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Satellite altimetry detection of ice shelfinfluenced fast ice
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Abstract. The outflow of supercooled Ice Shelf Water from toajoined Ross and McMurdo ichedf cavily augmentdast
icethicknessandformsathick subrice plateét layerin McMurdo SoundHere, we investigatehetherthe CryoSa® satellite
radar altimetecanconsistentlydetectthe higher freeboardausedy thethickerfastice combined withthe buoyant forcing
of asubrice platelet layebeneathFreeboard obtained frontCryoSat2 werecompared withdur years of drill hole measured
sea ice freeboardnowdepth andsea ice andubrice platelet layethicknessetn McMurdo Sound ilNovember2011, 2013,
2017 and 2018The spatial distribution ofigher CyoSat2 freeboardconcurredwith the distributios of thicker ice shelf
influenced fast ice and the side platelet layerThe mean CryoS&t freeboard was 0.60.09 m highewover the main path of
supercooled Ice Shelf Wateutflow, in the centre ofhe sound relative tothe west and eadn this central regionthemean
CryoSat2 derivedice thicknesswas 35 % largerthan the mean drill hole measured fast ice thicknéssattribute this
overestimatén satellite altimetepbtainedice thicknesgo theadditional buoyant forcing of the suke platelet layewhich
had amean thickness of 3.90 m in the ceniMde demonstrate the capability of CryoQato detect higher Ice Shelf Water
influenced fast ice freeboard in McMurdo Sound. Further developméhisahethod could provide a tool to identify regions

of ice shelfinfluenced fast ice elsewhere on the Antarctic coastline with adequate information on the snow layer.

1 Introduction

Ice shelves are the floating extension of the grouddarcticice eet anduttresghe flow of the grounded ice strea(fSirst
et al., 208). Ice shelves and outlet glaciers compiigeé of the Antarctic coastlingBindschadler et al., 201pyeserihg an
enormous interface where the ocean can directlyaicterith the grounded ice she@ceandriven basal melting near the
grounding zones of outletagtiers and the frontal zones of large ice shelves drives half of the net mass loss ofes¢Rifjalnt
etal., 2013Depoorter et al., 2013Foldand relatively fresh meltwatéom ice shelveseduces the temperature ahddensity
of the upper surface oceatabilisingthe upper water columendenhancinghe thickness of sea ice near ice she{tedimer,
2004; Gough et al., 2012; Purdie et al., 2006)

Fast iceis atached to the coast via land, ice shelves, glacier tamueetween shoals or grounded icebdMassom et al.,
2010). When fast ice attaches itme shelves ooutlet glacies it forms an important interfadeetweentie ice sheet and open
oceatfpack ice(Giles et al., 2008; Massom et al., 201Bast ice affects ice sheet masmlance by providing mechanical
stability and by buttressing glacier tongbtassom et al., 201@nd ice shelves from the impacts of ocean s{idissom et
al., 2018)

Coastal polynyas play a critical role in transporting heat energy from the siwdaceto the Antarctic icetseeetmarginin the
grounding zones of ice shelves and outlet gia{iSilvano et al., 2018)Sea ice formation and brine rejection within coastal
polynyas form a highly saljmand dense water mass called High Salinity Shelf Water (H$SKghima et al., 2016 HSSW
is maintainedat the surface freezing temperaturel(9°C) (Foldvik et al., 2004and issufficiently dense tairculateat depth

into the cavities ofadjacenbutlet glaciers and ice shelvedere it can drive basal meltirig the grounding zondJacobs et
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al., 1992)forming Ice Shelf Water (ISW)YMacayeal, 1984)ISW is characteriseds being potentially supercooléide.,
potential temperature below the surface freezing p@iagjobs et al., 1988)nd carrise in buoyant plumealong the base of

ice shelvegJenkins and Bombosch995)

As ISW rises from deth, it can become isitu supercooledFoldvik and Kvinge, 1974; Jenkins and BomboscH95)9
(henceforth referredoasé s u per ¢c o o | eahdfradil @we crybtalsecanifor@o)land and Feltham, 2005 he frazil
ice cangrow into larger platelet icerystals(Langhorne et al., 2015; Leonard et al., 2011; Smith et al., 200ith canfreeze
into the base ofearby sea ice to form consolidated platelet(®mith et al., 2012; Smith al., 2001) The consolidation of
platelet ice augments sea ice format{&icken and Lange, 198@)nd increases the sea iteckness(Gough et al., 2012;
Purdie et al., 2006 An unconsolidated mass of platelet ice crystaled a sulice platelet layer (SPL) cgorm beneathhe
sea iceoncethe conductive heat flux fro the sea ice to the atmosphbezomes sufficientlyolw or the supply of frazil and
platelet icecrystalsabundant enough to overtakermodynamicea icegrowth(Dempsey et al., 2010; pmann et al., 2015;
Gough et al., 2012)The signature oiin situ supercooledSW canthusbe identified from thicker sea ice with incorporated

platelet ice and by the presence of an unconsolidatedlS#Iighorne et al., 2015)

In addition to the thicker ice shdlifluenced sea ice, the buoyant forcing of the SPL increasess#iee freeboard(i.e., the
height of the sea ice surface above sea l§@dugh et al., 2012; Price et al., 2018a ice thicknesses obtained through
satellite altimetry assumed to represent consolidated sea ice thickness ageientig oveestimatedPrice et al., 2014)he
magnitude of th&PLbuoyancy is depemt onthe thickness of the layer and thelid ice fraction, i.e., the fraction of solid
ice per unit voluméPrice et al., 2014)The buoyant forcing of a SRiith a thickness of one metre and a solid fraction of 0.25
has the potential to induce &Icm increase in freeboard height for typifiedt-yearfastice in McMurdo SoundGough et

al., 2012)

The conditions of ice shelf geetry and sulice shelf circulatiomrequired forISW to reach the upper surface ocean are not
satisfiedat all ice shelvef_anghorne et al., 2018ndthe distribution of ice shelf meltwater in the Southern Oégaontwell
known (Kusahara and Hasumi, 2014anghorne et al. (2015)ollated observations dfazil andplatelet icein the upper
surfaceocean in Antarctic coastal regioaad foundpositive occurranceswhere the water temperature at 280depth was
less than 0.5°C above the surface freezing goéfier to Fig.1a fora map oflocationsupdatedoy Hoppmann et al. (202)

In the western Ross Sea, an interactive system is at play between coastal polynyas, the conjoineddvidNRasioice Shelf,
and fast ice in the field study areeMcMurdo SoundBrett etal., 2020) ISW reaches the upper surface ocean in McMurdo
Sound(Hughes et al., 2014; Lewis arkrkin, 1985; Mahoney et al., 2011; Robinson et al., 20d#re it significantly

influences fast ice formation aforms a thick SPL.

