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Sentinel-1 radar interferometry data
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Abstract Delineation of the grounding line (GL) is necessary for calculating the mass balance of Antarctica, but GL
measurements for most of the continent remain at a relatively coarse level. We used Sentinel-1 constellation data to map the GL
of the Amery Ice Shelf (AIS) using double-differential synthetic aperture radar interferometry. The ice thickness anomaly
deduced from hydrostatic equilibrium and existing Antarctic GL products is compared with our result. With this new and very
accurate GL, we detected new ice rises in the north of the AIS. Our new measurement shows no major change of the AIS GL,
particularly in the southernmost part.
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1 Introduction

The Antarctic ice sheet holds 26.5 million km® of ice, and a
small mass imbalance in this can make a major contribution
to sea level rise (Rignot et al., 2013; Rignot and Thomas,
2002). Long-term monitoring of Antarctic mass balance is
essential in global climate change research. The grounding
line (GL) is the boundary line between the inland grounded
ice sheet and floating ice shelf, and its location is sensitive
to ice thickness, sea level, and ocean temperature. The GL
location greatly influences the stability of marine ice sheets
(Weertman, 1974), and is important for ice sheets, ice
shelves, and oceanographic modeling. The Amery Ice Shelf
(AIS) is the largest ice shelf in East Antarctica, accounting
for 16% of the total mass of the East Antarctic ice sheet
(Fricker et al., 2000). Continuous observation of the AIS
GL over long periods is crucial for understanding mass
balance changes in East Antarctica.

The grounding zone (Figure 1) is a crucial region
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extending over a few kilometers, where a grounded ice
sheet evolves into a freely floating ice shelf (Brunt et al.,
2010). In Figure 1, F is the landward limit of ice flexure
from tidal movement and G is the true GL, which can be
detected by synthetic aperture radar interferometry (InSAR),
I, is the point of break in slope, I, is the local minimum in
topography, and H marks the end of the flexure zone
(Fricker et al., 2009).

Remote sensing techniques are widely used to map the
GL. The MODIS-based Mosaic of Antarctica (MOA) and
Landsat 7 Image Mosaic of Antarctica (LIMA) are used to
generate GL products for the entire Antarctic (Bindschadler
et al., 2007; Scambos et al., 2007). In the double-differential
synthetic aperture radar interferometry (DDInSAR) method,
ERS-1/2, RADARSAT-1/2, and ALOS-1 have been used to
extract the first high-precision GLs around Antarctica from
1994 to 2009 (Rignot et al., 2011). Studies have used radio
echo sounding (RES), ERS-1/2, MODIS, and ICESat data
to map the GL on the AIS (Fricker et al., 2009, 2002; Wang
et al., 2002). The combination of Landsat 8§ Operational
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Figure 1 Features of grounding zone (Fricker et al., 2009).

Land Imager (OLI) and ICESat data has been used to
produce a new adjusted GL of the AIS (Xie et al., 2016).
Compared with other methods, DDInSAR has demonstrated
successful application to GL mapping. The accuracy of this
method is reported to be better than 100 m in the horizontal
direction (Rignot et al., 2011).

Before 2014, GL mapping was limited by the few
synthetic aperture radar (SAR) missions offering short-term,
repeat-pass data. GL mapping has the essential capability to
map the differential vertical displacement of floating ice at
tidal frequency in areas where ice moves rapidly (Scheuchl
et al., 2016). Launched in April 2014 and April 2015
respectively, Sentinel-1A and Sentinel-1B are both C-band
SAR satellites. A single satellite features a 12-day repeat
cycle, and the repeat cycle of the constellation is six days.
Sentinel-1 is designed to address primarily medium-to-high
resolution applications using an Interferometric Wide Swath
(IW) mode of operation that features both a wide swath
(250 km) and high spatial resolution (5 m x 20 m) (Torres et
al., 2012). The IW mode of Sentinel-1 is implemented using
terrain observation by progressive scans (TOPS) mode
(Prats-Iraola et al., 2015), which poses challenges in
interferometric phase analysis.

