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Abstract

Active subglaciallakesbeneath the Antarctic Ice Sheaovide insightsinto the dynamic subglacial environmentith
implications forice-sheet dynamics and mass balamdest previously-identifiedlakeshave beefioundupstream (>100 km)
of fastflowing glaciers in West Antarcticand none in theoastal region dbronning Maud LandDML) in East Antarctica
Theregionaldistributionandextentof lakesas well as theitimescales and mechanismsfitifng -draining activity remain
poorly understoodWe presentocal ice surface elevation changes in the coadtdL region that we interpret as unique

evidence of seven active subglacial lakes locategitheunderslowly -moving icenear the grounding lingheeimargin Laser

altimetry data from the ICES& andICESatsatellitescombinedwith multi-temporal REMA strips reveal that these lakes
actively fill and drain over periods eEveralears. $ochastic analysis ofibglacialwater routingogether withvisible surface
lineations on ice shelvesdicate thathesdakesdischarge meltwateacrosshe grounding line. Twdakesarewithin 15 km

of the grounding line, whilanother threera within 54 km. Ice flows 17172 m a near these lakes, much slower than the

results improve knowledge of subglacial meltwater dynamics and evolution in this region of East Ardadyticavide new

observational data to refine subglacial hydrological models.

1 Intro duction

Hydrologically -active sibglaciallakesperiodically store and release wabemeath the Antarctic Ice Sheet dodn a key
component of the basal hydrological systéwtive lakesare known to influence the dynamics of the overlying ice by reducing
basal friction andperiodically triggering shorterm accelerations in ice flow (Stearns et al., 208iggfried et al., 2016;
Siegfried and Fricker, 201&ndersen et al2023. Temporary accelerations in ice flow of up to ~10% have been linked to
lake drainage events on Byrd Glacier, East Antarctica (Stearns et al., 28808)ane Glacierthe Antarctic Peninsula
(Scambos et al., 2011), and on the Mercer and Whillans ice streams, West Antarctica (Siegfried et dhdR0d@al active
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subglacial lakeganrange from~5 kn? to tensthousandof squarekilometresand have been shown to forronnected
networks over hundreds of kilometi@sicker et al., 20072009; Smith et al., 200&lament et al., 2014iegfried and Fricker,

2018;Hodgson et al., 2022; Livingstone et al., 202pwnstream sbglacial water flow has been linked to cascading lake

drainagesventswhich transport excess water episodically towards the groundindlim&ént et al., 20148mith et al., 2017;
Siegfried and Fricker, 2018&8mith-et-al—2017Neckel et al., 2021)Meltwater outletsat the grounding linalischarge
freshwatelinto subrice-shelf cavities, whictaccording to modelsould enhance iceshelfbasal melting (Carter and Fricker,

20172012; Dowet al, 202) andreduceseaice volume(Goldberg et al., 2023ndhas also been shownitdluencesediment
fluxes(Lepp et al., 2022&nd biogeochemical fluxggvadham et al., 2013Therefore, bserving active lakes using repeated

satellite data is crucial to characterize subglacial hydrology aimdpiEct on the icesheetocean system

Over the past two decadesier 140 active subglacial lakes have been detected underneath the Antarctic IceuSinget
satellite datgFig. 1,Neckelet al., 20211 ivingstone et al., 20225atelliteradar andaser altimetry (e.gE S A GrgoSat-2
and NAcAisd and Land Elevation Satelit€ESatand ICESaR) has successfully been used to identify localised

ice surface elevation changes annual to decadal timescalggerpreted as subglacial lake filling and draining activity and

corresponding changes in lake volume (e.g., Fricker et al., 2007, 2010; Smith et al. Ex@@X)ner patterns afentimetre
scak ice surfaceslevation changelsave beerndentified usingdifferential synthetic aperture radar interferometry (DINSAR)
andinterpreted as evidence foansient subglacial water transp@@ray et al., 2005; Neckel et al., 2Q2Moon et al., 2022

Few active subglacial lakes have yet been repdrtegbath-much-of the-grounded-ice-cloda the coastalregion of the
Antarctic Ice Sheehargin(Livingstone et al., 20225 pecifically, mly ten active lakebave been previously identified within

50 km of thece-sheet grounding line (Livingstone et al., 2022¢nsequently, little is known about the subglacial hydrology,

water outing and the impact on local ice dynamics at the transition between grounded and floating ice in this region.

In this study, webuild on previous work bproviding a more complete inventory aftive subglacial lakesferred fromby
measuring icsurface elevatiodisplacemenbbserved-frerasingthelaseraltimetess onboard CESat2 between March 2019
andMay 2023and its predecesst€CESatbetween October 2003 and March 2008 focuson the coastal Dronning Maud
Land (DML) region of East Antarcticayhere noactivelakeshave beendentified previously (Fig. 1)We uselCESat and
ICESat2 elevation time seriefogether withstrip data from thdReference Digital Elevation Model of Antarctica (REMA,;

Howat et al. 2Q9) stripsto determine the temporal patterns of subglacial lake actwitiestimate lake volume changése
further estimate subglacial stream probability usimater routinganalyseglerivedfrom stochastic simulatiofShackleton et

al., 2023)to assessipstreandrainagebasinshydrological systemand potential downstream impacts of the newly observed

subglacial lakesThe combination of these datasedgealsseven previouslyunreported active subglacial lakes tfithiand
drain overperiodsof multiple yearsand identifieghe most probable pathways of meltwater released from lakes towards the
grounding line Our study provides insighinto -an-active subglaciahydrological systemand potential subglacial outlets
close-to-the-iesheetmarginin the coastal regionn-of eastern Dronning Maud Landhis canhelp to better constrain how

2



65

70

75

80

85

90

subglacial lakectivity regulats water-availabilityandflow-conditions-underthe-ice-shdeé-sheet basal conditions and ice

dynamics as well asnodifiesice-shelf cavity circulation antlasal meltingvhen meltwater is released at the grounding line

2 Study Area, Data and Methods

2.1 Study Area

within160km-of the-ice-margifWe focus on the coastal region of grounded ice in DML, extending along the Princess Astrid
Coast and the Princess Ragnhild Coast up until the Roi Baudouin lcg@fe¥fto 72°S and 33W to 6°E; Fig. 1). There

are~13fastflowing outlet glaciers along thisoast(887 281 m &), which aresurroundedy slowly moving ice -30m a?,

Gardner et al., 20185rounded ice in this region of the ice sheet lies largely below prdsgreea level (Morlighem et al.,
2022022 Frémand et al., 2023, Fig. 13atellite altimetry from ICESat/ICESathas recorded significant igheet thickening
in DML over the last two decades (Smith et al. 2020) due to high snowfall raje8¢ening et al., 2012%o0 far, no active

subglacial lakes have been recorded in the coastal region of DME1BAtkm inlandhear the onset of Jutulstraumen ice

stream, west of our study region, a clustegight ice surface subsidence and uplift events betweenrZIAGwere identified

using double differential synthetic aperture radar interferometry (DDINSAR) and [QEStimnetry (Neckel et al.2021).

