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Summary

The authors derived new, staticdigital elevation models (DEMs) satellite Global Navigation Satellite
Systems-Reflectometry (GNSS-R) for both the Greenland and Antarcticlce Sheets. The DEMs are
built off of 46 months of data collected between November 2014 and December 2018 and are
posted at 25 km horizontal resolution. The work builds off a previous paperwith animproved
methodology to incorporate more measurements and shows that the resulting DEMs have better
coverage, spatial resolution, and reduced bias in elevation.

Evaluation

Overall, the paperwas adequately organized, and there were very few grammatical corrections
needed. The methods were laid out sufficiently, although in some cases more detail thanasimple
citation to the prior paper by Cartwright et al. (2018) would have improved clarity. The largest
concernis related to the potential use of the technique for cryospheric purposes. The coarse spatial
resolution, coupled with the large uncertainties, makes it challenging to envision a crysopheric
research question that would benefit from the technique as presented. The paperwould largely
benefitfrom the advice of aglaciologist thatis familiar with ice sheet altimetry to strengthen their
argument for future potential of ice sheet monitoring with satellite GNSS-R.

We are pleased the reviewerrecognises the organisation and writing quality of the paper. The
authors would like to clarify that they do not believe the dataset presented to be adequate inits
ownright forcryospheric conclusions at present due to the coarse resolution and uncertainties
noted insection 4 of the study. However, asystem based onthese techniques and designed for the
purpose would enablethe honing of the techniqueandimprovementsin error calculations and,
therefore accuracy. A furthersection would be added to the discussion in place of lines 209— 216 as
detailed below, dedicated to the necessary error corrections that would be requiredinsuch a
system and likely estimates of their magnitude. A full investigation of the error budget and
correction of height calculations is outside the scope of the study.

Addition, replacing lines 209-216
5. Discussion of the Benefits and Limitations of the technique

In additiontothe novelty of measurements overthe geographicpoles, which were previously not
possible with satellite altimetry; the primary benefits of this technique result from the low power
and mass of the receiver. These mean thatalow cost multi-satellite mission is feasible with the
potential toincrease the spatial and temporal resolution of observations farbeyond thoseinthe
present study. The use of a technology demonstration mission limits the data available hereand
were thistechnique to be exploited using dedicated platforms designed for these measurements, a
significantincreaseinthe available data could be expected. Forexample, the continuous operation
of a single sensorwould lead toa 300% increase in dataas comparedto the initial TDS-1mission. If,



inaddition, alarger number of reflections were to be tracked at once, this would also multiply the
data available, giving a many-fold increase in the spatio-temporal resolution of products. Asseenin
this study, the higherresolution of the product gives anincrease in accuracy, indicating that the
footprint of the measurements is not the limiting factor on the resolution of the data product, but
the quantity of data available. This results in acompromise necessary to maximise coverage over the
area of interest. A dedicated mission would require afull error budget appraisal, accounting for
correctionsrequired due tothe design of the sensorand the auxiliary measurements necessary to
enable these. Itislikely, in addition, thata dedicated mission could also collect phase information
fromthe reflectedsignalsinorderto greatlyimprove the accuracy of the heightretrievals, asseenin
Hu et al. (2017) and Li etal. (2017).

Here we detail sources of errorand limitations of this dataset. Due to the unknown physical
properties of the surface, the penetration of L-Band into snow and/orice is a significant unknown.
Thisis primarily due to the wide range of electromagnetic changes snow and ice undergo in terms of
varying densities and precipitation regimes as the snow is compacted and the glacial ice formed.
Cardellach etal. (2012) measured the penetration of GNSS signals of upto 300 m overdry snow in
Antarctica, whilst similar studies at L-Band overglacial ice in Greenland have yielded between 3m
and 120 m of penetration dependingon the terrain, (Li etal., 2017, Matzler, 2001; Rignotetal.,
2001). These corrections are not applied to the dataset here due to the unknown characteristics of
the surface at the time of the retrieval. An additional factoris the atmosphericuncertainties at high
latitudes resultinginionosphericand troposphericeffects on the signal. These are thoughtto
introduce errors of around 10 m at the equatorial maximum (Hoque and Jakowski, 2012) with errors
beingsmallerathigherlatitudes, and thus these are much smallerthan the error magnitudes found
here (assumingthatthe comparison DEMs are “truth”, but they too, of course, contribute to the
RMS errors).

A few comments:

1. Line 27 statesthatthe techniqueis “highly beneficial” to the cryosphere, but without further
elaboration, the readers are forced to surmise what applications would benefit. With the results as
presented, | was unable to make that connection. More descriptive cryosphere applications would
improve the relevance of the paperforthe Cryosphere

The new section detailed above (“5. Discussion of Benefits and Limitations of the technique”) would
clarify the advantages of the technique and its potential to increase spatial and temporal resolution
of observations overthe cryosphere, especially overthe regions nearthe poles where existing
techniques have adata “hole”.

2. Line 91-92 describes how the vertical resolution varies depending on the satellite geometries,
whichis completely understandable. However, without any typical range, it really makes it difficult
to determine for which applications the technique would be applicable. NASA launched ICESat-2
(laseraltimeter) in late 2018, whichis capable of monitoringthe ice sheetsto aprecision of 4 mm
peryear, coveringthe planetevery 91 days. This technique provides astaticmap and does not have
nearly the same precision norspatial resolution as otherexisting altimeters (ICESat/ICESat-
2/CryoSat2/etc). Any more insightinto the vertical resolution would be largely valuable.

