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Authors’ response to Anonymous Referee #1

General comments:

| have now gone through the manuscript more than twice. Generally speaking, this is a
well-written manuscript with a thorough description of methods and analysis of results.
Authors have used TDM DEM and REMA DEM of the AP region and improved the quality by
combining them using propagation algorithm. Authors have demonstrated the improvemen
by comparing using laser altimetry data captured during two campaigns. Authors have
demonstrated the improvement in terms of RN8& clearly showed the improvement in
iterative 3steps of correction.

Response: We thank the anonymous reviewer for tlegywconstructive and helpful comments.
We carefully evaluated all comments and suggestoipoint-to-point responseare given

in the following.For better clarification, we adéigs R1-R4 in this response letters and all
the figures and theorresponding clarification will be addéal the revised manuscript or the
revised supplementary material.

My major criticisms are; (1) Authors have not explained the effect of usingtamljioral
datasetscaptured during two different periods and lammparing them with laser altimetry
campaign datasets captured in other periofleere is a significant temporal constraint in
merging these datasetb suggest authors describing the effect of using such aladahow
much error it will introduce in theianalysis.

Response: In our work, we want taletect anctorrect the residual systemaélevationerrois

in TDM DEM which are mainly introduced bythe phase unwrappingPU) errois. REMA
mosaic is used as the reference DEM for the proposed algorithm.tdrhporal difference
between theacquisition time of th&EMA mosaic (acquired between 2011 and 2017) and the
TDM DEM (acquired between 2013 and 20b®vering APhas negligible impact on the
proposed algorithm to detect and correct the resiBuaérrors in TDM DEM.The reasons
can be explained from two aspedgxst, thePU errors have distinguishable characteristics
from the temporaglevationchange. Specifically speaking, takevationerrorsin TDM DEM
caused by thePU errois are characterizd by local elevation discrepancies with abrupt
elevation jumps at the boundes while the temporal changen elevationare transitional
changes with a certain trend. Hence, the proposed path propagation algoritkedigibahe
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characteristic of th®U errorsto automatically detect the elevatipmpsat the boundaries of

the erroneous regions.

Secondy, to eliminate the influence of the possible temporal elevation changes between the
TDM DEM and REMA mosaicwe do notsimply correct the TDM DEM to the reference
elevationsurface of REMA mosaic directly. Instead, we create a buffer zone around each
region which hasto be correctedStable points whoselevationdifferences with REMA
mosaicareless than a given threshold value are extracted from the buffer zone. The average
surfaceelevationfitted from these selected stable points is used as a reference surfioee for
elevationoffset correction as in Fig. 5 in tlsebmitted manuscript.

For validation with the laser altimetry points, the acquisition time difference of the DEM
datasets and laser altimetry poimsl be considered in the revised manuscriphanks for
inspiring us to consider the impacts of tempora changes between different datasets. The

second reviewer also points out this issue and he suggest us to incorporatethe surface
elevation change raSECR)product from Smith et al. (2020Which was calculated from
ICESat/ICESa®R surface elevation chandSEC) between 203 and 2019The timespan of

this SEC product coves the acquisition time of TDM DEM, REMAmosaic and laser
altimetry points used in this manuscript. Therefore, we plan to interpolaBE@BR based on

the acquisition time difference between EEMs and the laser altimetdatato compensate

for the temporal difference before calcidatthe statistical evaluation results

(2) Authors generallyconsiderREMA as a ground reference DEM and improve the TDM
DEM based on the values B EMA DEM. REMA is about 8m and then they used 100m
coarse values where thégve voids in the REMA DEM. Propagation algorithm works on two
DEMs of slightlydifferent spéial resolution; authors should explain the effect of different
spatial resolutions of datasets on the algorithm. Put other words, could you resample your
two DEMs on the same resolution and then run the algorithm to find out the performance?

Response: When filling the data voids of the-® REMA mosaic, the 100m REMA mosaic
was resampled into the same grid size @h.8The proposed path propagation algorithm
works on theelevation difference map between the TDM DEM and RENWMpsaic. To
generat the elevationdifference mapthe voidsfiled REMA mosaic has beemesampled into
the samespatial resolution with the TDM DEMThe clarification about spatial resolution
adjustment will be added in the revised manuscript.

