J. Earth Syst. Sci. (2020)129:127
https://doi.org/10.1007/s12040-020-01392-2

Ó Indian Academy of Sciences
(0123456789().,-volV)(0123456789(
).,-volV)

Antarctic ice-shelf thickness changes from CryoSat-2
SARIn mode measurements: Assessment and
comparison with IceBridge and ICESat
BAOJUN ZHANG1, JINGBIN LIU1, ZEMIN WANG2,*, TINGTING LIU2
and QUANMING YANG2
1

State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing,
Wuhan University, Wuhan 430 079, China.
2
Chinese Antarctic Center of Surveying and Mapping, Wuhan University, Wuhan 430 079, China.
*Corresponding author. e-mail: zmwang@whu.edu.cn
MS received 16 October 2019; revised 16 February 2020; accepted 25 February 2020

Ice-shelf thickness changes are of critical importance for understanding the stability of the Antarctic
ice-sheet because they restrain the seaward Cow of grounded glaciers. In this study, we Bnd that neither
backscatter nor leading-edge width contained in the least-squares Btting model can improve the accuracy
of ice-shelf thickness change estimations from CryoSat-2, which is validated by comparing the CryoSat-2derived elevation changes from least-squares Btting models with different combinations of waveform
parameters against the Operation IceBridge ATM L4 data. Using the model without backscatter and
leading-edge width to infer the thickness changes in Antarctic ice shelves from CryoSat-2, we Bnd that the
most significant thinning signals are mainly concentrated on the ice shelves along the Amundsen Sea
coast, such as Getz, whose thickness variations are dominated by ocean-driven basal melting. This
phenomenon has also been conBrmed by the ICESat results. Overall, the Antarctic ice shelves volume
changed on average by –0.34 ± 66.36 km3 yr1 during the period from July 2010 to December 2016.
Keywords. Antarctic ice shelves; thickness change; CryoSat-2; ICESat; Operation IceBridge.

1. Introduction
Ice shelves are Coating extensions of land ice that
are Brmly attached to the landmass. In Antarctica,
75% of the coastline is fringed by ice shelves
(Rignot et al. 2013), most glaciers terminate in ice
shelves, and more than 80% of grounded ice drains
through ice shelves (Pritchard et al. 2012). Due to
the shear stress at the lateral ice-rock boundary
and the back stress provided by basal and basal
topographic highs, ice shelves play an important
role in slowing the seaward Cow of grounded glaciers and maintaining the stability of ice sheets
(Scambos et al. 2004; Schoof 2007; Goldberg et al.

2009). Ice shelves, however, are very sensitive to
global climate change because they are exposed to
air at their upper surfaces and ocean at their bases.
Iceberg calving, basal melting, surface ablation and
wind drift are the ways that ice shelves experience
mass loss, especially basal melting, which has
accounted for the majority of ice-shelf mass loss
(Rignot et al. 2013; Depoorter et al. 2013a; Liu
et al. 2015). In recent years, due to basal melting,
the thickness of many ice shelves in Antarctica
have significantly thinned, which mainly include
the ice shelves in the southeast PaciBc sector of the
Antarctic peninsula and west Antarctica (Pritchard et al. 2012; Rignot et al. 2013; Depoorter et al.
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2013a; Liu et al. 2015; Paolo et al. 2015). The
highest regional thinning rates are found in the
Amundsen Sea Embayment region, where the
average ice-shelf thickness has reduced by *8%
from 1994 to 2012 (Paolo et al. 2015). The decrease
in ice-shelf thickness has eAectively reduced the
ability of the ice shelves to buttress the seaward
Cow of grounded ice and has resulted in an increase
in the rate of inland glacier discharge and grounded
ice-sheet mass loss, which has contributed to global
sea-level rise (Shepherd et al. 2010; Kulessa et al.
2014; Mcmillan et al. 2014). Thus, observing the
changes in the thicknesses of ice shelves is of critical importance in understanding the stability of
the Antarctic Ice Sheet and its contribution to
global sea-level rise.
Although measuring at point locations in-situ or
by radio-echo sounding can directly obtain ice-shelf
thickness, these approaches are not suitable for
monitoring ice-shelf thickness changes for all of
Antarctica because of the severe limitations in
spatial coverage and temporal resolution (Lythe
and Vaughan 2001; Chuter and Bamber 2015).
Using freeboard measurements from satellite
altimetry, based on the assumption that the
shelves are freely Coating in a hydrostatic equilibrium is the only practical way to monitor the
thickness changes in ice shelves at the continental
scale of Antarctica with an eAective time scale
(Paolo et al. 2015). In the early years, satellite
altimetry measurements were mainly used for the
estimation of ice-shelf thicknesses. The altimetry
data from ERS-1 and ICESat have all been used to
estimate the thicknesses of Antarctic ice shelves
(Bamber and Bentley 1994; Griggs and Bamber
2009, 2011). With the accumulation of altimetry
measurements, ice-shelf thickness changes can also
be computed from satellite altimetry. Paolo et al.
(2015) combined ERS-1, ERS-2 and Envisat
satellite radar altimeter observations to compute
18-year changes in Antarctic ice shelves thickness
since 1994. Pritchard et al. (2012), Rignot et al.
(2013), Depoorter et al. (2013a) and Liu et al.
(2015) used ICESat satellite laser altimetry observations to calculate Antarctic ice-shelf thickness
changes and further analysed mass loss and basal
melting in Antarctic ice shelves.
Because ICESat and Envisat stopped working in
2010 and 2012, respectively, only CryoSat-2 can
provide continuous satellite altimetry observations
to monitor changes in Antarctic ice shelves since
2010. The primary objective of CryoSat-2 is to
monitor variations in the thickness of the Earth’s
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marine ice cover and continental ice sheets from an
altitude of just over 700 km and reaching latitudes
of 88° in a 369-day repeat cycle (Bouzinac 2012).
Synthetic aperture radar interferometry (SARIn),
an advanced operating mode which is designed to
carry out high-resolution measurements in areas of
steep terrain, is used to measure ice shelves
(Wingham et al. 2006; Bouffard et al. 2018). As a
result, CryoSat-2 satellite altimetry data can be
used to map Bne continental-scale changes in the
thicknesses of Antarctic ice shelves. However, there
is no study on changes in the thicknesses of
Antarctic ice shelves using CryoSat-2 measurements, other than a study on the thicknesses of
Antarctic ice sheets by Chuter and Bamber (2015).
Therefore, we use CryoSat-2 data to produce a
new CryoSat-2 altimeter-derived estimate of iceshelf thickness changes for all of Antarctica since
2010. In this study, estimates of thickness changes
are derived from CryoSat-2 altimeter-derived
elevation changes. To ensure the accuracy of our
estimates, we validate our CryoSat-2 radar
altimeter elevation change estimates by matching
with Operation IceBridge surface elevation changes. Moreover, the results of ice-shelf thickness
changes are compared to those derived from
Operation IceBridge thickness changes and ICESat
laser altimeter measurements.

