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The substantial retreat or disintegration of numerous ice shelves has been observed on
the Antarctic Peninsula. The ice shelf in the Prince Gustav Channel has retreated gradually
since the late 1980s and broke up in 1995. Tributary glaciers reacted with speed-up,
surface lowering and increased ice discharge, consequently contributing to sea level
rise. We present a detailed long-term study (1993-2014) of the dynamic response of
Sjogren Inlet glaciers to the disintegration of the Prince Gustav Ice Shelf. We analyzed
various remote sensing datasets to identify the reactions of the glaciers to the loss of
the buttressing ice shelf. A strong increase in ice surface velocities was observed, with
maximum flow speeds reaching 2.82 4+ 0.48m d~' in 2007 and 1.50 + 0.32m d~
in 2004 at Sjogren and Boydell glaciers respectively. Subsequently, the flow velocities
decelerated, however in late 2014, we still measured approximately twice the values of
our first observations in 1996. The Sjégren Inlet glaciers retreated 61.7 + 3.1 km? behind
the former grounding line in 1996. For the glacier area below 1000 m a.s.l. and above
the 2014 grounding (399 km?), a mean surface lowering of —68 + 10m (—=3.1ma~ ')
was observed in the period 1993-2014. The lowering rate decreased to —2.2m a~ ' in
the period 2012-2014. Based on the surface lowering rates, geodetic mass balances
of the glaciers were derived for different time periods. A strongly negative mass change
rate of —1.16 & 0.38 Gt a~! was found for the area of all Sjdgren Inlet glaciers (including
the area above 1000 m a.s.l.) above the 2014 grounding line (559 km?) for the earliest
period (1993-2001). Due to the dynamic adjustments of the glaciers to the new boundary
conditions the rate changed to —0.54 + 0.13 Gt a~' in the period 2012-2014, resulting
in an average mass change rate of —0.84 + 0.18 Gt a—! (1993-2014) for the same
domain. Including the retreat of the ice front and grounding line, a total mass change of
—37.5+82Gt(—1.79 + 0.39 Gt a~ ') and a contribution to sea level rise of 20.9 + 5.2
Gt (—0.99 + 0.25 Gt a~ ') were computed for the period 1993-2014. Analysis of the ice
flux revealed that available bedrock elevation estimates at Sjogren Inlet are too shallow
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and are the major uncertainty in ice flux computations. This temporally dense time series
analysis of Sjégren Inlet glaciers shows that the adjustments of tributary glaciers to ice
shelf disintegration are still ongoing and provides detailed information of the changes in

glacier dynamics.

Keywords: Prince Gustav Channel, glacier mass balance, Antarctic Peninsula, sensitivity analysis, remote sensing,
glacier change, contribution to sea level rise

INTRODUCTION

On the northern Antarctic Peninsula substantial atmospheric
changes have taken place in recent decades. A considerable
increase in air temperature was reported, for example, by Skvarca
etal. (1998) and Turner et al. (2005). Morris and Vaughan (2003)
related the viability of ice shelves to the —9°C annual isotherm,
which shifted southward with changing climatic conditions.
Scambos et al. (2003) linked the instability and recession of ice
shelves to an increase in summer air temperatures and surface
melt. Shepherd et al. (2003) also reported previous thinning,
indicating substantial basalt melt. Numerous ice shelves (e.g.,
Larsen A/B, Larsen Inlet, Prince Gustav and Wordie) along the
Antarctic Peninsula have significantly retreated or disintegrated
since the late 1980s (Cook and Vaughan, 2010). Former ice shelf
tributary glaciers reacted with accelerated ice flow and surface
lowering to the loss of the buttressing ice shelf (e.g., Rott et al,,
2002, 2007; De Angelis and Skvarca, 2003; Rack and Rott, 2003,
2004; Rignot et al,, 2004; Wendt et al., 2010). Subsequently,
significant glacier surface lowering was observed by Berthier et al.
(2012) and Scambos et al. (2004) as a consequence of increased
ice discharge. Rott et al. (2011) and Wuite et al. (2015) quantified
the ice discharge of the Larsen B outlet glaciers using various
remote sensing data. Along the Nordenskjold Coast, Rott et al.
(2014) derived a mass change rate of —4.2 &+ 0.4 Gt a~! for
the period 2011-2013 from bi-temporal TanDEM-X data. Based
on photogrammetric digital elevation models (DEMs), a mass
change rate of —24.9 + 7.8 Gt a~! (2003-2008) for the northern
Antarctic Peninsula was found by Scambos et al. (2014). Ivins
et al. (2011) reported a current ice mass change rate of —41.5
+ 9 Gt a~! from analysis of GRACE time series and bedrock
uplift data. Shepherd et al. (2012) performed an integrated glacier
mass balance compilation of the Antarctic and Greenland ice
sheets based on modeling results and observation data. The
authors revealed a mass change rate of —20 4 14 Gt a~! (1992-
2011) at the Antarctic Peninsula. The regional estimates show
a significant mass loss at the Antarctic Peninsula, however, the
individual imbalance results vary strongly and have uncertainties
of up to 70%.

Seehaus et al. (2015) performed a detailed time series
analysis of various remote sensing datasets for the Dinsmoor-
Bombardier-Edgeworth glacier system. The authors compiled
the results in a comprehensive study of the effects of ice shelf
disintegration for former Larsen-A tributary glaciers in the
period 1993-2014. They identified major sources of uncertainties
in mass loss computations. Furthermore, significant temporal
variations of ice dynamics and mass loss were found, indicating
that bi-temporal data analysis only partly reveals the dynamic

response of tributary glaciers. The aim of this study is thus to
analyze the dynamic adjustments of the Sjogren Inlet glaciers
since the disintegration of the Prince Gustav Ice Shelf, as well as
to examine the temporal change in imbalance and to quantify the
ice mass loss for the whole study period 1993-2014.

