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a b s t r a c t
Accurate measurement of ice-ﬂow velocity of ﬂoating glaciers is required to estimate ice mass balance from
volume ﬂux thinning/thickening, basal melting/freezing, and surface accumulation/ablation. We derived a
tide-corrected ice velocity map and mass budget of Campbell Glacier Tongue (CGT) in East Antarctica by using
14 COSMO-SkyMed one-day tandem differential interferometric SAR (DInSAR) pairs obtained from January to
November 2011. The vertical tidal deﬂection of CGT was estimated and removed from the DInSAR images by
using a tide deﬂection ratio map generated by double-differential InSAR (DDInSAR) method. We then generated
averaged ice-ﬂow velocity (v map) and its standard deviation (σv map). Ice-ﬂow velocity increased from the
upper part of the grounding line (~0.20 m d−1) to the seaward edge of CGT (~0.67 m d−1) with σv less than
~0.04 m d−1 in the main stream of CGT. The eastern part of CGT ﬂows slower than the western part because it
is grounded along the ﬂow line and thus experiences severe basal drag. Flux mass balance (FMB), i.e., ice
thickness change by volume ﬂux divergence, of CGT was obtained by combining the v map and an ice thickness
value of 340 ± 18 m estimated by the ICESat GLAS data. We used mass conservation assumption in which total
mass balance (TMB, −6.29 ± 1.37 m a−1 observed by ICESat GLAS data) is attributed to FMB, basal mass balance
(BMB) and surface mass balance (SMB, 0.24 ± 0.02 m a−1). Mass loss in the freely ﬂoating zone of CGT is mainly
caused by basal melting (BMB = − 144.5 ± 39.9 Mt a−1) while thinning by volume ﬂux (FMB = − 67.2 ±
8.9 Mt a−1) is relatively small. In the hinge zone of CGT, mass change is contributed to FMB of − 147.3 ±
25.2 Mt a−1 and BMB of 15.3 ± 39.8 Mt a−1. However, basal freezing derived for the hinge zone may be
erroneous as a result of the constant ice thickness assumption extrapolated from the freely ﬂoating zone.
© 2015 Elsevier Inc. All rights reserved.

1. Introduction
Outlet glaciers originate from an ice sheet and ﬂow into the ocean to
form ﬂoating glaciers such as ice shelves and ice tongues at the terminus
(Pattyn & Derauw, 2002; Rignot, 2002; Thomas, Frederick, Krabill,
Manizade, & Martin, 2009). Temporal change in the thickness of the
ﬂoating glaciers inﬂuences the mass balance of the ice sheet considerably (Pritchard et al., 2012a; Rignot & Thomas, 2002). Total mass balance (TMB) of a ﬂoating glacier is controlled by ﬂux mass balance
(FMB) deﬁned as the ice thickness change by the lateral divergence of
ice volume ﬂux, basal mass balance (BMB) by basal melting or freezing,
and surface mass balance (SMB) by surface accumulation and ablation
(Pritchard et al., 2012a; Rignot & Jacobs, 2002; Rignot, Jacobs,
Mouginot, & Scheuchl, 2013; Seroussi et al., 2011).
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FMB is derived by ﬂux divergence of ice-ﬂow velocity which can be
obtained by using differential interferometric synthetic aperture radar
(DInSAR) with centimeter accuracy. Many studies have used DInSAR
analysis to measure ice-ﬂow velocity and mass balance of the Antarctic
ice shelves (Neckel, Drews, Rack, & Steinhage, 2012; Rignot, 2002;
Rignot, Vaughan, Schmeltz, Dupont, & MacAyeal, 2002; Scheuchl,
Mouginot, & Rignot, 2012; Wen et al., 2010; Young & Hyland, 2002).
Floating glaciers experience tidal deﬂection in the vertical direction
as well as gravitational ice ﬂow in the horizontal direction. As both
signals appear simultaneously in DInSAR images (Rignot et al., 2011),
the tidal deﬂection signal should be removed to measure accurate iceﬂow velocity. As most Antarctic ice shelves and ice tongues ﬂow very
quickly out into the ocean, DInSAR pairs with short temporal baseline,
such as one-day tandem and a few days of repeat-pass, are required to
avoid temporal decorrelation (Han & Lee, 2014). In such cases, the
DInSAR signal from the vertical tidal deﬂection can be similar in magnitude to that of ice-ﬂow displacement, which causes signiﬁcant error in
the measurement of ice-ﬂow velocity (Legrésy, Wendt, Tabacco,
Rémy, & Dietrich, 2004; Rignot, 1998).
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Fig. 1. (a) COSMO-SkyMed SAR image over Campbell Glacier obtained on 27 November 2011, of which location is in the small red box in the upper left image. The white lines represent the
location of the grounding line (Han & Lee, 2014). The blue- and red-dotted lines represent the edge of Campbell Glacier Tongue in 1997 and 2006, respectively. A white dotted line across
Campbell Glacier Tongue represents the orbit of the ICESat GLAS. (b) Tide deﬂection ratio map (α map) of Campbell Glacier Tongue generated by DDInSAR technique.

