Authors response to the comments of referee #1

We thank referee #1 for the thorough and insightful review of the manuscript. The reviewer criti-
cized our description of the methodology, the missing information concerning our error estimates,
the validation by kinematic GNSS profiles only and the lack of 'numbers to back up most of the
statements made’.

We have put much effort in rewriting the respective sections and think that this contributed to
a much clearer presentation of the methodology and the results now. In order to describe the
methodology in more detail, we have added significantly more details in the supplementary. We
think that this is a good compromise between keeping the manuscript itself relatively short for the
majority of the readers but having all technical details available for everybody who is interested.
Error estimates have always been part of our processing but we agree, they have to be given
their space in the manuscript as well. Therefore, we added respectively short descriptions in the
manuscript as well as further details in the supplement.

Also the validation with IceBridge has been included now. However, we would like to stress that
we are comparing the absolute elevation differences between two epochs. The magnitude of the
difference is not important for this validation. Nevertheless, we agree that IceBridge contributes
significantly more validation data in areas with complex topographies. Hence, this validation
indeed provided important information. We included this validation but added a slope dependency
to account for the topography effects.

To provide more ’quantitative facts’ we added several correlation coefficients and key numbers.
However, one of the major benefits of this work is the high temporal sampling of processes. Sin-
gle numbers as linear trends, or even acceleration rates, can not always describe the underlying
processes adequately.

Besides addressing these key issues, a major change in the revised version is that we have converted
the volume changes into mass changes. With respect to some of the specific comments below, this
indeed makes the comparison with the external data sets more meaningful, compared to the earlier
version of the manuscript. We have decided for a rather straightforward and robust density mask
approach, allowing us to still compare the SMBs as independent data set.

In the following we will respond the specific comments one by one.

Comment 1: Abstract — The abstract is quite long, but not well written. About half of the text is
spent discussing the percent coverage for the 25 year and 40 year epochs, however these numbers
aren’t key scientific results so would be better placed in the data or methods section. Additionally,
the coverage stats are poorly defined here, for example is this the percent coverage that of the
raw data, plane fit output at whatever grid resolution used, or the extrapolated interpolated result.
Without being specific the coverage stats are open to misinterpretation.

The abstract has been completely redesigned, being more focused. Besides the abstract, more
details on our definition of ’observed’ cells have been added in Sect. 3.3.3 and 5.2.

Comment 2: Abstract - The title of the paper states that this paper is about surface elevation
change, but there are no key surface elevation change numbers stated in the abstract. Why not, if
this is the main purpose of the paper?

The main focus of this paper are the time series of surface elevation change from multi-mission
altimetry. We show that surface elevation changes are much more complex than just a single rate
or even an acceleration. These variation are shown on a spatial and a temporal scale in the results
section. In our revised version, we added a key value for the total mass change of the AIS since
1992 but also discuss the importance of the time series.

Comment 3: Abstract — The second paragraph of the abstract lacks any quantitative facts. For
example, Pgl L14 states that surface elevation change shows ‘high coincidence’ with precipitation
anomalies and gravimetry; Pgl L16 states that there is a ‘high level’ of agreement; and Pgl L18
states that ‘Geosat coincides very well with. . .’. The authors should replace these generic adjectives
with quantitative statistics to back up their statements.

Respective correlation coefficients have been included in the document, but the respective sentence
is no longer part of the abstract.



Comment j: Abstract — Pgl L15 — ‘Satellite gravimetry’ is the technique, but the authors have
presumably compared their elevation results against a derived product, such as mass loss. Edit
wording to be precise.

We agree, but in the revised version, this is no longer part of the abstract.

Comment 5: Abstract — Pgl L18 — The Seasat and Geosat altimeters operated at radar frequencies
and will consequently penetrate some depth into the snowpack, its therefore not a given that the
elevation trend from these satellites should correlate with precipitation anomalies in snowfall. The
penetration depth is spatially and temporally variable, influenced by snow density and moisture
content. As the radar return originates from a scattering horizon within the snowpack, correlation
between precipitation anomalies and rates of elevation change can’t prove that the elevation change
trends are ‘reliable’, so the satellite based elevation trends must be wverified with a comparable
elevation change dataset.

The penetration depth variations have been accounted for by the backscatter correction in Eq. (2)
(except for Seasat, where the time period is too short). The offset corrections align the scattering
horizons of the different missions. Section D in our revised supplement shows that the trend-
corrected anomalies of the FDM and of the SEC differ by 0.12+0.21 cm for Geosat and 0.2640.32 cm
for Seasat (including one year without observations). Considering that the model is prone to some
uncertainties as well, we think that this agreement is remarkable.

Comment 6: P1 L21 — Sentence wording not correct English, edit required. The wording throughout
this paragraph is poor.
The introduction has been completely rewritten.

Comment 7: P1 L22 — Does the author mean sequentially rather than concurrently?
The introduction has been completely rewritten.

Comment 8: P2 L6 — Edit wording to say precisely what is meant. A long time series would
not have prevented Wingham observing negative elevation rates in Dronning Maud Land compared
with Flaments positive result for the same area, because as stated the observational time period is
different. ‘Help reduce the influence of such events’ is factually incorrect.

The introduction has been completely rewritten.

Comment 9: P2 L10 — Edit wording. Mission calibration doesn’t become ‘more itmportant’, it is
maybe more challenging though.
Changed.

Comment 10: P2, Figl — Add separate colorbar for map of spatial coverage as currently hard to

interpret. Just the circle out- line that corresponds to bar color, but really hard to see in pole hole.
Changed.

Comment 11: P38 L1 — Edit wording to be more precise. As the raw data from both satellites was
acquired in the same pulse limited imaging mode, the use of the word ‘mode’ to describe a processing
choice could be misinterpreted. Additionally I think the two modes authors are talking about are
ocean and ice retrackers, however there are actually 3 retrackers available for these missions (ice-1
and ice-2 are separate).

There seems to be a misunderstanding. The measurements of ERS have been switched between
"ice’ and 'ocean’ mode. See Paolo et al. (2016): ’To improve performance over the ice sheets,
ERS-1 and ERS-2 operated in both a standard ‘ocean mode’ and a specialized ‘ice mode’, with
mode switching based on an ocean-ice mask. For ice mode, the 64-bin range window (the segment
of return echo that is recorded) was four times wider than for ocean mode (116.48 m vs 29.12 m),
increasing the chances of capturing return signals over rough topographic surfaces.” We changed
the wording to give a more self-contained explanation.

Comment 12: P3 L3 — Paolo et al presents results over flat ice shelves with zero slope, whereas
this paper presents results over an ice sheet, where the most rapidly changing regions are found in
the most steeply sloping terrain. The logic that Paolo used to justify including data from different
1maging modes therefore may not apply to this paper. The authors should use data from a single
retracker which has been shown to be more reliable, or quantitatively justify why including less
reliable data tmproves the quality of the end elevation change result. E.g. via coverage, temporal
extent, or reduced error maybe. It follows that a separate error estimate should be provided for the



elevation change result derived from different quality input datasets.

In this comment ’observation mode’ and ’retracker’ seems to be mixed up again. The retracker is
a post-processing step, applied to the observed waveform. In contrast, one of the main differences
between the observation modes is the onboard sampling of this waveform (see answer to comment
11). This question obviously refers to the observation modes. Both modes have been treated as
independent data sets. For ERS-1 and ERS-2, we used individual a priori uncertainty estimates
in the repeat altimetry processing (Eq. 2), estimated individual mission parameters and applied
individual offsets. For each epoch where both modes exist, the monthly mean values have their
individual error estimate. Hence, in the PLRA averaging step (Sect. 3.3.1), which combines the
data, a poor quality of any mode would be reflected by a high RMS and, hence, a low weight in
the average. We see no reason why we should remove one observation mode completely. A further
discussion to the respective modes has been added in C.2.

Comment 13: P3 Lj — Specify the size of the bias between both modes, for both satellites.
This is done later in Sect. 3.3.1. The bias can be seen at Fig. S3.

Comment 14: P3 L16 — The Helm et al DEM is the ice surface during the first 3 years of CryoSat,
however this surface has changed significantly in many regions throughout the 40-year study pe-
riod. The ice surface of the DEM should evolve temporally to reflect the known elevation change,
otherwise the slope correction will not be correct. This effect will be significant in regions such as
WAIS which have shown to thin at a mazimum rates of up to 9 m/yr. Have the authors done this,
or if not what is the error on the slope correction that will result from not temporally evolving the
ice surface for 40 years?

The absolute elevation of the topography has only a negligible influence on the location of the
POCA. The POCA mainly depends on the relative topography, that is, the variations of topog-
raphy w.r.t. the mean, over the footprint. If any changes of this relative topography occur, their
rates are significantly lower than the rates of the mean absolute topography change (at least in
regions that can be observed by pulse limited radar altimetry at all). Hence, we agree that such
an effect exists, but its influence on the location of the POCA is negligible.

Comment 15: P83 L29 — Can the authors quantitatively state how much less sensitive to noise the
OCOQG retracker is compared to other options, and does this affect all satellites the same way given
that the spatial resolution and imaging modes are different. Some retrackers will perform better
over different terrain types (sloping or flat), therefore it would be helpful for more details to be
provided about the region, time period, and satellites for which this analysis was performed.
Details on the comparison between functional fit and threshold retrackers have been added to
Tab.1. The noise of different retrackers has been discussed in Schréoder et al. (2017) as well, to
which we refer at the respective locations here. Concerning the comparison between a waveform
maximum and a OCOG threshold retracker, Bamber (1994) explain that the single ‘'maximum bin’
is significantly more affected by noise as the squared mean over all bins. However, we did not apply
this option, so we cannot provide any numbers.

Comment 16: P4 L3 — If the CryoSat retracking doesn’t exactly replicate the methods in Helm et
al, the full details should be detailed in this paper.

The retracking of the CryoSat-2 SARIn data was the method of Helm et al. (2014). We changed
the wording to make this more clear.

Comment 17: P4 L13 — It is well known (as the authors later state) that anisotropy exists between
ascending and descending tracks of radar altimetry data, and indeed many elevation change papers
include a term for this in the plane fit solution to exclude any bias from this. When calculating
data precision from ascending and descending tracks have the authors performed such a correction,
and if so could further detail be provided on its size per mission.

We did not apply such a correction, but showed how the A-D bias is reduced by our low threshold
retracker. Consequently, the precision from ascending-descending crossover differences includes the
effect of the A-D bias as well. Table 1 and Fig. S2 show how the precision (including the effect of
the A-D bias) is improved for each mission.

Comment 18: P5 L5 — Edit text to state quantitative statistics about the absolute or percent im-
provement following their slope correction. Frustrating that ‘superior performance’ and ‘similar
improvements’ used when a number would be more persuasive.



Numbers added and text modified.

Comment 19: P5 L17 — Figure S1 does show a reduction in the anisotropy effect, but the signal is
clearly still present in the data. Additionally, smoothing a result with an artefact in doesn’t remove
the affected data, so this error will clearly have an effect on the end result. If as the authors
state recent previously published studies have designed and successfully implemented an anisotropy
correction, this paper should add this step to avoid unnecessary error. If the authors chose not to
do this, I would ask that the quantify what the affect of not applying the correction is to prove its
not discernable.

Firstly, the mentioned studies use data which have been retracked using a functional fit retracker,
where the effect of the A-D bias if much larger (see Fig. S2). Secondly, we do not simply smooth
data with a systematic offset. When averaging ascending with descending data (which are both
affected by the A-D bias, but with opposite signs), the result will not contain a bias any more. The
bias will only affect the resulting uncertainty estimate (see answer to comment 17). We average
ascending and descending tracks (with typical cross-track distances of less than 20 km) over 60 km.
Hence, we usually average 3x3 ascending and 3x3 descending tracks (over 3 months). This perfect
constellation will not always be true but, however, also the alternative, the application of a A-D
bias correction might contain some issues. As this discussion belongs to the repeat track processing,
we have moved it to C.1 and discussed this point there.

Comment 20: P6 L25 — If there are differences in the processing methods used for different missions
as stated, this should be fully specified in the supplementary material. Use of full parameter names
as found in the mission meta data will ensure that the methods and results presented are repeatable.
These 'parameters’ refer to the parameter fit (Eq. 1). We have rewritten the whole paragraph.

Comment :21 P8 L1 — Spelling
Obsolete due to edits.

Comment 22: P8 L1 — Specify the thresholds and variables against which data is filtered out during
the elevation change iterative processing. Are the same values used for all missions?
More details added, moved to suppl. C.1.

Comment 23: P8 L7 — Provide some detail on how the backscatter penetration correction is calcu-
lated and applied. E.g. over what epoch?

The backscatter penetration correction is applied according to Eq. (2). For each repeat cell and
each mission (except Seasat and ICESat) a parameter dBS was estimated. By not including dBS
in Eq. (3), the resulting time series are backscatter corrected. This has been explained in more
detail in Sect. 3.2 and a further discussion was added to C.1.

Comment 24: P8 L18 — State threshold used to determine outliers.
Each processing step is described in much more detail now in the supplement.

Comment 25: P9 Figj — Red colors in this plot do not print well so can’t easily differentiate
missions. Change color scale used.
Done.

Comment 26: P9 L3 — The authors are simultaneously arguing that for all of the more recent
missions a spatially variable offset correction must be applied as the offset is spatially variable,
while stating that for Seaseat and Geosat the offset correction must be a constant because some of
the difference could may be real elevation change. If the later is true, why does this not also hold
for the more recent missions? The fact that a spatially variable correction can’t be or hasn’t been
calculated doesn’t remove the justification for why its needed.

