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A glacier tongue, the terminus of a glacier projecting out from the coastline and floating over the ocean, experi-
ences vertical deflection due to the fluctuation of ocean tide. Accurate analysis of the tidal deflection of a glacier
tongue is necessary to understand the elastic properties anddynamics of glacial ice.We extracted the tidal deflec-
tion of Campbell Glacier Tongue (CGT), one of the fast-flowing glacier tongues in East Antarctica, by using 120
Double-Differential Interferometric SAR (DDInSAR) images from the 16 COSMO-SkyMed one-day tandem inter-
ferometric SAR image pairs obtained during 2010 and 2011. Amapof tide deflection ratio (α-map), defined as the
ratio of the tidal deflection over tide height, was generated by pixel-based linear regression between the
DDInSAR-derived tidal deflection and the tidal variation predicted by various tide models such as TPXO7.1,
FES2004, CATS2008a and Ross_Inv after the inverse barometer effect correction. We also generated the maps
of R2, root mean square error (RMSE), and intercept (β) of the linear regression model. We confirmed that the
horizontal flow of the Campbell Glacier is steady over the whole data acquisition period due to the fact that α
values were close to zero over the grounded part of the glacier. Ross_Inv provided the most reliable α-map
with the highest R2 (0.97) and the smallest RMSE (0.3 cm) beyond the hinge zone than other tide models. The
spatial variation of the tidal response of the whole CGT was clearly defined from the α-map. The grounding
line retreated by 0.3–1.5 km in comparison with that in 1996 defined by Rignot et al., 2011a. The ice thickness
of CGT was estimated to be 397 ± 71 m from ICESat surface elevation data. The Young's modulus of CGT was
found to be 0.5–1.3 GPa (0.8 GPa at an ice thickness of 397 m) by simulating the α in the hinge zone using a
2-dimensional finite element method.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Glacier tongues and ice shelves, the terminus of glacial ice that
drains into sea from glaciers and ice sheet, experience tidal deflection
in the vertical direction induced by the change of ocean tide as well as
the gravitational creep-flow in the horizontal direction (Rignot,
Mouginot, & Scheuchl, 2011a). Analysis of tidal deflection of floating
glacial ice is important to understand ice dynamics and the mass bal-
ance of an ice body which is closely related to the basal melting and
ice calving mechanism of the glacier (de Juan et al., 2010; Rignot,
Padman, MacAyeal, & Schmeltz, 2000; Shepherd & Peacock, 2003;
Thomas, 2007).

Many studies have used global positioning system (GPS) (King &
Aoki, 2003; King & Padman, 2005; Legrésy, Wendt, Tabacco, Rémy, &
Dietrich, 2004) and satellite altimeters (Fricker & Padman, 2002, 2006;
Legrésy et al., 2004; Shepherd & Peacock, 2003) to analyze the tidal re-
sponse of glacier tongues and ice shelves. However, it was difficult to
observe the spatial variation of tidal deflection due to the limited number
ghts reserved.
of the GPS receivers and the low spatial resolution (tens of kilometers)
of the altimeters. Synthetic Aperture Radar (SAR) has provided high
resolution (~m) images of glaciers with all-weather and day-and-night
imaging capabilities. By applying Differential Interferometric SAR
(DInSAR) technique, surface displacement can be measured with centi-
meter accuracy. DInSAR technique has been widely used to estimate
the flow velocity and ice discharge of glaciers, which have been used as
primary data for investigating ice dynamics and the mass balance of
polar ice sheet (Cheng & Xu, 2006; Mouginot, Scheuchl, & Rignot,
2012; Rignot, Vaughan, Schmeltz, Dupont, & MacAyeal, 2002; Young &
Hyland, 2002).