These verticamovement®f the ice surfaceeached 14.4 crandwereinterpreted as episodic subglacial lake drairegnts

with durations between 12 days and ~1 year, indicating cascading subglacial wateDavérkan flow path (Neckel et al.,

2021).Stable subglacial lakes have also been detdigtairborne icepenetrating radar data at 33 locations in the inland of

DML (Fig. 1, Goeller et al., 2016)n contrast to hydrologically active lakes which fill and drain over decadal or shorter

timescales, stable subglacial lakesdominantly detected from ragézho sounding beneath the wabased icesheet interior

tend to be stable over >103 ydamescales (Wright and Siegert, 2012; Livingstone et al., 2022)
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2.2 Satellite Altimetry
2.2.1 ICESat2

NASA's nextgeneration Ice, Cloud, and land Elevation satellite (ICE%a$ a photorcounting laser altimeter provity
repeatpasdce surface heightneasuremenw@very 91 dayg§Markus et al., 2017 The Advanced Topographic Laser Altimeter
System(ATLAS) on board ICESa2 continuously profilesheE a r t h 6 salorng itsrl38#eferencegroundtracks (RGTS)

using six laser beams, which meastimeepairs oftracks with each pair separated by 3.3 Kilhe beams within each pair

are separated Hy9 0 . BEmevationchange data in this paper are based on release 6 of the {IZE&at| 3b SlopeCorrected

Land Ice Height time series (ATL11) product (Smith etz8220233) which became available in August 20¥8e used the

ATL11 dataspanning between April 2019 and April 2028r which the geolocation of each beam is accurately determined
(Smith et al., 2023). We omitted the ATL11 data collected between October 2018 and March 2019, because an issue with the

central beam pair pointing resulted in displacement of ICESaeasured tracks from the RGTs by up to several kilometres

(Smith et al., 20288). All previousstudies detecting subglacial lakes in Antarcfrcen ICESat2 have used the lowdevel

ICESat2 ATLO6 product, which provides geolocated, ldo€ surface heights that aterrected for geophysical impacts and
instrument bias (e.g. Siegfried and Fricker, 2021; Neckel et al., 2021; Fan et al., 2022).

A main difference between ATL06 and ATL11 is tRaELO6 elevationgequire slopeorrection usinga DEM or datéfitted

reference surface when comparing regestks whereashis is already done as part of tAdL11 processingdirectly

providing time series ofdllongtrackice surfaceheights that are slopsorrected onto a reference pair track (RPT) for each
cycle and are accurate to <0.07 m (Smith et2al,22023b; Brunt et al., 2021)ln this way, ATL11height estimatesave

correced ATLO6 heights for the combined effect of smalbsstrack offsets(up to~130 m) betweenrepeat measurements

and subkilometre and surface topography around fit centfdse ATL11 product ha so far been useth Antarctica for
assessing the impact of net snow accumulation variability on observed surface height change (Medley et al., 2022) and fo
investigating iceshelf basal channel morphology at the Kamb Ice Stream grounding line (Whiteford et al., 2G22heOv
Greenland Ice Sheet, ATL11 has been used for evaluating spatial patterns of surface mass balance and firn densifttation (Smi

et al., 2028) and forinvestigating subglacial lake activity beneath shefaceablation zone (Fan et al., 2023).

Two types ofheighterror estimatesire provided with ATL11 One israndomperpoint estimatesh(_corr_sigmg, which
include the errors related to the accuracy of the reference surface arddis@on of thdCESat2 range estimatesndare
uncorrelated between adjacent reference poi8mith et al.,, 2023. The other issystematic error estimates
(h_corr_sigma_systemajicwhich includethe slopedependent impact ajeolocation errorthat are correlated along each
track We find maximum pepoint error and systematic error in the corrected surface heights of 14.9 cm and 14.5 cm
respectivelyfor the ICESaR data we analyse her€hese maximum values are higher than reportegh@at errors in the

ice-sheeinterior of 1-:2 cm, because rougher, steeper surfaces towards the coast typically degrade the instrumenapcecision
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slope correctiofSmith et al., 2023). However, the mean p@oint and systematic errors for the ICEatata analysed here

125 arestill as low a®2.7 cm and 5.3 cprespectively

To investigate subglacial lake drainage and filling pattemesfollowedthe approachof calculatingrepeattrack elevation

anomaliegFricker et al., 2014\ eckel et al., 2021Siegfried and Fricker, 2018; 202 We first removed poequality surface

elevationspotentiallyc aused by ¢l oud cover, blowing snow or backgrou
130 summary flagtlll qual_summary= 0) (Siegfried and Fricker, 202Brevious studielsavecalculatecelevation anomalies

with respect to a DEM or other reference surf@écker et al., 2014; Neckel et al., 202Wsingthe slopecorrectedATL11,

we assessdde surface elevation changdigectly with respect to the start of our observation period (April 20%@plculaing
elevation anomalies @ for each ATL11 point along every RGT relative to the first available cy@)eusing: dQ="00 "Q,

whereQis ice surface elevatiolWVe calculatel time series of elevation anomal@engeachRGT.

135 2.2.2I1CESat

NASA's Ice, Cloud, and land Elevatisatellite (CESa) was a laser altimeter providing iceirface height measuremeiris
footprints of~65 m-diameter separated 172 malong its RGT¢Zwaly-etal-2@2Schutz et al., 2005; Frickand Padman
2007). We usedCESatGLA12 ice-sheetproductversion 34collectedbetweenFebruary2003 and October 20D to derive

elevation changesCESat RGTs were typically repeated witlih50 m crosdrack distance, andertically accurate within a
140 few tens of centimetres depending on surface glBpenner et al., 2007; Kohler et al., Z)1ICESat crossover errors (i.&.

the point where successive ascending and descending passes irge#bectpoint—between—successive—ascending and

desecending-passes-overthe-same-locphave beerstimated between 7.5 cm for flat surfaces to 20 cm for 1° s(8pesh

et al., 2009)meaning most errors ar@4-15 cm given-the-minimal-surface-slopes-overmostofthe-Antarcticlce-Sheet (Smith
etak;—2009)n our study region where slopes are typical.& (Smith et al., 2009)The GLA12 productwas used for