From result tables, | can see improvemerdsying in different steps of corrections aaldo

for different elevation settings which are expected. However, the significanfieabf
improvement has not been justified by authors. How authors can claim this improvement and
not random noise? This isaimly because | can see instances in tasult tables where
improvement is around 2m.

Response: The TDM DEM elevation bias correction results can be evaluated both
qualitatively and quantitativelyFor the residual PU errors in TDM DEM, theresexbrupt
elevation jumps at the boundaries of the erroneous regions, which have been eliminated after
the correction process and validated by visual inspection.
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In terms of quantitative validation with laser altimetry points, the statistical results are
influenced by whether the laser poiat®located at the regions with elevation biases or not.
Therefore, in the revised manuscript, in order to better validate the proposed correction
algorithm, we will calculate the statistics of elevation differeneds/éen the DEMs and laser
altimetry data at the corrected and +wamrected regionseparatelyDiscussions about the
validation results will be improved based on the revised experiments.

(3) My concern is why glaciologistgsould use the newly construdtémproved TDM with
accuracies still less than original REMA? REMA accuracies were reported less than 1m and
TDM accuracies areeported around 10m. The only advantage | can see in merging is to fill
data voidsor gaps of REMA. From table 3, it is wdkmonstrated that there is no significant
improvement (w.r.{with respect toREMA) in RMSE even after improving the TDM. The
achievement othis study is to fill the data gaps in REMA using TDM. Put in other words,
why readerc an 't cal | i REMAREM arngapless lREMAVDER! as the basic
foundation of the algorithm is the REMA and not the TDM?

Authors must understand the daiecularity created by the methodology and see that REMA
was used as a referencedorrect TDM values and then it is coarpd against the TDM and
original REMA.

In general, glaciologists will use this improved DEM if they find it more accurate than the
REMA but this is not demonstrated. How if we simply patch up missing elevation values from
REMA by TDM and smooth those gaggas? | suggest authors to suggestingire use of
corrected TDM in glaciological applications. | encourage authors to describe this in the
discussion section.

Response: Here we want to compare TDM DEM and REM#saic from the perspectisof
absolute vertical accuractemporal consistencylata voidsand random elevation errors (or
relative vertical accuracy)

1. Although absoluteaccuraciesof REMA mosaic and TDM DEM were repord as less
than 1m and around 1@n, respectivelythe methodto estimate thestatistical accuracy is
differentandthe statistics are estimated at a global level for TDM DEManedm-Antarctic

level for REMA mosaic (Rizzoli et al., 201;Howat et al., 201P Therefore, it is not
meaningful to compare the two reported accuracies directly over a certain. région
mentionedby Howat et al. (2019)the AP area is a long coastal area with mountainous
topographyandis challenging for DEM generatioAccording to our validation results in the
submitted manuscript, the corrected TDM DEM has achiegdparableabsolute vdrcal
accuracy with the REMAnosaic at AP area. For a better absolute accuracy comparison, we
will calculate statistics for the corrected and -corrected regions in TDM DEM and
compare them to those of REM©#osaic separatelyn the revised manuscript.

2. TheTDM DEM covering AP was acquired duringsiral winter of 2013 and 2014, while
REMA mosaic covering AP vas acquired between 2011 and 2017. The specific acquisition
time of REMA mosaic covering AP is shown iifrig. R1a and Fig R1b in year and month,
respectivelyThe short acquisition time @iDM DEM benefis from the high data acquisition
efficiency of the TanDEMX mission and minimizethe influence of temporal surface change
which guarantees good temporal consistencf/the TDM DEM.
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Figure R1 Acquisition time of REMAmosaiccovering AP.

3. TheTDM DEM has fever data gaps than the REMAosaic covering APas shown in
Fig. R2 The data voids iREMA mosaicin Fig. R2are counted as about 8%hile about
0.85% for TDM DEM.For the 0.85% data voids existing in TDM DEM, wél reprocess
some of the TanDEMK bistatic data of austratinter of 2013 and 2014 to fill in these data
voidsin the revised manuscript



Figure R2 REMA mosaiccovering APand the location of three sample areRigyht panel:.detailed
comparison of the REMA€ft columr) and TDM ¢ight columr) DEMs in the sample areas.

