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Abstract

The ESA satellite CryoSat-2 has been observing Earth’s polar regions since April 2010.
It carries a sophisticated radar altimeter and aims for the detection of changes in sea ice
thickness as well as surface elevation changes of Earth’s land and marine ice sheets.
This study focuses on the Greenland and Antarctic ice sheets, considering the con-
temporary elevation of their surfaces. Based on 2 years of CryoSat-2 data acquisition,
elevation change maps and mass balance estimates are presented. Additionally, new
digital elevation models (DEMs) and the corresponding error maps are derived. Due
to the high orbit of CryoSat-2 (88° N/S) and the narrow across-track spacing, more
than 99 % of Antarctica’s surface area is covered. In contrast, previous radar altime-
ter measurements of ERS1/2 and ENVISAT were limited to latitudes between 81.5° N
and 81.5°S and to surface slopes below 1°. The derived DEMs for Greenland and
Antarctica have an accuracy which is similar to previous DEMs obtained by satellite-
based laser and radar altimetry (Liu et al., 2001; Bamber et al., 2009, 2013; Fretwell
et al., 2013; Howat et al., 2014). Comparisons with ICESat data show that 80 % of the
CryoSat-2 DEMs have an error of less than 3m +30m. For both ice sheets the sur-
face elevation change rates between 2011 and 2012 are presented at a resolution of
1 km. Negative elevation changes are concentrated at the west and south-east coast of
Greenland and in the Amundsen Sea embayment in West Antarctica (e.g. Pine Island
and Thwaites glaciers). They agree well with the dynamic mass loss observed by ICE-
Sat between 2003 and 2008 (Pritchard et al., 2009). Thickening occurs along the main
trunk of Kamb Ice Stream and in Dronning Maud Land. While the former is a conse-
quence of an ice stream stagnated ~ 150 years ago (Rose, 1979; Retzlaff and Bentley,
1993), the latter represents a known large-scale accumulation event (Lenaerts et al.,
2013). This anomaly partly compensates for the observed increased volume loss in
West Antarctica. In Greenland the findings reveal an increased volume loss of a factor
of 2 compared to the period 2003 to 2008. The combined volume loss of Greenland

and Antarctica for the period 2011 and 2012 is estimated to be —448 + 122 km?® yr'1.
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1 Introduction

Ice sheet surface topography is of interest to glaciologists for several reasons. For ex-
ample, the observation of changes in surface elevation represents, in an integrative
way, the response of an ice sheet to changes in ice dynamics and surface mass bal-
ance. A digital elevation model (DEM) is an important input boundary condition for
numerical flow modelling, while elevation changes estimates can serve as a validation
for prognostic models simulating the recent evolution of ice sheets. Other applications
are wide-ranging: from field campaign planning to the estimation of driving stresses
to applications in INSAR processing, a technique widely used to derive mass balance
estimates of glaciers and ice streams. To improve the INSAR mass balance estimates,
an accurate and contemporary DEM is needed to distinguish between topography and
ice motion, both contributing to the interferometric phase difference between two SAR
acquisitions.

Observation of ice surface elevation can be achieved by operating satellite or air-
borne altimeters using laser or radar signals. In order to assess volume changes,
and consequently the mass balance of ice sheets, a continuous survey of the ice
surface elevation is of high importance. The newest, and since the loss of ENVISAT
only, satellite-borne altimeter with ice applications is CryoSat-2, which was launched in
April 2010. CryoSat-2’s core instrument, the Synthetic Aperture Interferometric Radar
Altimeter (SIRAL), samples the surface every 300 m along-track using three different
measurement modes, LRM, SAR and SARIn. The low-resolution mode (LRM), used
over oceans and the flat interior of the ice sheets, is a conventional pulse-limited radar
altimeter integrating the backscattered energy over the full beam width resulting in
a footprint of roughly 15 km. However, the pulse-limited footprint, which is used for the
elevation detection, is only about 2.5km in diameter. In the synthetic aperture (SAR)
and synthetic aperture interferometric (SARIn) modes the along-track footprint is de-
creased to 300 m by using the Doppler history in the SAR processing of the coherent
Ku-band radar altimeter system. SAR is used over sea ice to reveal ice freeboard by
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distinguishing leads and ice flows, whereas SARIn measures the steeper areas at the
margins of the ice sheets and ice caps. In SARIn a second antenna is mounted across
the flight track direction. This enables the point of closest approach (POCA) to be iden-
tified using interferometric processing.

ESA provides calibrated SAR processed CryoSat data as a level 1B product, includ-
ing the satellite position, the backscattered radar echoes, geophysical corrections and
quality flags. For the study a threshold first maxima re-tracker (TFMRA) was developed
to precisely determine the range to the POCA. Subsequently, corrections for datation,
path delays (e.g. atmospheric refraction) and tides for floating ice masses were applied.

For the DEM generation the Baseline B product of a full 369-day-long cycle, from
January 2012 to January 2013, was used. The processing, illustrated in Fig. 1, is split
into two lines, one for LRM and one for SARIn. In the SARIn line next to the radar
echo, the coherence and the differential phase between the two antennas are used
to determine the range and the direction to the POCA. In the LRM line the range is
re-tracked; this is followed by an iterative approach to determine the slope correction
using an a priori input DEM and the relocation method. After each iteration a new DEM
is generated and used as the input DEM in the next iteration step. Finally, all SARIn
and LRM geo-referenced surface elevations are interpolated using ordinary kriging to
obtain DEMs in three different resolutions and different search radii.

