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Unraveling INSAR Observed Antarctic
Ice-Shelf Flexure Using 2-D Elastic
and Viscoelastic Modeling

Christian T. Wild*, Oliver J. Marsh and Wolfgang Rack

Gateway Antarctica, University of Canterbury, Christchurch, New Zealand

Ice-shelf grounding zones link the Antarctic ice-sheets to the ocean. Differential
interferometric synthetic aperture radar (DINSAR) is commonly used to monitor
grounding-line locations, but also contains information on grounding-zone ice thickness,
ice properties and tidal conditions beneath the ice shelf. Here, we combine in-situ data
with numerical modeling of ice-shelf flexure to investigate 2-D controls on the tidal
bending pattern on the Southern McMurdo Ice Shelf. We validate our results with 9
double-differential TerraSAR-X interferograms. It is necessary to make adjustments to
the tidal forcing to directly compare observations with model output and we find that
when these adjustments are small (<1.5 cm) a viscoelastic model matches better, while
an elastic model is more robust overall. Within landward embayments, where lateral
stresses from surrounding protrusions damp the flexural response, a 2-D model captures
behavior that is missed in simple 1-D models. We conclude that improvements in current
tide models are required to allow for the full exploitation of DINSAR in grounding-zone
glaciology.

Keywords: grounding line, ice-shelf flexure, viscoelastic bending, 2-D finite element model, McMurdo Ice Shelf,
TerraSAR-X, CryoSat-2, interferometric SAR

1. INTRODUCTION

Grounding zones form the junction between grounded ice-sheets and floating ice-shelves. They link
the ice-sheets with the global ocean and are vulnerable to change (Gudmundsson, 2013). Oscillation
of ocean tides causes the ice in this region to bend which strongly influences temporal variations
in ice-mass discharge and affects the location of the grounding line, where the ice body comes
in direct contact with the ocean water. Understanding these short-term processes is necessary to
estimate the transmission of longitudinal stress gradients across the grounding line, which in turn
are important for calculating long-term ice-sheet mass balance and predicting future sea-level rise
with confidence.

Since Goldstein et al. (1993) successfully observed glacier motion from space at the Rutford Ice
Stream, Antarctica, interferometric synthetic aperture radar (InSAR) has become a widely used
tool in glaciology. This method determines surface displacement with centimeter accuracy and has
been applied to measure temporal and spatial variations of ice-flow velocities (Mouginot et al.,
2014; Minchew et al,, 2017). In the grounding zone, satellite interferometry can identify horizontal
ice flow and vertical tidal deflection. The phase contribution of steady horizontal ice flow can be
removed by differencing the 2 InSAR signals (Rignot, 1996), leaving only vertical deflection due to
ocean tides. These 2 InSAR pairs can be a triple or quadruple image combination of 3 or 4 coherent
SAR images. This space-borne measurement is known as double-differential InSAR (DInSAR).
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While DInSAR is often used to delineate the grounding line
(Rignot et al., 2011) the flexure pattern also contains additional
information on ice-shelf thickness, material properties and ocean
tides at the snapshots of SAR data acquisition. In combination
with numerical modeling of grounding-zone flexure, DInSAR
has been used to estimate ice-thickness distribution (Schmeltz
et al., 2002; Marsh et al., 2014). Additionally, grounding-line
retreat over time can be monitored (Rignot, 1998; Sykes et al.,
2009; Rignot et al., 2014) as an indicator for the onset of
marine ice-sheet instability (Weertman, 1974; Schoof, 2007;
Durand et al., 2009). The main difficulty interpreting DInSAR is
that images originate from a combination of several snapshots
in time and do not display the vertical displacement for a
single tidal amplitude (Rignot et al., 2000). The derived flexure
pattern is a combination of multiple separate states of the tidal
oscillation. Theoretical considerations of tidal flexure indicate
that grounding-line curvature complicates the bending pattern
(Rabus and Lang, 2002). A 1-D beam model may therefore
be representative of grounding-line profiles across straight and
seaward protrusions (convex sections), but fails to predict
the vertical deflection within landward embayments (concave
sections) at the same spatial scale. This is a particular problem as a
large portion of ice is discharged through fjord-type embayments
around Antarctica.

In this manuscript, we carefully address the complex
interpretation of double-differential imagery and explore the
uncertainty of some of the applications outlined above. We
achieve this as follows: First we introduce the study area, the
available data set and methods used for the analysis. Second we
derive a suite of ice-thickness distributions across the Southern

McMurdo Ice Shelf (SMIS) and adjust two tide models with
information stored in DInSAR. Third we numerically model
the ice-shelf bending using two different types of materials
to describe the behavior of ice. We then compare the model
solutions to nine double-differential TerraSAR-X interferograms
and make a statement about the applicability of both numerical
models.