STUDY SITE

The Prince Gustav Ice Shelf was the most northerly ice shelf
in Antarctica, covering an area of ~1600 km? in 1957 between
James Ross Island and the Antarctic Peninsula (Figures 1, 2B).
It retreated gradually and broke up in 1995 (Skvarca et al,
1995; Cooper, 1997; Ferrigno et al., 2006; Cook and Vaughan,
2010) with the subsequent retreat, thinning and acceleration of
former tributaries in the Rohss Bay on James Ross Island and
Sjogren Inlet on the Antarctic Peninsula (Rau et al., 2004; Glasser
et al,, 2011; Rott et al., 2014). In 1993, the Prince Gustav Ice
Shelf had retreated to the southern end of the mouth of Sjogren
Inlet (ERS-1 SAR image 16 February, 1993; and in Rott et al.,
1996 ERS-1 SAR image 26 August 1993). Subsequently, the ice
front of Sjogren Inlet receded rapidly inwards of the bay. The
retreat states between 1993 and 2014 are show in Figure 1. The
catchment of Sjogren Inlet covered an area of about 560 km? in
2014 and consists of five tidewater glaciers, where Sjogren and
Boydell glaciers dominate. The glacier catchment delineations
are taken from the Antarctic Digital Database ADD6.0 (Cook
et al., 2014) and the glaciers are named according to Davies et al.
(2012). The GAP11 and GAPI12 glaciers defined in Davies et al.
(2012) are merged in the ADD6.0 delineations to jointly form
the Sjogren Glacier. The same definition is used in this study.
The lower regions with gentle surface slopes are separated from
the Antarctic Peninsula plateau by escarpments and ice falls. A
strong west-east gradient in precipitation from the plateau to the
coastal regions is caused by strong westerly winds reaching over
the peninsula’s mountain range (van Wessem et al., 2015). The
study site is often affected by foehn-type wind situations (Orr
et al.,, 2004; Marshall et al., 2006; Cape et al., 2015), inducing
higher surface air temperatures and increased solar radiation
(due to cloud free conditions) compared to the west coast of the
peninsula. High surface melt and the formation of melt ponds at
lower elevations are linked to these events.

DATA AND METHODS

A broad multi-mission remote sensing database is used to study
the adjustments of the Sjogren Inlet glaciers forced by the
disintegration of the Prince Gustav Ice Shelf. The processing
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FIGURE 1 | Panels (A,B): Location of Sjogren Inlet on the Antarctic Peninsula and retreat states of the Prince Gustav Ice Shelf. Map base, Landsat LIMA
Mosaic © USGS and SCAR Antarctic Digital Database, version 6.0. Panel (C), Surface velocity field and glacier front variation of Sjégren Inlet glaciers. Surface
velocities were derived from TerraSAR-X/TanDEM-X acquisitions (December 11 and 22, 2012). Colored lines, Changes of glacier front position picked from SAR
intensity images. Black dashed-dotted line, Grounding line position in 1996 (Rignot et al., 2011). Blue triangles, Positions of surface velocity measurements. Black
polygons, Glacier catchments from SCAR Antarctic Digital Database, version 6.0. Background, Landsat 8 image (band 4) from August 30, 2014 © USGS (for

hypsometric curves of glacier catchments see Figure 3).
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and accuracy analysis are briefly described in the following.
Details of the work flow, error analysis and specification
of the sensors and datasets are provided in Seehaus et al.
(2015).

Flow Velocity and Glacier Extent

Surface velocity fields and glacier retreat are derived by means
of Synthetic Aperture Radar (SAR) image time series (1993-
2014). Intensity offset tracking (Strozzi et al., 2002) is applied
to consecutive image pairs to obtain displacement fields for the
respective observation intervals. The accuracies of the velocity
measurements are the sum of the uncertainties of the image
co-registration (measured on stable reference points like rock
outcrops) and the intensity offset tracking process (depending
on image resolution, time interval, and oversampling, according
to McNabb et al, 2012). Glacier fronts are manually mapped
on multilooked SAR intensity images. GAMMA Remote Sensing
software is used for processing the SAR data.

Surface Elevation Changes

The Sjogren Inlet glaciers are part of a “super test site” in the
TanDEM-X mission plan. Consequently, bi-static interferometric
SAR data have been regularly acquired by the TanDEM-X
satellites at the study site since 2011. We interferometrically

derived DEMs from the TanDEM-X Coregistered Single look
Slant range Complex datasets (DLR-IMF et al., 2012). In order
to reduce potential phase unwrapping errors a differential
interferometric approach is applied. The ASTER AP DEM (Cook
etal., 2012) is used as a reference DEM and in combination with
the TanDEM-X data a differential interferogram is computed.
Afterwards, the differential interferogram is filtered, phase
unwrapped and transferred into an absolute DEM by adding
the elevation from the reference DEM. Finally the TanDEM-X
DEM is geocoded and orthorectified. In combination with DEMs
(Table 1) from the “SPOT 5 stereoscopic survey of Polar Ice:
Reference Images and Topographies” (SPIRIT) project (Korona
et al., 2009) and Terra ASTER (Level 3 products processed by
NASA Land Processes Distributed Active Archive Center, LP
DAAC), changes in surface elevation are calculated by DEM
differencing. Artifacts in the stereoscopic DEMs, caused by for
example, sensor saturation, low image contrast or clouds, are
manually masked out. The ASTER DEM in 2001, the SPIRIT
DEM in 2006, and the TanDEM-X DEM:s are vertically adjusted
at sea level. Since stereoscopic DEMs are less reliable on water
surfaces and TanDEM-X data strongly de-correlates on water,
the sea ice covered area in Sjogren Inlet bay is used as a
reference area (mean standard deviation of the vertical offsets
on reference area is 2.02 m). The tidal changes of the sea level
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FIGURE 2 | Panel (A): Glacier surface elevation change between September 26, 2001 and December 22, 2014 at Sjogren Inlet. Pink dotted lines,
Pre-collapse trimline mapped on a Landsat 5 image from March 1, 1986. Green lines, Surface elevations profiles along Sjégren and Boydell glaciers (see Figure 5).
Blue lines, Flux gates at Sjégren and Boydell glaciers (cross sections see Figure 7). Orange polygons, Rock outcrops (stable ground) used to assess the accuracy of
the DEM referencing. Black polygons, Glacier catchments from SCAR Antarctic Digital Database, version 6.0. Dashed black polygons, Manually masked out artifacts
in ASTER DEM from September 26, 2001. Background, Landsat 8 image (band 4) from August 30, 2014 © USGS. Panel (B), Spatial extent of DEMs used and
coverage of stereoscopic DEMs by ICESat GLAS data (same color as the DEM extents for the respective dates) acquired at a time interval of 20 days relative to the

polygon, Sjégren Inlet catchment area.