For validation purposes and estimation of uncertainties, comparisons with data from
satellite- and airborne laser altimeters were made. Data from the Geoscience Laser
Altimeter System (GLAS) on board NASA’s Ice, Cloud, and land Elevation Satellite
(ICESat) were used. Uncertainty maps were generated using an updated multi regres-
sion approach.

Maps of elevation change, hereinafter referred to as dh/dt, are generated by com-
paring two full cycles of CryoSat-2 data acquired between January 2011 and Jan-
uary 2013 using an along-track processing approach. All dh estimates were scaled to
a dt of 1 year. Finally a block median was applied to achieve a 1 km grid resolution for
Greenland and Antarctica using a 50 km search radius.
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A detailed technical description of the data processing for the different products is
given below and in Appendix A5.

2 New digital elevations models of Greenland and Antarctica

In the following two new DEMs of Greenland and Antarctica and their uncertainty maps
are presented. A total of 7.5 x 10° and 61 x 10° radar echoes for Greenland and Antarc-
tica are used in the processing, respectively. Both final DEMs are regular grids with
a resolution of 1km x 1 km. Only CryoSat-2 data were used in the processing. This pre-
vents influences from inter-mission offsets which are difficult to determine. Due to the
short acquisition time period of 1 year, effects introduced by recent elevation changes
are reduced. For example, the most recent DEM of Antarctica published in 2013 is
a composite of radar altimeter data of ERS1 acquired in 1994 and laser altimeter data
acquired between 2003 and 2008 (Fretwell et al., 2013).

ICESat provides high-accuracy surface topography data up to 86.0° S/N with coarse
across-track spacing (25 km at 70° and 40 km at 60°), and ERS1 is limited to 81.5° S/N
with narrow across-track spacing (2km at 70° and 4 km at 60°) but less accuracy in
sloped terrain. In contrast, CryoSat-2 provides data up to 88.0° S/N with narrow across-
track spacing of 2.5km, at 70° and 4 km at 60°, which is similar to ERS1, and due to
the newly developed SAR Interferometric Radar Altimeter (SIRAL) instrument carried
by CryoSat-2, the accuracy in sloped terrain is higher than ERS1.

Three different grids are derived using different search radii. The search radius is the
area around each grid cell where data points are collected for the kriging interpolation
(Isaaks and Srivastava, 1989; Deutsch and Journel, 1992). To reduce processing time,
not more than the 80 closest points are used. The grids are the following: first — 1 km
grid resolution using a search radius of 6 km; second — 10 km grid resolution using
a search radius of 50km; and third — 25km grid resolution using a 250 km search
radius. Finally, gaps in the 1km grid are filled by the re-sampled 10 km grid. Data
gaps occur if less than three data points are found in one of the eight sectors of each
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search radius. This methodology should prevent a unidirectional weighting along-track
and guarantee a uniform weighting in the interpolation, since data coverage along-
track is very high but can be sparse across-track. The across-track distance increases
with lower latitude, and due to the interferometric processing, large data gaps occur in
areas of steep across-track slope, e.g. at the flanks of ice domes. Here, retrieved POCA
elevations are concentrated at the ridges. In areas close to the grounding line or where
range tracker loss occurred due to mountainous or rough terrain, such as experienced
over the Antarctic Peninsula, less data coverage and hence large interpolation errors
can be expected.

To fill the pole hole around the South Pole (> 88°S), the re-sampled 25 km grid is
used. Older sparse cartographic data sets to fill the pole hole were disclaimed, since
they show errors of several hundreds of metres in the flat area between 88°S and
86°S.

The DEM of Antarctica represented in Fig. 2 covers an area of nearly 14 Mkm?,
including ice shelves and the South Pole. In the corresponding slope map in Fig. 3
the ice divides in East Antarctica are well represented. Even larger subglacial lakes
such as Lake Vostok are visible in this logarithmic colour-scaled, continent-wide slope
distribution. The derived slope map is in agreement with previous studies (Fretwell
et al., 2013) and show only minor differences in the low sloped areas and, as expected,
higher differences of up to 0.3° in steeper terrain. Furthermore, the slope direction is
in very good agreement with the DEM of Fretwell et al. (2013), and therefore the ice
divide positions do not differ significantly.

In Figs. 4 and 5 the Greenland DEM and its corresponding slope map are respec-
tively presented. Ice divides in central Greenland are well pronounced. Slopes increase
towards the margins and exceed values of 2° at the ice edge.