Sentinel-1A data have been used to monitor the rapid
GL retreat of the Pope, Smith, and Kohler glaciers in West
Antarctica (Scheuchl et al., 2016). Over the past decade, few
SAR data have been used to observe the GL of the AIS, and
the accuracy of past monitoring requires verification. In the
present study, we used Sentinel-1 constellation data to map
the AIS GL using DDInSAR. First, we introduce our data and
study area. We then describe the Sentinel-1 data processing
method and hydrostatic equilibrium (HE) theory, which is
used to the calculate ice thickness anomaly for comparison.
Finally, the quality of the AIS GL is assessed against existing
GL products, and changes of GL position are investigated.

2 Study area and data
2.1 AIS

AIS, the third largest ice shelf in Antarctica (Figure 2),

drains the grounded portion of the Lambert Glacier—AIS
system (Wen et al., 2010). The ice flows toward the coast in
a convergent pattern so that it focuses on the front of the
AIS, which accounts for only 2% of the total East Antarctic
coastline. Continuous observation of the GL over long
periods in this area is crucial to understand dynamic
changes in East Antarctica.
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Figure 2 Radarsat image mosaic of AIS in East Antarctica (black
polygons are areas of Sentinel-1 IW acquisitions).

2.2 Sentinel data

The SAR instrument aboard Sentinel-1 supports four modes
with variable resolution and coverage, i.e., IW Swath,
Extra-Wide Swath (EW), Stripmap (SM), and Wave (WV).
IW and EW modes provide large swath widths of 250 km
(three sub-swaths) and 400 km (five sub-swaths) at ground
resolutions 5 m X 20 m and 20 m x 40 m, respectively
(Yagiie-Martinez et al., 2016). Sentinel-1 IW mode uses
three sub-swaths in IW mode (IW1, IW2, and IW3), and
small overlaps are noted between bursts and sub-swaths. In
contrast with ScanSAR mode, the TOPS SAR acquisition
mode eliminates scalloping and azimuth ambiguities. Given
the particularity of TOPS mode, the process of
interferometry is different from that of Stripmap
(Prats-Iraola et al., 2015). High azimuth co-registration
accuracy must be guaranteed to maintain effective signal
coherence; the value should be 1 cm for Sentinel-1, which
corresponds to approximately 1/1000 azimuth resolution
cells (De Zan et al., 2014). In our study, a spectral diversity
method that considers the interferometric phase of the burst
overlap region was used to improve co-registration
refinement (Wegmiiller et al., 2015; Scheiber and Moreira,
2000).

Sentinel-1 data are applicable to detecting GLs in
Antarctica with a short cycle and large swath widths. To
map the AIS GL, 27 Sentinel-1 IW acquisitions were used
to create nine double-differential SAR interferograms
(DDSIs) (Table 1). Figure 2 illustrates the ranges of
Sentinel-1 IW acquisitions. For selecting suitable data, the
CATS2008a tide model (Hall, 2006) was used to estimate
ocean tidal amplitude.
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Table 1 Parameters of Sentinel-1 IW pairs. By, is perpendicular baseline, Hiq. is tide height predicted by CATS2008a tide

model, and AH . is the difference in tide heights

Platform DDSI Orbit Slice number Date Bpery/ M Hyg/m AH 4. /m

Sentinel-1B 2829 4 20161105 45.43 0.15
Sentinel-1A DDSI-1 13900 4 20161111 8.35 -0.24 0.87
Sentinel-1B 3004 4 20161117 0.24
Sentinel-1B 2829 5 20161105 43.16 0.16
Sentinel-1A DDSI-2 13900 5 20161111 7.65 -0.28 1.03
Sentinel-1B 3004 5 20161117 0.31
Sentinel-1A 13550 6 20161018 88.26 0.33
Sentinel-1B DDSI-3 2654 6 20161024 151.10 -0.23 0.83
Sentinel-1A 13725 6 20161030 0.04
Sentinel-1B 2829 7 20161105 39.55 0.15
Sentinel-1A DDSI-4 13900 7 20161111 6.25 -0.30 1.10
Sentinel-1B 3004 7 20161117 0.35
Sentinel-1A 13506 8 20161015 147.04 0.08
Sentinel-1B 2610 8 20161021 0.12