Several studies have attempted to correct the tidal effect on a few
ﬂoating glaciers such as Ross Ice Shelf, Ronne Ice Shelf, and Amery Ice
Shelf by using tide models (Scheuchl et al., 2012; Wen et al., 2010).
However, they could not correct the detailed tidal effect, especially
within the hinge zone, due to the lack of information on the spatial variation of tidal response of the ﬂoating glaciers.
Tide deﬂection ratio, deﬁned as the ratio of the vertical tidal deﬂection over tide height, can be determined by double-differential
interferometric SAR (DDInSAR) technique that differentiates two
DInSAR signals by assuming that the gravitational ice ﬂow is constant during the observations (Han & Lee, 2014; Rignot, 1996;
Rignot et al., 2011). It enables the estimation of the spatial variation
of the vertical tidal deﬂection of a ﬂoating glacier as a function of tide
height, and thus the extraction of accurate ice-ﬂow velocity from
DInSAR signals.
In this paper, we measure accurate ice-ﬂow velocity of Campbell
Glacier Tongue (CGT) in East Antarctica by removing the vertical tidal
deﬂection from one-day DInSAR signals, to calculate mass balance of
the glacier tongue. Section 2 presents the study area and the dataset
used in this study. Section 3 describes the methodology of the accurate
measurement of ice-ﬂow velocity from the DInSAR dataset and the

calculation of mass balance terms such as TMB, SMB, FMB and BMB.
Section 4 presents results and discussion while Section 5 concludes
this paper.
Table 1
COSMO-SkyMed one-day tandem interferometric SAR pairs used in this study. B⊥ and Ṫ
are the perpendicular baseline of the interferometric SAR pairs and the one-day difference
of tide height predicted by the IBE-corrected Ross_Inv tide model, respectively.
ID

Dates (yyyy/mm/dd)

B⊥ (m)

Ṫ (cm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

2011/01/26, 2011/01/27
2011/02/27, 2011/02/28
2011/03/15, 2011/03/16
2011/03/31, 2011/04/01
2011/05/02, 2011/05/03
2011/05/18, 2011/05/19
2011/06/03, 2011/06/04
2011/06/19, 2011/06/20
2011/08/22, 2011/08/23
2011/09/07, 2011/09/08
2011/10/09, 2011/10/10
2011/10/25, 2011/10/26
2011/11/10, 2011/11/11
2011/11/26, 2011/11/27

18.9
5.7
−44.4
−39.2
−89.6
75.9
−36.5
−47.5
181.7
37.3
−44.4
−110.9
−91.7
−23.4

−11.6
−4.5
−17.5
8.3
8.3
27.8
−3.3
−14.7
27.6
1.0
5.8
−14.0
2.0
7.5

182

H. Han, H. Lee / Remote Sensing of Environment 160 (2015) 180–192

Fig. 2. Flowchart of data processing.

2. Study area and data
2.1. Study area
Campbell Glacier (74° 25′ S, 164° 22′ E) is a fast-ﬂowing outlet glacier with a length of about 110 km originating from the end of Mesa
Range in Victoria Land, East Antarctica (Frezzotti, 1993). It ﬂows into
the northern Terra Nova Bay in the Ross Sea and forms an ice tongue
(CGT) (Fig. 1a). CGT is composed of two ice streams: one is the main
stream in the east, 13.5 km long and 4.5 km wide, and the other is the
branch stream in the west, 8.0 km long and 2.5 km wide (Han & Lee,
2014). The blue and red-dotted lines in Fig. 1a represent the edge of
CGT in 1997 observed by a Radarsat-1 SAR image (Jezek, 1999) and
that in 2006 by an ALOS PALSAR image, respectively. The ice front of
the main stream of CGT has retreated and been chunked out 5 km by
ice calving between 1997 and 2011.
The gravitational ice-ﬂow velocity of CGT has increased gradually
from 140 to 240 m a−1 in 1989, observed by feature tracking of the
SPOT images (Frezzotti, 1993), to 181–268 m a−1 between 2010 and
2011 by the offset tracking of the COSMO-SkyMed SAR images (Han,
Ji, & Lee, 2013). The location of the grounding line of CGT, represented
as the white lines in Fig. 1a, has retreated 0.3–1.5 km between 1996
and 2011 (Han & Lee, 2014). Han and Lee (2014) also reported that
the vertical tidal deﬂection of CGT amounts to 60 cm which is similar
in magnitude with daily ice ﬂow.
2.2. Data
We used 14 one-day tandem interferometric SAR image pairs over
CGT obtained from January to November 2011 (Table 1) by COSMOSkyMed satellites. The COSMO-SkyMed constellation is composed of
four satellites equipped with X-band SAR (center frequency 9.6 GHz)
with 16 days of repeat pass (Bianchessi & Righini, 2008; Covello et al.,
2010). The COSMO-SkyMed-2 satellite revisits a ground track with the
same geometric conditions as the COSMO-SkyMed-3 satellite after one

