.44 Gt a
-1

 for Flask Glacier and -0.52 Gt a
-1 

to -0.56 Gt a
-1

 for Leppard Glacier. 433 

 434 

6. Conclusions 435 



15 

 

The collapse of the main section of Larsen B ice shelfLarsen B Ice Shelf in March 2002 triggered a 436 

near immediate response of its most tributary glaciers with increased velocities for most glaciers 437 

maintained until the presentto date. Acceleration of ice flow is also observed on the remnant part of 438 

the ice shelf in ScarSCAR Inlet as well as onand its major main tributaries. Later on theThe 439 

behaviour of the individual glaciers varies, and velocities show significant fluctuations over time. 440 

Whereas, after an initial speed up, the velocity of both Crane and Jorum glaciers decreased slowed 441 

down significantly since mid-2007, the Hektoria and Green glaciers continue to show widespread 442 

fluctuations in velocity and periods of major frontal retreat intermitted alternateding by with more 443 

stable stationary positions or short term frontal advance. This These different differences in the 444 

response can partly be explained byare related to glacier geometry and the geographic 445 

settingbedrock features. Crane and Jorum glaciers retreated into deep and narrow fjords while 446 

Hektoria and Green glaciers still calve into a wide bay. Temporal fluctuations of flow velocity are a 447 

main factor for fluctuations in Iice discharge, being primarily a function of ice velocity and 448 

thickness, shows a similar fluctuating pattern over time as velocities, emphasizing the importance of 449 

using common epochs for reconciling glacier mass balance estimates derived by different methods 450 

(Shepherd et al., 2012). 451 

Because of the combined effect of reduced velocityslow down and decrease in ice thickness, the ice 452 

discharge of Crane and Jorum glaciersGlacier decreased by 66 % between 2007 and 2013 and of 453 

Jorum Glacier by 26 %. Both glaciers are expected to retreat further inland before reaching a new 454 

equilibrium in spite of slow-down, concluding from ongoing thinning and the increase of floating 455 

ice area. Hektoria and Green glaciers maintained variable and but consistently high rates of mass 456 

depletion in recent years, as the calving front alternates alternated between floating and weakly 457 

grounded phases. 458 

The  iIncrease of flow velocity on ScarSCAR Inlet ice shelf and its larger tributaries started soon 459 

after the 2002 Larsen B collapse event, but changes have been discontinuous with most of the 460 

increase in the first years followed by comparatively small variations in velocity since 2009reduced 461 

acceleration rates. On the smaller tributaries changes have been more modest or absent. The ice 462 

flowvelocity on the ice shelf section downstream of Flask and Leppard glaciers, the largest 463 

tributaries, increased two- to three fold since 1995/1999. The  and the velocity at the flux gates near 464 

of these glaciersthe hinge line of Flask and Leppard Glaciers, its largest tributaries, increased  until 465 

2009 by 36 37 % and 44%, respectively, with minor fluctuations in velocity in later years. This 466 

suggests that the SCAR Inlet ice shelf and its main tributary glaciers may have temporarily adjusted 467 

to the loss of the backstress from the main Larsen B ice shelf. However, considering the sustained 468 

high flow velocities and the enhanced formation and extension of cracks along the shear margins of 469 
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the central ice shelf section, this state will not be long-lasting. These are clear signs for flow 470 

instability that will very likely lead to a complete disintegration of SCAR Inlet Ice Shelf in the near 471 

future.The fast flowing sections nourished by Flask and Leppardglaciers are separated from the 472 

stagnant sections of the ice shelf by distinct shear zones. The enhanced development and widening 473 

of rifts andthe sustained high velocities are clear signs of ongoing gradual breakup that if continued 474 

will lead to a complete disintegration of ScarSCAR Inlet in the near future.  475 
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Tables 592 

Table 1. Area of glacier basins (in km
2
) shown in Fig. 1 above the October 1995 grounding line and 593 

updated for glacier fronts on 12 January 2012, and change of glacier area 1995 to 2012. NC – no 594 

significant change of front position or grounding line. The areas of glacier basins include rock 595 

outcrops and mountain slopes.  596 

Nr. Glacier 
Area [km

2
] 