145 compiling the first comprehensivintarcticinventory ofl24active subglacial lakes north of 86°demonstratinghortterm

basal hydrologic evolutioof lakesthroughoutAntarctica(Smith et al., 201)¢

We estimated alontrack elevation changes from GLA12 following the approach of Moholdt et al. (2010) by fitting surface

planes to 700 m segments of repeat track dig@rminingsurface elevation anomalies for all laser footprints with respect to
150 the plane fit. Outlier pointaith elevation anomalies >10 m, for example due to cloud scattering or rough topography, were

iteratively removed in th@lanefit processing. This threshold was set higher ttierexpected elevatioshangesdue to

subglacial lake activity, in order to not remove such data. We further neglected potentigriorejevation changes due to

surface mass balance and laspale ice dynamics in the plane fitting as these are generallyder of magnitude smaller
smalbn-the-study regio(Pratap et al., 202Z0el et al., 202/than the elevation anomalies we obsesad-could-interfere
155 with-changedue to subglacial lake activity.
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2.3 Subglacial lake detection

Previous studies haveentified lakedased orthreshold betweert0.1-0.5 m forspatially-coherent elevation anomaliesing
ICESat (Fricker et al., 2007, 2018mith et al., 200Pand CryosaR (Kim et al., 2016;Smith et al., 2017, Malczyk et al.,
2020) We adapted these previous approadioesurcoastaktudyregion whichis characterized byigh slope and roughness,
by identifying potential areas of subglacial lake activity from ICESat/ICESapeatracks with significan{x1l m)elevation
anomalies over a distance©fL .Ktme elevation anomaly patterns over these areas were then maxaatiyned to assess
whether these appeared to reflect lake activity (i.e-shaped profiles of draining and/or filling) or if they were fior,
example, highlcrevassed aslopingregions whereinresolved rough topography is likely to dominate the sighlal found
thatusing a *1 nthresholdapplied toelevationanonglies relative to the start of our observation perimEsbt highlighted and
distinguishedsubstantial localised anomalies framackgroundalongtrack elevationchangesand noise whereas lower

thresholds (e.g. £0.5 nmMcludedsurfaceelevation changsignak thatareunlikely to be related to subglacial lake activity

2.4 REMA sStrip dbifferencing and lake outlines

Following detection of ICES& surface elevation anomalies, we used Hggolution stereoscopic data from REMA (Howat

et al., 2019) over these locations to further investigate subglacial lake activity and spatial extents. We differenigled availa

DEM strips with 2m map cells acquired between September 2015 and December 2021 that intersected regions with elevatior

anomalies identified in ICESat/ICESadata to calculate surface height changes over three suspected lakes (L1, R1, R2: Table

lakes(L1-R1-R2:Table-1)}The number of useable DEM strif§se. partially or fully covering each lake) in any given year
averaged between 1 and 3 strips per lake (Supplementar) Fitne strip DEMs aregenerated by applying fulgutomated,
stereo auteorrelation techniques to overlapping pairs of higholution optical satellite images, using the epearce
Surface Extraction from TINased Searchspace Minimization (SETSM) software (Howat et al., 20d@jdual 2-m REMA
strips are not coegisteredo satellite altimetryunlike the REMA mosaifHowat etal., 2019, meaninghatrelative elevation
within a strip isprecisebut haslow absolute accuracy (Hodgson et al., 202®)increase absolute accura®EM strips can
be coregisteed using statiaeference pointstypically rock outcrops(Shean et al., 2019 he stripswe usel do notinclude
any outcrops soinstead we estimated and removed vertical elevation biasesibygthe temporally closest overlapping
ICESat2 trackwithin +/- 100 days of the DEM stripcquisitiondate(Chartrand and Howat, 20; Priergaard Zinck et al.,
2023) This time restrictionensures that thelCESat2REMA elevations are representatiige the of-elevations-duringtrip

acquisitiontime, although we acknowledge traamelakefilling or drainage could still occur within this time period



Of theten DEM strips thatntersected the seven potential areas of subglacial lake activity we idergifiestrips were
vertically co-registered to ICES& elevationgSupplementary Table 1The other foustripswerenot caregistered due to
190 lacking contemporaneous ICESAtata but were stillincludedto provide further insight intthe lake activityof Lakes L1
and R1(Supplementary Fig. 2)n these cases, the remaining vertical biases are reflected inaresiant elevation differences
outside of the activiake areasStaticlake boundaries werigitized from the pattern of elevation anomaliesthe REMA
differenee mapqLakes L1, R1 and R2)Ve were unable to estimate the areas of four lakes (M1, M2, V1, R3) bdhause
REMA strip differences did not show any significant elevation anomahies.illustrative purposes, we still sketched
195 speculative lake boundariésr these four lakes (§. 2d-e) based on ICES& elevation anomaly locations and the REMA

mosaic hillshade (Howat et al., 2019).

2.5 Subglacial lake volume changes and recharge rates

To estimate lake volume changes multiplied the REMA-derivedlake area (where available) withthe altimetry-based
median elevatioranomaly within this lake boundarfpr each repeat traciSmith et al., 2009; Carter et al., 201We
200 approximatd subglacial wateflux by the volumechangecorresponding tice surface uplift/deflation over tim@lalczyk et
al., 2020 2023. Rechargeates(reported agnnual water supply to each lakegre estimated by applying linear regression
against volume change and time during the refilling (kdtainage)period following Malczyk et al. (20Q). We were unable
to estimate volume changes foefive lakes without a cleasr completdake boundary in the REMA dathn the absence of
further constrairg on lake extent changes over time, we assangenstantake area throughout the fifirain cycle and a
205 constant overlying ice thickness (Fricker and Scambos, 2608 thougimigratinglake boundaries through fitlrain cycles

can impacthe estimated lake volume chang8gqgfried and Fricker, 2021).

2.6 Hydropotential SubglacialWater Flow Mapping

Tointerpret the satelliteletected lake activity in the context of the broader hydrological system under the ice sheet, we mapped

potential subglacial water drainage pathways and their uncertaasgd on an ensemble ldd elevation grids generated
j i ebf-MacKie et al{2020, 202); -ardShackleton
et al; {2023).We made a 1 km grid for the DML region, limited to ca. <73° soutbatee computation timend usedAe

210 throughstochasticsimulation(wa

ade-a m-grid-for the DML regiontlimited-to-ca- ° south-to-save-computation-timeand-calculated-the-probability of

with

N cekared-ice_thickness_measurements—using—a—seguential-Gaussian
215 simulation—algerithm—{(Malkie—etal—2023}}ice thickness data from énand et al. (2023)vere-usechs a basis for the
simulations, after filtering out surveys conducted before 1990 which have limited locational aceanadeypnverting-tebBed

elevatiors were calculatedlataby subtractingit-ice thicknesgsfrom_ice extractedsurface elevationsxtractedef-from the