For the recent missions we use overlapping epochs. The differences, used to calibrate these missions,
refer to the same time (within one month), hence, real elevation changes do not play a significant
role here. We believe that the true offsets between Seasat/Geosat and Envisat are spatially variable,
just as the offsets between ERS-1/ERS-2/CryoSat-2 LRM and Envisat. However, in contrast to
ERS-1/ERS-2/CryoSat-2 LRM, we are not able to estimate the spatially variable offsets for Seasat
and Geosat over their region of coverage. This is because Seasat and Geosat have no temporal
overlap to the later missions, so that actual elevation changes between the mission times are an
additional source of error in the offset estimation. Therefore, our final estimate of the Seasat and
Geosat offset is constant in space. The assessed spatial variability of the offsets is in turn included



in the uncertainty estimate and makes the estimate much more uncertain than for ERS-1/ERS-
2/CryoSat-2 LRM. It is legitimate to adapt the offset estimation to what is possible, as long as the
uncertainties are adapted accordingly. We clarified this in our explanation of the Geosat/Seasat
offset estimation.

Comment 27: P10 L15 — The extrapolation and interpolation steps are not sufficient. It doesn’t
account for the spatially variable pattern of thinning, which increases towards the coast and is larger
on fast flowing ice streams, and the method is not fully described. What is the maximum distance
over which gaps are filled? In areas such as the ice sheet edge or on the Antarctic peninsula, which
receive exceptionally poor coverage in earlier missions, how are these larger gaps filled? FEqually,
in order to state EAIS, WAIS, and continent wide thinning rates, the pole hole needs filling.

We explicitly do not perform an extrapolation to unobserved regions (not at the margins and not
in the polar gap as well). This was achieved due to the criterion of different sectors around the cell,
which need to contain data. Only cells which are surrounded by observations were filled. During
the revision of the manuscript, we modified this criterion to be even more strict. In our final grid,
now, we calculate a value only for 10x10km cells that are within a beam-limited radar footprint
of repeat altimetry results. A more detailed description has been added to Sect. 3.3.3 and C.4.

The ’Results’ and the ’Discussion’ section has been completely rewritten, so many of
the following comments have been considered but do not apply directly to the revised
version.

Comment 28: P10 L31 — The signal in the 1978 to 1992 map is extremely noisy with lots of
variation over short spatial scales. Although the authors assert that ‘coherent signal’ can be obtained
from these missions, to me it looks like the differences are as great if not greater than the similarities
between the later data. Generate a difference map, or statistics, to quantitatively demonstrate that
the results form the early missions are ‘coherent’, or similar to those from later missions.

We agree that this point should have been explained in more detail. Differences to the results over
later periods logically arise due to interannual variations. However, as the whole section has been
redesigned, this does not apply to the revised version any more.

Comment 29: P10 L32 — The authors attribute elevation change across the ice sheet to ice dynamics
without providing evidence in support of this. FElevation change can be caused by dynamic ice
thinning, a snowfall anomaly, change in the scattering horizon, or measurement error, so all of
these factors will influence the result not just dynamic thinning alone. Which specific regions are
attributed to dynamic change? If based on previous publications, please provide relevant citations.
The authors should quantify how much of the elevation change is dynamic, vs all of these other
factors, in order to demonstrate that it’s the largest contributor.

In the revised version of this section, this very important remark has been taken into consideration
carefully.

Comment 30: P10 L33 — State what’s classed as a short time scale, annual/ sub-decadal/ other?
This does not apply directly to the revised version any more but has been taken into consideration
in the wording.

Comment 81: P11 L1 — Again maps of elevation change are not evidence of change in dynamic
thinning without additional supporting data. The authors need to quantify and rule out the influence
of snowfall variations, change in scattering horizon, and error, and a corresponding change in ice
speed should also be observed. Without this elevation change due to long term, decadal fluctuations
i snowfall, may be mischaracterized as dynamic change. The authors should also state which
regions they are referring to.

The passage has been rewritten.

Comment 32: P11 Figba — Add distance markers to the flow line on one of the maps, hard to tie
5b to locations along it. For example, what distance is the limit of Seasat and Geoset data?

With regard to this and the following comment, this figure has been replaced (now Fig. 9). Both
comments would have been very difficult to apply while still keeping the figures readable.

Comment 33: P11 Fig5b — Add error bars to this plot.
See answer above. Figure 9 now contains error bars.



Comment 34: P12 Fig6 — Provide a spatially variable error map for each of these epochs. So far
the results have been presented without any error method described, or measurements included in
the plots.

Respective maps have been included in the supplement.

Comment 35: P12 L4 — Edit text. The discussions aren’t controversial, there is just are just
different approaches each of which have advantages and limitations.
Changed.

Comment 36: P13 Fig7 — Add error bars to all lines on this plot.
We added error bars to our altimetry results. Error bars for all data would be hard to identify in
the plot.

Comment 37: P13 Fig7 — Clarify how the % coverage has been calculated, and add coverage labeling
to an axis. For Antarctica and the LPZ, I don’t see how it can be 100during the 1990’s when the
pole hole is not observed. Additionally, in the methods its stated that the raw data was originally
gridded at 1km resolution, which will result in data gaps of several kilometers between tracks before
the CryoSat’s precessing orbit comes online. So again I struggle to see how such complete observa-
tional coverage is achieved, unless extrapolated and interpolated data is classed as an observation,
which of course it isn’t. Could the authors clarify?

The gridding is described in more detail now. The percentage of coverage serves as ancillary
information for the interpretation, only. We think a label is not necessary to see when the coverage
was almost 100% and when it was only 80%. Instead, we want to keep the plot itself as large as
possible.

Concerning the polar gap: The caption says ’of the Antarctic Ice Sheet north of 81.5°S’, which
means ezcluding the polar gap.

Concerning the distinction between 'observed’ and 'unobserved’ we would like to stress that the
majority of the 'raw’ data in fact has beam-limited footprints of 20km. We process the data at
each kilometer but within overlapping circles of 2km in the parameter fit. We calculate a value
for our final gridded result (with a resolution of 10km) only if the closest data is less than 20 km
away (in the TCD version, the applied criteria to decide, whether we calculate a value or not was
different, but the effect was similar). Hence, as we do not extrapolate to regions which are not
close (in terms of a footprint) to data, we call our final result ’observed’.

Comment 38: P14 Fig8 - Add error bars to all lines on this plot.
See response above.

Comment 39: P1/ Fig8 - Add % coverage azis label to plot. Same comment applies about how the
coverage calculation is done.
See response above.

Comment 40: P14 Fig8 — Add a table in the SOM with the areas of the drainage basin sub-regions
used to generate this plot.
Done.

Comment 41: P15 Fig9 — I don’t understand the figure caption, please rewrite more clearly.
Removed during revision.

Comment 42: P16 L1 to 14 — These results sections are very poorly written as no actual results
are described! The authors just state what some of the figures show, and leave the reader to do
all the hard work of reading off numbers and key statistics, comparing this with numbers they have
read in previous studies. Rewrite the results section to present some actual results. I don’t think
a single elevation change number has been presented in the text yet, despite that being the title of
the paper!

Completely rewritten.

Comment 43: P16 L9 to 13 — The authors have described what this plot is, but haven’t explained
why it matters or what the key scientific result is. FEither remove figure 9 or explain why its an
important addition.

This is obsolete now.



Comment 44: P16 F10 — Label y axis of b, presumably count. Edit figure caption to state time
period data validated over.
The validation has been completely revised, this is obsolete.

Comment 45: P16 L15 — The validation performed in this paper is completely insufficient, and I
would argue it leaves the result presented essentially unvalidated. Use of only 19 GNSS profiles, in
a region of no known change, over a limited time period and spatial extent, and on unchallenging
flat terrain, does not inform the reader about the validity of these results. At a minimum the au-
thors must use a more comprehensive independent dataset, e.g. ice bridge.

We agree, that a comparison with IceBridge could be interesting and included it.

Nevertheless, we do not think, that the previous validation leaves the results ’essentially unval-
idated’. The elevation change is not important here. Our validation analyzes if both data sets
see the same elevation change between two epochs. It doesn’t matter if this is 1cm or 20m.
The temporal coverage of IceBridge (2002-2016) is practicably the same as for the GNSS profiles
(2001-2015). However, we agree that the coverage of more challenging terrain by IceBridge is also
interesting. For this reason, we now validate with both data sets and made our validation now
slope dependent.

Comment 46: P17 L2 — This ‘validation’ cannot be interpreted as an error. A formal error budget
based on the altimetry data itself must be documented and added to the plots in this paper. Valida-
tion and error estimation are separate things.

Changed.

Comment 47: P17 L1 — The authors don’t need to limit their validation data to in situ measure-
ments, much more spatially and temporally extensive airborne data is available and this should be
used.

From a satellite point of view, we consider also airborne data as in situ. However, the sentence
this comment refers to is about 'the earlier missions’. We would be happy about any suggestions
on pre-2000 validation data with more than ’a limited time period and spatial extent’.

Comment 48: P17 L21 — State the number, don’t leave the reader to guess how much elevation
change you have measured! Presumably it is different for the peninsula and east Antarctica, so
again please present your result.

Numbers and some more details added.

Comment 49: P17 L22 — Add figure number.
Location of the reference changed.

Comment 50: P17 L23 — Add figure number, or label somewhere. Location of ice streams mentioned
hasn’t been identified on any plots in this paper. State quantitatively how your numbers compare
with this thinning rates presented by Rignot (2006), the time period is different so there should be
something new to say.

The location of the glaciers have been marked in Fig. 10b now. The Rignot (2006) paper uses the
input-output method. They map the ice velocity and use these values to obtain ice mass balances.
Quantitative numbers for thinning are not given there. Anyways, we added our maximum thinning
rates for the respective glaciers to allow for such a comparison in future.

Comment 51: P18 L2 to 6 — Use statistics to show the agreement, or disagreement between the
elevation change and precipitation anomaly. State with numbers what ‘significant difference’ is that
allows ice dynamics to be determined. State how far inland the thinning was in earlier decades vs
how far inland it reaches now.

This passage is largely edited. We now set the plots to be compared (Fig. 14 now) side by side.
We also added a whole section concerning the comparison between SEC from a firn model and
from our altimetry data (Sect. 4.2). Correlations for the basin mass time series can be found in
F.3. The inland thinning was well reported by Konrad et al. (2016), which is cited here.

Comment 52: P18 L1j — State the threshold used to determine a strong snowfall anomaly. It looks
like it varies just as much at different times around other regions in Antarctica.
Obsolete in the revised version.

Comment 53: P18 L15 — what distance away from the grounding line were Seasat and Geosat



typically able to observe.
This strongly depends on the topography, the state of the tracking window loop and the orbit
direction. It is now discussed concerning Fig. 9 and can also be seen in Fig. S3.

Comment 54: P18 L20 — The 12 m/yr thinning suggested by Li et al was due to grounding line
retreat between ’96 and 2013, however the 12 m thinning present in this paper is for 1985 — 2010.
Given that the measurements presented in this paper start approximately a decade earlier, if as
this paper sats the glacier was already thinning in the 80’s then the magnitude and rate are not in
agreement with Li et al. Please clarify.

This section has been completely rewritten.

Comment 55: P18 L 23 — The authors need to take more care before attributing elevation change
to dynamic ice mass loss. There are many signals present in their continent wide maps that may
well not be attributed to dynamic ice loss. There is not consensus in the published literature that all
Antarctic peninsula elevation change is dominated by ice dynamics, and the authors themselves later
attribute a different elevation change signal on the peninsula to precipitation anomalies without
providing any more or less evidence that a different process could be responsible (P18 L30). The
authors must present quantitative evidence to support their claims either way.

The wording has been changed to be more precise.

Comment 56: P18 L30 — GRACE data cannot disentangle whether elevation change is caused
by snowfall anomaly or ice dynamics, as ice mass is lost in both instances. Only velocity data
can demonstrate whether ice was exported from the catchment at an increased rate, proving ice
dynamics. Both dynamic thinning and snowfall anomalies result in mass loss, but gravimetry mass
loss measurements don’t show which of these two different processes might be the cause.

This was a misunderstanding. We were arguing that we see an anomaly and that ERA-Interim
sees the same, hence it is very likely a snowfall anomaly. GRACE just confirms the anomaly, not
the origin. We changed the wording to be more precise.

Comment 57: P18 L35 — Quantify very well.
Obsolete.

Comment 58: P19 L10 — In Fig S7c I can’t see any 2002 step in the precipitation time series so
its not clear to me that there is good agreement. Again please provide quantitative stats to back
this up, rather than just making unsupported qualitative statements. Cite Lenaerts et al 2013 with
respect to the 2009 and 2011 precipitation anomaly results as not a new result from this paper.
Edited.

Comment 59: P19 L16 — While this appears to be true for 2008/10, there is a more significant
accumulation gain in the 1990°s that is not visible in the elevation change result at all. This is in
part because the authors are comparing different things, snow mass anomaly, vs elevation change.
Direct comparison not possible unless elevation change converted to mass change.

The volume to mass conversion has been included in the revised manuscript. The respective
difference in the 1990’s, however, is still present. The correlation in Fig. 8a shows that there are
regions where the interannual variation of the FDM and of the altimetry do not agree very well.
A more detailed analysis what causes this specific disagreement would be very interesting but is
beyond the scope of this paper.

Comment 60: P20 Table2 — There is negligible data coverage outside of East Antarctica prior to
1992, so not valid to include an Antarctic wide number for the 78 to 2017 period in row 3. Remove
this number as misleading.

Done.

Comment 61: P21 Conclusions — There are no key results from this paper presented in the conclu-
sions. Add a few key numbers.
Done.

Comment 62: SOM A.1 — State threshold used to determine if noise is too high.
This is a flag, contained in the data from GSFC.

We have listed all the flags and criteria for data editing in a descriptive way (which also applies
to the following data). For some of the datasets (as from GSFC), the data does not contain



fixed names. The documentation does only contain a description to the parameters. The ERS
data comes with auxiliary files containing additional flags, not included in the binary data files.
Furthermore, the ERS data contains outlier in the time tags (’time jumps’) as reported by the RA
L2 Validation Report. Some of them are flagged but we found several outliers in timing also in
the remaining data. All those details are very technical and cannot simply be listed as ’flags and
thresholds’. We think the commonly used descriptive text is sufficient as it is done by a range of
other publications (Smith et al., 2009; Pritchard et al., 2012; Fricker and Padman, 2012; Sgrensen
et al., 2015; Paolo et al., 2016) (while many others don’t mention data editing at all).