day to obtain interferometric data (Covello et al., 2010). All SAR images
were acquired with 3 m resolution in strip-map mode, VV-polarization,
and an incidence angle of 40° in descending orbit at around 3:45 UTC.
The Global Digital Elevation Model (GDEM) with a grid spacing of
30 m and the vertical accuracy of 20 m (Fujisada, Bailey, Kelly, Hara, &
Abrams, 2005) from the Advanced Spaceborne Thermal Emission and
Reﬂection Radiometer (ASTER) was used to remove topographic phases
from the COSMO-SkyMed interferograms.
The Ross Sea Height-based Tidal Inverse Model (Ross_Inv) (Padman,
Erofeeva, & Joughin, 2003) was used to predict tide height at a center
point on CGT beyond the hinge zone. The effect of load tide was
corrected by using the TPXO6.2 Load Tide model (Egbert & Erofeeva,
2002). The inverse barometer effect (IBE) of the predicted tide height,
i.e., ~1 cm depression of tide height per 1 mbar increase in atmospheric
pressure (Padman, King, Goring, Corr, & Coleman, 2003), was corrected
by using the in situ atmospheric pressure data measured by an automatic weather system installed near CGT. Han, Lee, and Lee (2013) showed
that the IBE-corrected Ross_Inv is the optimum tide model over Terra
Nova Bay when compared with other tide models such as CATS2008a,
FES2004 and TPXO7.1, based on the fact that it has the smallest rootmean-square error of 4.1 cm between tide height predicted by the
model and that measured by a tide gauge.
Surface elevation of CGT measured by the Geoscience Laser Altimetry System (GLAS) onboard the Ice, Cloud, and land Elevation Satellite
(ICESat) was used to estimate the ice thickness of CGT and to ﬁll the
DEMs of CGT that are missing in the GDEM (Han & Lee, 2014). Over an
ice shelf, ICESat GLAS measures surface elevation with the vertical accuracy of ~14 cm over an approximately 60 m footprint and 172 m alongtrack spacing (Abshire et al., 2005; Schutz, Zwally, Shuman, Hancock, &
DiMarzio, 2005; Shuman et al., 2006). We used 7 ICESat GLAS measurements (GLA12, Release-633) of the same ground track across CGT
(a white dotted line in Fig. 1a) from March 2005 to November 2008.
All the ICESat GLAS data were corrected for an error in range determination from transmit-pulse reference selection. ICESat GLAS data over ice
shelves are conventionally corrected for the ocean tide (Zwally et al.,

Fig. 3. Examples of the COSMO-SkyMed one-day tandem DInSAR images rewrapped by 4π. Each color cycle represents surface displacement of 3.1 cm in the line of sight (LOS) direction. Ṫ
is the one-day tidal variation predicted by the IBE-corrected Ross_Inv tide model corresponding to each DInSAR image. The white lines represent the location of the grounding line.
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2002), but not in CGT as the product regard it as inland. Therefore, we
corrected the tidal effect by the IBE-corrected Ross_Inv data with atmospheric pressure data from the ERA-Interim reanalysis by the European
Centre for Medium-Range Weather Forecasts (Dee et al., 2011).
We used SMB, deﬁned as balance between the processes of accumulation and ablation on ice surface, over CGT simulated by the Regional
Atmospheric Climate Model (RACMO) (Lenaerts, van den Broeke,
van de Berg, van Meijgaard, & Kuipers Munneke, 2012) to calculate
mass budget of CGT. RACMO provides simulation of Antarctic surface
mass balance with the horizontal resolution of ~27 km with a correlation coefﬁcient of 0.88 by comparing with the in situ SMB in the Antarctic Ice Sheet (Lenaerts et al., 2012). We used the averaged value of SMB
for CGT from January 1979 to July 2012.
3. Method
In this section, we describe the method used to derive a tidecorrected ice-ﬂow velocity map, FMB map and BMB map of CGT by
applying mass conservation equations. An overview of data processing
is shown in Fig. 2.
3.1. Generation of a tide-corrected ice-ﬂow velocity map (v map)
First, we generated 14 one-day tandem differential interferograms
by removing the topographic phase using the ASTER GDEM. The vertical
accuracy of the ASTER GDEM is good enough to remove topographic
phases from the interferograms with short perpendicular baselines
ranging from 23.4 to 181.7 m (Table 1). The phase unwrapping of the interferograms is performed by the branch-cut algorithm (Goldstein,
Zebker, & Werner, 1988).
DInSAR signals of ﬂoating glaciers (ϕLOS) represent surface displacement as the summation of the horizontal ice ﬂow (ϕﬂow
LOS ) and the
vertical tidal deﬂection (ϕtide
LOS) in the line of sight (LOS) direction:
flow

tide

ϕLOS ¼ ϕLOS þ ϕLOS :