The outflow of supercooled ISW from tihcMurdo Ice Sheltavity augments fast ice formati¢Robinson et al., 2014jast
ice thicknesgGough et al.2012; Langhorne et al., 28; Leonard et al., 200@)nd forms a thick SPL in McMurdo Sound
(Dempsey et al., 2010; Gough et al., 2012; Langhorne et al., 201t centralvestern region of the sound, a congiste
yearlypattern of thicker ice sheihfluenced fast ice with a substantial SEHig. 1b)beneath has been obsedia proximity

to the ice shelf margim multiple studies, e.gBrett et al. (2020); Price et al. (2017his pattern is driven by the outflow of
supercooled ISW from the centre and tafsthe McMurdo Ice Shelf cavity arits subsequent circulation along the Victoria
Land CoastlindHughes et al., 2014; Lewis and Perkin, 1985; Robinson et al., .ZDlid)effect of supeowled ISW is most
pronouncedvithin ~30 km ofMcMurdo Ice Shel{Brett et al., 2020; Hughes et al., 20b4ix could extendip to200-250km
north(Stevens et al2009; Hughes et al., 20145W circulationhas been modelled to increase fast imavghby 9+ 4 cmyr' ?
100km north of the ice shelf edgélughes et al., 2014)ndeed, thiker ice sheHinfluenced fast ice (>#) and SPLs (011



85 0.2m) were measured in drill holes ~B& north of theMcMurdo Ice Shelin 2013, 2016, and 20XBrett et al., 2020; Price
et al., 2014)Brett et al. (2020yemonstrateé correlation ofSPL thickness and volumie McMurdo Sound in late spring
with a higher frequency of strong sbatly wind events in the western Ross Sea which drive polynya activity, HSSW

production and ISW formation and circulation within the McMuRlass ice shelf cawyj over winter.

90 Given the difficulty of accessindastice in Antarctic coastalegionsand the logistical constraints of carrying out field
observations with grounbdased methods, it is possible thiterunobserved regions are influenced by the outfddWsW in
the uppersurfaceocean.A means to identify these regions in lagmale satite assessments is highly desirgbdad if
effective, has the potential to provide a satellitased method to monitor the interactive system at play between the
atmosphere, coastal polynyas, and circulation within ice shelf cavitigs further develpment The detection of ISW

95 influence onfastice via satellite altimetry is in theory possible through the identificatforegions withhigherfreeboad
driven bythicker ice shelinfluencedseaice, andif presentthe buoyant forcingf a SPL (Price et al., 2014but to date has

not been assessed

The pulses emitted from satellite laser altimetefiect fromtheice-air or snowair interfaceand thus measure the height of
100 theseaice freeboard plus thddition of asnow layer, if presenthenceforth referred to as snow freeboakticrowaveradar
waveforms emted from satellite radar altimetguenetrate into the snow layd@he penetratiodepth of radar waves inthe
show layer is dependent on tha&ckscattering pperties of the sno{Kwok, 2014; Price et al., 2015; Willatt et al., 201The
dominantbackscattering surface foadar waveformsan thusbe someunconstrained interface between the top of the snow
and the seace freeboardPrice et al., 2015; Price et al., 2019)
105
Satellite altimetry assessments of fast ice freeboard have previaestychrried out in McMurdo Sound with the ICESat
laser altimete(Price et al., 2013ndtheCryoSat2 (CS2 radar altimete(Price et al., 2015; Price et al., 2019) the ICESat
1 study, a peak in multiear snow freeboard, centred around longitude 165°E, was observed intthefddaMurdo Sound
between 2003 and 2009, when ocean circulation in the region was altered by the passage of large tabuléRatebsogs
110 and Williams, 2012)The peak in multiyear fast icesnow freeboard coincided with the thickest SPL and the main path of
ISW ouflow. Substantiaimulti-year fast icehicknesses (~10-55m)measured wit ICESat1 beside the Mertz Glacidiongue

wasproposed to be augmented by supercooled ISW and basal accretion of mefitesiam et al., 2010)

The SPL contribution to satellitétianeter derived faste thickness in McMurdo Sound was quantified using surface elevation

115 measurements obtained with a Global Navigation Satellite System (GNSS}jPdeeret al., 2014)GNSS surface elevation
(calibrated to local sea level) is analogous to satellite altimeter measured snow freeboard and was thus a comparable means
as®ess the effects ahe SPL on freeboard to thickness conversion assuming hydrostatic equilibrium. Fast ice thicknesses
derived from sea ice freeboard in McMurdo Sound were overestimated on averag&lan@i2up to 196 primarily due to

the buoyancy effeaif the SPL Price et al. (2015)eveloped thenethodapplied in this studyo assess CS2 fast ice freeboard
120 in McMurdo Sound in 2011 and 2048d the relevance of thigork to this studyis described in more dail in sect2.2.

For the first time, we investigate whether the CS2 satellite radar altimeter can detect the influence of ISW on fast ice in

McMurdo Sound by consistently identifying the higher ice freeboard caused by thiclebrefcinfluenced fast ice and the

buoyant forcing of the SPL beneatfultiple years of field observations and a highly detailed knowledge of the spatial
125 distributions of snowfastice and SPL thicknesseandthe circulation of thesupercooled ISWecomnendsMcMurdo Sound

as an ideal locatiofor this study. CS2 measurements of freeboantained using a supervised retrieval procedure were

compared withfour years of drill hole measured freeboafaktice andSPL thickness, and snow depiber the fastdein
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McMurdo SoundWe assessndcompae spatialtrendsin CS2 freeboar@ndCS2 ice thickness in a region with significant
ISW influence(centre)and another region with less pronounced ISW influence (east)4(FMye describe the study arda,
situ datasetand sunmarisethe technical specifications of ti@&S2 satelliteradar altimeteand CS2dataproductin sect 2.
We describethe methods applied ect.3 andthe resultsn sect.4. Insect.5, we discuss the selts andorovide anoutlook

for satellite altimety assessments of ice shaifluencedfast ice.

2 Study area and datasets

2.1 Ground validation with drill hole measurements

McMurdo Sound is geographically delineated by Yhetoria Land Coastline in the west, Ross Island in the east, and the
McMurdo lce Shelf in the south (Fig. IJhe fast ice in McMurdo Sound is predominatetyooth and undeformdulst-year

ice that typicy forms between April and December and then breaks out in the following sufidimreet al., 2018)Ground
validation for the CStneasured freeboaahd derived ice thicknesgas provided bgxtensivedrill hole measurementaadeat

field sitesdistributed at 5-10 km spacingn the fast ice in McMurdo Sound in NovemB6d 1, 2013, 2017 and 201& each

site, five drill holes were made in the sea ice at the centre and end points of two 30-prafilesknes. Sea ice freeboard,
show depth and the thicknessof sea ice and the SPL were measatedch drill hole using the technique describeBrice

et al, 2014andthenaveraged to give a representative value over the 30 m by 30 m area.