The DInSAR signals of a glacier tongue contain the two components
of displacements: one from the horizontal ice flow and the other from
the vertical tidal deflection. The horizontal ice flow motion can be can-
celed out by differencing the two DInSAR signals assuming that the hor-
izontal ice flow is steady regardless of tidal conditions (Rignot, 1996).
The remaining signal would represent the vertical tidal deflection
between the two differential interferograms. This technique is called
as Double-Differential Interferometric SAR (DDInSAR) which has
recently been used to assess the accuracy of tide models in Antarctic
Ocean (McMillan, Shepherd, Nienow, & Leeson, 2011), to define
grounding line and hinge zone (Rignot, 1996; Rignot & MacAyeal,
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Fig. 1.Campbell Glacier in East Antarctica. (a) is themap of iceflowvelocity over Campbell Glacier (Han, Ji, & Lee, 2013). Thewhite arrows represent the ice flowdirection estimated by the
offset trackingmethod. Tide height predicted by TPXO7.1, CATS2008a, and Ross_Inv tidemodel is extracted at the location of black cross, while FES2004 tidemodel predicts tide height at
the location of white triangle. The white dotted line across Campbell Glacier Tongue represents the orbit of the ICESat GLAS. (b) is the ASTER GDEM over study area used to remove the
topographic phases from the COSMO-SkyMed one-day tandem interferograms.
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1998; Rignot et al., 2011a), and to estimate the retreat of grounding line
of the glaciers (Rignot, 1998a, 2001; Rignot et al., 2004) with unprece-
dented accuracy.
Table 1
COSMO-SkyMed one-day tandem interferometric pairs used in this study. B⊥ and ha are the pe
height predicted by the IBE-corrected TPXO7.1, FES2004, CATS2008a and Ross_Inv tide models

ID One-day tandem interferometric pairs B⊥
(m)

ha
(m)

1 2010/06/16, 2010/06/17 31.6 254.6
2 2010/07/02, 2010/07/03 −46.3 173.4
3 2011/01/26, 2011/01/27 18.9 424.7
4 2011/02/27, 2011/02/28 5.7 1407.2
5 2011/03/15, 2011/03/16 −44.4 180.8
6 2011/03/31, 2011/04/01 −39.2 204.9
7 2011/05/02, 2011/05/03 −89.6 89.7
8 2011/05/18, 2011/05/19 75.9 105.9
9 2011/06/03, 2011/06/04 −36.5 220.3
10 2011/06/19, 2011/06/20 −47.5 169.1
11 2011/08/22, 2011/08/23 181.7 44.2
12 2011/09/07, 2011/09/08 37.3 215.2
13 2011/10/09, 2011/10/10 −44.4 181.2
14 2011/10/25, 2011/10/26 −110.9 72.4
15 2011/11/10, 2011/11/11 −91.7 87.6
16 2011/11/26, 2011/11/27 −23.4 342.8
Previous studies on the tidal response of floating glaciers assumed
that the ice beyond the hinge zone is free-floating, i.e., in a hydrostatic
equilibrium state and shows the steady tidal responses. However, the
rpendicular baseline and height ambiguity, respectively.Ṫ is the one-day difference of tide
.

Ṫby TPXO7.1
(cm)

Ṫby FES2004
(cm)

Ṫby CATS2008a
(cm)

Ṫby Ross_Inv
(cm)

−19.9 −19.6 −20.4 −20.3
−10.9 −9.0 −10.3 −11.3
−6.2 −8.3 −8.1 −11.6
−6.5 −2.9 −5.7 −4.5

−20.0 −13.6 −17.2 −17.5
4.8 7.9 6.9 8.3
7.9 5.9 8.3 8.3

27.9 24.0 26.0 27.8
−1.0 −1.0 −1.9 −3.3

−12.8 −11.5 −13.0 −14.7
25.9 23.5 25.8 27.6
2.0 −0.1 0.6 1.0
6.2 7.1 4.6 5.8

−13.4 −7.6 −13.0 −14.0
0.2 2.8 2.0 2.0
2.0 4.4 4.0 7.5
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Fig. 2. Flowchart of the research.
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Fig. 3. An example of the linear regressions between DDInSAR-derived ΔZ and ΔT predicted by the IBE-corrected tide models such as (a) TPXO7.1, (b) FES2004, (c) CATS2008a, and
(d) Ross_Inv (significance value p b 0.001).
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tidal responses of an ice beyond the hinge zone of the floating glaciers
can be different spatially due to the inhomogeneity of physical proper-
ties of the ice. The variations of the tidal responses beyond the hinge
zone, however, had been considered statistically not significant and
neglected so far due to the uncertainty of tide models and lack of
DDInSAR data. Therefore, a series of DInSAR pairs with very short tem-
poral baselines can be useful to avoid the temporal decorrelation of
rapidly-flowing glaciers, to precisely assess the accuracy of tide models,
and to enable a quantitative evaluation of tidal response and the elastic
properties of floating glaciers in DDInSAR technique.

