Response to the Editor’s findings (Nanna Bjgrnholt Karlsson) on
manuscript TC-2020-51: Temporal and spatial variability in surface
roughness and accumulation rate around 88° S from repeat airborne
geophysical surveys

We use the following color and font coding scheme in our response:
Editors’s or Referee’s comments

Response: authors’ response to comments.

Dear Dr. Karlsson,

We would like to thank you for the many comments and suggestions that helped improve the manuscript.
We have revised our manuscript accordingly. Our response to your specific suggestions are below,
followed by our detailed response to RC1 and RC2’s comments and the revised marked-up manuscript.

Best regards,

Michael Studinger

Clarify in the paragraphs discussing dune migration (lines 252-253) that the rate of movement of the
dunes described by Fahnestock cannot be transferred directly to your study area (e.g. different
setting/area). In other words, that the cited 60 m in 34 years is just an example of what the rate might
be.

Response: We have clarified the sentence accordingly: “Fahnestock et al. (2000) found 60 m of
dune migration over a 34 year period for a megadune field in the vicinity of Vostok Station far
away from the dune field discussed here. Therefore dune migration rates could be very different
between the two sites.”

Please include a brief explanation of the artefacts in Fig 5.

Response: We have added a brief explanation to the caption of Fig. 5 and refer the reader to Yi et
al. (2015) for more details: “.Panels a) and c) show small (cm level) semi-circular elevation biases
that are a result of occasional variations in scan azimuth speed (Yi et al., 2015). The peak-to-peak
amplitude of these biases is an order of magnitude smaller than the ice surface topography.”



| agree with reviewer 2 that a slightly longer explanation is needed to understand the reason for
assessing the correlation of the standard deviation (lines 391-409).

Response: We have added an explanation why we use the standard deviation of the MSWD. Also
see our response to Referee 2’s fifth point.

Fig. 3/line 239: add an arrow to Fig. 3 showing where the area is located

Response: We are unclear what the Editor means with this comment. This paragraph primarily
describes features in Fig. 4 and is using the geographic longitudes shown on the abscissa of Fig. 4
(and in map view on Fig. 3) to identify those features. The location of Titan Dome (TD) is also
marked in both figures.

In response to RC2 comments we have already marked and labelled the location of Fig. 2 in Fig.
3b and also added a remark to the caption of Fig. 2.

lines 362-363: Since you do not calculate r2-values, please clarify if this correlation is based on visual
inspection of the plots in Fig. 6, or if it is an established correlation from previous work (then cite
relevant literature)

Response: We have clarified the statement accordingly: “Based on visual inspection small-scale
variability in snow accumulation rate correlates with small-scale variability in ice surface elevation
(Fig. 6a), suggesting that wind—driven erosion and deposition is a primary process of snow
accumulation.”

line 393: consider using "match" instead of "correlation" to avoid implying a statistical analysis.
Response: We have replaced “correlation” with “match”.

In the response to referee 2 regarding lack of citation to previous, potentially relevant, surface
accumulation/roughness investigations it is stated that: "Our paper describes spatial variations in
accumulation rates and does not focus on absolute values, because there are no existing data that we
could use to tie our radar-derived accumulation rates to firn cores or snow pits in the area."

There might not be any temporally overlapping datasets but investigating some of the literature
suggested by the referee reveals that accumulation rates exist from the traverses conducted in the
1960s. For example, measurements from 1962/63 traverse (partly following 88S) showed accumulation
rates of around 8g/cm2. This dataset also relates to a comment by referee 1 regarding annual layers:
The 1962/63 data show 8 years are present in a depth interval of 25-190cm. See
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/AR016p0209 (Taylor)

Response: We have plotted all existing accumulation measurements from Favier et al. (2013) that
are within 10 km of 88°S in Fig. 6¢. These include the 1962/63 South Pole traverse from Taylor
(1971) mentioned above. We have added text at the end of Section 4 that discusses the
comparison: “For comparison we have plotted all existing accumulation measurements of Favier
etal.{, 2013 #109} in Fig. 6c over our MERRA-2 and radar-derived accumulation rates. These snow
pit measurements include data from the 1962-1963 South Pole Traverse (Taylor, 1971). While
there is general agreement it should be pointed out that Favier et al. (2013) applied the quality
rating of Magand et al. (2007) , which identifies all snow pit data points shown in Fig. 6¢c as low



quality and subsequently excludes these data points from the quality controlled version
presented in Favier et al. (2013). Further limitations of the comparison are the long time between
the snow pit measurements and airborne data and the large variability in snow accumulation rates
on length scales of 10 km that can be seen in the radar-derived snow accumulation rates.”

A study from the same issue of Antarctic Research Series notes that: "Detailed profiles reveal
topography of the order of 10 to 30 meters in amplitude with half-wave-lengths of 10 to 30 km.
Superimposed on these are features generally 2 to 4 km in extent and with up to 6 or 8 meters of relief."
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/AR016p0039 (Beitzel). While the amplitude is
different from the numbers you report, this could be an early mention of megadunes.

Response: We thank the Editor for bringing this paper to our attention. It is unclear to us which
area the above statement on page 44 of Beitzel (1971) refers to. We agree with the Editor that
this is an interesting observation, however, without knowing where along the vast SPQML
traverse route this observation is, we feel a speculation if this was an early observation of
megadunes will not add context to our paper.

Finally, an earlier study by Lister and Pratt (https://www.jstor.org/stable/1791117) note the dominant
direction and mean height of sastrugis measured in 1957 during an expedition crossing 88S. Again, |
acknowledge that the data are not temporally overlapping with your observations but a short sentence
mentioning the similarity/dissimilarity with your results would be very interesting, and at the same
time demonstrate the long-lived interest in surface roughness investigations.

Response: We thank the Editor for bringing this paper to our attention. We agree that this is an
interesting early mention of sastrugi and have added the references and a general statement to
Section 3.1. Unfortunately, the geographic area of their description is also unclear from the Lister
and Pratt (1959) paper.

Response to the Referee 1 comments (RC1 - Joshua Chambers) on
manuscript TC-2020-51: Temporal and spatial variability in surface
roughness and accumulation rate around 88° S from repeat airborne
geophysical surveys

We thank referee Joshua Chambers for the positive general comments and many helpful specific
suggestions. We have revised our manuscript accordingly.

Lines 94-94 — what is the normal annual layer thickness? An example and a citation here would be
helpful

Response: There are two aspects to this question. The first one is whether the radar has sufficient
resolution to resolve the layers and the second one is whether annual layers actually exist. We
have reworded the sentence in lines 93-94: “At these low accumulation sites, preservation of
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reflection horizons is greatly reduced due to a slow rate of burial. Also, the ambient conditions
required to generate seasonal reflections might not always be present (such as depth hoar).”

Line 106 — insert (sastrugi) after “distinct elongated snow surface features” and delete next sentence
on line 107.

Response: done

Lines 131, 160, 182 & 185, 324 — ‘herein’ should be ‘therein’
Response: done

Line 134 — no need to define sastrugi again. This sentence can be merged with the following sentence.
Response: done

Line 160 — Merge Gow (1965) citation into previous citation, separated by a semicolon.
Response: done

Line 165 — change “Slope-dependent accumulation are” to “Slope-dependent accumulation is”).
Response: done

Line 188 & 191 — | guess by ‘3rd order polygon’ you mean 3rd order polynomial?
Response: We have replaced “polygon” with “polynomial” in lines 188 and 191.

Line 189-191 — did you test the different methods of detrending? If so, | think including a brief summary
in the supplementary information would be appropriate; if not, I’d change the language (‘significant
difference’ implies a statistical test was applied) and cite a study that has shown this to be the case.

Response: We have deleted the sentence.

Line 192-194 - you refer to range bins in the sentence before defining them in the next sentence. These
two sentences can be merged.

Response: We have merged the two sentences.
Line 198 — how many points were discarded? Maybe include a value or percentage here

Response: 1.8% of the data points were discarded. We have added the percentage to the
sentence.

Line 201 - include velocity value here for reader-reference

Response: The velocity of electromagnetic waves in air is approximately the speed of light in
vacuum. We have added 2.998E® m/s.

Line 203 - ICESSN doesn’t seem to be defined anywhere

Response: Correct. The ICESSN format was created in the early 1990s and information for what it
initially stood for has been lost. ICESSN has been known in the community for over 25 years and
is now used as a name, rather than an acronym. We have rephrased line 203 to clarify that: “For



a closer look at temporal changes in surface roughness around 88° S we use the roughness
estimates contained in the ATM Level 2 smoothed ice surface data product, known as ICESSN
(Studinger, 2014, updated 2018).”

Line 235 - is the reason for discounting ice-dynamics related roughness just to be sure that features
interpreted as sastrugi are sastrugi, for mapping wind direction? Otherwise, why make the distinction?

Response: As described in lines 129 — 134 surface roughness caused by ice flow has very different
length scales compared to the features we describe here, which is the reason we are confident
that these sastrugi are in fact wind-related. We reiterate this argument again in lines 234 — 236 of
the initial manuscript.

Line 252-253 - if the dunes move ~60m in 34 years, would the “7 m movement in 4 years make that
much difference to the coverage of the data? Also, what kind of process moves the dunes, is it aeolian
or ice dynamics?

Response: In line 251 we state “The temporal stability of megadune fields remains poorly
understood.” To our knowledge there is only one published dune migration rate which is the 60
m in 34 years from Fahnestock et al. (2000), which is for a mega-dune field in the vicinity of Vostok
and far away from the one we describe. If the underlying ice moves, the dune field on the surface
moves with the ice. But dune fields can also migrate independent from ice motion, a process that
is not well understood. Given the lack of satellite imagery at 88°S we don’t know what the
migration rate of this particular dune field is but we have to at least consider dune migration a
possibility. We have described this in lines 252 — 253 of the initial manuscript: “Since our survey
area is near the edge of the dune field we cannot rule out that over the course of 4 years the edge
of the dune field has migrated out of the coverage of the airborne geophysical data.”

Figure 5 — do the semi-circular artefacts in panels (a) and (b) have elevation values, or are they no-data?
(My eyes aren’t good enough to tell!). Do they affect the roughness values at all? Why do they not
appearin (e)?