Comment 63: SOM A.1 — State the start and end date for each satellite dataset used.
Very good point. Table added.

Comment 64: SOM A.2 — State which retracker the elevation measurements were derived from.
Our own, see Sect. 2.1.

Comment 65: SOM A.2 — State the specific name of the metadata flag used to filter out data, and
if a threshold was used, state the number that this was set at.
See above.

Comment 66: SOM A.2 — Adjust Figure 1 to reflect the actual time period of ERS-1 data used.
(same applies for all missions)
Done.

Comment 67: SOM A.3 — State which retracker the elevation measurements were derived from.
Our own, see Sect. 2.1.

Comment 68: SOM A.3 — State specifically which measurement confidence flags were used, and
again if a threshold was used, state the number that this was set at.
See above.

Comment 69: SOM A.J — State specifically which measurement confidence flags were used, and
again if a threshold was used, state the number that this was set at.
See above.

Comment 70: SOM A.5 — State which LRM retracker the elevation measurements were derived
from.
See above.

Comment 71: SOM A.5 — State specifically which measurement confidence flags were used to filter
data, and again if a threshold was used, state the number that this was set at.
See above.

Comment 72: SOM B — Edit title and section text to be more specific as its unclear specifically what
the authors have reprocessed? Is it that the elevation measurements have been retracked? Read as
a stand alone section I don’t know what
The section has been edited accordingly.

Comment 73: SOM E S6 and S7 - Add error bars to all lines on this plot. Add % coverage axis
label to plot. Same comment applies about how the coverage calculation is done.
Error bars added to altimetry. Concerning the %-label, we refer to our answer to comment 37.
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Authors response to the comments of referee #2

We thank referee #2 for the thorough and insightful review of the manuscript. The reviewer
criticized a lack of ’well-defined objectives’ and 'new insights’. Furthermore, the reviewer argues
that the methodology and results should be placed in the context of ice shelf observations of
Fricker and Padman (2012) and Paolo et al. (2016), that the discussion of error measures should
be included, that besides the kinematic GNSS profiles also IceBridge should be included in the
validation and finally, that the volume time series should be converted to mass.

We have put much effort in rewriting the respective sections and think that this contributed to a
much clearer presentation of the methodology and the results now. The revised 'Results’ section
starts with some examples for the surface elevation changes (SEC) at some selected locations,
then presents the spatial pattern of the results over different time intervals and finally (after a
conversion to mass) provides different time series of basin scale mass changes. The objective of
this manuscript is to show which points have to be considered when combining the different satellite
altimetry missions, to prove that our approach did successfully deal with these points and to give
some examples for the application of the results. As stated in the revised 'Introduction’, it is not
possible to fully exploit the whole potential of this data set in this paper. Nevertheless, we think
that after the revision, the objectives are much clearer now and, also by including significantly more
quantitative results, it provides several new insights. The reviewer argues that 'most of the patterns
have already been described by other authors’. We think that the point that our measurements
see similar patterns and effects as previously reported by other authors (with different data and
methods) is not a weakness but, instead, proves the reliability of our results.

To provide further evidence for the successful merging of the data sets, we added the IceBridge
data as well as a comparison of the anomalies with a firn model. In order to better discuss this
work in the context of previous work, we have completely rewritten the introduction, which now
also gives an overview over different previously published approaches to multi-mission altimetry
processing.

We totally agree that the inclusion of our uncertainty estimates contains very important infor-
mation. Hence, we added several maps, error bars and (mainly in the supplement) a detailed
description how we obtain these uncertainty estimates.

The reviewer mentions two ’assumptions and simplifications’, which might influence the result.
The first (1) is the impact of unmodeled effects on our time series. We have added Sect. C.1 to
the supplement which discusses our choice of parameters and the impact of these choices. This
section, furthermore, contains more detailed information about our outlier detection.

The second (2) is the stable linear trend criterion when calibrating Seasat and Geosat. We have
revised this criterion. We now introduce additional information about the data gaps between the
missions using a firn model. We have shown now that after the offset correction, the anomalies
differ by 0.264+0.32m for Seasat and 0.124+0.31 m for Geosat, which agrees very well within the
respective uncertainty.

In the following we will respond to the specific comments one by one.

Comment 1: Throughout the paper the reconstructed changes are described as ice sheet elevation
changes. However, changes due to vertical crustal deformations (GIA) have been removed from the
reconstructed elevation change rates (page 10, lines 32-34). Therefore, it would be more appropriate
to call the parameter ice thickness change.

The mentioned section described how the basin scale ice volume change time series (Fig. 7 and 8
in the TCD manuscript) were generated. Earlier results, which we called ’surface elevation changes
(SEC)’, were not corrected for GIA. We have changed the structure of the results section, which
makes it clearer that the GIA correction was only applied to the 'Ice Sheet mass time series’.

Comment 2: Abbreviations should be spelled out when they appear first, e.g., ESA, SARIn.

We have spelled out SARIn. However, the "The Cryosphere - English guidelines and house stan-
dards’ say that abbreviation do not need to be defined when they ’are better known than their
written-out form (e.g. NASA, GPS, GIS, MODIS).” In our opinion, this applies to ESA as well.

Comment 3: Page 2, lines 15-16: use release numbers instead of “most recent”.



As mentioned at the end of this paragraph, all details, including the release numbers, are located
in the supplement. We modified this paragraph, so this information appears directly after the data
center listing now.

Comment 4: Page 3, lines 10-11: add beam limited, i.e., approzimately 20 km “beam limited”
footprint;
Done.

Comment 5: lines 14-18: more details are needed to explain on how to find the POCA
Text edited for easier understanding.

Comment 6: line 24: ICE-1 and ICE-2 methods need to be described;
The description of ICE-1 has been modified for more clarity. A reference for ICE-2 has been added

Comment 7: line 25: remarkably higher precision than what?
Edited.

Comment 8: Page 4, line 22: spell out CFI retracker, include reference.
CFI means ’Customer Furnished Item’. However, the written out form is widely unused. Instead,
we added a reference.

Comment 9: Pages 6, 7: it would work better to explain first why the planar surface approzimations
are different for the different missions, followed by the equations.
Done.

Comment 10: Page 7: outlier detection procedure should be explained in detail.
Explained now in detail in the supplement C.2.

Comment 11: Page 9: explain the use and effect of the moving median filter.
Explained now in detail in the supplement C.3.1.

Comment 12: Page 10, lines 2-4: provide more details on the spatiotemporal smoothing, why was
it performed and how effective was it?
Explained now in detail in the supplement C.4.

Comment 13: Line 10: explain the definition of “each month observed”. Is there a minimum
number of observations or spatial coverage?
Explained in C.4 now as well.

Comment 14: Line 15: how are the surface elevation change rates determined? Are these average
rates determined by straight line fitting in temporal domain?
This has been explained in detail now in Sect. 5.1.

Comment 15: Page 16, lines 10-12: the error of the trend (slope of the linear fit) is not the standard
deviation from the linear fit and can easily be estimated from the data.

We are not sure how the reviewer defines ’standard deviation from the linear fit’. This was the
formal error of the trend parameter obtained by the fit. However, in the revised version we changed
the way how we calculate trends. Instead of a fit, we now use the differences between epochs. This
is discussed in Sect. 5.1. This also applies to the rates from the time series. The respective
uncertainty is discussed in Sect. F.2.

Comment 16: Page 18, line 4-6: the long-term trends over Kamb Ice Stream and Totten Glacier
have been detected earlier, for example by Zwally et al., 2015.

For this reason, the sentence continued with 'which was already reported by a range of previous
publications (e.g. Wingham et al., 2006; Flament and Rémy, 2012; Helm et al., 2014; Zwally et al.,
2015).’

Comment 17: Page 18, lines 29-3/: it is not clear what this statement refers to: “Around kilometer
600 where the profile bends into the main flowline of Totten Glacier, we see a significantly rising
elevation. The profiles at different epochs reveal that this is not a continuous change but that
there is a distinct jump in the early 2000s.” Maybe a different representation and a more detailed
explanation would help.

The whole paragraph has been completely revised.



Comment 18: Table 1: 0constant 15 a misleading parameter name — o fiqa¢ 0T Oposiope Might be better.
Changed to op0ise-

Comment 19: Figure caption should include the type of retracker used, i.e., 10%-threshold retracker
from this study. Better yet, a comparison of the performance of the different retrackers (from Fig.
2, Fig. S2) could be compared in this table.

Table has been modified accordingly.

Comment 20: Figure 1. The southern extents of the different radar altimetry missions are not
clearly presented in the left panel.
Figure + caption modified.

Comment 21: Figure 2. ICE-2 retracker is mentioned in this figure caption only, not in text. Needs
more explanation.
Done.

Comment 22: Figure 4. Time axis labels should be fized. Describe vertical axis. Should show the
combined time series.

In the submitted pdf, the time axis was complete. This issue occurred when the journal header
was added for the Discussion Paper. The comments concerning the vertical axis and the additional
final result have been adapted accordingly.

Comment 23: Figure 5. Define the yearly mean surface elevation change.
This is obsolete as the results have been presented in a entirely different way now.
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Authors response to the comments of A. Shepherd.

We would like to thank A. Shepherd for the very helpful and insightful comments. We have made
a major revision of the manuscript, added a detailed description of our uncertainty estimates, a
validation with IceBridge data and converted our final results from volume to mass.

Comment 1: Title. The title is misleading; a minority (25%) of the data set spans 4 decades. It
should be modified to explain this or address the majority data set
The title has been modified so it doesn’t imply four decades for the *whole’ Ice Sheet any more.

Comment 2: FError budget. The authors use the variance of single cycle crossover differences
as a measure of error, and conclude that the reduced variance offered by their preferred retracker
indicates a de-facto improvement in error. This is misleading, as their conclusion is entirely related
to their choice of error metric and is therefore subjective. To conclude an improvement the authors
should evaluate each retracker against independent observations of greater and known precision.
We did this by validating our retracked data as in Schroder et al. (2017). This shows similar
improvements. However, as explained in detail in the manuscript, this is a measure for accuracy, not
precision. Such a validation imposes systematic errors due to the different sampling of topography,
which has to be considered when absolute elevations are important. With respect to elevation
change detection, we chose the precision (or 'repeatability’) as a measure for uncertainty. This is
discussed in Sect. 2.3.

Comment 3: Methods. The authors discuss that a variety of approaches have been used to derive
continental scale elevation change measurements, leading to apparently large differences in solu-
tions, and yet they present only one solution. The reader is unable to assess whether the presented
solution is optimal. The authors should show how the choice of power correction, firn correction,
retracker, elevation change solver, spatial and temporal sampling, spatial and temporal interpola-
tion, and mission cross calibration, influence the final product.

A description for our uncertainty estimates has been added which assesses the uncertainty of the
respective data. However, we would like to stress that the method of repeat track parameter fit is
well established. The choices we made are based one the results of previous publications as cited
at the respective places in the manuscript.

Comment 4: Validation. Great efforts have been made by others to acquire independent elevation
change measurements in Antarctica, for example NASA Icebrige. The authors should make use of
these measurements to evaluate their satellite product, and their estimated error budget, in support
of their claims that it offers improved accuracy and is optimal.

The validation with IceBridge has been included.

Comment 5: Comparison to GRACE and ERA. I don’t understand why the authors have compared
altimeter volume changes to mass changes and precipitation anomalies derived from GRACE and
from ERA Interim. These are not equivalent, and so a side-by-side comparison has no meaning.
There is potential value in contrasting these measurements, if they are each worked up to a common
unit such as mass, but that requires more work.

The volume-to-mass conversion has been included in the revised version. Instead of ERA, we now
use RACMO and the respective FDM.

References

Schréder, L., Richter, A., Fedorov, D., Eberlein, L., Brovkov, E., Popov, S., Knéfel, C., Horwath,
M., Dietrich, R., Matveev, A., Scheinert, M., and Lukin, V.: Validation of satellite altimetry by
kinematic GNSS in central East Antarctica, The Cryosphere, 11, 1111-1130, https://doi.org/
10.5194 /tc-11-1111-2017, 2017.



10

15

20

Four decades of Antarctic surface elevation change-of the Antaretie
Iee-Sheet-changes from multi-mission satellite altimetry

Ludwig Schroder', Martin Horwath!, Reinhard Dietrich!, Veit Helm?, Michiel R. van den Broeke?, and
Stefan R. M. Ligtenberg?

ITechnische Universitit Dresden, Institut fiir Planetare Geodisie, Dresden, Germany
2 Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany
3Institute for Marine and Atmospheric Research Utrecht, Utrecht University, Utrecht, The Netherlands

Correspondence: Ludwig Schroder (ludwig.schroeder @tu-dresden.de)

Abstract. We-developed-an-appreach—for-We developed a multi-mission satellite altimetry analysis over the Antarctic Ice
Sheet which comprises Seasat, Geosat, ERS-1, ERS-2, Envisat, ICESat and CryoSat-2. In-afirst-step-we-apply-a—~consistent

repeat-altimetry-analysis-of-alt-missions—We-estimate-After a consistent reprocessing and a stepwise calibration of the inter-

mission offsetsby

, we obtain monthly grids of multi-mission
surface elevation change (SEC) w.r.t the reference epoch 09/4978-to+2/2047 over 25% of the-fee sheet area{eoastal regions
of East-Antaretiea2010. A validation with independent SEC from in situ observations as well as a comparison with a firn
mmﬁgmand fhe—Anf&feﬁePeﬁms&H)—Sme&me%awael%eﬁERS%%%ﬁf—%heﬁee—sheef
successfully combined to a seamless multi-mission time series. For coastal East Antarctica, even Seasat and Geosat provide
reliable information and, hence, allow to analyze four decades of elevation changes. The spatial and temporal resolution of our
result allows to identify when and where significant changes in elevation occurred. These time series add detailed information
to_the evolution of surface clevation in key regions as Pine Island Glacier, Totten Glacier, Dronning Maud Land or Lake

Vostok. After applying a density mask, we calculated time series of mass changes and find that the Antarctic Ice Sheet north
of 81.5°S lost a total mass of -2068+377# ’

between 1992 and 2017.