In 2011 and 2018, measurements wespectivelynade at 43 and Iskes distributed over an area of ~150¢ kmthe south

of McMurdo Sound. Fast ice in tmrthwest was additionally assessed in 2848 2017 with 34nd 21 sitesrespectively
distributed over an area of ~3000 %rinterpolated maps of snow depth, fiest and SPL thicknesses and sea ice and snow
freeboard at field sites wegenerated for each yeén multiple field seasons in McMurdo Sound, we observed smooth gradients
in the thickness of sea ice, SPL and the snow layer. We thus apptisdmum cunature (i.e., thin plate) first derivative
spline interpolation which passthrough data points and no smoothi@gincident interpolated values for each parameter were
then extracted for each CS2 measurement point dtank. Interpolated drill hole snowand ice freeboard could not capture
smaltscale variability given that drhole measurements werelD km apart. However, it was expected that the interpolations
would represent the smooth gradientséaice, SPLand snowthicknessesbservedn McMurdo Sound well enough on the

large-scale to facilitate a comparison with 882 footprint(~300 m alongtrack and ~1.5 km acro$sack)

Brett et al. (B20) provide a detailed description of the thickness distributions of iceislflaénced fast ice, the SPL and snow
in McMurdo Sound in November of 2011, 2013 and 26{efe we summase those descriptions to show general patterns and
also include thdast ice conditions in 2018 he spatial distributions of fast ice and the Siirecharacteristic of McMurdo
Soundwith thicker ice shelinfluenced fast ice and amethick SPL near th& cMurdo Ice Shelf in the southin the mainpath

of ISW outflow. The fast ice and SPL thinned to the east, northeast and more gradually to the nortie@®BL distribution
observed each ye& exemplified in Fig1b with aspline interpolatednapfrom drill hole measurementaadein November
2013.Higherdrill hole measired freeboard aeurredwith thedistributions ofthicker fastice andSPL. The snow distribution
wasconsisteneachyearwith more substantial deposition in the east and soutfiag0.4 m) and a sparse dusti@-0.10 )

in thecentre andved where the influence of ISW greatestin November 2018, the fast ice consisted @fl&d km wide band

of two yearold multi-yearice that ran parallel to thdcMurdo Ice Shelf in thesouth andirst-yearice in the northThe SPL

beneath theecondyearfast ice in 201®ada maximum thickness of 11 m near tive shelfin the south.

In McMurdo Sound,lite6 a n 0 ma higher ®4 igedreeboard is driven by the combined upward (positive) buoyancy of the

thicker ice shelinfluenced fast ice and the ice ssawithin the SPL beneath. The addition shaw layer, if presenprovides

4



170 anopposing denward (negative) forcingr he weight of the snow can depressea icdreeboard and result in flooding of the
sea ice surface and the formation of metem@cwhich can contribute to freeboaflaksym and Markus, 20085now
depressed negative freeboard or surface flooding warebserved at drill hole sites in McMurdo Sound in late spring.
Multiple ice core studies carried datthe regiorover winterandin late spring revealed no contribaii of meteoric ice to the
fast ice cover in McMurdo Soune.g, Dempsey et al., 201Gough et al., 2012)

175
A combMansesd BEbBqui val ent Thi ckness 0 PrcMEd. J2018)asum thadnsoliddteal sea d a ¢
ice thicknessind the unconsolidated SPL thickness times the solid fraction, i.e., the thickness of the solid mass of ice in the
SPL.lIt is difficult to physically measure the solid fraction without distugdime natural state of the SPNumerous methods
to indirectly derive the solid fractioof the SPLin McMurdo Sounchave been applied including the hydrostatic equilibrium

180 assumptior(0.16)(Price et al., 2014andthermistor probe dat.25)(Gough et al., 2012)ith a rangevaluesfrom 0.16 to
0.5 derived Gough et al., 2012We assumedn intermediarysolid fractonvalue of 0.2 betweethat derived byGough et al.
2012 and Price et aR014to calculateMET from theinterpolateddrill hole measuremestor each year.
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Figure 1: (a) Antarctic inset map showingocations ofpositive occurrences of frazil or platelet ice (adapted frorhanghorne et al. (2015)

and updated byHoppmann & al. (2020) showing thelocation of (b) the McMurdo Sound study area(red square)in the western Ross

Sea with CryoSat?2 tracks from multiple years included in the analysis in Table 1 and Fig8 and Fig. 4 for the west (3 tracks) (grey),

centre (7 tracks) (blue) and east (4 tracks)(red) displayed on a spline interpolated map of drill hole measure@PL thicknessin
190 November 2013 satellite image: NASA MODIS, 19 November 2013).



195 2.2 CryoSat-2 satellite radar altimeter
The principle payload o€S2is the combinedynthetic Aperture Rad4SAR) and iterferanetric radar aimeter which
operates in theemales: 1) Low Resolution Mod2) SARmode, and 3) Combined SAR amddrferometerl@SAR) mode
(Bouzinac, 2012; Wingham et al., 200652 predominantly operates InSAR mode over coastdstice regions including
McMurdo SoundThe number of measurements obtainethBAR modedecreaseby a factor of four relative to SAR mode

200 (Wingham et al., 2006Highly specular reflectors such as leads significantlynafflir can dominate the returning radar echo
or 6 istrodugng a range error and an underestimate in surface elevatammever,in INSAR modethis range error can
be correctedy determininghe acrosdrack angle to ofhadir returnsand more data cathusbe retained relative to SAR
mode (Armitage and Davidson, 2014pepending on the surfaceayaetry and satellite orbithe radar footprint of CS2 is
~300 m alongrack and ~1.5 km acrossack (Wingham et al., 2006)

205
The ESA Level 2 retracking point is found using a mdithg approach and is defined relative to the entire echo waveform
(Bouzinac, 2012; Price et al., 2013he dominant backsattering surface assumed for thesracker is the snovce interface.
However, a assessment of the influence of the snow layer on the radar waviefocomparison with gincident insitu
measuremestof freeboard and snow layer depth in McMurdo Soun@itige et al. (20153howed thathe ESA retracker

210 tracked between the surfaoé the snowand the snovice interface.Price et al. (2019assessed the sensitivity eéa ice
thicknesesderivedfrom theCS2Level2 INSAR productto variable penetration depths into the snow layer in McMurdo Sound
using the sameén dtu measurementfrom late springNovember 2011. Theyound theclosest agreememnith in situ
measurements whehe penetration depth into tsaow layemwasassumed to b8.050.10 m In this study, we compai@S2
obtained freeboard with isitu measurements to identify the best matching freeboard interface or penetegtioior each

215 individual CS2 trackaccordng to Price et al., 2019.