Response: We assume the reviewer means instrument-related elevation biases that are a result
of occasional scan azimuth biases in the ATM instrument. The effect is described in Yi et al. (2015,
DOI: 10.1109/TGRS.2014.2339737). These small elevation biases become visible over extremely
flat surfaces and are of the order of several cm. We do not believe that they significantly impact
our roughness estimates since the elevation range that defines the surface roughness is on the
order of several tens of cm. These artefacts do not appear in panel (e) because the data shown
here were collected with the Riegl scanner, a linear line scanner, which is different from the
conically scanning ATM instrument used for (a) and (c).

We have added a short description of the artefacts to the caption of Fig. 5 and refer the reader to
Yi et al. (2015) for more detail.

Line 324 — units missing from slope value, i.e. slopes 2 0.002

Response: The quoted slope value from Das et al. (2013) is in meters per meter and is therefore
dimensionless.



Figure 6 — Slope units also missing here, assuming the correct unit for MSWD is degrees?

Response: The slopes are in meters per meter and are therefore dimensionless.

Response to the Referee 2 comments (RC2 — Neil Ross) on manuscript
TC-2020-51: Temporal and spatial variability in surface roughness and
accumulation rate around 88° S from repeat airborne geophysical
surveys

We thank referee Neil Ross for the positive general comments and the many and very helpful specific
suggestions. We have revised our manuscript accordingly.

Broad comments:

1. A lack of discussion about the wider implications of the study. | would encourage the authors to
consider the broader implications of this work (e.g. implications for satellite-derived accumulation
rates, implications for ice core research at South Pole, Hercules Dome etc.) and incorporate these
aspects into the abstract, discussion and conclusions sections.

Response: Section 3.2 “Relevance of surface roughness and slope for altimetry and surface mass
balance” already addresses the wider implications of our work. Since we don’t present specific
results in our paper other than for radar altimetry we feel any statements on potential impacts
on other areas of research we could make will be speculative and don’t belong into a scientific

paper.

2. A lack of information about the geographical setting of the area of investigation (e.g. which Antarctic
drainage basins and ice stream catchments does the 88°S survey line intersect and survey?). A ‘study
area’ section to the manuscript may help in this regard.

Response: We have added a survey area section to the manuscript and moved some of the text in
sections 3 and 4 into the new section. We have tried and plotted the drainage basins in Fig. 1 but
feel the basin outlines are too distracting and don’t add much context to the figure. Instead we
have described the geophysical setting. Given the low ice surface velocities in our survey area (<
10 m yrt) we don’t think drainage basins are relevant for the work presented in the paper.

3. A somewhat awkward structure to the paper, with inter-mixing of study area, methods, results, and
background information. There is no clear delineation between description of results and
discussion/interpretation of those results. To me the current structure is not that logical, but this may
reflect my training/background discipline. However, a decision on what section 3 is needs to be made.
Is it a methods section, or something else? Currently it is an amalgamation of background, methods and
results. Section 4 also seems to be predominantly methods, with sections 5-7 results/discussion
intermingled. My recommendation is to restructure the manuscript to more clearly delineate between
background/methods/results/discussion & interpretation. Without this restructuring it will not be clear
whether the manuscript is a ‘methods’ paper or a ‘results’ paper.



Response: We agree with the referee that the structure of the manuscript can be clarified. Our
paper is a synthesis of several different data types (laser altimetry, optical imagery, subsurface
radar) that explores relationships between several geophysical parameters that can be derived
from these data. The nature of our analysis complex and this complexity is reflected in the
manuscript. In order to help the reader understand the organizational structure and flow of our
manuscript we have added several sentences at the end of the introduction that describe the
outline of our paper. We have change the title of several sections to better reflect their contents.
We have chosen to keep background, method, results and discussions together with roughness
and accumulation sections to avoid the paper becoming repetitive.

4. A lack of citation to previous, potentially relevant, surface accumulation/roughness investigations in
study area (e.g. results from the South Pole-Queen Maud Land traverses of 1964-65 and 1965-66), and
potentially to Antarctic-wide surface accumulation literature (e.g. Arthern et al. 2006
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2004JD005667).

Response: We have provided a detailed response to this comment in our response to the Editor.
We have plotted all existing accumulation measurements from Favier et al. (2013) that are within
10 km of 88°S in Fig. 6c.

There seems to be general agreement in the surface mass balance community that re-analysis
models such as RACMO2.3 and MERRA-2 are now better than the Arthern et al. (2006)
accumulation estimates. This is the reason why we have chosen to use a re-analysis model over
the Arthern et al. (2006) data. We use MERRA-2 since unlike RACMO2.3 it is publicly available. We
have added a reference to Arthern et al. (2006) in the survey area section but are not convinced
of its relevance to our work. We have also added a reference to the surface mass balance data set
from Favier et al. (2013). An updated and quality controlled surface mass balance dataset for
Antarctica. Cryosphere, 7(2), 583-597.

5. Statistics are not my strongest suite, so | am not terribly well qualified to comment on the validity of
those aspects. The statistics used seem simple and relatively unsophisticated however (e.g. lines 391-
409), and | do wonder if a more sophisticated and rigorous statistical analysis has the potential to tease
out more insights from the data set. Perhaps the current statistical analysis does the job however (i.e.
‘reviewer 2’ is simply scaremongering unnecessarily), and there is no requirement for introducing more
complexity in this regard. | was a little unsure as to why it was so important to assess the correlation of
the standard deviation (lines 391-409) however. Perhaps this could be explained a little more?

Response: This is an excellent point that the authors have discussed at length and with colleagues
while doing the analysis. We don’t think that more sophisticated or rigorous statistical methods
would reveal any meaningful relationships in the data. The Pearson’s correlation coefficient may
not be the most sophisticated method but it is widely accepted and certainly robust, which is the
reason why we decided to use it as a metric. Using the standard deviation for quantifying
variability is a commonly used method. We have explained in lines 390 — 391: “To quantify the
relationship between variability in surface slope, wind direction and accumulation rates we use
the standard deviation o of the MSWD and snow accumulation....”



Specific comments:

Line 23: “overall” instead of “entire”?
Response: We have changed the wording.

Lines 26-28: Implications of this study for developing elevation bias corrections is stated, but I'd
encourage the authors to include other broader implications (e.g. for quantification of surface mass
balance and for ice core studies) here.

Response: We feel that our section 3.2 already addresses the broader implications. Since we don’t
present specific results in the paper we feel any statements we could make will be speculative
and don’t belong into this paper.

Line 46: “...ice surface, volume...”?
Response: We have inserted a comma after surface.

Line 47: “Radio-wave signal detection below the noise floor...”? Line 50: “..azimuth dependent
elevation ....."”?

Response: We have changed line 50. We are not sure what is meant by the comment on line 47.
Line 52: “...we specifically studied....”?

Response: Using present tense is generally considered better writing style than using past tense
and most of our manuscript is written in present tense. We’'ll leave this up to the copy editor.

Line 62: Change title to “Data sets and methods”? Line 85: no comma after “both”?

Response: We have deleted the comma in line 85. Section 2 does not contain a description of
methods. The methods we apply to the data sets are described in Section 3. We have followed
the referee’s second broad comment and added a study area section to Section 2.

Line 86: “...a ground speed...”

Response: we have change “an” to “a”.

Line 105-108: Change to: “The difference in geolocation between distinct elongated topographic snow
surface features (sastrugi) between overlapping orthorectified images is on the order of several metres.
The DMS images....."”?

Response: We have already changed this sentence based on RC1’s suggestion.

Lines 119-123: More detail on the survey flights would be helpful. For example, what was terrain
clearance, and was it consistent each year?

Response: We have added a column to Table 1 that shows the flight elevation in meters above
ground level (AGL) for each survey flight, which was the same for all 6 flights. Ground speed and
other flight parameters are already listed in the text.

Line 127: Section “3.1 Background”: It is unclear to me why this section is titled background, and why it
is positioned here. If the section is background, then it should probably come before datasets/methods.
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This section seems to be a mix of background (lines 128-137 & 150-157) and surface roughness results
(137-144).

Response: We have addressed this point in previous comments.
Line 134: “Elongated....sastrugi” is repetition of line 105-108.
Response: We have already reworded line 134 based on RC1’s comments.

Line 155: Use of Gow reference is really effective. Engagement with more literature of this age could
benefit the paper, e.g. publications from the South Pole-Queen Maud Land traverses of 1964-65 and
1965-66. Lots of the results of these traverses are published in “Antarctic Snow and Ice Studies I11”
https://agupubs.onlinelibrary.wiley.com/doi/book/10.1029/AR016

Response: We have added the SP-QML reference to the new survey area section. The SP-QML
traverse has very sparse accumulation measurements but no discussion of roughness or slope to
our knowledge. We therefore think it is lacking the relevance to our work that would warrant
more discussion. The Gow paper, on the other hand cover all these topics and is therefore
relevant.

Line 158: Section “3.2. Relevance of surface roughness....."”: This seems to be background material rather
than results.

Response: We have addressed this point in previous comments.

Line 170: No need for an acronym for bidirectional reflectance distribution function. It is only used once
after this in the entire manuscript.

Response: We have deleted the acronym and spelled out BRDF in line 175.
Line 172: “the relationships”
Response: We prefer “then” since the 2007 work is a follow up to the 2002 work.

Line 180: Section “3.3. Surface roughness estimates”: The entirety of section 3.3 seems to be methods,
or assessment of methods (lines 207-216) rather than results or discussion. An overall decision needs
to be made about what section 3 is (see ‘broad comments’ above).

Response: We have addressed this point in previous comments.
Line 234: year of Mouginot reference (2019?) is missing.
Response: We have added the missing year in the reference.

Line 239-249: Description of the longitudinal ranges of features of interest. | did find it tricky when
reading the text to think about compass bearings in both westerly and easterly compass directions in a
single sentence. | understand why the authors have done this (i.e. to describe what is shown in figures
3 and 4), but it is a little jarring and non-intuitive when reading a single sentence. For example, for me
it is much easier to comprehend “between 175° W and 60 °E” when written as “between 60-185°E”. As
currently written, it is also not clear without reference to the figure whether the smooth area is



clockwise or anti-clockwise between 175° W and 60 °E. It may also be worth considering annotating the
area described in figure 3 (&4)?

