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Abstract. This study focuses on the present-day surface el-L Introduction
evation of the Greenland and Antarctic ice sheets. Based on
3 years of CryoSat-2 data acquisition we derived new eledce sheet surface topography and changes thereof are of
vation models (DEMSs) as well as elevation change maps an@reat interest to glaciologists for several reasons. Changes
volume change estimates for both ice sheets. Here we preselit Surface elevation represent the response of an ice sheet to
the new DEMs and their corresponding error maps. The acchanges in ice dynamics and surface mass balance in an in-
curacy of the derived DEMs for Greenland and Antarcticategrative way. Several digital elevation models (DEM) have
is similar to those of previous DEMs obtained by satellite- been published for Greenland and Antarctica in the last 2
based laser and radar altimeters. Comparisons with ICES4iecades, e.g.L{u et al, 2003 Bamber et a].2009 2013
data show that 80 % of the CryoSat-2 DEMs have an uncerFretwell et al, 2013 Howat et al, 2014. These data sets
tainty of less than 3m: 15m. The surface elevation change provide important input for numerical flow modeling. Other
rates between January 2011 and January 2014 are present@@plications range from field campaign planning to the es-
for both ice sheets. We compared our results to elevatioriimation of driving stresses for ice sheet floBefgienko
change rates obtained from ICESat data covering the tim&t al, 2014 to applications in INSAR processing. The lat-
period from 2003 to 2009. The comparison reveals that inter is a technique widely used to derive mass balance esti-
West Antarctica the volume loss has increased by a factor omates of glaciers and ice streams and requires an accurate
3. It also shows an anomalous thickening in Dronning Maudand up-to-date DEM, to distinguish between the interfero-
Land, East Antarctica which represents a known large-scal@netric phase difference caused by topography and ice motion
accumulation event. This anomaly partly compensates for théJoughin et a].20103.
observed increased volume loss of the Antarctic Peninsula Furthermore continuous or repeated elevation measure-
and West Antarctica. For Greenland we find a volume loss in-ments are used to estimate elevation changes. The required
creased by a factor of 2.5 compared to the ICESat period witiiecords can be obtained by operating satellite or airborne al-
large negative elevation changes concentrated at the west afigneters using laser or radar signaRifchard et aJ.2009
southeast coasts. The combined volume change of Greenlarfdament and Rémy2012. Measured elevation changes can
and Antarctica for the observation period is estimated to beserve as a validation for prognostic models simulating the re-
—503+ 107 kn? yr—1. Greenland contributes nearly 75% to cent evolution of ice sheets. Elevation change estimates are
the total volume change with375+ 24 kmP yr—1. also used to assess the mass balance of the ice sheets, con-
sidering additional information such as firn densification and
accumulationZwally et al, 2011, Shepherd et gl2012).

Ice surface elevation change estimates based on altime-
try data have been presented in the past for both regional
and global scalesPritchard et al.(2009; Smith et al.
(2009; Sgrensen et a2011); Ewert et al(2012h presented
changes at the margins of Greenland and Antarctica based on
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laser altimetry data acquired by NASA's ICESat in the pe- Table 1. ICESat inter-campaign offset (LC) determinedBwert
riod between 2003 to 2009. The strength of the ICESat datat al.(20123 updated for release 33.
is their high single point as well as the repeat track accu-

racy. The single point accuracy of the measured elevation is LC Bias(m)| LC Bias(m)
usually within 0..1m 'Fo Q.15 m and the separation between 1A 10068 | 3F 1001
repeated-tracks is within a few hundreds met&buman 2A  +0.009| 3G —0.04
et al, 2006. In combination with the small footprint (diam- 2A  +0059| 3H —0.002
eter 70 m) this results in low slope-induced errdrsicker, 2B +0.038| 31 —0.015
2005 Brenner et al.2007). However, laser measurements 2C —-0.042| 33 -0.047
are affected by clouds and might be disturbed by drifting 3A +0.051| 3K —-0.06
snow, causing data gaps and interrupted time series. Further- 3B +0.054| 2D  -0.024
more the large across-track spacing prohibits observations of 3¢ +0.028| 2E  -0.033
small-scale spatial patterns. b -0021) 2F  -0.029
Another source of elevation measurements over the ice 3E  —0.005

sheets are radar altimeters carried by the ESA satellites

ERS1/2 and ENVISAT, which have been operating since the

early nineties. The radar altimeter measurements are not afection, we firstly describe the processing of the CryoSat-2
fected by clouds and therefore enable continuous observadata in Sect2.2, and the procedure to generate DEMs from
tions. However, in contrast to the ICESat instrument, whichthis data in Sec®.3. In Sect.2.4we explain the method used

covers the polar region up to the latitude 860N, ERS1/2  to derive elevation change/{ddr) from CryoSat-2 and ICE-
and ENVISAT are limited to latitudes between &1$%and  Sat data. Validation and accuracy of the DEMs are described

81.5 N and to surface slopes below.1 in Sect.3.1 New findings, comparison and integrated vol-

To assess trends of volume changes and hence of theme estimates which are derived from the/d: maps for
mass balance of ice sheets, the continuity of the ice surboth ice sheets are presented in Séctn AppendixA3 the
face elevation measurement is of high importarRiét¢hard ~ derivation of the DEM uncertainty maps is described. To de-
et al, 2009 Flament and Rémy2012. The newest operat- term'lne the elevation change gncertalnty maps we propose
ing satellite-borne altimeter with ice applications is the ESA two independent methods, which are explained in detail in
satellite CryoSat-2, which was launched in April 2010. As AppendixA4.
ENVISAT was lost in April 2012, CryoSat-2 is currently
the only altimeter system providing surface elevation data
of the Earth’s polar regions. The main payload is an ad-2 Data and methods
vanced radar altimeter, the Synthetic Aperture Interferomet- .
: . . . 2.1 ICESat data and processin
ric Radar ALtimeter (SIRAL), which has been designed to P ng

detect changes in sea ice thickness as well as surface elevgye 1se data acquired in the period from 2003 to 2009 from
tion changes of Earth's land and marine ice she@®§-  the Geo-science Laser Altimeter System (GLAS) on board
ham et al.200§. CryoSat-2 provides altimetry data up to @ NASAs Ice, Cloud, and land Elevation Satellite (ICESat)
latitude of 88.0 S/N, which is a significant improvement to 1, yalidate the final CryoSat-2 DEMs as well as to derive
previous satellite borne altimeters. The narrow across-tracky, ;s for comparison. The ICESat data set GLA12 release
spacing of 2.5km at 70and 4km at 60 deliver high data 33 Zwally et al, 2011) were used for this study. All sur-
coverage at the margins of the ice sheet. This is an improver,ce elevations were referenced to WGS84 and corrected
ment compared to the coarse across-track spacing of 25k saturation and an error in the range determination from
at 70’ and 40 km at 60of the ICESat and ERSL/2/ENVISAT - yransmit-pulse reference selection (centroid vs. Gaussian, G—
Instruments. _ C) (Zwally, 2013 Borsa et al. 2013. A cloud filter was

In addition to the dense track spacing and the smallerypplied using internal data flags with thresholds given in
data gap around the South Pole, CryoSat-2 also featuregyjichard et al(2009 and Kwok et al. (2007). The inter-
the high accuracy in sloped terrain due to the newly de-campaign offsets were determined for the release 33 data fol-

veloped SIRAL instrument. This capability is a significant lowing Ewert et al (20123 and are listed in Tabl& (H. Ew-
improvement compared to the conventional altimeters ong¢ personal communication, 2013).