. DDSI-5 —-0.69
Sentinel-1B 2785 8 20161102 91.57 0.35
Sentinel-1A 13856 8 20161108 -0.30
Sentinel-1A 11217 2 20160511 158.04 0.24
Sentinel-1A DDSI-6 11567 2 20160604 32.97 —-0.07 0.24
Sentinel-1A 11917 2 20160628 —0.14
Sentinel-1A 11217 1 20160511 156.75 0.20
Sentinel-1A DDSI-7 11567 1 20160604 124.50 —-0.05 0.18
Sentinel-1A 11917 1 20160628 —0.12
Sentinel-1A 11217 3 20160511 159.06 0.24
Sentinel-1A DDSI-8 11567 3 20160604 125.50 0.03 -0.09
Sentinel-1A 11917 3 20160628 -0.27
Sentinel-1A DDSI-9 13550 5 20161018 88.86 0.28
Sentinel-1B 2654 5 20161024 -0.18
Sentinel-1B 2829 5 20161105 43.16 0.16 0.02
Sentinel-1A 13900 5 20161111 -0.28

2.3 RES data

RES data measured by Russians and Australians were used
to obtain the AIS ice thickness over the past 50 years. We
compared aerial RES ice thickness results of the AIS from
1987 to 2003 collected by the Australian National Antarctic
Research Expedition (ANARE) and Russian Antarctic
Expedition with the ice thickness anomaly deduced from
HE theory. RES ice thickness precision is better than 70 m
and terrain precision better than 20 m (Allison and Hyland,
2010).

3 Methods
3.1 GL mapping from sentinel-1

As InSAR are used to map the GL, the interferometric
phase ¢ is composed of the reference phase 4. ,

topographic phase ¢, , deformation phase g, orbit

errors @, , and atmospheric delays ¢, . Given that the

Sentinel-1 orbits are well known and assuming that
atmospheric delays are negligible, the interferometric phase
is given by

¢ = ¢ref + ¢top0 + ¢def . (1)
As surface topography is removed using an external DEM,
the remaining differential InSAR signals of floating ice
represent surface displacement ¢, as the summation of
horizontal ice flow ¢y, and vertical tidal deflection ¢, .
We assume that the ice flow is steady over the observation
periods. Tide-only interferograms are formed by calculating
the difference between two interferograms, which span the
same time interval between data acquisitions (Rignot, 1998).
The phase of the double-differential SAR interferogram

A Gyouple 18 given by
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Adsouble = Pride-1 ~ Pride-2 - (2)

In DDSIs, the inland grounded ice sheet is tide-free,
and the freely floating ice shelf moves vertically because of
tidal forcing. The grounding zone exhibits vertical
displacement over a few kilometers to bring ice into HE,
and the GL can be detected by interpreting the inner land
limit of dense fringes.

An accuracy of 1/1000 of a pixel in the azimuth
direction is required for TOPS interferometry
co-registration. Therefore, the traditional method of
estimating the offset of two images by calculating the local
spatial correlation function for several small areas is
inapplicable. To assure high co-registration accuracy,
GAMMA software uses a method considering the effects of
scene topography (Werner et al., 2001). The method is
based on a lookup table, which features the same size of
reference image and contains the coordinate of the
corresponding pixel in the other image at each location.

After the co-registration based on a lookup table, we
processed all Sentinel-1 data to generate interferograms.
The Bamber DEM (Bamber et al., 2008) was used to
remove surface topography. Obtaining effective signal
coherence for the AIS is challenging due to the ice motion.
We selected image pairs with a short cycle to minimize the
effect of long-term surface motion and retain the highest
coherence levels. The GL cannot be detected if point G
(Figure 1) is in a region with rapid ice velocity changes.