DEM acquisition (date format: yyyy-mm-dd). Striped polygon, Areas below 1000 m a.s.l. Light blue polygon, Area of elevation change measurements (dh), Purple

derived from the Circum-Antarctic Tidal Simulations model
CATS2008a_opt (an updated version of the barotropic inverse
tide model described by Padman et al.,, 2002) reach up to 3.74m
at the study site. A tidal correction is therefore included in the
vertical DEM referencing. All other ASTER DEMs are vertically
referenced to ICESat Geoscience Laser Altimeter System data
(GLAO6 L1B Global Elevation Data Version 33, Zwally et al,
2012) acquired at a time interval of £20 days relative to the DEM
acquisition. Figure 2B shows the spatial extent of the DEMs used
and the ICESat coverage. The number of ICESat measurements
used for vertical referencing, the respective laser periods and
the measured vertical biases of all DEMs are listed in Table 1.
The obtained offsets of the TanDEM-X DEMs vary between
—35.44 and —11.84 m, due to different satellite orbit geometries
and phase unwrapping start location. After vertical referencing,
the vertical uncertainty of the DEMs is assessed on stable
rock outcrops (Figure 2, orange polygons). Pre-collapse surface
elevations are determined by mapping the former trimline on a
Landsat 5 image from March 1, 1986 and its elevation extracted
from the SPOT SPIRIT DEM in 2006. The stereoscopic DEMs are
less reliable in the accumulation areas on the Antarctic Peninsula
plateau, e.g., due to low image contrast and sensor saturation.
Moreover, the steep transition from the lower regions to the
plateau affects the processing of the TanDEM-X DEMs by causing
phase unwrapping errors (phase jumps). Consequently, analysis

TABLE 1 | Digital elevation models (DEMs) used to study surface elevation
changes.

Date Sensor n LP Ah [m] op [m]
2001-09-26 ASTER -2 - 9.61 -
2004-09-20 ASTER 25 8A -0.82 4.54
2004-10-22 ASTER 856 3A 1.79 5.16
2005-11-10 ASTER 501 3D 5.37 6.14
2006-01-07 SPOT a4 - 4.63 0.90
2006-10-28 ASTER 223 3G 6.12 0.15
2011-06-14 <—> TanDEM-X -2 - -3544 <—> —11.84 2.65°
2014-12-22

Date format, yyyy-mm-dd; n, number of ICESat measurements used for vertical
referencing; LR, ICESat Laser Operations Period; Ah, vertical DEM bias derived at sea
level (incl. tidal correction) or from ICESat data. oy, average vertical offset on rock outcrops
(Figure 2) relative to ASTER DEM in 2001.

areferenced to sea level,

bmean value of all 30 TanDEM-X DEMs.

of elevation change (dh) is limited to regions ranging from the
ice front position in 2014 up to the escarpments of the Antarctic
Peninsula plateau (0-1000 m a.s.l., Figure 2B, striped polygon).
Some TanDEM-X DEMs are affected by layover, shadowing
and foreshortening close to the steep bluffs. These areas are
masked out.
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Mass Balance

Geodetic mass balances, according to Fountain et al. (1997),
are derived from elevation change rate (dh/dt) measurements
integrated over the glacier area and multiplied by an average ice
density. In this study an average ice density of 900kg m~ is
applied. Thin firn layer and bare ice surfaces were observed at
lower elevations during field surveys. Firn compaction is thus
considered to be insignificant, as was also previously found by
Scambos et al. (2014). The mass balance calculations based on
elevation change observations are limited to regions upstream of
the glacier front position in 2014, which is assumed to correspond
to the grounding line (see Section Results—Surface Elevation
Change). The ice mass loss due to frontal retreat is computed
separately and discussed in Section Discussion—Mass Balance.
At the Antarctic Peninsula plateau, we applied an elevation
change rate of 0.34 & 0.15m a~! found by Scambos et al. (2014)
at regions above 1000 m a.s.L, since our measurements are limited
to areas below (see Section Data and Methods—Surface Elevation
Changes). In areas not covered by our dh/dt analysis, volume
change is derived by hypsometric interpolation at 50 m intervals
using the observed mean elevation change rates for each altitude
band. Figure 3 shows the hypsometric curves of Sjogren Inlet
glaciers based on the ASTER AP DEM. The geodetic mass balance
of all Sjogren Inlet glaciers combined and Sjégren and Boydell
glaciers separately are calculated for five periods (four successive
periods and the entire study period).

To evaluate the glacier mass balance and its temporal
changes, the imbalance ratio is calculated for different time
steps. According to Scambos et al. (2014), we calculated the
imbalance ratio (I) by dividing the geodetic mass balance by
the climatic mass balance (b;,,,; surface mass balance including
internal accumulation according to Cogley et al., 2011). It
indicates the level of imbalance of a glacier system. Climatic mass
balance is analyzed from the regional atmospheric climate model
RACMO2.3 at a horizontal resolution of 27 km (van Wessem
etal.,, 2014) and of 5.5 km (van Wessem et al., 2016). Both model
versions cover the period 1979-2014 and are forced at the lateral
boundaries by ERA-Interim reanalysis data (Dee et al., 2011).
The 27 km grid size model version covers the complete Antarctic
ice sheet, while the high resolution version only covers the
Antarctic Peninsula, leading to slight but insignificant differences
in the boundary forcing (van Wessem et al., 2016). The climatic
mass balance data is extracted for the individual catchments,
considering a weighting of partly covered model grid cells.