board ERS1/2/ENVISAT and enables continuous observa-

tions along the relatively steep and narrow margins of the2.2  CryoSat-2 data and processing

ice sheets as well as on large glaciers and ice caps, where

elevation change is most rapid. CryoSat-2’s core instrument, the Ku-Band Synthetic Aper-
In this study we present new DEMs and elevation changdure Interferometric Radar Altimeter (SIRAL), samples the

maps of both ice sheets, which are based on more than 8urface every 300 m along-track using three different mea-

years of continuous CryoSat-2 observations. In the followingsurement modes, LRM, SAR and SARIWihgham et al.
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2006. The low-resolution mode (LRM) is used over oceans An example of the performance of the TFMRA is shown in
and the flat interior of the ice sheets. LRM is a conven-Fig. 1, where a periodic pattern is observed at crossovers
tional pulse-limited radar altimeter that integrates the back-of ascending and descending tracks in East Antarctica. Re-
scattered energy over the full beam width resulting in a foot-sults obtained with the ESA level 2 re-tracker, the NASA
print diameter of roughly 15 km considering an average alti-GSFC (Goddard Space Flight CenteNASA, 2006, the
tude of 730 km. The pulse-limited footprint is defined as the offset center of gravity re-tracker (OCOG, using a threshold
illuminated area on ground around the point of closest ap-of 0.25 of the OCOG amplitud&yingham et al. 1986 and
proach (POCA). It corresponds to the area illuminated by thethe modified TFMRA (using a threshold of 0.25 of the first
leading edge of the transmitted pulse until the time the trail-maxima) are shown in panels a—d, respectively. The static
ing edge first intersects the surfacec@gliola 2013. The pattern is assumed to be caused by prominent wind fields at
leading edge is used for the elevation detection. In the casthe East Antarctic Platead(mitage et al, 2013. However,
of LRM, the pulse-limited footprint is dependent on the com- the results of our study show that a correction for the static
pressed pulse length (3.125 ns) and is about 2.3 km in diam*Antarctic pattern” in dv/ dr estimates as applied McMil-
eter. In the synthetic aperture (SAR) and synthetic aperturdan et al.(2014 can be avoided when using the TFMRA re-
interferometric (SARIn) modes SIRAL samples the surfacetracker.
with a higher pulse repetition frequency (18 181 Hz) than in The processing of LRM and SARIn is decoupled. For
LRM (1970Hz). The Doppler history of the coherent radar LRM/SAR the TFMRA re-tracking scheme is followed.
data were then used in the SAR processing to increase th€hen the re-tracked range is passed to the next step. To
along-track resolution to approximately 305m. While the SARIn waveforms we apply our interferometric processing
along-track footprint is decreased the across-track footprinscheme (details are described in Appendl), which im-
stays the same. plies TFMRA re-tracking and a relocation of the waveform
In SARIn the second antenna mounted across the flighposition using the coherence and phase difference, both in-
track direction is used to measure the phase difference o€luded in the level 1B product. After re-tracking and/or in-
the incoming signal. This enables the POCA to be identi-terferometric processing the range is corrected for delays
fied using interferometric processing/ingham et al.2004). caused by the atmospheric refraction (ionosphere, wet and
SARIn measures the steep areas at the margins of the icdry troposphere), solid Earth and pole tides. Data over the
sheets and ice caps, whereas the SAR mode is used over siga shelves around Antarctica are corrected for ocean loading
ice to reveal ice free-board by distinguishing leads and iceand ocean tides using the model CATS200Badman et al.
flows. 2002 2008. It is important to note that the corrections for
The European Space Agency (ESA) provides calibratedhe inverse barometric effect were applied to all data points
processed CryoSat-2 data as a level 1B product, including thé&lling within the CATS2008a model extensions instead of
precise orbit of the satellite, the back-scattered radar wavetsing the surface type flags given in the level 1b product. The
forms, the tracker range and the coherence and phase dif2ATS2008a model extensions are based on grounding lines
ference for the SARIn mode. The product also contains adderived from MODIS-based Mosaic of Antarctica (MOA)
ditional information, such as geophysical and tidal correc-images Haran et al. 2005 with updates from INSAR in
tions and quality flags. Before we generate the DEMs anda few places, notably the SE Ross Ice Shelf (L. Padman, per-
the du / dr maps the CryoSat-2 data need to be processed. Fagonal communication, 2013). This step is necessary as the
this purpose we developed our own processor, which solvesurface-type flags in the CryoSat-2 data product are impre-
some of the remaining issues in the current ESA level 2 prod-cise. Applying the mask provided in the original data set, an
uct (ESA, 20149. unrealistic & /dr pattern is derived at the Ronne Ice Shelf
We start our general processing using a waveform filter.and in the vicinity of the grounding line.
Initially this identifies “bad waveforms” generated in rough  Finally, a correction is applied for the datation bias, since
or steep terrain when either the internal range tracker losethe LRM data are biased by4.7 ms Scagliola and Fornari
track or waveforms have no clear leading edge, e.g., due t@013. The processed data, in the following section referred
high surface roughness. Then the range is determined using as AWI (Alfred Wegener Institute) level 2 product, are then
a threshold first maximum re-tracker (TFMRA, detailed de- used as input for the DEM and:dd¢ processing.
scription in AppendixAl) developed for this study to en-
sure the best possible re-tracking method for observing el2.3 DEM generation
evation changedavis (1997 suggested that for determin-
ing elevation changes, the most accurate approach is to ugeor the DEM generation we used the AWI level 2 product ac-
a threshold re-tracker focusing on the lower part of the lead-quired over a full 369-day-long cycle, starting January 2012.
ing edge and thus the surface scattering part. This ensures We applied an iterative approach presented in the process-
that spatial or temporal changes in the extinction coefficienting scheme in Fig2. LRM and SARIn processing are de-
of the snow, which effect mainly the volumetric component coupled, as the slope is corrected in different ways for the
of the waveform do not influence the elevation measurementtwo modes. When correcting for the slope each level 1b echo
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Figure 1. Results of the LRM crossover analysis in East Antarctica using different re-trackers. The threshold first maximum re-tracker
(TFMRA) gives the best results.

position along the orbit track is shifted up-slope towards corrected data set replacing the first one. This iterative pro-
POCA. Over-the-ocean POCA equals the sub-satellite pointess is repeated four times, which leads to an improvement
at nadir. The slope correction results in a relocation of theof the estimates. The method is converging as is presented in
echo position as well as in a correction in rangeify et al, Fig. 3, where the residual differenc% ZzNzo |hli+1 — hlj|

1989 Sandwell and Smﬂ;hZOlQ. Dependmg on the steep- %ZfV=0|DEM{+l—DEM{| and% ZfV:0|XYij+1—XY,~j| of

ness of the slope the relocation can be in the order of S€Vihe consecutive iterations are showris the iteration step,

eral kilometers, whereas the range correction is usually of,  is the slope corrected elevation, DENS the gridded ele-
the order of some tens of meteBrénner et al.1983. For vation model and Y/ the relocated position after each itera-

LRM we follow an iterative approach to correct for the sur- 4, stan Due to this analysis we decided to stop the iteration

face slope. A ﬁrst DEM with a pixel spacing.of 1 km Is 9ENEr- atter the fourth step since for all three variables only marginal
ated from the input AWI level 2 data set using ordinary krig- improvements are expected beyond that.

ng interpolation and a a search radius of 25 kisagks and In the SARIn processing the slope correction is directly
Sr'vaStdeﬂ%Q D_eutsch and Joumé“t’%- Then the slope_ derived from the phase difference at the re-tracked position.
correction is applied to each data point using the relocationy, jteration is not necessary, since after the interferometric
method.Remy etal, 1_989 Roemer et aJ.2007). For each_ . processing the AWI L2 SARIn input data are slope corrected.
data point we determine the closest DEM pixel. As the ini- " aier the final iteration, both SARIn and LRM slope cor-
tial DEM pixel spacing of 1 k_m_ i_s too coarse we interpolate qrected data are merged and used for the DEM generation.
sgbset of 6 kmx 6_km of th(_e initial DEM around t_he closest We derived three different grids using different search radii
pixel t(.) a_20m pixel spacing. Then we det_e_rm|_ne the CIOS'defining the area around each grid cell from which data
est point in .the re-sampled sub§et. After f|n|sh.|ng the tWO'points are collected for the interpolation. To reduce the pro-
step relocation, a second DEM is generated with the SIOpeE:essing time, we limited the amount of data points used to

The Cryosphere, 8, 15394559 2014 www.the-cryosphere.net/8/1539/2014/



V. Helm et al.: DEM and d/ / dr of Greenland and Antarctica 1543

L1B Data 4 g T —— — 3

(LRM, SIN) 3 B E

AWI L2 Processing E E

(Filter, Datation Bias, Range correction, Re-tracking) E —z

LRM SIN 0 E t : E

l " 0 2 4 6 8

Initial DEM Interferometric 30 —— —— —
processing o5 E 3

Slope correction - - - 20 ;_ _;
Doppler Slope correction Tidal correction a 15 3
(Ocean Tide, Ocean O 10 E E