ð1Þ

A positive displacement in the LOS direction represents an increase
in range from satellite to target. Vertical tidal deﬂection (Z) as a function
of x and y in the horizontal plane and time t can be represented as (Han
& Lee, 2014)
Z ðx; y; t Þ ¼ α ðx; yÞT ðx; y; t Þ;

ð2Þ

where α is the tide deﬂection ratio over tide height (T). For one-day
DInSAR signals, the one-day difference of Z is related to the one-day
difference of T, deﬁned here as Ṫ so that
tide



ϕLOS ðx; y; t Þ ¼ α ðx; yÞ T ðx; y; t Þ cosθ

ð3Þ

where θ is the radar look angle.
We used a tide deﬂection ratio map (α map) of CGT (Fig. 1b) to
remove the tidal signal from DInSAR images. It was generated by
performing a linear regression analysis between the DDInSAR-derived
tidal deﬂection and tidal variations predicted by the IBE-corrected
Ross_Inv (Han & Lee, 2014). The α map clearly deﬁnes the spatial
variation of tidal response of CGT as α value increases from the grounding line to the seaward edge of the hinge zone. The α map has ~4% uncertainty due to Ross_Inv tide model error and the imperfect correction
of the IBE (Han & Lee, 2014).
Some examples of the COSMO-SkyMed one-day tandem DInSAR images with various tidal conditions are shown in Fig. 3. The white lines in
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the DInSAR images represent the location of the grounding line of CGT
deﬁned as the zero-tide deﬂection ratio lines from the α map. Signals
of ϕLOS over the grounded part of Campbell Glacier represent gravitational ice ﬂow only, which show very small variation in 2011. However,
signals of ϕLOS over CGT, especially in the hinge zone, seem to be significantly different in each of the DInSAR images due to various tidal
conditions.
Fig. 4 shows some examples of the simulated ϕtide
LOS corresponding to
tidal conditions of the one-day tandem DInSAR images in Fig. 3. Signals
of ϕtide
LOS clearly deﬁne the grounding line, hinge zone and the spatial variation of tidal deﬂection of CGT responding to the given tidal conditions.
The maximum Ṫ of 27.8 cm (Fig. 4c and ID 6 in Table 1) can be
misinterpreted as 33 cm of one-day horizontal ice ﬂow in the DInSAR
image. This error accounts for 45% of the maximum ice-ﬂow velocity
of CGT measured by the previous study (Han, Ji, et al., 2013). Therefore,
signals of ϕtide
LOS should be removed from the one-day DInSAR-derived
surface displacement over CGT to extract accurate ice-ﬂow velocity.
We removed the signals of ϕtide
LOS from the DInSAR images and extracted ϕﬂow
LOS over CGT (Fig. 5). One-day ice ﬂow over both the grounded
part of Campbell Glacier and CGT are steady with time, from which we
could conﬁrm that the assumption of steady ice ﬂow, used to estimate α
values by DDInSAR, is valid.
ϕﬂow
LOS represents an ice-ﬂow component in the radar LOS direction.
To determine the actual ice ﬂow in the horizontal direction, we
performed offset tracking between the two SAR images obtained on
25 October and 10 November 2011. We then converted the observed
ice ﬂow in the LOS direction to that in the horizontal ﬂow direction to
generate a map of averaged ice-ﬂow velocity (v map) and its standard
deviation (σv map).
3.2. Calculation of ﬂux mass balance (FMB)
FMB at any point of a glacier is calculated as (Rignot et al., 2013)
FMB ¼ −∇  ðHvÞ ¼ −H ð∇  vÞ−∇ðH Þ  v

ð4Þ

where H is the ice thickness and v is the ice-ﬂow velocity. FMB represents ice thickness change due to horizontal compression or expansion
from ice volume ﬂux measured in m a−1. H can be estimated by (Griggs
& Bamber, 2009, 2011)
H¼

ðh−δÞρs
;
ρs −ρi

ð5Þ

where h is the ice surface elevation above mean sea level, δ is the ﬁrn
depth correction, ρs is the sea water density (typically 1030 kg m−3),
and ρi is the ice density (typically 917 kg m−3).
We used h of CGT measured by the ICESat GLAS from 2005 to 2008. H
deduced from the Eq. (5) is valid on ice in a hydrostatic equilibrium
state. Therefore, h values of CGT were extracted on the region where α
value is larger than 0.96 by considering the 4% uncertainty of the α
map (Han & Lee, 2014). All h values were averaged to lower the random
noises included in individual observations (Griggs & Bamber, 2011) and
to ﬁnd a representative H value over the whole CGT for a long-term
stage. We estimated a value of 13 m for δ at CGT (Bindschadler et al.,
2011; van den Broeke, van de Berg, & van Meijgaard, 2008). H value of
CGT was found to be 340 ± 18 m by using h value of 50 ± 2 m measured
across the freely ﬂoating zone.
The FMB calculated by Eq. (4) has errors arising from uncertainties in
ice-ﬂow velocity and ice thickness. By the assumption of constant ice
thickness, the second term on the right hand side in Eq. (4) is zero