DEM accuracy

To retrieve the accuracy of the two CryoSat DEMs, decimetre-precise laser spot mea-
surements from ICESat were used. Uncertainty maps are generated using 2 x 10° for
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Greenland and 22 x 10° for Antarctica ICESat surface elevation points of the laser cam-
paigns L3F, L3G and L3H, acquired in June 2006, November 2006 and March/April
2007, respectively. Before the comparison several corrections were applied to the ICE-
Sat data of processing version GLA12.033 (for details see Appendix A4). The elevation
of the DEM at the laser footprint location was obtained using bilinear interpolation. Dif-
ferences are investigated qualitatively and as a function of surface slope, retrieved from
the two DEMSs. To estimate the uncertainty induced by the interpolation method (ordi-
nary kriging), cross-point analysis of the input CryoSat-2 data set with the ICESat data
was performed. The uncertainty introduced by ICESat is determined from intra-mission
crossover analysis of ICESat L3G campaign data over the whole Antarctic continent.
As is shown in Fig. 6, the accuracy of the DEM and the CryoSat data themselves are
slope-dependent, and thus degrading with higher slopes. However, the ICESat data
show almost no slope dependency. The mean difference was found to be 0.01 m with
a standard deviation of 0.65 m (46 748 crossovers). Outliers of several metres are found
in mountainous and crevassed areas and at locations where clouds could not be filtered
out. Those findings are in agreement with reports of the GLAS engineering team and
others (Bamber and Gomez-Dans, 2005; Shuman et al., 2006; Brenner et al., 2007;
Shi et al., 2008). On the basis of this result it can be assumed that uncertainties in the
ICESat data set are negligible and hence can be used as the reference data set.

Over 30, 82 and 96 % of Antarctica has surface slopes of less than 0.1, 0.5, and 1.5°,
respectively. Therefore, the analysis is restricted to slopes of less than 1.5°. In Fig. 6
the blue diamonds show the median difference and standard deviation ¢ of CryoSat
data and ICESat at inter-mission crossovers plotted as a function of surface slope at
intervals of 0.01°. In the same figure the red diamonds represent the ICESat intra-
mission crossover difference, indicating the high accuracy of the reference data. To
avoid uncertainties inserted by elevation changes occurring between 2007 and 2012,
the ICESat data set was corrected using the ICESat elevation change map derived in
this study, assuming a constant elevation change. It is evident that for low slopes (<
0.1°), representing more than a third of the Antarctic ice sheet, the median difference of
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CryoSat-2 to ICESat is less than 0.2 m with an uncertainty, o, of less than 1.5m. Even
for higher slopes of 1° the median difference is below 3m with ¢ of less than 5m. The
black diamonds in Fig. 6 also indicate that the main component of the uncertainty of
the DEM is generated by the interpolation algorithm, despite the dense data coverage
of CryoSat. The median difference of the DEM to ICESat as well as o increase with
increasing slope. However, 90 % of DEMs differ not more than 3.5 m, with a ¢ of less
than 15m. For the remaining 10%, the accuracy decreases to 13 m with a ¢ of 70 m.
Large uncertainties occur in mountainous areas such as the Transantarctic Mountain
range; the Heimefrontjella in Dronning Maud Land; the catchment area of Amery Ice
Shelf, Antarctic Peninsula; and at the rocky margins around Greenland. Errors below
1 m are found in the dry snow zone of Greenland, at ice domes and divides, ice shelves
and also at Lake Vostok. A comparison with the latest elevation model of Antarctica
(Fretwell et al., 2013) reveals differences of less than 10 m for 80 % of the whole area.
Larger offsets of up to 100 m are seen in the mountainous areas, at the edges of ice
caps and ice ridges close to the coast, and from the South Pole to 86° S. The latter is
caused by low-quality cartographic data south of 86° S (Fretwell et al., 2013), whereas
CryoSat-2 delivers data up to 88° S.

Due to the high data coverage of CryoSat, the Greenland DEM show more detailed
surface patterns, especially in southern Greenland, than an older DEM which is based
on ICESat data only (DiMarzio et al., 2007). However, the most recent high-resolution
DEM of Greenland, produced within the Greenland Ice Mapping Project (GIMP) by
Howat et al. (2014), is outperforming the CryoSat DEM. Differences between ICESat
data points and the CryoSat DEM are less than 4 m with uncertainties of up to 52 m for
areas of less than 1°. This corresponds to approximately 75 % of the area of Green-
land. Especially the margins of Greenland, with its surrounding rocks, mountains and
steep valleys, are not well represented and showed differences to ICESat data points
of more than 7 m with high uncertainties of up to 80m. In contrast, the GIMP DEM
differs compared to ICESat data points by less than 2m, with uncertainties not more
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than 40 m all over Greenland. A comparison of the CryoSat DEM with the GIMP DEM
revealed a mean difference of less than 1 m+82m for areas inside the GIMP ice mask.

Comparison with airborne laser scanner data (LSC) from the Alfred Wegener Insti-
tute and data of NASA’s Airborne Topographic Mapper Instrument (ATM) and NASA’s
Land, Vegetation, and Ice Sensor (LVIS), acquired between 2010 and 2012 during the
Operation Ice Bridge (OIB) missions, reveals reliable elevation of the new DEMs even
in larger catchment areas at the margins. Results of the comparisons are presented
in Table 1, where laser data from various kind of surfaces are compared against the
new CryoSat DEMs and previous published DEMs for Greenland (Howat et al., 2014)
and Antarctica (Fretwell et al., 2013). For all sites, situated in low sloped areas, the
CryoSat DEMs show good accuracy with biases of less than 1 m. Uncertainties range
from 0.2m for Dome C and the North Eemian drilling site in northwestern Greenland
(NEEM) to up to 45m in the dry snow zone in Greenland (elevations above 2200 m)
and the area south of 85°S. Even in areas of higher but gentle slope, e.g. Law Dome
and Halvfaryggen in Dronning Maud Land, Antarctica, reveal differences of less than
0.5 m with uncertainties of 12m and 29 m, respectively. The high uncertainties of Halv-
faryggen can be explained by high interpolation errors due to data loss at the grounding
line. Larger offset of 4 to 5m with uncertainties of up to 133 m are found in the more
rough and sloped margins of Greenland (area below 2200 m) and Antarctica (e.g. blue
ice area close to the Schirmacher Oasis in Dronning Maud Land).