1 Introduction

evident—While- Wingham-et-al.-(2006b)-ebserved-is fundamental for detecting and understanding changes in the Antarctic ice

sheet (AIS, Rémy and Parouty, 2009; Shepherd et al., 2018). Since 1992, altimeter missions have revealed dynamic thinnin,

of several outlet glaciers in West Antarctica and have put narrow limits on elevation changes in most parts of East Antarctica.

Rates of surface elevation change are not constant in time. Ice flow acceleration has caused dynamic thinning to accelerate
(Mouginot et al., 2014; Hogg et al., 2017). Variations in surface mass balance (SMB) and firn compaction rate also_cause
interannual variations of surface elevation (Horwath et al., 2012; Shepherd et al., 2012; Lenaerts et al,, 2013). Consequently,

different rates of change have been reported from altimeter missions that cover different time intervals. For example, ERS-1 and

ERS-2 data over the interval 1992-2003 revealed negative elevation rates in eastern Dronning Maud Land and Enderby Land

(25-60°E) and positive rates in Princess Elizabeth Land (70-100°E) using ERS-1-and-ERS-2(1992-2003) Flament-and Rémy2042)-
%W%ww%mm%% -2010 )-benaerts-et-al(2013)-

""" e matiesrevealed the opposite pattern (Flament and Rémy, 2012)

have induced stepwise elevation changes in Dronning Maud Land (Lenaerts et al., 2013; Shepherd et al., 2012).
In consequence, results derived from a single mission, or even more so, mean linear rates reported from a single mission

have limited significance in characterizing the long-term evolution of the ice sheet (Wouters et al., 2013). Data from different

altimeter missions need to be linked over a time span as long as possible in order to better distinguish and understand the
long-term efevation trendevolution and the natural variability of ice sheet volume and mass.

Missions with similar sensor characteristics have-sueeessfully-beencombined-were combined e.g. by Wingham et al. (2006b,
ERS-1 and ERS-2) er-and Li and Davis (2008, ERS-2 and Envisat). However-as-demonstrated-by-Khvorostovsky(2042);-the
They apply constant biases, determined over open ocean, to cross-calibrate the missions. In contrast to ocean-based calibration,
Zwally et al. (2005) found significant differences for the biases over ice sheets with a distinct spatial pattern (see also Frappart et al.
M&@WMOHecuon of inter-mission biases-ever-anice-sheetisnottrivial-When-inelading
offsets over an ice sheet is not trivial. Therefore, Paolo et al. (2016)
cross-calibrated ERS-1, ERS-2 and Envisat on each grid cell, using overlapping epochs, which is very similar to our approach
for these missions. Linking different missions becomes even more challenging when different sensor characteristics are concerned,
such as ICESat laser altimetry or CryoSat-2 ibrati i
Synthetic Aperture Radar (SARIn) mode, or when the missions do not overlap in time.

2016)
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decades-we present an approach to combine seven different satellite altimetry missions over the AIS. By a refined waveform
retracking and slope correction of the radar altimetry (RA) data we ensure consistency of the surface elevation measurements
and improve their precision by up to 50%. In the following stepwise procedure, we first process the measurements from
all missions jointly using the repeat altimetry method. We then form monthly time series for each individual mission data
set. Finally, we merge all time series. For this last step, we employ different approaches of inter-mission offset estimation,
depending on the temporal overlap or non-overlap of the missions and on the similarity or dissimilarity of their altimeter
SENSOrs,

We arrive at consistent and seamless time series of gridded surface elevation differences with respect to a reference epoch
(09/2010). They represent three-month temporal averages sampled every month and an effective spatial resolution of about
20 km sampled to a 10km grid. We evaluate our results and their estimated uncertainties by a comparison with independent
in situ data sets, results from satellite gravimetry and results from regional atmospheric climate modeling. We illustrate that
these time series of surface elevation change (SEC) allow to study geometry changes and derived mass changes of the AIS in
unprecedented detail. For some examples as Pine Island Glacier, Totten Glacier, Shirase Glacier (Dronning Maud Land) and
Lake Vostok, we demonstrate the benefits of the long time series. Finally, we calculate ice sheet mass balances from these data
for the respectively covered regions. A comparison with independent data indicates a high consistency of the different data sets
but reveals also remaining discrepancies.

While this paper gives some examples for new insights obtained from the presented multi-mission altimetry analysis, it can
not fully exploit all potential applications. This will be the scope of future work with this data set.

2 Data

2.1 Altimetry data used

We use the ice sheet surface elevation observations from seven satellite altimetry missions: Seasat, Geosat, ERS-1, ERS-2,
Envisat, ICESat and CryoSat-2. Figure 1 gives an overview over their temporal and spatial coverage. The data of the two early

missionsSeasat-and-Geosat-, Seasat and Geosat, were obtained from the Radar Ice Altimetry project at Goddard Space Flight

RAIRARANAAAAR AN

Center (GSFC). For ERS-1, ERS-2, Envisat and CryoSat-2 the most recent ESA products were used. For ICESat the final
release from the National Snow and Ice Data Center (NSIDC) was employed—The-inter-campaign-biases-between-the JCESat

thresholds-applied-in-the-data-editing-ean-be-foundin-used. Further details concerning the dataset versions used are given in the

supplement. The data editing criteria, applied to remove corrupted measurements in a preprocessing step are explained there
as well.
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Figure 1. Spatial and temporal coverage of the satellite altimetry missions—data used in this study. The colors ef-the-time-bars-denote

the maximum southern extent of the measurements (dark blue: 72°S, light blue: 81.5°S, orange: 86°S, red: 88°S) and thus the size of the

respective polar gap.

As illustrated in Fig. 1, due to the inclination of 108°, Seasat and Geosat measurements cover only the coastal regions of

the East Antarctic Ice Sheet (EAIS) and the supplementary-material-northern tip of the Antarctic Peninsula Ice Sheet (APIS

north of 72°S, which is about 25% of the total ice sheet area. With the launch of ERS-1, the polar gap was reduced to 81.5°S

resulting in a coverage of 79% of the area. The polar gap is even smaller for ICESat (86°S) and CryoSat-2 (88°S), leading to a
nearly complete coverage of the AIS in recent epochs.

ERS-1 and ERS-2 measurements were performed in two different modes—With-a-ltarger-tracking-window;the-measurements
- distinguished by the width of the tracking
time window and the corresponding temporal resolution of the recorded waveform, The ice mode is coarser than the ocean
mode, in order to increase the chance of capturing the radar return from rough topographic surfaces (Scott et al.. 1994). While
the ice mode was employed for the majority of measurements, a significant number of observations has been performed in
ocean mode over Antarctica as well (22% for ERS-1, 2% for ERS-2). Henee;-we-use-the-data{rom-both-modes—We use the

data from both modes, as the ocean mode provides a higher precision while the ice mode is more reliable in steep terrain (see
Fig. S1 and S3). However, as there is a regionally varying bias between the modes, we treat them as two separate data sets,

similar to Paolo et al. (2016).
2.2 Reprocessing of pulselimited-radar altimetry

Compared to measurements over the global oceans, pulse limited radar altimetry (PLRA) over ice sheets requires a specific
processing to account for the effects of topography and the dielectric properties of the surface (Bamber, 1994). To ensure
consistency in the analysis of PLRA measurements, processed and provided by different institutions, we applied our own
method for retracking and slope correction.

The slope correction is applied to account for the effect of topography within the beam-limited-beam limited footprint
(Brenner et al., 1983). Different approaches exist to apply a correction (Bamber, 1994) but it is still a main source of error in
radar-altimetryRA. In Schroder et al. (2017) we showed the clear superiority of the "relocation method", which tries to relate

the measurements to the true measurement position, over the "direct method", which determines a correction for the nadir
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direction. Roemer et al. (2007) developed a refined relocation method which locates the Point of Closest Approach (POCA)
within the approximately 20 km beam limited footprint in a digital elevation model (DEM). We applied this method in our
reprocessing chain using the DEM of Helm et al. (2014)ba

the-. The CryoSat-2 measurementshave-a-, used for this DEM, have a very dense coverage, and hence, very deﬁs&eevefage

eedlittle interpolation is necessary.
Compared to the DEM of Bamber et al. (2009), this significantly improves the spatial consistency. We optimized the approach
of Roemer et al. (2007) with respect to computational efficiency for the application over the entire ice sheet. Instead of search-

ing the POCA with the help of a moving window of 2 km (which represents the pulse limited footpnnt) we applied a Gaussian
filter with =1 km to the DEM senabk it

instead of the closest window average, we can simply search for the closest cell in the smoothed grid, which we use as coarse
POCA location. In order to achieve a sub-grid POCA location, we fit a biquadratic function to the satellite-to-surface distance

within a 3x3 grid cell environment around the coarse POCA grid cell and determine the POCA according to this function.
The retracking of the return signal waveform is another important component in the processing of radar-altimetry-RA data

over ice sheets (Bamber, 1994). Functional fit approaches (e.g. Martin et al., 1983; Davis, 1992; Legrésy et al., 2005; Wing-

ham et al., 2006b) are well established and allow the interpretation of the obtained waveform shape parameters with respect

to surface and subsurface characteristics (e.g. Lacroix et al., 2008; Nilsson et al., 2015). However, the alternative approach of

threshold retrackers has proven to be more precise in terms of repeatability Pavis; 1997;-Sehréderet-al;204H7)—A-veryrobust
vartant—+s—(Davis, 1997; Nilsson et al., 2016; Schroder et al., 2017). A very robust variant is called ICE-1, using the "Offset

Center of Gravity" (OCOG) technique-Wingham-et-al;1986)-also-knewn-astCE-+tamplitude (Wingham et al., 1986). Com-
pared to the waveform maximum, the OCOG-amplitude is significantly less affected by noise —Pavis-{1997)compared-severat

hicher—preeiston—Following Davis-1997)-we—(Bamber, 1994). Davis (1997) compared different retrackers and showed that

a threshold based retracker, especially with a low threshold as 10%, produces a remarkably higher precision, compared to
functional fit based results. We implemented three threshold levels (10%, 20% and 50%) for the OCOG-amplitude to-alow-an

analysisin-ordertofind-the-optimum-thresheldwhich allowed us to analyze the influence of the choice of this level, similar to
Davis (1997).

SARIn mode data of CryoSat-2:

of-the-interferometrie-phase-and-, reprocessed by Helm et al. (2014). The difference with respect to the processing by ESA
mainly consisted in a refined determination of the interferometric phase and in the application of a threshold retracker (TFMRA).

2.3 Accuracy and precision
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The accuracy of RA-derived ice

surface elevation measurements has been assessed previously by a crossover comparison with independent validation data such
as the ICESat laser observations (Brenner et al., 2007), airborne lidar (Nilsson et al., 2016) or ground based GNSS profiles
(Schroder et al., 2017). These assessments revealed that with increasingly rough surface topography, the RA measurements
show systematically higher elevations than the validation data. This can be explained by the fact that for surfaces that undulate
within the ~20 km footprint-but-a-GNSS—beam-limited footprint, the radar measurements tend to refer to local topographic
W%MM@WMM ICESat-based pfeﬁlﬁepfesemﬁhe—fm%

this-bias—doesnot-influence—the-detection—of profiles represent the full topography. Besides these systematic offsets, also

the standard deviation of differences between RA data and validation data is influenced by the surface roughness due to
the significantly different sampling of the topography. While over flat terrains, most altimeter satellites perform better than
30 cm, in coastal regions the standard deviations can reach ten meters and more. However, both types of error relate to the
different sampling of topography of the respective observation techniques. An elevation change, detected from within the same
Mmmmmmdemm changes—from-a-single-mission—Henee—with
torrchanges, not the accuracy but the precision (i.e.

the repeatability) has to be considered.

This precision {-e—repeatability)-can be studied using intra-mission crossovers between ascending and descendmg profiles.

Here, the precision of a single measurement is obtained by divieh

profiles by—+/2-To-rule-outsignifieant 0y = |AH|/y/2 as two profiles contribute to this difference. To reduce the influence of

significant real surface elevation changes between the two passes, we consider only crossovers with a time difference of less

than 31 days. In stronger inclined topography, the precision of the slope correction dominates the measurement error (Bamber,

1994). Hence, to provide meaningful results, the surface slope needs to be taken into consideration. We calculate the slope

from the CryoSat-2 DEM (Helm et al., 2014). The absence of sleperelated-effeets-on-flatterrain-allows-to-study-the-influenee
of-theretracker-slope-related effects on flat terrain allows to study the influence of the retracker (denoted as noise here). With

increasing slope, the additional error due to topographic effects can be identified.

A comparison of the crossover errors of our reprocessed data and of the respective standard products (see supplement for
details) shows significant improvements achieved by our reprocessing. Figure 2 shows this comparison for Envisat (similar plots
for each data set can be found in the supplement Fig. S1), binned into groups of 0.05° of specific surface slope. The results for
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Figure 2. Measurementpreeiston-Precision of different processing versions of Envisat measurements from near time (<31 days) crossovers,
binned against slopeter—tAH}/+/2). Red denetes—the—curve: ESA version with ICE-2 retracker and relocated by mean surface slope.
Light, tight-medium and dark blue standsfor-ourcurves: Data reprocessed data-in this study with 50%-, 20%- and 10%-threshold retracker,

respectively, relocated using eur-the refined approachmethod. Fhe-Vertical barsin-the-background-indieate-the-: number of crossovers for the
ESA (red) and our 10% threshold retracked data (blue)datz.