500 mREMA mosaic producfHowat et al. 2019)and w\We also added elevation data from rock outcrops at pixel centroids

ofthe REMA-500-m-grid-{(Hewat-et-ak-2013)p modelmeasurement varianeecouning for spatially vaying characteristics
7
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of the bed Wwe chose todividedclusterthe regiondatainto 12 regiors elustergSupplementary Fig3X) using a kmeans

clustering algorithnon measuremerndoordinats (MacKie et al., 2023) ard-calewlated-The experimental variogramas

calculatedusing theSciKit-GStatpython package (Malicke, 202®)r normalsed measuremenied elevation valugs each

cluster giving measurement variance for increasing lag distance in each regisi-w\We -usedto-fit-found bestfittinga

statistical model and parameterfor each regiorbased oma leastsquaresanalysisfor exponential(clusters0,5,6,9,11)

spherical(clusters 1,2,3,4,8,10andGaussiar{cluster 7)modelfits (Supplementary Fic3X).

sequentialyVe generatedan ensemble 060 equallylikely bed elevation gridsising a sequential Gaussian simulation
algorithm from the GStatSim python packa@®acKie et al., 2023), whiclsimulaese valuesbed elevations between

measurements along a randomized path over the dobyaiicking from a Gaussian distribution conditioned at each grid cell
by the closest 50 bed elevation measurements and modelled vafiaagesulting-ensemble-of 50-bed-elevation-grids-were

thery-sed—to—estimate—subglacial—hydWeslsdusedthegnedian absolute tevidtian)  f
(MAD) between the 5@imulated-bed-elevatiogrids as a measure of bedwa#on uncertaintyLow MAD is associated to

regions with a high data density and lower basal roughness, whereas high MAD occurs for large distamesso the
nearby survey profiles and in regions with high basal roughness where there is greater potentihkEferation variability

between measuremerfshackleton et al., 2023figure 1b shows where the MAD is lower than 100 m, indicating regions of

relatively low bed uncertainty and higher confidence in simulated subglacial water routing.

The simulatedensemble-ef 50edgrids elevation-grids-wemgereused together with REMA ice surface elevations (Howat et
al., 2019) to estimatgriddedice thicknesesand calculate subglacial hydraulic poteniatfgllowing Shreve (1972)which
corresponds to each simulated bed. We assumed that water pressure equals ice overburden pressig@lculatedpredicted
water routingfer-alonghydraulic potentiafradientsassuming a spatially uniform melt rddesed-on-a-depressifiied-bed
topegraphyu si ng a DD al g o r .iSubblawiakirdam probalilitgvas,calcll&edd@spd-ofiom thenumber of

predictedstreamsredicted per grid cetiver the ensemble of simulated begdegraphglevation-gridsThismethedapproach
provides uncertaintgonstrained water routing predictions where uncertainty can be sourced either from a lack of

measurements (i.e. topography is not known serbbugh) lack of strong topographic control on water flowr both Low
probability streams are therefore associated to regions with sparse data or in flat areas where water routing is sgngitive to

fluctuations in bed elevation between simulatioNs similaly derivedthe probabiliy of subdacial hydrological cachment

boundaries using the drainage basins for streams predicted in water routing analyses over the simulated bed. We then further
estimated thesnsemble-average upstrearaubglacial-hydrolegicatatchment aregotentially draining towards fer-each

altimetry-detectedake:




3 Results
3.1 Observed e surface displacementand interpreted lake activity

255 We identify sevenlocationswith significant (>1 m) anomalous, repeatsdrface elevation changever distances of a
kilometre or mordrom ICESat/ICESa® repeat trackswhichwe interpretas active subglacial lakelsake R1 is located 19
km upstream from the Roi Baudouin Ice Shgibunding lineand is crossed by two intersecting ICE3atacks and one
ICESat track that all show a <&n wide elevation anomaly (Fig. 2a, Table 1). Lake L1 is 32 km upstream of the Lazarev Ice
Shelf and is crossed by two ICESat tracks and two ICESaicks (Fig. 2h Lake R2 is 115 km inland from the Roi Baudouin

260 Ice Shelf and is crossdxy only one ICESa® track (Fig. 2c). Lake V1 is located 54 km upstream of the Vigridisen Ice Shelf
and is crossed by two intersecting ICE3dtacks (Fig. 2d). Lakes M1 and M2 are otlykm apart, and 5 km and 15 km
upstreanof the Muninisen Ice Shelf, respectively (Fig. 2e). Lastly, Lake R3 is 136 km inland from tBadmuin Ice Shelf

and is crossed by one track (Fid),2vhich shows a ~km wide elevation anomaly (Supplementary Eigbd).

265 Fol |l owing Smith et aclonf(i2d0eOn9c)e, 6 waec tcilvaes sliafkye s6 haisghbei ng de
two intersecting reference tracks, and | akes thatiared.o
By this definition, five of the lakes (R1, L1, V1, M1 and M2) are classified as-¢ogifidence, and two (R2 and R3) as
provisionally active. However, we can independently detect localised elevation anomalidsa&eeR2 from REMA strip
differencing supporting that this is an activdlifing and draining lakeThree of theseverlakes vere confirmed and delineated

270 by REMA strip differencing during 2012021 (Fig 4; L1, R1, R2) and two of these also had intersecting ICESat tracks to
extend the change record back to 22089 (Fig. 3 and 5; L1 and RIjheir lake areas range from 21.5 to 40.122rable
1). The otherfour lakes(V1, M1, M2, R3)hadno ICESatdata ancho detectable change betwdRBMA strips likely due to

negligible elevation changes between the dates covered by the strips.

275 All seven active lakes are located below sea level and beneath ice thicknessessffBA0(Fig. 1b)Theselakes are typically
located in relatively slovflowing regions: two lakes under 20 m,ahree lakes between 8D m a', and two beneath slightly
fasterflowing tributaries at 152 and 172 m' éFig. 1b, Table 1)The lakeslocated close to ice flow dividesre beneath
especially slowflowing ice, for example Lake L{Fig. 1b, Table 1)The lakes upstream of Vigridisen and Muninisen ice
shelves are located beneath fagl@wing outlet glaciers (up to 170 mtaGardner et al., 2018).

280
We assume a orte-one ratio between ice surface elevation changes andiddieetric change, following previous studies
in Antarctica and Greenland (Smith et al., 20DRlczyk et al., 2023, Fan et al., 2023). It is possible that some ice surface
uplift and subsidence could be influenced byfloav dynamics, blowing snow and changes in basal traction, resulting in
misinterpretation as subglacial lake activiBefgienko et al., 2007; Humbert et al., 20B8)this relationship lacks precise

285 quantification Siegfried and Fricker, 20)8For example, in fadtowing regions, surfee-elevation changes can reflect-ice



flow changes triggered by water displacement at the bed during lake drainage (Smith et al., 26tlaf)tHddakesdn this
studyarebeneathelatively slowflowing ice (< 100m at), making it unlikely that observed isarface changes resulted from
ice flowing into basal topographic depressions. The patterns of surface elevation change we observe are characteristic
subglacial lake drainage (i.e. deepening towards the lake centre) and lack uplift near localisedcgybsideh can be a

290 signal of ice dynamical changes (Carter and Fricker, 2012)algémote that lake widths (inferred fromelevationanonaly
widths) are large relative to ice thickness (e.g. L1: ~8.5 ice thicknesses, R1: ~4 ice thickwbssea) icelynamical effects
tend to dominate only when lakes are small relative tahickness (Fricker and Scambos, 2009). Ice surface changes over
our newlyidentified lakes (up to 4.5 m) are much larger than those related todwireh snow redistribution and firn
compactiontypically <0.5 m a® based on repedtack elevation changes elsewhere in the redtanthermore, the spatial co

295 occurrence btween altimetryand REMAderived elevation anomalies and predicted subglacial stream lod@ict®n 3.3)
gives us confidence thaubglacial meltwater drains towards the observed lakes and that elersdinges arthereforedue
to subglacialake activity rather than other surface changéerefore weconcludethat the icesurface elevation changes we
observe reflecthanges in water volume rather than ice dynamamcksurface processedthough we acknowleddkatactual
lake volume changes aséll uncertaindue to potential migration of lakeshore boundaries throughrlin cycles (Siegfried

300 and Fricker, 2021).