Response: Describing compass bearings in the vicinity of the pole is inherently challenging because
of the longitudinal convergence. There are no good solutions to this challenge in our view. The
authors are having the same difficulties as the referee when discussing results among ourselves
or describing them and we are aware that the readers will face those same challenges. Two
conventions are in use to describe longitudes: 180° W/180° E and 0°/360°. Strictly speaking the
longitude is defined as an angular measurement ranging from 0° at the Prime Meridian to 180° E
eastward and 180° W westward. We have therefore chosen the 180° E/W convention. It also
provides a hemisphere distinction that the 0°/360° convention does not have. As the referee
points out the words in the text need to be consistent with the figures and we have followed that
rule.

The referee describes the challenges when describing features that go over a singularity. These
challenges are the same in both the 180° W/180° E and 0°/360° conventions.

To help the reader comprehend the spatial setting we have use the same SCAR-recommended
polar stereographic map projection (EPSG:3031) for Figs 1-3 that many people are familiar with.

We are not clear what is meant with the last sentence of the referee’s comment.

Line 250: | am not sure what “...appears to have less of a roughness anomaly....” means. Why not just
“..the surface of this dunefield is less rough in 2017 compared to 2014 and 2016”?

Response: We have changed the sentence accordingly.
Line 253: “beyond” rather than “out of”?
Response: We prefer “out of”.

Lines 254-257: this paragraph seems a little ‘bolted-on’ to this section and is a little perfunctory. Does
it need a few more sentences to describe the data presented in figure 4e a little more fully? This section
is entitled "3.4 Surface roughness, slope and elevation...” but is very much dominated by roughness.

Response: We have moved the last sentence into the new survey area section.

Line 254: Why “...slope of the ATM ICESSN nadir platelets...”? Why not just “ATM-derived surface
slope”?

Response: We prefer to be precise here and state that the slope from the ICESSN data product
was used and that we used only the nadir platelet.

Line 262: A, B & C are labelled in 4b, rather than 4a.
Response: We have corrected that error.

Lines 265: “simultaneously” or “concurrently” rather than “at the same time”? Line 267: no comma
after “Both”
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Response: We have changed line 265 already based on RC1’s comments and have deleted the
comma after “Both”.

Line 268: “..seems to be even slightly lower...” — recommend rewording to either quantify this
statement, or to make it more certain. Perhaps “...are slightly lower...”?

Response: We have reworded the sentence accordingly.

Lines 282-318: “Section 4” - this all seems to be method description here, rather than description of
data or results? Perhaps a re-structuring of the paper is required to make it clear to the reader which
sections are methods, results and interpretation? If the manuscript is a methods development paper
then that’s fine, but that’s not the impression currently given by the abstract.

Response: We have addressed this point in previous comments.

Lines 320-340: “Section 5” — the first part of this section is a mix of background information (i.e. lines
320-329) and further description of methods (i.e. lines 329-340). It does not describe “Spatial variability
in snow accumulation rates”. | would suggest that the opening line of section 5 is not the best place to
state “Accumulation of snow on the Antarctic ice sheet is primarily the result of precipitation of snow”.
Such a sentence should be on the 1st page of a manuscript. The entirety of Lines 320-324 should be
much earlier in the manuscript.

Response: We have moved lines 320 — 326 into the new survey area section. We have revised the
title of this section to better reflect its contents.

Line 347: rather than “several”, can the authors provide a range (e.g. 0-3 cm w.e. yr-1)?
Response: We have included a number.

Line 349: again, here it would be good to quantify the statement made (e.g. “the highest accumulation
rates (xx cm w.e. yr-1) near....”

Response: We have included a number.

Line 352-353: Good to cite original paper locating the bedrock low (i.e. Studinger et al. 2006). Authors
could also add an up-to-date reference here to reflect new bed data acquisition in this area. Either
Paxman et al.,, 2019 https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018GC008126 or
Morlighem et al., 2019 https://www.nature.com/articles/s41561-019-0510-8 ? Perhaps also move the
reference to figure 3a to earlier in the sentence as it only shows surface depression, rather than the
subglacial topographic low?

Response: We have added a reference to Morlighem et al. (2020) in the new survey area section.
The ice thickness and bedrock data that are relevant to our study are the one that have been
collected along our survey line on the 6 flights we discuss. These data sets are shown and
referenced in our manuscript.

Line 354-360: this is an extensive description of previous work that is not directly linked into the data
description/interpretation here. Could it be moved to a ‘study area’ section earlier in the manuscript?
It might be more effective there, and can then simply be referred to at its current location?

Response: We have moved some of the wording into the new survey area section.

11



Line 362: suggest insert an r2 value after “correlates”.

Response: We don’t have r? values calculated for geographic segments and don’t think it would
make much sense.

Line 365: “highly variable” — requires some quantification in the text (i.e. range of values should be
quoted).

Response: We have quantified the variability.

Line 369: Reword to “However, several peaks in snow accumulation rate still correlate...”?
Response: We have changed the wording.

Line 370: again, insert an r2 value after “correlates”? Line 372: “topographic” rather than “topography”?
Response: We have changed the wording. Figure A3 shows a visual correlation without r? values.

Line 372-373: change to “..lowest part of the depression where it reaches it’s highest point.”? Perhaps
quantify the “highest point” too? How high was it? Such statements should be quantified in the text.

Response: We have changed the sentence accordingly, but have replaced “it’s” with “its”.

Lines 373-374: change to “...with lows in topography results in an overall negative correlation coefficient
of....”

Response: We have changed the sentence accordingly.

Lines 393-394: insert an r2 value after “The correlation is strongest”? | note that in-text quantification
of data description is much better in the following section 6.

Response: We don’t have r? values calculated for geographic segments and don’t think it would
make much sense.

Line 432: is there really a requirement to say “ESA’s CryoSat-2”? Why not just CryoSat-2? Line 466:
change to “....MERRA-2, which have low spatial resolutions.”?

Response: We have deleted “ESA’s” to make this CryoSat-2 mentioning consistent with previous
mentioning of CryoSat-2 in the manuscript. We have changed line 466 following the suggestion.

Lines 467-471.: this is a very important finding.
Response: None required
Figures:
Figure 1: Cite source of rock outcrop polygons (Antarctic Digital Database?)

Response: We have added the Antarctic Digital Database to the caption of Fig. 1 and data
availability section at the end of the manuscript.

Figure 2: | found it difficult to orient myself between figures 2 and 3. Where is figure 2 located on figure
3?
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Response: Figure 2 is located at 135° E and 88° S. We have added the location of Fig. 2 to Fig. 3b
and updated the caption to Fig. 2. The same SCAR-recommended polar stereographic map
projection (EPSG:3031) is used for Figs 1-3.

Table 1: This is table is really useful.

Response: None required.
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Temporal and spatial variability in surface roughness and accumulation
rate around 88° S from repeat airborne geophysical surveys
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Abstract. We use repeat high-resolution airborne geophysical data consisting of laser altimetry, snow and Ku-band radar and
optical imagery acquired in 2014, 2016 and 2017 to analyze the spatial and temporal variability in surface roughness, slope, wind
deposition, and snow accumulation at 88° S, as—this—is-an elevation bias validation site for ICESat-2 and say—be-a-potential
validation site for CryoSat-2. We find significant small-scale variability (< 10 km) in snow accumulation based on the snow radar
subsurface stratigraphy, indicating areas of strong wind redistribution are prevalent at 88° S. In general, highs in snow accumulation
rate correspond with topographic lows resulting in a negative correlation coefficient of r* = -0.32 between accumulation rate and
MSWD (Mean Slope in the mean Wind Direction). This relationship is strongest in areas where the dominant wind direction is
parallel to the survey profile, which is expected as the geophysical surveys only capture a two-dimensional cross section of snow
redistribution. Variability in snow accumulation appears to correlate with variability in MSWD. The correlation coefficient
between the standard deviations of accumulation rate and MSWD is r* = 0.48 indicating a stronger link between the standard
deviations than the actual parameters. Our analysis shows that there is no simple relationship between surface slope, wind direction
and snow accumulation rates for the entire-overall survey area. We find high variability in surface roughness derived from laser
altimetry measurements on length—scales smaller than 10 km, sometimes with very distinct and sharp transitions. Some areas also
show significant temporal variability over the course of the 3 survey years. Ultimately, there is no statistically significant slope—
independent relationship between surface roughness and accumulation rates within our survey area. The observed correspondence
between the small-scale temporal and spatial variability in surface roughness and backscatter, as evidenced by Ku-band radar

signal strength retrievals, will make it difficult to develop elevation bias corrections for radar altimeter retrieval algorithms.

1 Introduction

Polar ice sheets play a critical role in Earth’s climate system. Measurements from satellites and aircraft reveal that the ice sheets
of Greenland and Antarctica are changing at an accelerating rate suggesting increasing rates of global sea—level rise as the ice
sheets melt (e.g., Vaughan et al., 2013). To project future rates of sea—level rise, numerical models of an ice sheet’s response to
climate forcing require input data of the surface mass balance and its spatial and temporal variability. Observing changes in ice—
surface elevation from satellite and airborne platforms has long been recognized as a powerful tool for assessing and quantifying
ice sheet mass balance (e.g., Abdalati et al., 2010; Krabill et al., 2000; Thomas and Investigators, 2001; Zwally et al., 2002).