3 Ice surface elevation change

Ice surface elevation change estimates based on altimetry data have been presented
in the past in regional and global studies. Changes at the margins of Greenland
and Antarctica based on ICESat data were presented by Pritchard et al. (2009). The
strength of ICESat is its high single point and repeat track accuracy (usually within
2km), as well as a small footprint (70 m) resulting in low slope-induced errors (Fricker,
2005; Shuman et al., 2006; Brenner et al., 2007). However, laser measurements are
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always affected by clouds and might be disturbed by drifting snow, causing data gaps
and interrupted time series. Furthermore the large across-track spacing prohibits ob-
servations of small-scale spatial patterns. Radar altimeter measurements of ERS1/2
and ENVISAT were limited to latitudes between 81.5°S and 81.5°N and to surface
slopes below 1°. The benefit of CryoSat-2, however, is not only a dense track spac-
ing and small pole hole but also the possibility of measurements in areas of larger
slopes due to the new interferometric SAR system. This enables continuous obser-
vations where elevation change is most rapid, namely along the relatively steep and
narrow margins of the ice sheets as well as larger glaciers and ice caps. Radar is
not affected by cloud coverage, and time series of elevation change can be generated
using the along-track method (Pritchard et al., 2009; Flament and Rémy, 2012). The
technical details of the estimation of dh/dt are presented in Appendix A5.

The following presents the first elevation change maps of Antarctica (Fig. 7) and
Greenland (Fig. 8) derived from CryoSat-2 data acquired in 2011 and 2012. In total
3 x 10° and 28.5 x 106dh/dt values are used to derive the elevation change maps for
Greenland and Antarctica, respectively. An updated along-track method (see Appendix
Ab), attending to the drifting orbit and the large POCA displacement in sloped and
rough regions is used. This allows for spatial patterns of elevation change in catch-
ment areas to be resolved. This technique successfully reproduces the large-scale
patterns of ice sheet change in both Antarctica and Greenland. Prominent in Antarctica
is the strong dynamical thinning in the Amundsen Sea embayment (up to 1Omyr'1),
Totten Glacier in East Antarctica and some large glaciers of the Antarctic Peninsula
(Fig. 7). Dynamical thickening of the stagnated Kamb Ice Stream is of the same order
as presented previously (Pritchard et al., 2009). An extended area was found in Dron-
ning Maud Land, East Antarctic Ice Sheet, where thickening of up to 1.0 myr'1 takes
place. The thickening decreases inland, but still reaches values of 0.1 to 0.2m on the
plateau. It represents an accumulation anomaly reported previously (Lenaerts et al.,
2013; Boening et al., 2012). This anomaly is very unusual in its spatial extent and
magnitude and has a large impact on the mass balance of Antarctica, as presented
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below. In situ observations confirm the increase in accumulation rate. At the automatic
weather station DK190 (76.794° S, 31.9° E; 3741 ma.s.l.) 200 km apart from Dome Fuji,
the anomaly exceeds the annual accumulation rate of 34.1 kg m‘zyr‘1 (Fujita et al.,
2011) by 30 % (S. Fujita and S. Kipfstuhl, personal communication, 2014). The remain-
ing parts of the plateau do not show any significant elevation change.

Prominent in Greenland is the strong thinning of the entire western ice sheet, as well
as the south-east and north-west ice sheet margins, as shown in Fig. 8. The dynamic
thinning of Jakobshavn Isbree in particular has penetrated deep into the ice sheet.
Thinning of the Zacharias Isstramen, an outlet glacier of the North East Greenland
Ice Stream (NEGIS), show rates of 1.0 myr‘1 at the glacier terminus. This thinning
extends 250 km upstream of the NEGIS, where values of 0.2-0.3 myr‘1 have been
reported. Joughin et al. (2010) showed an increase in speed and retreat of the terminus
of Zacharias Isstroamen. Although this outlet glacier was previously reported to have
a negative mass balance (Rignot and Kanagaratnam, 2006), this pattern of pronounced
thinning is a new development (Khan et al., 2014, in press).

The interior of Greenland does not exhibit a significant change. Slight thickening
is also seen inland of the north-west coast of Greenland (up to 45°W) as well as
in the higher areas in southern Greenland. Thickening reaches values of maximum
0.25 myr'1, also reported previously by Pritchard et al. (2009) with the same rate.