3.1.1 Lake L1 upstream of Lazarevisen

Over Lake L1 we findsteady ice surface subsidence between August 2020 until May 2023 (F)g.s@dgesting a lake
drainage evertvera period ofat least 2 years and 8 months. This is preceded by a slight ice surface uplift between May 2019
andMay 2020, indicating lake refilling. REMA data show slight subsidence beside these tracks during September 2015
305 December 2016 and January 202Bebruary 2021, suggesting overall lake volume loss during these two periods (Fig. 4c,
Supplementary Figtb2h). This is consistent with the time series of lake volume derived from ICE S&dtowing the lake
steadily draining between May 2020 and May 2023 (Fig. 3f). Elevation anomalies along the two intersecting ICESat tracks
continue for 5 km along Track 134 ardkm along Track 215, reaching a maximum valu8 of at the lake centre (Fig. 3d
e, Supplementaryig. 4a6b). The lakeaveraged elevation anomaly time series over Laké-IdL §) reveals positive elevation
310 anomalies from November 2003 to March 2007 followed by a large (> 3 m) subsidence over the nexintl§eaonths,
indicating lake drainagéce surface displacements show a distinct minimum at the lake centre that tapers out towards the lake

edges.

3.1.2 LakesR1, R2 and R3upstream of Roi Baudouin

The time series of elevation anomalfesm ICESat2, ICESatand REMA strip differencinghow variable drain and/or fill
315 patterns for thee thredakesover the past two decad@sgs 3 and5). The elevatiortime seriedor Lake R1shows negative

anomaliesup to-2.4 min December 2019, followed by a gradedtvationincrease to up td.5m in March 2023Fig. 3a-b),

likely representing—We interpretthisas-icesurfacesubsidencinresponse-ttake drainaggefollowed byuplift-inresponse-to
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thelakefilling over the nexB yearsand5 monthsThis is consistent witbbservecelevation gain (lake filling) from REMA
differencing between October 2019 and January 2021 (Fig. 4a). Earlier REMA data indicate a slight subsidence (lake drainage
320 between December 2016 and December 2017 (Supplementargakigust ahead of the ICES2tobserved subsidence in
2019.Time series of lake volume change shows the lake steadily filling between April 2019 and March 2022 #Faye3c).
than a decade earlier, ICESat repeat tracks show a steady subsiderssethe same area between 2003 and 0§95,
SupplementaryFig. 4b63), which-we-interpret-aa sign of lake draining ICESat2 data show that Lake R2 was draining
between May 2018nd April 2021 andhas since been filling through to April 2023 (SupplementaryJ&igc). The shape of
325 the lake can be seen from a distinct pattern of uplift between two REMA strips from January 2021 and December 2022 (Fig.
| 4b). Lastly, over LakeR3 we find eentinteusgradualice surface uplift from August 2019 to April 2023 in response to lake
filling (Fig. 5).

3.1.3 Lakes V1, M1, M2 upstream of Vigridisen and Muninisen

We recordgradual subsidenadgp to-1.6 m ice-surface-subsidenover Lake V1from August 2019 to May 2023vhich-we

330 interpretas-continbedndicating a slowlake drainag€Fig. 5, Supplementaryig. 3a59). We-find-contindoul gradual lake
filling over 4 years is apparent froice surfacauplift along a~2.5-km widezone of Lake MXrom May 2019until May 2023

suggesting-lakéling—over4-yeardFig. 5, Supplementaryig. 3b5b). Likewise @ Lake M2,lake refilling is found to occur
over a~3 yearand8-month periodvefoundeontinuougas indicated bice surfaceuplift along a~3-km wide elevation anomaly

from September 2018 June2023 indicating-lakerefilling-during-ths ~3-yearand8-menthperiod(Fig. 5, Supplementary
335 Fig.3b5h). There is a striking coherence between the filling rates of these two lakes duri@g8et2 period Without any

further intersecting altimetry tracks olear change patterns REMA stripsfor theselakes it is dfficult to constrain thé
areasand volume changeshe lack ofsignificant localised elevation changes from REMA differenciogldbebecause they
had just drained and not yet refilléa the period covered by the DEM strigs, that draining and refilling have roughly
balanced each other

340 3.2 Subglacial lakevolume changesrechargerates and water flux

We calculatecinnual water supply anécharge rates fdakesR1 and L1where lakeboundaries wertully delineate from
REMA strip differencing(Fig. 4). Lake R1lsteadily gained volumffom December 2018 January 202Beforestaring to
drain(Fig. 3c, Fig5). The associatedolumegainof 0.13km? over3.5yearscorresponds to a yearly recharge rate o8 @r@®
a'. Lake L1gained0.01km?volume between February 2020 and August 2020 befarting to drairuntil May 2023 (Fig.
345 3f). During thishalf-yearperiod Lake L1rechargd atarateof 0.02km? a?. Similarly -sized active lakes have bemmggested
to recharge at similar rates to those reported here, for examipgeCook E2 (46 ki 0.05 kni a') andLake Whillans 2b (25
km?, 0.02 kni a?) (Li et al., 2020; Malczyk et al., 20p Our estimated lake volungmins and losseme of similar magnitude

to the mediatakevolume change of ~0.12 Kfor 140 active lakes around Antarcticased on their surface elevation histories
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(Livingstone et al., 2022). However, since we are unable to capture a full drainage or filling cycle for most lakeakactual |

volume changes between minimum and maximum states are likely higher than what we can capture.