Fig. 4. Examples of the one-day tidal deﬂection images of Campbell Glacier Tongue generated by using the one-day tidal variation (Ṫ) predicted by the IBE-corrected Ross_Inv and the tide
deﬂection ratio (Fig. 1b). Each color cycle represents tidal deﬂection of 3.1 cm in the LOS direction. The white lines represent the location of the grounding line.
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and thus we considered the uncertainty in FMB (σFMB) for the ﬁrst term
only. σFMB (in m a−1) at any point of CGT can be estimated by using the
uncertainty propagation theorem by

σ FMB ¼ FMB 

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ﬃ
ðσ H =H Þ2 þ
σ ð∇vÞ =ð∇  vÞ

ð6Þ

where σH is the uncertainty in the uniform ice thickness (±18 m) and
σ(∇ ⋅ v) is the uncertainty in the divergence of ice-ﬂow velocity derived
from the v map and σv map.
3.3. Estimation of basal mass balance (BMB)
We estimated the BMB of CGT by using the mass conservation
equation deﬁned as (Pritchard et al., 2012a; Rignot et al., 2013)
∂H=∂t ¼ TMB ¼ FMB þ BMB þ SMB

ð7Þ

where ∂H/∂t is the total mass balance (TMB) representing the gross ice
thickness change rate.
A ∂H/∂t value of CGT can be estimated by using the h values measured by the ICESat GLAS. We calculated an average h value for each
ICESat GLAS ground-track by an assumption of constant ice thickness
over the whole CGT. We then calculated the mean ∂h/∂t from
460 days to 956 days except for the reference value in 2005 and for
the ﬁnal value in 2008 (Fig. 6). The horizontal bars in Fig. 6 represent
the time period used to calculate the mean ∂h/∂t values. The ∂h/∂t
values were corrected for the change in ﬁrn depth of − 0.01 ±
0.01 m a−1 which was interpolated from values for ice tongues near
CGT such as Drygalski Ice Tongue and Aviator Glacier Tongue
(Pritchard et al., 2012b). The change in ﬁrn depth was produced by simulating ﬁrn densiﬁcation rate, vertical heat transport, and meltwater
percolation and refreezing (Pritchard et al., 2012b). We averaged the
mean ∂h/∂t values over the full period of the ICESat GLAS observations,
which was converted to ∂H/∂t using the ρi and the ρs. ∂H/∂t of CGT
was estimated to be − 6.29 ± 1.37 m a−1 (in water equivalent) from
the ∂h/∂t value of − 0.69 ± 0.15 m a−1 (Fig. 6 and Table 2). The SMB
value of 0.24 ± 0.02 m a−1 in water equivalent (Table 2) was used for
CGT.
The uncertainty in BMB (σBMB) arises from the uncertainty in TMB
(σTMB), SMB (σSMB) and FMB (σFMB). At any point of CGT, σBMB
(in m a−1) is estimated as
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4. Result and discussion
4.1. Ice-ﬂow velocity of Campbell Glacier
Fig. 7a and b shows the ice velocity map (v map) and its standard
deviation map (σv map), respectively. The white solid lines represent
the location of the grounding line and a white-dotted line represents
the seaward edge of the hinge zone of the main stream of CGT. The
black arrows in Fig. 7a represent some of the ice-ﬂow directions
estimated by the offset tracking results. Ice-ﬂow velocity gradually
increases from the upper grounded part of Campbell Glacier
(~ 0.20 m d−1) to the seaward edge of CGT (~ 0.67 m d−1), and from
the glacial margins to the central ﬂow line of the glacier.
Within the hinge zone of the main stream of CGT, ice-ﬂow velocity
increases along the ﬂow line from grounding line (~ 0.52 m d− 1) to
the seaward edge of the hinge zone (~0.62 m d−1). However, ice-ﬂow
velocity of the freely ﬂoating zone of CGT is almost constant along the
ﬂow line. The eastern part of the main stream of CGT ﬂows slower
than the western part. This is related to the geometry of the grounding
line (Han & Lee, 2014) which is parallel to the ﬂow direction. Therefore,
ice ﬂow slows down due to basal drag (Whillans & van der Veen, 1997)
in the eastern part while that of the western part increases after the
grounding line. The southwestern edge of the main stream of CGT
shows the fastest ice ﬂow although it is grounded by an underwater
ridge (Han & Lee, 2014), which implies that ice ﬂow of this area is not
signiﬁcantly resisted by basal drag and thus this ice is weakly grounded.
The branch stream of CGT shows spatially irregular ice ﬂow due to the
random motion of the broken ice chunks (Han & Lee, 2014).
Most areas of the grounded part of Campbell Glacier show small σv
less than ~0.02 m d−1, indicating that ice-ﬂow velocity is almost steady
with time. However, some regions show σv values larger than 0.1 m d−1
due to the insensitivity of the DInSAR signal to the ice ﬂow in the azimuthal direction of the SAR coordinates. The ice-ﬂow direction of
those regions is almost perpendicular to the LOS direction (Fig. 7).
σv values on the main stream of CGT are ~ 0.04 m d−1, which are
twice the values on the grounded part of Campbell Glacier. This is
caused by either the uncertainty of the α map, especially by the error
of tide height predicted by Ross_Inv (Han & Lee, 2014), or the tide-induced ﬂuctuation of the horizontal ice velocity (Marsh, Rack,
Floricioiu, Golledge, & Lawson, 2013). However, the σv values of
~ 0.04 m d− 1 are equivalent to only ~ 6% of ice-ﬂow velocity of CGT.
Some regions of the branch stream of CGT show large σv values due to
random motion of the broken ice chunk. Therefore, we will focus only
on the main stream of CGT for further analysis in the following section.
4.2. Flux mass balance (FMB) of Campbell Glacier Tongue