3.1 Comparison of dh/dt estimates

A comparison of recent elevation change were carried out between data from CryoSat
2011/2012 and ICESat from 2004 to 2008. For both altimeters the same along-track
technique was applied for Greenland and Antarctica including the interior of Antarctica
up to 86°. Verification of the along-track-processing technique was executed by apply-
ing it to ICESat data and cross-checking it with previous studies. This showed the same
pattern as Pritchard et al. (2009) and confirms the estimates of Scott et al. (2009),
which gives additional confidence in the robustness of the algorithm used. A subse-
quent comparison of dh/dt from 2011 and 2012 derived from CryoSat to dh/dt seen
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by ICESat 2004—-2008 exhibits the accumulation anomaly described earlier, as well as
the continued and increased thinning of ice in West Greenland and the Amundsen Sea
Embayment.

3.2 Areas of large elevation changes

In the following two prominent regions with large surface elevation change are pre-
sented, namely Jakobshavn Isbrae and Pine Island Glacier (PIG). Figure 9 reveals that
the pattern of thinning corresponds with the location of the PIG tributaries. Thinning of
the tributaries reaches far upstream and exceeds values of 1 myr'1. Also, areas with
flow velocities as low as 100 myr’1 are affected. Thinning rates are in agreement with
other studies reporting accelerated thinning of the order of 0.1 to 0.2 ma 2, (e.g. Scott
et al., 2009; Wingham et al., 2009; Flament and Rémy, 2012). Figure 9 displays the
Pine Island Glacier catchment basin, a subset of the CryoSat dh/dt grid, overlayed
by the CryoSat measurements as dark-grey dots, ICESat as black dots and the three
GPS sites (Scott et al., 2009) as yellow hexagons. Table 2 presents the comparison to
the findings of Scott et al. (2009) at the in situ GPS sites. The two upstream GPS sites
(PC111 and PC171) show higher elevation change rates with CryoSat than with ICE-
Sat. Assuming a linear acceleration of the elevation change rate over the last 5 years,
the increase is determined to be 0.15ma™2 for the two upstream sites. At site PC55,
which is located downstream, the CryoSat estimates equal those of ICESat. Observed
differences might reflect a change of the dynamics of PIG, or may also be caused by
interpolation artefacts since the closest ICESat data point is approximately 10 km apart
the PC55 site, whereas is it much closer for PC111 and PC171 (2km). At all sites the
GPS measured elevation change in 2007 is almost twice that of the ICESat observed
change for the same period. This offset might be caused by the spatial averaging (me-
dian filtering) applied in the processing, leading to an underestimation of local maxima.
Therefore, it is assumed that the CryoSat results give more conservative estimates of
recent elevation change.
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The second example is Jakobshavn Isbrae (Fig. 10), which has accelerated to speeds
of ~ 16 km yr'1 Joughin et al. (2010) after its floating tongue disintegrated in 2003. Thin-
ning was previously reported by Thomas et al. (2003); Csatho et al. (2008). Thinning
rates observed in 2011-12 exceeded 4 myr’1. This thinning is most pronounced in the
lower part of both tributaries, but extends 250 km upstream. This value is lower than
values published previously and a rather conservative estimate that is influenced by
the strong spatial averaging. Actual values exceed this rate: for example, Hurkmans
et al. (2012b) reported values of up to 17myr'1.

4 Conclusions

DEMs of Antarctica and Greenland are derived from one full cycle of CryoSat-2 data
over the period from January 2012 to 2013. They are presented with an error of less
than 3.5m + 15m for Antarctica and 5m + 65m for Greenland in approximately 90 %
of the area of the ice sheets. The differences to previous DEMs are small; how-
ever, in Antarctica improvements can be seen in the area between 86°S and 88°S.
The CryoSat-2 data processing was done by applying a newly developed re-tracker
and an iterative approach for the slope correction, as well as the new interferomet-
ric processing of the SARIn data. Based on two cycles of CryoSat-2 data the com-
bined volume loss of both ice sheets for the period 2011 and 2012 is estimated to
be —448 +122km®yr~". In Table 3 the volume rates are listed; these indicate that
Greenland is contributing —353 + 29 kmsyr‘1, which is nearly 80 % of the total loss.
This is an increase by a factor of 2 compared to values estimated for the period
2003 to 2008 (Serensen et al., 2011; Shepherd et al., 2012) and mirrors the find-
ings of Tedesco et al. (2013), who reported a mass loss record in 2011/2012 of
-575+95 thr‘1. In Antarctica the volume loss for the period 2011 and 2012 is es-
timated to be —96 + 93km® yr‘1. Similar to Greenland margins, West Antarctica is ob-
serving an increase in volume loss. Compared to the period 2003 to 2008, the loss in-
creased from —25 to —188 + 11 km®> yr'1. Furthermore, the results clearly demonstrate
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that accumulation events on a large spatial scale and short temporal scale, as observed
in Dronning Maud Land, are partly compensating for the increasing volumes loss.

This sheds new light on the temporal evolution of volume change and consequently
mass change of the ice sheets and raises the question of on which timescale sea level
change responds to yearly mass imbalances of the ice sheets, as well as how regional
sea level observations will capture this. To answer those questions it is important to
continue the measurement of elevation change using advanced technologies such as
CryoSat-2 and to extend time series of elevation change dating back to the early 1990s.
Furthermore, it is imperative to extend the operational CryoSat-2 data acquisition as
long as possible since it is currently the only remaining altimeter system observing
polar regions since the loss of ICESat in 2009 and ENVISAT in 2011. This will bridge
the the gap until the launch of ICESat-2 in 2017.