To approximate the subglacial meltwater flux entering/leaving the largest lake we detected (Lake L1), we calculated the rate
of volume change corresponding to ice surface uplift/deflation over time (Malczyk et al., 2020). We use Lake L1 as an example
for estimating water fluxas it is located close to thee-marghgrounding Inewhere topographic uncertainty is relatively low

and has one of the smallest mean upstream catchment areas (0}@v€,IDable 1). Average subglaciataterflux was 4.9

m?® s betweerNovember 2003 and May 2023. Femmparison, Malczyk et al. (2020) estimated an averagerflux of 141

m?® st in 2013 for a network of active lakes upstream of Thwaites Glacier 4] filwwi24, Thwas2 and Thwzg). Modelled
upstream melt supplies todtinlake network range from 0.68.17 kn? a? (1.3-5.4 m®s?) although these lakes are considerably

larger than those in our study (up to 484%k@mith et al., 2017)n ourwater fluxestimations, we assume no lake outflow
during lake filling though it is possible a lake could increase in volume whilst discharging water downstream if a high lake
influx exceeds lake outflow (Carter and Fricker, 2012). These assumptions mean trstinoated water fluis likely to be

a minimum estimate

3.3 SubglacialwaterflowPredicted subglacial water routing

We simulated an ensemble of 50 equdikely bed elevation grids using sequential Gaussian simulé&fiopplementary Fig.

¥7: Simulations 13). The resulting grids are consistent along survey profiles and have continuous, regepraibentative

roughness simulated between measuremeértisoughout the ensemble, water routing analyses predict dendritic networks of
subglacial streams routing water from inland towards the grounding line (Supplementasg)Fighis broad pattern of
drainage remains consistent over the ensemble, but the kilestalerrouting of meltwater varies. Stream probability maps
(Fig. 1a) show water flow predictions strongly controlled by bed topography in the inland mountain wigégrasradar
measurements are limited bngvertheless outcrop surface elevation data help constraibed-topegraphvater outing

High stream probability coincides with dense radar survey coverage, for example surrounding the Nivlisen Ice Shelf, showing
the impact of data density on reducing water routing uncertainty. Lower stream probability regions that resemble
diffusediscontinuousspatiallydistributed streams occur between higheybability streams, for example inland of the Roi
Baudouin Ice Shelf eastward of 27° E (Fig. 6e) and inland of the Muninisen Ice Shelf, often coinciding withspécelst

radar survey profiles. Otheegions show inconsistent water routing despite regutgzficed radar profiles, such as within 50

km of the Vigridisen grounding line (Fig. 1a). This reflects an absence of strong topographic features that contraighe routi
of water,meaningso thatsmall differences in simulatedpographyelevationsover the ensemble can reroute water and lead

to inconsistent water routing and more diffuse stream predictions.

We compared ouiake observationsvith the subglacial drainagpatternsand found good spatial correspondence over some

of the lakes. Predicteslater routingshows direct drainage to thesterrRoi Baudouin Ice Shelf grounding line and identifies
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likely subglacial outlet locations (Fig. 6a). Lake R1 aligns veéveralknown subglacial water condsitlietectedat the
grounding line in airborneice-penetrating radar dathatalign with two subice-shelf channe (Fig. 6a, Drews2015;Drews

et al.,2017; 2020). This agreement indicatieatLake R1 is likely to be discharging subglacial meltwafezethyinto the ice

shelf cavity through a channelized subglacial conduit system and contidbute toa meltwater plume that forms the sub
ice-shelf channel. However, Lake R1 is 6 km from the closest radar survey profile, and our subglacigbrstbednilities

highlight that precise drainage routa®less certain here since topographic uncertaintyois (MAD > ever125 nj in the

middle of adjacentadar survey profiles (Fig. 6a). Given the topographic uncertainty in this region, we cannot rule out the
potential for lake drainage towards different outlets, for example if ephemeral subglacial channels close between drainage
events. Several ieghelf channels on Roi Baudouin alignedite flow direction correspond with the predicted subglacial
meltwateroutletsbeneath the grounded ice sheet and align with the location o Rikand R3(Fig. 6e). Therefore, Lakes

R2 and R3 could discharge basal water that is routed towards multiple subglacial outlets at the Roi Baudouin grounding line.

Furtherwest,the probability map ofubglacial drainage catchmsBupplementary Figs4) shows with high confiehce that

an extensive catchmeat minimum 19,000 krhis draining towards.ake V1. Downstream water routing predictions vary too

much at the kilometrscale to conclusively determines—marginoutlet locationsat the grounding lineandwater routing
shows drainage wardsthe grounding lines of eithevigridisenlce Shelfor theneighbouring Fimbulisen Ice ShéFig. 6b).
Inland of Lazarevsenlce Shelf prediced subglacial strearand outlet locationbecome more uncertaireflecting sparser
radarprofile spacingqupto 19 knj, but suggest Lake Lllkely discharg@smeltwaterto theLazarevsenlce Shelfgrounding
line (Fig. 6¢). Our waterrouting analysesalso predictshigh-probability streans connectingLakes M1 and M2, suggesting
interconnectedakeswhich drain directh-into the iceshelf cavity Fig. 6d). The predicted subglacial outlet heseclose to

severakubrice-shelf channels, indicating Lak®1 and M2feeda persistensub-shelfchannel whertheydrain

4 Discussion

4.1 Lake distributions at-in the coastal region othe Antarctic ice-sheetmargin

We identify seven previously undocumented active subglacial lakes in coastal DML at six logafitiesdifferent-drainage
basins-anavithin 5 km of the icesheet grounding line, feeding into separate ice shelves (Fig. 1a). The combination of ICESat,
ICESat2 and REMA observations presented here build upon-scgke repeat satellite altimetry studies of hydrologically

active subglacial lakesdsewherén Antarctica (e.g., Fricker et al., 2007, 2009; Smith et al., 2009; Siegfried and Fricker, 2021).
Only ten active lakes have been identified previously within 50 km of the Antavictee grounding linefor the rest of
Antarctica (Livingstone et al., 2022). These ten known lakes nearby the grounding line are found on the Antarctic Peninsula
(1 lake), inland of Totten Glacier (2 lakes), and inland of the Rutford (1 lake), Mercer (2 lakes), Whillans (3 lakeshland Ka
ice streams (1 lake) (Scambos et al., 2011; Wright and Siegfried, 2012; Siegfried and Fricker, 2018).
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The location of our identifiedubglaciallakesdemonstrate thahicker, fastflowing upstreamice is not a preequisite for
active subglacial lakexistenceat leastin this part of East Antarctic&ll sevenlakes are located below sea level and below
ice thicknesses of 812524 m [Table 1;Fig. 1D. In contrast, the mean ice thicknegver previously-reportedactive lakes
in Antarctica is 2272 nfLivingstone et al., 2022)The newy detectedakesaregenerallylocated beneath sleflowing ice
(<65 m ab) (Fig. 1b).This contrastswith mostknown active lakeswithin 100 km of the Antarctic grounding lirtbat lie
beneathfastflowing ice (>200 m a'; Gardner et al., 2018; Livingstore al., 2022) Two exceptions aréakes KT2 (31.7
km?) and KT3(38.7 kn?) beneath thé&amb Ice Streapwhich are comparable in arémour Lakes L1 and R{31-38 knv)
andarelocated under neatagnant ice{2 m at) (Kim et al., 2016 Siegfried and Fricker, 2018Another exception ithe
activelake system beneattiaynes Glacier in West Antarcticahere ice flow speed 5131 ma? (Hoffman et al., 2020 Ice
thicknessabovethesethreefour lakes(82071 1845 m) iswithin a similar rangeo our lakeg(8281503 m, Table 1l Much of
thegrounded icalongthe Antarcticee-margitoasts slowflowing (<200 m &) and lies below sea level within a similar ice