Table 1. Noise level and slope related component (s in degrees) of the measurement precision, fitted to near time crossovers (unit: m) of the
data from the respective data center and our reprocessed data (with a 10% threshold retracker applied).

Data set Datacenter  Reprocessed
ERS:1 (oceam) 02540905 0.09+0.185°
ERS:1 (ice) 036423787 017+0.57°
ERS:2 (oceam) 0.23+0.755°  0.07+0.145”
ERS:2 (ice) 0.38+257s% 015405357
Envisat -simi Found i) 0.17+1.035%  0.05£0.375%
ICESat. 005402557

CryoSat:2 (LRM) 01842465 0.03+1.065>
CryoSat:2 (SARIn) | 038420157 01140.795°

Note that the slope dependent component is weakly determined for data sets with a poor tracking in rugged terrain such as Seasat, Geosat or the ERS ocean
mode and for the LRM mode of CryoSat-2.

a flat topography show that a 10% threshold provides the highest precision, confirming the findings of Davis (1997). For each

higher slopes, we see that also our refined slope correction contributed to a major improvement. A constant noise level gy i
and a quadratic, slope related term g, has been fitted to the respective data according to g1y = Oyoise t Tslape. 5% Where s
is in the unit of degrees. The results in Tab. 1 show that for each of the PLRA data sets of the PERA-datasets- of ERS-1, ERS-2
and Envisat, the erossover-error-could-bereduced-by-about-measurement noise could be reduced by more than 50% compared
to ESA HEE-2fitthe ESA product (using the functional fit retracker ICE-2, see Legrésy and Rémy, 1997). With respect to the
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CryoSat-2 CFI retracker

eorrection—shows-its-superior-performanee—Aldso-the-(Wingham et al., 2006a), the improvement is even larger. Improvements

are also significant for the slope-related component. For the example of Envisat and a slope of 1°, the slope-related component
is 1.03 m for the ESA product and only 0.37 m for the reprocessed data. The advanced interferometric processing of the SARIn

data achieved similar improvements. For the two early missions Seasat and Geosat, the crossover error of our reprocessed

profiles is similar to that of the original dataset from GSFC. However, the number of crossover points is significantly increased,

especially for Geosat —(see Fig. S1). This means that our reprocessing obtained reliable data where the GSFC processor already

rejected the measurements.

Besides-the noiseof the- measurementsIn addition to measurement noise, reflected in the crossover differences, a consistent
pattern of offsets between ascending and descending tracks has been observed previously (Legrésy-et-als1999;-Arthern-et-al5 2001

A-D bias, Legrésy et al., 1999; Arthern et al., 2001). Legrésy et al. (1999) interpret this pattern as an effect of the interaction
of the hnearly polarlzed radar 51gnal with wind-induced surface stmctures—A&heﬂ%e%al—(—ZGGJ—)ﬂ%&rbu{eﬁeﬂtffefeﬂeeﬁe

differences to anisotropy within the snowpack. Helm et al. (2014) showed that a low threshold retracker significantly reduces

the A-D bias. We observe a similar major reduction (from +1m in some regions for a functional fit retracker to less-than-a

deeimeter£15 cm when using a 10% threshold, see Fig. Smfhe%upp}emems—}—Smee—mefeevef—theﬁﬂaHest&Mf&smeefheé

%he—ﬂaHﬂ{eﬁeHaf—Eaet—Aﬁt&reﬁea—ﬂwetghﬁ—af&qﬁﬁe—ﬁmﬂafSZ) The remaining bias is not larger, in its order of magnitude
than the respective noise. Moreover, near the ice sheet margins, the determination of meaningful A-D biases is complicated
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by the broad statistical distribution of A-D differences and the difficulty to discriminate outliers. We therefore do not apply a
systematic A-D bias as a correction but rather include its effect in the uncertainty estimate of our final result.

3 Multi-mission analysisSurface-elevation-change SEC time series

[ seasat | [ Geosat ][ ERs-1 |[ ERs-2 |[Envisat | [cs2-LRm][ IcESat ][cs2-sARIn|

Repeat track parameter fit |

| Single-mission time series |

v v v v v ¥
Staﬁglsiitegftr:end | Offset from overlapping epochs |
v v v
| PLRA time series I
* A 4 A 4
| Reference elevation fit (2006-2014) |
| v v L2

Multi-mission time series |

Figure 3. Schematic diagram of the processing steps from the combined repeat track parameter fit over single-mission time series towards a

3.1 Repeat track parameter fit

We obtain elevation time series following the repeat altimetry-track approach, similar to Legrésy et al. (2006) and Flament
and Rémy (2012). As the orbits of the missions used here have different repeat track patterns, instead of along-track boxes we
perform our fit on a regular grid with 1 km spacing (as in Helm et al., 2014)instead-ef-along-track-boxes. For each grid cell we
analyze all elevation measurements h; within a radius of 1 km around the grid cell center. As-speeified-in-Eeg—-wefitatinear

aprahn o G5 & ana—a o SS1Oh v, 1o O anomary-otoa S€a aGPOwW 57

25 &

search-raditis-of1-This size seems reasonable as for a usual along track spacing of about 350 m for PLRA (Rémy and Parouty,
2009), each track will have up to 5 measurements within the radius. Due to the size of the pulse limited footprint a smaller

search radius would contain only PLRA measurements with very redundant topographic information and thus would not be

suitable to fit a reliable correction for the topography. As specified in Eq. (1), the parameters contain a linear trend (dh/dt), a
lanar topography (aq,a1,a2) and a regression coefficient (d3.9) for the anomaly of backscattered power (bs; — bs) to account
for variations in the penetration depth of the radar signal.

For a single mission, the parameters are adjusted according to the model

hi=dh/dt(t; —to)+

ao + a12; + agy;+ 1)
dBS(bs; —R)—F
res;
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Figure 4. Illustration of the technique-dependent topographic sampling. The laser (red) measures the surface elevation in the nadir of the
instrument while for radar altimetry (blue), the first return signal originates from the POCA (marked by the blue point). Hence, the-planar
surface fitted-approximations to the meastarements-measured heights (dashed lines) shoutd-not-be-mixed-over-are intrinsically different for

the different techniques.

Here, ¢; denotes the time of the observation. The reference epoch ¢y is set to 09/2010. x; and y; are the Polar Stereographic

coordinates of the measurement location, reduced by the coordinates of the cell’s center. The residual res; describes the misfit

between the observation and the estimated parameters.

hi = dh/dt(t; —to)+
o, M (i) T 01,7(i)Ti T Q2. 7(i)Yit
ClBS]\,{(i) (bSl - bS]V[(Z'))‘f'

res;

In contrast to this single mission approach, here we perform a combined processing of all data from different missions and

even different altimeter techniques. Thus, some of the parameters may vary between the data sets. To allow for offsets between

the missions, the elevation at the cell center ay is fitted for each mission A4+ -individually—Thesame-is-apphed-individually.
The same applies to dBS, which might relate to specific characteristics of a mission as well. For Seasat, covering less than

100 days, this parameter is not estimated, as we assume that during the mission life time no significant changes occurred. The

same-apphies-to1CESat-where-signal-penetration-is-negligible-For ICESat, dBS is not estimated either, as signal penetration
is negligible for the laser measurements.

10
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Between different observation techniques (i.e. PLRA, SARIn and laser altimetry), also the effective surface slope may differ.
Considering the specific footprint sizes and shapes, the topography is sampled in a completely different way as illustrated
in Fig. 4. While PLRA refers to the closest location anywhere within the ~20 km beam-limited footprint (i.e. the POCA),
CryoSat’s SARIn measurement can be attributed within the very-narrow-Dopplerstripe-in-aeross-track-narrow Doppler stripe
in cross-track direction. For ICESat the ~70 m laser spot allows a much better sampling of local depressionstee. Hence, the
slope parameters a; and a9 are estimated for each of the techniques 7{+)}-independently—TFhis-setting-allows-to-fitdh/dt-from

- — Sy e oo imrindependently,

1) is extended for multi-mission

Considering these sensor-specific differences, the model for the least squares adjustment in Eq.

rocessin

hi=dh/dt(t; —to)+
Go,M (i) T 01,70 %i + G2, 70\ Yit
dBSM(i) (bSi - bSM(i))‘i'

res;

2

the measurement h; belongs.
We define a priori weights for the measurements /2; based on the precision of the respective mission and mode from
crossover analysis (Tab. 1) and depending on the surface slope at the weighting of the-observations-we consider their different
isti i i isi measurement location. This means that in regions with a more distinctive

topography, ICESat measurements (with a comparatively low slope-dependent error component) will obtain stronger weights
compared to PLRA as Envisat. In contrast, over flat regions as on the East Antarctic plateau, the weights are very similar. 22}

3.2 Single-mission time series

After fitting all parameters according to the multi-mission model (Eq. 2), we regain elevation time series by recombining the

parameters ag and dh /dh with monthly averages of the residuals (7€s).

constructed as

hj v = ao,n + dh/di(t; —to) +T€s; ar. 3)

—The elevations h; 5s all relate to the cells center and are corrected for

11
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time-variable penetration, as the parameters of the topography slope and backscatter correction are omitted in this recombination.
Due to the reference elevation ag, ys, Which also contains the inter-mission offsets, this results in individual time series for each
single mission. A schematic illustration of the results of this step is given in Fig. 5a. The temporal resolution of these time
series 1s defined by using monthly averages. These Tes represent the anomalies of typically a single satellite pass towards all
respective parameters including the linear rate of elevation change. The standard deviation of the residuals in these monthly.
averages are used as uncertainty measure for 1y (see C.2 for further details).

3.3 Mergingdifferent-missions-and-techniqgaesCombination of the single-mission time series

In order to merge data from different missions into a joint time series, inter-mission offsets have to be determined and elim-
inated. In the ERS reprocessing project (Brockley et al., 2017), mean offsets between the ERS missions and Envisat have
been determined and applied to the elevation data. However, for ice sheet studies inter-satellite offsets are found to be re-
gionally varying 2005; Thomas et al., 2008; 2012).

When merging data from different observation techniques (PLRA, SARIn and laser) the calibration gets even more chal-

Zwally et al., Khvorostovsk

2

lenging.

misstons-the-topographie-sampling-of-We chose an approach in different steps which is depicted in Figs. 3 and 5. Further details
concerning the processing of each step can be found in the supplement.

3.3.1 Merging PLRA time series

In a first step, we merge the PLRA time series. For these missions the topographic sampling by the instruments is similar and
thus the offsets are valid over larger regions. For overlapping missions (ERS-1, ERS-2, Envisat, CryoSat-2 LRM) the offsets are

calculated from simultaneous epochs (red-areainFig:5b)-Outliers-in-the regional-varying-offsets-were removed-using-a-meving

aSHg-a-gauSstan O=29):

in-the supplementary material Fig—S3-blue area in Fig. 5b), as performed by Wingham et al. (1998) or Paolo et al. (2016).
Smoothed grids of these offsets are generated (see Fig. S4) and applied to the respective missions. For the ERS missions, we
find significant differences in the offsets for ice and ocean mode, hence, we determine separate offsets for each mode. The
Comparing our maps with similar maps of offsets between ERS-2 (ice mode)
to-thepattern—presented-by Frappartetal(2046)-and Envisat shown by Frappart et al. (2016) reveals that the spatial pattern

agrees very well but we find significantly smaller amplitudes. We interpret this as a reduced influence of volume scattering due

to our low retracking threshold. In accordance with Zwally et al. (2005), we did not find an appropriate functional relationship
between the offset and the waveform parameters.

To calibrate Geosat and Seasat, whi

- gap of several years
without observations has to be brideed. As depicted by the dashed blue lines in Fig. 5b, we do this using the trend corrected

reference elevations ag, ps 4
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Figure 5. Schematic

setsmissions. a) Single-mission time series wi
fof PLRA )-ebservations-are-cotored-inred-missions (blue and pinkcyan), datafrom-CryoSar-2 in SARIn mode e%—GFyeSaf—Q—m—bJrue(g/r\ggpl
and the laser altimetry measurements of ICESat in-eyan(red) with inter-mission offsets. b) Fo-ecombine-Offsets between the PLRA data 5
are determined from overlappmg epochs afe—&sed—whefe—theyf*l%%(%k—ERSQ—ERS%EiWeekblue area) —Otherwise-the-offset-with
e elevation parameter-ao—of-the

fit-differences (according to Eq.¢ 2) (dashed-darkred-ines;Seasat-and-Geosat)y—This-where dh/dt is enly-applicable-if-al-missionsshow-a
consistentrate-of-dh/dt-asitis—shewn-heresufficiently stable. ¢) The specific offset between PLRA, SARIn and laser data depends on the
sampling of the topography within each single cell. Nevertheless-the-These different techniques ean-be-combined-are aligned by reducing

each elevation time series by the specific elevation at the reference epoch 692646yt .. ;. To-reduee-the-influenee-of-Due to possible non-linear
surface elevation changes, this reference elevation is obtained from a 8-year interval only (gray area). d) The combined multi-mission time

series contains SECs with respect to ¢, .

from the joint fit in Eq. (2). This, however, can only be done if the rate is sufficiently stable over the whole period. Therefore
35 Wm@wmdh/ dtﬁmﬁw@ﬂm%%—ebfaﬂwéﬁmmﬁ
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materiabFig-S4. This a4y, /4, indicates the consistency of the observations towards a linear rate during the observational period.
However, anomalies during the temporal gaps between the missions (i.e. 19781985 and 1989-1992) cannot be detected in
this way. Therefore, we furthermore utilize a firn densification model (FDM, Ligtenberg et al., 2011; van Wessem et al., 2018)
- This model describes the anomalies in elevation due to atmospheric processes against the long-term mean. The RMS of the
EDM time series is hence a good measure for the magnitude of the non-linear variations in surface elevation. Conseguently,

only cells where o <lcm/yr and RMS < 20cm, indicating a highly linear rate, are used to calibrate the two

historic missions. Maps of the offsets with respect to Envisat are shown in the supplement Fig. S5. Regions where this stability
criterion is fulfilled are mainly found on the plateau. The mean values over all cells ameuntto—0-85amounts to -0.86 m for