Ice Mass Flux

The ice mass fluxes of Sjogren and Boydell glaciers are computed
at the flux gates close to the estimated grounding line position
in 2014 (Figure 2 and Section Conclusions). Ice thickness at the
flux gates is calculated by utilizing the Huss and Farinotti (2014)
bedrock map of the Antarctic Peninsula and the TanDEM-X
DEM from December 22nd, 2014. The bedrock map is based on
ice dynamic modeling. Changes in ice thickness due to surface
lowering are considered in the ice flux computations. Surface
velocities and b, (from RACMO2.1, Lenaerts et al., 2012) were
used as input as well as various ice thickness measurements for
calibration and validation. The precision of the ice thickness at

the flux gates is estimated using the accuracy map of the bedrock
dataset.

RESULTS
Flow Velocity and Glacier Extent

Due to the continuous retreat of the Prince Gustav Ice Shelf,
the Sjogren Inlet was no longer buttressed by the ice shelf in
early 1993. Subsequently, the ice front retreated rapidly into the
Sjogren Inlet bay until it reached an almost stable position in
2007. The area change is calculated relative to the grounding
line position in 2006 from Rignot et al. (2011) (black dashed-
dotted line Figure 1). Its temporal course is plotted in Figure 4.
The maximum retreat of —61.7 & 3.1 km? is mapped on the
TanDEM-X SAR image from April 6, 2014, which correlates to
the loss of grounded ice (see Section Results—Surface Elevation
Changes).

The surface velocities of Sjogren and Boydell glaciers are
measured at the central flow line position close to the ice front
in 2014 (Figure 1, blue triangle). Within a radius of 200 m at
both locations, the median ice velocities are extracted from the
offset tracking results. Figure4 shows the temporal changes
(1995-2014) in surface velocities of both glaciers. The earliest
tracking results reveal 0.79 & 0.14m d~! for Sjogren Glacier
in February 1996 and 0.38 & 0.08m d~! for Boydell Glacier
in December 1995. Flow velocities of both glaciers increased
strongly afterwards, reaching the highest observed values of
2.82 & 0.48m d~! for Sjogren Glacier in December 2007 and
of 1.55 4+ 0.32m d~! for Boydell Glacier in November 2004.
Afterwards, the flow velocities decreased toward 1.44 4 0.03 and
0.97 + 0.07m d~! at Sjégren and Boydell glaciers in December
2014, respectively. In the austral summers 2002/03, 2004/05,
2006/07, 2007/08, 2010/11, 2011/12, and 2013/14 some short-
term speedups are detected at Sjogren Glacier, which mostly
correlate with fluctuations in the calving front position. Before
2002 and in austral summers 2003/04, 2005/06, 2008/09, 2009/10,
and 2012/13 the data density is insufficient to evaluate such short
term changes.

Surface Elevation Changes

Figure 2 shows the elevation differences between the ASTER
DEM in 2001 and the latest TanDEM-X DEM from December
22, 2014. The surface lowering amounts to more than 100 m
close to the calving front (2014) of Boydell Glacier and the
mean measured lowering of all Sjégren Inlet glaciers is —34.1 &
5.0 m during this period. We assume the recent grounding line
position of all Sjogren Inlet glaciers to be close to the glacier front.
No elevation change pattern is detected, which would indicate
a grounding line position more upstream of the glacier. This
assumption is supported by an observed increase in the slope
a few 100 m behind the calving front. Elevation profiles along
Sjogren and Boydell glaciers (Figure 2, green lines) are presented
in Figure 5.

Changes in surface elevation are calculated relative to the
earliest available cloudless stereoscopic ASTER acquisition on
September 26, 2001. The vertical offsets o}, of the DEMs relative
to the ASTER DEM in 2001, calculated on rock outcrops, are
listed in Table 1. DEMs are less reliable on steeper slopes (Toutin,

Frontiers in Earth Science | www.frontiersin.org

June 2016 | Volume 4 | Article 66


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

Seehaus et al.

Glacier Dynamics at Sjogren Inlet

Sjogren Inlet (all)

Sjoégren Glacier

Boydell Glacier

0 500 1000 1500 0 500

8 GAPOQ9 Glacier 2

Area [km?]
<

GAP10 Glacier 51

1000 1500 0 500 1000 1500

GAP14 Glacier

T T T T T T — T T
0 500 1000 1500 0 500

Altitude [m a.s.l]

scaling of the y-axes.

————r
1000
Altitude [m a.s.l]

FIGURE 3 | Hypsometric curves of Sjogren-Inlet glacier catchments based on the digital elevation model from Cook et al. (2012). Note the different
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2002), which are typical for rock outcrops and nunataks. We
thus used a maximum error of 5m for our elevation change
measurements, albeit the o, values of two ASTER DEMs are
slightly higher. An inaccuracy of 10 m is estimated only for dh
measurements derived from the DEM based on the trimline
altitude. Figure 6 shows the mean measured surface lowering
trend of Sjogren Inlet glaciers in the period 1993-2014. The
ASTER DEMs in September 2004 and October 2006 are partly
covered by clouds. The ASTER DEM in 2005 does not cover
the whole study site, and therefore, not every ASTER DEM is
used for each glacier to study elevation changes. It is supposed
that the dynamic response to the disintegration of the Prince
Gustav Ice Shelf started in early 1993, when the ice shelf had
retreated behind the mouth of Sjogren Inlet bay. The derived
pre-collapse surface elevation is thus taken as the starting point
of the time series. At the GAP09, GAP10, and GAP14 glaciers,
the pre-collapse surface elevation information only partly covers
the glaciers. Therefore, the dh information of the covered area
is interpolated by using the hypsometry (Figure 3) in order to
calculate the average elevation change of all Sjégren Inlet glaciers
between 1993 and 2001 (Figure 6). All glaciers show a clear
surface lowering trend with a decrease in surface lowering rate
in more recent years. The dense TanDEM-X time series (2011-
2014) reveals seasonal fluctuation in austral summers 2011/12
and 2013/14. Higher surface elevations (~3-5 m) are found
between late November and March. In austral summer 2012/13,
the data density is too low to evaluate seasonal changes.