thickness rangeConsequentlynoderatelysizedrearmarginactive subglacial lakes the coastal regiorsimilar to the ones

presented here at10 km in lengthandat least 20 40 kn?, arelikely underrepresented irntarcticwide inventories yet
could store and release significant volumes of waterge volumes of water stored and released by these subglacial lakes
could regulate downstream ice flow (Siegfried et al., 2016) and cdhtrdbcation of subglaciate-marginwater outles

lecationat the grounding linedriving subice shelf circulation and meltingpat couldimpact iceshelf stability (e.g. Jenkins
et al., 2011, Gwyther et akp23)

That these lakes are located so close toidhemarghice-sheet grounding linbeneath relativelslowly -flowing ice is

unexpectedsince the icesheet bed is predicted to be cold beneath large parts of the Antarctic coastal region (Pattyn, 2010).

6)n contrastthawing icesheet bed is typically

associated with low geothermal heat flow and ice flow speeds beneath thick ice and low surface mass balance at inland regiol
of Antarctica (Pattyn, 2010; Pattyn et al., 20lldpwever,the presence of thedakes in coastal DMLindicatesthat-there

areexistence ofemperate basal conditions where meltwater is accumuleitingr insitu or is sourcedrom pressure changes

upstreamnthat triggerdrainage furthedownstream along channelized subglacial systgrioffman et al., 2020; Neckel et al.,
2021; Dow et al., 2022)T'he ensemblanalysesf bed topograpies indicate thathe detectedakes havdarge potential
upstream catchmentsngng from 0.5 x1¢ km? (R1) to 2.3 x160km? (V1; Table 1).For lakes located beneath sldlawing
ice, upstream subglacial meltwater supply is primarily controlled by geothermdideaiMalczyk et al., 20Q) andmodel
resultssuggesgrounded basal ice across DML istlag pressure melting poir(Pattyn, 201Q) Therefore, lake recharge is
likely regulated by geothermal heffdw, not byfrictional heat generated by fa#bwing ice streams or outlet glacieiBhe
spatial distribution of our lakes can be usedénstrainestimates of geothermékat flow by calculating the minimum
geothermal heat flow needed to keepitigesheet base at pressure melting patrihelakelocations(Wright et-ak-and Siegert,

2012).Given that our estimated lake recharge rate for Lake R1 is 0.82kand the subglacial drainage catchment is 0.5
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| x10* km?, themeanbasal melt rate required over thesincatchmento fill Lake R1 can be approximated as®km® a*/ 0.5
x10tkm? = 6 mm a. Similarly, for Lake L1the required basal melt ratan be approximated 82 mm a'. This is within a

|450 reasonable range for coastal DMihereice sheet model experimeritase sutggested thahe mearbasal melt rate can reach
up to 10 mm @ beneath grounded i¢@attyn, 2010).

None of thenewly detectedakes in this study are beneath ice experieneiignsivesurface meltwater production or ponding
(Arthur et al., 2022Mahayaonkarand-Mecheldt,2028t al., 202), meaningsurface meltwater reaching the ice kmoh be
455 discounted as a potential influence on subglacial lake recharge/beh&loowever,we discounte@d ~1.8 kmwide surface

elevation anomaly 5 km inland of the Nivlisen Ice Shelf groundingdiae-disceunteds subglacial in origin because large
volumes of supraglacial meltwater &mown b pond and flow onto the ice shelf in this region (Dell et al., 2028u+et-alk.,

2027). Extensivesupraglacial lake activity can produce large local apparent elevation change that can be misclassified as

subglacial lake activity, although it is possible for subglacial lake drainage to createsarnfaoe depression that provides a
460 natual basin for surface meltwater to poffan et al., 2023)Additionally, perennial liried lake drainageclose to the

grounding line can algoroduce surface elevati@ahangesignature®nthe order of several metrepproximately40 km west

of Lake R1 Dunmire et al. (2020jetectecanaverage ice surface lowerinf~2.5 mover 1 year and 8 montksie todraining

of a buried lakedrainng, and Sentinell dataindicatedthatthe lakedrained agairthree years lateln contrast, ar results

show thatice surface uplift andbwering overthe sevensubglaciallakes occurs ovemulti-year timescaleswith a longer

465 cyclicity (~2-5 years)

Onepossibleconsideratioror the two lakes closest to the grounding line (<16 km, M1 andi$tRgt the observed elevation

| anomalies along these four ICESatracks reflect seawater intrusienfrom the iceshelf grounding zone. Tidal migrations
of seawater intrusions up to 20 cm thick along subglacial troogiistimescales of several wediave been reported from
470 Sentinell differential INSAR up to 15 km upstream of the Amery Ice Shelf grounding line (Chen et al). Zo##I et al.
(2022) also showed with numerical modelling that seawater intrusion over impermeable beds may occur up to tens of
| kilometresupstream of grounding lines. Howevéhe magnitude of observed elevation anomalies at M1 and M2 (>2 m ice
surface upliftiand themulti-yeartimescale of these changeslicates lake filling rather than intrusion of a centimeseale

seavater sheefThe predicted presence of subglacial sedimentary basgtastal DMLsuggests a permeable iskeet bed,

475 meaning seawater intrusigmunlikely (Li et al., 2022).

4.2 L ake filling and draining patterns

We show thathe severakesfill anddrainover periods of severgkars(Fig. 3, Fig. 5). Thisis consistent wittobservations
from ICESatandICESat2 measurements elsewhere in Antarctidaere lakesenrtiruoushdrain or fill over3 or 4 years (e.g.
Fricker and Scambos, 2009; Fricker et al., 2007; Smith et al., 2808)arly, Livingstone et al. (2022) reported lakes in
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Antarctica exhibing extended multiyear periods ofjuiescencéfilling)-filling and draining, based on the ratiofidfrg-(ice
surface upliff anddraining-{ce surface subsidengef knewnpreviously identifiecactive lakes.