The bending behavior of an ice body responding to tidal change de-
pends on the elastic properties of the ice such as ice density, Poisson's
ratio and Young's modulus (Lingle, Hughes, & Kollmeyer, 1981; Reeh,
Christensen, Mayer, & Olesen, 2003; Reeh, Mayer, Olesen, Christensen,
& Thomsen, 2000; Vaughan, 1995). The ice density and Poisson's ratio
of Antarctic glaciers are relatively well defined (Bindschadler et al.,
2011; Legrésy et al., 2004; Rignot, 1996, 1998b; Rignot et al., 2008),
while the Young's modulus has been reported to have a wide range of
the values from 0.3 to 10 GPa (Gammon, Kiefte, Clouter, & Denner,
1983; Gudmundsson, 2011; Reeh et al., 2003; Schmeltz, Rignot, &
MacAyeal, 2002; Sykes, Murray, & Luckman, 2009; Vaughan, 1995).

In this paper, we apply the DDInSAR technique to the Campbell Gla-
cier Tongue (CGT), one of the fast-flowing glacier tongues in East
Antarctica, to analyze the tidal deflection of CGT and to evaluate the
DDInSAR technique and the existing tide models. First, we generate
120 DDInSAR images of CGT from the 16 one-day tandem DInSAR
image pairs obtained by a series of Constellation of small Satellites for
Mediterranean basin Observation (COSMO-SkyMed) from 2010 to
2011. We generate the map of tide deflection ratio (α-map) that repre-
sents the ratio of tidal deflection over tide height by pixel-based linear
regression between the DDInSAR-derived tidal deflection and the tidal
variations predicted by the tide models of TPXO7.1, FES2004,
CATS2008a and Ross_Inv. The steady-flow assumption of the horizontal
glacier motion, the accuracy of the tide models and the values of α of
CGT are assessed statistically. The grounding line and hinge zone are
identified from the α-map as well. We also find the Young's modulus
of CGT by simulating α in the hinge zone by using a 2-dimensional
(2-D) finite element method (FEM).

2. Materials

2.1. Study area

The Campbell Glacier (74° 25′ S, 164° 22′ E) is located in the north-
ern Victoria Land, East Antarctica (Fig. 1). The length of the glacier is
100 km and the basin area is over 4000 km2 approximately. Campbell
Glacier flows into the northern Terra Nova Bay in Ross Sea where
Jangbogo Station, a new Korean Antarctic research station, will be con-
structed by 2014. Air temperature varies from−30 °C to 5 °C annually,
according to themeasurement by an AutomaticWeather System (AWS)
installed near the Campbell Glacier from 2010 to 2012. Mean snow ac-
cumulation rate over TerraNova Baywas estimated to be approximately
170 kg m−2 a−1 by analyzing ice cores sampled in northern Victoria
Land (Stenni et al., 2000).

CGT is composed of two ice streams: a coherentmain stream and an
incoherent branch stream composed of broken chunks of ice (Fig. 1).
The main stream is about 13.5 km long measured from the grounding
line and 4.5 km wide, while the branch stream is about 8.0 km long
and 2.5 km wide. The spatial variability of the flow rate of CGT has
been estimated to be 140–240 m a−1 in 1988 and 1989 by using
SPOT images (Frezzotti, 1993) and 160–250 m a−1 in 1996 by using
Fig. 4. Examples of COSMO-SkyMed DDInSAR images with various tidal condition of Campbell
model. The black lines represent the grounding line identified from each DDInSAR imag
ERS-1/2 InSAR pairs (Rignot, Mouginot, & Scheuchl, 2011b). Recent
observation of theflow ratewasmeasured to be 181–268 m a−1 during
2010 and 2011 (Fig. 1a) from the same dataset used in this study
(Han et al., 2013).