Load Tide, IBE) E E

1 el i

Iterative DEM production L1 g E | | .3
A 0 4 6 8

2500 ¢ T T T —

Final DEM E E

(Outlier removal, Improvement at Grounding line, Gap fill, Kriging) 2000 E —E
- 1500 & =

Figure 2. Diagram of the processing scheme used to derive the final © 1000 = 3
DEM. 500 - 3
O E | | | =

0 4 6 8

. . i i i Iteration
the nearest 80 points. The first grid has a pixel size of 1 km

using a search radius of 6 km; the second grid has a pixeFigure 3. The convergence of the DEM iteration method is shown
size of 10km using a search radius of 50 km; and the thirdfor Greenland as normalized sum of differences in () =

grid has a pixel size of 25 km using a 250 km search radius & YN o1h/ 1 —1/|, Cogm = & TN o IDEM/ Tt — DEM/|,

Data gaps in the fine resolution 1 km grid occur where lessc,,,, — %ZfVZOIXYij+1—XYijI- j is the iteration stepy/ is the
than three data points are found in one of the eight Sectorg|ope corrected elevation, DEMs the elevation model ana v/

of each search circle. In a last processing step these gaps e relocated position after each iteration step.

the 1km grid are filled by the re-sampled 10 km grid. This

methodology prevents a unidirectional along-track weight-

ing and guarantees a uniform weighting in the interpolation,

since data coverage along-track is very high but can be sparggorrection is not necessary as the laser footprint is only 70 m
across-track. The across-track distance increases with lowdn diameter. We limited the processed data sets to ice covered
latitude, and due to the slope correction large data gaps odarea using the GIMP ice mask for Greenlahtbyat et al,

cur in areas of steep across-track slope, e.g., at the flanks @014 and the rock outcrop polygon of the SCAR Antarctic
ice domes. In these locations retrieved POCA elevations ar®igital Database for Antarctica.

concentrated at the ridges. In mountainous or rough terrain To determine the final elevation change maps a two-step
or close to the grounding line, where the internal tracker losgprocedure was carried out. In the first step a method which
occurred, less data coverage and hence large interpolation eglightly differs from published oned(itchard et al.2009

rors can be expected. To fill the data gap around the Sout®mith et al, 2009 Sgrensen et al2011 Ewert et al, 20120

Pole & 88 S), we used the re-sampled 25 km grid. We did was applied. In previously published studies the authors used
not consider older sparse cartographic data sets to fill the datéCESat data, splitting ICESat reference tracks in 500 m wide
gap around the South Pole, since they show errors of severgegments along-track. For each segment or bin a least square

hundreds of meters in the flat area betweeh$3and 86 S. model has been fitted to all measured elevations of the re-
peated tracks falling within the bin. The model estimates
2.4 Method for deriving elevation change dh /dt, topography and a seasonal component in one step,

whereasEwert et al.(2012h used a quadratic surface fit as

We derived maps of elevation change, hereinafter referredn approximation for the topography the others assumed an
to as di/dr, using three full cycles of ESA level 1b data inclined planeFlament and Rémy2012 applied a similar
acquired between January 2011 and January 2014 and fenethod to radar altimetry data of ENVISAT and extended
comparison from the full ICESat data set covering the pe-the model with the additional waveform parameters back-
riod 2003 to 2009. As illustrated in Fig, we processed the scatter, leading edge and trailing edge. The additional three
CryoSat-2 data according to Se2i2and applied the reloca- parameters are obtained from the ICE2 re-tracking algorithm,
tion slope correction using the new CryoSat-2 DEMs before(Legresy et al.2005. The method presented here has its ori-
estimating @ /d:. This prevents an underestimation of the gin in the relocation slope correction and the interferometric
basin-integrated volume changdurkmans et aJ.20123. processing. Since the elevation measurements are shifted to-
ICESat data were processed according to S2&t.A slope  wards the POCA a reference track is not suitable. Instead
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L1B Data Finally, an uncertainty grid was generated using Gaus-
(LRM, SIN) sian error propagation described in Appendid. With
i this method an uncertainty estimate based on the elevation
change measurement itself is derived.
AWI L2 Processing
w (Filter, Datation Bias, Range correction, Re-tracking)
y v J SN 3 New digital elevations models of Greenland and
Slope correction Interferometric Antarctica
Doppler Slope correction processing
l In this section, two new DEMs of Greenland and Antarctica
Tidal correction and their uncertainty maps are presented. A total of 7.5 mil-
(Ocean Tide, Ocean Load Tide, IBE) lion and 61 million radar echoes for Greenland and Antarc-
tica respectively have been used in the processing. Both final
DHDT DEMs are regular grids with a pixel size of 1Lkmnlkm. To
(topo corr., outlier removal, Linear regression, Blockmean) prevent influences from inter-mission offsets, which are dif-

ficult to determine only CryoSat-2 data were used in the pro-
Figure 4. Sketch of the processing scheme used to derive the ﬁnabessing. Due to the short acquisition period of 1 year, influ-
di/dr map. ences of recent elevation changes are reduced, whereas previ-
ously published DEMs are compiled from data acquired over
a long time period and different data sources. The most re-
cent DEM of Antarctica, for example, is a composite of radar
altimeter data of ERS1 acquired in 1994 and laser altimeter

we generated empty grids with a 500 m pixel spacing cov-
ering the area of the ice sheets. For each pixel (indic&s

all respective pointsN1; ;) located within a 500 m distance :
to that pixel were determined. Another difference of our ap-data acquired between 2003 and 20B&:(well et al. 2013.

proach is the usage of topographically corrected data instead The ”erV DE'\f Olf 4A,\;|]t|?£:t.'cal %r_esep ted ;\nIF'@'Covjrti
of solving for the topography either as bi-linear or as bi- an area of nearly 1 Including ice shelves an €

quadratic fit. The topographic correction considers the effeclsOUth P_ole. In the corresponding slope map, deriveq from
of slope and roughness on thé /dls estimates. As an ex- the grgdlent of the smoothed DEM (20 km kernel), the ice di-
ample, two points separated by 1km in a*Osloped area vides in East Antarctica are well represented (BjgLarger

can be considered, which differ in height by 1.75m. Hence sub-glacial lakes such as Lake Vostok are also visible in the

it is necessary to apply a correction to every single eleva—logar'thm'c color-scaled, continent-wide slope map. The de-

tion measurement before deriving £dr. The correction for rived surface slope is in good agreement with previous stud-

each data point has been extracted from the new DEMs anff® Fretwell et al, 2013 and shows only minor differences

then applied to the elevation. In a next step we rejected allr}thetm\g ;I(_)pe;:l areaS; and_, a_sr;:-xp?cted, h'ghfhr _dn‘_ferences
topographic corrected elevations¢r;) larger than=100 m 0 ug 0Y.51n Stee.ﬁ)ﬁzher?énl\'ﬂ ﬁrets 0[|)|e taz:mz%l 1SN (\j/ery
as outliers. For each pixel the elevation changg) is es- good agreement with the DE! etwetl € f""( .3,.§\n
timated by a linear least square model fit to i ; topo- therefore the ice divide positions do not differ significantly

. . . . between both DEMs.
raphic corrected points acquired at the time ) . .
grap P d ! In Figs.7 and8 the Greenland DEM and its corresponding

heorr = o -+ a1t (1)  slope map are presented. The ice divides in central Greenland
' are clearly defined. Slopes increase towards the margins and

where N1;; is the number officon, and oy =h. We re-  exceed values of°2at the ice edge.

stricted the method to bins where the covered time span of

the contributinghcor, Mmeasurements exceeded 1/2yr and3.1 DEM accuracy

N1 ;> 15. On average the observed time span covered was

2.4+ 0.4 years for CryoSat-2 and 491.4 years for ICE- 10 retrieve the accuracy of the two CryoSat-2 DEMs for

Sat, respectively. The averagél;; contributing to the fit ~Antarctica and Greenland, we compared our DEMs with

within a bin for Greenland was 2810 for CryoSat-2 and 2 million ICESat surface elevation points for Greenland and