10/1995 

Area [km
2
] 

01/2012 

Area 

1995-2012 

1 Hektoria Glacier Headland 118.13 100.64 -17.49 

2 HGE 1588.97 1415.05 -173.92 

3 Evans Glacier Headland 124.38 119.49 -4.89 

4 Punchbowl 129.56 117.82 -11.74 

5 Jorum 484.09 460.36 -23.73 

6 Crane 1354.29 1319.74 -34.55 

7 Mapple 154.97 155.43 +0.46 

8 Melville 295.26 291.18 -4.08 

9 Pequod 151.06 150.64 -0.42 

10 Rachel 51.27 51.27 NC 

11 Starbuck 300.69 300.69 NC 

12 Stubb 109.92 109.92 NC 

13 Flask 1144.84 1144.84 NC 

14 Leppard 1877.08 1877.08 NC 

Sum 7884.51 7614.15 -270.36 

 597 

  598 
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Table 2. Drainage area above the flux gate, velocities at the centre of the flux gate (Vc), discharge 599 

across the flux gates, and difference of discharge versus 1995; for glaciers draining into Larsen B 600 

embayment. * From Rott et al. (2011). 601 

 602 

Glacier Gate Area km
2
 Date 

YYYY-MM 

Vc 

(m a
-1

) 

Discharge  

(Gt a
-1

) 

1995-Date 2 

(Gt a
-1

) 

Crane C1 1235 1995/99* 548 1.149 15 

±0.12813 

 

   2007-06 2464 5.018 02 

±0.561 

-3.86987 

   2008/09* 1882  2.919 92 

±0.32633 

-1.770 

   2010-04 1650 2.437 44 

±0.272 

-1.28829 

   2011-01 1329 2.209 21 

±0.24725 

-1.060 

   2012-08 1292 2.145 15 

±0.240 

-1.00-0.996 

   2013-11 1059 1.724 ±0.193 -0.57558 

Jorum J1 382 1995/99* 475 0.346 35 

±0.071 

 

   2008/09* 865 0.534 ±0.110 -0.18819 

   2012-04 759 0.388 39 

±0.080 

-0.042 

 J2 52 1995/99* 68 0.042 

±0.00902 

 

   2008/09* 146 0.082 

±0.01702 

-0.040 

   2012-04 153 0.064 ±0.013 -0.022 

Hektoria

-Green 

H1 & G1 1188 1995/99* 387 1.186 19 

±0.24625 

 

   2004-03 1862 4.741 

±0.97898 

-3.555 

   2008/09* 1545 2.878 88 

±0.593 

-1.692 

Hektoria H2 341 2010-11 822 1.670 ±0.344  

   2013-07 741 1.490 

±0.30731 

 

Green G2 618 2010-11 1278 1.993 ±0.411  

   2013-07 1095 1.56 0±0.313  

 603 

  604 
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Table 3 .Drainage area above the flux gate, velocities at the centre of the flux gate (Vc), discharge 605 

across the flux gates, and difference of discharge versus 1995; for glaciers draining into ScarSCAR 606 

Inlet ice shelf. 607 

 608 

Glacier Area 

km
2
 

Date  

YYYY-MM 

Vc 

 (m a
-1

) 

Discharge  

 (Gt a
-1

) 

1995-Date 2 

(Gt a
-1

) 

Starbuck 296 1995-10 124 0.067 07 

±0.00701 

 

  2009-09 125 0.069 07 

±0.00801 

 

  2011-01 124 0.06807 

±0.00801 

 

Flask  1003 1995-10 478 0.781 

±0.08709 

 

  1999-11 496 0. 78801 

±0.08709 

 