2. STUDY AREA AND OBSERVATIONS

2.1. The Southern McMurdo Ice Shelf,

Antarctica

The study area is a small and almost stagnant ice shelf in the
western Ross Sea region (78°15’ S,167°7" E, Figure 1). The main
ice inflow into the SMIS originates from the accumulation areas
on the slopes of White Island, but is less than 10 m yr~!.
The grounding zone has a variety of configurations like
embayments and protrusions and is supported locally by an ice
rise. A dedicated field-survey was conducted in the ice-shelf
grounding zone during the 2014/15 Antarctic season, where we
collected tidal flexure measurements concurrent with satellite
data acquisitions.

2.2. Data Set and Processing

2.2.1. Satellite Data

The TerraSAR-X satellite operates in an 11 day repeat pass polar
orbit. Its SAR antenna (X-band 3.1 cm at 9.6 GHz) provides
high-quality radar images with up to 3 m spatial resolution and
a scene size of 30 x 50 km in StripMap imaging mode. We
derived 9 DInSAR images from 12 TerraSAR-X scenes between
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FIGURE 1 | (Left) Ice-thickness distribution at the Southern McMurdo Ice Shelf: White contours show 5 m freeboard intervals based on CryoSat-2 radar altimetry,
corresponding to a change in ice thickness of 46.7 m. Note (in yellows) the relatively thick ice south of White Island and (in black) zero ice thickness in areas with
changing surface types. The red box delineates the area of GPR measurements for field validation. The black line encloses the grounding-zone area between the
grounding line (upstream) and the hydrostatic line (downstream). Surface classification in (|) freely-floating area, (Il) grounding-zone area, and (lll) grounded ice is based
on double-differential INSAR. The blue dot is placed at the firn core drillsite within the grounding-zone area. The red star in the insert marks the location of the study
area in the western Ross Sea region. (Right) The model domain, finite-element mesh and boundary conditions. The map background is a contrast-stretched Landsat
8 panchromatic imagery. The geographic projection is Antarctic Polar Stereographic with easting and northing coordinates shown in kilometers.
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October and December 2014 and calculated surface displacement
caused by vertical ice deformation using the Gamma software
package (Werner et al,, 2000). Figures in the Supplementary
Material (Figures S1-S3, top middle panels) show examples
for relative differential interferograms with each color cycle
(fringe) corresponding to about 2.2 cm vertical displacement.
The grounding and hydrostatic line, at which the ice oscillates
with the full tidal amplitude, were determined from these
interferograms and placed at the inward and seaward limits
of tidal fringes to ensure that all floating data is included in
the analysis. To determine ice thickness, we derived a Digital
Elevation Model (DEM) from 5 years (2011-2015) of CryoSat-
2 baseline-C data (section 3). As the satellite’s radar altimeter has
been shown to be sensitive to changes in surface type (Chuter
and Bamber, 2015), we filter each track by a moving window
of 9 consecutive measurements and remove the samples outside
1 standard deviation of the running mean. Additionally we
used the latest global combined gravity field model EIGEN-6C4
(Forste et al., 2014) which is a result of the GRACE and GOCE
satellite missions.

All data were reprojected and resampled onto a 50 m regular
Antarctic Polar Stereographic grid. We define easting in positive
x-direction, northing in y-direction and depth below surface in
z-direction of a Cartesian coordinate system (Figure 1).

2.2.2. Field Data

We measured ice thickness in the south of White Island with
a 25 MHz pulseEKKO Pro Ground Penetrating Radar (GPR).
Six tiltmeters along a transect across the grounding zone were
used to derive the rheological parameters for ice in a previous
study (Wild et al., 2017). We also installed a number of GPS
receivers to record horizontal and vertical ice movement due to
tidal bending processes (Rack et al., 2017). Here we use 75 d of
GPS data from the freely-floating part of the ice shelf to correct
for the Inverse Barometric Effect (IBE, Padman et al., 2003b).
Atmospheric pressure data originates from a nearby weather
station at Scott Base on Ross Island (linear distance ~ 50 km),
which correlates well (R of 4+0.998) where it overlaps with our
64 d barometric record at SMIS. Two tide models are used to
predict the tidal oscillation at SMIS: (1) the circum-Antarctic tide
simulation model CATS2008a_opt (CATS) developed by Padman
et al. (2008), which is corrected for the deformation of the Earth’s
crust due to the water load by using TPXO06.2 load tide model
(Egbert and Erofeeva, 2002); (2) the t_tide prediction (Pawlowicz
et al., 2002) of a previously IBE corrected GPS record from the
freely-floating area of the SMIS. We restrict the analysis to these 2
records, as other global or regional Antarctic tide models include
the SMIS into their land mask.