As noted online 90, the delay resolution of the delay-Doppler map is approximately 0.252 chips
(0.246 ps). This equates to approximately 37 m in height of resolution. This, however, isincreased
throughinterpolation forthe identification of the code delay from the waveform, and future



applications of this technique would likely include the collection of phase information, which would
yield afurtherincrease in precision of at leastan order of magnitude, forexampleLi etal. (2017)
retrieved seaice heightstoan root-mean square difference of 4.7 cm using phase-delay altimetry
overselecttracks. The below will be added to the manuscript (line 91) to reflect this.

Addition, line 91, following “... Hz”

Offering avertical resolution of 37 m priorto increasesin precision through waveform interpolation
to 1000 timesthe resolution.

3. Beginningon Line 119, the authors describe the development of the DEM. It would be helpful to
know the typical range of measurements that fall within one 25km grid cell. Oreven better, to show
a map of the measurement counts within each grid cell for both ice sheets.

The authors would be happy toadd the maps of counts and standard deviation (as below) to the
supplementary information on resubmission.

Addition, Supplementary Information
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Figure 1: Counts of measurements per 25 km grid cell over Antarctica (left) and Greenland (right).
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Figure 2: Standard deviation of measurements in metres per 25 km grid cell over Antarctica (left) and Greenland (right).
4. The Tables and Figures must have the units displayed.

The authors note that units were missed fromthe figures, these willbe amended. All elevations are
inmetres, as specifiedin the tables and captions.

5. Line 169: How much would consideration of slope effectsimprove the location accuracy of the
pointlocation? This seems likean opportunity forimprovement of the technique, which could then
lenditselftoimproved potential in future cryosphericapplications.

To first order, since height retrieval depends purely on geometry through specular reflection, this
should not be affected by the slope of the surface if the specularreflection regionissmall. The main
influenceonthisinthe case of GNSS-Risthe size of the glistening zone with respect to the angle and
direction of the slope. Thisis largely dependent on the roughness of the reflecting surface whichis
itselfalarge unknownin GNSS-R, especially overthe higherreliefareas such as the coastal zone of
Greenland where it mayinfact be rocky outcrops ratherthan ice sheet. There is certainly much
potential toimprove this knowledge in further studies, howeveritis outside the scope of this study.

6. Figure 1, please include the unitsand mask out the regions outside of your DEM (e.g., the
southernocean, etc.)

Figure 1 will be replaced as below, with sea surface heights and areas outside the ice sheet of
interestmasked out.
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7. Figure 3, it appears that there are a line of TechDemoSat-2 heights that are biased low against the
CryoSat-2 heights nearthe bottom of both plots. Anyideawhat thisisrelated, too? Strongly sloping
surfaces?

Indeed, asstated inlines 169 — 174, it is believed that these underestimates are due to high slopes
of coastal terrain and rocky outcrops. We state: “In addition, in Greenland the highererrorinthese
regions may be due to the high slopes of the coastal terrain resultingin rocky outcrops, ratherthan
glacialice. Inthisrespectit may be considered similarto the AntarcticPeninsula, and the errors are
comparable. These patterns canbe seenin Figure 2 with highererrorsaround the coastlinesandin
the more mountainous regions of the ice sheetinteriors. These points account forthe majority of
the underestimates appearing nearthe originin Figure 3and are a source of discrepancies between
the comparison DEMs themselves, especiallywhere Greenland is concerned. Itis these areas that
give the large error rangesseenin Figure 2 and 3.”

8. As stated by the authorsin lines 210-211, there islarge uncertaintyin L-Band radiation
penetrationinthe snow/firn. Is this fact the reason why the DEM is built oversuch a large spatial
scale? Thisuncertaintyisa very biglimitation to the use of this data overthe cryosphere where
changes at the sub-centimeterscale are quite important.

As statedinline 126, the grid at “25 km was chosen so as to maximise both the resolution of the
DEM and coverage in both hemispheres”. The primary reasonitis so coarse is the lack of data, with
the demonstration platform operating the SGR-ReSI for 2 days out of every 8. Line 190 goesinto
more detail on this matter: “When gridded at finer resolutions, accuracy of the resultant DEM
increases, howeverthisresultsinareductioninthe spatial coverage. This suggests that reflections
are froma small area and are in agreementwith theory that states that the footprint of the SGR-ReSI
should be small, atapproximately 6 km along-track by 0.4 km across track overseaice (Alonso-
Arroyo et al., 2017). Whilstreflections from glacial ice are expected to be less coherentand
therefore produce alargerfootprint, itisstill expected to be less thanthe grid cell size used”.

The penetration depthisthe largest source of uncertainty in the use of these measurements, and
will be detailed further with the addition of section 5, as above.



9. Even with all of the imitations, | was hoping for more discussion of how to best move forward with
improvingthe technique. Acompletely valid paperon the subject would state all of the limitations
(and how we are nowhere nearready to produce numbersthat are scientifically useable), but that
future improvements will continue to nail down uncertainties and start to answer some of the more
relevant concernsregarding the technique. Asection atthe end describing some of the largest
uncertaintiesin surface elevation retrievals, along with potential future solutions, and what they
would mean forthe precision of the results would make this paper more relevant forthe
Cryosphere.

As suggested by the reviewer, we will add section 5 “Discussion of Benefits and Limitations of the
technique” tothe study. Thisis detailed above, and further explores the advantages and error
sourcesinthistechnique along with the expectations of further missions werethey to be designed
for this purpose.

10. In section 6, please state where the TechDemoSat-1 DEMs that were generated are available

The DEMs generated have been submitted to the Polar Data Centre at BAS and the DOIs will be
added intothe data availability section, as below.

Addition, Data Availability

The DEMs produced inthis study are available fordownload at [doi].
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