Geolocated Baselin€ Level2InNSARd at a gener at ed2 flrooan Rrhec &Ly oyroB awe The u s e«
Level 2 INSAR data product provides a surface height relative to the WGS84 ellipsoid for each I@tatigtrack with
geophysical corrections applied to the range measured by the sgWiligham et al., 2006; Bouzinac, 2012)pplied

220 geophysical correctiongary according tothe surface typeclassificationand are describedn detail with their sourcesn
Bouzinac (2012andWebb and Hall (2016 Atmospherigropagatiorcorrectionsipnospheric and driyvet troposphericare
alwaysappliedtoaccount for the time delay introduced asSatelite alt
altimeter derived surfadeeightmustadditionallybe corrected for the shape of the geoid, tidal heightrse barometric eftt
and dynamic ocean topography before freeboard can be ob{Bimszlet al., 2015; Ricker et al., 201Bpwever, the level of

225 accuracy required for these cotens is difficult toattain with models. Isatellite altimetrysea ice assessmenteeboard is

generdly determined relative tolacalreference sea surface heig@EH)obtained over open water along the satellite track

The fast ice region in McMurdo Sound is withiretburface type mask open oceamhereoceansurface and tidadorrectons
are appliedOcean surfaceorrections $ea State BiasndDynamic Atmospherjaccount for the effeaif the atmosphere on

230 SSH Tidal correctiongOcean TidesindLong-Period Equiibrium Tide) are applied to adjust the range so that it appears to
originate fromthe nean tidefree sea surfacfllidali nduced def ormati on of t heOcBamrt ho
Loading, Solid Egth, andGeocentric PolaicorrectionsThe Mean ®a Surface (MSS3 a combination of the geoid and the
mean dynamic topographandis accounted for over open oce@icker et al., 2014; Skourup et al., 201Tp provide
confidence inCS2 derivedreeboardan asessment of the spatial distribution and magnitfdie geophysical corrections

235 applied to the CS2 dvel 2 INSAR product and the effect of edeending for the geoid using the Earth Gravitational Model
2008 (EGM 2008)Pavlis et al., 2012y as carried oudver icefree open oceaim McMurdo Sound in late summer of 2011
to 2017 Thisis descibed indetail inAppendix A.



3 Method
3.1 Supervised Cryo&t-2 retrieval of ISW influenced freeboard

240 By assessingndividual CS2track profiles significant CS2 height outliers (i.eWGS84-5 4 GB8Dh e i ¢6b m)Qvere
identified and removed. Surface e¢ion wasthen obtained by applying thdSSand all ocean/tidal corrections and then de
trending for the EGM 2008 geoidefer to Appendix Aor further information. A supervised retrieval procedygccording
to Price et al., 201 5asapplied to obtairireeboard from the &vel2 CS2surface elevations higentifying the relative SSH
manuallywith satellite imageryThe fast ice edge angben water alongrack was identified iNASA MODerate esolution

245 Imaging Spectroradiometer (MODI8ptical images aagred on the day of the CS2 opeasss. The relatey SSH was defined
as the median value of the CS2 surface elevation retrievat25 km of adjacent open watalongtrack The median value
was chosen because the mean was skewed by significant noige@$2hmeasuremerithis distance provided80 CS2
surface elevatiomeasurement® obtaina representativenedianvalue from the CS2 measuremamid was also applied by
Price et al, 2015 in their supervised freeboard retriéad distance on the faseito open water didot exceed ~25 km in alll

250 study years.

Supervised retrievals of fast ice freeboard were applied to 20 CS2 tracks between latitdtesaidd 78°S in McMurdo
Sound over thdour study yearsCS2 freeboarsiderived relative tahe median SSH verethen conpared withcoincident
spline interpolated drilhole measured snow and ice freebsaatbngtrack Fourteenout ofthe 20 (70 %) tracksproduced
255 CS2freebard magnitudegelative to the median SSH thaligned withthe drill hole measureents The 14CS2 tracks
consistedf four in the east, 7 in the centre, and 3 in the west (refer to Fig. 1 for regional Iocdtignse 2showsan along
track profile of spline interpolated drill hole maagd sea ice and snow freeboard, and sea ideéSBh thickneses and
combined METin the centre of the sound with CS2 freebaamhsurementsom an overpass on the 15 November 2017. CS2

freeboard increased towardigetice shelfn the souttwith increasing fasice and SP thicknesses and combined MET

260
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Figure 2: Spline interpolated drill hole measured sea ice and snow freeboard, afastice, SPL and Mass Equivalent Thickness(MET)
relative to the zero level reference sea surface from November 2017 with CS2 freeboard on the 15 November 20f/McMurd o Ice
Shelf is located in the south (left hand side) of this profile at approximatelatitude -77.84°.
265

Sea ice thicknesgi) wascalculated from freeboard assuming hydrostatic equilibrium which asserts that the ratio of freeboard
(Fb) to total icethickness is proportionab the ratio of the densities of sea igg &Gnd seawatey ¢) (Zwally et al., 20®). The
addition of the snow layefT§) to freeboard height, the snow density,(and the buoyancy effeof theSPL, if present, must

be taken intaccount(Priceet al., 201% Constant values fgr, Ji andj s of 1027 kg n¥, 925 kg nf and 385 kg i, were

7



270 respectively assumed to facilitate intmmparisorwith, andto adhere to the rationale and error propagatioirice et al.

2014 where a range of snow and sea ice density measurements ividldurdo Sound were assessed

CS2 ice thickness was calated from CS2 freeboard by assuming that the dominant backscattering surface for thevEISA
2 retracker is either 1) snow freeboard, 2) sea ice freeboard, or 3) some penécitio(0"Q into the snow layer by

275 respectively applying equations 1, 2 anigid@n Price et al. (2019A correction for the propagan of the radar wave through
the snow layer was applied accordindiartz et al. (2014)

Y —— 0% —— Y 1)
Y —— 00 —— Y 2)
280 Y — 00 —— Y —— 0Q ©)

To select thdestmatching freeboardcterfacefor each trackthe profiles ofCS2 ice thicknesses obtained fr&y. (1) and
(2) were comparewith interpolated drill hole MEF alongtrack. The freeboard interfadbat produced the closest matching
CS2 ice thickness artttill hole MET wasthen selected.This wasassessebly 1) comparingalongtrack profiles of interpolated
285 in situ MET with CS2 ice thicknessedsually (this wasevident if the best interface was sea ice or snow freeh@riear
regression analysd€l there was a gradier freeboardwith increasingfast ice and SPL thicknéssr 3) comparing mean
values alongrack accordingd Price et al., 2019or two tracks in the easheither snow freeboar(Eg. (1)) nor sea ice
freeboard Eq. (2)) producediligningdrill hole MET and CS2 ice thicknepsofiles andthusvariablepenetratiordepttswere
appliedin 0.01 m incrementéEqg. @3)). The penetration factor which produced the smallest mean differsncer(ed along
290 track) between th€S2 ice thickness and drill hole MB\las selectedccording tdPrice et al., 2019.

The sea icsurface was the dominant freeboard interface in the west and centre, except for 2011 and 2017 which had deepe
show coverage agoss the sound. In the east, the best matching freeboard interfaces weredbassdace in 2017, the snow
surface in 2013, and penetration depths of 0.11 m and 0.12 m into the snow layer in 2011 and 2018, redpeetvieky.