46+ 21 for ICESat and for Antarctica 3% 38 for CryoSat-2 22 million for Antarctica from the laser campaigns L3F,

and 55+ 39 for ICESat, respectively. L3G and L3H, acquired in June 2006, November 2006 and

As the resulting grid contains data gaps between the track¥1arch/April 2007 gwally et al, 2011). The elevation of
we derived the fina' interpo'ated e|evation Change ghi)j ( the DEM at the Iaser fOOtpl’Int |0catI0n was 0bta|ned by
with a pixel size of 1km using the mean of all points not bi-linear interpolation. Differences are investigated qualita-

larger than-20 myr! falling within a 25 km distance to the tively and as a function of surface slope, retrieved from both
Corresponding pixe| in a second step. DEMs. To estimate the Uncertainty induced by the Ordinary

kriging interpolation, we performed a cross-point analysis
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Figure 5. New elevation model of Antarctica derived from Figure 6. Surface slopes, estimated from the new elevation model
CryoSat-2. of Antarctica.

diamonds represent the ICESat intra-mission crossover dif-

of the input CryoSat-2 data set with the ICESat data. Theference, indicating the high accuracy of the reference data.
accuracy of the ICESat data were determined from intra-To avoid uncertainties caused by elevation changes occurred
mission crossover analysis of ICESat L3G campaign datébetween 2007 and 2012, the reference ICESat data set were
over the entire Antarctic ice sheet. As is shown in Fg. corrected using the ICESat elevation change map derived in
the accuracy of the DEM and the CryoSat-2 data them-Sect.2.4, assuming a constant rate. It is evident that for areas
selves are slope-dependent, and thus degrading with steepeith low slopes & 0.1°), which cover more than a third of
slopes. In contrast, the ICESat data show almost no slop¢he Antarctic ice sheet, the median difference of CryoSat-2 to
dependency. The mean ICESat/ICESat cross over differenckCESat is less than 0.2 1.5 m. Even for higher slopes of
was found to be 0.01 m with a standard deviation of 0.65m1° the uncertainty is below 3 8t 5m. The black diamonds
(46 748 crossovers). Outliers deviating several meters arén Fig. 9 indicate that the main component of the uncertainty
found in mountainous and crevassed areas and at locatiornsf the DEM is caused by the ordinary kriging interpolation.
where clouds could not be filtered out. Those findings are ine between the CryoSat-2 DEM and ICESat as welbas-
agreement with reports of the GLAS (Geoscience Laser Al-crease with increasing slope. However, 90 % of the DEMs
timeter System) engineering team and oth&aniber and  differ not more than 3.5 15m. For the remaining 10%,
Gomez-Dans2005 Shuman et al.2006 Brenner et al.  the uncertainty increases to 1480 m. Large uncertain-
2007 Shi et al, 2008. Based on these results, we assumeties occur in mountainous areas such as the Transantarctic
that uncertainties in the ICESat data set are negligible andMountains, the Heimefrontjella in Dronning Maud Land, the
hence ICESat can be used as reference data set. catchment area of Amery Ice Shelf, Antarctic Peninsula, and

For the estimation of the accuracy of the Antarctic DEM at the rocky margins around Greenland. Errors below 1 m are
we restricted our analysis to areas where the slope is less thdound in the dry snow zone of Greenland, at ice domes and
1.5°, which corresponds to 96 % of the total surface area.divides, ice shelves and also at Lake Vostok. A comparison
Over 30, 82 and 96 % of Antarctica has surface slopes ofwith the latest elevation model of Antarctidarétwell et al,
less than 0.1, 0.5, and 2,5espectively. In Fig9 the blue 2013 reveals differences of less than 10 m for 80 % of the
diamonds represent the median difference serving as uncewhole area. Larger offsets of up to 100 m occur in the moun-
tainty (¢) and standard deviatiom | of CryoSat-2 data and tainous areas, at the edges of ice caps and ice ridges close
ICESat at inter-mission crossovers plotted as a function ofto the coast, and from the South Pole t¢ 86 The latter is
surface slope at intervals of 001n the same figure the red caused by low-quality cartographic data south df 8éused
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Figure 7. New elevation model of Greenland derived from Figure 9. Binned elevation differences with respect to surface S|0pe
CryoSat-2. at a bin size of 0.0%Lfor Antarctica. The upper panel shows the me-
dian of the binned differences and the lower panel its standard devi-
ation. Red diamonds represent ICESat cross over differences, blue
diamonds Cryosat/ICESat crossover differences, black diamonds
the differences between the DEM and ICESat and orange diamonds
the expected DEM uncertainty based on the uncertainty grid.

sponds to approximately 75 % of the area of Greenland. Es-
pecially the margins of Greenland, which are characterized
by rocky outcrops, mountains and steep valleys, are not well
represented and deviate from ICESat data points by more
than 7mt40m. In contrast, the GIMP DEM deviates less
than 2 md=- 40 m from ICESat data points all over Greenland.
A comparison of the CryoSat-2 DEM with the GIMP DEM
revealed a mean difference of less than M0 m for areas
inside the GIMP ice mask.

Comparison with airborne laser scanner data (LSC) from
the Alfred Wegener Institute and data of NASA's Airborne
- — » o —in Topographic Mapper Instrument (ATMK(abill, 2014 and

' ) ' NASA's Land, Vegetation, and Ice Sensor (LVIBI&ir and
Figure 8. Surface slopes, estimated from the new elevation modelHofton, 2010, updated 20)2acquired between 2010 and
of Greenland. 2012 during the Operation Ice Bridge (OIB) missions, re-
veals reliable elevation of the new DEMs even in larger
catchment areas at the margins. Results of the comparisons
for the DEM in Fretwell et al.(2013, whereas CryoSat-2 are presented in Tab® where laser data from various kinds
deliver data up to 88S. of surfaces are compared against the new CryoSat-2 DEMs

Due to the high data coverage of CryoSat-2, the Greenand previously published DEMs for Greenlahtbvat et al,
land DEM shows more detailed surface patterns than ar?014) and Antarcticafretwell et al, 2013. For all sites sit-
older DEM which is based on ICESat data onBiNlarzio uated in low sloped areas, the CryoSat-2 DEMs are biased by
et al, 2007, especially in southern Greenland. However, less than 1 me ranges from 0.2 m for Dome C and the North
the most recent high-resolution DEM of Greenland, pro- Eemian drilling site in north-western Greenland (NEEM)
duced within the Greenland Ice Mapping Project (GIMP) up to 45m in the dry snow zone in Greenland (elevations
by Howat et al.(2014), gives more precise results than the above 2200 m) and the area south of 85Even in areas of
CryoSat-2 DEM at the margins. Uncertainties derived by dif- higher but gentle slope, e.g., Law Dome and Halvfaryggen in
ferencing ICESat data points and the CryoSat-2 DEM areDronning Maud Land, Antarctica, differences are less than
less than 4 m-25m for areas of less tharf.1This corre- —0.1m=+12m and 0.3t 29 m, respectively. The higher

Slope (Degree)
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dh/dt (m/yr)
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Figure 11. Map of elevation change of Greenland between Jan-

dm:gmy,) uary 2011 and January 2014 derived from along-track processing of

15 -10 05 0o 05 10 15 & Toaam three full CryoSat-2 cycles. The black polygon indicates the mode

mask of CryoSat-2. Inside the polygon LRM and outside SARIn

Figure 10. Map of elevation change of Antarctica between Jan- data were acquired. NEGIS: Northeast Greenland Ice Stream, JI:

uary 2011 and January 2014 derived from along-tl’aCk processjakobsha\/n |Sbra, ZI|: Zacharias Isstrgamen

ing of three full CryoSat-2 cycles. The black polygon indicates

the mode mask of CryoSat-2. Inside the polygon LRM and out-

side SARIn data were acquired. DF: Dome Fuji, PIG: Pine Is-

Iand Glacier, TWG: ThWaJteS G|aCier, TOG: Totten Glacier, FRIS: Stream Rose 1979 Retzlaﬂ: and Bentle‘ylgga |S on the

Filchner-Ronne Ice Shelf, Fl: Fpundation Ice Stream, MI: Moeller same order as presented previoushitchard et al.2009.