2. Data and data processing
2.1 Surface elevation change rates derived
from CryoSat-2
In this study, CryoSat-2 surface elevation change
rates covering the time span from July 2010 to
December 2016 are derived from Baseline-C L2i
data product SARIn mode measurements provided
by the European Space Agency (Bouzinac 2012).
Prior to the computation, initial pre-processing
operations are applied to ensure the accuracy of
our results, including replacing the supplied oceantide and load-tide corrections with CATS2008a
model output (Padman et al. 2002), eliminating
erroneous height records where the interferometric
across-track location failed and other cases
according to standard quality Cags and masking all
data over grounded ice and within 3 km of the
grounding line of ice shelves using a new grounding
line and ice-shelf mask (Depoorter et al. 2013b).
The method for calculating CryoSat-2 elevation
changes is similar to those used by Flament and
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R
emy (2012), Mcmillan et al. (2014) and Simonsen
and Sørensen (2017). Linear elevation change rates
are solved at a 2 km grid node based on all CryoSat-2 observations within 2.5 km around the node
using the least-squares Btting model. The formulation of the least-squares Btting model is as
follows:
Hi ¼ H þ H_  ti þ f ðxi ; yi Þ þ uðti Þ þ bAD  ADi
þ uðbsi ; lewi Þ; i ¼ 1; 2;    ; N ;

ð1Þ

where i is the ith measurement of N measurements
within a bin, Hi is the elevation observed by
CryoSat-2 at time ti , H is the mean height at the
bin centre, H_ is the elevation change rate constant
of the bin, and f ðxi ; yi Þ is the quadratic function of
surface terrain, which is expressed hereafter.
f ðxi ; yi Þ ¼ a1 xi þ a2 yi þ a3 xi2 þ a4 xi yi þ a5 yi2
þ a6 xi2 yi þ a7 xi yi2 þ a8 xi2 yi2 ;

ð2Þ

xi and yi are the difference between longitude and
latitude of Hi and longitude and latitude of the bin
centre, respectively, a1 a8 are coefBcients of the
surface topography Btting model, and uðti Þ is the
annual term accounting for annual elevation
changes, which is expressed as follows:
uðti Þ ¼ A cosð2pti Þ þ B sinð2pti Þ;

ð3Þ

ADi relates to ascending/descending bias, which is
assigned a value of 0 on ascending orbits or 1 on
descending orbits. uðbsi ; lewi Þ is a function used to
model the eAects of the backscatter waveform
parameter bsi and leading-edge width waveform
parameter lewi , and this function is expressed as
follows:


uðbsi ; lewi Þ ¼ C bsi  bs þ D lewi  lew ;

ð4Þ

where bs and lew are the mean values of bsi and lewi
from all observations in the bin. The waveform
parameter trailing-edge slope is not included in
uðbsi ; lewi Þ here, whereas it is included in (Flament
and R
emy 2012) because of its absence in the L2i
data product. Previous studies have shown that the
introduction of uðbsi ; lewi Þ can eAectively reduce
the impact of signal penetration (Lacroix et al.
2009; Khvorostovsky 2012; Remy et al. 2012).
Nevertheless, a model with all parameters (bs and
lew) is not always the best Btting model for radar
elevation changes (Michel et al. 2014; Simonsen
and Sørensen 2017; Zhao and Floricioiu 2017).

To determine which combination of bsi and lewi
in equation (4) can provide the best CryoSat-2
elevation change rates, we conduct four sets of
experiments: in Experiment 1, no waveform
parameter is included in the least-squares Btting
model; in Experiment 2 and Experiment 3, there is
only bsi or lewi in the least-squares Btting model to
account for changes in radar penetration into the
snowpack; and, in Experiment 4, bsi and lewi are
both included in the least-squares Btting model to
correct for radar surface penetration.
In every experiment, the CryoSat-2 elevation
change rates for the Antarctic ice shelves are calculated using an iterative least-squares estimator
to retrieve the coefBcients in equation (1) in each
bin. The 3-r outlier threshold is used in the iterative calculation process to remove anomalous
measurements; this threshold was also used by
Hwang et al. (2016) and Yang et al. (2018). After
iterative computation, any elevation change rates
greater than 0.75 times the interquartile range
from the median over a 50 km radius from each bin
are rejected. Then, the Bnal smooth CryoSat-2
elevation change rates are derived from averaging
the accepted solutions over a 30 km radius at each
10 km grid.