The complete set of grids are available in geatiff format from the lead author (V. Helm)
and will be provided on the data server PANGAEA (http://www.pangaea.de). Users will
be notified of new releases as they become available.

Appendix A

A1 CryoSat-2 data processing

This study is based on LRM and SARIn level 1B CryoSat data distributed by the ESA.
The level 1B contains precise orbit, waveforms and flags of additional information, such
as geophysical and tidal corrections as well as bad data flags. For the dh/dt process-
ing additional Baseline B data covering February 2011 to December 2012 were added.
For the DEM generation, Baseline B data from a full cycle (369 days) were used, start-
ing January 2012. Firstly, the general processing includes a waveform filter. Initially this
identifies “bad waveforms” generated in rough or steep terrain when either the internal
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range tracker loses track or waveforms have no clear leading edge, e.g. due to high
surface roughness. Secondly, the range is determined using a threshold first maxima
re-tracker (TFMRA) developed for this study to ensure the best possible re-tracking
method for observing elevation changes. Davis (1997) suggested that for determining
elevation changes, the most accurate approach is to use a threshold re-tracker focus-
ing on the lower part of the leading edge and thus the surface scattering part. This
ensures that spatial or temporal changes in the extinction coefficient of the snow influ-
encing mainly the volumetric component of the waveform do not influence the elevation
measurement. An example is shown in Fig. 11, where in East Antarctica, a periodic pat-
tern is observed at crossovers of ascending and descending tracks. Results obtained
with the ESA standard, the NASA GSFC (NASA, 2006), the OCOG (using a threshold
of 0.25 of the OCOG amplitude) (Wingham et al., 1986) and the modified TFMRA (us-
ing a threshold of 0.25 of the first maxima) are shown in panels a—d, respectively. The
origin of this static pattern is likely to be caused by prominent wind fields at the East
Antarctic Plateau (Armitage et al., 2013). However, the results of this study show that
one can avoid a correction for the static “Antarctic pattern” in dh/dt estimates when
using an appropriate re-tracker.

For LRM a threshold of 0.25 of the normalized maximum of the first maximum of the
echo was used. The SARIn waveforms are re-tracked in combination with the coher-
ence and phase difference included in the level 1B product. After re-tracking the range
is corrected for delays caused by the atmospheric refraction (ionosphere, wet and dry
troposphere), solid earth and pole tides. Data over the ice shelves around Antarctica
are corrected for ocean loading and ocean tides. Additionally, tidal corrections are ap-
plied using the model CATS2008a (Padman et al., 2002, 2008). It is important to note
that the corrections for the inverse barometric effect were applied to all data points
falling within the CATS2008a model extensions which are based on grounding lines
derived from MODIS-based Mosaic of Antarctica (MOA) images (Haran et al., 2005)
with updates from InSAR in a few places, notably the SE Ross Ice Shelf (L. Padman,
personal communication, 2013). This is necessary since the surface-type flags in the
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CryoSat-2 data product are imprecise, as will be shown in Appendix A5. Finally, a cor-
rection is applied for the dating bias, since LRM data are biased by —4.7 ms (Scagliola
and Fornari, 2013). The filtered elevation product is then used as input for the DEM
and dh/dt production.

A2 DEM generation

For DEM generation, an iterative approach was utilized following the processing
scheme presented in Fig. 1. LRM and SARIn processing are decoupled, since the
slope correction is achieved in a different way. Slope correction means that the echo
position is shifted up slope towards the point of closest approach (POCA). Depending
on the surface slope this correction can be of the order of several kilometres (Bren-
ner et al., 1983). For LRM a first DEM is generated using the filtered input data set.
Then the slope correction is applied to each data point using the relocation method de-
scribed in Roemer et al. (2007). A second DEM is generated with the slope-corrected
data set replacing the first one. This iterative process is repeated four times, improving
the estimates with each iteration. In the SARIn processing line the slope correction is
derived from the phase difference at the re-tracked position. The coherence is used
as additional quality control. A similar procedure as presented by Galin et al. (2013)
to obtain the POCA using the re-tracked phase difference were used. In the final step
all slope-corrected LRM and SARIn data are used to generate the final gridded DEMs
using ordinary kriging.