Ice Stream, DG: Denman Glacier, SIS: Shackelton Ice Shelf In Dronning Maud Land, East Antarctica an extended area

was found where thickening of up to 1.0 nmyrtook place.

o of Halvfaryggen can be explained by large interpolation The thickening decreases inland, but still reaches values_ of
0.1 to 0.2m on the plateau. It represents an accumulation

errors due to data loss at the grounding line. Larger uncer .
tainties of 4 m:133 m are found in the rougher and steeperft’mo'”naly reported. prewoqsly_enaerts e.t q,l.2013 3oen-
margins of Greenland (area below 2200 m) and Antarctica"9 e.t al, 2019. This case |s'anomalous n 'Fs magnitude and
(e.g., blue ice area close to the Schirmacher Oasis in Dron§patlal extent anq has an impact on the m;egrated volyme
ning Maud Land). char_lge of A_ntarctlca, asis shown l_)elow. In situ observatlor_ls
confirm the increase in accumulation rate. At the automatic
weather station DK190 (76.798,31.9 E; 3741 ma.s.l.) lo-
4 Ice surface elevation change cated 200 km southeast of Dome Fuji, accumulation exceeds
the annual accumulation rate of 34.1 kghyr—1 from previ-
This study presents the first elevation change maps obus yearsKujita et al, 2011 by 30 % (S. Fujita and S. Kipf-
Antarctica (Fig.10) and Greenland (Figll) derived from  stuhl, personal communication, 2014). The remaining parts
CryoSat-2 data acquired in the period January 2011 to Janef the plateau do not show any significant elevation change.
uary 2014. In total 14.3 million elevation measurements Prominentin Greenland is the strong thinning of the entire
for Greenland and 200 million for Antarctica were used in western ice sheet, as well as the southeast and northwest ice
Sect.2.4to derive the elevation change maps, which successsheet margins (Fid.1). The dynamic thinning of Jakobshavn
fully reproduces the large-scale patterns of ice sheet changksbree in particular has penetrated deep into the ice sheet in-
in both Antarctica and Greenland. Prominent in Antarctica isterior. Thinning of the Zacharias Isstrgamen, an outlet glacier
the strong dynamical thinning in the Amundsen Sea embayof the North East Greenland Ice Stream (NEGIS), show rates
ment in West Antarctica (Pine Island and Thwaites glaciers)of 2.0myr! at the glacier terminus. The observed thin-
of up to 10myr?1). These results agree well with the dy- ning extends 100 km upstream of the NEGIS, where a few
namic mass loss observed by ICES=tifchard et a].2009. tens ofcmyr?® have been reportediiomas et a.2009.
Thinning is also observed at Totten Glacier in East Antarc-Joughin et al(20100 showed an increase in speed and re-
tica and at some large glaciers along the Antarctic Peninsuléreat of the terminus of Zacharias Isstramen. Although this

(Fig. 12). Dynamical thickening of the stagnated Kamb Ice outlet glacier was previously reported to have a negative
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Table 2. Comparison of airborne laser altimetry data with the new CryoSat-2 DEMs and the GIMP DEM for Greenland KeRE&) €t al,

2014 and Bedmap2 DEM for Antarctica (ANT)F(etwell et al, 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 by NASA. Laser scanner
data (LSC) were acquired by the Alfred Wegener Institute (AWI) using a RIEGL LMS VQ-560 instrument.

Region Data Date Difference to Difference to N points
CryoSat-2 DEM  GIMP/Bedmap2

(m) (m)

Raster (30knmx 50km) LSC

GRE (NEEM) AWI 2010 —-0.3+0.22 —0.08+092 1883711
OIB all over ATM

GRE (above 2200 m) NASA 2012 —-0.01+450 —0.25+270 2088058
OIB all over ATM

GRE (below 2200 m) NASA 2012 .85+ 1336 197+21.80 4519748
Four 70km long tracks  LSC

ANT (Halvfaryggen) AWI 2012 B+290 114+440 2087648
Star-like pattern 20km  LSC

ANT (Dome C) AWI 2012 —-0.6+0.17 —-1.34+0.32 347988
Raster (20kmx 40km) LSC

ANT (Law Dome) AWI 2012 —-0.1+120 28+6.0 1322915
Raster (20kmx 30km) LSC

ANT (blue ice) AWI 2012 50+7.0 16+200 1791050
OIB ICESat validation ~ LVIS

ANT (south of 85 S) NASA 2009 06+394 07+743 1605224
OIB ICESat validation ~ LVIS

ANT (south of 85 S) NASA 2010 008+117 195+335 1561916

mass balanceRignot and Kanagaratngr006), this pattern

of pronounced thinning is a new developmeiihén et al,
2014). The interior of Greenland does not exhibit a signif-
icant change. Slight thickening is seen inland of the north-
west coast of Greenland (up to5@/). Thickening reaches
values of maximum 0.25 my#, also reported previously by
Pritchard et al(2009.

Figure 12 shows the elevation change occurring at the
Antarctic Peninsula in greater detail. The pattern along the
Antarctic Peninsula shows a few remarkable features: in the
north Crane Glacier (65°3, 62.25 W) shows a surface low-
ering of 2.3ma?, which is consistent with the numbers re-
ported previously byScambos et al(2011) for the period
after the sub-glacial lake drainage event. Whereas the signal
of surface lowering is much less pronounced at Bombardier,
Dinsmoor and Edgeworth glaciers, tributaries of the former
Larsen A Ice Shelf and the tributary of the former Wordie Ice
Shelf are thinning at a rate of 3.5 masome 20 years after
the collapse of the ice shelf.

While Venable Ice Shelf is still thinning at a rate as

dhidit (miyr) o presented byPritchard et al(2012, the adjacent coast of
-5 -0 -05 00 05 10 150 100 200 300 Ellsworth Land (73.75S, 84.0 W) exhibits highly increased
Figure 12. Elevation change occurring at the Antarctic Peninsula. surface lowering reaching 2.2 mja Fur.therm(-)re the.vye.st—
VIS: Venable Ice Shelf, SIS: Stange Ice Shelf, GVI: George VI Ice €N flank of the southern Antarctic Peninsula in the vicinity of
Shelf, WIS: Wordie Ice Shelf, CG: Crane Glacier, DBE: Dinsmoor, Stange and George VI ice shelves show a pronounced surface
Bombardier and Edgeworth Glacier. lowering. This is most likely due to variations in the surface
accumulation rate as a dynamic thinning is unlikely to occur.
This is supported byfhomas et al(2008 who showed high
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Table 3.Elevation change (m yit) at GPS points fronScott et al(2009 at Pine Island Glacier.

PC55 PC111 PC171
2003-2007
ICESat Scott et al.2009 -19+04 -10+04 -06+04
2006/2007
GPS Gcott et al.2009 —-35+065 —-20+04 -12+02
2003-2008
ENVISAT (Flament and Rémy2012 —-33+05 -23+03 -16+02
2003-2009
ICESat (this study) —24+01 -124+01 -08%+01
2011-2014
CryoSat-2 (this study) -18+01 -16+01 -14+01

surface accumulation rates and inter-annual variations in @xceeded 4 myrt. The thinning is most pronounced in the

range consistent with our results. lower part of both tributaries, but extends 250 km upstream.
This value is much lower than the 17 nmyrat the glacier
4.1 Areas of large elevation changes terminus reported bydurkmans et al(2012 and a rather