σ BMB

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ σ TMB 2 þ σ SMB 2 þ σ FMB 2 :

ð8Þ

σTMB of ±1.37 m a−1 and σSMB of ±0.02 m a−1 were used to estimate
the σBMB.
The calculated BMB map inherits the advantage of the FMB map
which was derived from very accurate ice velocity with high-spatial resolution by correcting tidal effect especially in the hinge zone. This is a
major improvement of this study in the estimation of the BMB over
the previous studies without adequate tidal correction (Rignot,
Mouginot, & Scheuchl, 2011a; Scheuchl et al., 2012; Wen et al., 2010).
However, the use of a constant ice thickness and its change, estimated
at the freely ﬂoating zone by an assumption of hydrostatic equilibrium,
can induce large errors of FMB and BMB in the hinge zone. This is
discussed in the following section.

FMB (m a−1 in water equivalent) of the main stream of CGT and its
uncertainty are shown in Fig. 8a and b, respectively. The white solid
lines represent the location of the grounding line and a white-dotted
line represents the seaward edge of the hinge zone of the main stream
of CGT. FMB varies spatially from −25 to 7 m a−1 with the uncertainty
less than 2 m a−1. Negative FMB values, representing ice thinning by
volume ﬂux, are dominant over the glacier tongue with an average
value of −4.08 ± 0.51 m a−1 over the main stream of CGT (Table 2).
In the freely ﬂoating zone, FMB ranges from −7 to 7 m a−1 with an
average of −2.08 ± 0.27 m a−1. This represents that ice thinning from
volume ﬂux is spatially steady due to small variation of ice ﬂow in the
freely ﬂoating zone.
FMB in the hinge zone varies spatially, which ranges from − 25 to
5 m a−1 with an average value of −7.27 ± 1.24 m a−1. FMB is noticeably high along the ice-ﬂow lines at the central-eastern part of the

Fig. 5. Examples of the one-day ice-ﬂow images after removing the one-day tidal deﬂection (Fig. 4) from the one-day surface displacement (Fig. 3). Each color cycle represents ice ﬂow of
3.1 cm in the LOS direction. The white lines represent the location of the grounding line.
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FMB in the hinge zone of CGT calculated in this study is possibly
underestimated.
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4.3. Basal mass balance (BMB) of Campbell Glacier Tongue
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Fig. 6. Mean ∂h / ∂t of Campbell Glacier Tongue estimated from the ICESat GLAS surface elevation data. The horizontal bars represent the time period to calculate the mean ∂h/∂t
values. The mean ∂h/∂t values from 2005 to 2007 were averaged for the ﬁnal value of
∂h/∂t.