2.2 Surface elevation change rates derived
from ICESat
The ICESat mission was the Brst laser altimeter
satellite. The radius of its ground footprint is only
70 m much smaller than that of microwave radar
altimeters. It makes that its observations are little
aAected by the slope of the ice surface and the
topographical features on the kilo-meter scale.
Moreover, the laser signal does not penetrate the
Brn surface like the microwave signal, and is not
aAected by the penetration bias. Therefore, ICESat
can provide more accurate observations. So, in this
study we use the estimations from ICESat to validate the CryoSat-2-derived ice-shelf thickness
change rates. The latest release of the ICESat
altimetry product (Release 34, GLAH12) from all
campaigns with a 91-day repeat orbit is used in this
study, which covers September–November 2003 to
September–October 2009 and is provided by
NASA’s National Snow and Ice Data Center Distributed Active Archive Center (NSIDC DAAC)
(Zwally et al. 2014). Some pre-processing operations are also applied to ICESat measurements
before computation, including culling erroneous
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measurements following the same criteria as Zhang
et al. (2017), correcting for the inverse-barometer
eAect by using provided surface-pressure estimates
in the GLAH12 product and the approach proposed by Padman et al. (2003), correcting for laser
campaign biases using the values obtained by
Schr€
oder et al. (2017), replacing the supplied
ocean-tide and load-tide corrections from the
CATS2008a model and masking out all data over
grounded ice and within 3 km of the grounding line
of ice shelves similar to the approach used during
CryoSat-2 pre-processing.
ICESat elevation change rates are also derived
using an iterative least-squares estimator with a
3-r outlier threshold in each bin. Unlike CryoSat-2,
we utilized a repeat-track analysis approach to
compute the ICESat elevation change rates, i.e., all
elevation measurements in a 700 9 500 m bin along
the repeat tracks are used to estimate elevation
change rates of this bin by Btting them to the leastsquares Btting model. This approach is used mainly
because ICESat has a strictly repeated running
track and a low spatial sampling. The other difference is that there is no need for uðbsi ; lewi Þ and
bAD  ADi in the ICESat least-squares Btting model
because ICESat measurements have a small spatial
footprint (70 m) and minimal Brn penetration of
the laser (Armitage et al. 2014; Chuter and Bamber
2015). Thus, the formulation of the ICESat leastsquares Btting model is as follows:
Hi ¼ H þ H_  ti þ f ðxi ; yi Þ þ uðti Þ;

i ¼ 1; 2;    ; N :
ð5Þ

After iterative computation, a 10-km grid of
ICESat elevation change rates is also generated by
the same median Bltering and smoothing averaging
as that used for the CryoSat-2 model.

surface elevation change rate measurements can be
derived from repeated Cight elevation measurements. The OIB ATM L4 dataset is such a surface
elevation change rate product that is derived from
repeated observations in the ATM dataset and
provided by NASA NSIDC DAAC (Studinger
2014). To use the OIB ATM L4 dataset to determine the best least-squares Btting model of the
CryoSat-2 elevation change rates, the ocean-tide
and load-tide corrections from the CATS2008a
model and inverse-barometer corrections from
ECMWF reanalysis data (Dee et al. 2011) are
applied in this study.
The Multichannel Coherent Radar Depth Sounder (MCoRDS) is another important airborne
payload for OIB whose main function is to measure
the thickness of the ice sheet and collect radar echo
data from the inner layer of the ice sheet. The Bnal
MCoRDS product has an along-track resolution of
about 25 m and a sample spacing of about 14 m. It
can provide depth sounder measurements of elevation, surface, bottom, and thickness for Greenland and Antarctica glacier, ice shelves and ice
sheet. The OIB MCoRDS L2 ice thickness dataset
provided by NASA NSIDC DAAC (Paden et al.
2010) is such an ice thickness product containing
elevation, surface, bottom, and thickness measurements covering the period from 16 October
2009 to 16 November 2018. As with OIB ATM
surface elevation measurements, overlapping
thickness observations in different periods can be
used to calculate the ice thickness change rate. In
this study, we use the thickness change rate
derived from the overlapping MCoRDS L2 ice
thickness observations of the ice shelf area 3 km
from the grounding line to verify our CryoSat-2 ice
shelves thickness change rate.

2.3 Operation IceBridge datasets

2.4 Firn correction and others

NASA has implemented the Operation IceBridge
(OIB) project since 2009 to bridge the gap between
the ICESat and ICESat-2 laser altimeter missions.
Antarctic OIB campaigns are conducted during
October and November every year. The Airborne
Topographic Mapper (ATM) is an important airborne laser altimeter payload for OIB that can
provide high-precision surface elevation measurements. When two Cight paths from different campaigns intersect each other (crossing) or the
following Cight path reoccupies the previous Cight,
overlapping observations will be formed. The

Firn air content accounts for the difference
between the actual depth of the Brn layer and the
depth that the Brn would be when the Brn column
is compressed to the density of glacier ice. When
using the principle of hydrostatic equilibrium to
infer ice-shelf thickness changes from surface elevation change, the changes in Brn air content need
to be corrected (Griggs and Bamber 2011; Pritchard et al. 2012; Chuter and Bamber 2015). To
convert the CryoSat-2 and ICESat elevation
change rates into thickness change rates, the Brn
air content trends for Antarctic ice shelves for the