conservative estimate that is influenced by the spatial aver-
In the following two prominent regions with large surface aging. As shown in Figl4 data gaps occur in the vicinity of
elevation change are discussed: Jakobshavn Isbree and Pitiee grounding line as well as in the higher elevated parts of
Island Glacier (PIG). Figurd3 reveals that areas with de- the basin. Here, CryoSat-2 lost track and/or the LRM wave-
tected thinning correspond with the location of the PIG trib- forms were degraded due to high surface slopes of more than
utaries. Thinning of the tributaries reaches far upstream an@.6° and high surface roughness.
exceeds values of 1 myt. Areas with flow velocities as low
as 100 myr? are affected. The thinning rates are in agree-4.2 Comparison with elevation change estimates from
ment with other studies reporting accelerated thinning of the ICESat
order of 0.1 to 0.2m&, (e.g., Scott et al. 2009 Wing-
ham et al. 2009 Flament and Rémy2012 Smith et al, In this section we compare recent elevation change de-
2012. Figure13displays the Pine Island Glacier catchment rived from CryoSat-2 data with/d dr derived from ICE-
basin, a subset of the CryoSat-2/dir grid, overlain by the  Sat data acquired from 2003 to 2009 for both ice sheets.
CryoSat-2 measurements as dark-gray dots, ICESat as bladtor both altimeters the same along-track technique explained
dots and the three GPS siteScptt et al. 2009 as yellow  in Sect.2.4was applied. Comparisons of our ICESat results
hexagons. Tabl8 presents the comparison to the findings of with previous studies carried out Britchard et al(2009;
Scott et al(2009 at the in situ GPS sites. The two upstream Sgrensen et a2011); Zwally et al. (2011); Ewert et al.
GPS sites (PC111 and PC171) show higher elevation chang@012h; Groh et al.(2014 show the same large scale pat-
rates for CryoSat-2 data than for ICESat data. At site PC55{erns. We can also confirm the estimateSobtt et al(2009),
which is located downstream, the CryoSat-2 estimates equakhich give additional confidence in the robustness of the
those of ICESat. Observed differences might reflect a changalgorithm used. However, the comparison of our integrated
of the dynamics of PIG, or may also be caused by interpolavolume change rates with those derived in the Ice sheet Mass
tion artifacts since the closest ICESat data point is approxi-Balance Inter-comparison Exercise (IMBIE) studySiiep-
mately 10 km apart from the PC55 site, whereas it is muchherd et al(2012 gave higher numbers for Greenland and the
closer for PC111 and PC171 (2km). At all sites the GPSAntarctic Peninsula but smaller numbers for East and West
measured elevation change in 2007 is almost twice that ofAntarctica. In the IMBIE study four different groups con-
the ICESat observed change for the same period. This offsdtibuted their volume estimates derived from ICESat data.
might be caused by the spatial averaging (mean filtering) apA large spread in the volume-rate estimates, particularly for
plied in the processing, leading to an underestimation of locaWest Antarctica (WA), was observed in this study. For WA
maxima. We therefore assume that the CryoSat-2 results givthe values range from7 to —51 kmyr-1. One possible ex-
more conservative estimates of recent elevation change.  planation could be that the different groups used different
The second example is Jakobshavn Isbree (E&. which ICESat data releases, data-editing methods and inter cam-
has accelerated to velocities ©f16 kmyr-! (Joughin etal.  paign offsets. We found that the G-C offset correction, which
2010 after its floating tongue disintegrated in 2003. Thin- was applied in this study but not in others, had only a little
ning was previously reported bjhomas et al(2003 and effect (2kmyr? for Greenland and Antarctica). Therefore
Csatho et al(2008. Thinning rates observed in 2011-2012 we assume that most of the observed differences are caused
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dh/dt (m/yr)
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Figure 13.Elevation change occurring at the Pine Island Glacier in
West Antarctica. Data coverage of tdr measurements are shown

for CryoSat-2 (gray) and ICESat (black). The yellow hexagons rep-
resent the GPS sites Bcott et al(2009 s 2 10 12 30

Figure 14. Jakobshavn Isbrae is experiencing massive thinning of
more than 4 myr1. The thinning extends more than 250 km inland.
by the differences between the interpolation techniques empata coverage of it/ dr measurements are shown for CryoSat-2
ployed by the groups. The same conclusions are derived igray) and ICESat (black). The yellow line running from north to
the IMBIE study Shepherd et 312012. south indicates the mode mask of CryoSat-2. To the west of this
A subsequent comparison ofadd: derived from line SARIn and to the east LRM data were acquired. Unfortunately,
CryoSat-2 and ICESat exhibits the accumulation anomalyCryoSat-2 show data loss in LRM zone of the catchment area of the
described earlier, as well as the continued and increased thirglacier due to the high surface roughness and surface slopes.
ning of ice in West Greenland and the Amundsen Sea Em-
bayment. This is shown in Fig4d5 and 16 where the dif-
ference of both dh/dt maps is presented. An increased thinmately 90% of the area of the ice sheets. The deviations
ning of the west coast of the Antarctic Peninsula as wellfrom previous DEMs are small except in the area between
as of Denman Glacier feeding the Shackleton Ice Shelf in86° S and 88 S, where our data set is significantly improved
East Antarctica is observed. The Denman Glacier thinningoy the further southward reaching coverage of the CryoSat-2
mirrors the findings ofFlament and Rémy2012 who ob-  data. For the CryoSat-2 data processing we developed the
served—0.4myr! and is in contrast with estimates Rfg- new TFMRA re-tracker. With cross-over analysis over East
not (2002 observing a slight mass gain of 2.3 fice yr-1. Antarctica and comparisons to three other re-trackers we
In contrast toJoughin and Bambe{2005 who observed demonstrated the better performance of the TFMRA. Aniter-
slight thickening of the ice stream catchments feeding theative approach for the slope correction, as well as the new in-
Filchner-Ronne Ice Shelf we observe a slight thinning of theterferometric processing algorithm for the SARIn data were
catchments of Institute and Moeller Ice Streams. High negaused for the DEM generation. The convergence of the itera-
tive elevation changes of up te2myr—! are observed in the tive approach has been demonstrated.
lower part of the Foundation Ice Stream whéreighin and Based on three full cycles of CryoSat-2 the combined
Bambenr(2005 estimated a mass balance of 11.2 GtlyFor ~ volume loss of both ice sheets for the covered time period
the Foundation Ice Stream, high steady state sub glacial mefrom January 2011 to January 2014 is estimated to bet507
rates of 9 myr? have been reported, exceeding melt rates of107 km? yr—L. In Table4 the volume rates are listed, which
the surrounding ice streamisambrecht et a).1999. indicate that Greenland is contributirg375+ 24 kP yr—1,
which is nearly 75% of the total volume loss. For Green-
land we observe a factor of 2.5 higher volume loss than
5 Conclusions for the time period between 2003 and 2009 revealed from
ICESat using the same methodology. Our ICESat estimates
We derived DEMs for Antarctica and Greenland from one are different than the IMBIE studySgepherd et §12012).
full cycle (369 days) of CryoSat-2 data starting January 2012 \We assume this is caused by the differences between the in-
We estimated the uncertainty to be less than3+ 15m terpolation techniques used in our study compared to those
for Antarctica and 5mt 65m for Greenland in approxi- employed by the four different groups in the IMBIE study,

68’

o asw
dh/dt (m/yr)
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Table 4.Volume rate estimates of ICESat and CryoSat-2 derived in this study compared with ICESat from I8igihérd et gl2012).

Region Area IMBIE ICESat CryoSat
2003-2008 2003-2009 2011-2014
(Miokm?2)  dv /dr (km3yr=1)  dv/de (km3yr=1) dv/dr (km3yr—1)
GrliS 1.68 —189+20 —146+13 —375+24
APIS 0.22 —28+11 +14+9 —35+9
EAIS 9.74 +78+19 —23+26 +59+ 63
WAIS 1.74 —25+7 —51+9 —152+11
AIS 11.71 +25+12 —60+44 —128+83
GriS+AIS 13.39 —164+32 —207+57 —503+ 107

oW
Difference of dh/dt (m/yr)

-15 -10 -05 0.0 0.5 1.0 15 0

Figure 16. Difference of &/ dr between the period 2011 to 2014
and the period 2003 to 2009

Difference of dh/dt (m/yr)

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 0 100‘8“

This sheds new light on the temporal evolution of volume
change and consequently mass change of the ice sheets and
raises the question on which time-scale sea level change re-
sponds to yearly mass imbalances of the ice sheets, as well
which show also large differences. However, our observed?S Now regional sea level observations will capture this. To
increase of volume loss mirrors the findingsTetlesco et al.  answer those questions it is important to continue the mea-
(2013, who reported a mass loss record in 2011/2012 ofSurement of elevation change using advanced technologies
575+ 95GtyrL. In Antarctica the estimated volume loss Such as CryoSat-2 and to extend time series of elevation
is —128+ 83knPyr-L. Similar to the Greenland margins, change dating back to the egrly 1990s. Furthermore, it .is.i.m-
West Antarctica is experiencing an increase in volume losgP€rative to extend the operational CryoSat-2 data acquisition
as observed in previous studidignot et al, 2011 McMil- @S long as possible as it is currently the only remaining al-
lan et al, 2014. Compared to the period 2003 to 2009, the t|me_ter system observing p.olar regions since the loss of ICE-
loss increased by a factor of 3 from51+ 9 to —152+ Sat.m 2009 and ENVISAT in 2012. This will bridge the gap
11kmByr—1. Furthermore, the results clearly demonstrateUntil the launch of ICESat-2 expected for 2018.
that accumulation events on a large spatial and short tem- The complete set of grids are available in geotiff format
poral scale, as observed in Dronning Maud Land, are partlyffom the lead author (V. Helm) and will be provided on the
compensating for the increasing volume loss. data server PANGAEAHttp://www.pangaea.fdeUsers will

be notified of new releases as they become available.