Mass Balance

The computed geodetic mass balance above the 2014 grounding
line, AMr of the total glacier area and mass changes of the
regions below 1000 m a.s.l. (AMp), of all Sjogren Inlet glaciers
combined and Sjogren and Boydell glaciers separately are listed

in Table 2. For the period 2012-2014, an error for the elevation
change rate of 0.34m a~! is applied. It is derived by differencing
the corresponding TanDEM-X DEMs on stable areas and is
similar to findings by Rott et al. (2014). In order to calculate the
imbalance ratio, the climatic mass balance from both RACMO2.3
model versions is extracted considering 4 and 31 grid cells for
the 27 km and the 5.5 km model version, respectively. The
high resolution model version reveals b, values ~3 times
lower than for the 27 km model version. Due to the strong
topographic gradients and spatial variability of precipitation at
the study region, the results from the high resolution RACMO2.3
model version are used in the further analysis (see also Section
Discussion). The obtained mean b, values and glacier wide
climatic mass balances B.j;,, as well as the imbalance ratios
are also listed in Table 2 for the respective time intervals and
catchments. The b;,, shows a slight increase in recent years
and the AMr is significantly less negative. Hence, the negative
imbalance ratio decreased by a factor of about three and two
compared to imbalance ratios of —4.7 £ 1.1 and —1.4 & 0.6
at Sjogren and Boydell glaciers in the period straight after the
collapse of the Prince Gustav Ice Shelf (negative imbalance ratios
indicate the level of down wasting or excessive ice flux). The most
recent imbalance ratio estimation of all Sjogren Inlet glaciers is
~3 times smaller than in the period 1993-2001, but still negative.

Ice Mass Flux

The profiles of bed topography, surface elevation (in December
2014) and ice thickness at the flux gate of Sjogren and Boydell
glaciers are shown in Figure 7. The ice thickness is corrected
for the linear trend of —3.6m a~! (R*> = 0.94) determined at
regions below 200 m a.s.. Figure 8 shows the temporal trend
of the ice flux of Sjogren and Boydell glaciers. The horizontal
lines indicate the mean b, extracted from the RACMO2.3
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FIGURE 4 | Variations of surface velocity and frontal retreat of Sjogren
Inlet glaciers between 1995 and 2014. Panels (A,B): Surface velocities
derived by SAR intensity tracking at the central flow line close to the front
position in 2014 at Sjégren and Boydell glaciers (See Figure 1, blue triangles).
Note the different scale of the y-axes. Panel (C): Glacier area changes due to
frontal retreat relative to grounding line position in 1996.

model results in the study period. At the beginning of the study
period, the mass flux of both glaciers is comparable to b,,.
After the disintegration of the Prince Gustav Ice Shelf it increased
significantly, up to fourfold, with a subsequent decrease. In the
last observation period, it was about two times higher than under
pre-collapse conditions. A peak curve fitting is applied to the
flux time series to estimate the total mass discharge since the
beginning of the study period. At Sjogren and Boydell glaciers
it amounts to 13.80 and 2.77 Gt of ice, respectively.

DISCUSSION

Ice Dynamics

Since the Prince Gustav Ice Shelf retreated behind the Sjogren
Inlet bay in 1993, the ice dynamics of the tributary glaciers have
shown substantial changes. In the 1990s, the glaciers retreated
and accelerated rapidly, with a subsequent decrease in flow
velocity and a stabilization of the ice front positions in recent
years. The obtained flow velocities and ice flux of Sjogren and
Boydell glaciers were about 2-3 times higher in 2014 than in late
1995 and early 1996, indicating that ice mass loss still persists.
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FIGURE 5 | Ice surface elevation profiles at Sjogren and Boydell
glaciers (see Figure 2). Breaks in slope on the lower part of the glaciers
indicate the respective grounding line position. Date format: yyyy-mm-dd.

Unfortunately, no surface velocity information can be derived
from SAR data before 1995 due to inadequate satellite image
coverage.

Similar dynamic adjustments of tributary glaciers to ice shelf
retreat and disintegration were reported for other study sites
(e.g., Rignot et al., 2004; Rignot, 2005; Rott et al., 2011; Wuite
et al., 2015). Our observed surface velocities at Sjogren Glacier
are consistent with observations made by De Angelis and Skvarca
(2003) and Rott et al. (2014). Some small deviations are most
likely caused by differences in the location of the measurements.
Davies et al. (2012) reported higher rates of glacier length
changes at the Prince Gustav Ice Shelf tributary glaciers and a
faster recession of the Sjogren Inlet glaciers between 1988 and
2001, compared to the period 2001-2009. Their findings are in
accordance with ours, however the results presented in this study
have a much higher temporal resolution. Maximum flow speeds
are observed at Sjogren and Boydell glaciers 11 and 14 years
after the retreat of the Prince Gustav Ice Shelf, respectively. The
glacier front also stabilized its position after ~11 years of nearly
continuous retreat. At Dinsmoor-Bombardier-Edgeworth glacier
system, Seehaus et al. (2015) found the maximum velocity and a
stabilization of the ice front position about 5-6 years after the
disintegration Larsen-A Ice Shelf. The authors also observed a
rapid increase in flow velocity shortly after ice shelf breakup.
In contrast to Dinsmoor-Bombardier-Edgeworth glacier system,
Sjogren and Boydell glaciers are located more inwards in the bay.
The ice front at Sjégren Inlet was also about 10 km in 1993, and
3 km in 1996, away from the groundling line position in 1996. At
Dinsmoor-Bombardier-Edgeworth glaciers system the ice front
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TABLE 2 | Mass balance of all Sjégren-Inlet glaciers (A) and individually for Sjégren (B) and Boydell (C) glaciers for the area upstream of the grounding
line in 2014 for different observation periods.