hinge zone (illustrated in purple in Fig. 8a), which results from the
strong gradient of the ice-ﬂow velocity increasing from the eastern
part to the western part of CGT. Based on the Eq. (4), FMB depends on
ice thickness and ﬂow velocity, and their gradients. As we used a constant ice thickness, FMB of CGT is affected by the gradient of ice velocity
only. We found that the velocity gradient in thinning zones is stronger
in east–west direction compared to surrounding areas causing fractures
and crevassing (Bindschadler, Vornberger, Blankenship, Scambos, &
Jacobel, 1996; Harper, Humphrey, & Pfeffer, 1998; Vaughan, 1993;
Vornberger & Whillans, 1986). A large number of crevasses parallel to
the ﬂow direction by large transverse strain (Bindschadler et al., 1996;
Harper et al., 1998) are observed in the area of strong ice velocity gradient clearly shown in Fig. 1a.
Although the FMB map was derived from accurate ice velocity by
correcting tidal effect on DInSAR signals, it could contain errors especially in the hinge zone. This is because we used a constant ice thickness
estimated at the freely ﬂoating zone and assumed zero-gradient of ice
thickness. The hydrostatic equilibrium assumption may not be valid in
the hinge zone (Bindschadler et al., 2011; Griggs & Bamber, 2011;
Marsh, Rack, Golledge, Lawson, & Floricioiu, 2014). Moreover, the ice
thickness in the hinge zone is typically thicker than that in the freely
ﬂoating zone (Bindschadler et al., 2011; Marsh et al., 2014).
Surface elevation of CGT measured by ICESat GLAS was used to
assess the effect of a likely thickness gradient on the FMB. Although
the assumption of hydrostatic equilibrium is invalid, we used the surface elevation as a proxy to qualitatively investigate a possible thickness
gradient. Fig. 9 shows surface elevation across CGT, from A to B denoted
in Fig. 1a, measured from an ICESat GLAS track in 2008. A solid line and a
dotted line in Fig. 9 represent the location of the grounding line and the
seaward margin, respectively. The surface elevation decreases downstream, and its gradient (a negative gradient) is strong in the hinge
zone (~− 0.01), especially in high ice thinning zone by ﬂux divergence (the highlighted rectangle in Fig. 9) while that in the freely
ﬂoating zone is relatively small. This indicates that ice thickness in
the freely ﬂoating zone is spatially homogeneous and thus the calculated FMB is fairly accurate, while FMB in the hinge zone could be inaccurate due to signiﬁcantly decreasing ice thickness towards the
seaward edge.
Noting that ice velocity in the hinge zone is high (~230 m a−1) while
its strain rate is low (less than 0.0005 a−1), the accuracy of FMB is largely affected by the gradient in ice thickness. A negative gradient in ice
thickness can augment the FMB calculated by assuming constant ice
thickness extrapolated from the freely ﬂoating zone. It follows that

BMB of the main stream of CGT estimated by the mass conservation
assumption and its uncertainty (m a−1 in water equivalent) are shown
in Fig. 8c and d, respectively. Most areas of CGT show negative BMB
values, with an average of −2.46 ± 1.07 m a−1, which means that the
ice bottom is melting.
Bottom melting in the freely ﬂoating zone of CGT is very high with an
average value of −4.46 ± 1.24 m a−1 (BMB values ranging from −10 to
2 m a−1), which suggests that there was a change in warm deep-water
circulation causing the increase in basal melting of an ice shelf (Jacobs,
Hellmer, Doake, Jenkins, & Frolich, 1992). It is the largest value in Terra
Nova Bay when compared with those estimated in the freely ﬂoating
zone of other glacier tongues such as Drygalski Ice Tongue (− 3.3 ±
0.5 m a−1), Aviator Glacier Tongue (− 1.7 ± 0.3 m a−1), and Nansen
Ice Sheet (−0.6 ± 0.3 m a−1) (Rignot et al., 2013). The ice thickness of
the freely ﬂoating zone of CGT (340 ± 18 m) would be halved in forty
years, if the high bottom melting rate (−4.46 ± 1.24 m a−1) sustains.
In the freely ﬂoating zone, BMB estimated by using constant ice thickness
change is meant to be fairly accurate because FMB is well determined and
the spatial variation of ice thickness change in the freely ﬂoating zone is
presumed to be insigniﬁcant from the gradient of surface elevation.
BMB values within the hinge zone range from −10 to 20 m a−1 with
average value of 0.75 ± 1.96 m a−1 which represents bottom freezing
(Fig. 8a). The remarkably high bottom freezing derived for the centraleastern part of the hinge zone (illustrated in red in Fig. 8c) where FMB
values may be considerably underestimated (Fig. 8a). As the
underestimated FMB yields the exaggerated BMB by the mass conservation assumption, BMB values in the hinge zone of CGT could be incorrect
by the overestimation. Moreover, a constant value of ∂H/∂t used in the
mass conservation assumption contributes the additional errors to
BMB in the hinge zone because ice thickness can change spatially over
the hinge zone.
Constant SMB value was also used to derive BMB of CGT, but it would
have minimal impact on BMB. This is because the topographic variation,
main cause of the spatial variation of SMB (Lenaerts et al., 2012; Minghu
et al., 2011; van de Berg, van den Broeke, Reijmer, & van Meijgaard,
2006), over CGT is very small. A gradual change of surface elevation of
less than 30 m (Fig. 9) would likely not result in a high spatial variability
over the glacier tongue.
4.4. Mass budget of Campbell Glacier Tongue
The above rates can be converted to mass budget by multiplying the
area (52.6 km2) of the main stream of CGT. The freely ﬂoating zone
of CGT (32.4 km2) loses ice mass by basal melting by 144.5 ±
39.9 Mt a− 1 which is much larger than ice thinning by volume ﬂux
(67.2 ± 8.9 Mt a−1).
Within the hinge zone of CGT (20.2 km2), volume ﬂux contributes
to ice thinning by 147.3 ± 25.2 Mt a− 1 while ice bottom freezes by
15.3 ± 39.8 Mt a − 1 (Table 2). However, the mass budget of the
hinge zone of CGT could be inaccurate due to the underestimation
of FMB and the overestimation of BMB which resulted from the use
of a constant H and ∂H/∂t estimated at the freely ﬂoating zone of
the glacier tongue.
It is worth noting again that the FMB was estimated by assuming
a constant H and so the BMB by assuming constant values of SMB and
∂H/∂t over CGT. Although SMB would not show high spatial variability (Seroussi et al., 2011), H and ∂H/∂t can vary spatially and can affect the estimation of FMB and BMB. We expect that periodic
measurements of high-resolution DEM, such as TanDEM-X DEM,
will provide more accurate and detailed analysis of glacier mass budget in the near future.
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Table 2
Total mass balance (TMB), surface mass balance (SMB), ﬂux mass balance (FMB), and basal mass balance (BMB) of the main stream of Campbell Glacier Tongue in the dimension of meters
per year (m a−1) and megatons per year (Mt a−1).