Page 5 of 15 127

J. Earth Syst. Sci. (2020)129:127
periods coinciding with the CryoSat-2 or ICESat
data derived from the Institute for Marine and
Atmospheric Research Utrecht Firn DensiBcation
Model (IMAU-FDM) (Ligtenberg et al. 2011, 2014)
are utilized in this study. IMAU-FDM is forced by
temperature, wind speed, precipitation, sublimation and melting from RACMO2.3 regional climate
modelling (Lenaerts et al. 2012) at the upper
boundary, and IMAU-FDM simulates Brn densiBcation, vertical heat transport, meltwater percolation and refreezing and accounts for buoyancy
eAects on Coating ice shelves in a high-resolution
(*27 km horizontal grid distance).
Ice-shelf elevation change rates derived from
altimetry data are associated with both trends of
ice thickness changes and sea-level trends. There
are two main ways to account for the contribution
of sea-level changes in previous studies: one is to
treat sea-level trends along the Antarctic coast as a
constant (Pritchard et al. 2012); the other is to
extrapolate and smooth the values for the unsurveyed regions underneath ice shelves from sea-level
altimetry products (Paolo et al. 2015). Although
extrapolation may cause errors, the latter
approach still seems more reasonable, especially
the magnitudes of sea-level trends, which are much
smaller than those of long-term thickness-change
signals along the Antarctic coast (Lebedev 2007).
Therefore, this paper uses the latter method and
the AVISO SSALTO/DUACS multi-mission
monthly mean sea-level anomaly dataset to correct
for the eAects of sea-level trends for the periods
coinciding with the CryoSat-2 and ICESat data.
This multi-mission dataset contains a series of
monthly average 1/4° 9 1/4° grid sea-level
anomalies that are produced from all altimeter
missions: Sentinel-3A, Jason-3, HY-2A, Saral/
AltiKa, CryoSat-2, OSTM/Jason-2, Jason1,
Topex/Poseidon, Envisat, GFO, ERS-1 and ERS-2
(Mertz et al. 2018).
3. Methods
3.1 Estimating ice-shelf thickness changes
Based on the assumption that an ice shelf is in
hydrostatic equilibrium, its thickness can be
derived from its surface elevation, as demonstrated
by Bamber and Bentley (1994), Griggs and
Bamber (2011) and Chuter and Bamber (2015):
Z¼

qw
ðHih  Hsh  dÞ þ d;
qw  qi

ð6Þ

where Z is the actual ice-shelf thickness, Hih is the
surface elevation of the ice shelf, Hsh is the mean
sea-level height, d is the Brn air content, qw is the
sea water density underneath the ice shelf and qi is
the ice density. According to previous studies, we
set the ice density and sea water density to 917 and
1028 kg m3, respectively, because the former is a
standard value for the meteoric ice density and the
latter is the mean global sea-water density (Griggs
and Bamber 2011; Pritchard et al. 2012; Chuter
and Bamber 2015).
The derivative with respect to time for equation
(6) yields the formula for inferring ice-shelf thickness change rates from ice-shelf surface elevation
trends, which is expressed as follows:
Z_ ¼


qw
qi
_
H_ih  H_sh 
d;
qw  qi
qw  qi

ð7Þ

where Z_ is the change rate of the ice-shelf thickness, H_ih is the surface elevation trend of the ice
shelf, H_sh is the contribution of the sea-level rise,
and d_ is the trend of the Brn air content accounting
for the Brn density trend. Thus, the change rate
estimations for the Antarctic ice shelves thickness
can be determined from the datasets mentioned in
section 2 by using equation (7).
3.2 Estimation of uncertainties
As described in equation (7), the Antarctic ice
shelves thickness change trends are calculated from
Bve independent datasets and models in this study.
Although, much work has been done in data processing to ensure the accuracy of the Bnal estimation results, such as masking out all altimetry
measurements over the regions where the hydrostatic equilibrium assumption may not be valid,
using the optimal parameters combination in the
least-squares Btting model to Bt the CryoSat-2
elevation change rates and Bltering and smoothing
the elevation change rate estimations into a regular
grid, there are still some errors in these datasets
and models. These errors will eventually propagate
into the ice-shelf thickness trend estimations.
This study estimates the uncertainties of iceshelf thickness trends using formal error propagation techniques. The uncertainties of these individual input sources are outlined below. The
uncertainties of the CryoSat-2 surface elevation
change rates are derived from the post-Bt residuals
at each grid node by least-squares Btting using
formal error propagation techniques, which is
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similar to the approach used by Zhang et al. (2017)
for the calculation of Bltering and smoothing of the
ICESat surface elevation change rates. For the Brn
air content trends, 10% of the value for each grid
point is used as its uncertainty, which is similar to
that employed by Depoorter et al. (2013a). As the
sea-level trends of the regions underneath the ice
shelves are extrapolated from values at the ice-shelf
front, it is difBcult to estimate their uncertainties.
Fortunately, the magnitudes of sea-level trends are
very small compared to those of ice thickness
trends. Thus, a standard deviation of 0.5 mm
year1 is used as a conservative estimate for each
grid point of the sea-level trends, which is the
uncertainty in the global mean sea level trend
derived from a long-term altimetry sea-level record
by Legeais et al. (2018). In reality, neither the
density of sea water nor the density of ice is uniform. It is obvious that using constants as their
density in computation will lead to errors. For the
ice density, we assume 5 kg m3 as its uncertainty
in accordance with Griggs and Bamber (2011),
which derived this density from values between 912
and 922 kg m3 observed across the Amery Ice
Shelf (Fricker et al. 2001). Likewise, for the sea
water density, a 5 kg m3 standard deviation is
also assumed in accordance with Griggs and
Bamber (2011); however, a lower value of 1024 kg
m3 is inferred for the Ross Ice Shelf (Bamber and
Bentley 1994), and an upper value of 1029 kg m3
is measured near the ice front of the Amery
(Fricker et al. 2001).

