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ABSTRACT ARTICLE HISTORY
This research presents the measurement of surface strain rates over Received 21 June 2016
Campbell Glacier Tongue (CGT) in East Antarctica from tide-corrected Accepted 7 December 2016
ice velocity derived by removing the vertical tidal deflection from the

14 COSMO-SkyMed 1-day differential interferometric synthetic aper-

ture radar images obtained in 2011. The hinge zone of CGT shows

large longitudinal, transverse, shear, and vertical strain rates, espe-

cially in a heavy crevassing band, while the freely floating zone shows

very small strain rates. This represents that the surface deformation

by ice flow in the hinge zone is significantly larger than that in the

freely floating zone. The orientations of crevasses in the hinge zone

agree reasonably well with the directions orthogonal to the axes of

the most tensile strain rates calculated from the tide-corrected ice

velocity, which demonstrates that the crevassing is attributed to the

gravitational ice flow rather than to the tidal flexure.

1. Introduction

Surface strain rates of a glacier are critical to the understanding rheological properties and
deformation mechanism of ice. Particularly, they play a role as a primary indicator of the
formation of crevasses that are common features on the glacial surface. Crevassing of
floating glaciers such as ice shelves and glacier tongues considerably influences ice calving
and mass discharge (Benn, Hulton, and Mottram 2007; Nick et al. 2010). Crevasses on the
grounded ice streams are formed by stresses resulting from ice flow (Vaughan 1993; Price
and Whillans 2001). However, it is difficult to determine whether the deflection of ice body
by tide contributes to the crevassing of floating glaciers that experience both the gravita-
tional ice flow and tidal flexure (Han and Lee 2014, 2015). Therefore, accurate measurement
of surface strain rates of a floating glacier is essential to analyse its ice dynamics.

The surface strain rates of glaciers can be calculated from ice velocity field. Differential
interferometric synthetic aperture radar (DInSAR) has been widely used to map ice velocity
over glaciers (Rignot, Mouginot, and Scheuchl 2011; Han and Lee 2015). For the Antarctic
floating glaciers, DINSAR pairs with short temporal baseline such as 1 day are needed to
map ice velocity because most of them flow fast and thus large temporal decorrelation of
ice surface can occur even in a few days (Han and Lee 2014). The DInSAR signals over the
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floating glaciers include not only the gravitational flow in the horizontal direction but also
the vertical deflection due to sea surface tilt by tide (Han and Lee 2014, 2015). As the
magnitude of daily tide variation can be similar to that of 1-day ice flow, the vertical tidal
deflection signals should be removed from the DInSAR images to measure accurate ice
velocity and strain rates. However, the measurement of strain rates over a floating glacier
from DInSAR images have been challenging so far because the tidal deflection signifi-
cantly varies both spatially and temporally, especially in the hinge zone.

The spatial variations of the vertical tidal deflection can be investigated by using tide
deflection ratio defined as the ratio of tidal deflection over tide height (Han and Lee 2014).
The tide deflection ratio can be determined by double-differential interferometric SAR
(DDInSAR) technique that differentiates two DINSAR images by assuming constant gravita-
tional ice flow during the observations (Han and Lee 2014, 2015). It allows the measurement
of tide-corrected ice velocity and strain rates of floating glaciers from DINnSAR images.

In this research, we measure surface strain rates over Campbell Glacier Tongue (CGT)
in East Antarctica from tide-corrected ice flow velocity derived by removing the vertical
tidal deflection from a series of 1-day DInSAR images, and analyse ice deformation
properties and crevassing mechanism of CGT.

2. Materials and methodology
2.1. Study area

CGT is a seaward extension of Campbell Glacier, which flows into the Northern Terra Nova
Bay in Ross Sea, East Antarctica (Figure 1(a)). CGT is composed of two ice streams: one is the
main stream in the east and the other is the branch stream composed of broken ice chunks
in the west. Many crevasses parallel to the long axis of CGT are formed in the hinge zone.
Annual ice velocity of CGT was 180-260 m year™' measured by the offset tracking of the
COSMO-SkyMed synthetic aperture radar (SAR) images between 2010 and 2011 (Han, Ji,
and Lee 2013). The vertical tidal deflection of CGT is approximately 60 cm (Han and Lee
2014) which is similar to the distance that the ice flows in a day.