Freely ﬂoating zone of CGT
Hinge zone of CGT
a

Dimension

TMB

SMB

FMB

BMB

m a−1
Mt a−1
m a−1
Mt a−1

−6.29 ± 1.37
−203.8 ± 44.3
−6.29 ± 1.37
−127.1 ± 27.7

0.24 ± 0.02
7.9 ± 0.8
0.24 ± 0.02
4.9 ± 0.5

−2.08 ± 0.27
−67.2 ± 8.9
−7.27 ± 1.24a
−147.3 ± 25.2a

−4.46 ± 1.24
−144.5 ± 39.9
0.75 ± 1.96a
15.3 ± 39.8a

In the hinge zone, FMB is likely underestimated while BMB is overestimated (see discussion in text).

5. Conclusion
We measured ice-ﬂow velocity over CGT by removing the vertical
tidal deﬂection from the 14 COSMO-SkyMed one-day tandem DInSAR
images. Ice-ﬂow velocity increased from the uppermost part
of Campbell Glacier (~ 0.20 m d− 1) to the seaward edge of CGT
(~ 0.67 m d− 1). On the main stream of CGT, ice-ﬂow velocity of the
western part is faster than that of the eastern part of the glacier tongue,
which indicates that the eastern part of CGT is grounded and thus

experiences basal drag. Ice-ﬂow velocity within the hinge zone of the
main stream of CGT increases from grounding line to the seaward
edge of the hinge zone, while that beyond the hinge zone is almost
constant along the ﬂow line.
In the freely ﬂoating zone, ice thinning by basal melting (144.5 ±
39.9 Mt a−1) is 2.5 times larger than that by volume ﬂux (67.2 ±
8.9 Mt a−1). Mass budget of the hinge zone is attributed to ice thinning
by volume ﬂux (147.3 ± 25.2 Mt a− 1) and basal freezing (15.3 ±
39.8 Mt a− 1), the latter is unexpected and may be a result of the

Fig. 7. (a) Averaged horizontal ice-ﬂow velocity in the ice-ﬂow direction (v map) of Campbell Glacier and (b) its standard deviation (SD, σv map). The white solid lines represent the
location of grounding line, while the white dotted line separates the hinge zone and the seaward freely ﬂoating zone. The black arrows in (a) indicate the ice-ﬂow velocity with ﬂow
direction which was estimated by offset tracking method.
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Fig. 9. Surface elevation across CGT from A to B denoted in Fig. 1a measured by ICESat GLAS in 2008. A solid line and a dotted line represent the location of the grounding line and the
seaward edge of the hinge zone, respectively. The area of the highlighted rectangle corresponds to the region where noticeably low FMB and high BMB values were calculated.

simpliﬁed assumption of constant ice thickness and temporal ice thickness change.
This study showed that the vertical tidal deﬂection must be removed
from DInSAR signals to measure accurate ice-ﬂow velocity of an ice
shelf. A combination of tide deﬂection ratio and tide model allows accurate measurement of the spatial variation of the vertical tidal deﬂection.
We expect that a combination of more accurate DEM from a single-pass
SAR interferometer, such as TanDEM-X, and the tide-corrected ice-ﬂow
velocity from a series of one-day tandem DInSAR pairs will further
contribute to the understanding of the mass balance of ﬂoating glaciers.
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