4. Results
4.1 Comparison of the elevation changes
of CryoSat-2 with those from the OIB ATM
L4 product
The CryoSat-2 elevation changes derived from the
four experiments were validated against the OIB
ATM L4 product. However, the OIB ATM L4 data
over the Antarctic ice shelves are very sparse.
There are only 2544 elevation changes derived from
the repeated observations of 2016 and 2010 over
the ice shelves in Antarctica. To expand the spatial
coverage of OIB ATM L4 data to validate CryoSat-2 elevation changes, we stack all available
repeat points for Cight campaigns between 2010
and 2016, as was demonstrated by Simonsen and
Sørensen (2017). The differences in the elevation
change rates between CryoSat-2 on the pixel
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resolution after the iterative least-squares estimator or on the grid after smoothing and OIB ATM
L4 are calculated by subtracting the CryoSat-2
elevation change rates from those from OIB ATM
L4. The statistics of these differences are listed
in table 1. Whether in terms of mean or standard
deviation (SD), the results of the differences
between the stacked OIB ATM L4 dataset and
CryoSat-2 are much higher than those of the differences between the OIB ATM L4 dataset and
CryoSat-2 in both cases. This is mainly because
many individual data points may be subjected to
inter-annual variability and might not fully represent the 2010–2016 mean elevation change seen by
CryoSat-2 (Simonsen and Sørensen 2017). It is
worth mentioning that after smoothing, the results
of the elevation change have been improved in
terms of both mean and SD. This result shows that
the smoothing process can improve the estimations
of elevation changes to a certain extent. There is no
significant difference between the statistics of different experiments. Whether in terms of mean or
SD, the maximum difference between different
experiments is only on the order of 1 cm yr1. In
other words, when we round to centimetre per year
accuracy, all values for each of the least-square
Btting models are the same. This Bnding indicates
that these combinations of backscatter and leading-edge width cannot improve the accuracy of
elevation change estimations. In other words, elevation change estimations from the SARIn mode
measurements over Antarctic ice shelves have
either no, or only small, sensitivity to backscatter
and leading-edge width changes. Thus, in this
study, we use the least-squares Btting model used
in Experiment 1, i.e., without backscatter and
leading-edge width, to calculate the CryoSat-2
elevation change rates of ice shelves. The CryoSat2 ice shelves thickness trends presented below are
all derived from the elevation change rates.

4.2 Verify CryoSat-2 thickness changes using
OIB MCoRDS product
During the studied CryoSat-2 period in this paper,
the OIB MCoRDS L2 product provided more than
2.4 million thickness observations over Antarctic
ice shelves, but less than 450,000 of them are
located on the ice shelves 3 km away from the
grounding line. From these less than 450,000
observations, 38,062 overlapping observations can
be obtained to get thickness change rates, while
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Table 1. Comparison of the elevation change rates of CryoSat-2 with those of the OIB ATM L4 product. For each experiment, the
mean and SD of the differences between the elevation change rates are given.
Before smoothing
OIB ATM L4

Experiment
None
Experiment
Experiment
Experiment
bs + lew

After smoothing

Stacked OIB ATM L4

Mean
(cm yr1)

SD
(cm yr1)

Mean
(cm yr1)

SD
(cm yr1)

1:

2.4

56.6

28.4

156.5

2: bs
3: lew
4:

1.9
2.9
2.1

56.6
56.5
56.6

29.1
28.2
28.7

157.5
156.2
156.5

OIB ATM L4
Mean
(cm yr1)

Stacked OIB ATM L4

SD
(cm yr1)

Mean
(cm yr1)

SD
(cm yr1)

0.4

52.5

31.2

153.1

0.3
0.7
0.1

52.4
52.5
52.5

31.9
31.8
32.2

153.3
153.1
153.2

Figure 1. Differences between Antarctic ice shelves thickness change rates derived from CryoSat-2 and that from the 2010–2016
OIB MCoRDS L2 ice thickness product (a), or that from the stacked 2010–2016 OIB MCoRDS L2 ice thickness product (b). The
histogram shows the distribution of the differences at 5 m yr1 bins. Background is the Landsat Image Mosaic of Antarctica
(LIMA).

only 6987 of them were from 2010 and 2016
observations. Interpolate CryoSat-2 thickness
change rates grid to these OIB MCoRDS L2 overlapping points, and then the differences in the
thickness change rates from the OIB MCoRDS L2
ice thickness product and that from CryoSat-2 can
be calculated by subtracting the CryoSat-2 thickness change rates from those from OIB MCoRDS
L2. The 6987 differences of ice shelves thickness
change rates between from CryoSat-2 and the
2010–2016 OIB MCoRDS L2 product and their
statistical histogram are shown in Bgure 1(b). As it
can be seen, the distribution of these points is very
limited. To expand the spatial coverage to validate
CryoSat-2 thickness changes, we still stack all
available repeat points for Cight campaigns
between 2010 and 2016, as was done to OIB ATM
L4 data in section 4.1. The corresponding differences and statistical histogram are shown in

Bgure 1(b). Obviously, the spatial coverage of the
stacked 2010–2016 OIB MCoRDS L2 is much
better than the 2010–2016 OIB MCoRDS L2. As
can be seen from Bgure 1, the difference between
CryoSat-2 thickness change rates and OIB
MCoRDS L2 are mainly in the range of ±5 m yr1.
Further statistical calculation shows that the
mean, median and SD of the differences between
CryoSat-2 thickness change rates and the
2010–2016 OIB MCoRDS L2 thickness change
rates are –2.3, –1.5 and 8.6 m yr1 (–2.2, –1.6 and
23.8 m yr1 for the stacked 2010–2016 OIB
MCoRDS L2 thickness change rates). OIB
MCoRDS L2 product does not give the accuracy of
the thickness observation. We use the accuracy of
general radio echo sounding ice thickness measurement (range 75–30 m) as its accuracy (Chuter
and Bamber 2015). It means that uncertainties
range is 15.2–6.1 m yr1 for the 2010–2016 OIB
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MCoRDS L2 of thickness change rates, and
106.1–6.1 m yr1 for the stacked 2010–2016 OIB
MCoRDS L2 of thickness change rates. Obviously,
the CryoSat-2 thickness change rates are in the
uncertainty interval of OIB MCoRDS L2 of
thickness change rates. All in all, the thickness
change rates derived from CryoSat-2 and from OIB
MCoRDS L2 product are consistent.