The southern convergence of all Ice, Cloud, and land Elevation Satellite-2 (ICESat-2, (Markus et al., 2017)) and CryoSat-2

(Wingham et al., 2006) ground reference tracks at 88° S-is-in-aregionoflowsnow-aceumulation O-cmr-annual-water-equivalen
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(McConnell et al., 1997; Mosley-Thompson et al., 1999; Winski et al., 2019.}-andtow-—surface-slope (0 H°>+010%FisAla)

(Helm et al., 2014). Because of the density of tracks, the small impact of surface processes, and the region’s relative quiescence,
88° S is the primary ICESat-2 land—ice validation site in the southern hemisphere (Brunt et al., 2019a; Brunt et al., 2019b). Both
radar and laser altimeters are potentially prone to elevation biases related to surface roughness and slope. For laser altimeters such
as ICESat-2, increased surface roughness causes broadening of the return signal, which can cause elevation biases up to 0.2 m
(Smith et al., 2019). When surface roughness changes seasonally the elevation biases will also change with time (Smith et al.,
2019). For radar altimeters such as CryoSat-2, smoother surfaces will have larger return signal strength compared to rougher
surfaces which also changes the shape of the return waveform potentially causing elevation biases (Kurtz et al., 2014). Since radar
altimeters penetrate below the ice surface, volume backscatter from subsurface firn will also impact the return signal waveform
(e.g., Nilsson et al., 2016). Radar extinction with depth depends on the dielectric permittivity of firn, which is primarily a function
of firn density (Kovacs et al., 1995). Changes in firn density are often related to changes in snow accumulation rates (e.g., Grima
et al., 2014) making radar elevation biases potentially a function of spatial changes in accumulation rates. Furthermore, wind-
induced anisotropic features of firn can introduce azimuth depending-dependent elevation biases (Armitage et al., 2014).

Previous Antarctic studies have reported relationships between surface slope, roughness and snow accumulation rates (e.g., Arcone
etal., 2012; Dattler et al., 2019; Fahnestock et al., 2000; Grima et al., 2014; Hamilton, 2004; King et al., 2004). To better understand
potential correlations between altimetry elevation biases and geophysical parameters of the ice surface, we are specifically studying
the spatial and temporal variability of surface roughness and accumulation rate over the ICESat-2 validation site at 88° S. We use
repeat high—resolution airborne data consisting of laser altimetry, snow and Ku—band radar and natural color imagery acquired as
part of the National Aeronautics and Space Administration’s (NASA) Operation IceBridge (OIB) mission to analyze spatial and
temporal variability in surface roughness, slope, accumulation rate, and Ku-band radar backscatter along a 1400 km circle around

88° S (Fig. 1). We start with a description of the survey area and the data sets we use (Section 2). We then focus on surface

roughness in Section 3, first describing its relevance to cryospheric research, the methods we use to estimate surface roughness,

followed by a description of temporal and spatial variations in surface roughness that we observe in our data. We then describe in

Section 4 how we estimate snow accumulation rates, followed by a description of the spatial variability we observe in snow

accumulation rates in our survey area in Section 5. Section 6 explores the relationship between surface, slope and wind direction.

The impact of surface roughness on radar backscatter and therefore elevation bias in radar altimeter measurements is discussed in

Section 7. Section 8 concludes the paper.
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Figure 1: Location map with survey area around 88° S (yellow line). Surface elevation is from Helm et al., (2014). Rock outcrops from
the Antarctic Digital Database are marked in red. SP marks the geographic South Pole, TD is Titan Dome and FIS is Filchner Ice Shelf.

2 Data sets_and survey area

QOur survey area is situated on the East Antarctic plateau in the hinterland of the Transantarctic Mountains (Fig. 1). The ice surface

elevation along the 1400 km long survey line around 88° S varies between 2450 and 3100 m, with bedrock elevations ranging from

-1450 to 1785 m (Morlighem et al., 2020)_and Fig. 4. The thinnest ice along 88° S is 1190 m thick and the thickest ice reaches

4100 m (Fig. 4). Ice surface velocities in our survey area are generally below 10 m yr'' (Mouginot et al., 2019). Accumulation

measurements from snow pits and shallow firn cores are sparse (Favier et al., 2013; Picciotto et al., 1971). The survey area is in a

region of low snow accumulation (7—10 cm annual water equivalent) (Arthern et al., 2006; McConnell et al., 1997; Mosley-

Thompson et al., 1999; Winski et al., 2019) and low surface slope (0.11° + 0.10°, Fig. Ala) (Helm et al., 2014). Together with the

low snow accumulation rate and low ice surface velocities this makes it an ideal area for calibration and validation of spaceborne
altimeters (Brunt et al., 2019a; Brunt et al., 2019b).

Accumulation of snow on the Antarctic ice sheet is primarily the result of precipitation of snow. The precipitated distribution of

accumulated snow is subsequently modified spatially by wind—driven erosion and deposition. Sublimation of accumulated snow,

both, in the form of wind-driven sublimation of airborne snow particles and surface sublimation removes accumulated snow and

therefore mass from the surface and further modifies the initial deposition pattern resulting from precipitation (e.g., Frezzotti et al.,

2007, and references therein). For slopes > 0.002 Das et al. (2013)_found wind—scoured areas in East Antarctica with negative

surface mass balance similar to the wind—glaze area described by Scambos et al. (2012).

—Using European Centre for Medium-Range Weather Forecasts

(ECMWEF) reanalysis data, Casey et al. (2014)_estimate that around half of the snow accumulation at the South Pole comes from

periodic moisture-bearing storms traversing the Filchner—-Ronne and Ross Ice Shelves towards the pole from West Antarctica. It

is likely that the percentage of snow accumulation from such cyclonic events is even higher at 88° S near the Transantarctic

Mountains compared to the South Pole since the area is closer to the source of moisture, complicating the relationship between
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surface slope, wind direction and snow accumulation. Therefore, there is no simple relationship between surface slope, wind

direction and snow accumulation rates.

We use airborne geophysical data collected during 6 NASA OIB survey flights in 2014, 2016 and 2017. The data consists of high-

resolution laser altimetry, natural color imagery and snow and Ku-band radar data and is available from the National Snow and Ice

Data Center (NSIDC).
2.1 Laser altimeters

2.1.1 Airborne Topographic Mapper (ATM)

The ATM is a conically-scanning laser altimeter that measures the surface topography of a swath beneath the aircraft at a 15° off—
nadir angle (Krabill et al., 2002). The range from the laser altimeter to the surface is converted to geographic position by integration
with platform Global Positioning System (GPS) and attitude/Inertial Measurement Unit (IMU) measurement subsystems. The

conical scan geometry results in a near—constant angle of incidence and intersecting laser footprints allow for pointing biases to be

determined over any type of surface (Harpold et al., 2016; Martin et al., 2012). The two generations of instruments used in this
study, T4 and T6 have a pulse repetition frequency of 3,000 Hz, a wavelength of 532 nm, and a pulse width of 6 ns full width at
half maximum (FWHM). The ATM scanner has a swath width of 240 m at a nominal flight elevation of 460 m above ground level
(AGL) and a footprint diameter of ~0.8 m. As a result of the conical scan pattern, the density of spot elevation measurements varies
across the swath from 0.03 footprints m at the center to 0.37 footprints m™ at the edge. At a nominal aircraft speed of 130 m s°!
the average spacing between point elevation measurements is ~5 m in the center of the scan and <1 m near the edge. The vertical
accuracy of an individual laser spot measurement is estimated to be 7 cm with a vertical shot-to-shot precision of 3 cm (Martin et

al., 2012). We use both the L1B and L2 (ICESSN) data products (Studinger, 2013, updated 2018, 2014, updated 2018).

2.1.2 Riegl LMS—Q240i laser altimeter

The University of Alaska, Fairbanks (UAF) operates a commercially available Riegl LMS—Q240i airborne laser scanner together
with IMU and dual-frequency GPS subsystems for attitude and precise position. The system is a near—infrared linear, unidirectional
scanner that scans the surface in parallel lines. The system acquires measurements at 10,000 Hz with a footprint size of 1.0 m at
460 m AGL and at a £30° off-nadir scan angle. The average spacing of laser footprints both; along track and across is ~1 m at 460
m AGL and an ground speed of 85 m/s (Johnson et al., 2013; Larsen, 2010, updated 2018). Results over 20% of our study area at
88° S show that 2 flights from a 2017 UAF laser altimetry survey had a <10 cm bias and a surface measurement precision of <10

cm (Brunt et al., 2019a).

2.2 Snow and Ku-band radar

The snow radar is an ultra—wideband microwave radar that operates over the 2—8 GHz frequency range and is developed and
operated by the Center for Remote Sensing of Ice Sheets (CReSIS) at the University of Kansas (KU). The system is a frequency—
modulated continuous—wave (FMCW) radar that images the stratigraphy in the upper ~40 m of the ice sheet with a bandwidth-
limited range resolution of 2.6 cm in firn with a density of 550 kg/m? and 3.8 cm in air (Leuschen, 2014, updated 2018; Panzer et
al., 2013; Rodriguez-Morales et al., 2014). This+ : b i
annual-snew-aceumulationsuch-as-eursurvey-area—At these low accumulation sites, preservation of reflection horizons is greatly

reduced due to a slow rate of burial. Also, the ambient conditions required to generate seasonal reflections might not always be

present (such as depth hoar). At the nominal flight elevation of 460 m AGL the snow radar has a footprint size of approximately

10 m across track and 14.5 m along track (Panzer et al., 2013). A 9-by—4 (range bin—by—trace) median filter is applied to the data

4



130

135

[140

145

150

to minimize noise. The Ku-band radar altimeter is identical in design but operates over the frequency range of 12—18 GHz for
mapping subsurface stratigraphy in the upper 10 m of polar firn (Gomez-Garcia et al., 2012; Paden et al., 2014, updated 2018;
Rodriguez-Morales et al., 2014). Since both radars have the same bandwidth (6 GHz) the bandwidth-limited range resolution of

the Ku-band radar is the same as the snow radar.