4. Based on the elevation errors maps accompanying the DEM products, we can find that
TDM DEM has smaller random errors atiis better theoretical relativeertical accuracy

than REMAmosaic. In the elevation error map of REM#Aosaic in Fig. R3a, the error value

at eachpixel is the standard error from the residuals of the registration to altimetry data
(Howat et al., 201P Since each tile used for REMA mosagieneration has removed outliers

and systematic errors with the preprocessing, the error value at each pixel provides an
estimate of the DEMO6 3he HeaightdEoron Map|(HEMpavalues of er r or s
TDM DEM in Fig. R3b represent for each DEM pixel the correspondiaggtion error in

form of the standard deviatioWWessel, 208). The TDM error estimates are exact and
reproduciblederived from rigorous mathematically correct st€pgessel, 208) and are
verified in several paperéRizzoli et al., 201Rizzoli et al.,, 201). Fig. R4 show the
histograms of the random elevation errors of the REM#&aic and TDM DEM covering AP.
Comparing Fig. R3a and R4a to FsgR3b and R4b, it can be seen thled TDM DEM
covering AP has random elevation errors at lower levelthod bettertheoretical relative
verticalaccuracy than the REMA mosaic
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Figure R3 Random elevation errors of @EMA mosaicand (b)TDM DEM covering AP.
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Figure R4 Histograms of random elevation errors of (a) REiMd@saicand (b) TDM DEM covering AP.
Median value and 90% quantile of the errors (90%LE) are marked in red in the histograms.



Based on the abownalysis it can be found thaiDM DEM has comparablabsolute vertical
accuracy completeness and better temporal consistency and relative vertical accuracy
compared with the REMAmosaic. In this manuscript, we developed algorithm to
automatically correct the residual systematic errors in TDM DEMich is minimally
influenced by temporal or penetration differences between TDM DEM and RBMAIC.
The charateristics of an INSAR generated DEdMe maintainedTherefore, we can conclude
that the corrected TDM DEM is more consistent than a-fijled REMA mosaic in
persgctives of data acquisition time and vertical accuracy.
Several examples are given in the followargl more potential applications can be left for the
readers to explore
Assising in the generation oTanDEM-X raw DEMs (Rott et al., 201#\bdel Jaber et al.,
2019 and TanDEMX change DEM(Lachaise et al., 2039y removing the reference
topographic phaseorrecting the phase unwrapping errargl calibrating the absolute
phase The corrected TDM DEM is the best choice considerihg same TanDEMNK
bistatic interferometric data source to generate the DEM prodecim a longterm
perspective, the TDM DEM acquired between 2013 and 2014 can be combined with
other DEM products with a specific time stamp (such as the TDM DEM change DEM
generated from data acquired between 2017 and 2019) for surfacdoelesfznge
analysis oven large spatial coverage. Fawoidsfilled REMA mosaic with acquisition
times between 2011 and 2017 this particular application is not readily possible.
Since the REMAmosaic is obtained from optical data, the photogrammetric data
acqusition is much influenced by the sunligiiumination andtherefore data covering
different parts of AP were acquired by different years and seasons as in FigorR1.
applications with an interest in the seasonal elevation changes HDXP®EM acquired
in theaustral wintes of 2013 and 2014 isetter suited
Before the release of the corrected TDM DEM coveringwifh this manuscriptthe
gaplessreference DEM covering AP are the edited ASTER GDEM with spatial
resolution of 100 n{Cook et al., 201Rand the 106n REMA mosaic whose voids are
filled with 100m ASTER GDEM(Howat et al., 2019 Hence the corrected 42 TDM
DEM canbe usedor glaciological applicatiomt APwith much higher spatial resolutipn
like calculating theglaciological characteristickor glacier morphological analyses
filling data voids in 8m REMA mosaic.

In the revised manuscriplye will improve the introduction tbetter clarify our reasongo
choose the corrected TDM DEM in potential glaciological application. The comparison
between TDM DEM and REMAnosaic in terms of absolute vertical accuraciemporal
consistencydata voidsand relative vertical auracywill also beadded to the discussion
sectionin the revised manuscrigtigs. R1-R4 will be added to the supplementary matesfal

the revised manuscripgPotential applications dhe corrected TDM DEM will also be added

to the revised manuscript

(4) Authors have not demonstrated the viabilityhafir methods w.r.t published methods of
merging DEMSs. This should be discussed in the discussion section.