2.2. Data set

A total of 14 one-day DInSAR pairs over CGT were obtained from January to November
2011 by COSMO-SkyMed satellites equipped with X-band SAR to measure ice velocity
and strain rates through the year (Table 1). All the SAR images were acquired in strip-
map mode (3 m spatial resolution), VV-polarization, and an incidence angle of 40° in
descending orbit. Global Digital Elevation Model (GDEM) of the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (Fujisada et al. 2005) was used to remove
topographic phases from the 1-day interferograms. The vertical accuracy of the GDEM is
20 m which is enough to remove topographic phases from the interferograms due to
very short perpendicular baselines of the DInSAR pairs (Table 1).

Ross Sea Height-Based Tidal Inverse Model (Ross_Inv) (Padman, Erofeeva, and Joughin
2003) was used to predict tide height at a centre point of the freely floating zone of CGT
(@ red point in Figure 1(a)). The load tide effect on the predicted tide height was
corrected by Topography Experiment/Poseidon global inverse load tide model (TPXO
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Figure 1. (@) COSMO-SkyMed SAR image over CGT obtained on 27 November 2011. A yellow dotted
box represents a heavy crevassing area. (b) An example of the 1-day DInSAR and (c) DDInSAR image.
(d) Map of tide deflection ratio (a-map). (e) The vertical tidal deflection and (f) tide-corrected ice flow
in LOS direction for the DInSAR image of (b). The white lines represent the location of the grounding
line and the white dotted line represents the seaward edge of the hinge zone (Han and Lee 2014).
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Table 1. COSMO-SkyMed 1-day DInSAR image pairs used in this research.
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ID Dates of master, slave Perpendicular baseline (m) 1-day tide difference, T (cm)
1 26 January 2011, 27 January 2011 18.9 -11.6
2 27 February 2011, 28 February 2011 5.7 —4.5
3 15 March 2011, 16 March 2011 —44.4 =175
4 31 March 2011, 1 April 2011 —39.2 83
5 2 May 2011, 3 May 2011 -89.6 83
6 18 May 2011, 19 May 2011 759 27.8
7 3 June 2011, 4 June 2011 -36.5 -33
8 19 June 2011, 20 June 2011 —47.5 —14.7
9 22 August 2011, 23 August 2011 181.7 27.6
10 7 September 2011, 8 September 2011 373 1.0
1 9 October 2011, 10 October 2011 —44.4 58
12 25 October 2011, 26 October 2011 -110.9 -14.0
13 10 November 2011, 11 November 2011 -91.7 2.0
14 26 November 2011, 27 November 2011 -234 7.5

6.2 Load Tide model) (Egbert and Erofeeva 2002). The inverse barometer effect (IBE) on
the predicted tide height, i.e., sea level drop of about 1 cm per increase in barometric
pressure of 1 mbar, was corrected by using in situ atmospheric pressure measured by an

automatic weather system installed near CGT.
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3. Methodology

This section describes how tide-corrected ice flow velocity and surface strain rates of CGT
are measured from DINSAR images. First, the surface deformation in the line of sight (LOS)
direction was extracted from the 14 one-day DINSAR images. Figure 1(b) is an example of
the DInSAR image with the 1-day tide variation of 27.8 cm predicted by the IBE-corrected
Ross_Inv (ID 6 in Table 1). The DInSAR signals over CGT include both the gravitational ice
flow (¢ro>) and the vertical tidal deflection (@roz). The ¢roe can be presented as a function

flow
of coordinates x and y in the horizontal plane and time t by (Han and Lee 2015)

e (X, ) = a(x,y)T(x, y, ) cos B(x,y), (1)
where a is the tide deflection ratio, T is tide variation during the 1-day DInSAR
observation, and 0 is the radar look angle, respectively.