2.3 Digital Mapping System natural color imagery

The Digital Mapping System (DMS) is a digital camera that acquires natural color, high-resolution images at 10 cm pixel size at
the nominal flight elevation of 460 m AGL (Dominguez, 2010, updated 2018) (Fig. 2). The camera is operated by NASA's Airborne
Sensor Facility located at the Ames Research Center. Images are approximately 380 m across swath and 570 m along swath and
cover the entire ATM swath width. A combined IMU and GPS system for precise position and attitude information is part of the
instrument package. DMS images are acquired with overlap between consecutive images to ensure data continuity. The difference
in geolocation between distinct elongated snow surface features (sastrugi) between overlapping, orthorectified images is on the
order of several meters.
RADARSAT 200 m Digital Elevation Model (DEM) (Liu et al., 2015).
135°0'30"E 135°0'0"E 135°0'30"

20,14/10/26118°28 50

si—The DMS images are referenced to the

E

135°0'0"E

135°1'30"E 135510%E 135°1'30"E 135°1'0"E
Figure 2: DMS natural color images of the same area at 88° S and 135° E. The location is indicated in Fig. 3b. The two aerial images are
nadir-looking, geolocated and orthorectified, color photographs of a sun illuminated snow surface taken from 460 m AGL. The two
photographs were taken on the same day of year two years apart. The low—angle sun illuminates the elongated, elevated surface features
(sastrugi) facing the sun and creates dark shadows in the opposite direction behind the elevated features. For the 2014 image the sun is
11.5° above the horizon (accounting for refraction through the atmosphere) and for the 2016 image it is 12.1°. The orientations of sastrugi,
indicated by dashed lines, is determined by visually following transitions of elongated bright, sun—illuminated features and corresponding
shadows. Both images show a dominant sastrugi orientation parallel to the 26 year averaged 10 m wind field from MERRA-2 (e.g.,
Gelaro et al., 2017) and a secondary orientation that appears to be less pronounced in 2014 compared to 2016.

2.4 Survey flights

Between 2014 and 2017 six NASA OIB airborne geophysical survey flights were completed to acquire data around 88° S (Table
1). Two flights are necessary to complete the entire small circle around 88° S with the platforms and bases of operations used.

Snow and Ku-band radar data and DMS images are only available for 2014 and 2016 years. The combination of simultaneous
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laser altimetry, snow radar stratigraphy and natural color imagery on a regional scale provides a unique data set to study small

scale deposition and erosional processes and their temporal and spatial variability.

Date Longitude Segment | Aircraft Laser Snow & Ku-band Radars | Camera Flight Elevation
2014/10/23 110° E to 70° W DC-8 ATM-T4 KU CReSIS DMS 460 m AGL
2014/10/26 70° W to 110°E DC-8 ATM-T4 KU CReSIS DMS 460 m AGL
2016/10/26 70° W to 110°E DC-8 ATM-Té6 KU CReSIS DMS 460 m AGL
2016/11/15 110° E to 70° W DC-8 ATM-T6 KU CReSIS DMS 460 m AGL
2017/11/30 100° E to 10° W DC-3 | UAF Riegl n/a n/a 460 m AGL
2017/12/03 |  30° W to 150° W DC-3 | UAF Riegl n/a n/a 460 m AGL

Table 1: Science instruments and airborne platforms of 6 NASA OIB aerogeophysical survey flights at 88° S.

3 Ice surface roughness
3.1 Background

The surface roughness of polar ice sheets is primarily a result of ice dynamics and surface—atmosphere interactions on varying
temporal and spatial scales. In general, ice flow over rugged bedrock topography causes roughness features that can extend from
several hundreds of kilometers to a few kilometers depending on ice thickness, flow speed and basal conditions (e.g., Smith et al.,
2006, and references therein). These large—scale variations in ice surface topography caused by ice dynamics are not the topic of
this analysis. Here, we focus on small-scale surface roughness or surface texture that spans from several meters to hundreds of
meters and is primarily the result of ice—atmosphere interactions, such as wind deposition and wind—induced ablation or erosion,
the predominant types of surface-atmosphere interactions in the area of 88° S. Elengatedtopegraphie—snowfeatures—ealled
sSastrugi; are the dominant form of small-scale surface roughness in the interior of polar ice sheets —Sastragiand are known to
form parallel to the prevailing wind direction.-and-tTheir orientation can therefore be used to infer time—averaged prevailing wind

directions (e.g., Bromwich et al., 1990; Gow, 1965). Lister and Pratt (1959)_describe sastrugi on the order of 20-30 meters along

the route of the Commonwealth Trans-Antarctic Expedition that also crossed 88° S. Figure 2 shows natural color DMS images of

the same area at 88° S and 135° E taken two years apart. The dominant sastrugi orientation matches the 26 year average (1980 —
2016) of the 10 m wind direction from MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, (e.g.,
Gelaro et al., 2017)) (Fig. 3a). The ice surface on the East Antarctic plateau often has a dominant sastrugi orientation with
sometimes two or three populations of sastrugi forming a crossing network of ridges that reflects seasonal changes in wind
orientation (e.g., Warren et al., 1998) (Fig. 2). These seasonal changes are not captured in our averaged MERRA-2 wind direction.
The good agreement between the dominant sastrugi orientation and the MERRA-2 long—term average, however, suggests that a

single dominant wind direction is a good representation of the conditions in the survey area (Fig. 2).
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Figure 3: a) Ice surface elevation from CryoSat-2 (Helm et al., 2014) and 26 year 10 m average wind speed from MERRA-2 (e.g., Gelaro
et al., 2017). Red line marks location of 88S° S airborne geophysical data collection. TD is Titan Dome. b) Ice surface roughness from
2014 ATM data (Studinger, 2014, updated 2018). Background image is MODIS Mosaic of Antarctica 2013 — 2014 (Haran et al., 2014)
using MODIS data between 11/2013 and 03/2014. Locations of megadune fields are marked in orange and roughness features A, B, and
C refer to Fig. 4b.

In recent decades, especially in the rapidly warming West Antarctic region, synoptic heat— and moisture—bearing storms have
reached the South Pole area (e.g., Harris, 1992; Nicolas and Bromwich, 2011). Such storms and cyclonic events have been less
common, though still occur in the interior of East Antarctica (e.g., Gorodetskaya et al., 2014; Hirasawa et al., 2000). Individual
sastrugi can be eroded and reform during a single storm (Warren et al., 1998). Most changes, however, occur as a result of seasonal
changes between summer and winter months (e.g., Gow, 1965). Gow (1965) shows that sastrugi form during winter months
resulting in a rough surface, and subsequently get eroded during the summer by sublimation and deflation at South Pole. This effect

mostly results in a flattening of the subsurface layer stratigraphy and therefore does not affect our surface roughness results.

3.2 Relevance of surface roughness and slope for altimetry and surface mass balance

The surface roughness and slope of ice sheets affect several processes that are relevant for ice sheet mass balance (e.g., Gow, 1965,
and references therein; van der Veen et al., 2009). King et al. (2004) describe small scale variations in accumulation rate on the
order of 1 km that appear to be associated with wind—borne redistribution as a function of slope. Hamilton (2004) found significant
variability in snow accumulation rates due to the interaction of prevailing winds with meter—scale surface topography; where, for
example, a concave depression can receive up to 18% more accumulation than adjacent steeper snow surface topography. Similarly,
Arcone et al. (2012) mapped accumulation patterns in East Antarctica that are created by wind-blown deposition on windward and
leeward slopes. Slope—dependent accumulation are-is also related to spatial variations in firn density (Grima et al., 2014) which
impacts mass balance estimates from altimetry data. Small—scale roughness contributes to noise in firn core records and therefore
accumulation rate estimates (van der Veen et al., 1998; van der Veen et al., 2009). Studies by van der Veen et al. (1998; 2009)
used ATM roughness estimates over Greenland to determine the uncertainty in water equivalent (w.e.q.) accumulation estimates
from shallow firn cores.

Surface roughness also affects the albedo and bidirectional reflectance distribution function (BRB¥)-of ice sheets (Leroux and
Fily, 1998; Warren et al., 1998). Nolin et al. (2002) used ATM roughness estimates to calibrate Multi—angle Imaging

SpectroRadiometer (MISR) roughness estimates, and Nolin and Payne (2007) derived then relationships between ice surface

Surface Roughness [cm]
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roughness and near—infrared albedo using ATM and MISR data. Ongoing satellite and modelling investigations on radiative

impacts of surface roughness and sastrugi continue to illuminate angular relationships and parameterizations that can be key to

quantifying bidirectional reflectance distribution functionBRDB¥E and albedo sensitivities in ice surface studies (e.g., Corbett and
Su, 2015; Kokhanovsky and Zege, 2004; Larue et al., 2019). As ice sheet surface roughness mapping and modeling capabilities
improve, it will be possible to more accurately include the radiative effects of surface roughness. Surface roughness furthermore
affects thermodynamic fluxes because it affects boundary layer processes through the aerodynamic roughness and therefore the

surface energy balance (Boisvert et al., 2017; Chambers et al., 2019; Nolin and Mar, 2018; Palm et al., 2017).

3.3 Surface roughness estimates - methods

There are several diverse approaches to quantifying topographic irregularity or surface roughness (e.g., Smith, 2014, and references
therein). In general, roughness metrics are not only scale and orientation—dependent, but also impacted by the spatial resolution,
footprint size and sample spacing of the input data. One commonly used metric for surface roughness is the standard deviation o
of small-scale elevation fluctuations from a mean or de—trended surface in a given area or over a given length (e.g., Das et al,,
2013; Smith, 2014, and references therein). In order to minimize potential effects from anisotropy in surface roughness over
different length scales and orientations we have calculated surface roughness over an area roughly square in size common to both
laser altimeters. Individual spot elevation measurements are binned into 0.06° longitude segments (240 m in length at 88°S). We

then fit a 3" order polynomial pelygenregression model through all spot elevation measurements within a longitude segment. We

define the standard deviation o of the residuals as a metric for surface roughness. Beeause-of the-veryshallowsurface slopesaround
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For estimation of surface roughness from snow radar data, we pick an initial surface for each radar trace record (every ~5 meters

along track) by finding the maximum slope in the radar return power across 9 discrete time intervals called range bins. A—+adar

ins—The size of a range
bin in firn with a density of 550 kg/m? is 1.8 cm. Starting at the initial surface pick, we keep sliding the surface pick one range bin
deeper (or later in time) while the slope for the range bin remains above 3 standard deviations of the mean, which provides our
final surface. Next, surface picks that lie outside of a 15-range bin window from a smoothed surface are discarded and set to the
smoothed surface, however, very few data points are discarded_(1.8%). Surface roughness is estimated from residuals to the
smoothed surface fit. Specifically, surface roughness for a given location is calculated as the standard deviation in surface range—
bin residuals for locations within a 250-meter radius. This radius was selected to ensure consistency with laser-altimeter—derived
roughness values. Finally, the range-bin roughness is converted to heights by using the radar wave velocity in air (2.998E® m/s).
For a closer look at very fine—scale spatial and temporal changes in surface roughness around 88° S we use roughness estimates

contained in the ATM Level 2 smoothed ice surface data product, known as ICESSN reughness—estimates. The ATMLevel 2

ICESSN data product includes slope and roughness estimates in overlapping 80 m x 80 m platelets across the swath (Studinger,
2014, updated 2018). The root mean square of the residuals of a plane fit through the platelets is an estimate of the surface
roughness. Removing the mean results in the root mean square being equivalent to the standard deviation c.