2.2. Data

COSMO-SkyMed is composed of a constellation of the four satellites
equipped with X-band SAR, the center frequency of 9.6 GHz and the
wavelength of 3.1 cm (Bianchessi & Righini, 2008). Each satellite revisits
the same ground track every 16 days, meanwhile the two different
satellites of COSMO-SkyMed-3 and -2 repeat the same ground track
with a time lag of one-day (Covello et al., 2010). We obtained 16 one-
day tandem interferometric SAR (InSAR) image pairs from the COSMO-
SkyMed satellites from June 2010 to November 2011 (Table 1) via the
COSMO-SkyMed Announcement of Opportunity. All images were
acquired with 3 m-resolution in strip-map mode, VV polarization, and
in descending orbit at around 3:45 UTC. The Advanced Spaceborne
Thermal Emission and Reflection Radiometer Global Digital Elevation
Model (ASTER GDEM) with the grid spacing of 30 m and the vertical
accuracy of 20 m (Fujisada, Bailey, Kelly, Hara, & Abrams, 2005) was
used to remove topographic phases during the 2-pass DInSAR processing.

We also used surface elevation across CGT measured by the Geosci-
ence Laser Altimeter System (GLAS) onboard the Ice, Cloud, and LandEl-
evation Satellite (ICESat) to fill the DEM of CGT that are missing in the
ASTER GDEM and to estimate ice thickness (Bamber & Bentley, 1994;
Griggs & Bamber, 2009, 2011). A total of 12 ICESat GLAS observations
of the same ground track across CGT was obtained from 2003 to 2009
andwas averaged to lower the randomnoises included in individual ob-
servations. The ICESat GLASmeasures surface elevation over an ice shelf
with 3 cm vertical resolution and 14 cm vertical accuracy over approx-
imately 60 m footprint and 172 m spacing in along track direction
(Abshire et al., 2005; Schutz, Zwally, Shuman, Hancock, & DiMarzio,
2005; Shuman et al., 2006). The ground track of the ICESat GLAS across
CGT is shown aswhite dotted line in Fig. 1a. The DEM used in this study
is shown in Fig. 1b.

Four tide models were used to analyze the tidal deflection of CGT
observed by the DDInSAR: TPXO7.1 (Egbert & Erofeeva, 2002),
FES2004 (Lyard, Lefevre, Letellier, & Francis, 2006), CATS2008a
(Padman, Fricker, Coleman, Howard, & Erofeeva, 2002) and Ross_Inv
(Padman, Erofeeva, & Joughin, 2003). TPXO7.1 (1/4° grid) and
FES2004 (1/8° grid) are global tide models, while CATS2008a
(4 km grid) and Ross_Inv (~10 km grid) are the Antarctic regional
tide models. Tide heights of TPXO7.1, CATS2008a, and Ross_Inv
were extracted at a center point on CGT beyond the hinge zone
(a black cross in Fig. 1), while those of FES2004 were sampled at a
point on ocean in the front of CGT (a white triangle in Fig. 1). This
was because FES2004 regards CGT as inland and no data was avail-
able on it. We corrected the effect of the ocean self attraction and
loading for the tide models by using TPXO6.2 Load Tide model
(Egbert & Erofeeva, 2002) except for FES2004 that uses an internal
solution. We used the atmospheric pressure data measured in
every hour from February 2010 to January 2012 by the AWS installed
at Terra Nova Bay to correct the inverse barometer effect (IBE)
(Padman, King, Goring, Corr, & Coleman, 2003).

3. Method

Our processing methodology is outlined in the flowchart in Fig. 2.
Firstly, we generated 16 COSMO-SkyMed one-day tandem differential
interferograms. The phase unwrapping was carried out by branch-cut
Glacier Tongue. The tidal variation, ΔT , was predicted by the IBE-corrected Ross_Inv tide
e, while the red lines are the grounding line defined in 1996 (Rignot et al., 2011a).
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algorithm (Goldstein, Zebker, & Werner, 1988). Topographic fringes
were removed by using the ASTER GDEM. The accuracy of the ASTER
GDEM was enough to remove the topographic phases from the one-
day interferograms because the perpendicular baselines are very short
from 5.7 m to 181.7 m (Table 1). Total 120 DDInSAR images were pro-
duced as the two-combinations from the 16 one-day DInSAR data.