  2009-09 661 1.111 ±0.124 -0.330 

  2011-01 704 1.226 23 

±0.13714 

-0.44545 

  2012-02 690 1.154 

±0.12913 

-0.373 

  2013-07 642 1.076 08 

±0.120 

-0.29530 

Leppard 1822 1995-10 365 1.223 ±0.252  

  2009-10 526 1.739 74 

±0.35836 

-0.51652 

  2013-07 541 1.777 78 

±0.36637 

-0.5654 

 609 

 610 

  611 
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Figures 612 

 613 

 614 

Fig. 1. Overview map of glacier basins in the Larsen B region. Background: 2009 MODIS mosaic 615 

(Haran et al., 2014). Names and size of basins in Table 1. Glacier boundaries inland are based on 616 

the ASTER GDEM (courtesy A. Cook). Coastlines and grounding line derived from ERS-1 and 617 

Landsat images. SN - Seal Nunataks, SI - ScarSCAR Inlet, JP - Jason Peninsula. Red lines show 618 

location of velocity profiles in Figs. 3 and 6. 619 

 620 

 621 
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 622 

 623 

Fig. 2. Maps of glacier surface velocity in the Larsen B region. Left: based on ERS InSAR data of 624 

October/November 1995 (background RAMP mosaic; Jezek et al., 2013). Centre: Right: based on 625 

TSX and PALSAR offset tracking 2008 -– 2012. Right: Velocity increase 2008-2012 versus 1995. 626 

B(background LIMA mosaic (; Bindschadler et al., 2008). The dashed line shows the position of the 627 

1995 grounding line., fFront positions are from October 1995 (left) and January 2012 (center and 628 

right). 629 
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 630 

 631 

Fig. 3. Surface velocities along the central flow line of Hektoria, Green, Jorum, and Crane, 632 

Punchbowl and Melville glaciers and their frontal positions at different dates (month/year). Vertical 633 

lines show positions of calving front (cf). The vertical bars show uncertainties in velocity for 634 

TerraSAR-X (T, 2007 to 2013; PALSAR (P) Nov. 2009; ASAR (A) 2003, 2004; ERS ( E) 1995, 635 

1999. 636 
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 638 

 639 

 640 

Fig. 4. Section of TerraSAR-X amplitude images. Left and Center: HGE glaciers on 23 March 2008 641 

and 25 March 2012, with flux gates on Hektoria (H) and Green (G) glaciers and location of the 642 

glacier front on 24 December 2004 (dotted blue line) and 25 March 2012 (dotted green line). Right: 643 

TSX image of Crane (C ) and Jorum (J) glaciers on 22 April 2012 with flux gates. 644 
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  645 

 646 

Fig. 5. Envisat ASAR image of ScarSCAR Inlet ice shelf and tributary glaciers, 28 January 2004. 647 

Red lines show the flux gates for Flask (F), Leppard (L) and Starbuck (S) glaciers. The broken red 648 

lines delimit the outflow downstream of Flask and Leppard glaciers. The yellow sections of the 649 

ICESat tracks are used for deriving surface elevation change on Leppard and Flask glaciers. The 650 

arrows point to major rifts. 651 



29 

 

 652 

 653 

Fig. 6. Surface velocities along the central flowline of Flask (top left) and Leppard (bottom left) 654 

glaciers and downstream of these glaciers on ScarSCAR Inlet ice shelf (right, top and bottom). The 655 

arrow shows the location of the flux gate. Position of flowline profiles shown in Fig.1 and of flux 656 

gates in Fig. 5. The vertical bars show uncertainties in velocity for TerraSAR-X (T) 2007 to 2013; 657 

PALSAR (P) Nov. 2009; ASAR (A) 2003, 2004; ERS ( E) 1995, 1999. 658 
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  660 

 661 

Fig. 7. Ice thickness and surface velocity across the flux gate of Starbuck Glacier (top) and Flask 662 

Glacier (bottom). Ice thickness from Farinotti et al. (2013; 2014). 663 

 664 


	tc-2014-190-author_response-version1.pdf (p.1-10)
	tc-2014-190-manuscript-version2.pdf (p.11-40)