Figure 4 shows the surface roughness estimates around 88° S latitude from three different instruments and over the course of 3
different years. In general, there is good agreement between the roughness estimated using the ATM laser altimeter and the
synchronous roughness estimates from the snow radar (Fig. 4 b, c). Because of the smaller footprint size and higher sampling
density the ATM laser—derived roughness estimates are slightly larger than the radar estimates, with few exceptions. The radar

estimates also reveal more scatter, probably caused by the much lower range resolution of the radar compared to the ATM laser
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altimeter. The mean difference between the laser minus snow radar roughness estimates is 0.6 = 1.9 cm for 2014 and 1.6 + 2.1 cm
for 2016; however, the spatial patterns, which are of main interest for this study, are nearly indistinguishable. There are no obvious
spatial patterns in the roughness difference between laser and radar that would reflect a geophysical signal. Because of the higher
point density, roughness derived from the UAF Riegl system is larger than the ATM roughness estimates. The mean difference
between the 2017 UAF minus 2016 ATM laser estimates is 1.2 + 2.4 cm.

A 370 km long segment between 150°W and 100°E was repeated in 2017 within 3 days with the same instrument. It is unlikely
that the surface was significantly altered within 3 days and therefore the difference between the two estimates can be used as an
approximate estimate of the instrument—specific accuracy and precision of the laser—derived roughness estimates. The mean surface
roughness for the first east-bound flight is 9.5 £ 1.5 cm and 10.1 £ 2.0 cm for the later west-bound flight. The mean p of the
difference in surface roughness between the two 2017 flights is 0.02 cm with a 6 of 0.7 cm. For comparison, a separate study by
Das and others (2013) over Dome Argus with a Riegl LMS—Q240i scanner show a similar range of roughness as our measurements

around 88° S.
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Figure 4: a) Ice surface elevation from 2014 ATM data (Studinger, 2014, updated 2018) and bedrock topography from 2014 CReSIS
Multichannel Coherent Radar Depth Sounder (MCoRDS) data (Leuschen et al., 2010, updated 2018). b) Surface roughness from 2014
ATM laser and snow radar data. A 14 minute disk failure of the snow radar in 2014 resulted in a data gap over the megadunes. ¢) Same
for 2016. d) Surface roughness from 2017 UAF laser data e) Surface slope from 2014 and 2016 ATM ICESSN data using only the nadir
platelet (Studinger, 2014, updated 2018). Heavy dashed lines in b) — €¢) mark megadune areas and thin dashed lines in b) indicate distinct
abrupt changes in surface roughness in 2014.

3.4 Surface roughness, slope and elevation around 88° S - results

In order to distinguish ice surface roughness features caused by ice dynamics from roughness features that are a result of ice—
atmosphere interactions, the proximity of the ice surface to bedrock topography and bedrock roughness must be understood (Fig.
4 a). The large ice thickness (Fig. 4) and slow ice flow velocities (< 10 m yr'! (Mouginot et al., 2019)) in the survey area, combined
with the small window size we use to calculate the roughness make it unlikely that any of the roughness features we observe are
ice dynamic related. Thus, we interpret the roughness characteristics shown in Figs. 3 and 4 as caused by ice—atmosphere
interactions.

Figure 3b and 4 show several spatially coherent segments with distinct roughness characteristics around 88° S that appear not to
be related to ice dynamics. In general, the surface roughness estimated from snow radar and laser altimetry data varies between 2
and 25 cm. The smoothest surface in 2016 and 2017 is between 175° W and 60° E and includes Titan Dome. The smooth segment
also coincides with the highest ice surface elevations and shallowest surface slopes around 88° S (Fig. 4).

The segment between 70° W and 100° W shows a pronounced increase in roughness in 2014 (Fig. 4b). The MODIS Mosaic of
Antarctica (MOA, (Haran et al., 2014)) shows that this segment is near the edge of a megadune field that is mostly north of 88° S
(Fig. 3b). Megadunes are long—wavelength surface ripples (Fahnestock et al., 2000) with amplitudes on the order of a few meters
(peak to trough) and wavelengths of several kilometers (Fahnestock et al., 2000; Scambos and Fahnestock, 1998). The typical
elevation pattern of megadunes is not visible in the 88° S laser altimetry data. The likely reasons for this are that the airborne
geophysical data was collected at the edge of the dune field and the orientation of the dune crests is subparallel to the airborne
geophysical data. The orientation of dune crests between 70° W and 100° W is approximately perpendicular to the prevailing
surface wind direction from MERRA-2 (Fig. 3a) consistent with findings from Fahnestock et al. (2000).

A second megadune field can be seen between 130° W — 145° W and 150° W — 155° W (Fig. 3 and Fig. 4). The surface of this
dunefield is less rough in 2017 compared to 2014 and 2016. In-20H7this-dune-field-appears—to-have less-of roughness-anomaly
compared-to-the 2014-and 2016-data. Data for MOA was collected between 11/2013 and 03/2014. The temporal stability of

megadune fields remains poorly understood. Fahnestock et al. (2000) found 60 m of dune migration over a 34 year period_for a

megadune field in the vicinity of Vostok Station, approximately 1100km-far-away- from the dune field discussed here. Therefore

dune migration rates could be-very-different-vary significantly between the two sites. Since our survey area is near the edge of the

dune field we cannot rule out that over the course of 4 years the edge of the dune field has migrated out of the coverage of the
airborne geophysical data.

The slope of the ATM ICESSN nadir platelets shows many distinct peaks that are aligned very well between the 2014 and 2016
data, indicating that these features are stable in location (Fig. 4e). The mean p and standard deviation ¢ of the surface slope around

88° S is 0.20° £ 0.16° and never exceeds 1.5°.

3.5 Temporal changes in surface roughness - results

We use ATM Level 2 ICESSN roughness estimates for a closer look at multiyear temporal changes in surface roughness around

88° S (Fig. 5) because they are calculated over 80 m x 80 m platelets. The 2014 data reveals several areas where surface roughness
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doubles over very short spatial scales of only a few hundred meters (Fig. 4a). These features, labelled A, B and C_in Fig. 4b, are
several tens of kilometers wide and appear to be oriented parallel to the main sastrugi direction visible in simultaneously collected
ATM spot elevation data and Digital Mapping System (DMS) imagery. Fig. 5 shows a close—up of one of the features (C). The
rougher surface features are also present in the simultaneously collected CReSIS snow radar data (Fig. 5 a, ¢).

These areas of increased surface roughness disappear in 2016 or seem to be significantly reduced in amplitude with the sharpness
of the edges significantly blurred. Both; the laser derived surface roughness and the roughness estimated from snow radar data
seems to be even-slightly lower than the smooth area. In 2017, the segments labelled A, B and C appear to have no distinct

roughness anomaly (Fig. 4d) compared to the surrounding areas.
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Figure 5: Laser spot elevation measurements and DMS imagery over roughness feature "C" (Fig. 4b). The center of all map panels is at
88.97° S/135° E. All panels cover the exact same area on the ground and are shown in a local coordinate system parallel to the aircraft
trajectory. Panels a), ¢) and e) show laser spot elevation measurements in 2014, 2016 and 2017. Inset plots in a) and c) show surface
roughness from ATM and snow radar at the center of the scan/nadir position. Panels a) and c¢) show small (cm level) semi-circular
elevation biases that are a result of occasional variations in scan azimuth speed (Yi et al., 2015). The peak-to-peak amplitude of these
biases is an order of magnitude smaller than the ice surface topography. Panels b), d) and f) show corresponding DMS imagery (b) and
d) only) and surface roughness from laser altimetry in 2014, 2016, and 2016. The darkening towards the edge of the DMS frames in b)
and d) is caused by vignetting from the lens and not related to geophysical changes. ATM roughness is from ICESSN data and the UAF
Riegl data from 2017 has been calculated in the same way as ATM ICESSN data to make them compatible. A distinct change in roughness
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can be seen in 2014 that is visible in both, the laser derived surface roughness, and the length of the shadows in DMS imagery (b). The
roughness doubles over a distance of ~200 m (a). The orientation of the boundary is parallel to the dominant sastrugi orientation (b). In
2016 and 2017 the distinct change in roughness seems to have been smoothened out.

4 Snow accumulation rates derived from snow radar data and MERRA-2 - methods

For snow-radar derived accumulation calculations, we first stack traces to an approximate along-track separation of 100 meters (~
18 traces), which largely reduces noise in the return power especially at depth. These stacked echograms are then combined into
segments of ~100 km. A single radar reflection horizon, assumed isochronous, is tracked through the 100—km segment. The actual
horizon picked will likely vary from segment to segment because we chose to map the strongest and most continuous reflection
within that segment. The horizon is picked semi—automatically. First, the user visually selects the horizon of interest. The range
bin with the strongest return power within a 15 bin window is then selected as the horizon "pick" for that trace. That pick is
extended laterally across all traces by finding the strongest return power in adjacent traces within the 15 bin window. The user can
then modify the picks if they deviate from their visual interpretation. The user can also eliminate portions of a given horizon if

visual inspection deems horizon differentiation impossible. The spatial variability in accumulation rates and the varying strength

of signal return prevent the calculation of temporally consistent accumulation rate from a single continuous horizon around the

entirety of 88°S.Wh

returp-tt-is—effeetively—impessible. Thus, the accumulation rates estimated for each 100-km segment will span differing time

intervals; however, because of the relatively low accumulation rates, the majority span several decades minimizing the impact of

interannual variability.