Response: Thanks for your comments$n our work, an automatic algorithm to detect and
correctthe residual elevation biases #ig in the noredited TDM DEM was proposed.
Different fromthe general DEM fusion methods to incorporate the elevation information from
different DEMs equally or by weightiPapasaika et al., 200%he proposed algorithroan
effectively correctthe residual systematic errors in TDM DERIEMA mosaic is not used to
correct the TDM elevation point by point, but to provide reference elegatiocorrect the

TDM elevation biases region by region, whiale determined by the characteristics of the
phase unwrapping errorSherefore this proposd method maintainge characteristics of an
INSAR generated DEMind isminimally influenced by temporabr penetratiordifferences
between TDM DEM and REMAMnosaic.

The references and comparisons to the existing relevant algorithms will be summarized in the
introduction section and discussed specifically in the discussion section in the revised
manuscriptRelevantiteratures will be cited.

Sectioawise comments are appended as follows:

Abstract: | have carefully read the abstract. It is generally welltemit but it is somehownot
attractive in the reader’'s per spe cabsolute . Aut ho
numbers rather they refer percentage. Between lin€205l encountered avery long

statement which can be shortened. *To generatensistent, gapless atnigh-resolution (12

m) topography product of the AP, we combine the TDM DEMREMA mosaic by detecting

and correcting the height errors in TDM DEM througmavel path propagation algorithm

and multiscale height error correctiomethod basean the accurately calibrated REMA

mosaic data. *. | would suggest authors to imprthwe abstract to make it more readable to

readers and also boost it with quantitatiesults at the end.

Response: Thank you for the suggestion$he abstracwill be improved in the revised
manuscript.

Introduction: Simplify this: 2020). AP is a complex mountainous coastal glacier sgattm
the mass balance of the outlet glaciers is affected by climate and oceanodoapinig and
also by the subglaciand surrounding topography (Cook et al., 20X2pod to see available
DEMs of AP, mostly are Antarctigide. Table S1 provides a gooderview but unfortunately,
authors have missed a few regional attempts of makiByls e.g. Fieber et al, 2018:
https://da.org/10.1016/j.rse.2017.10.042. Line -85, | would suggest authors revisit
regional attempts of constructing DEMs of AP region.

Response: Thank you for the additional referencthe regional attemptsof constructing
DEMs of AP will bereferredin the revised manuscript.

Line 45: By analysing all these available DEMs, it can be noted that the DEXRB bave
always suffered from large elevation uncertainty, coarse resolution, wide wviéds or
incomplete data coverage, which are caused bytimeplex mountainous terrain and cloudy
weather of AP. | think this a very generic statement which is applié@abieost of the regions
of the continent and restricted to only AP.
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Response: Thanks. The plasing of this sentence will be improved.

| seeauthors are using the term posting, are you referring to the spatial resolutior?6:
To obtain a consistent, gapless and precise DEM product at the high gpatialtion of AP,
we intend to create a higtesolution DEM of AP by combining tiedM DEM and REMA
mosaic, the two um-date DEMs with similar posting. Authoshould use comparable
posting rather than a similar posting.

Response: Yes, the term posting is referred to spatial resolution in the submitted manuscript.
In the revised versiorg | | the Apostingod is rferpgdnasterecyl wi t h A
ASi milar postingd has been changed into ficompa

In general, the introduction section is not fully developed. It gives a feeling of missing
information. For nhstance, authors should mention about the necessity of accurate and
high-resolution DEM in the region and previous literature or applications of DEM urséte

AP for various glaciological studies. This would provide a robust backgramdow
accurate DB can improve these existing studies. Authors mentioned &lomkt et al. (2021)
attempt of improving DEM but they ignore other efforts of combinindfiple datasets to
generate improved DEMs in Antarctica. To my knowledge, thiereestablished attempts
developing DEMs in the Antarctic by combining two or ndatasets Authors should review
those efforts in and then place their study at the aratl explain how their effort is different
than others.

Response: Thanks. The introduction will be improved in the revised manuscript based on
your comments.

Experimental area and datd&ig. 1. Authors should mention elevation on the colscale.

And may consider naming a few landmark points in the figure to make it resolable.
Somehow one yellow box is hidden behind the green coastline. Yotonsager changing

the draping and make the yellow box above the green coaktliee so it is visible. Is the
background RAMPv2 DEM or imagery? And you may atsmsider showing he
high-resolution window showing sampling locations. Experimental data: This section is very
well written, well done! Minor comment: use the teetevation and height consistently
throughout the manuscript.