295 freeboard or a penetiion depth was determined for a CS2 track, a correction for the propagatienrafiar wave through
the snow was applied accordingKartz et al. (2014)
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4 Results
4.1 Supervised Cryo&t-2 retrieval of ISW influenced freeboard

The meandrill hole sea ice and snow freebogrdndsnow-correctedCS2 freeboard fofirst-yearfast ice were calculated
(over equivalent distance®)r each CS2 tracland theraveragedegionally forthe 3 tracks in the west, 7 in the cerdrel4

in the eas(refer toFig. 3 and Tablel). The meanregioral drill hole sea ice and snow freeboards were highest in the centre at
0.25 m and 0.3m, respectively, and slightly lower in the wa$t0.22 m and 0.27 nin the eat, the mean drill holees ice

and snowfreeboard were0.14 m and0.30 m, respectively. The mearregionalCS2 freeboard followed the same trend of
higher freeboard in the centf@31 m), decreasing to the wef.24 m) and eas{0.22 m). In the centre of McMurdo Sound,

we estimate amean CS2 derived freeboard difference of 0.0d @®9 m relative to the west and east, respectividts
difference i28-36 % of the mean drill hole measured sea ice freebdhrdregional mean interpolated drill hole sea ice, SPL
thicknessesindcombined MET along the seven CS2 tracks inciatre of McMurdo Sound were 2.26 m, 3.90 m, and 3.08
m, respectively. The mean CS2 ice thickness for these sevenwasBs04 m, corresponding to a 0.78 m overestimate relative
to the drill hole measureska ice thickness in this region. The regionemsnow depth in the centre was 0.07 m over the
four study yearsWe interpret tk CS2freeboard distribution across the main path of supercooled ISW outflow as being largely

due to the thickness change bktice shelinfluenced fast ice with a SPL beath,rather than due to gradients in snow

thickness.
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Figure 3: Comparison of all drill hole measured sea ice and snow freeboards with CS2 freeboard ofiest -year fast ice only for the 3
tracks in the west, 7 in the centre and 4 in the east (ref to Fig. 1 for locations andvalues given in Table 1). The mean regional values
for the tracks in the west, centre and east are shown with a solid line to illustrate the mean freeboard distribution acrddsMurdo
Sound. The longitudes are taken from where eadBS2 track crossed latitude 77.7°S.
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Table 1: Mean interpolated drill hole (DHint) measured sea ice and snow freeboar@sb) and CS2 freeboarddor first-year fast ice only
(over equivalent distancesjor individual CS2tracks in the west, centre anceast.Regional mean values for tracks in the west, centre
and east are giverand these statistics are used in Fi§ andFig. 4. If sea ice freeboard or a penetration depth was determined for a CS2
track, a correction for the propagation of the radar wave through the snow was applied according Kurtz et al. (2014)

(@) (b) (©)
CS2 Track ID Mean DHint Mean DHint Mean CS2
(yyyymmdd) Sea Ice Fb Snow Fb Fb
(m) (m) (m)
WEST
20171117 0.18+001 0.25+0.01 0.20+0.23
20131105 0.23+0.00 0.25+0.01 0.20t0.14
20181120 0.26+0.00 0.30+0.00 0.32+0.14
RegionalMean 0.22 0.27 0.24
CENTRE
20131129 0.28+0.03 0.29+0.00 0.3%%0.11
20111123 0.26+0.03 0.34+0.00 0.25+0.12
20111127 0.24+0.03 0.32+0.03 0.35:0.12
20181115 0.28+0.01 0.36+0.02 0.30t0.16
20131103 0.23+0.05 0.23+0.05 0.23+0.11
20171115 0.22+0.04 0.35+0.03 0.41+0.18
20181118 0.25+0.14 0.34+0.14 0.23+0.12
RegionalMean 0.25 0.32 0.31
EAST
20131127 0.19+0.04 0.29+0.10 0.27+0.11
20111121 0.12:0.04 0.33+0.02 0.29:0.21
20181113 0.14+0.01 0.27+0.04 0.22+0.13
20171110 0.10£0.03 0.32+0.03 0.12+013
RegionalMean 0.14 0.30 0.22

Along-track profiles of CS2 freeboard and CS2 ice thickness are compared in the centre and east with interddiated dril
measurements fd2011, 20132017and 2018 in Fig4. Linear fits to CS2 ice thicknesses are shown wviterpolated drill
hole sea ice and SPL thicknessd&T, and sea ice and snow freebodrte linear fits wereapplied to CS2 ice thickness
obtaned ove first-yearice only and did not includeecond-yearice. The linear fits applied to CS2 ice thicknesow
increasing trends towards the ice shelf in the cdatrall years in contrastto the east which had flat to marginal gradients in
CS2 icethickness

Over the mairsupercooled ISWutflow regionin the centreof the soundCS2 freeboard an@S2ice thickness increade
towards the ice shelf in the soutbncurrently with increasing fagte and SPL thicknesses and combined ME®. 44, c, €
and 9. In comparison, CS2 freeboard a@82ice thickness in the eashere the influence of ISV lesspronouncegshowed
a marginal increase towards the ice shelf in 2F4§. 4d)and almost flat profiles in 2011, 2017 and 2QER). 4b, f, and h
respectively) In 2011(Fig. 4a)and 201qFig. 4e), CS2 freeboard was higheearthe McMurdoIce Shelf in thecentreof the
soundand this could be attributed the thicker SPL=or the deeper and more wizdbmpactedsnowobserved in these years
by Brett et al. (2@0). In 2011, no drill hole measurements were made south of |at#rd®83 on the centre profiléFig. 4a)
and wewere unable taletermine why théirst-yearfast ice freeboard was significantly higher nearMeMurdo Ice Shelf.

CS2 freeboardneasurd southof -77.83°on ths trackwasthusexcluded from thealculationof the mearvalue(Table 1).
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In 2013, the CS2 track in the cenfigig. 4c)on 3 November had minimal snow coverage and best matchedsedite
freeboad. The CS2 track in the eg$tig. 4d) on 27 November 2013 had deeper snow and best matched with snow freeboard.
The drill hole measurementsadeevery kilometrealongthe CS2 trackn the east on 2¥ovember 2013y Price et al(2015)

are shown in tis profile (Fig. 4d). The increasing trenwards theMcMurdoIce Shelf is evident in both the CS2 freeboard
and CS2 icehickness on th2013central profile when compared to th@l3eastern profile, most markedly oweecond-year

ice in the suthwest of the sound (77.85°S78.87°S in Fig. 4c.

To assess the spatial distributsaf higher satellite altimeter obtained freeboard and resultant thicker ice, CS2 freeboard and
CS2ice thickness from 4 tracks distributed across McMBdund ilfNovember2013 wee spline interpolated.o circumvent
substantial noise in CS2 freeboard dedivedice thickness, a running mean of three measurements (corresponding to ~1 km)
was applied alogrtrack prior to applying the interpolation. Figuseshows maps of the distributions of CS2 freeboard, CS2
ice thickness and drill holmeasuredET in McMurdo Soundn November 2013CS2 freeboard heigl(Fig. 5a) andCS2

ice thicknesgFig. 5b) concurredwith thethickness distributions dafrill hole meaared ice sheHnfluenced fasice, SPL(Fig.