4.3 Ice-shelf thickness trends from CryoSat-2
Thickness change rates and corresponding uncertainties of the Antarctic ice shelves derived from
CryoSat-2 are shown in Bgure 2. Figure 3 further
details the distribution of the main ice shelves in
Antarctica and their thickness change rates.
Figure 4 shows the mean thickness change rate and
volume change rate for each of the main ice shelves
in Antarctica. It can be clearly seen in Bgures 2–4
that the distribution of the thickness change rates
of Antarctic ice shelves is strongly regional. The ice
shelves along the Amundsen Sea coast, Pine Island,
Thwaites, Dotson, Crosson and Getz, have the
most significant thinning signals. During July
2010–December 2016, Thwaites had the most dramatic mean thickness reduction rate in this region,
with a local maximum thinning of –1.84±2.19 m
yr1, while Getz contributed the local maximum
volume loss of –25.63±7.46 km3 yr1, which
accounts for *74% of the total volume loss of the
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ice shelves along the Amundsen Sea coast. It is
worth noting that in many areas of these ice
shelves, the thinning rates are higher near the deep
grounding lines than towards the shallower ice
fronts. This phenomenon also appears in the Totten Ice Shelf in East Antarctica and Larson C Ice
Shelf in the Antarctic Peninsula. The George VI,
Stange, Wilkins, Shackleton, Cosgrove and Venable ice shelves also show thinning trends.
Although some parts of Filchner–Ronne, the largest ice shelf exhibited thickening trends, it is still
the largest contributor to volume loss of the
Antarctic ice shelves, with a huge volume loss rate
of –52.85 ± 49.32 km3 yr1 and an inconspicuous
average rate of –0.16 ± 0.15 m yr1. Overall, 22 of
the 40 ice shelves calculated in this paper suffered
from volume loss during July 2010–December 2016,
and their total volume loss rate is –126.00 ± 59.11
km3 yr1.
There are also some ice shelves that increased in
thickness, and some of them were adjacent to the
ice shelves with significant thinning trends, such as
Cosgrove, Abbott and Nickerson. However, in
general, the thickening trends are more moderate
than the thinning trends. Similar to Filchner–
Ronne, relying on their huge areas, Ross, Fimbul
and Larsen C have become the three-leading contributors to the volume growth of the Antarctic ice
shelves with a moderate average rate. In contrast,
because of their tiny areas, Drygalshi, Wilma
Robert Downer, Dibble and Publications, which

Figure 2. (a) Thickness change rates and (b) corresponding uncertainties of the Antarctic ice shelves derived from CryoSat-2.
Background is the Landsat Image Mosaic of Antarctica (LIMA).
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Figure 3. Detailed, locally ampliBed thickness change rates of the main ice shelves in (a) the Antarctic Peninsula, (b) the
Amundsen Sea sector, (c) the Victoria Land and Wilkes Land, (d) the Princess Elizabeth Land and (e) the Queen Maud Land.
Background is the LIMA.

exhibit remarkable thickness change rates, have
become only negligible contributors to the volume
change of the Antarctic ice shelves. A total of 18 ice
shelves with increased thickness had increased in
volume at a rate of 125.67 ± 30.16 km3 yr1. From
this study, from July 2010 to December 2016, the
total volume change rate for all the Antarctic ice
shelves is –0.34 ± 66.36 km3 yr1.
4.4 Comparison of ice-shelf thickness trends
with ICESat
Figure 5 shows the thickness change rates and
the corresponding uncertainties of the Antarctic
ice shelves from September–November 2003 to
September–October 2009 derived from ICESat.
This Bgure shows a similar spatial distribution to
that of the CryoSat-2 results. The region along the
Amundsen coast is still the area with the greatest
thinning rates, and the Getz Ice Shelf is the single

largest local contributor to volume loss. However,
there are also many ice shelves that exhibit significant differences or even opposite trends to those
in the CryoSat-2 results, such as Larsen C, Cosgrove, Ross, Shackleton, Fimbul, Vigridisen and
Nivlisen. Another major difference between the
ICESat results and the CryoSat-2 results is that
the uncertainties of the ICESat results are significantly greater than those of the CryoSat-2 results.
There are only a few ice shelves, including
Thwaites, Totten and several tiny ice shelves,
among the CryoSat-2 thickness change rates that
have uncertainties [1 m yr1. In contrast, more
than half of the ice shelves in the ICESat thickness
change rates have uncertainties [1 m yr1. Overall, 26 of the 40 ice shelves calculated in this paper
suffered from volume loss during September–November 2003 to September–October 2009,
and the total volume change rate for all the
Antarctic ice shelves is –338.96 ± 211.13 km3 yr1.
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corrections to the Brn layer changes when making
comparisons between the CryoSat-2 and ICESat
thickness changes. Therefore, the differences
between the ICESat thickness change rates and the
thickness change rates obtained from CryoSat-2
without Brn air content change correction are also
given in Bgure 6(b). Figure 6(c) shows the Brn air
content rates for the period of CryoSat-2. It can be
seen by comparing Bgure 6(a and b) that differences exist between the results of ICESat and those
of CryoSat-2, regardless of whether the CryoSat-2
results have been corrected for the Brn air content
change. These results indicate that the change in
the Brn layer is not the main reason for the difference between the ICESat and CryoSat-2 results,
except in Wilkins, Shackleton, Conger, Totten,
Moscow University and Holmes, where the Brn air
content rate is high shown in Bgure 6(c).

5. Discussion

Figure 4. (a) Mean thickness change rate and (b) volume
change rate for each of the main ice shelves in Antarctica. The
ice shelf names are denoted as follows: L.CD (Larsen C and
Larsen D); L.B (Larsen B); GS (George VI and Stange); CD
(Crosson and Dotson); Wilm (Wilma Robert Downer); LBB
(Lazarev, Borchgrevink and Baudouin); EJF (Ekstrom, Jelbart, Fimbul); RSB (Riiser-Larsen, Stancomb and Brunt); FR
(Filchner–Ronne); and the rest are represented by the Brst
four letters of their names.