To find a over CGT, we generated a total of 91 DDInSAR images from the 14 DInSAR
images and extracted the vertical tidal deflection of CGT. Figure 1(c) shows an example
of the DDINSAR image with the tide variation during the observation (AT) of 23.0 cm,
which was generated by differentiating the DINSAR pair of ID 4 from that of ID 8 in
Table 1. The DDInSAR images clearly showed the location of grounding line and the
spatial variation of the tidal deflection while fringes over grounded ice stream disap-
peared completely. This confirms that an assumption of the DDINSAR, i.e., the constant
gravitational ice flow during the observations, is valid. A map of a over CGT was
generated by performing the pixel-based linear regression between the DDINSAR-
derived tidal deflection and AT during the DDINSAR observations (Han and Lee 2014)
(Figure 1(d)). The a-map has 3.7% uncertainty which would be mainly originated from
the error of the IBE-corrected Ross_Inv. Such uncertainty is very similar to that of the
a-map from a previous research (Han and Lee 2014) (4.4%) which used 120 DDInSAR
images from 16 one-day InSAR pairs obtained during 2010-2011.

;22 of CGT corresponding to each 1-day DInSAR image was estimated using
Equation (1), which was then removed from the DInSAR signals to extract the 1-day

¢h . Figure 1(e,f) shows ¢tL82 and ¢h for the DINSAR image of Figure 1(b), respectively.

hg‘f, was converted into the local flow direction (black arrows in Figure 1(a)) estimated

by the offset tracking between two SAR images obtained on 25 October and 10
November 2011 (Han, Ji, and Lee 2013). To represent an annual state of ice velocities,
we generated the maps of the averaged tide-corrected ice velocity (v-map) and its
standard deviation (gy,-map) from the 14 tide-corrected 1-day ice flows.

The flow-oriented surface strain rates such as longitudinal (&), transverse (&), shear
(&), and the vertical strain rate (&,) were calculated by (Bindschadler et al. 1996)

§ = éxxcos B+ 2&, sinBcos B+ éyysin B,

& = &SN’ — 2&y sin B cos B + &y cos?P,

& = (&y — &) SiNBcOs B + &y (cos?B — sin’pB),
& = —(& + &),

where &, éyy, and &, are the strain rates with respect to the directions, x and y,
corresponding to the images axes calculated from the v-map, and 8 is the local flow
direction estimated by the offset tracking, measured counterclockwise from the image
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x-axis. The derivation of Equation (2) is described in detail in the Appendix of Bindschadler
et al. (1996). Longitudinal crevasses form parallel to flow line in an ice divergence zone
where & is very large. Transverse crevasses that stretch across the flow line form in a
longitudinal extension zone showing large &. Splashing crevasses form in a shearing zone
and are concave up with respect to local flow. Crevasses are typically parallel to the least
tensile principal strain rate (¢;) axes and normal to the most tensile principal strain rate (&;)
axes in the horizontal plane (Harper, Humphrey, and Pfeffer 1998). We computed the axes
of the principal strain rates by using the surface strain rates (Harper, Humphrey, and
Pfeffer 1998) to compare with the orientations of the crevasses on CGT.

4. Results and discussion
4.1. Tide-corrected ice velocity of CGT

Prior to the generation of tide-corrected ice velocity map, we assessed the effect of the
vertical tidal deflection on the measurement of ice velocity. Figure 2(a) shows the ice
velocity of CGT derived from the DInSAR image without compensating for the tidal
variation (T of 27.8 cm) during the InSAR acquisition as shown in Figure 1(b). The ice
velocity in the freely floating zone of CGT is approximately 90 cm day™' which is about
1.3 times faster than that measured by the offset tracking of the SAR images (about
70 cm day”') obtained in the same year of the DInSAR observations (Han, Ji, and Lee
2013). The magnitude of the velocity difference in the freely floating zone (20 cm)
corresponds to the horizontal displacement converted from the vertical tidal deflection
of about 27 cm. This demonstrates that the vertical tidal deflection should be removed
from DInSAR signals in order to measure accurate ice velocity over floating glaciers.
Figure 2(b,c) shows the v-map and o,-map, respectively. Over the main stream of
CGT, the ice velocity gradually increased from the grounding line (52 cm day™') to the
ice front (67 cm day’1), and from margins to the central flow line of the glacier tongue.
The tide-corrected ice velocity over CGT is approximately similar to the offset tracking
measurements (Han, Ji, and Lee 2013). Most areas of the main stream of CGT show small

574°35'00"
574°37'30"-

574°40/00"-

= —
SD of Ice velocity (cm day~')

Figure 2. (a) Map of the ice velocity of CGT generated from the DINSAR image with T of 27.6 cm.
Maps of (b) the averaged tide-corrected ice velocity of CGT and (c) its standard deviation (SD)
derived from the tide-corrected 1-day ice flows.