A3 Uncertainty of the DEM

To derive the uncertainty map the approach previously published by Griggs and Bam-
ber (2009) was followed with some modifications. ICESat elevations of the three cam-
paigns 3F, 3G and 3H served as reference data. As a first step the difference between
the DEM and the reference data set is taken at the ICESat position using bilinear
interpolation. Based on the assumption that the uncertainty depends on the surface
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roughness, the surface slope, the number of data points (N) used for interpolation
and its variance (SD), additional factors of surface slope, roughness, N and SD at
each ICESat position were derived from the corresponding raster data sets. Slope and
roughness rasters are directly obtained from the DEM. N is determined by counting
all data points lying closer than a radius R to each grid cell and SD is the standard
deviation of those points. R is set to 6 km, the radius which was used for the DEM gen-
eration. Subsequently, all the differences are divided into 100 bins with an increment of
0.02° (slope), 0.12m (SD), 0.05m (roughness) and 10 points (N). For each increment
the median and mean, as well as the standard deviation, is determined. To each of
the contributions a higher order polynomial of the order of 8 is fitted. This includes any
measurement errors (ME) which are low at low slope, low roughness, low SD and large
N (coefficients are listed in Tables 4 and 5). ME are derived from the corresponding
standard deviations of each bin. This kind of weighting and the high polynomial order
ensures small residuals of the fit in bins with a small ME, reflecting areas of low slope
such as flat ice sheet interiors. As a final step the polynomial coefficients together with
the four raster data sets are used to derive four independent uncertainty grids. Finally,
a combined uncertainty grid is determined using a weighted average of the four grids,
presented for Antarctica and Greenland in Figs. 12 and 13, respectively. The weighting
factors are gained from standard deviation of the residuals between data and polyno-
mial fit (see Tables 4 and 5). Higher weights are given to the uncertainty raster with
less discrepancy to the data. Hence, the uncertainty of the DEM is then given as

4

O-h = z VV,‘G,‘, (A1)
i=1

with

0; = Co+ CyX + Cox? + C3x® + Cyx* + Cox® + Cex® + Cox” + Cgx®; (A2)
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W; is the weighting factor and / is the independent source of uncertainty (/ = 1 is the
slope, / = 2 the standard deviation of A within one grid cell, / = 3 the roughness, and
i = 4 the number of points N within one grid cell).

A4 ICESat data processing

ICESat data set GLA12 release 33 (Zwally et al., 2011) was used for this study. All sur-
face elevations were referenced to WGS84 and corrected for saturation and an error
in the range determination from transmit-pulse reference selection (centroid vs. Gaus-
sian, G-C) (Zwally, 2013; Borsa et al., 2013). A cloud filter was applied using internal
data flags with thresholds given in Pritchard et al. (2009) and Kwok et al. (2007). The
inter-campaign offsets were determined for the release 33 data following Ewert et al.
(2012) and are listed in Table 6 (H. Ewert, personal communication, 2013).

A5 Method for deriving dh/dt

Before deriving elevation change estimates the full data sets of Baseline A and Base-
line B are processed as described in Appendix A1 and illustrated in Fig. 14. To prevent
an underestimation of the basin-integrated volume change (Hurkmans et al., 2012),
the two re-tided (replacement of tide model) LRM data sets are slope-corrected us-
ing the new DEMSs. For determining elevation changes, a method which differs slightly
from published ones (Pritchard et al., 2009; Smith et al., 2009; Sgrensen et al., 2011;
Flament and Rémy, 2012) was applied: due to the relocation slope correction method,
the elevation measurements are shifted towards the POCA and are therefore offset
from the reference track. Consequently, a reference track cannot be used for the de-
termination of closest data points. Instead, for each data point in year 1, all respective
neighbours in year 2 within a 1000 m distance were determined. From this subset the
elevation rates (myr‘1) between the single year 1 and all valid year 2 measurements
are determined using elevation and acquisition time. One has to consider that the ele-
vation rates are disturbed by topography in sloped regions. For example, a point 1 km
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apart from another part in a 0.1° sloped area is 1.75 m higher in elevation. Hence, it is
necessary to correct every single dh/dt measurement for the topography using a DEM.
Finally, all dh/dt values larger than +20m are rejected, and to further reduce the un-
certainty an iterative 2-¢ filter is applied (two filter steps). The resulting data points are
averaged. This procedure is repeated for each year 1 measurement. The final dh/dt
data set (comprising of all averaged points) are gridded to rasters with 1 km spacing
using a block median and a search radius of 50 km. Again, for each grid cell the same
iterative 2-¢ filter is applied to reduce the uncertainty. Finally, an uncertainty grid is
generated using a Gaussian error propagation described below. With this method an
uncertainty estimate based on the elevation change measurement itself can be derived.
In contrast, Pritchard et al. (2009) and Scott et al. (2009) found a constant uncertainty
of 0.07 myr’1, whereas Shepherd et al. (2012) used the observed 5-year variability of
Antarctic accumulation fluctuations of the long-term mean accumulation rate as basis
for estimating the uncertainty of volume (mass) change.

A6 Error estimation of dh/dt

The approach to determine the elevation change h is based on the following equation:

(A3)

h.es represents the elevation measurement in year 1, whereas h; are the N year 2
neighbours lying within 1000 m distance. Furthermore, the influence of the local topog-
raphy is corrected using the new DEM:

(hi = ref) = <hDEM,- - hDEMref)

ti_tref

_ dh—dhpey _l%
B dt N

i=1

h

(A4)
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From Eq. (A4) the uncertainty o is obtained using Gaussian error propagation:

N ) ) . 2 . 2
6,;:l Z(ﬂ) 02+(dh)02 () 2 () 2
N\ & \dh;] " \dhy) et \ hpey, DEM;~ \ oewm,, DEM,
(A5)

The error terms o, = o,  are the uncertainty of a single elevation measurement. This
is a contribution of uncertainties in orbit, radar speckle, re-tracking and geophysical
corrections. The orbit is known to be better than 0.03 m; radar speckle is estimated in
Wingham et al. (2006a) to be 0.16 m; and the geophysical corrections, including the
ionosphere and the dry and wet troposphere, are in total within 0.04 m over the ice
sheets (E. Schrama, personal communication, 2014). The uncertainty added through
re-tracking is assumed to be 0.2m, which is around half the sampling interval of the
radar echoes. Consequently, o, was setto o, =0.3m.