1) and combined METFig. 5¢)with higher feeboards andécthicknesses observed in the centvakernregion of the sound

in the main path oupercooledSW outflow. The trend of increasingS2 freeboardand CS2 ice thicknestowards the

McMurdolce Shelf in thecentre andvest isevident

11
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5 Discussion
395 5.1Geophysical correctionsand identification of a relative sea surface height

The proximiy of fast ice to the coastlirean introduce uncertainty surface elevatioretrievak from satellitealtimetry. This
uncertainty iscauseddy increasedomplexity of the geoidnear the continental landmass dndthe interaction of théides
with the coastline and shallow bathymetf/the continental shelveShese factors are particularly relevant inNado
Sound. The mountainous terrainthe east and west and the ice shelf to the south affect theaftthpegeoid To ensure that
400 the trends observed in CS2 freeboard did not result from inaccuractes geophysical correctionan assessment of ¢h
spatial distribution and magnitude of the geophysical corrections applied to tHee@82SIN product and the effect of de
trending for the geoid using the EGM 2008s carried oubver open oceain latesummerAdditionally, fouryears ofin situ
measurements over fast ice in late spring provided confidence in the. &8P 2 SIN product andapplied geophysical
correctionsThe remaining uncertainin the CS2 freeboarchpturedn the standard deviatigrin Table 1is likely driven by

405 noise h the CS2 measuremeardvariability in the snowayerandthe dominant backscatterimgterface alongtrack

The geophysical corrections should not have a major impabeabtainedCS2freeboard if the retrievaf the relative SSH
is robust(Ricker et al., 2016)dentifying the relative SSH alongack is complicated by interference and namgeoduced by
sea surface conditiormdby the presence of pack ice. We observed thin nilas or some pack ice beneath several CS2 tracks.
410 However, ga surface conditions will have a more significant effect for autorfratboardretrievals which interprethe
backscatter or pulse peakinegghereturningsignal to identify open watgPrice et al. 2016 To ensure minimum error in
therelative SSHwe applied a supervised freeboard retrieval procedure where open water was manually identified in satellite
imagery. e distanc®n the fastdeto open water did not exceed ~&® in all study yearsWe used in situ measurements
to assess the accuracy of the relative SSH identification by comparing the magnitude of the resultant CS2 freeboards again
415 drill hole measured freeboarddditionally, we assessetinear and spatial trends in CS2 freeboard @S8@ice thickness in
this study, e.g., Fg 4 and 5. Any error in the relative sea surface height should have minimum effeetiamds because a
constant median SSH value is subtracted f@82 surface elevation measurements to obtain CS2 fredboaath individual
track However for automated freeboard retrievals and for regiohicoastal sea ice without &itu measurementsr open
waterneaby, poor idetification of the relative SStdould introduce significant error and bias in the CS2 derived freeboard.
420

5.2 Satellite altimetry measuredfreeboard and sea ice thickness

The assumed freeboaidterface will significantly affect theresultantsea ice thickness obtaindtbm the hydrostiéc
equilibrium equationsThe calculated CSZce thicknesswill be overestimate if seaice freeboards assumed anélull
penetration of the radar wave into the snow layer does not o&ltarnatively, calculated CS2 seige thickness will be
425 underestimied if snow freeboard is assumed and full or partial penetration of the radar wave into the sndaelsyssur.
Price et al. (2019ound that the sea ice thicknesses in McMurdo Sound obtained by either assoowingy sce freeboard
using Eq. (1) or (2), respectivelycould produce a difference in thickness of 1.7 m. The sensitivity of the derbeettes

thickness to variable penetration depths into the snow layer was also agséisaestudy

430 Given considerable variability in the compositionof the snow, particularly in the east where more wind-compaction was
observedit is likely that the penetration of the radar waveform into the snow layer will vary along-track. However, we
endeavoured to identify the best freeboard irterface using the in sitmeasurementas opposed tassumingsone arbitrary or
corstantfreeboardnterfacewhich would haveveakened the reswdt To ensure thahie bestmatching freeboarthterface or

penetratiorfactor for each trackvas selectedwe compred calculate€€S2 ice thicknessfrom equationsl, 2 and 3with
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435 interpolded drill hole MET alongrack. Additional validation for theetected freeboard interface was providedbsnpamg
mean values o€S2freeboard and interpolated drill hole sea ice and snow freebfmrdach individual trackmpottantly,
our analysiscompared linear trends and spatial patternsin CS2 ice thicknessawith respect tanterpolatedn situ measured fast

iceand SR thicknessesandtheir comhkined METas oppsedto absolite values.

440 In the west and centre,dlsea ice surface was the dominant freebaetface exceptin yearswith deeper snow coverage.
In the east, the bestatching freeboard horizomas variablérom year to yeaand rangedrom the snow surfacto the sea
ice surfaceor a middepthpenetration The middepth penetration into the snow in 20drid 2018greed with thelominant
ESA Level 2backscattering horizoientified between the surface of the snow and the sea edce et al. (2015andis
comparable to the upper linpenetratiordepth of 0.080.10 mestimatedacross the sound Wrice et al. (2019n November

445 2011.

This geneal patternreflects the distribution and composition of the snawicMurdo Sound. Tie snowin the easwas
generallydeepe, more denseklpacked,and wind-compactedrelative to the centre and weshere the snowvas sparse,
looselypacked and where fullgmetration of th radar wave woulthore likely occurThe contrasting distributions in the snow
450 and thicker ISW influencefhstice and SPL from east to west wad/antageast We hadconfidencehatthetrends of higher
freeboard and thicker CS2 obtained thickness observed inet centre relative to the east diok resultfrom the addition of

the snow layeto ice freeboaravhich would havea more significanéffect in the east.

The freeboard to thickness conversion wllobe affected by applyingonistant values for the densibf sea ice, snow and

455 seawaterHowever,error propagation analgs of the efécts of the density values of sea ice, snow and seawater in the
hydrostatic equilibrium equationarried out byPrice et al. (2013); (2014fpund that the assumed @&teoard interface
contributed the greatest error in the derived ice thickness.

460 5.3 CryoSat2 satellite altimeter detection of ISW influencedfast ice
Theobijective of this studyasto use a standard satellite elevation product (ESA L2 Baselin8 AR product) and existing
methods to obtain fast ice freeboard (Price eRfll5) to assesfor the first time whether a satellite altimeter is capaloif

consistentlydetecting a known pattern of higher freeboard driven by supercooled ISW outflow in McMurdo Sound.

465 Novel aspects of this study are:

1) The application of satellite altimetry to identify a known pattern of higher freeboard caused by idéckkelf
influenced fast ice combined with the buoyant forcing of the SPL which both result from supercooled ISW outflow.