REMOTE SENSING LETTERS e 335

oy values less than 4 cm day ™' (Figure 2(c)), which accounts for only 5% of the maximum
ice velocity of CGT. The branch stream of CGT shows larger o, values than the main
stream due to the irregular ice flow of the broken ice chunks (Han and Lee 2015).

4.2. Tide-corrected strain rates and crevasses of CGT

The flow-oriented surface strain rates were calculated from the v-map using Equation
(2). Figure 3 shows the maps of §, &, &, &, and uncertainties in the & and &, over CGT,
respectively. The uncertainties in the strain rates were propagated from the uncertainties
in v-map, i.e., oy values. The uncertainties in & (Figure 3(e)) are similar to those in & and
&. In the branch stream of CGT, the strain rates have large uncertainties due to the
random motion of the broken ice chunks (Han and Lee 2014), and thus they are not
analysed in this research.

Most of the main stream of CGT showed positive & values representing ice extension
by increasing ice velocity along the flow lines (Figure 3(a)). Within the hinge zone, the
mean value of & was 0.23 x 107 + 0.03 x 10~* day™" which is higher than that in the
freely floating zone (0.07 x 10™* £ 0.01 x 10~* day ™). This is because the ice stretched in
the hinge zone due to the increasing ice velocity along the flow line, while the freely
floating zone showed almost constant velocity. The formation of crevasses in the hinge
zone would be little influenced by the extension of ice surface in the region because

574°35'00"

$74°37'30"

= = —
Longitudinal strain rate Transverse strain rate Shear strain magnitude
(x10-4 day™) (x10-* day™) (x10~*day™")

8

\

. 2]
Vertical strain rate Uncertainty in longitudinal Uncertainty in vertical
(x10*day™") strain rate (x 10 ~* day~") strain rate (x10 % day~')

Figure 3. Maps of (a) longitudinal, (b) transverse, (c) magnitude of shear, and (d) vertical strain rate
over CGT, and (e) the uncertainty in the longitudinal strain rate and (f) in the vertical strain rate.
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they formed parallel to local flow (Figure 1(a)). This suggests that & values representing
large ice divergence can be higher than & values in the region.

The &-map (Figure 3(b)) clearly shows the ice convergence (positive & values) and
divergence (negative &; values) regions. The hinge zone showed the mean &, value of
0.30 x 107 + 0.05 x 10~* day™". Large ice divergence was observed in the centre of the
hinge zone where the & values were estimated up to 1 x 10~ day™". This represents that
ice spreads out from the central hinge zone. Such ice divergence zone coincides with a
crevassing band, which verifies that the type of crevasses is the longitudinal crevasses. In
the freely floating zone, the & values are very small with the mean value of 0.08 x 10™-
*+0.02 x 10™* day ™" and few crevasses are observed due to spatially constant ice velocity.

Figure 3(c) shows the magnitude of & over CGT. High & values are observed in the
hinge zone with the mean value of 0.18 x 10™* + 0.03 x 107 day ™', especially in the
heavy crevassing band (approximately 0.5 x 10~* day™') due to the shearing by the
lateral drag at the eastern part of CGT (Han and Lee 2014). However, the & values in the
crevassing band are only half the magnitudes of & values in the region, which repre-
sents that the crevasses are more influenced by ice divergence than shearing. The &
values in the freely floating zone are very small with the mean value of 0.03 x 10™-
*+0.01 x 107* day ™' due to little lateral drag.

The longitudinal crevasses in the hinge zone should move downstream by the ice
flow. However, the crevasses disappeared in the freely floating zone, which may be due
to ice surface ablation, refreezing meltwater, or infilling with snow (Harper, Humphrey,
and Pfeffer 1998). The freely floating zone showed very low strain rates so that chances
of forming new crevasses in the region are infinitesimal.