The error terms of the topographic correction are directly related to the quality of the
DEM. Therefore the formerly derived error map of the DEM and bilinear interpolation
was used to determine opgy, and opgy

ref”

The final gridded uncertainty map of the gridded h product is obtained using Gaus-
sian error propagation of the mean value of all A values lying within 50 km distance of
each grid cell:

(A6)

The resulting uncertainty maps of elevation change (o) are shown for both ice sheets
in Figs. 15 and 16, respectively.
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Table 1. Comparison of airborne laser altimetry data with the new CryoSat DEMs and the
GIMP DEM for Greenland (Howat et al., 2014) and Bedmap2 DEM for Antarctica (Fretwell
etal., 2013). Laser data were acquired with the NASA Airborne Topographic Mapper instrument
and/or the Land Vegetation and Ice Sensor (LVIS) during Operation Ice Bridge (OIB) missions
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Table 2. Elevation change (m yr'1) at GPS points from Scott et al. (2009) at Pine Island Glacier.

PC55 PC111 PC171
2003—-2007
ICESat (Scott et al.,, 2009) -1.9+04 -1.0+04 -0.6+04
2006/2007
GPS (Scott et al., 2009) -35+065 -20+£04 -12+0.2
2004—-2008
ICESat (this study) -23+00 -12+00 -0.7+0.0
2011-2012
CryoSat (this study) -2.0+00 -1.7+00 -1.4+0.0
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2003-2008 2011-2012 3
(Miokm?)  dv/at (km®yr™) av/dt (kmPyr™")
GrlS 1.68 -189+20 ~352+29 .
APIS 0.22 ~28+ 11 -30+15 S R ——
EAIS 9.74 +78+19 +122£67 2
WAIS 1.74 2547 -188+ 11 &
AlS 11.71 +25£12 -96+93 S g g
GriS + AIS 13.39 164 + 32 448 £122 N
+ . - -
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Table 4. Polynomial fit coefficients and weights used for the Greenland uncertainty grid.

Coefficient Slope SD Roughness N
Co 0.19 1.51 0.27 114.34
C1 -1.03 -1.03 -2.08 -11.57
c2 -5.89 0.22 11.89 0.49
C3 121.00 -0.02 -10.16 -0.01
c4 -286.00 7.6x10* 3.9 1.4 x 10*
c5 28426 -1.8x10° -0.78 -1.09 x 10°
C6 -137.62 2.3x10’ 0.08 5.02x10°
c7 3225 -15x10° -47x10®° -1.3x10"
cs —294 42x10" 1.1x10* 1.3x10™

Weights 0.26 0.24 0.34 0.16
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Table 5. Polynomial fit coefficients and weights used for the Antarctica uncertainty grid.

Coefficient Slope SD Roughness N
co 0.38 0.29 0.15 70.95
C1 -7.94 -0.41 -1.11 0.19
c2 67.26 1.58 1059 -2.3x10°
c3 -117.11 -0.71 -1217  6.6x10°
C4 98.46 0.14 39 -9.4x10°
C5 ~44.68 -0.015 -1.96 7.5x10"
c6 125 9.0x10* 032 -35x10"
c7 217 -2.8x10° -0.03 8.7x10"
c8 0.18 35x10" 92x10*  9.1x10%

Weights 0.27 0.15 0.49 0.09
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Table 6. ICESat inter-campaign offset (LC) determined in Ewert et al. (2012) updated for re-

lease 33.

LC Bias(m) LC Bias(m)
1A +0.068 3F +0.01
2A  +0.009 3G -0.04
2A +0.0569 3H -0.002
2B +0.038 3l -0.015
2C -0.042 3J -0.047
3A +0.051 3K -0.06
3B +0.054 2D -0.024
3C +0.028 2E -0.033
3D -0.021 2F -0.029
3E  -0.005
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L1B Data
(LRM, SIN)

4

AWI L2 Processing

(Filter, Datation Bias, Range correction, Retracking)

LRM |

Lsin

Initial DEM

Interferometric
processing

Slope correction

h 4

Doppler Slope correction

Tidal correction
(Ocean Tide, Ocean
Load Tide, IBE)

Iterative DEM production

Final DEM

(Outlier removal, Improvement at Grounding line, Gap fill)

Fig. 1. Diagram of the processing scheme used to derive the final DEM.
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Fig. 6. Statistics of binned differences with respect to surface slope at a bin size of 0.01° for
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its standard deviation. Red diamonds represent ICESat cross over differences, blue diamonds
Cryosat/ICESat crossover differences and black diamonds the differences between the DEM
and ICESat.
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Fig. 12. Uncertainty map of the new Antarctica DEM calculated using a multiple regression
approach based on DEM-ICESat differences.
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