The vertical tidal deflection, Z, as a function of x and y in horizontal
plane and time (t) can be represented as

Z x; y; tð Þ ¼ α x; yð ÞT x; y; tð Þ ð1Þ

where α(x, y) is the tide deflection ratio defined as the ratio of tidal de-
flection over the tide height (T). If an ice body is free-floating and is in a
hydrostatic equilibrium state, then αwould be 1. If α is less than 1, then
the ice is still bounded to ice upstream and shall be in a partially hydro-
static equilibriumstate. The difference of Zduring a one-dayDInSAR sig-
nal, defined here as Z , also relates to the one-day difference of tide
height Tð Þ. Assuming the steady-flow of glacier during the observation
time, the tidal deflection of glacier tongue can be solely measured by
the DDInSAR signal between two one-day DInSAR signals ΔZð Þ, which
is proportional to the difference of Ṫ between the two DInSAR pairs
ΔTð Þ.

To estimate α values for CGT, we performed linear regression be-
tween ΔZ and ΔT for each pixel of DDInSAR image. A linear regression
model can be represented as

ΔZ x; y; tð Þ ¼ α x; yð ÞΔT x; y; tð Þ þ β x; yð Þ ð2Þ

where β(x, y) is the intercept. Fig. 3 is examples of the linear regression
model for TPXO7.1, CATS2008a and Ross_Inv at the location of black
cross in Fig. 1a and that for FES2004 at white triangle in Fig. 1a, which
shows R2 values higher than 0.9 for all tide models. We generated the
maps ofα,β, R2, and rootmean square error (RMSE) of the linear regres-
sion model over the study area. We used these maps to quantitatively
assess the accuracy of the tide models and the α values of CGT. The
grounding line and hinge zone were then identified from the α-map.

To find Young's modulus of CGT, we simulated the α values in the
hinge zone of CGT by using a 2-D FEM. If a glacier tongue is homoge-
neous and isotropic, the governing equation of the vertical tidal deflec-
tion of the glacier tongue is given by (Timoshenko & Woinowsky-
Krieger, 1959)

∂4Z
∂x4

þ 2
∂4Z

∂x2∂y2
þ ∂4Z

∂y4
¼ − q

D
; ð3Þ

where q is the load per unit area applied to the surface of the glacier
tongue given by

q ¼ ρs−ρið ÞgT ; ð4Þ

where ρi is the density of glacier ice (917 kg m−3 typically), ρs is the
density of sea water (1030 kg m−3 typically), g is the gravitational ac-
celeration, and T is the tide height. D in Eq. (3) is the flexural rigidity
term for the glacier tongue given by

D ¼ EH3

12 1−ν2
� � ; ð5Þ

where E is the Young's modulus, v is the Poisson's ratio (0.3), and H is
the ice thickness of the glacier tongue, respectively. H can be estimated
Fig. 5.Maps of tide deflection ratio (α-map) of Campbell Glacier Tongue generated by the pi
corrected tide models such as (a) TPXO7.1, (b) FES2004, (c) CATS2008a, and (d) Ross_Inv. T
by assuming hydrostatic equilibrium state of the glacier tongue by
(Bamber & Bentley, 1994; Griggs & Bamber, 2009, 2011)

H ¼ h−δð Þρs

ρs−ρið Þ ; ð6Þ

where h is the ice surface elevation abovemean sea level and δ is thefirn
depth correction termdefined as thedifference of thickness between ice
and firn layer.We used h of CGTmeasured by ICESat GLAS and δ of 13 m
at the grounding line of CGTwhichwas estimated by Bindschadler et al.
(2011).

ANSYS software (ANSYS, Inc., Canonsburg, USA) was used to simu-
late the α values in the hinge zone of CGT by using the 2-D FEM with
varying E and H. Other physical properties such as ρi and v are assumed
to be constant over CGT. The model geometry was meshed with un-
structured rectangular elements. The number of elements and nodes
were 1033 and 1141, respectively, and the node spacing was
100–200 m. Fixed displacements were given as the boundary condition
along the groundings line and the seaward edge of the hinge zone. A
uniform q was applied to the bottom surface of CGT assuming a maxi-
mum tide height. The simulation result was then compared with the
DDInSAR-derived α-map to suggest a reasonable E for CGT.