Seasat and -0-72-0.73 m for Geosat. The corresponding standard deviations of 6-510.85 m and 6-340.61 m respectively are

mainly a result of the regional pattern of the offsets. Hewever, here-we-donot-apply-aregionallyvarying-offset-as—we-hav

stable—Henee-applying the-mean-bias-is-The true offsets are likely to have spatial variations. However, we are not able to
distinguish spatial variations of the offset from residual effects of temporal height variations in the regions meeting the stability
criterion. In the regions not meeting this criterion, we are not able to estimate the spatial variations of the offset at all, Therefore,
our final estimate of the offset, applied to the i ithin 5+ ‘ i
iee-based-measurements, is a constant, calculated as the average offset over the regions meeting the stability criterion. The

spatial variability not accounted for by the applied offset is included, instead, in the assessed uncertainty. Qur bias between
Seasat and Envisat (-0.86+0.85 m) agrees within uncertainties with the ocean-based bias of -0.77 m between-Seasatand-Envisat

L ar-and Padman—20 Vith the heln-of these biase DI R A ons—were—corrected—towards—the—chosen—reference

ig-used by Fricker and Padman (2012). However, we prefer
this offset as the observed medium plays an important role for these biases (see Sect. C.3.2 for a more detailed discussion).
With the help of these offsets, all PLRA missions were corrected towards the chosen reference mission Envisat. Uncertainty
estimates of the offsets are applied to the respective time series to account for the additional uncertainty. Hence, the PLRA
time series are combined (blue in Fig. 5S¢ with additional CryoSat-2 LRM mode where available). At epochs when more than
one data set exists, we apply weighted averaging using the uncertainty estimates.
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3.3.2 Technique-specific surface elevation changes

In contrast to the PLRA data in the previous step, when merging data from different observation techniques as CryoSat’s
SARIn mode, ICESat’s laser observations and PLRA, also the different sampling of topography has to be considered. As noted
in Sect. 3.1 this might lead to completely different surfaces fitted to the respective elevation ¢ r—foreach-teehnicue +for the
and thus, the parameters;we restrict this fit to-a-shert-time series need to be calibrated for each cell individually. However. not
all cells have valid observations of each data set. Therefore, instead of calibrating the techniques against each other, we reduce
each time series by their respective elevation at a common reference epoch and hence obtain time series of surface elevation
changes (SEC) w.r.t. this reference epoch instead of absolute elevation time series.

We chose September 2010 as the reference epoch. This epoch is covered by the observational periods of PLRA and CryoSat

SARIn and also is exactly one year after the last observations of ICESat, which reduces the influence of an annual cycle.
.2

As discussed in Sect. 3.3.1, non-linear elevation changes will adulterate aq from E obtained over the full time span.

Therefore, we applied another linear fit to a limited time interval of 8 years only (09/2006-09/2014, gray area in Fig.5e)-which
eontains-ath-teehniques—Fhe-5¢). We subtract the variation of the FDM over this period to account for short-term variations.
WMWWechnlque specific reference elevations a7 are-subtracted
s-from the respective time series, they all refer to
09/2010 and can be combined. This-final-combination-of-the-techniques-is-performed-

3.3.3 Merging different techniques

We perform the final combination of the techniques using a welghted spatio-temporal averaging with 2010km o gaussian

weights in spatial domain an

W%)%MMMMMMWWW%MWM&@L@&WW&%
of surface elevation change (SEC) with respect to 09/2010 for each month observed. Due to the smoothing of the weighting.
function, we reduce our spatial SEC grid resolution to 10 x10km. The respective uncertainties are calculated according to the
error propagation. To avoid extrapolation and to limit this merging step to the observed area only, we calculate a value for the
respective epoch in the 10x10 km grid cells only if we have data within 20 km around the cells center (which is about the
size of a beam-limited radar footprint). The five examples in Fig. 6 demonstrate the spatio-temporal coverage of the resulting.
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Figure 6. a) Five example snapshots of the resulting combined surface elevation time series (a) and their respective uncertainty (b). The

height differences refer to our reference epoch 09/2010.b) Yearly-means-of surface-elevationchange-along-the-profile-marked-by-the-b

SEC grids at different epochs. The respective uncertainty estimates, given in Fig. 6b (further details in the supplement) reach

values of one meter and more. Especially in the coastal regions, these uncertainty estimates of our SECs are not defined by the

measurement noise and the uncertainty of the offset alone. In regions with fast elevation changes and a large spatial variation

in the signal (such as the flow lines of outlet glaciers), the o j, also comprises the variation of the Ah within the area used for

smoothing. This holds especially true for epochs that are far away from the reference epoch and, hence, have large values of Ah.
Consequently, the epoch 09/2008 provides the lowest uncertainty estimate in these examples, even lower than the CryoSat-2
based epoch 09/2017.

4 Results

4 Comparison of SEC with independent data

4.1 Insitu observations

To validate our results, we used inter-profile crossover differences of 19 kinematic GNSS profiles (Schroder et al., 2017)
and elevation differences from Operation IceBridge (OIB ATM L4, Studinger, 2014). The GNSS profiles have been observed
between 2001 and 2015 and most of them cover more than 1000 km. One profile (KO8C) has not been used as the poorly
determined antenna height offset might impose larger errors. For each crossover difference between kinematic profiles from
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The same analysis has been performed with the elevation changes from OIB. The flights, carried out between 2002 and 2016

different years, we compare the differences of the respective altimetric SEC epochs in this location (0 AL = Ah

were strongly concentrated along the outlet glaciers of West Antarctica and the Antarctic Peninsula. Hence, they cover much

more rugeged terrain which is more challenging for satellite altimetry. Nevertheless, over the tributaries of the Amundsen Sea

laciers and along the polar gap of ICESat, some repeated measurements have also been performed over flat terrain.
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Figure 7. Validation with elevation differences observed by kinematic GNSS (a,b,¢) and Operation IceBridge (d,e,f). Differences between

elevation changes observed by the validation data and altimetry are shown on the maps (a,d). Median and MAD of these differences, binned

by different surface slope, are shown in the center (b,e). The right diagrams (c,f) show the comparison of these differences with the respective

uncertainty estimate, obtained from both data sets. The point density is plotted from yellow to blue and the black dots show the root mean

square, binned against the estimated uncertainty.

Figures 7a and d show the results of this validation. A satellite calibration error would lead to systematic biases between the

observed elevation differences if Ah is obtained from data of two different missions. However, such biases may also be

caused by systematic errors in the validation data. Furthermore, in contrast to the calibration data, the RA measurements ma
systematically miss out regions which are changing most rapidly if they are located in a local depression (Thomas et al., 2008
- With an overall median difference of 6+10 cm for the GNSS profiles and -9£42 cm for OIB, however, the observed elevation

changes show only moderate systematic effects and agree within their error bars. The median absolute deviation (MAD) for
in this validation. The GNSS profiles show

different specific surface slopes (Fig. 7b and e) reveal the influence of topograph

only a very small increase of this variation with slope. The IceBridge data covers the margins of many West Antarctic glaciers
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where elevation changes differ over relatively short distances. Hence, it is not surprising that we see a significantly larger spread
of dAh at higher slopes here. However, also for the flat interior, the MAD of the differences is still at a level of 25 cm, which
The observed dAK can further be used to evaluate the uncertainty estimate of the respective elevation differences. In Fig. 7¢
and f, the uncertainty estimates of the four contributing data are combined and compared to the observed differences. The
comparison with both datasets shows that these estimates seem reasonable. In the comparison with the GNSS profiles, the
relatively low differences, even in regions which imply a higher uncertainty, are likely just incidental for the small sample of
dAh along the GNSS profiles.
In conclusion, this validation shows that remaining systematic biases (originating from satellite altimet
data) are on a centimeter level only and that our uncertainty estimate is realistic. However, we have to stress that only altimetric
SEC within the interval 2001-2016 can be validated in this way. For the earlier missions, no spatially extensive high precision

in situ data are available to us.

or the validation

4.2 Firn model

Another data set which covers almost the identical spatial and temporal range as the altimetric data is the firn thickness data
set of the IMAU Firn Densification Model (FDM Ligtenberg et al., 2011), forced at the upper boundary by accumulation and
temperature of the Regional Atmospheric Climate Model, version 2.3p2 (van Wessem et al,, 2018). Before we can compare this
model to our SEC results, however, it is important to mention that the FDM only contains elevation anomalies. A long-term
elevation trend over 1979-2016, e.g. due to changes in precipitation on longer time scales (Thomas et al., 2015) would not be
included in the model. Furthermore, due to the nature of the model, it cannot give information about ice dynamic thinning/2616
for-each-—month-observed-thickening. Hence, to compare the FDM and the SEC from altimetry, we first remove a linear
trend. This is performed for the period 1992-2016. The trends are only calculated from epochs where both data sets have
data, i.e. in the polar gap this comparison is limited to 2003-2016 or 2010-2016, depending on the first altimetry mission
providing data here. After the detrending, the anomalies are used to calculate correlation coefficients for each cell, depicted in
Fig. 8a. Figure 8b shows the RMS of these anomalies from the altimetry data, representing the magnitude of the seasonal and
interannual variations. Comparing the two maps shows that the correlation is around 0.5 or higher, except in regions where
the magnitude of the anomalies is small, i.e. where the signal-to-noise ratio of the altimetric data is low. This relationship is
depicted in Fig. 8¢, where we see that for the vast majority of cells the correlation is positive. For anomalies with a RMS>0.5 m,
the average correlation is between 0.3 and at-a-+00.6.

Anomalies against the simultaneously observed long-term trend (1992-2016) can also be computed for earlier epochs.
Assuming no significant changes in ice dynamics here, these anomalies allow a comparison of Geosat and Seasat with the
EDM. The median difference between the anomalies according to Geosat and the anomalies according to the FDM amounts
10 0.12+0.21 m (see Fig.
this is a remarkable agreement. With a median of 0.26+0.32 m, the difference between anomalies from Seasat and from the
EDM is larger, but this comparison is also more vulnerable to potential errors due to the extrapolation. As the FDM starts in
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Figure 8. a) Correlation coefficient between the SEC anomalies of the altimetry grids and the FDM over 1992-2016 after detrending. b) RMS

of the detrended anomalies of the 1992-2016 altimetry time series. ¢) Correlation coefficient plotted against the RMS. The point density is
color coded from yellow to blue. The black dots show the binned mean values.

1979 while Seasat operated in 1978, we compare the Seasat data with the FDM anomalies from the respective months of 1979

which might impose additional differences. Finally, the FDM model has its own inherent errors and uncertainties. Therefore
only part of the differences originates from errors in the altimetry results.

5 Results

5.1 Surface elevation changes

Some examples for elevation change time series in the resulting multi-mission SEC grids are shown in Fig. 9 (coordinates in

Tab. S2). For Pine Island Glacier (PIG, Fig.

1992 (Seasat and Geosat measurements do not cover this region). Close to the front (point D) the surface elevation decreased by
-45.847.8 m since 1992, which means an average SEC rate of -1.80+0.31 m/yr. The time series reveals that this thinning was
mwmmmmwmwmm
) around 2006. Also the points at
mmkm Aat 130 km) show an acceleration around 2006. After 2010, the thinning
rates at near front decelerate again. For the period 2013-2017, the rate of -1.3+0.8 m/yr is very close to the rate preceding the
acceleration. In contrast, further inland the thinning did not decelerate so far and is still at a level of about -1.2m/yr, Hence,
for the most recent period (2013-2017) the elevation at all points along the 130 km of the main flow line is decreasing at very
similar rates. A similar acceleration near the grounding line, followed by slowdown, is observed by (Konrad et al., 2016). The

oint (Rignot et al., 2014). After that

9a), we observe a continuous thinning over the whole observational period since

onset of this acceleration coincides with the detaching of the ice shelf from a

speedup terminated around 2009, the grounding line position was relatively stable (Joughin et al., 2016), which agrees with the
elevation changes in our observations.
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Figure 9. Multi-mission SEC time series in 4 selected regions (a) Pine Island Glacier, b) Totten Glacier, ¢) Shirase Glacier in Dronnin
Maud Land and d) Lake Vostok). The time series of point B, C and D are shifted along Ah for better visibilit

the elevation change between 1992 and 2017 as in Fig. 10b.

. The maps on the left show

Also for Totten Glacier in East Antarctica (Fig. 9b), we observe a clear negative SEC. This has been previously reported b

several authors (e.g. Pritchard et al., 2009; Flament and Rémy, 2012; Zwally et al., 2015) but our data provide an unprecedented
time span and resolution. At the very grounding line (point D), Totten Glacier thinned by 31.8+7.7 m between 1987 and 2017,
35  which results in an average SEC rate of -1.0£0.2m/yr. Seasat could not provide successful observations at the very grounding
line but the time series for point C (around 60 km inland) with a rate of -0.38+0.10 m/yr between 1978 and 2017 and for
point B (150 km) with a rate of -0.11+0.04 m/yr, respectively, indicate that this thinning already preceded before the epoch
of Geosat. At point A in a distance of 280 km, we find no significant elevation change (0.01£0.03 m/yr for 1978-2017). The

temporal resolution of these data allows us to analyze the change over time. While we see a significant thinning at the groundin
5 line between 1987 and 1994 of 16.6+9.8 m, the elevation stabilized between 1994 and 2004 to within 1.5 m. After 2004, the

RARAARANASNANARAAR
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grounding line thinned again by 15.4%5.5 m until 2017. Li et al. (2016) observe a similar variation in ice velocity measurements
between 1989 and 2015. Combining their ice discharge estimates with surface mass balance, they obtain a relatively large mass
imbalance for Totten Glacier in 1989, decreasing in the following years to a state close to equilibrium around 2000. After 2000,
they observe an acceleration of ice flow, again consistent with our thinning rates. The authors attribute this high variability to
variations in ocean temperature. In another study. Li et al. (2015) observe a grounding line retreat at Totten Glacier of 1 to
3 km between 1996 and 2013 using SAR Interferometry. They conclude that this indicates a thinning by 12 m, which is again
consistent with our results over this period (12.048.8 m).