2) Calculation of ice thickness fno CS2 freeboard itMcMurdo Sound for multiple years and comparison with
interpolated in situ measured ice skiefluenced fast ice and SPL and their combined MET.

470 3) Assessment and comparison of regional trends in CS2 freeboard (Table 1), and lineant@&®2dde thicknes
towards the McMurdo Ice Shelf in a region with significant ISW influence (centre) and another region with less
pronounced ISW influence (east) (FY.

4) Assessment of spatial patterns of CS2 freeboard and CS2 ice thickness and comp#rigo situ obgrved
distributions of ice shelinfluenced fast ice and SPpresented as a combined MEiTFig. 5.
475
CS2 conclusively detected the influence of ISW on fast ice in McMurdo Sound each studyheeapatial distribution of

higher CS2 obtiaed freeboard antthicker CS2ice concurred with the distributions of thicker gteelfinfluenced fast ice and
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SPL and prior observations of ISW and effective negative ocean heat flux in McMurdo famy andDayton, 1988;
Dempsey et al., 2010; Langhorne et al., 2015; Lewis and Perkin, 1985; Robinson et al.ili2?i4gentre, CS2 freeboard
and CS2ice thickness increased concurrently with increasing fast ice and SPL thicknesses towards the ice slsaifiih th
on all the central profilesSThe meanCS2 freeboard valu@ the centreover the main path of supercooled ISW outfloas
0.07 m and 0.09 rhigher than thavest and east, respectivelyhere the influencef ISW isless pronouncedhe regional
mean interpolated drill hole SPL thicknesses in the centre of McMurdo Sound was 3¥&magnitude of thisreeboard
differenceagrees with the-R cm increase in freeboard for every metre of SPL obtain@bligh et al. (2012)sing thermistor
probe dataThis higher freeboar@entred at longitude ~165°E was alss@tved in McMurdo Sound hiyrice et al. (2013)
with ICESatl overmulti-yearice. The regional mean CS2 ice thickness in the cemtre 0.78 mor 35 % greater tharthe
mean drill hole measured siea thickness. \WWmainly attributed this overestimate in satellite altimeter derived ice thickness

to the additional bugant forcing of theSPL

5.4 Outlook for satellite altimetry detection of ice sheHinfluencedfast ice freeboard

Here, we madthe firststeps towarddevelopng a satellitebased method to identiBnd constraimegionsof Antarcticcoastal

sea icghat are beingnfluenced by ISW outflow in the upper surfaceoceéBno t e nt i a blédyS8V insghe ppper suréace
ocean promotes sea ice formation and causes it to be thicker by stabilising the upper surface layer, by hinderingirggtical mi
and insulating sea écfrom warmer subsurface waters bel@ellmer, 2004) Thicker ke Shelf Water influenced sea ice
inherently has a higher freeboard than sea ice without this influence. Platelet ice is a direct manifestation andlidtinet si

of 6in situd super cool e dusdsefashite freeboardsimedeigher theough twa effectswih i ¢ h
the fast ice is thicker by platelet icensoldation and augmented growth through heat fhio the ocean, and 2) the buoyancy
effect of the SPLif present. Satellite altimetry measurents cannot differentiate beteaen hi gher freeboard
or O6potentiall yd danonstreted beveo duld identlfywegibnuvhereahe fast ice freeboard near an ice
shelf has significantly higher than average freeboard due infthence of ISW in the uppeurface ocean.

Regions of anomalously higher freeboard could indicate thicker fast ice and the influence of ISW. This would require prior
knowledge of the age and formation conditions of the fast ice ¢eefprmed ice wilbe thickerJandmost criticaly the depth

of the snow layer, if present. To improve uncertainty surrounding the radar altimeter penetration and sn@mydgpta

could be used in tandem with ICESataser altimeter which measures snow freebo@mteregions of ISW outflow are
identified, long-term interannual variability in ice shelf and seaiteractionscould in theory be monitored with satellite
altimetry. The presence and abundance of both consolidated platelet ice and the SPL provide gbhtrieto#ieprocesses

at day within inaccessible ice shelf cavities, and the volumes of ISW outflowing in a rdgimghorne et al., 2015yVith
long-term monitoring, this could provide informatioon the effects ofvariability in atmospheric and oceanographic

interactonswhich drivelSW formaton within ice shelf cavities.

Here, wehavedemonstrated method witlthe potentialcapabilityto carry out satellite altimetry assessments of regions where
ISW and platelet ice have already been detbet the surfagand toidentify other unkown regions where ISW is reaching

the upper surface oceafhe smooth gradients in fast ice and SPL thickness and a low snow coverage in McMurdo Sound
present favourable conditions for the CS2 radar altimeter to detect highgheléénfluenced freeboardHowever, more
challenging conditions for satellite altimetry are likely to be presented elsewhere on the Antarctic coastline. A téwaat dril
assessment of supercooled IS¥iluenced fast ice in Atka Bay observed deep siagaumulations of up to 0.88 which
resulted in frequent negative fast ice freebpegdardless of a substantial SPL bendatimdt et al., 202Q)As far as we are

aware, Atka Bay and McMurdo Sound are the only two locations on the Antarctic coastline with multiplefyi@asitu
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measurements of ice shétfluenced fast ice, SPL and sndughlighting the need for a satellleased methotb identify

otherregions where ISW is outflowing in the upper surface ocean and influencing fast ice.

However significantchallengesre presented, notably theise in the CS2 measurement, interference from laadguracies

of geophysical correctian the identification of relative SSlktherange resolutiomf INSAR, andmost criticallyinadequate
knowledge of the snow digbutionin Antarcticaand penetration deptif the radawaveform Recently, a retrackinglgorithm

was developed with the caplitly to retrieve both the backscattering horizon for the air to snow and snow to sea ice interface
from the CryoSaP Level 1b wavefornfFons andKurtz, 2019)which showed significat promise Howevet ice freeboard

was overestimateith regions of large snow depths whicbncuredwith a similar effect orCS2obtained freeboard in deep

snow depositen Arctic sea icqRicker et al., 2015)

6 Conclusion

The outflow of supercooled Ice Shelf Wa{E8W) from the conjoined McMurddross ice shelf cavityesultsin a consistent
pattern of thicker fast ice with a substantial-stdplatelet laye(SPL)in the centralwestern region oficMurdo SoundThe
thickerfastice and the buoyant forcing of ti#Lresult inhigherfreeboard. Here, we investigatkif the CiyoSat2 satellite
radar altimeteiis capable ofletecing this higherfreeboard.CryoSat2 ice freeboard was obtained from surface elewati
measurements by applyirgsupervised retrieval procedunghich manually identifed the relative sea surface heigiiong
track in satellite imageryCryoSat2 ice freeboard was then comparedidar years of drill hole measured ice and snow

freeboardsea ice an@&PLthicknesses, and snow layer depths on the fast ice in McMurdo Sound.