3. ICE THICKNESS FROM FREEBOARD

Our GPR data set only covers parts of the SMIS with an atypical
straight grounding line. In order to investigate any presumed
2-D control of grounding-line shape on tidal flexure, we derive
ice thickness from freeboard to cover areas with grounding-line
configurations that are more representative for the Antarctic
coastline. We classify the study area into 3 categories: (I) the

freely-floating area bordered by the hydrostatic line which is
determined by the seaward limit of tidal flexure from DInSAR
(Fricker and Padman, 2006, accuracy within one sixth of a fringe),
(I) the ice-shelf grounding zone between the hydrostatic line and
the landward limit of tidal fringes (Rignot, 1996) and (III) the
grounded portion fully resting on land (Figure 1). We define the
location of these regions a priori from 9 DInSAR images.

At first, ice thickness distribution on the freely-floating ice
shelf is derived from CryoSat-2 measurements and hydrostatic
equilibrium principles. The CryoSat-2 DEM is translated from
surface elevations to freeboard by assuming that the mean sea
level underneath the ice shelf corresponds to the geoid model.
We neglect changes in sea-level height due to mean dynamic
topography as they are not directly measurable on the ice-
shelf surface (Griggs and Bamber, 2011). The relation between
freeboard z; and ice thickness H is:

H=(z— A2, (1)

Sw

and is determined by the firn correction factor Az, the density of
sea water p5, = 1,027 kg m~? and the mean density p of the
ice column. For a solid iceberg Az is zero and mean density is
equal to the density of pure ice p;, = 917 kg m~3; however, the
iceberg relation needs to be modified for an ice shelf with a layer
of firn at its surface. We use a firn core and GPR measurements
to estimate the correction Az and find that accumulation and ice
thickness both increase non-linearly toward the grounding line.
The principles of hydrostatic equilibrium also break down in the
grounding zone (Bindschadler et al., 2011). We use 3 methods
to provide lower and upper limits of ice thickness in this area:
(1) a constant extrapolation of the freely-floating ice thickness
across the grounding zone, (2) a scaled extrapolation of the freely-
floating ice thickness across the grounding zone guided by GPR
measurements in our field area and (3) directly from freeboard in
the grounding zone with Az = 5.9 m. Compared to the GPR data
these 3 methods produce errors of —7.4 £+ 13.2 m, 2.4 + 89 m
and 0.0 = 12.4 m, respectively. Here we use method (3) which
corresponds to a percentage ice-thickness error of +5.6 %, with
the largest errors along the grounding line, where the hydrostatic
equilibrium assumption breaks down.

4. TIDAL FORCING

Tidal load and atmospheric pressure variability both influence
ice-shelf surface elevation. An increase of 1 hPa in atmospheric
pressure causes an isostatic response of —1 c¢cm on the freely-
floating ice shelf (Padman et al., 2003b). This signal is known as
the Inverse Barometric Effect (IBE) and needs to be accounted
for when predicting tidal amplitudes accurately. Even after the
IBE correction, the 2 tidal forcings do not perfectly match the
DInSAR observed tidal amplitudes on the freely-floating ice
shelf. These IBE corrected misfits are up to 14.6 cm for the
CATS and 10.3 cm for the t_tide record (Table 1), making a
direct comparison of the gradient of the modeled and satellite-
observed flexure pattern meaningless. It is therefore desirable
to derive a tidal forcing for the finite-element simulations that
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TABLE 1 | SAR combinations of 12 images (see Table 2) used to generate 9
double-differential interferograms.

ID: SAR ApinsAR  Acats  Attide MCATS It tide
combination

1 —(3-6) + (9-12) 0.465 0413 0406  0.052 0.059
2 (4-7) — (7-10) 0.413 0267 0403  0.146 0.011
3 —(2-5) + (8-11) 0.374 0386 0417 -0.012 —0.043
4 (5-8) — (8-11) 0.009 0013 0079 -0.003 —0.069
5 (1-4) — (4-7) —0.089 0.011  —0.163 —0.100 0.073
6 6-9) — (9-12) -0.188 -0.118 -0.086 -0.070 —0.103
7 (3-6) — (6-9) -0.276  -0.294 -0.319  0.018 0.044
8 —(1-4) + (7-10)  —0.327  —0.278 —0.239 -0.049  —0.087
9 (2-5) — (5-8) -0.386 -0.398 -0.496  0.012 0.110