4. Result and discussion

Some examples of DDInSAR images with various tidal conditions are
shown in Fig. 4. They clearly show the hinge zone and grounding line of
CGT. The black lines in Fig. 4 represent the grounding line of CGT iden-
tified from each DDInSAR image, while the red lines show the ground-
ing line defined in 1996 (Rignot et al., 2011a). The grounding line
location identified from the DDInSAR images changes scene by scene
up to 120 m due to the errors inherent to SAR interferometry and the
difference of tidal conditions. The amount of tidal deflection ΔZð Þ is pro-
portional to tidal difference ΔTð Þ. The DDInSAR fringes found at the
southwestern end of the main stream of CGT show similar tidal re-
sponse patterns to the upstream hinge zone, which strongly indicates
that this region is also grounded by an underwater ridge. The DDInSAR
fringes over the upper grounded part of the Campbell Glacier disap-
peared completely, although the two DInSAR pairs were obtained in
summer and winter season, respectively (Fig. 4a, d & e). This implies
that there is no seasonal variation in the horizontal ice flow.

4.1. Evaluation of tide models

The α-maps generated by pixel-based linear regression between the
DDInSAR-derivedΔZ andΔT predicted by the IBE-corrected tide models
are shown in Fig. 5. We also generated the β-maps (Fig. 6), R2-maps
(Fig. 7) and RMSE-maps (Fig. 8) for each tide model. The α values are
close to 0 over the upper grounded part of the Campbell Glacier with
very small β (~0.1 cm) and RMSE (~0.01 cm), which confirms that the
assumption of gravitational steady-flow is valid for the grounded part
of the Campbell Glacier. The α-maps clearly show the grounding line
position and hinge zone at the upstream and the southwestern edge of
the main stream of CGT. The α value increases from the grounding line
to the edge of the hinge zone dramatically, and remains relatively
constant beyond the hinge zonewith very high R2 and low RMSE values.

The southeastern edge and the ice front of the main stream of CGT
show very low R2 of ~0.2 and large RMSE of ~10 cm due to the ice calv-
ing mechanisms that occur during the SAR observations. The branch
stream of CGT shows very large β values of up to ±4 cm (Fig. 6d),
RMSE of ~2 cm (Fig. 8d), and low R2 of ~0.3, which suggests that ice
xel-based linear regression between DDInSAR-derived ΔZ and ΔT predicted by the IBE-
he red lines in (d) indicate the grounding lines in 1996 defined by Rignot et al. (2011a).
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Fig. 6. Maps of intercept (β) of the pixel-based linear regression between DDInSAR-derived ΔZ and ΔT predicted by the IBE-corrected tide models such as (a) TPXO7.1, (b) FES2004,
(c) CATS2008a, and (d) Ross_Inv.
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Fig. 7. Maps of the R2 of the pixel-based linear regression between DDInSAR-derived ΔZ and ΔT predicted by the IBE-corrected tide models such as (a) TPXO7.1, (b) FES2004,
(c) CATS2008a, and (d) Ross_Inv.
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Fig. 8. Maps of the RMSE of the pixel-based linear regression between DDInSAR-derived ΔZ and ΔT predicted by the IBE-corrected tide models such as (a) TPXO7.1, (b) FES2004,
(c) CATS2008a, and (d) Ross_Inv.
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flowover the branch stream is not steadywith time. Therefore, the eval-
uation of the accuracy of tidemodels should be discussed over themain
stream plateau of CGT beyond the hinge zone.

The case of Ross_Inv shows the highest R2 of ~0.97 and the smallest
RMSE of ~0.3 cmbeyond the hinge zone of CGT (Figs. 7d & 8d) than any
other tide models. This is due to the fact that Ross_Inv assimilates the
tide heightmeasured by in situ tide gauge on Ross Ice Shelf and uses ac-
curate grounding line around Ross Sea extracted from SAR data
(Padman, Erofeeva, 2003; Padman & Fricker, 2005). FES2004 shows
the second highest R2 (~0.95) (Fig. 7b), however, the maximum α
value was unacceptably high (~1.21) with relatively large β (~1.6 cm)
and RMSE (~0.4 cm) (Figs. 6b & 8b). This was probably because
FES2004 uses erroneous grounding line for Ross Sea (Ray, 2008).
CATS2008a also shows high R2 (~0.94) (Fig. 7c). CATS2008a predicts
relatively accurate tide height in Ross Sea by assimilating the ICESat
GLAS altimetry and in situ tide gauge on the Ross Ice Shelf. However,
RMSE (~0.5 cm) (Fig. 8c) is larger than that of Ross_Inv and the accura-
cy of CATS2008a over Ross Sea is known to be less than that of Ross_Inv
(Padman & Fricker, 2005). TPXO7.1 shows the lowest R2 of ~0.92
(Fig. 7a) and the largest RMSE of ~0.6 cm (Fig. 8a). The performance
of TPXO7.1 has been reported to be relatively high over the Ross Ice
Shelf (Padman & Fricker, 2005) by assimilating in situ tide gauge data.
However, itmay be poor in other Antarctic regions due to a combination
of insufficient bathymetry and satellite altimetry data (Shepherd &
Peacock, 2003). Therefore, we conclude that the Ross_Inv is the opti-
mum tidemodel for CGT that provides themost reliableα-map. The dis-
cussions in the following sectionswill be based on theα-map estimated
by the Ross_Inv tide model.