The whole area of the main stream of CGT showed negative &, values representing ice
thinning by flow (Figure 3(d)). The mean &, value of the hinge zone was —0.54 x 10"-
4+ 0.08 x 107* day ™" of which the magnitude is 3.6 times larger than that of the freely
floating zone (—0.15 x 10™* + 0.04 x 107* day™"). The crevassing band in the hinge zone
showed large ice thinning with the & value of about —2.5 x 10™* day™' due to the
extremely stretching and diverging ice surface. Considering an ice thickness value of
340 = 18 m for CGT measured by the Geoscience Laser Altimetry System onboard the
Ice, Cloud, and land Elevation Satellite (Han and Lee 2015), the mean annual thinning by
ice flow in the hinge zone and the freely floating zone were estimated to be 6.70 = 1.09 m
year ' and 1.86 + 0.29 m year ', respectively. However, the ice thinning rates may be
erroneous as a result of the constant ice thickness over the whole CGT (Han and Lee 2015).
The uncertainties in &, (Figure 3(f)) were slightly larger than those in other strain rates
(Figure 3(e)) because they were propagated from the uncertainties in both & and é&;.
However, it accounts for only about 10% of the magnitudes in the &, values.

We evaluated the effect of the vertical tidal defection on the measurements of the strain
rates. Figure 4 shows the difference of ¢, &, &, and &, derived from the tide-corrected
(Figure 2(b)) and tide-uncorrected ice velocities (Figure 2(a)) (i.e., tide-corrected strain rates
minus tide-uncorrected strain rates). The differences were very small over grounded ice,
while large differences were observed in the hinge zone, except for & due to its very low
magnitudes, rather than the freely floating zone. This is because the vertical tidal deflection
contained in the tide-uncorrected velocities, causing preposterous strain rates, varies spa-
tially in the hinge zone. This result indicates again that the vertical tidal deflection should be
removed from DINSAR signals to measure accurate strain rates of floating glaciers.
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Figure 4. The difference of (a) longitudinal, (b) transverse, (c) magnitude of shear, and (d) vertical
strain rate from the tide-corrected and the tide-uncorrected ice velocities.

Figure 5 shows axes of €; and &, at 20 large crevasses in the hinge zone of CGT (a yellow
box in Figure 1(a)) and the comparisons of the crevasse orientations with the & axes,
measured by counterclockwise from the image x-axis from the tide-uncorrected ice velo-
cities (Figure 2(a)) and tide-corrected ice velocities (Figure 2(b)), respectively. The crevasse
orientations did not agree with directions of the & axes computed from the tide-uncor-
rected ice velocities (Figure 5(a)) with a root mean square deviation (RMSD) of 24.76°
(Figure 5(b)). However, the crevasses are approximately parallel to the & axes (Figure 5(c))
with a RMSD of 8.87° (Figure 5(d)). This represents that the crevasses in the hinge zone of
CGT were formed by stresses from the gravitational ice flow, rather than by tidal flexure.
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Figure 5. Axes of the most (blue arrows) and least (red lines) tensile strain rates at 20 large crevasses
in the hinge zone of CGT and the comparisons of the crevasse orientations with the &; axes derived
from ((a)-(b)) the tide-uncorrected ice velocities and ((c)—(d)) tide-corrected ice velocities, respectively.

5. Conclusion

Surface strain rates of CGT in East Antarctica were derived from tide-corrected ice
velocity measured by removing the vertical tidal deflection from the COSMO-SkyMed
1-day DInSAR images. The hinge zone of CGT showed large surface deformation by
extension, divergence, lateral shearing, and thinning, especially in a heavy crevassing
area, while the freely floating zone showed very small strain rates due to spatially
constant ice flow. The crevasses in the hinge zone are parallel to the least tensile
(normal to the most tensile) principal strain rate axes calculated from the tide-corrected
ice velocity, which represents that the crevasses were formed by the stresses from the
gravitational ice flow rather than by tidal flexure. This research showed that the elimina-
tion of tidal signals over floating glaciers from DInSAR images is essential to measure the
accurate ice velocity and strain rates. The tide-corrected ice velocity and strain rates will
thus be of great value in better understating of ice dynamics of floating glaciers.
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