For a more detailed comparison of the CryoSat-2
and ICESat results, we calculate their differences
by subtracting the ICESat thickness change rates
from those of CryoSat-2, and the results are shown
in Bgure 6(a). Some studies suggest that radar
altimeters, unlike laser altimeters, are insensitive
to Cuctuations in the Brn layer because of the
penetration of the microwave radar signal into the
Brn (M
emin et al. 2014; Paolo et al. 2015). From
this point, it may be a better choice to use the
CryoSat-2 thickness change rates without

Unlike the laser signal of the laser altimeter (e.g.,
ICESat), which is reCected directly from the surface of the Brn layer, the microwave signal of a
radar altimeter can penetrate into the Brn layer
and reCect from the subsurface. This penetration
will lead to errors in the elevation trend; in this
study, we call this phenomenon the penetration
bias. The penetration bias is difBcult to quantify,
but it can be reduced by estimating the elevation
change trend with waveform parameters, which
mainly include the backscatter, leading-edge width
and trailing-edge slope. Generally, all three waveform parameters (Flament and R
emy 2012; Hwang
et al. 2016) or only backscatter (Davis and Ferguson 2004; Khvorostovsky 2012) are used to correct
for the penetration bias. However, recent research
Bnds that these two approaches are not optimal in
all cases (Remy et al. 2012; Michel et al. 2014;
Simonsen and Sørensen 2017). From this study, we
Bnd that the least-squares Btting model, including
backscatter and/or leading-edge width, cannot
eAectively improve the accuracy of elevation
change estimation. This result does not coincide
with those of Michel et al. (2014), who concluded
based on traditional satellite altimetry measurements from Envisat that the major bias is due to
the lengthening of the leading-edge width due to
radar penetration. The results in this study are also
inconsistent with those of Simonsen and Sørensen
(2017), who concluded that in Cat areas, the leastsquares Btting model that includes only the
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Figure. 5. (a) Thickness change rates and (b) corresponding uncertainties of the Antarctic ice shelves derived from ICESat.
Background is the LIMA.

Figure. 6. Differences between the ICESat thickness change rates and CryoSat-2 thickness change rates (a) with or (b) without
Brn layer air content change corrections. (c) Firn air content rates for the period between July 2010 and December 2016 derived
from IMAU-FDM. Background is the LIMA.

leading-edge width waveform parameter results in
the smallest residual between the CryoSat-2 elevation change rates and OIB ATM L4 data, which
is based on the LRM observations of CryoSat-2.
Both of these inconsistencies may come from the
essential differences between the traditional
altimetry observation mode and SARIn mode. In
fact, Aublanc et al. (2018) found that volume
scattering can significantly increase the leadingedge width of the LRM mode signal, but its eAect
on the leading-edge width of the SAR signal is
almost negligible. The SARIn mode is an interferometric measurement mode based on the synthetic