After flattening and phase unwrapping, residual
sub-fringe phase jumps are observed at the burst edges. This
is mainly caused by ice motion. To enhance understanding
of this, the total interferometric phase related to ice motion
A otion 1S glven by

4
¢motion = _7vﬂow "€L0s> (3)

where e g is the line of sight (LOS) vector, which varies
in the azimuth dimension in the TOPS case because of the
steering of antenna pointing within the burst (De Zan et al.,
2014). wvg,, is the motion vector of the ice and A is the
wavelength. Because the LOS wvectors have opposite
azimuth directions in adjacent bursts, motion phase in the
overlap area can differ from burst to burst. With the
existence of phase jumps, generating a high-precision DEM
is difficult. Fortunately, residual phase jumps do not affect
GL mapping.

3.2 HE theory

The assumption of HE theory allows calculation of ice
thickness from the freeboard, which can be determined
from the surface DEM:

chickness = |:(hfree - hﬁm )

where H,

hg, 1s the air content of the firn layer expressed in meters

p seawater

+hem,  (4)

Pseawater ~ Plice

thickness 1S 1ce thickness, Ay, 1is freeboard height,

of ice equivalent, P waer 1S the density of sea water, and
Pice 15 ice density. The densities of seawater and ice used

here are 1027 and 917 kg'm >, respectively (Fricker et al.,
2001). The firn height was taken from a firn densification
model (FDM) and resampled to 1-km grid spacing
(Ligtenberg et al., 2014). The freeboard height was
calculated by subtracting the EIGEN-64C Geoid (Forste et
al., 2013) from the Bamber DEM.

The HE assumption is only valid if the ice shelf is
freely floating (Griggs and Bamber, 2011). If the ice
shelf is grounded, ice thickness will be grossly
overestimated. In the present study, the value of ice
thickness difference (AT ) was calculated by subtracting
ice thickness calculated by HE from the RES ice
thickness. If that value is close to zero, the ice is floating,
otherwise it is grounded. The approximate location of the
GL is detected via this method.

To test the accuracy of the ice thickness calculated
from HE for the freely floating ice shelf, we estimated
uncertainties within the gray polygon of Figure 3a, where
the ice is definitely floating; the black line is the
synthesized GL and ice shelf mask for Antarctica
(Depoorter et al., 2013b). The resulting HE ice thickness
has a mean error of —27.86 m and standard deviation of
60.53 m compared with the RES ice thickness (Figure 3b).
The error of HE ice thickness is > 100 m in the
northwestern AIS, which was caused by marine ice
accreting to the base of the ice shelf (Fricker et al., 2001).
These large differences were caused by RES echoes
reflecting off the marine/meteoric ice interface as opposed
to the ice/ocean interface, a result of the increase in salinity
and density of the marine ice (Chuter and Bamber, 2015).
Figure 3c shows the ice thickness difference profile along
the thick green line in Figure 3a. The thickness difference is
near zero, indicating that the ice is floating. If the ice is
grounded, the ice thickness anomaly would show a rapid
increase. Considering that RES data have a thickness
accuracy of 75 m, the threshold used to estimate the ice
thickness anomaly area is the mean error minus three times
the standard deviation (-209.45 m). Figure 3a shows
regions where AT is <-209.45 m as red dots, indicating
that the ice is grounded. This result was used to test the
accuracy of the Sentinel-1 GL measurement.

4 Results and discussion
4.1 GL mapping by Sentinel-1 SAR data

To map the Sentinel-1 GL over the AIS (Figure 4), 27
acquisitions were used to generate nine DDSIs (Table 1).
Residual sub-fringe phase jumps were observed at the burst
edges. The repeat cycle for DDSI-1 to DDSI-5 and DDSI-9
is 6 d with the constellation data of Sentinel-1A and
Sentinel-1B. The repeat cycle from DDSI-6 to DDSI-8 is
24 d because of a lack of suitable data, and the coherence of
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Figure 3 Ice thickness difference between RES data and HE results for AIS (a); histogram of ice thickness difference within gray polygon

(b). Ice thickness difference profile along thick green line in a and c.

these pairs is relatively low because of surface melt,
snowfall, and fast ice flow. We mapped 1809.7 km of the
GL, or 91.59% of the AIS, which is easily the most
relatively complete InSAR-based GL in the area. Two small
ice rises in the Bjerk Peninsula were detected via our
measurement (Figures 4b and 4c). Ice rises are important in
buttressing local ice shelves (Lenaerts et al., 2014). Prior
InSAR GL failed to detect these ice rises because of a lack
of SAR pairs in the area. Detecting ice rises of this size is
also difficult for optical imagery or altimetry. The regions in
Figures 4d, 4e, and 4f differ from previous GLs and are
discussed in the following subsection.