Period

AM [Gta~]

AMy [Gta—1]

bgjim [kg m—2 a=1]

Bejim [Gta™"]

(A) SUOGREN INLET GLACIERS: A; = 399 KM2; A = 559 KM2; Ay, = 350 KM2

Jan. 1993-Sep. 2001
Sep. 2001-Jan. 2006
Jan. 2006-Jan. 2012
Jan. 2012-Dec. 2014
Jan. 1993-Dec. 2014

Jan. 1993-Sep. 2001
Sep. 2001-Jan. 2006
Jan. 2006-Jan. 2012
Jan. 2012-Dec. 2014
Jan. 1993-Dec. 2014

Jan. 1993-Sep. 2001
Sep. 2001-Jan. 2006
Jan. 2006-Jan. 2012
Jan. 2012-Dec. 2014

—1.21+0.36 ~1.16 + 0.38
—1.00 £ 0.37 ~0.95 +0.39
—0.49 £ 0.26 ~0.44+0.28
—0.59 + 0.11 —0.54 +0.13
—0.89 +£0.16 —0.84 +£0.18

(B) SUGGREN GLACIER: A; = 196 KM?; A1 = 282 KM?2; Ay, = 173 KM?2
—0.84 +0.18 ~0.81+0.19
—0.59 +0.18 ~0.56 +0.19
—0.36 +0.13 —0.33+0.14
—0.34 +0.05 —0.31 +0.06
—0.59 + 0.07 —0.57 +0.08

(C) BOYDELL GLACIER: A; = 36 KM?; A1 = 80 KM?; Ayp, = 29 KM?
—0.09 +0.03 ~0.08 +0.04
—0.16 £ 0.03 ~0.15+0.04
—0.05 +0.02 —0.03 +0.03
~0.05 + 0.01 —0.04 + 0.01
—0.09 + 0.02 —0.07 +0.02

Jan. 1993-Dec. 2014

522
526
625
635
564

610
608
714
723
651

722
700
799
798
747

0.27
0.27
0.32
0.33
0.29

0.17
0.17
0.20
0.20
0.18

0.058
0.056
0.064
0.064
0.060

-43+1.4
-35+1.4
-1.4+09
-1.6+04
-29+06

—4.7+1.1
-33+ 1.1
-1.7+07
-1.5+03
-31+£05

-1.4+06
-26+0.7
-05+04
-06+02
-1.2+03

AM|, Mass balance of the glacier area A, below 1000m a.s.l.; AMr,

(6.5 km grid size) over At, I, Imbalance ratio; Agn, Area below 1000 m a.s. where elevation change measurements are available.

was close to the grounding line after disintegration of the Larsen-
A Ice Shelf. Unfortunately, no information of the grounding line
position in 1993 is available at Sjogren Inlet. We conclude that
Sjogren and Boydell glaciers reacted more slowly to the loss of the

Mass balance over the area At including the entire altitude range; bejm, climatic mass balance from RACMO 2.3

ice shelf compared to Dinsmoor-Bombardier-Edgeworth glacier
system, because of the different geometry of the glacier bays.
Bedrock elevation data at the retreat areas would help to better
interpret the different responses of the glaciers to nearly similar
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DEM in December 2014. Pink line, Ice thickness = difference between surface
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perturbations, but no reliable bathymetry data is available for
either site.

Since 2002, short term accelerations and retreats of the glacier
front have been detected. They occur during austral summers.
We have two hypotheses to explain these events. On the one
hand side, the accelerations and retreats could be caused by
calving events and a weakening of the buttressing effect of the ice
meélange in the fjord due to summer melt. Visual inspection of the
SAR imagery reveals the formation of cracks and a fragmentation
of the ice mélange in Sjogren Inlet bay as well as areas with open
water in austral summers 2002/03, 2004/05, 2006/07, 2012/13. In
austral summers 2007/08, 2010/11, and 2013/14 the ice mélange
was not fragmented. Lower amplitudes of the accelerations are
observed in these summers. This finding supports our hypothesis,
and similar conclusions were obtained by Seehaus et al. (2015)
for Dinsmoor-Bombardier-Edgeworth glacier system as well as
by Amundson et al. (2010) and Moon et al. (2015) in Greenland.
On the other hand, these events could be connected to melt
water runoff availability, as observed by Moon et al. (2014)
in Greenland. During early summer, an inefficient or closed
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FIGURE 8 | Temporal variation of ice mass flux at flux gates at (A)
Sjogren and (B) Boydell glaciers. Blue dashed lines, Mean climatic mass
balance of respective glacier derived from RACMO2.3. Red dashed-dotted
lines, Curve fitting of ice flux (peak function).

subglacial drainage system may cause lubrication of the entire
glacier bed, and thus a reduction of the basal friction with
a consequent glacier speedup. If high runoff is available in
late summer, the subglacial drainage system is well developed,
forcing a channelized melt water discharge and a decline in
glacier velocities as observed in 2005, 2007, 2008, 2010, and 2012
at Sjogren Glacier. Cape et al. (2015) analyzed meteorological
records from the Argentine station Matienzo (~90 south of
Sjogren Inlet) in the period 1962-2010. The authors found high
numbers of foehn days in austral summers 2004/05, 2005/06,
2006/07, and 2007/08. Unfortunately, there are no observations
available directly at Sjogren Inlet, but their findings support our
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hypotheses that high summer melt caused the acceleration and
retreat events.