Response: Thanks for your comments. Fig. 1 will be improved with a few landmark points

added.To increase the contrast between the DEM and footprints of the laser altimetry points

the elevation values are shown in grey scMereover in Fig. 8, the DEMelevation values

areshown inthe colour scaleFor the yellow boxin the Fig. 1,actuallythe yellow box is on

the top of all the laysr We select a small sample area to present the details of the
experimental results marked by the small yellow bhoxhe revised manuscript, we will add

zoomin windows of the sample areals addition,thet er m Ahei ght 6 has been
fel evationodo in the revised manuscript.
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Methodology: Line 13@.35: use the term ground reference and not the ground truth.

Response: The term fAground tirnuttoh of ghraosu inbde eensddehr aenngceedd
manuscript

Fig. 2: In the first section box, | cannot see x analxis numbers (Height differenagainst
frequency graph). In section Il, what are different shades of blue shbwight error regions?
Are you missing a colours scale here? | cannot see the tdluénin the Fitted reference
surface model of section Ill. What is this blue line?. Autlstisuld improve the caption of
this figure describing the flow process briefly.

Response: Thanksfor your comments. In the revised manuscript,and yaxis numbersvill

be enlarged to be readablEhe different shades of blue represent the detected erroneous
regions with elevation biases. Each region corresponds to a similar elevation biasAvalue.
color scale will be added in section Il of Fig.The small figure of section will be improved

to make every line and text readabldhe blue linerepresentghe corrected TDM DEM
elevation surfaceand more details can also be found in Fig. 5 of sectianR3g. 2 is a
framework of the proposed algorithm in four different modules and every module corresponds
to a subsection in methodology 3-3.4. For some key process like the elevation bias
correction procedure, detailed and enlarged figure will bstitited in each sudection.Fig.

2 will be improved in the revised manuscripith all the details clarifieéind the caption will

be extended.

Fig. 3: You may consider showing REMA DEM of the same region shownAnt@rs have
mentioned of usingmpirical threshold but did not mention much abthe process of
defining the empirical threshold to execute propagation algorithm. | understood the method of
correcting TDM DEM against REMA using propagation algorithm, but | am also concerned
about pixelresolution difference between two datasaetsl then impact of this varying
resolution on the algorithm. It is more evident wlanhors are using 10th sampled data
where REMA has data voids.

Response: Thanks for your comments. Fig. 3 will be improved in the revised manuscripth
REMA DEM of the same region addellore explanation about the process of defining the
empirical threshold to execute the paitopagationalgorithm will be added in the revised
manuscript.

The proposed algorithmperateon the elevation difference map generated from TDM DEM
minus REMAmosaic. Before the generation of the elevation ntap,8-m REMA mosaic has
been resampled tihe same spatial resolutioof the TDM DEM of 12 m The data voidsf
8-m REMA mosaic are filled by the @0-m REMA mosaic whose voids have been filled by
the 106m edited ASTER GDEM(Howat et al., 2019 The clarification about spatial
resolution adjustment of DEM datasets will be added in the revised manuscript.

In our experiments, the gaplessm8BREMA mosaic (with data voids filled with @0-m REMA
mosaic) has negligible effect on the proposed elevation biases detection and correction
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algorithm.The examplesshownin Fig. 6 and Fig. 7 of the submitted manuscillpstratethat

there are data voids in REMA DEM (marked in whitd)ich do not affect the correction
processThe reasolis thatREMA mosaic was not used to correct the TDM elevation point by
point, but to provide a reference elevation to correct the TDM elevation biases region by
region, which is determined by the chaeaidtics of the phase unwrapping errors.

Ideally the reference DEM should hagemparablespatial resolution with the DEM to be
corrected like the t2n TDM DEM and 8m REMA mosaic. The influence of the spatial
resolution differences between differatdtasetslepends orthe spatial size of the regions
affected byelevation biaseand whether these regioosverareas withcomplex topography

In a word, as long as the biases candeducedfrom the elevation difference map with
distinguishable boundasethey can be detected and corrected by the proposed algorithms. In
the revised manuscript, analysis about the effects of spatial resolution difference between
DEM datasets will be added.
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