The spatial distribution of higer CryoSa® derived ice freeboard concurred with the distribution of thicker ice-sffelenced

fast ice and th&PL in late springof 2011, 2013, 2017 and 2018 the centreof McMurdo Sound increasing trends in
CryoSat2 obtained freeboard aride thickness were observed with increasing fast ice and SPL thicknesses towards the
McMurdo Ice Shelf every yeaOver the four study yearsye observe a meadryoSat2 obtainedfreeboarddifferenceof
0.07-0.09 macrosghe main path of ISW outflow in Mdurdo SoundWe interpret this freeboard distribution as being largely
due to the thickrice shelfinfluenced fast icandthe substantigbFL across the main path of supercodi®8W outflow, rather

than due to gradients in snow thickneSsyoSat?2 derived ice thickness were 35 % greater than drill hole measured fast ice
thickness in the centre of the sound which we mainly attribute to tligioaadi forcing of the SPLwhich had a regional mean
thickness of 3.90 m.

Severalimportant factors complicate the identification of fast ice freeboard measured by satellite altimeters including
inadequate knowledge of the snow layer in Antarctica, l&cd@cent open water nearby, the identification of a relative sea
surface heighaind inaccuracies in the modelled geophysical corrections and geoid sWtaeeere able to constrain these
uncertainties and have confidence in the retrieved CrydSegetoard given the availability of isitu information for
validation. The geophysicatorrections applied to the CryoSat_evel 2 SIN product and the effects oftdending for the

geoid over icdree open water in McMurdo Sound were assedseidg the stud period to provide confidence in tyoSat

2 measured freeboard and derivedtitiekness.

Smooth gradients were observed in fast ice and SPL thicknesses and the snow layer gewidagpleconditions fora
satellite altimetry assessmeifihe thimer and generally necompacted snow layer in the centre, west and northweste
the influence ofce Shelf Waters most pronouncediided thedetectionof ice shelfinfluenced freeboard witthe CryoSat2

radar altimeteras it reduced the complicatiovith uncertainy of penetration depth into the snow layer and interpretation of
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the assumed backscattering/freeboaterface It is possible that many unobserved regions of coastal sea ice around Antarctica
are influenced by the outflow dSW in the ppersurfaceocean and the presence of platelet W have shown that the
CryoSat2 satelliteradaraltimeter is capable of detecting higher freebadiden bysupercooled ISVutflow in McMurdo
Soundand provide a proebf-concept demonstration for theotential wider application of this methodith adewate

information on the snow layer

Appendix A

The spatial distribution and magnitude of the geophysical corrections applied to thev@2InSAR product and the effect

of detrending for the geoidising the Earth Gravitational Model 2008 (EGM 20(Bavlis et al., 2012)vere assesseul/er
ice-free open ocean between latitudes 7B4d 78°S in McMurdo Sound in late summer (February to March) of 2011 to
2017. The date of minimum fast ice extentate summer of each study yeard days thereafter when McMurdo Sound was
free of seade were identified iMODerate esolutionimaging Spectroradiometer (MODIS8pticalsatellite images. The CS2
Level 2InSARderived sea surface with tMSS and all ocean/tidal and atmospheric corrections applied was obtained without
the presence of segei. Atmospheric corrections were alwayplagal. The spatial distribution and magnitude of the ocean/tidal

andMSScorrections were then constrained over open ocean. The following surfaces in the study region were compared:

CS2 height wittMSSappliedandall ocean/tidal corrections applied.

CS2height withMSSnot appliedand all ocean/tidal corrections applied.

CS2 height withMSSapplied and all ocean/tidal correctiamst applied

CS2 height withMSSnot appliedand all ocean/tidal correction®t appled.

Earth Gravitational Model 200EGM 2008)surface

CS2 height wittMSSappliedand all ocean/tidal corrections appligdirface 1andthendetrended for EGM 2008

o gk~ w NPk

Repeatingspatialpatterns in théevel 2InSAR product ocean corrections|SSandCS2 height were observed from year to
year. The ocean/tidal corrections were small in magnitude (cms), anchata@ppliedntroduced more sma#icale variability

(cms) in the sea surface. Figuké shows an alongrack comparison of surfaces 1, 2aid6 from a CS2rackon 17 March

2011 over open ocean and thites sea ice in McMurdo Sound. The flattest profiles were obtained every year from the CS2
height with theMSSappliedand all ocean/tidal corrections applied (surface 1). It was concludedhthaeiphysical
corrections applied to the C&2vel 2 SIN product were of good quality and resulted in reliable CS2 heights in McMurdo
Sound.

Applying the MSS correction should account for the shape of the geoid surface. However, we observed that theogeoid is
accounted for in the shape and magnitude of the CS2 heitfe Thyears of CS2 measuremeatsessed over open ocean
We would expecsurface elevation retrievals of an approximate magnitud2 of relative to WGS84 ellipsoid (Figure Alb)
when thegeoidsurfacehas beememovedand notheobserved--55m (Figure Ala)De-trending the CS2 heiglftom surface

1 (with all corrections adped including theMSg with the EGM 2008 geoid produced the flattest altnagk profiles between
latitudes 77.4S and 78°S in McMurdo Soundsurface 6)This pattern was consistent for the Baseliheevel 2 InSAR
product across McMurdo Sound every yeaver open water in late summer, and over the fast ice in late spring (November).
Additionally, freeboard profilesbtained from the CSRevel 2InSAR productfor surface Gagreed and aligned with both the

magnitude and trends in drill hole measuredaicd snow freeboard on fast ice in McMurdo Sound in late spring.

To summarise, the flattest profiles every yeaMioMurdo Sound were obtained from the CS2 height withMi&Sapplied
and all ocean corrections applied, and thetreleded for the EGN2008 geoidsurface 6)We were unable to clarify why the
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CS2 Level 2InSAR product with atmospheric, ocean correctioasd theMSSapplied produced the flattest profiles when
additionally detrended for the EGM 2008 geoid. TM&SSmodel applied in the stly region is unclear from the information
provided by ESA and is either the Aviso CLS®%ebb and Hi, 2016; Bouzinac, 2012r CLS 2011(Skourup et al., 2017)

Figure Al: Comparison of CryoSat-2 heights from the Level 2 INSAR product and the effects of derending with the Earth
Gravitational Model 2008 (EGM 2008) geoid (Pavlis et al., 2012pver 55 km of ogen ocean in McMurdo Sound oril7 March 2011.(a)
Surface 1: CS2 height with theMSS applied and all ocean corrections applied (red)Surface 2: CS2 height with theMSS not applied
and all ocean corrections applied (blue)and Surface 5: EGM 2008 surface (black).(b) CS2 height with theMSS not applied and de
trended for the EGM 2008 geoidlflue), and Surface 6:CS2 height with theMSSapplied and all ocean corrections applied ashthen de
trended for the EGM 2008 geoid ied). All heights are given rdative to the WGS84 ellipsoid. Dashed horizontal lines are included in b
to highlight the different gradients in the profiles.
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