For each 100-km segment, we estimate the spatial variability in snow accumulation using the aforementioned horizon picks.
Typically, radar derived accumulation rates rely on knowledge of the horizon age as well (e.g., Medley et al., 2013; 2014), but a
lack of nearby dated ice—core stratigraphy or clearly defined annual horizons restricts our ability to assign an age to our horizon
picks. Because our work is focused on evaluating the spatial variability in snow accumulation, we develop a method that
approximates the age of a given horizon through combination of horizon depths and MERRA-2 mean annual precipitation—minus—
evaporation (P-E). In such a manner, our large—scale mean accumulation rates are forced to large—scale MERRA-2 P-E, however,
rates are allowed to vary on < 1 km length—scales from our radar horizon picks. We detail the methodology below.

Assuming each horizon pick within a given segment is isochronous, we need to determine a way to approximate the age of that
horizon. To do so, we begin by determining the mean accumulation rate and 2—meter air temperature from MERRA-2 over the
entire segment, and use those variables to model steady—state firn density and age profiles using Herron & Langway (1980). The

two—way travel time (z) between the surface and the horizon pick is converted into depth (d) assuming

d(x) = C;j’;, (1)

where c is the speed of light and ¢ is the integrated dielectric permittivity of the material above the horizon and x is the distance

along flight line. Specifically, we use the modelled depth—density profile to generate depth—dielectric permittivity based on Kovacs
et al. (1995), which is then used to relate depth and two—way travel time with a depth—varying radar—wave velocity. Using this
model, we interpolate horizon two—way travel time to depth. Depths vary along—track (as our layer pick varies), but our large—
scale depth—age model from Herron & Langway (1980) does not; thus, we will estimate a variable along—track age of the radar
horizon. The use of a single firn density model for the entire 88° S circle is justified because the difference between the minimum
and maximum accumulation rates is relatively small. The along—track variability is counter to our initial assumption that the radar

horizons are isochronous; however, when we take the average age along—track, we effectively force the overall mean accumulation
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rate for the segment to the large—scale MERRA-2 mean. We then use this age to calculate spatially varying accumulation rates
along the entire segment as outlined by Medley et al. (2015). In such a manner, we force the large—scale mean accumulation rates
to those prescribed by MERRA-2 but allow for small—-scale variability derived from the snow radar horizon picks in the absence

of independent estimates of firn depth—age profiles (Dattler et al., 2019). For comparison we have plotted all existing accumulation

measurements of Favier et al. (2013)_in Fig. 6¢ over our MERRA-2 and radar-derived accumulation rates. These snow pit

measurements include data from the 1962-1963 South Pole Traverse (Taylor, 1971. While there is general agreement it should be

pointed out that Favier et al. {, 2013 #109) applied the quality rating of Magand et al. (2007), which identifies all snow pit data

points shown in Fig. 6¢ as low quality and subsequently excludes these data points from the quality controlled version presented

in Favier et al. (2013). Further limitations of the comparison are the long time between the snow pit measurements and airborne

data and the large variability in snow accumulation rates on length scales of 10 km that can be seen in the radar-derived snow

accumulation rates.

5 Spatial variability in snow accumulation rates - results

Previous work used the Mean Slope in the mean Wind Direction (MSWD) for studying relationships between surface slope and
spatial variability in snow accumulation rates (e.g., Das et al., 2013; Dattler et al., 2019; Scambos et al., 2012). MSWD is defined
as the scalar dot product between the surface slope with the mean wind direction (Scambos et al., 2012). Here, we use the time-
averaged zonal and meridional wind components « and v from MERRA-2, transformed in to a Cartesian polar-stereographic
projection, to calculate the mean wind direction. Analyzing relationships between surface slope, accumulation rates, and mean
wind direction at 88° S is limited by the latitudinal resolution of the MERRA-2 reanalysis model, which is 0.5° or 55 km, as well
as the cross-sectional nature of the geophysical surveys (i.e., the data represent a 2-dimensional cross section). Given the narrow
swath width of the ATM laser data (240 m) we use the ice surface slope derived from the CryoSat-2 DEM (Helm et al., 2014) at 1
km resolution to calculate the MSWD. The slope south of 88° S is only weakly constrained due to the absence of elevation data
imposing further limitations on the analysis. The MERRA-2 26 year 10 m wind field is interpolated to the CryoSat-2 DEM grid
cell locations. The difference in spatial resolution between the surface DEM and MERRA-2 will result in MSWD uncertainty from
oversampling the wind field. Because of the small slopes in the study area, however, we don’t anticipate complex wind fields
where actual wind orientation would significantly deviate from the MERRA-2 reanalysis model. Small topographic features,

however, are not represented by the 10 m surface wind field as will be discussed later.

13



380

385

390

3400

Titan Dome air

3200
E
= 3000
e
<
3 2800
i
2600
€ :
L, 1
- ,
2 i
Q 1
c I . ]
=] ' ' i
= . 1 - A B
& i ML I
By gm ALt F 1
5 LS w“f‘\wwﬂ* w ) TR Ry
: ATAR Wi NSV L i
£ . ] ]
@ . C
1 1 1 Il 1 I: : : ‘I 1 1
T T T ‘ T T T T T
e * radar (2014)
=
] Egnow pits
E
E ]
° 4
[»]
« N
. l| N
£ r i ,/"A:l A | A ,.[VV‘&
2 W ‘V‘#
[&] )
<< Wi
1 1 1 1 1
T T T T T T T T T T T
0.02 R 1
s N
0 o - - . -, .
% 0.00 f e . B s L L A P et
= - R et : ’ - "
,002 - . -
-0. 4 Il 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
882 —
5 008 g
c — o MSWD
2 008 g
8 —— ¢ accumulation
% 004 g
fa
° 003 .
©
2 o002
o
v d J ‘}&.,_.Q _,cr,z:’:ﬂ
0.00
180° W 135° W 90° W 45° W 0 45°E 135° E 180° E

Longitude [°]

Figure 6: a) Ice surface elevation around 88° S from ATM laser altimetry. b) Surface roughness from ATM laser altimetry. ¢) Snow
accumulation rate derived from 2014 snow radar data and tied to MERRA-2. A 14 minute disk failure of the snow and Ku-band radars
in 2014 resulted in a data gap over the megadunes and therefore the accumulation rate. Squares indicate accumulation measurements
from snow pit data within 10 km of 88° S (Favier et al., 2013; Taylor, 1971). d) Mean Slope in the mean Wind Direction (MSWD) in one
degree longitude bins (4 km). e) Standard deviation ¢ of the MSWD and snow accumulation rate estimated over 20 km long segments.

In general, annual snow accumulation is en—the-erder-ofseveralaround 5 cm w.e. yr'!' and is highest near the backside of the
Transantarctic Mountains near 150° W, a region that is influenced by precipitation from cyclonic events penetrating the area from
the Bellingshausen and Ross Sea sectors (Casey et al., 2014; Nicolas and Bromwich, 2011) (Fig. 6). The highest accumulation

rates (up to 20 cm w.e. yr'") near 150° W coincide with a megadune field (Fig. 3b) and appear to be in a local topographic low at

the flank of Titan Dome that trends perpendicular to the aerogeophysical survey profile around 88° S (Fig. 6A and Fig. Ala). The
surface depression coincides with a 1000 m deep and 25 km wide bedrock low perpendicular to the profile ((Studinger et al., 2006),
and Fig. 3a). The dominant wind direction is near perpendicular to the survey profile and follows the trend of the ice surface low

(Fig. 3a). The high accumulation area also shows high surface roughness combined with steep slopes (Fig. 4 and Fig. Al). Using
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The snow accumulation rate at 88° S is spatially highly variable over very short length scales of several kilometers (Fig. 6¢). Based

on visual inspection sSmall-scale variability in snow accumulation rate correlates with small-scale variability in ice surface

elevation (Fig. 6a), suggesting that wind—driven erosion and deposition is a primary process of snow accumulation. The relatively
constant surface elevation between 60° E and 150° E shows very little variation in snow accumulation. In contrast, the short scale

(< 10 km) undulations in ice surface elevation between 75° W and 45° E correspond to a highly variable (0 — 20 cm w.e. yr'!') snow

accumulation pattern with similar length scale (Fig. 6 a, c and Fig. A2). The dominant wind direction in the western segment is
subparallel to the profile (Fig. A2). Here, several pronounced peaks in snow accumulation rate correspond to topographic
depressions in ice surface elevation (grey dashed lines in Fig. A2) indicating windblown deposition of snow. The eastern part of
the profile has wind direction oblique or perpendicular to the profile. However, still-several peaks in snow accumulation rate still
correlate with topographic depressions. Near 90° E the wind direction is parallel to the profile (Fig. 3). A pronounced peak in snow
accumulation rate at 90° E correlates with 20 m deep depression in surface topography that is several kilometers wide (Fig. A3).
Accumulation decreases on the lee side of the tepegraphy-topographic high at the western shoulder of the depression and increases
towards the lowest part of the depression where it reaches itss highest point (Fig. A3). The general correlation of highs in
accumulation rate with lows in topography results in an overall negative correlation coefficient of r* = -0.33 between accumulation
rate and MSWD (Fig. 7a). DMS natural color imagery and laser altimetry data shows typically two dominant wind directions (Fig.
2). Our MERRA-2 wind direction is an average over seasonal variations in wind speed and likely reflects a wind direction
somewhere between the two dominant orientations of sastrugi. Since we have no knowledge of when a particular layer of snow

has been deposited during a year it is not possible to do a more detailed analysis.
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Figure 7: a) Mean Slope in the mean Wind Direction (MSWD) versus snow accumulation rate around 88° S in one degree longitude bins
(4 km). Since monochrome scatter plots can be misleading we have used color coding to indicate regions with higher point density. Higher
probability density estimates, calculated using a kernel estimate, are shown in warmer colors and indicate regions with higher point
density. The probability density estimate is for visual clarity only and is not used for analysis or interpretation. Pearson's correlation
coefficient r2 = -0.33 for the entire data set. b) Same for the standard deviation ¢ of the MSWD and snow accumulation rate with r2 =
0.50. o is estimated over 20-km-long moving windows. Data points below p - ¢ are indicated with blue circles and r?s are listed in blue.
The upper subset consists of data points above p + ¢ and is marked by red circles and red r? values. The remaining data points fall within
+6 from p with r? shown in orange (data points are not marked for clarity).