Vertical displacements (A in m) at the freely-floating ice shelf as modeled by 2 tide models
and their misfit (i in m) to DINSAR observations.

reproduces the DInSAR observations on the freely-floating ice
shelf. This new tidal forcing must preserve the phase information
about the tidal constituents gained from harmonic analysis of
GPS data, and require minimal data intervention. We calculate
the 9 original misfits, p, between the double-differential tidal
predictions and the DInSAR observations. These misfits result
from the combination of individual offsets, €, between the
modeled and observed tides at each SAR data acquisition. The
system is solved for all 9 double-differential interferograms
simultaneously by finding the least-squares combination of
offsets that result in zero net misfit. A continuous adjustment
function is interpolated between these discrete offsets using a
cubic spline function and then added to the tidal prediction
(Figure 2). This adjustment corresponds to 2.1 & 2.3 cm for the
CATS tide model and 0.4 £ 2.3 cm for the t_tide prediction
(Table 2).

Although both tide models now perfectly match the DInSAR
observations on the freely-floating area, they differ in the timing
of the applied tidal forcing. Harmonic analysis of our GPS data
suggests that the phase of the CATS model is leading the t_tide
model (Wild et al., 2017). This is reflected in the temporal
evolution of the difference between the tide records (red curve in
Figure 2), which varies by +8.8 cm. Similarly, the absolute tidal
range of the CATS record (1.07 m) is smaller than for the t_tide
record (1.24 m). This implies that the tides within the t_tide data
set are changing more rapidly (0.166 m h™!) than expected from
the CATS record (0.136 mh™1).

5. NUMERICAL MODELING OF TIDAL
ICE-SHELF FLEXURE

The vertical displacement of an ice shelf due to ocean tides is
described by 2 finite-element models. Both models are separated
at the grounding line into grounded and floating portions.
The grounded part is resting on an elastically deforming bed
expressed by a series of springs, the floating portion experiences
the hydrostatic pressure from the ocean underneath. First we
introduce the well-known elastic theory (Holdsworth, 1969;

Vaughan, 1995; Schmeltz et al., 2002) as formulated by Walker
et al. (2013):

kw + VX(DV*w) = g, (2)

where w(t) is the vertical deflection of the neutral layer in a plate,
V2 is the Laplace operator in 2-D space and k = 5 MPam™! a
spring constant of the foundation which is zero for the floating
part. The applied tidal force g(t) is defined by:

q = pswg(A(t) —w), (3)

with ¢ = 9.81 m s2 the gravitational acceleration and A(t) the
tidal amplitude given by the adjusted tide records. The resistance
offered by the ice shelf while undergoing tidal bending is given by
Love (1906, p. 443):

D= _ERE 4
T12(1 = A2 “@

where E = 1.6 GPa is the Young’s modulus for ice, H(x, y) the
ice thickness distribution and A = 0.4 the Poisson’s ratio. We

compare the elastic model with the more realistic viscoelastic
approach developed by Walker et al. (2013):

d Ek 0
Z (kw+ V2 (DV? — W= —gqt+—— g
; Uow+ VE( W))+2v(1—k2)w 01T a -t
©)
where the rheological parameters E = 1.6 GPa and the value

for viscosity v = 50.1 TPa s are predetermined from tiltmeter
data (Wild et al., 2017). We implement the following boundary
conditions for both models (Figure 1): the upstream boundary
of the model domain of the grounded portion is anchored
rigidly (w = 0, V2w = 0), the downstream boundary of the
freely-floating ice shelf is equal to the tidal oscillation (w =
A(t), Vw = 0) and the grounding line is represented by a fulcrum
(w = 0). Both models are implemented in the finite-element
software COMSOL Multiphysics. The models are discretized in
space using a mesh of 44,853 triangular elements leading to an
average mesh size of 585 m and numerically integrated with a
fully implicit time stepping method (backward differentiation
formula). Strict time steps are taken by the MUMPS numerical
solver to minimize errors induced by the temporal discretization.