4.2 Error analysis

We compared the Sentinel-1 GL with the MOA-derived GL
(Scambos et al., 2007), MEaSUREs GL (Rignot et al.,
2011), and synthesized GL (Depoorter et al., 2013b). We
used the near tool in ArcGIS to calculate the distance
between the Sentinel-1 GL and these products. Figure 5
shows histograms of distance. Sentinel-1 and MEaSUREs
GLs show strong agreement, because the same method is
used. The average distance between Sentinel-1 and

MEaSUREs GLs is 968 m, and the standard deviation is
1264 m. Sentinel-1 and MOA GLs show the largest
difference; the mean distance and standard deviation are
1733 and 1874 m, respectively.

We created 1, 2, and 3 km buffers for the Sentinel-1
GL and calculated the percentage of the other GLs falling
within those buffers. Table 2 indicates excellent agreement
between Sentinel-1 and MEaSUREs GLs. A total of 92.24%
of MEaSURESs GLs are within the 3-km buffer, and 72.42%
within the 1-km buffer. For the synthesized GLs that use a
mix of Antarctic Surface Accumulation and Ice Discharge
(Bindschadler et al., 2011), MOA, ICESat, and InSAR GLs,
90.35% lie within the 3-km buffer, and 69.32% within the
1-km buffer. The MOA GL, which extracts the point 7,
differs more from the Sentinel-1 GL; 79.32% of the MOA
GL lies within the 3-km buffer and 52.06% within the 1-km
buffer. Different methods extract distinct points, and the GL
location is not defined explicitly. The line retreats and
advances as tides change. Therefore, assessing the GL
quality and analyzing changes is a complex issue. In our
study, HE results were used to analyze GL changes of the
AIS.
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Table 2 Sentinel-1 GL error assessment
Matching Buffers
degree
1 km buffer 2 km buffer 3 km buffer
GL products
MEaSUREs 72.42% 86.30% 92.24%
Synthesized 69.32% 85.75% 90.35%
MOA 52.06% 68.26% 79.32%
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4.3 GL change detection

Figure 6a illustrates the distance between Sentinel-1 and
MEaSUREs GLs. This is shown in blue for <1 km, in green

62°30'E
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between 1 and 2 km, in yellow between 2 and 3 km, and in
red for > 3 km. Comparing our results with the MEaSUREs
GL, three regions (shown by black boxes in Figure 6a) have
the largest differences.

69°S

72°30'E
W

Figure 6 Differences between Sentinel-1 and MEaSUREs GLs (a). DDSI-2 of region C with tide height difference = 1.03 m (b). DDSI-9
of region C with tide height difference = 0.02 m (c¢). HE ice thickness anomaly results for region C (d) (ice thickness anomaly <-209.45 m

shown in yellow, and > —209.45 m in blue).

Figure 4d and region A in Figure 6a show an inset of
the southernmost GL on the AIS, at the confluence zone of
the Lambert, Mellor, and Fisher Glaciers. The ice speed was
as high as 800 m-a ' in this area. The GL could only be
detected using short temporal baseline SAR pairs. Clear
tidal signals were observed in the DDSI with 6-day repeat
cycle, and the southernmost GL was around 73.2°S. Our
results are consistent with previous RES results. Fricker et
al. (2002) used the hydrostatic method to estimate the
hydrostatic point (H), and the most southerly determined
position of H from their hydrostatic calculations was
roughly 73.2°S. Rignot (2001) used an ERS-1/2 tandem
InSAR interferogram (1-d repeat cycle) acquired in 1996 to
map the GL in this area. This is shown in Figure 7, in which
the HE ice thickness anomaly results are shown as a