A continuous trend in ice surface elevation change was
measured between 1993 and 2014 (—4.0 m a~! at Sjogren Glacier,
—3.6m a~! at Boydell Glacier, and —3.1m a~! for all Sjogren
Inlet glaciers). The trend decreased in recent years, but still
amounts to —2.51m a~! at Sjogren Glacier, and —2.17m a™!
at Boydell for the period 2012-2014. Between austral winters
2011 and 2013, we observed a surface lowering rate of —1.90 m
a~! for all Sjogren Inlet glaciers, which is comparable to the
findings of Rott et al. (2014) of —1.74m a~! for the similar period
and observation area (the authors kindly provided their dh/dt
grid). Scambos et al. (2014) found a value of —1.64m a~! for
the period 2001-2006, which is significantly smaller than our
observation of —3.45 m a~!. This divergence is most likely caused
by the differences in the processing techniques and spatial extent
of the observation area. The observation area of Scambos et al.
(2014) also covers areas north-west of Sjogren Inlet and parts of
Longing Peninsula, where relatively small elevation change values
were observed. Our observed lowering rates are also comparable
to, or smaller than, values reported for glacier systems in the
Larsen-A/B region farther south. High surface lowering rates
of —10 to —25m a~! at Hektoria, Green, Crane and Jorum
glacier were found by Shuman et al. (2011) in the period 2001-
2004. Seehaus et al. (2015) reported high surface lowering rates
at Dinsmoor-Bombardier-Edgeworth glacier system immediately
after the disintegration of the Larsen-A Ice Shelf in 1995 with
subsequent smaller rates until 2014. This behavior is similar
to that noted in our observations at Sjogren Inlet glaciers and
indicates the dynamic adjustment of the tributary glaciers to
the new boundary conditions. The surface lowering rate at
Dinsmoor-Bombardier-Edgeworth glacier system was about 2
times higher than at Sjogren Inlet glaciers in the first years after
ice shelf breakup, and is nearly the same in the period 2012-2014.
The total surface lowering at Dinsmoor-Bombardier-Edgeworth
glacier system is also significantly higher. These findings are in
accordance with the more rapid and intense acceleration of the
glacier system after ice shelf breakup, compared to Sjogren Inlet
glaciers (see above).

Changes in the X-band SAR signal penetration depth most
probably induced the seasonal changes in dh observed in the
dense TanDEM-X data time series. Foehn wind events and
summer melt cause a liquid water content in firn and on the
snow surface. The scattering phase center of the SAR signal thus
shifted close to the surface and penetration depth is minimal.
By comparing TanDEM-X DEMs from the same season and
comparing the stereoscopic DEMs with summer TanDEM-X
DEMs (assuming nearly no penetration during summer melt
conditions), we minimize the effect of SAR signal penetration on
elevation change analysis (Sechaus et al., 2015).

Based on the SPOT SPIRIT DEM in 2006, Davies et al. (2012)
classified the glacier tongues at Sjogren Inlet, except for Boydell
Glacier, as “partly floating” and “grounded,” concordant with
our grounding line estimate. The tongue of Boydell Glacier was
classified as “floating,” which agrees partly with our findings.
The break in slope, that indicates the grounding line position,
was ~2 km upstream the glacier front in 2006 (Figure 5, lower

panel, red line). Afterwards, the glacier front receded, whereas
the break in slope moved backwards just slightly. In consequence,
the grounding line position is currently close to the glacier front.
Our own visual observations of the glacier tongue during survey
flights support this assumption.

Mass Balance

The changes in ice dynamics after the disintegration of the Prince
Gustav Ice Shelf caused a significant mass loss of its tributary
glaciers. Between 1993 and 2014, 18.5 &= 4.0 Gt of ice upstream
of the current grounding line (2014) were lost by dynamic
readjustments. The mass gain in the plateau regions is very
small, compared to relative large mass change AM| observed
in the lower regions, and just slightly affects the glacier wide
mass balance AMy7. The mass balance calculations reveal high
mass losses after the retreat of the ice shelf, with a successive
decrease. At Dinsmoor-Bombardier-Edgeworth glacier system,
Seehaus et al. (2015) observed a similar temporal evolution of
the mass loss at regions below 1000 m a.s.l. (observed area: 610
km?) as a consequence of ice shelf disintegration. In the period
2011-2013, Rott et al. (2014) found a mass change rate for Sjogren
Inlet glaciers of —0.364 Gta™! (= —1.91 Mt km ™2 a~! observed
area: 190.2 km?) at regions below the Antarctic Peninsula plateau,
which is comparable to our observations in the period 2012-2014
considering the size of the observation area (Table 2). Scambos
et al. (2014) reported a volume change of —1.40 km? a7l =
—1.26 Gt a=! (= —1.48 Mt km~2 a~! observed area: 852.8
km?) in regions below 1000 m a.s.L. for the period 2001-2006. As
mentioned above, deviations from our results are most probably
due to differences in the observed area.

All our observed ice mass loss, derived using the geodetic
mass balance method, contributed to sea level rise, because
it was measured on areas upstream of the grounding line
position in 2014, however, the total contribution to sea level
rise is certainly higher, since the grounding line has retreated
significantly since 1996 (Section Conclusions). The thinning of
the glacier caused the retreat of the groundling line. A glacier
tongue starts to float when the ice-thickness decreases below a
threshold defined by the hydrostatic equilibrium, and depends
on the water depth (bedrock elevation). Consequently, only the
ice mass loss of grounded ice contributes to sea level rise (see
also Sechaus et al., 2015, Figure 2). Quantifying the ice mass
loss caused by the retreat of the ice front and grounding line is
difficult, since no reliable bathymetry data is available in the fjord
(see also last paragraph of this section). The bedrock datasets
from Huss and Farinotti (2014) and Bedmap2 (Fretwell et al.,
2013) differ strongly in the retreat area, presumably caused by
differences in the applied modeling and interpolation approaches
and boundary effects at the margins of the model domains. We
assume that all ice was grounded upstream of the grounding line
in 1996 and estimate a mean fjord depth of —260 £ 66 m based
on the average surface elevation (derived from trimline altitude
analysis) at the former grounding line position in 1996 and the
hydrostatic equilibrium assumption. Our estimate is larger than
the average bedrock depth of —203 and —193 m at the flux gates
of Sjogren and Boydell glaciers (Figure 7), respectively, based on
the bedrock grid from Huss and Farinotti (2014). In combination
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with the pre-collapse surface elevations at the retreat area, a total
mass change of —19.0 £ 4.2 Gt of previously grounded ice is
found due to frontal retreat in the observation period. Just a small
fraction of 2.4 &= 1.2 Gt contributed to sea level rise, because the
volume below sea level of the lost ice has to be taken into account.
Hence, the total mass change of —37.5 & 8.2 Gt and contribution
to sea level rise of 20.9 £ 5.2 Gt are comparable to values reported
by Seehaus et al. (2015) for Dinsmoor-Bombardier-Edgeworth
glacier system, even though larger surface lowering rates were
found at the glaciers system. The size of the glacier catchments
is comparable (~610 km?), but a larger fraction of Dinsmoor-
Bombardier-Edgeworth glacier system covers the plateau, which
is dynamically decoupled from the lower sections by escarpments
and ice falls.