These numerical models of tidal flexure calculate vertical
displacements w(x, y) for the neutral layer half-way down the ice
column. Here, longitudinal stresses are generally zero and neither
compressional (8y,8, < 0) nor tensional strains (6,,8, > 0)
are present. Tidal flexure, in turn, is generally measured on
the surface of ice shelves using either in-situ data from GPS
(Vaughan, 1994), and tiltmeters (Smith, 1991; Reeh et al., 2003),
or SAR imagery (Rignot et al, 2011). A direct comparison
between model solutions and any surface observation is thus
spuriously assuming that displacement at the surface is the same
as at the neutral layer (Schmeltz et al., 2002; Reeh et al., 2003; Han
and Lee, 2014). We build on earlier work by Rack et al. (2017)
but assume that curvature is directly proportional to the bending
moment, because the slope of the neutral layer is small compared
with the flexural length scale. This approximation allows us to
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FIGURE 2 | The tidal oscillation as predicted by (Top) a regional tide model of the circum-Antarctic ocean and (Bottom) a harmonic analysis of GPS data from the
freely-floating area. The raw model forecasts are both adjusted to match DINSAR observations using a least-squares fitting technique as explained in section 4. The
(Center) red line shows the differences between the adjusted tide predictions. Gray vertical lines coincide with times of SAR data acquisitions. Values for the prevailing

integrate the horizontal surface strain components, d; and §,,
to yield a straightforward equation for the additional horizontal
motion (Be, hereafter “bending effect”):

frsxdx=BeX=

X
/(Sydy=Bey=
y

Here, H/2 is the distance to the neutral layer to be in accordance
with classic Euler-Bernoulli beam theory and w/, and w/, are
the first spatial derivatives of vertical deflection of the neutral
layer. As SAR sensors are sensitive to displacement in line of
sight (look direction), we rotate the coordinate system from
longitude/latitude to radar look direction for each SAR image
(satellite imaging geometries are given in Table 2). This converts
the horizontal components Be, and Bey, to apparent vertical

Wi
©)

/
Wy‘

DT e

motion as captured with DInSAR. We then add this component
onto all model output for vertical deflection of the neutral layer
to match the observations seen with DInSAR.

6. RESULTS

We now compare the satellite observations to the model
solutions. First, we assess any control of curved grounding lines
on tidal flexure. Second, we investigate differences between elastic
and viscoelastic models. Third, we analyze the quality of the tide
models and their potential to affect our flexure model results.

6.1. Two-Dimensional Controls on Tidal

Flexure
The overall model performance is characterized by the standard
deviation of the differences between the DInSAR observations of
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TABLE 2 | SAR images used in this study and the prevailing satellite geometries at times of data acquisition (the flight direction is from North, the incidence angle is from

the surface normal).

SAR: Date, time (UTC) Flight, incidence (°) AcaTs A tide Acars At tide 0CATS Ot tide

1 25/10/14, 12:31:32 275.4, 44.5 0.309 0.296 0.020 0.059 —0.000 0.025
2 28/10/14, 13:14:05 265.0, 44.6 0.207 0.186 0.066 0.118 —0.003 —0.003
3 30/10/14, 14:13:39 250.1, 39.3 0.126 0.138 0.079 0.124 —0.009 —0.008
4 05/11/14, 12:31:32 275.4,44.5 0.176 0.159 ~0.036 —0.003 0.025 —0.031
5 08/11/14,13:14:15 265.0, 44.6 0.373 0.365 0.002 0.039 —0.008 ~0.049
6 10/11/14, 14:13:49 250.1,39.3 0.369 0.387 0.026 0.053 ~0.000 ~0.007
7 16/11/14, 12:31:32 275.4,44.5 —0.044 —0.066 0.009 0.022 —0.049 -0.012
8 19/11/14,13:14:15 265.0, 44.6 0.154 0.158 —0.034 -0.023 —0.000 0.014
9 21/11/14, 14:13:49 250.1, 39.3 0.335 0.361 —0.045 —0.031 0.026 0.037
10 27/11/14, 12:31:32 275.4, 44.5 0.149 0.122 0.089 0.118 0.024 0.018
11 30/11/14, 13:14:04 265.0, 44.6 —0.056 —0.039 0.034 0.045 0.003 0.007
12 02/12/14, 14:13:39 250.1, 39.3 0.114 0.145 —0.013 —0.022 —-0.017 —0.022

Model predictions for the tidal amplitude (A in m), the rate of tidal change (A = dA/dt in m h™") and the corresponding offsets (6 in m) to match the DINSAR observations as explained

in section 4.

vertical displacement and the flexure model output. A relatively
large standard deviation originates from a poor model fit.