yellow dot if < —209.45 m, indicating that the ice is
grounded. The Sentinel-1 GL approximately matches
both the MEaSUREs GL and HE results, and the
difference would be from a difference in tide height. The
GL in the southernmost part of the AIS shows no obvious
evidence of retreat over the last 20 years. However, in
West Antarctica, the GL in the Amundsen Sea region is
retreating rapidly (Scheuchl et al.,, 2016). Ice shelf
bottom melt can directly cause retreat of the GL (Schoof,
2007). The greatest basal melt always comes from
medium to small ice shelves, but not from the largest
ones, such as the Ross and Ronne ice shelves and the AIS.
The mean basal-mass loss rate is relatively small for the
AIS (0.8 ma™), and > 7 ma' in the Amundsen Sea
(Depoorter et al., 2013a).
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Figure 4e and region B in Figure 6a show the
Kronshtadtskiy Glacier. That glacier flows northwestward
and enters the AIS ~8 km southeast of Pickering Nunatak.
The ice speed is 600 m-a™' at the center of the glacier and
270 m:a”' along the broad side. This is the fastest glacier
entering the AIS from the east. As shown in Figure 4e, there
are maximum differences of 8.7 km between the Sentinel-1
and MEaSUREs GLs. These differences suggest that either
the GL has retreated over the past 16 years or that the
change of tides greatly affected GL mapping. To gain
further insight into this area, HE ice thickness anomaly
results of Tracks 38, 39, and 40 are shown (Figure 8a). Ice
thickness anomalies < —-209.45 m are shown by yellow dots,
indicating that the ice is grounded. Figure 8b portrays ice
thickness difference profiles along the three tracks. The HE
results show good agreement with our results. Considering
that the HE results represent the GL before 2000, the
conclusion that the change of tides affected GL mapping is
most likely.

Figure 4f and region C in Figure 6a show an inset of
Gillock Island on the eastern side of the AIS. A previous GL
showed that the inner SAR fringe is not close, and either the
channel between the island and ice sheet is narrow or the
island is joined to the mainland at low tide (Fricker et al.,
2009). We used five Sentinel-1 acquisitions to create two
DDSIs for this area, and tide model CATS2008a was used
to predict tide height. As shown in Figure 6, the inner SAR
fringe is close in Figure 6b but not in Figure 6¢. The
difference of tide height predicted by CATS2008a is 1.04
and 0.02 m in Figures 6b and 6c, respectively. The HE ice
thickness anomaly result is shown in Figure 6d, indicating
that the channel between the island and ice shelf is near HE.
The island is separated from the mainland, and the GL
between the island and mainland can be easily detected by
DDInSAR at high tide.

5 Conclusions

Mapping the GL on the AIS using DDInSAR is challenging
because of substantial signal decorrelation over long
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Figure 8 HE ice thickness anomaly results for Kronshtadtskiy
Glacier. White GL is result from Sentinel-1 and red GL from
MEaSUREs (a). Ice thickness difference profiles of Tracks 38, 39,
and 40 (b).

periods, surface melt, and strong accumulation. The 6-day
repeat cycle Sentinel-1 constellation data show a
remarkable ability to map the GL in fast-moving portions of
the glaciers. Using Sentinel-1 data, we mapped a relatively
complete InSAR-based GL of the AIS. The RES data
demonstrate that the Sentinel-1 GL outperformed existing
Antarctic GL products in both accuracy and range.

In specific locations, Sentinel-1 GL is somewhat
different from previous maps, and tide changes greatly
affected the distribution of interferometric dense fringes.
With the new GL, we detected new ice rises on the
northwestern AIS, enhancing our understanding of the
ice-flow pattern in that area. By comparing InSAR data
acquired 20 years earlier, we found no major retreat of the
GL, especially the southernmost GL. Further study is
needed to evaluate the difference between steady state
conditions of the AIS and major changes in West Antarctica,
particularly around the Amundsen Sea. Furthermore, with
the Sentinel-1 data, ice surface velocity can be mapped to
estimate ice flux changes on the AIS, which can contribute
to mass balance research of East Antarctica.
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