The temporal trend of the imbalance ratio clearly indicates
a significant decrease in the glacier draw down. The imbalance
ratio depends strongly on the applied climatic mass balance, and
therefore, good quality b, data is necessary. Due to the steep
topography of the Antarctic Peninsula and pronounced upwind-
downwind effects the climatic mass balance shows a strong spatial
variability (Turner, 2002). Literature values from Fernandoy et al.
(2012; Laclavere Plateau ~90 km northeast of Sjégren Inlet, b,
= 2350 kg m~2 a~!), Rott et al. (2011; Crane Glacier ~200 km
southwest of Sjogren Inlet, by, = 1087 £ 122kg m~2 a~!) and
Seehaus et al. (2015; Dinsmoor-Bombardier-Edgeworth glacier
system ~40 km south of Sjégren Inlet, bj;,, = 1070-1720 kg m ™2
a~1) also indicate the great spatial variability along the Antarctic
Peninsula. Consequently, comparison of the model results at
Sjogren Inlet with the literature values from other locations is
difficult. The main glaciers in the Sjégren Inlet, Sjogren, and
Boydell glaciers, have large, high-elevation accumulation areas at
the plateau. Downstream of the easterly margins of the mountain
ridge, the elevation drops strongly within several 100 m. At
Sjogren Inlet catchment, the mean climatic mass balance (1979-
2014) of the RACMO2.3 model amounts to 938kg m~2 a~! at
regions above 1000 m a.s.l. and 418kg m—2 a~! below 1000 m
a.s.l. On these small scales the results are very sensitive to
the horizontal resolution of the model. Even at the high 5.5
km horizontal resolution of RACMO2.3, not all topographic
features are resolved, affecting precipitation and foehn winds
(van Wessem et al., 2016) and hence b j;,,. Despite this, the 5.5 km
grid size RACMO2.3 model version is currently the most suitable
model for our study region.

We assume that the Sjogren Inlet glaciers were in equilibrium
before the breakup of the Prince Gustav Ice Shelf. The ice mass
loss based on the curve fittings of the ice flux (Figure8, red
dotted dashed lines) is thus determined by subtracting b, from
the ice discharge. For the period 1993-2014, mass change rates
for Sjogren and Boydell glaciers of —0.45 and —0.067 Gt a™ !,
respectively, are found. For both glaciers the mass change rate
obtained from the ice flux is lower than the results obtained
by the geodetic mass balance method (Sjogren: —0.57 £ 0.10
Gt a~!; Boydell: —0.07 £ 0.02 Gt a!). The largest source of
uncertainty in the computed ice mass flux is the bed topography.
Surface velocities and the surface elevation at the flux gate
show only small errors, however, no ice thickness measurements
are available at Sjogren and Boydell glaciers, which could have

been used to constrain the bedrock modeling and to reduce
its uncertainty at the study site. Considering the difference in
mass change rates obtained from dh measurements and ice mass
flux, we conclude that the ice thickness at the flux gates is
underestimated by about 30%.

CONCLUSIONS

This study presents a detailed long term analysis (1993-2014)
of the response of tributary glaciers in the Sjogren Inlet to the
retreat and disintegration of the Prince Gustav Ice Shelf. In early
1993, the Sjogren Inlet bay was no longer blocked by the ice shelf.
As a consequence of the missing buttressing by the ice shelf, the
glaciers receded by —9.1 km? a~! inwards of the Sjogren Inlet
bay and the tributary glacier started to accelerate. During the last
decade, the flow velocities slowed down, but are still higher than
our earliest measurements in 1995/96. In contrast to Dinsmoor-
Bombardier-Edgeworth glaciers system (Seehaus et al., 2015),
the observed acceleration and surface lowering is less rapid and
intense, which is most likely caused by the different settings of
the glacier bay. In the period 1993-2001, the observed average
mass loss rate is two times higher than in the time interval 2012-
2014. The continuous decrease of mass loss leads to a reduction
in the negative imbalance in recent years, with imbalance ratios
ranging between —0.6 and —1.6 in the period 2012-2014. Overall,
a total ice mass change of —37.5 & 8.2 Gt and a contribution
to sea level rise of 20.9 £ 5.2 Gt is found for all Sjogren Inlet
glaciers in the study period 1993-2014. The temporally detailed
analysis of glacier mass balances can be used to better delimitate
and refine the glacio-isostatic uplift, found to be significant in
the northern Antarctic Peninsula (Nield et al., 2014), since bi-
temporal investigations do not fully reflect the ongoing dynamic
changes.

Our observations point out that major uncertainties in mass
balance calculations are caused by the imprecise bed topography
data at the flux gates as well as at the glacier retreat area. The
extreme elevation gradients and the high spatial variability of
atmospheric parameters also suggest that the 5.5 km grid size
RACMO2.3 model version currently provides the most reliable
climatic mass balance database for the Antarctic Peninsula, where
field measurements are still very sparse.

The nearly stable glacier front positions since 2007, the
deceleration of the ice flow and the decrease in ice mass loss
indicate that the dynamic response of Sjogren Inlet glaciers to
ice shelf disintegration is slowly declining, however, the effects of
the disintegration of the ice shelves on the dynamics of tributary
glaciers can be still seen more than 20 years afterwards, as shown
in this study. The comparison of the results of this study at
Sjogren Inlet, with the analysis of the Dinsmoor-Bombardier-
Edgeworth glacier system by Sechaus et al. (2015), reveals clear
differences in the reaction and adjustments of tributary glaciers
to ice shelf disintegration, most likely controlled by local settings
such as bedrock elevation and fjord geometry. The temporally
detailed analysis of ice dynamics performed in both studies
provides a basis for modeling glacier responses to ice shelf
disintegration in order to improve our understanding of the
process.
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Datasets generated for this study, such as surface velocity
fields, DEMs and glacier front positions, are available
via the PANGAEA database (https://www.pangaea.de),
doi:10.1594/PANGAEA.859255.
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