The elastic model (Equation 2) is forced only by the value
of the net tidal amplitude. The misfit between the elastic model
and the DInSAR is generally within 1 fringe in the grounding
zone with a mean standard deviation of 2.19 cm (Figure 3) Areas
where the standard deviation exceeds this value are evidence of
ice heterogeneity, e.g., the Ross Ice-Shelf Shear Zone or around
the Edgar Ice Rise. The viscoelastic model, in turn, incorporates
the time derivative of the tidal forcing (Equation 5). It therefore
captures the different behavior between the smoothly oscillating
CATS record and the more rapidly changing t_tide model. The
viscoelastic CATS model matches our satellite data set better than
the viscoelastic t_tide model as the standard deviation is smaller
within the grounding zone (mean standard deviations of 2.24 and
2.62 cm, respectively, Figure 4).

All combinations of flexure and tide models fit equally
well along straight parts of the grounding line and seaward
protrusions but exhibit the largest standard deviations at
locations within landward embayments of the grounding line.
Changing X has a negligible effect within embayments with best
results for A = 0.4, as defined initially. Varying ice thickness
within the specified bounds (section 3) produces the same pattern
in variation of standard deviation, but of larger magnitude. We
therefore restrict further analysis to the ice thickness map of
Figure 1 that assumes hydrostatic equilibrium in the grounding
zone as it presents the overall smallest standard deviation.

To further investigate model performance within embayments
we define a transect across the grounding zone. This profile
begins on the grounded ice, then runs through the peak error
located within the embayment between White and Black Island
and ends on the freely-floating part of the SMIS. We perform 1-D
elastic and viscoelastic simulations using the same ice thickness,
forcings and corrections as for the 2-D simulations. These flexure
curves act as “control runs” for 2-D effects as they are not
influenced by the shape of the grounding line (Figure 5).

standard deviation, CATS and t_tide

7 AR TR T T 7]

-1225 -

-1230

-1235

-1240

-1245

Northing (km)

-1250

-1255

Easting (km)

FIGURE 3 | Pixel-based standard deviation between the elastic model
solution for 9 DINSAR observations. The blue line shows the location of the
elastic transects shown in Figure 5.

6.2. Tide-Model Quality

As ice is a viscoelastic material (Reeh et al, 2000, 2003;
Gudmundsson, 2011), a viscoelastic model should generally
improve the elastic model fit. However, our analysis reveals that
in the case of an inaccurate tide model elastic theory is preferable
overall to describe the DInSAR observations, due to its simplicity.

The differences between the elastic and viscoelastic models are
largest around relatively small tidal amplitudes, when tides are
steeply rising or falling. This is expected as the rate of tidal change
has a strong impact on the viscoelastic model (Wild et al., 2017).
To investigate the effect of tidal conditions during SAR data
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FIGURE 4 | Pixel based standard deviation between the viscoelastic model solutions for 9 DINSAR observations, (Left) using the adjusted CATS tide model and
(Right) the adjusted t_tide forecast. The green and magenta lines show the location of the viscoelastic transects shown in Figure 5 for the CATS and t_tide
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acquisition we more closely examine three individual DInSAR
combinations.

DInSAR-2 results in a relatively large net displacement
(41.3 cm, Table 1), although all 3 SAR images are acquired
at relatively small tidal amplitudes (SAR 4-7-10 in Table 2).
For this reason, the viscoelastic model is expected to largely
improve the elastic fit (Wild et al., 2017). This is supported by
the viscoelastic model using the adjusted t_tide record which
almost perfectly reproduces the DInSAR observation (Figure 5,
top and Figure S1). Here, only a small misfit to the t_tide forecast
(1.1 cm, Table 1) results in a good match with DInSAR. The
CATS forecast, in turn, shows a large misfit (14.6 cm, Table 1).
This misfit introduces uncertainty in the rate of change of the tide
increasing the error in the viscoelastic model. In this case there is
no obvious improvement over the elastic model.

DInSAR-4 features the smallest net tidal displacement (0.9 cm,
Table 1), with SAR data acquisitions during one large and two
relatively small tidal amplitudes when the rate of tidal changes
are high (SAR 5-8-11 in Table 2). Viscoelastic effects are therefore
most likely to be observed in this DInSAR measurement.
Nevertheless, the elastic model at first seems preferable across
the SMIS (Figure S2). As the net tidal displacement is positive,
the elastic solution is characterized by seaward upward bending.
In contrast, the viscoelastic model reproduces the general s-
shaped flexure curve as observed with DInSAR (Figure 5, center).
Although this pattern is captured by the viscoelastic models, its
amplitude is overestimated and worsens from the 1-D control
runs to the 2-D simulations. Here, the CATS forcing required
the least net adjustment (—0.3 cm) whereas the t_tide record was
heavily modified (—6.9 cm) to match the DInSAR observation.
The effects of this adjustment are evident (Figure 5, center).