4.2. Tide deflection ratio map (α-map) using Ross_Inv tide model

The α beyond the hinge zone of CGT derived by using Ross_Inv tide
model is found to be ~0.96, except for only a small part of ice showingα
of 1.00 (Fig. 6d), which implies that DDInSAR-derived tidal deflection
can be up to 2 cm smaller than the tide model for the case of the max-
imum tidal variation of 48 cm at CGT (Table 1, ID 1-8 pair). This is due
to a combination of the errors from the DDInSAR-derived tidal deflec-
tion, the inaccuracy of the tide model and the imperfect IBE-correction
of the tide model.

The major error sources of DDInSAR originate from satellite orbit in-
accuracy, DEM error, irregular glacier flow rate, and atmospheric phase
distortion (McMillan et al., 2011). The β and RMSE values over the
upper grounded part of Campbell Glacier (~−0.1 cm and ~0.01 cm, re-
spectively) contributed to the combined DDInSAR phase errors. Those
beyond the hinge zone of CGT (~1.1 cm and ~0.3 cm, respectively),
meanwhile, would suggest the inaccuracy of the Ross_Inv. The error
from the DDInSAR measurement is far below the maximum 2 cm
anomaly, whereas the inaccuracy of Ross_Inv largely contributed to
the anomaly. The imperfect correction of the IBE might be a reason for
the anomaly. The theoretical IBE value of −1.01 cm hPa−1 is valid for
sufficiently long time scales and the ocean away from a coastline,
while it is inaccurate at short time scales and coastal regions (Padman,
King, et al., 2003). In this research, the IBE of the tide models was
corrected for 1-day tandem COSMO-SkyMed InSAR pairs at the point
near the coast, which implies that the IBE of the tide models might be
corrected imperfectly. Therefore, we concluded that the anomaly of α
was affected by both the tide model errors and the imperfect correction
of the IBE.

Although the absolute value of α beyond the hinge zone of CGT
might be inaccurate, we could observe the relative variation of the α
values from 0.96 to 1.00. This was attributed to the quality DDInSAR im-
ages with much higher spatial resolution and measurement accuracy
than those of the tide model. The spatial variation of the α beyond the
hinge zone of CGTmight be due to the inhomogeneity of physical prop-
erties of the icewhich shall be investigated bymodeling andfield survey
in the future.
4.3. Grounding line retreat

The grounding line of glacier can be defined by finding zero-phase
contours in each DDInSAR images. However, we found that zero-
phase lines change scene by scene up to 120 m due to the errors inher-
ent to SAR interferometry and tidal conditions (Fig. 4). Therefore,
grounding line should be determined by statistically combining many
DDInSAR images as shown in this research.

We defined the grounding line as the contour of zero-tide deflection
ratio in theα-map. The grounding lines of CGT are shown in Fig. 5d: one
in the upstream and the other in the southwestern edge of the main
stream of CGT. They were then compared with those defined by
Rignot et al. (2011a) from ERS-1/2 InSAR data obtained in 1996 (red
lines in Fig. 5d). There exists significant difference in the location of
grounding line, suggesting the possible retreat of CGT by 0.3–1.5 kmbe-
tween 1996 and 2011 in themain stream. The location of grounding line
in 1996 has a standard uncertainty of±100 m(Rignot et al., 2011a) due
to the errors of grounding line mapping by InSAR technique such as or-
bital error, atmospheric phase distortion, and poor tidal conditions
(Fricker et al., 2009). This uncertainty is similar to the maximum varia-
tion in the grounding lines detected from ourDDInSAR images (120 m).
Therefore, we could confirm that the grounding line of themain stream
of CGT has retreated by 0.3–1.5 km since 1996. The large difference of
grounding lines in the branch stream and the southwestern edge of
the main stream of CGT between 1996 and 2011 could be ascribable
to the uncertainty from lack of data in 1996 or ice calving during the
15 years.