The surface roughness derived from ATM laser altimetry reflects roughness on a scale of <250 m and does not reflect ice surface
slope changes on length scales of several km. However, the MSWD (Fig. 6d) shows the same pattern of high variability between
75° W and 45° E and fairly constant values between 60° E and 150° E. To quantify the relationship between variability in surface
slope, wind direction and accumulation rates we use the standard deviation ¢ of the MSWD and snow accumulation rate calculated
over a 20 km long moving window (Fig. 6e). Figure 6e shows the standard deviation of the MSWD and accumulation rate. In
general, higher ¢ in accumulation rate generally occurs in areas with higher 6 in MSWD. The eerrelation-match is strongest near
90° E where wind orientation is parallel to the profile.

The correlation coefficient between the standard deviations of the accumulation rate and the MSWD is r?> = 0.50 indicating a
stronger link between these variables than the actual parameters (Fig 7b). The magnitude of the correlation coefficient, however,
is dependent on the length scale used to calculate the standard deviation. Dattler et al. (2019) find a similar behavior between o
accumulation rate and c MSWD. Visual inspection of Fig. 7 suggests that the relationship between accumulation rate and MSWD
and the ¢ of accumulation rate and ¢ of MSWD is more pronounced for larger magnitudes of the variables. A kernel density
estimate quantifies the probability density estimate of nearby points and allows visualization of the point density using a color
scale for the data points (Fig. 7). We divide the data set into 3 subsets using the mean p and o: the lower end is defined by values
below p - o, while the upper end are values above p + 6. The remaining points that are within +o from p form the center subset.
We have calculated correlation coefficients r? for all subsets. In general, the correlation is strongest for the upper subsets, while
the lower subsets show weak correlation. This is different from Dattler’s et al. results (2019) who finds that the lower end also
shows strong correlation. The upper tenth percentile of our data has an r? of 0.85 similar to Dattler’s et al. results (2019). Most of
Dattler’s et al. data (2019) is located over high accumulation areas in West Antarctica. A possible explanation for the weak
correlation could be the very low accumulation rates in our area, combined with very small slopes and low wind speed. Noise in
the elevation data will have a stronger impact on MSWD calculation and similarly, subtle changes in surface slope are likely below

the resolution of MERRA-2, therefore resulting in a noisier and thus uncorrelated lower subset.

6 Relationship between surface roughness, slope and wind direction — results

Wind-related deposition and ablation processes could cause spatial roughness variations depending on surface slope and wind
direction. For example, windblown deposition of snow into concave surface depressions and ablation on up—slope areas could
create spatial surface roughness patterns that correlate with slope and wind direction. We use the MSWD to determine if slopes
that are exposed to uphill winds have different surface roughness than slopes experiencing primarily downhill winds (Fig. 8a). We
calculate r? for up—slope winds (MSWD < 0) and down-slope winds (MSWD > 0). Neither the up—slope winds (r*> = -0.14) nor
down-slope winds (r> = 0.29) show any statistically significant correlation between surface roughness and slope as can be seen in
the scatter plot (Fig. 8a). Similarly, the surface roughness does not seem to be correlated with snow accumulation rates (1> = 0.28)
indicating that there is also no statistically significant slope—independent relationship between surface roughness and accumulation
rates within our survey area (Fig. 8b). Correlations may exist in smaller local areas, but our data shows that there is no consistent

relationship between surface roughness, slope and wind direction on a regional scale within our survey area. However, our analysis
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is constrained by using 2-dimensional high-resolution roughness estimates and correlating it with 3-dimensional wind fields and

surface slope with much lower spatial resolution.
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Figure 8: a) ATM derived surface roughness versus Mean Slope in the mean Wind Direction (MSWD) around 88° S in one degree
longitude bins (4 km). Color indicates the probability density estimate of nearby points using a kernel density estimate. Pearson's
correlation coefficients r? are calculated for up—slope winds (MSWD < 0) and down-slope winds (MSWD > 0). b) Same for surface
roughness versus accumulation rate.

7 Radar backscatter and surface roughness

Surface roughness impacts the return signal of radar altimeters and can therefore cause elevation biases (e.g.,van der Veen et al.,
2009, and references herein) similar to slope—dependent errors in altimetry data (Helm et al., 2014; Slater et al., 2018). Radar
backscatter in radar altimeters such as ESA's CryoSat-2 is a function of surface roughness. Surface roughness at the length—scales
of the radar wavelength (2.2 cm) predominantly contributes to radar backscatter which cannot be resolved by our laser data.
Changes in surface roughness cause changes in radar backscatter through changes of the echo waveform which can introduce range
biases in the retrieval of surface elevation (Arthern et al., 2001; Kurtz et al., 2014). Figure 9 shows the maximum of the Ku-band
radar return signal strength over the distinct roughness features identified from laser altimetry data (see Section 3.5). The maximum
return energy over rougher surface areas is about 3 dB lower than over the smooth areas in between. The difference in return signal
strength is even more pronounced for the snow radar (4 dB, not shown). Stacked Ku—band waveforms shown in Fig. A4 show 3
dB higher surface return power at 3.053 us over a smooth surface compared to the rough surface. The amplitude of the subsurface
backscatter below 3.06 ps, however, is similar in strength over smooth and rough areas (Fig. A4). This observation is consistent
with Gow’s (1965) finding that heat from radiation causes crystal growth on the flanks of sastrugi, resulting in loosely bonded
crystals that are prone to erosion by moderate winds (Gow, 1965). This differential sublimation—deflation driven redistribution of
snow which flattens the surface topography at the end of the summer resulting in relatively flat subsurface stratigraphy compared
to the surface topography. The difference in waveform shapes between smooth and rough surfaces suggests that radar altimeters

are potentially prone to elevation errors when threshold or leading edge trackers are being used for range retrieval. The Ku-band
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resolution of the surface and sub-surface layers and thus accurate tracking of the surface elevation. However, the reduced
bandwidth and significantly larger footprint size of CryoSat-2 LRM returns does not allow for the resolution of individual layers,
but instead leads to a pronounced broadening of the return waveform when the total cumulative backscatter of the sub—surface
layers is close to, or exceeds, the backscatter from the surface layer.

The relatively small-scale nature and temporal variability of these features would require the use of more sophisticated retrieval
techniques to better account for differences caused by the lower relative surface backscatter of rough areas. The elevation biases
caused by temporal and spatial variability in surface roughness are in addition to elevation biases caused by wind—induced

anisotropy in the firn that have been identified from cross—over analysis (Armitage et al., 2014).
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Figure 9: a) Surface roughness from 2014 ATM laser and CReSIS Ku-band radar data over roughness features “A”, “B”, and "C" (Fig.
4b). Vertical black lines mark he locations of radar waveforms over smooth and rough surfaces shown in Fig. A4. b) Maximum of relative
return signal strength from 2014 snow radar data. Red line is a running mean calculated over 350 radar traces (~2 km), which is similar
in size to the 1.65 km CryoSat-2 footprint in low resolution mode (LRM) over smooth surfaces (Scagliola, 2013). The strength of the
surface return is around 3 dB weaker over rough areas compared to smooth areas.

8 Conclusions

We have mapped the spatial and temporal variability in surface roughness and snow accumulation rate on a regional scale along a
1400 km circle around 88° S. We find significant small-scale variability (< 10 km) in snow accumulation based on snow radar
subsurface stratigraphy, indicating areas of strong wind redistribution are prevalent at 88° S. The observed small-scale variability
in snow accumulation rates is not captured by existing reanalysis models such as MERRA-2, which sufferinhave low spatial
resolution. Our analysis shows that there is no simple relationship between surface slope, wind direction and snow accumulation
rates for the entire survey area. Previous studies have primarily focused on smaller regions often showing good correlation between
surface slope and accumulation rates and are often used to falsely extrapolate parameters and relationships to larger regions beyond
the study area. While we also observe these local correlations between surface slope, wind direction and accumulation rates, our
results show that even for a homogenous area like the East Antarctic plateau near the South Pole such simple relationships don’t
exist on a regional scale. At the same time, we note that our accumulation rate measurements are a simple 2—dimensional view;
until we have 3—dimensional mapping of accumulation rates, these relationships might remain elusive. Our results underline the

importance of regional-scale studies to derive accurate regional-scale parameterizations and relationships in light of expanding
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data sets, advances in high—performance computing and sophistication in model development. Similarly, we find high variability
in surface roughness derived from laser altimetry measurements on length—scales smaller than 10 km, sometimes with very distinct
and sharp transitions. These areas also show significant temporal variability over the course of the 3 survey years. We also find
that surface roughness does not seem to be correlated with snow accumulation rates. There seems to be no statistically significant
slope—independent relationship between surface roughness and accumulation rates within our survey area. The observed small—
scale temporal and spatial variability in surface roughness will make it difficult to develop elevation bias corrections for radar

altimeter retrieval algorithms.

Data availability. A1l NASA Operation IceBridge data used in this study are freely available at the National Snow and Ice Data
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Figure Al: a) Ice surface slope in degrees derived from CryoSat-2 (Helm et al., 2014) and 26 year 10 m wind average from MERRA-2
(e.g., Gelaro et al., 2017). b) Mean Slope in the mean Wind Direction (MSWD).
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760  Figure A2: a) Ice surface elevation at 88° S between 45° W and 45° E from ATM laser altimetry. b) Ice surface elevation with linear
trend removed. ¢) Snow accumulation rate. Several prominent peaks that spatially correlate with topographic depressions are marked
by grey dashed lines. d) ATM derived ice surface roughness.
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770  Figure A3: a) Ice surface elevation between 60° E and 135°E from ATM laser altimetry. The dominant wind direction from MERRA-2
is parallel to the profile segment. b) Ice surface elevation with linear trend removed. ¢) Snow accumulation rate were the pronounced
peak at 90° E corresponds to the topographic depression in the ice surface. d) ATM derived ice surface roughness.
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775 Figure A4: Relative Ku-band radar return signal strength over smooth and rough surfaces. 100 traces were stacked for the averaged
waveforms. For location see Fig. 9. The difference between the radar waveforms indicates that radar altimeters are potentially prone to
elevation errors when threshold or leading edge trackers are being used for range retrieval.

780

26