DInSAR-9 features the largest negative net displacement
(—38.6 cm) and is a combination of two large and one small tidal

displacement (SAR 2-5-8 in Table 2). SAR images 2 and 8 are
both acquired during steeply rising and falling tides, respectively.
In this case, the CATS forecast requires a much smaller overall
tidal adjustment (1.2 cm) than t_tide (11.0 cm). Since there is
almost no adjustment for the CATS model, it is expected that
there will be a good fit (Figure 5, bottom and Figure S3).

We rationalize that the theoretical superiority of the
viscoelastic model over elastic approximation is only
valid, when the tide model output requires minimal
adjustment. For net adjustments (i.e., misfits ) smaller
than &~ 1.5 cm, the viscoelastic model outputs result in a smaller
root-mean-square-error in the grounding-zone areas than elastic
model output (Figure 6). Differences between the two flexure
models are increasing for larger net adjustments (> 4.0 cm) and
the viscoelastic model performance becomes more variable.

7. DISCUSSION
7.1. Evaluation of Tide Models

In order to directly compare satellite measurements to model
solutions, tidal forcings need to perfectly match the observed
vertical displacements on the freely-floating part of an ice-shelf.
Centimeter-scale adjustments are currently necessary which
not only modify the tidal amplitudes at times of SAR data
acquisitions, but also alter the rate of tidal change. As the
viscoelastic model incorporates the time derivative of the tidal
forcing, it captures the adverse consequences of this adjustment.
The elastic model in turn, is only dependent on the prevailing
tidal amplitude and ignores any information on the tidal stage.
Therefore, the elastic modeling approach performs better with
an inaccurate tidal forcing when directly compared to DInSAR
measurements. Despite this, the viscoelastic model is preferable
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when the tidal forcing does not require significant adjustment
(< 1.5 cm).

Inaccuracies in the tidal forcing can be a consequence of
(1) the quality of the tide model, (2) the IBE correction, or
(3) a combination of both. Current Antarctic tide models are
estimated to be accurate within a root-mean-square deviation of

10 cm around the Ross Sea (Padman et al., 2002). These errors
are a result of insufficient bathymetric measurements underneath
ice shelves, inaccuracies in grounding-line locations and the
scarcity of tide-model assimilation data around Antarctica (King
and Padman, 2005). The IBE correction reduces the standard
deviation of the residual error for the CATS prediction from
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FIGURE 6 | The difference between elastic and viscoelastic
root-mean-square-errors within the grounding-zone areas as a function of the
net adjustment (misfits) of the utilized tide model. A positive difference
corresponds to an improvement of viscoelastic theory over the elastic
approximation.

7.9 to 5.8 cm and from 8.9 to 7.0 cm for the t_tide prediction
over a 75 d period of GPS data. However, this correction is
developed for long time-scales and freely-floating ice shelves far
away from the grounding line and shear margins (Padman et al,,
2003b). The shallow sea under the SMIS is likely to alter the
ocean’s response to pressure fluctuations, because coastal effects
cannot be excluded. Harmonic analysis of these residual errors
shows: (1) the CATS model only captures diurnal (O1, K1, NO1,
J1) and semi-diurnal (S2, N2, M2, L2) tidal constituents within
centimeter accuracy, (2) the t_tide forecast reproduces these
short-period components down to millimeter accuracy, but only
captures the amplitudes of the long-period signals (MM, MSF) to
within centimeters.

Even a perfect tide model can theoretically only match
DInSAR measurements within its own accuracy. Rignot et al.
(2011) obtained a detectable InSAR signal above noise within less
than 1 cm vertical deflection. We therefore consider the DInSAR
measurement as the absolute truth as it is one to two orders of
magnitude more accurate than the CATS tide model (Rack et al.,
2017). DInSAR-4, using the adjusted CATS forcing, appears to
be a special case in that the net displacement is almost zero.
Although the s-shaped bending pattern was generally captured by
viscoelastic models, its magnitude was overestimated leading to
smaller errors with the elastic approach. Despite the larger errors,
the viscoelastic model better represents the physics of ice-shelf
flexure. The larger errors, in turn, are probably due to tide model
inaccuracies and/or consequences of ice heterogeneity across the
SMIS.

A logical step further is to perform a similar analysis for a
suite of tide models. Han and Lee (2014) investigated two global
tide models: TPXO7.1 (Egbert and Erofeeva, 2002) and FES2004
(Lyard et al., 2006), and two regional Antarctic tide models:
CATS2008a (Padman et al., 2002, 2008) and Ross_Inv (Padman

et al,, 2003a). The authors used linear regression analysis and
found that Ross_Inv performed best when compared to DInSAR
data on the freely-floating portion of the Campbell Glacier
Tongue. Unfortunately, these tide models do not include the
SMIS.