At Shirase Glacier in Dronning Maud Land (DML, Fig. 9¢), we observe a relatively stable surface with a slightly negative
change rate between 1978 and the early 2000s. In this region, two significantly positive accumulation anomalies occurred
in 2009 and 2011 (Boening et al., 2012; Lenaerts et al,, 2013). The increase in surface elevation associated to these event is
visible in our time series. At point C, the elevation changed by 1.0£1.5 m between 2008 and 2012. Even at point A, more than
200 km inland and at an altitude of 2500 m, the elevation increased by 0.550.50 m during this time. At point D, a similar jump
is observed in 2003, which corresponds to another SMB anomaly (cf. Fig. 2a in Lenaerts et al., 2013).

In contrast to the regions discussed so far, the abili i et i i

additional15-years-elevation change on the plateau of East Antarctica is very small. The time series for four different points
at Lake Vostok (Fig. 9d) show rates which are very close to zero (point A: 59 mm/yr, B: -1+10mm/yr, C: -3+9 mm/yr,
D: -1£10 mm/yr between 1992 and 2017). The larger variations in the ERS time series is a result of the lower resolution of
the waveform in the ice mode of the ERS satellites. These rates contradict the findings of Zwally et al. (2015). They report a

surface elevation increase of 20 mm/yr over Lake Vostok, which would result in an increase of elevation of 0.5 m over the
eriod 1992-2017. Our results are confirmed by ground based static GNSS observations (Richter et al., 2008, 0.3+4.9 mm /yr)
kinematic GNSS profiles measured around Vostok Station using snow mobiles (Richter et al., 2014, 1+5 mm /yr) and by GNSS

rofiles using traverse vehicles over the entire Lake Vostok region (Schroder et al., 2017, -1£5 mm /yr).

the-intervat-The full pattern of surface elevation changes is shown in Fig. 10. These change rates are obtained by calculating
elevation differences between the respective years, divided by the time difference. To reduce remaining noise, we use yearly
averages (January-December). If one of the years does not cover the full annual cycle, we calculate the average only from the
months covered in both years (July-October for 1978-2017theserates-show-which-processespersistoverfour-decades-Due-to

ptetare-is-—giveninFig—10b, eovering-the-April-December for 1992-2017). We calculate the SEC rate from epoch differences

instead of fitting a rate to all epochs because the first observations at specific latitudes start in different years, the observations
have different precisions and the large gap between 1978 and 1985 is not covered by observations at all. These three points
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surface elevation change between 1978 and 2017 and 1992 and 2017 for the respectively covered area. c-j) Elevation change over consecutive

time intervals reveal the interannual variability. Thin lines mark the drainage basin outlines, denoted in a. Bold letters in boxes in b denote

laciers, mentioned in the text.

would lead to a bias towards the later epochs in a fit, which would not be representative for the true average elevation change

over the full interval,
The long-term elevation changes over 25 years (Fig. 10b) show the well known thinning in the Amundsen Sea Embayment

and at Totten Glacier, as well as the thickening of Kamb Ice Stream (cf. e.

. In contrast, 60% of East Antarctica north of 81.5°S shows surface elevation changes of less than 1 cm/yr. However, several

coastal regions of the EAIS show significant elevation changes, too. Totten Glacier (T in Fig. 10b) is thinning at an average
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rate of 72£18 cm/yr at the grounding line (cf. Fig. 9b). Several smaller glaciers in Wilkes Land also a persistent thinning. We

observe SEC rates of 26210 cm/yr at Denman Glacier (D), -41:£19 cm/yr at Frost Glacier (F) and -3312 cm/yr near Cook
Ice Shelf. Rignot (2006) showed that the flow velocity of these glaciers, which are grounded well below sea level, was above
the balance velocity for many years. In contrast, the western sector of the EAIS (Coats Land, DML and Enderby Land, basins
J”-B) shows thickening over the last 25 years-sinee-the-launch-of ERS-1—Similar rates-caleulated-oversub-intervals-of-years at
rates of up to a decimeter per year.

Comparing the long-term elevation changes over 40 years (Fig. 10a) with those over 25 years shows the limitations of the
early observations, but also the additional information they provide. There were only relatively few successful observations
at the very margins but e.g. for Totten or Denman Glacier, they show similar rates at a distance of about 100 km from the

rounding line. In DML and Enderby Land (basins A-B in Fig. 10a), the 40 yr interval shows less positive rates, compared
to 1992-2017. Until 2002, a large part of this region even experienced si .9¢ and the

nificant thinning (see time series in Fi

time-series-over-different-spatial-and-temperal-seales—sub-intervals in Fig. 10c-g). After that time, especially over the period
2007-2012 (Fig. 101
and 2011, The sub-intervals in Fig. 10c-j demonstrate the effect of interannual snowfall variability on the elevation change rates

strong influence on interannual elevation changes over all parts of Antarctica (Horwath et al., 2012; Mémin et al., 2015).

[2_A » ad nd—pre N on

this region shows a huge increase in elevation, which relates mainly to the accumulation events in 2009
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Figure 11. Mass change of the Antarctic Ice Sheet north of 81.5°S (a) and the three subregions (b EAIS, ¢ WAIS and d APIS) from our
combined altimetric time series (blue), GRACE (red) and SMB (orange). The error bars show the uncertainty estimate oy, of the altimetr

data according to Sect. F.2. The gray color in the background displays the fraction of the area covered by altimetry (up to the top means

100%).

the effect of the SEC on global sea level, they are converted to ice mass changes. In a first step, all time series are corrected for
glacial isostatic adjustment (GIA) using the 1105_R2 ¢hvins et-ak—2043)-Fhis GHA-modetmodel (Iyins et al., 2013). This GIA
model predicts an uplift of 5mm/yr near the Antarctic Peninsula and rates between -0.5 and +2 mm/yr in East Antarctica.
Fhe-average GlA-over the-area-of the-entireice-sheet-is-0-6Furthermore we applied a scaling factor o = 1.0205 to account
for elastic solid earth rebound effects (Groh et al., 2012). We multiply the resulting ice sheet thickness changes by each cell’s
area and apply a density according to a firn/ice mask (McMillan et al., 2014, 2016), depicted in Fig. S8, to obtain a mass
change. In regions where ice dynamic processes are assumed to be dominatin
Ice Stream or Totten Glacier), we use a density of 917 whieh-translates—to-a—volume changerate-of 7-4kg/m’. Elsewhere,
we apply the density of near-surface firn, obtained from firn modeling using atmospheric forcing (Ligtenberg et al., 2011).

.g. in Amundsen Sea Embayment, Kamb
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Figure 12. Mass change (AM|[Gt

GRACE (red) and SMB (orange). The error bars show the uncertaintyy@stimate o of the altimetry data according to Sect. F.2. The gray color

of the individual drainage basins north of 81.5°S from our combined altimetric time series (blue)

in the background displays the fraction of the area covered by altimetry (up to the top means 100%).




1980 1985 1990 1995 2000 2005 2010 2015

>

e
>

100

Se
A
[k 5 e
>
7
=]
b A
f 5
&
KR
o
AM [GY]

' ne
3
b3l
)
:,l!.
)
b
by
S
D
b7
()
AM [GH]

-200

1

-

XY
T

200
100

-100

(R 3
.
o

-

>

5

3

S

)
o
AM [GY]

d) C’-D 200

2
R
-
S
2

AM [GY]

o -200

-400

e) D-D’ 200

; : 100 =
3 e )i F =
. ,uw: b 1 s ‘“-.“)Pﬁ 3‘%%=N Al &'.. !H: g
3 1 ® Altimetry T 03
] . SMB g

] ® GRACE - -100

) AT | I i

1980 1985 1990 1995 2000 2005 2010 2015

Figure 13. Mass change of subregions north of 72°S for several East Antarctic drainage basins from our combined altimetric time series

blue), GRACE (red) and SMB (orange). The error bars show the uncertainty estimate oy of the altimetry data according to Sect. F.2. The

ray color in the background displays the fraction of the area covered by altimetry (up to the top means 100%).

as e.g. Zwally et al., 2015; Kallenberg et al., 2017) in the volume-to mass conversion. This allows us to compare the time

series from altimetry with time series from SMB modeling.

Cumulated mass anomalies over larger regions such as drainage basins or even the total AIS are obtained by summing u

the results accordingly. Therefore, we used the basin definitions by Rignot et al. (2011) (updated for Shepherd et al. (2018

,_see Figs. —Cells—containingno—valid-data—after-10a_and 14b). Cells containing no valid data after the gridding (as e.g.
where not enough observations were available, in the polar gap or where rocks are predominant) are not considered here.
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Figures 11a-d show the-time-series-summed-up-over-the-entire-Antaretic-Tee-Sheet-time series for the entire AIS north of
81.5°S (i.e. covered by radar-satellite altimetry since 1992), and the i tea; i

AR Paonin n—the-cvplermen A o Lo o 6 e A mMe-—<Qerie oOr—e h—31d d d naocepb

Antaretiefee Sheet-is-shown-in-Fig-3respective subregions EAIS, WAIS and the APIS. Similar time series for the single
drainage basins over 1992-2017 are shown in Fig. The-time series-here-are-generated-for subregions-of basins-which-have-s
reasonable-extent-beyond- 12, The full four decade time interval for the coastal areas of the EAIS is shown in Fig. 13. These
time series use the data north of 72°S and-thus-are-observed-for the first-time-in-only and, hence, provide a nearly consistent

observational coverage since 1978.

To support the interpretation and evaluate the temporal
evolution, we compared the respective time series to GIA-corrected cumulated mass anomalies from satellite gravimetry
(GRACE, Groh and Horwath, 2016). To reduce the effect of noise in the GRACE monthly solutions and to make the data more
comparable to our altimetry results, we applied a three-month moving average to the GRACE time series. We also compare our
data to time series of cumulated surface mass balance anomalies from RACMO2.3p2 (SMB, van Wessem et al., 2018). Similar
to the firn model, the SMB contains seasonal and interannual variations due to surface processes. However, it assumes an
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equilibrium over the modeled period and, hence, does not include long-term changes. The different time series show the good

agreement of the techniques in resolving interannual variations. For example for the basin of Totten Glacier (C’-D in Fig. 12), all

techniques observe a negative mass anomaly in early 2008, followed by a significant mass gain in 2009. Between 03/Envisat

exclude the-area south of $1.5°5- The differenee (151142008 and 10/2009, we obtain a mass difference of 116.6£27.0 versus
-170+1Gt from altimetry, 109.4 Yis-asdow-as+9Ct from SMB and 113.4 - The-error measure-given-with-the rates-here-i5-Gt
from GRACE:. The high agreement with the SMB indicates that this mass gain is caused by snow accumulation. In most of the
basins, we observe similar high agreement in the short-term variations. A good example for the different components of the

total mass change signal is the Getz and Abbot region (F-G). While all techniques observe a significant mass loss between 2009
and 2011, the standa tati inea asti also-a aria 1R a

SMB does not contain a long term trend, as observed by altimetry and GRACE. In some regions, however, there are also
significant discrepancies between the different data sets. The poor sampling of the northernmost APIS (I-I”) by altimetry is
a good example for the limitations of this technigue. In George V Land (D-D’), the agreement during the GRACE period is
reasonable, while the mass gain, indicated by the SMB in the early 1990s is not revealed by the altimetry time series.

clearly negative mass balance of -2068+377
accelerate. we obtain a slightly positive rate (27£5Gt W Hef—}99%-29}9buﬁréfam&&ea}}y¥afgewelﬁme}ess
W@MM&WMMWM&
stable over our observational record (120£121
they-refer-to-the same time intervalGt between 1992 and 2017). The time series of the APIS contains large uncertainties due
to many unobserved cells. Mass change rates for selected regions, obtained from the differences over a specific time interval,
and their respective uncertainties are given in Tab. 2. We calculated separate trends for the area north of 72°S, which is covered
by all satellites, north of 81.5°S which is covered since ERS-1 and for the total area, which is (except the 500 km diameter
polar gap) covered since CryoSat-2. The observed area shows that 96.4% of the cells, classified as ice sheet north of 81.5°S,

are successfully covered by observations of ERS-1. Cells without successful observation occur mostly at the APIS, where onl
61% is covered with data.
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Table 2. Voluime-Mass change raterates for Antaretica-tANT)-different regions of the East-and-West-Antarctic Ice Sheet (EAFS-and WATS)
and-the-Antaretic Perinsata(APES)different time intervals. The size-sizes of the total and observed area refersrefer to ebservations—from:

Seasatforlatitudesnorth-of 72°S;- ERSH2-for Jatitudesnorth-of 81-5°S-all cells classified as ice sheet in the respective region (andCryeSat-2
i i HH i, if stated, limited by the Antaretie Peninsula-de

notaltow-to-caleulate-areliable long-term-trendgiven latitude).

region area [10°km?] dM/dt [Gt/yr]

total observed  1978-2017 1992-2017 1978-1992 1992-2010
ANTAIS 11892 1465811630 - - - 1543
ANT-(<8+59EAIS 93949620 94949413 - 33.84.8- 26.94.9- -469:8-
ANT-(<729-WAIS 29432038 22592008 42744~ 19048~ 34326~ 273
WAIS-APIS 2038232 2044208 - - - 4452
WAJS-heightAIS (<81.5°S) 43949391 43729053 - -94.3-84.743.0-15.5 S5+ 586422203 -
APISEAIS (<81.5°S) 2327764 1807555 - 0:84.9+0.7-5.0 SLEN 8.040:66.2
EAIS-WAIS (<81.5°S 96201394 94351358 - -91.7+103 - 2:6-69.4+7-413,1
EAIS-APIS (<81.5°S) 7764232 7642142 - 5412,142.58.9 6+7- 28438123
EAIS (<72°S) 2779 22472274 12015:+458 1743450740 262121325174 207003949