aperture radar signal. The inCuence of volume
scattering on the leading-edge width may be more
consistent with that of SAR mode. Aublanc et al.
(2018) also found that volume scattering will aAect
the trailing-edge of the SAR waveform. However,
the CryoSat-2 L2i data product does not provide
trailing-edge parameters; therefore, although it is
regrettable, this study is not able to discuss the role
of trailing-edge parameters. Furthermore, ice
shelves are located between the ocean and grounded ice sheet and are closer to the sea than ice
sheets. Ice shelves have higher temperatures, more
melting and higher humidity snow than grounded
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ice sheets. Thus, the radar extinction coefBcient is
higher on the ice shelves than it is on the drier
interior ice sheets, and the penetration depth is
smaller for ice shelves than for interior ice sheets
(Paolo et al. 2015). Therefore, it is reasonable to
believe that, in this paper, the eAect of the penetration bias is greatly weakened in the CryoSat-2
ice shelves thickness change rates.
Since the implementation of the OIB project in
2009, it has obtained a large amount of ice thickness data, which can be used to verify the ice sheet/
shelf thickness and thickness from the inversion of
altimetry data. However, due to the limited Cight
observed each year, the spatial coverage of the ice
shelf thickness data is limited. Moreover, OIB
MCoRDS thickness product does not provide the
accuracy of thickness data at present. It is difBcult
for us to evaluate its accuracy, although we have
chosen to use the accuracy of the same type of
thickness data provided by Chuter and Bamber
(2015) in this study to evaluate it. However, if the
precision of OIB MCoRDS thickness product is
really only in the range of 75–30 m, we think the
uncertainty is too large that the OIB MCoRDS
thickness product is difBcult to be used in the
evaluation of thickness change, while it is often
used to evaluate the estimation of ice shelf thickness. It is because the magnitude of ice shelf
thickness changes is much smaller than that of ice
shelf thickness.
According to Paolo et al. (2015, 2018), the ice
shelves thickness change rates derived from CryoSat-2 and from ICESat are bound to be different. It
is because they come from observations in different
periods. Differences in the ice-shelf thickness
trends over different periods due to long-term
Cuctuations have been clearly demonstrated by
Paolo et al. (2015, 2018). In addition, the Brn air
content change and the penetration bias will also
cause differences between them, although it has
been conBrmed above that they are not the main
reason. Moreover, horizontal stretching and compression of the ice shelf due to ice-Cow divergence
and Eulerian thickening caused by advection of ice
thickness gradients also can cause differences
between them (Padman et al. 2002, 2012), such as
in Filchner–Ronne, large horizontal cracks and
crevasses close to the front (Moholdt et al. 2014).
Although there are so many factors that can cause
the difference between them, it can still be seen
that they have a similar spatial distribution. Ice
shelves along the Amundsen coast, especially the
Getz Ice Shelf, contribute to the greatest volume
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loss. It means that the melting of these ice shelves
continues for the two periods, and the results of
CryoSat-2 are correct.
Many studies (Pritchard et al. 2012; Rignot et al.
2013; Depoorter et al. 2013a; Liu et al. 2015) have
noted that the volume losses of Antarctic ice
shelves are mainly due to basal melting, and Liu
et al. (2015) have shown that between 2005 and
2011, the contribution of basal melting is twice the
contribution of iceberg calving. Wind-forcing
incursions of Circumpolar Deep Water (CDW)
across the deep bathymetric bases of continental
shelves along the Amundsen Sea and Bellingshausen Sea coasts via submarine troughs drive the
vigorous basal melting underneath these ice shelves
(Jacobs et al. 2011; Pritchard et al. 2012). Oceanforced melting is often concentrated near deep
grounding lines, which results in a phenomenon of
higher rates near deep grounding lines than near
shallower ice fronts. In the CryoSat-2 results of this
study, the thickness change rates of Getz clearly
exhibit the ocean-driven thinning characteristics.
Thinning of the Totten Ice Shelf is also concentrated on the thickest area that is most likely to be
exposed to CDW. The Cosgrove, Abbott, Nickerson and Sulzberger ice shelves near Getz exhibit no
thinning because they are not aAected by oceandriven melting as they have shallow drafts, lack
deep bathymetric troughs or are isolated from
CDW (Pritchard et al. 2012). Snow accumulation
on ice shelves is an important reason for the
thickening of ice shelves. The thickening of Fimbul,
Vigridisen and Nivlisen in the Dronning Maud
Land, East Antarctic and Larsen C in the
Antarctic Peninsula originates from the snowfall
anomalies since 2009 (Boening et al. 2012; Lenaerts
et al. 2013; Depoorter et al. 2013b).
Although much work has been performed to
ensure the accuracy of the calculated ice-shelf
thickness changes, there are still some limitations
in this study. (i) In the least-squares Btting model,
only the linear dependence of penetration bias
waveform parameters is considered experientially.
(ii) All observations within 3 km of the grounding
lines of ice shelves are masked out to ensure that
hydrostatic equilibrium assumption is valid in this
study. Moreover, a 10 km grid is used to ensure the
accuracy of elevation change rates observed by
altimetry satellites. As a result, the changes near
the grounding line and those of some small and
narrow ice shelves cannot be estimated in this
study. (iii) Since the boundaries of ice shelves are
from a Bxed mask, the eAects of ice-shelf migration
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are not taken into account in the estimation. (iv) In
the calculation, both ice density and seawater
density are empirically set as uniform values for
the entire Antarctic ice shelves, regardless of their
spatial-temporal changes. These constant values
naturally cause errors in the estimation of the
thickness changes, especially in areas where largescale freezing of marine ice occurs beneath the ice
shelves. The porous marine ice is denser than
meteoric ice (917 kg m3) due to its trapped
interstitial seawater (Griggs and Bamber 2011).
Craven et al. (2017) measured a maximum marine
ice density of 938 kg m3 on the Amery Ice Shelf by
borehole measuring. (v) The Brn corrections used
in this study come from RACMO. Because of the
lack of measured data, in many areas, the values
are derived from the simulation, and the accuracy
cannot be completely guaranteed.

6. Conclusions
In this study, the results of four least-squares
Btting models with different combinations of
backscatter and leading-edge width waveform
parameters have been validated against the OIB
ATM L4 dataset. We Bnd that including changes in
backscatter and/or leading-edge width in the leastsquares Btting model cannot improve the accuracy
of elevation change estimations. Hence, the CryoSat-2 elevation change rates for the ice shelves are
derived by using the simple model, which does not
include backscatter or leading-edge width, to calculate the thickness change rates of the ice shelves.
Thickness change rates derived from CryoSat-2
are compared with those inferred from OIB
MCoRDS L2 product and ICESat. The comparisons have proved that the ice shelves thickness
derived from CryoSat-2 in this study is reliable. In
the most rapidly thinning ice shelves along the
Amundsen Sea coast, which are dominated by
ocean-driven basal melting, the continuation of
existing signals of drastically thinning was maintained over ICESat and CryoSat-2 period.
The ice thickness change rates for all ice shelves
with areas over 100 km2 (excluding areas within
3 km of the ground line or frontal position) are
calculated from the CryoSat-2 surface elevation
measurements from July 2010 to December 2016.
The results show that 22 of the 40 ice shelves
experienced volume losses during the period. Rapid
thinning is concentrated on several ice shelves
along the Amundsen Sea coast, which are mainly

caused by ocean-driven basal melting. The Getz Ice
Shelf is the best representative example of this
phenomenon: it contributes the largest volume loss
in the region of –25.63 ± 7.46 km3 yr1, which
accounts for *74% of the total volume loss from
the ice shelves along the Amundsen Sea coast. In
addition, the Filchner–Ronne Ice Shelf contributes
to the single largest volume loss of –52.85 ± 49.32
km3 yr1 in Antarctica at a low thinning rate,
which accounts for approximately 41.9% of the
total volume loss of all 22 ice shelves. Several ice
shelves in East Antarctica and the Antarctic
Peninsula, such as Fimbul and Larsen C, have
undergone thickening due to the abnormal accumulation of snow. The Ross Ice Shelf also contributes to the largest volume accumulation at a
moderate rate with its large area. During the study
period, volume accumulation occurred in 18 of the
40 ice shelves, with a total accumulation rate of
125.67 ± 30.16 km3 yr1. Overall, the Antarctic ice
shelves volume changed on average by –0.34 ±
66.36 km3 yr1 during the period from July 2010 to
December 2016.
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