7.2. Variability in Ice Rheology

In this study, it is assumed that variation in flexural rigidity
is only a function of ice thickness distribution. Ice is an
inhomogeneous material which experiences spatial variations in
its rheological properties. Similarly, ice stiffness and viscosity
are affected by the thermal regime of the ice shelf, with ice
temperature at the base equal to the freezing point of seawater
and surface conditions varying with surface climate and ice
dynamics (Cuffey and Paterson, 2010). Larour et al. (2005) used
a map of surface velocity from Radarsat-1 interferometry to
derive rigidity and ice viscosity variation over the Ronne Ice
Shelf, although the observed stiffness variability is larger than
expected from surface temperatures alone. Additionally, density
variations with depth and crevassing can lead to large changes in
ice rheology (Rosier et al., 2017). These reduce the ice stiffness
and explain why modeled standard deviations in the grounding
zone increase toward the east, where advection of basal crevasses
originating from the Ross Ice-Shelf Shear Zone is expected. Basal
crevassing is also expected around the Edgar Ice Rise, but our
derived ice thickness is likely underestimated there (Figure 1, left
panel), which further complicates the interpretation of modeled
standard deviations in this area.

7.3. Uncertainties in Ice Thickness

Our freeboard to thickness conversion neglects effects of basal
refreezing under the ice shelf which may alter the resulting
freeboard. Marine ice is present in the western and southern parts
of the SMIS (Fitzsimons et al., 2012), but wasn’t detected within
the area of our field survey. The model domain does include
surface ablation areas and we may therefore overestimate ice
thickness in areas of blue ice. Similarly, basal crevassing has been
observed around the ice rise (Clifford, 2006) and toward the shear
zone with the Ross Ice Shelf (Ryan, 2016). Ice fracture reduces
the effective ice thickness in these areas and may cause the high
standard deviations of model misfits.

7.4. Two-Dimensional Controls During
Small Tidal Deflections

Along straight sections and seaward protrusions of the grounding
line, 1-D simulations of tidal flexure yield very similar results
to 2-D flexure models (not shown here). In contrast, 2-
D simulations largely improve the match to DInSAR within
landward embayments, especially for large net displacements
(Figure 5, top and bottom panels). For small tidal displacements
the 1-D model seems to perform better at first, but fails
to reproduce the flexure pattern as observed with DInSAR
(Figure 5, center panels). Therefore, a viscoelastic model is
necessary to describe the physics of ice-shelf flexure for small
tidal displacements. We notice that the value of viscosity has
a larger effect in 2-D models than in 1-D models, where
the floating ice within the embayment is supported by the
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surrounding ice. Along our transect this is most distinctly
noticeable within 1.5 km of the grounding line and for small
tidal deflections (Figure 5, center panels). Additionally, all our
viscoelastic models overestimate the s-shaped flexure curve as
measured with DInSAR. This points to a slightly higher value for
ice viscosity than the one we derived from tiltmeter data earlier
(Wild et al., 2017).

8. CONCLUSION

Here we show that tidal flexure patterns in grounding zones
observed using DInSAR can be reproduced within a few
centimeters using finite-element modeling. We find that model
misfits are generally largest within landward embayments of the
grounding line, where the support of neighboring ice dampens
the vertical flexure. When comparing an elastic and a viscoelastic
model, we find that the quality of input data is crucial in
determining which model should be used. Viscoelastic models
are superior, particularly in landward embayments or when tidal
amplitudes are low. Unfortunately they are also much more
sensitive to errors in tidal forcing, as they rely on the rate of
change of the tide. Here we use two tide models, validated by GPS
data and find that centimeter-scale adjustments are necessary to
match DInSAR observations on the SMIS. These adjustments
fail to correct for any errors in the rate of tidal change, which
impacts the output from viscoelastic models. A logical further
step is to investigate the performance of various tide models to
force grounding-zone flexure in areas where a suite of tide models
are available.

It is worth mentioning that our 75 d record of high-
resolution GPS measurements improves the CATS forecast for
short-period tidal constituents but is too short to sufficiently
capture long-period tidal components. A longer time series
of GPS measurements (>1 year) is necessary to extract the
tidal constituents to develop a tide model matching DInSAR
accuracy. This finding underlines the need for ongoing, long-
term field observations to support the full interpretation of
DInSAR measurements — an inevitable tool in grounding zone
glaciology.
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