For the APIS (<72°S), the very sparse observations of Seasat and Geosat did not allow calculate a reliable trend.

for the AIS (<81.5°S over 1992-2017) we obtain an average long-term rate of -84.7+15.5 or-an-RMS-of 477Gt /yr. This rate
rees within error bars but is considerably smaller than the results of Shepherd et al. (2018) of -109+£56 —As-both-techniques
sheuld-ebserve-the-same-elevation-change-Gt /yr, However, the difference-6Ah-can-be-interpreted-as-an-error-measure—Jtean

be-expressed-as-

SAR? =2-RM Sarr?+2-RM Sk N>

data-whieh-tiesin-extended material in Shepherd et al. (2018) shows that there are still some discrepancies between the different
techniques to determine the AIS mass balance. For the range-between-8-and-+2time interval 2003-2010 (Extended Data Table 4 in Shepherd
the Input-Output method obtains a rate of -201+82 —A-comparison-with-the satellite-altimetry-measurement-preeision{Tab-—22)
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reliableresults-Gt /yr for the AIS, while the mass balance rates, aggregated from satellite gravimetry (-76+20 Gt/yr) and from

altimetry (-43£21 Gt/yr) agree much better with our result for the AIS (<81.5°S) between 2003 and 2010 of -64.7+£24.9 Gt /yr.
N heless—only-alti e SEC withinil

6 Discussion

6.1 Multi-mission SEC time series

The single-mission time series, obtained in Sect. 3.2, contain satellite-specific calibration biases as well as offsets due to the
specific sampling characteristics of different sensor types. In order to form a consistent SEC time series, these biases needed
to be determined and corrected. A comparison with in situ data showed that there are no significant offsets between elevation
changes from our multi-mission altimetry data and the validation datasets. This comparison, however, could only validate our
data in the interval 1 be validated in this way. For the earlier mission atially sive-high precision in situ
data-are-avaitable to-us-2001-2016. A quality control for the whole time span was performed by a comparison with a firn model.
The correlation of the detrended data sets shows that especially for regions where the interannual variation is large (compared
to_the measurement noise of the altimeters) both time series agree very well. This comparison even provided independent
estimates for the error of the early missions. The average differences between the detrended time series of the FDM and the
SEC show that the observations of Geosat and even of Seasat agree with the model results within a few decimeters. For SECs
of up to several meters w.r.t 2010 (see Fig. 6), this means that also the older data can be used to calculate elevation change rates
with an accuracy better than a centimeter per year (see Fig. S7a). Unfortunately, in coastal DML west of the ice divide A’, the
data of Seasat and Geosat are very noisy. This due to the mountain ranges just north of 72°S, which lead to many losses of lock
of the measurements all the way across this part of the ice sheet. The same applies to the measurements at the APIS.

7 1 . 1 Di .
6.1 Surface elevation changes

The linear-elevation-changerates-in-Fig:mean rates of elevation change in Fig. 10 show the regions which experience a signif-
icant thinning (Amundsen Sea Embayment, Totten Glacier) or thickening (Kamb Ice Stream) which was already shown-by-a

s Hlaman nd-RA&mv 0 - Halm-e 014 nCcOn o-thoge
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eoastalregions-of BastAntaretieaFig—10a)-and-reported by previous publications (e.g. Wingham et al., 2006b; Flament and Rémy, 2012; |

- By combining all the single missions consistently we analyze long-term changes over the full time period covered. For 79% of
the area of the AIS, this means a time span of 23 years. For 25years-alsofor farge parts-of the interior of the fee sheet (Fig10b):
fn-both-of these %, mainly the coastal regions of East Antarctica, even 40 years are covered. We assume that these long-term
ends-we-see-elevation-gains of several-along-the-Antaretic Peninsula-and-in-most-of trends are significantly less affected by
short-term variations in snowfall than a trend from a single mission.

The benefits of a seamless combination of the time series are demonstrated in Fig. 10. The time intervals for the elevation

eriod of a single mission. This is necessary to analyze processes which occurred close to the transition between different
missions. A good example of the advantage of such long time series are the elevation changes caused by the accumulation
events in DML. Figure -

western-Dronning-Maud-and-J-A)-9c clearly shows the changes in elevation, caused by the strong snowfall events in 2009

and in-Princess Elizabeth Land “ywhile elsewhere - the ratesare very close o zero (except-Hor-the dynamically-thinnin

tossesin-2011. The mission lifetime of ICESat ended in 10/2009, CryoSat-2 provided the first measurements in 07/2010. Only
Envisat covered both events but here, the orbit was shifted in 10/2010, resulting in different repeat track cells covered before
and after the orbit shift. We merged all these missions as described in Sect. 3.3, which allows us to analyze the full time series.
Comparing the elevation change from altimetry e.g. at point A in Fig.9¢ of 0.55+0.50 m with the change modeled using the
EDM (0.48 m between 2008 and 2012) is a good example of successfully cross-validating these two data sets. Figure 8 shows
the degree of agreement over the entire AIS.

As these elevation change rates alone do not contain any information on their origin, additional data are needed for improved
process understanding, Figure 14 shows SEC rates for the interval 2002-2016 (March-September respectively) from altimetry
and the FDM and respective rates of ice mass changes from GRACE. These maps show that the elevation gains in DML
and Enderby Land agree very well with the firn model, which implies that increased snow accumulation during this period
is responsible for the thickening. For Princess Elizabeth Land (C-C’)—In-the-supplementary-material-Fig—S5-we-ealeulated
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Figure 14. Mean rates for the time interval 2002-2016 of elevation changes from IMAU-FDM (a), from the multi-mission SEC grids (b) and
of the mass changes from GRACE (c).

20

25

Eake-Vostok;-the-elevations vary by tess-than=+10, the negative rates agree as well, implying that the thinning here can be

related to lower than normal snow accumulation, In contrast, the strong thinning along the Amundsen Sea Embayment (G-H)

or the thickening of Kamb Ice Stream (E’-F) is not present in the FDM results but does show up in the GRACE data. Due to the

30 higher densities of the involved material, ice dynamic processes show up even more pronounced in the map of mass changes,
compared to the maps of elevation changes.

The inland propagation of dynamic thinning of the glaciers of the Amundsen Sea Embayment over the last decades has been

described by Konrad et al. (2016). A recent onset of significant mass losses has also been reported for the adjacent glaciers

thinning—Between2010-101 reveals that the largest losses along the coast of the WAIS occurred between 2007 and 2047 -the
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elevation-deereased-by-mere-than—72012. The period 2012-2017 (Fig. —Fhis-means-that-the-thinning-aceceleratedfrom-about

0-5101) shows that only a part of these large rates is persistent, indicating that also interannual variations in SMB have to be
considered here (see also Chuter et al., 2017). The FDM-derived rate in Fig. to-mere-thantin-thelast-decade-Theseratesare

S approximately-0-7Flament-and-Rémy-(20 obtatned-fromEnvisat-(2002-2010)Ltet-al-20 observe
indicates-an-iee-thinning-of 12-(er-0-7)-which-is-also-very-consistent-with-ourresults14a confirms the role of the surface mass
balance in this region.

6.2 Ice sheet mass time series

The individual basin time series for these regions of the WAIS (in Fig. 12) allow us to analyze the increasing losses at a monthl

resolution. They show that in 2004, the thinning of the Getz and Abbot region accelerated and experienced a further acceleration
after 2007. After a small positive mass anomaly in late 2005, which relates to a similar event in the SMB time series, the overall
mass losses in the Amundsen Sea Embayment accelerated. The Bellingshausen Sea basin was relatively stable until 2009, but
started to lose significant amounts of mass after that time, as reported by Wouters et al. (2015). Since this study, however, we

observe that the basins at the western part of the Peninsula (H-I) regained mass. The comparison with SMB reveals that this can
be explained by a positive snowfall anomaly in this area in 2016. The shape and orientation of the Peninsula makes GRACE

observations challenging with respect to leakage and GRACE error effects (Horwath and Dietrich, 2009). Nevertheless, the

results of the satellite gravity mission confirm this an
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The percentage of observed area of the APIS (gray area in the background of Fig. 11d) indicates that before 2010 a significant
part of the area remained unobserved. Here, conventional RA measurements very often failed due to the rugged terrain. Even
for ICESat, the large across track distances and the impact-of-this-presumable-non-linearity-in-the-mission-ealibration-is-tikely
eompensated-by-many-different biases-in-other regionsdependence on cloud-free conditions make measurements very sparse
here. With the weather independent, dense and small footprint measurements of CryoSat-2 in SARIn mode, up to 80% of
the area are covered by observations. Compared to GRACE, however, we observe a significantly weaker mass loss signal.
Thomas et al. (2008) pointed out that RA fails to sample especially the large elevation changes in narrow valleys of outlet
glaciers. This leads to an overall underestimation of the signal by altimetric observations. Even for ICESat this is true in this
case, as cloudy conditions are not unusual in this region. But even when enough valid measurements would have been available,
the fit of a planar surface over a diameter of 2 km would have been very challenging in the initial repeat altimetry processing.
here. Our approach is designed to provide valid observations over the majority of the AIS. Under the challenging conditions
of the APIS, modifications such as a smaller diameter or more complex parametrization of the surface would surely help to
improve the results. Furthermore, we did not calculate a SEC for cells that are further away than a beam-limited radar footprint
from valid measurements. In order to interpolate or even extrapolate the results to unobserved cells, advanced gridding methods
such as kriging, especially with the help of additional data sets (Hurkmans et al., 2012), would be advisable. In contrast, here
we concentrate on the observed cells only.
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211b) we see significant differences between the time series of mass changes from altimetry and from GRACE. For the time
interval 2002 to 2016 (see Sect. would-result-in-an-elevation-inerease-of-0-5E.3), the mean rate from altimetry (9.6£6.9 over

Vestok—station—(Richteret-al;2014)yield-an-elevationchangerate-of 0-+Gt /yr) is mainly dominated by the accumulation
events in 2009 and 2011, In contrast, the GRACE data imply an average mass gain of 42.16-5Gt/yr over this time interval.
Especially after 2011, the differences become very prominent in the time series. The respective mass changes for the individual
basins (Fig ) o . o e512) reveal that this
difference in the signals can be attributed to DML and Enderby Land. This might be a sign for dynamic thickening, Here, all
elevation changes have been converted to mass using the density of surface firn. If a part of the positive elevation changes in this
region indeed would be caused by ice dynamics, this would lead to an underestimation of mass gains from altimetry compared
to_gravimetric measurements. The results of the Bayesian combined approach of Martin-Espafiol et al. (2017) also suggest a
small dynamic thickening in this region. Rignot et al. (2008) observed no significant mass changes in this region between 1992
and 2006 using the input-output-method. Gardner et al. (2018) compared present day ice flow velocities to measurements from
2008. They obtain a slightly reduced ice discharge in DML (which would support the hypothesis of a dynamic thickening),
while they observe a small increase in discharge for Enderby Land. Part of this misfit might also be explained by remaining

rocessing issues in the GRACE processing (e.g. the GIA correction). Hence, we conclude that further work is needed to

identify the origin of this discrepancy.
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7 Conclusions

In this paper we presented an approach to combine different satellite altimetry missions, observation modes and techniques.

The reprocessing of the conventional pulse limited radar altimetry guarantees-ensures that two fundamental steps in processing

of radar ice altimetry, the waveform retrackmg and the slope correction, are handled-consistently-Furthermore,weshowed-that
performed consistently. Furthermore, we showed
that the advanced methods, used in this processing, improved the precision by more than 50%, compared to the widely used
standard products. The validation with in situ measurements and the comparison with the IMAU-FDM shows that inter-mission

offsets have been successfully corrected and that the uncertainty estimates for our resulting monthly multi-mission SEC grids

From-the-combined-time-series-of- SEC-We analyzed the resulting time series and found that they provide detailed insight in

the evolution of the surface elevation of the Antarctic Ice Sheet. From the combined SEC time series we calculated the long-

term surface elevation change rates-over the last 25 years. In-the-ceastal-regions-of East-Antaretica-we-extended-the-time-series
back-to-Due to Seasat and Geosat, observations in the coastal EAIS date back until 1978using the-observations of the missions

The-map-of-, covering four decades. The unique data show that large parts of the East Antarctic plateau are very close to
equilibrium, while changes over shorter time intervals identify interannual variations, which cannot be identified in long-term

%WMMM&MWW@/W
between 1992 and 2017, These losses accelerated in several regions and, hence, for 2010-2017 we obtain -137.0+24.9 Gt /yr
for the same area, The comparison of the altimetry-derived mass changes, integrated over different basins and regions of the
ice sheet, with SMB and GRACE shows high consistency of the different techniques. A correlation coefficient between the
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mass anomalies from altimetry and from GRACE of 0.96 (for the time interval 2002-2016, see Tab. S4) indicates the excellent
agreement of the observed interannual variations. The respective correlation with the SMB anomalies (0.60 for 1992-2016) is
comparatively lower but still indicates a high agreement. In the APIS, differences between the mass time series of the different
techniques arise mainly due to the poor spatial sampling of the altimetry data, while for the EAIS, the remaining discrepancies
to mass time series from GRACE might be explained by the density mask used. These remaining issues and open guestions
should be addressed in future work in order to further reduce the uncertainty of the estimates of the mass balance of the
AIS. The recently launched laser altimeter ICESat-2 promises a new milestone in ice sheet altimetry. We believe that our
multi-mission combination approach can provide an important tool to combine the extremely high resolution of this mission
with the long time period, covered by the previous missions.
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