Figure 15. Difference of &/ dr between the period 2011 to 2014
and the period 2003 to 2009
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Appendix A

Al

TFMRA re-tracker

In summary the simple and robust TFMRA re-tracker ap-
proach consists of the following steps.

— Normalization of waveform to its maximum.

— Calculate the thermal noise using the firsange bins:

A2

1¢ .
PN:—ZPi,Wlthn:@ (Al)
"izo

Flag waveforms withPy > Ty with the a noise thresh-
old of Ty = 0.15 as bad data, which contain no valid
elevation.

Over-sample waveform by a factor of 10 using linear
interpolation.

Calculate the smoothed waveform)with a boxcar av-
erage of width 15.

Calculate first derivativéd P using a 3-point Lagrangian
interpolation.

Determine the first local maximalfax1) usingd P and
the criteria.
P> P+ 1N

Determine the location of the first gate exceeding the
threshold level TL at the leading edge of the first local
maxima , where? > Pmax1 X TL + Py. For TL we used
0.25 for LRM and 0.4 for SAR/SARIn.

Determine the leading edge positiap by interpola-

tion between adjacent oversampled bins to the threshold -

crossing using Eq. (4) iDavis(1997%):

TL—P;_1

(A2)
Py— Py

nret= A —1 +

Interferometric processing

To each waveformW), the coherenceX) and the phase dif-
ference, A¢) is given in the ESA level 1B product, each

composed of 512 samples. The range resolution is approx. —

0.23m, resulting in a range windowR} which is composed
of 512 samples spanning approx. 118 m. In detail the inter-
ferometric processing is as follows.

— SmoothA¢ in the complex domain.

— Re-track waveformW using the OCOG re-tracker,

which is very fast and robust. We take the center of grav-
ity as the re-tracked position), which is situated more
towards the maximum o instead at the beginning of
the leading edge.
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— Starting fromn we search the sample whe¢e> 0.7

—> n.. This and the step before avoids influences of
phase noise during the phase unwrapping.

— Unwrap smoothed\¢ in two directions starting from

He.

From the unwrapped phase the surface slope is calcu-
lated followingJenser{1999; Galin et al.(2013

1 Apr
a=n[F6—y]=n [chm G5 y] (A3)
F. =1/0.973 is a scaling factor to be applied to the an-
gle of arrival@, determined byGalin et al.(2013 us-
ing CryoSat-2 data acquisitions over ocean during a se-
guence of satellite roll maneuver. The geometric fac-
tor n accounts for the earth curvature and is given by
the expression = 1+ (H/R), whereH is the orbit al-
titude andR the Earth’s local ellipsoidal radiug: is
the roll angle,B =1.1676 m is the antenna Baseline
andA = 0.0221 m is the wavelengthBbuzinag 2014).
Galin et al.(2013 observed a mispointing of the an-
tenna in pitch and roll directions as well as a small tem-
perature dependent bending of the baseline. Both mis-
pointings are of the order of 0.&nd a correction for the
roll mispointing has been applied as external phase cor-
rection in the level 1B productSgcagliola and Fornari
2013. The bending is variable in time and varies along
the orbit of some 100 prad. In contrast to the mispoint-
ing in roll direction the pitch mispointing is not critical
to the accuracy of the derived elevation.

Define the subset of range samples which cover the
beam width using

Xmin = R;SIN(—y — ©3dp/2) and xmax= R;Sin(—y +
®34s/2). R; is the re-tracked range an®s3qg=
1.1997 is the across track antenna half power beam
width.

Determine all valid samples whergin < x < xmaxand
C > 0.7. The ground range is given asx = Rsin(«).

Starting from the first valid sample we re-track the
waveform using the TFMRA. This results in the final
re-tracked positiofTpvRra.

Finally the slope-corrected Geo-referenced POCA po-
sition (latitude, longitude, elevation), shifted up-slope
in across track direction, is determined using the or-
bital position, the velocity vector, the range and phase
at the re-tracked positioR;\za» APirpyra @ND SOME
trigonometry considering the Earth’s curvatukifg-
ham et al.20049).
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A3 Uncertainty of the DEM Table Al. Polynomial fit coefficients and weights used for the
Greenland uncertainty grid.

To derive the uncertainty map of the DEM the approach pre-

viously published byGriggs and Bambe(2009 was fol- Coefficient  Slope SD  Roughness N
lowed with some modifications. ICESat elevations of the co 019 011 020 2429
three campaigns 3F, 3G and 3H served as reference data. AsC! —1.94 012 —-1.83 —-173
a first step the elevation change at the ICESat position us- gg 1(7);2 _%gf —11(?% _o%g;
ing bi-linear interpolation is derived from the ICESat /alz ca _3621 —0.001 108 21x10-5
raster obtained in Sec2.4. Then each ICESat elevation is  cs5 2180 42 % 1075 _406 —17x107
corrected for elevation change which occurred between the cé 6445 —9.7x 1077 087 81x10°10
individual ICESat observation and the reference time for the C7 —37.48 12x1078 -01 -21x10712
DEM, which is 1st July 2012. For the correction we assume 8 695 —60x10 0004  22x10°%°
a constant elevation change rate. This corrects the ICESat el- Weights 0.14 0.32 0.26 0.28

evations at least partly in regions of large elevation change.

For example, at PIG we observe elevation change of 2thyr

which adds up to an elevation change of more than 10 mhe polynomial coefficients together with the values of the
within the last 6 years. After the correction most of the 10 m four raster data sets are used to derive four independent un-
are reduced. The corrected ICESat elevation data sets servggrtainty grids. Finally, a combined uncertainty grid is deter-
as reference. Next the elevation differenég)(between the  mined using a weighted average of the four grids, presented
DEM and the reference data set were determined using bifor Antarctica and Greenland in Figdl and A2, respec-
linear interpolation. To derive the uncertainty grid we follow tively. The weighting factors are gained from standard devi-
the assumption that the uncertainty depends on the parametion () of the residuals between data and the polynomial
ters surface roughness, surface slope, number of data pointg (see TablesA1 andA2). Higher weights are given to the
(N) used for interpolation and its standard deviation (SD). uncertainty raster with a smallet Hence, the combined un-
For each of the 4 parameters we derived separate raster dagartainty of the DEM is then given as

sets. Slope and roughness raster are directly obtained from

the DEM. The slope is derived as gradient from a smoothed 4
DEM using a kernel of 20 km. The roughness is derived asth = Y _ Wiéi. (A4)
the difference of the DEM from the smoothed DEM. 20 km i=1

was chosen to represent the beam limited footprint size anq\/ith
thus to give an indication of the footprint roughness. The
raster is determined by counting all data points lying closer_ _ ~. o .2 .3 o4 .5
than a radiusk to each grid cell and SD is the standard de- @ Cio + Cinxi  Cigxi  Cigti o+ ity + Cig;

viation of those pointsR is set to 6km, the radius which + Cigx? + Ciyx| + Cigx?: (A5)
was used for the DEM generation. For all four raster sets . o
we derive the grid values at the ICESat positions using bi-Cio-s are the coefficients for each of the four polynomial fits
linear interpolation. Subsequently, all elevation differences91Ven in TablesAl andA2. W; is the weighting factor and
are binned w.r.t. each of the four parameters. For example!S the independent source of uncertainity=(1 thenx; is the
the slope is divided into 200 bins with an increment of .01 SIOP€;i =2 theny; is the standard dewgnon afwithin one
ranging from O to 2°. For each bin the median and mean, as 91d Cell;i = 3 thenx; is the roughness; = 4 theny; is the
well as the standard deviation of the correspondingalues, ~number of pointsV: within one grid cell).W; is derived as

is determined. This procedure is repeated for the other threfP!lOWs:

parameters using a bin increment of 0.11 m for SD, 0.025m 1

for the roughness and 40 points 1, respectively, always Wi=—7—1> (AB)
starting with zero. As consequence we derive félrdis- Si Zi:ls—i

tributions. To each of the distributions a higher order poly-
nomial of the order of 8 is fitted. This polynomial fit is ap-
plied using different measurement errors (ME) for each of o;

the binnedsk values. The ME are derived from the corre- Si = m'

sponding standard deviations of each bin, as explained above. =17

ME are low at low slope, low roughness, low SD and large

N (coefficients are listed in Tables1l and A2). This kind A4 Uncertainty of dk /dt
of weighting and the high polynomial order ensures small

residuals of the fit in bins with a small ME, reflecting areas The method to determine the finkal= dk/dr grid consists

of low slope such as flat ice sheet interiors. As a next stepof two steps. First the area of the entire ice sheet is divided

with the scaling factos:

(A7)

www.the-cryosphere.net/8/1539/2014/ The Cryosphere, 8, 153%59 2014



1554 V. Helm et al.: DEM and d: / dr of Greenland and Antarctica

Table A2. Polynomial fit coefficients and weights used for the
Antarctica uncertainty grid.

Coefficient Slope SD Roughness N
co 080 028 041 2251
c1 —19.38 —0.11 —5.25 —0.03
c2 15965 089 2232 18x 107>
c3 —46368 -0.31 —2822 —45x10°°
c4 77129 0054 186  41x10°13
c5 —76250 —0.004 -6.95 40x10°17
c6 43624  10x 1074 149 -13x1020
c7 —13231 -22x10°° —017 11x10°%4
cs 1639  77x10°° 0.008 —32x102°
Weights 0.17 0.16 0.39 0.28

Uncertainty (m)

p—— T
0.10 1.00 10.00 100.00 0 500

Figure A2. Uncertainty map of the new Greenland DEM calculated
using a multiple regression approach based on DEM-ICESat differ-
ences.

each pixel.

-7 (A8)

N2, is the number of all values of the first grid falling
within the search radius of 25 km of the corresponding final
pixel with indicesm, n. o is the standard deviation of thé2
values. The results of this method are not shown here, but
they are similar to the second method.

In the second method we propagate the error of each single
elevation measurement through the two step process to
derive the finals; grid. As mentioned above the approach
to determine the firsk grid is based on a least square fit to

Uncertainty (m) the N1 topographic corrected elevation measuremagis
0.10 1.00 10.00 10000 6 1000" acquired at the tims:

Figure AL. Uncertainty map of the new Antarctica DEM calculated heory = @0+ 1t; (A9)

using a multiple regression approach based on DEM-ICESat differ-

ences. Since we are interested in the uncertaintyicf a1 we re-
order the equation:

into a grid with a pixel spacing of 500 m. For each pixel (in- & = hcor /1;
dicesk, /) i is estimated using a linear regression\d; ; to- —(h _ ,

. ) - = (hi —hpeEm,) /i
pographic corrected elevation measuremens. acquired — (Orb — R — DEM;) /1
at the timer;. N1 ; is the number of alhcor, within 1 km - ! LA
distance to the corresponding pixékorr means that each = (Orby — R; 4 Rsiopg — DEM; ) /1;. (A10)
elevation measuremeht is corrected for local topography ) _
by subtracting a reference elevation DEMhich is derived ~ Orbi is the altitude of CryoSat-2%; the re-tracked range,
from the new DEMsKcor;, = h; — DEM;). In the second step Rsiope the app!led slope _correcuon at _W|th the Gaussian
we derive the final interpolateld grid with a pixel size of ~ €TOr Propagation we derive the following:
1km using a block-mean and a radius of 25 km. To derive the .

1

. 2 1/2
uncertainty mapg(, ) of the grid two methods are applied. , _ 1 (Z (*%m- " £%, . CReopg + eBem, )) (A11)

The first method uses the standard deviation of the mean for'' ~ Nl \ &\ &2 " a2 di? dr?

The Cryosphere, 8, 15394559 2014 www.the-cryosphere.net/8/1539/2014/



V. Helm et al.: DEM and d/ / dr of Greenland and Antarctica 1555

Uncertainty (m/yr)

p—— T
0.00 0.01 0.10 1.00 0 500

Figure A4. Uncertainty map of elevation change of Greenland de-
rived from error propagation. Clearly indicated are the high uncer-
tainties at the steep margins.

Uncertainty (m/yr)

. .01 o0 100 0 r00im Table A3. Assumed uncertainty contribution to a single Range mea-
surement. The speckle is estimatedWiingham et al(2006 to be
Figure A3. Uncertainty map of elevation change of Antarctica de- 0,16 m and the geophysical corrections, including the ionosphere
rived from error propagation. Clearly indicated are the high uncer-and the dry and wet troposphere, are in total within 0.04 m over the
tainties at the steep margins. ice sheets (E. Schrama, personal communication, 2014).

€0rb Especkle  fretr &gcorr  €penetration

where diz is the time period covered by th&1;; eleva-
tion measurements contributing to the regression at pixel 0.03m 016m 020m 004m  0.50m

gory, IS the uncertainty of the orbigg, the uncertainty of

the range measurementg,,,. the uncertainty of the ap-

plied slope correction, anebem, the uncertainty of the to-  applying the polynomial approach of Seé3 to the slope
pographic correctioneg, is a composite of radar speckle dependent uncertainty derived from the cross point analysis
(especkid, uncertainty of re-trackingefetr), uncertainty of the of ICESat data and CryoSat-2 data (see blue diamonds in
applied geophysical correctionsgéorr), and the uncertainty ~ Fig. 9).

based on the variation of radar penetratieg fetration- Finally, the uncertainty grid; of the final interpolated:
product is obtained using Gaussian error propagation of the
£ = ggpeckle+ Efer + 0o+ 8§enetration (A12)  mean value of allv2,,, ¢, values lying within the 25km

radius of each pixel positiom, n:
All those contributions andor, are assumed to be uncor-
related and constant in time and space (TahB. With
Edonst= €2, + o, and di; =dr, since it is the same for
eachi at the Pixel positiort, I, we derive the following:

(A14)

vz The resulting uncertainty maps of elevation changg 6f

1 Nl
Cher = N1 diey [le*’gg"”StJr ; (*??esmpg +8%EM">} - (AL3)  the error propagation method are shown for both ice sheets
- in Figs. A3 and A4, respectively. Both methods produced
The covered time period differs from pixel to pixel as well as similar uncertainty estimates. They show low uncertainties
the uncertainties for the slope and topographic correction arén low sloped areas with high data coverage and high un-
varying in space. We assume them as uncorrelated. Both areertainties at the steeper margins with larger track spac-
derived from uncertainty grids using bi-linear interpolation. ing and higher DEM uncertainties. Differences are seen at
Theepew, is taken from the DEM uncertainty grid presented the slightly sloped margins around Antarctica, with higher
in the section beforesgy,,, is derived from an CryoSat-2 values derived from the second method. Finally we derive
elevation uncertainty grid. The latter grid was derived by the uncertainties for the Antarctic Peninsula (AP), West
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Antarctica (WAI), East Antarctica (EAI), Greenland and
Antarctica (Al) given in Table4 by integrating all corre-
sponding pixek; of the uncertainty grid obtained with the
second. We found that integrated uncertainties for both ice
sheets are slightly larger with the second method. For the
integration we used the drainage systems of Greenland and
Antarctica provided bywally et al. (2012. If we assume
that basin wide uncertainties are uncorrelated the uncertainty
of the Antarctic Ice Sheet (Al) can be estimated as follows:

/2 2 2 ; ; -1
Ein —\/shAp—i—s- +ej . This results in 65 krhyr

heal
compared to 83kiyr—1 as given in Table. If we follow
this approach and divide EAl, WAl and AP to the 27 drainage
systems the uncertainty can easily be reduced further. There-
fore our estimates which are given in TaBlare rather upper
bounds.

The Cryosphere, 8, 15394559 2014
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