4.4. Estimation of Young's modulus by 2-D FEM

To find E of CGT, we simulated the α-map in the hinge zone of CGT
(Fig. 9a) by 2-D FEM. E values varying from 0.1 to 12.0 GPa with a
0.1 GPa step were used as an input to the model. The ice thickness (H)
of the hinge zone was found to be 397 ± 71 m, which was estimated
by using h across CGTmeasured by ICESat GLAS (57 ± 8 m). Therefore,
we used H values from 300 m to 500 m with a 10 m step in the model,
while other ice properties remained constant.

The root mean square deviation (RMSD) between the α-map and
the FEM result as a function of E andH is shown in Fig. 10. At themedian
value of the ice thickness (397 m), the local minimum of RMSD was
0.105 at the E value of 0.8 GPa. Fig. 9b shows the modeling result of α
in the hinge zone of CGT in this case and Fig. 9c is the corresponding
deviation map. Large portion of the deviation comes from the branch
stream of CGT which shows large deviation (~0.6) due to the irregular
ice-flow behavior.

In a range of the uncertainty of the ice thickness (±71 m), E values
were determined to be between 0.5 and 1.3 GPa (a white curve in
Fig. 10). These values are similar to 0.88 ± 0.35 GPa derived by
Vaughan (1995) by simulating tidal deflection of several Antarctic gla-
ciers using 1-dimensional elastic ice beam model.

5. Conclusion

The 120 DDInSAR images from the 16 COSMO-SkyMed one-day tan-
dem DInSAR pairs provided very precise measurement of tidal deflec-
tion characteristics of CGT. Tide deflection ratio map (α-map) was
generated by pixel-based linear regression between DDInSAR-derived
tidal deflection and the tidal variations predicted by the IBE-corrected
tide models of TPXO7.1, FES2004, CATS2008a, and Ross_Inv. The α
valueswere close to 0 over the upper grounded part of Campbell Glacier
with very small intercept of ~0.1 cmand RMSE of ~0.01 cm in the linear
regression model, from which we confirmed that the grounded part of
Campbell Glacier flows steadily with time and the assumption of gravi-
tational steady-flow in DDInSAR is valid.

The IBE-corrected Ross_Inv provided the most reliable α-map with
the highest R2 of ~0.97 and the smallest RMSE of ~0.3 cm than other
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Fig. 9. 2-D FEMmodeling of the tide deflection ratio in the hinge zone of CGT. (a) is the DDInSAR-derived α and (b) is the FEMmodeling result of α using Young's modulus of 0.8 GPa and
ice thickness of 397 m. (c) is the deviation between DDInSAR-derived α and the modeling result.
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tide models over the main stream plateau of CGT. Variations of the α
values between 0.96 and 1.0 were found beyond the hinge zone,
which can contribute to estimating the physical properties of the CGT
with very high spatial-resolution. The grounding lines of CGT identified
from the α-map revealed a possible retreat of the main stream CGT by
0.3–1.5 km between 1996 and 2011. The ice thickness of the main
stream plateau of CGT was estimated to be 397 ± 71 m by ICESat
GLAS data. 2-D FEM modeling of α values in the hinge zone revealed
the Young's modulus of CGT to be 0.8 GPa at ice thickness of 397 m
and a range of 0.5–1.3 GPa corresponding to the uncertainty in ice
thickness.

It is worth noting that continuous acquisition of COSMO-SkyMed
one-day tandem DInSAR pairs is critical to investigate tidal deflection
of fast-flowing glaciers. This study shows the reliability and possibility
of DDInSAR techniques in estimating tide deflection ratio and the phys-
ical properties of glacier when combined with atmospheric pressure
data and tide model.
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