The imited spatialcoveragepbservationafrequency and duration of ICES4CESat2 and REMA make it challenging to
determire the frequency of lakéill -drain cycles and to resolvpotentialrapid, episodidake drainages on daily to monthly
timescalesThere might also be some undetected smaller laki€3EBat2 repeat trackpacings up to9 kmin coastal DML,
while thesmallest lakes weecorcedwere 5 km wideSmaller, centimetrscale surfacexpressions of lake activityr seawater
intrusionon shorter timescaleequire more detailed @ensitive datéike INSAR (Neckel et al., 2021 For exampleNecké
et al. (2021) showed thetght lakesof comparable siz€7-51 kn?) inland of theice streamjutulstraumeitslacierdrained in
a cascade ovdr2 dayso ~5 monthsConsequentl, the shortterm dynamic@nd hydrological networksf the new lakes we

reportmaybeundersamped, as theycouldalsoform interconnected, cascading systems

4.3 Subglacialwater flow

The agreement between our subglacial lake locations, predicted subdyfaciage pathwaysnd iceshelf channelghdicates

that these lakes aeetively discharging subglacial meltwater through a channelized subglacial conduitisystestal DML,

likely routing subglacial wategirecth-into ice-shelf cavitiesPreviously this link was made for active lakes beneath-fast
flowing ice streams e.g. beneath the MacAyeal Ice Stream and Thwaites Glacier in West Antarctica (Fricker et al., 2010, Smitt
et al., 2017)Further work shouldompare simultaneous observations of ice surface hengimhalies and ice velocity changes

to constrainhow the subglacial hydrological systememlves with subglacial lake fidirain activityand to determine the
influence on iceshelf dynamicén coastal DML Similar investigations havieeen conductefibr a series of subglacial drainage

events along the Northeast Greenland Ice StrgangSentinell DINSAR(Andersen et al., 2023ndThwaites Glacieusing

Sentinefl and GNSS (Hoffman et al., 2020).

Our probability analysis ofsubglacial waterouting showsincreased uncertainin drainage pathwaydownstream of.akes
V1, L1, R1 and RZFig. 6¢-f), mainly due tesparse radar survey coverage in these reghdss, subglacial banneldn these
regionscould alse-be epheeral and only fornduring lake drainage events (Smith et al., 201&hd Wwithout strong
topographic drivers of water flow it is possible that the routing of meltwater and outlet locations could be variable between
drainageevents which could affethe location of subglacial meltwater outlets and consequiety subice-shelf circulation
and melt rateOur analysis highlights regions where more denspiced radar profiles are needed to redmzertainty in
basal topographand water routingfor example inland of the Roi Baudouin Ice Staaifl Lazarevce Shelf grounding lines
International coordinatedrogrammes like RINGS (Matsuole al., 2022 scar.org/science/cross/ringavolving new radar

data collection along and inland of the Antarctic groundingdimauld help to close this knowledge gap.
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5 Summary and Outlook

Weidentifiedsevenocal surface height anomalie$ magnitudes up to 4 msing repeated ICES&trecordsn coastal DML,
which we interpret aactive subglacial lakeThe largest of thedakeswas~9 km long and ~5 km widéCESatlaser altimetry
and REMA strip differencingwere used to extend the elevation change time seriestlresr of these lake§Ve detected
515 multiple long-term lake fill -drain cyclesfrom ICESatand ICESaR repeat trackswhich coincide spatially witlelevation
anomalies from differenced REMgtrips.Six of the sevenakes coincidewith predicted subglacialrainagesystemsisingan
ensemble oftochasticallysimulatedbed topograpies that consider potential bed roughness between survey profiies. T
combination of these datasets indicdtestthe hydrologically-active laksfill and drain overseveralyears andirelinked to
channelizedsubglacial drainage rang meltwater towards the grounding lime-ceastal-BML In contrast to previously
520 detected subglacial lakes that are typically located undefiéaghg or thicker inland ice, the néwdetectedakes are found
beneathslowerflowing (17-172 m &) groundedice nearthe ice—margimrounding line with implications forice-sheet
dynamics and freshwater dischatggneath icshelvesOur results improve knowledge of subglacial meltwater dynamics in
thisregion of East Antarctica and provide new observational data to refine subglacial hydrological foodedample for

validating predicted lakand streantocations Fhis-Suchrefinemens ards crucial to accuratelycapture the complexity of

525 dynamicbasal conditionand theiimpact onte-ice-sheetdynamics.
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Figure 1: The coastal region in Dronning Maud Land. (a) The locations of active subglacial lakédentified in this study in relation
to predicted subglacialstream locations based on water routing analysis, bed topography and regional radar data availability. The
‘530 dashedblack solid line is the MEaSURESs grounding line (Rignot et al., 2016), beglevations are from BedMachine (Morlighem et
al., 2022), radar data availability is fromFrémand et al.(2023, and the iceflow drainage divides (dashed lines) are from Mouginot
et al. (2017). Subglacial lake locations in the inset map are from Livingstone et al. (2022), where active lakes are repteseby
| orange dots and stable lakes bgreenpurple dots. (b) Ice flow speed (Gardner et al., 2018y blue shading and areaswith bed
elevation uncertainty <100 m based on thmedian absolute deviation between 50 bed topography simulatioirsthis study (all other
‘535 r e gi b0@ ). Sihulations ofsubglacial water drainage pathwag ae limited to ca. <73° south
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Figure 2: Along-track surface elevation anomaliesfor each detectedsubglacial lake indicating ice surface subsidence (subglacial
lake draining) or uplift (subglacial lake filling) . ICESat-2 reference groundtracks (RGTs) shown in Panelsa-f and ICESat tracks
shown in Panelsa and b. Inferred lake boundariesderived from REMA differencing (Panelsa, b and c;-) are shown a$lack-dashed

red solid lines), while manually delineatedlake boundaries-ermanual-delineation(Panelsd, e, fi-) purple-are shown ased dashed
2018) Contours

lines.)-are-shown-asdashed-blackeutlines: Ice flow direction is represented by black arrows(Gardner et al.,
represent surface elevation from REMA (Howat et al., 2019. The bold blad line in Panel (e) is the MEaSUREs grounding line
(Rignot et al., 2016) Other observedice surface elevation changeslo not meet the > 1 manomaly criteria for active lakes (Section

253). Background image is theRADARSAT mosaic (Jezek et al., 2013).
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Figure 3: Ice surface elevation displacement®r an actively filling lake (Lake R1, a-c) upstream of the Roi Baudouin Ice Sheland
an actively draining lake (Lake L1, c-e) upstream of the Lazarev Ice Shelf, bottderived from ICESat-2 and ICESat. Significant (>1
m) ice surface elevation anomalies along ICES@ reference groundtracks (RGTs) are highlighted by X-X 6 i
(b) and (e) show ice surface elevation displacements relative to ICESatCycle 3 April/May 2019).Ice surface elevations from Cycle
4 are not plotted as these were removed by the data quality flag during initial data filteringColours correspond to each individual

ICESat-2 cycle.Panels(c) and §) show time series of estimated lake volume.
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Figure 4: Ice surface elevation change fronREMA strip differencing. (a) Lake R1, and (b) Lake R2, bothupstream of the Roi
Baudouin Ice Shelf (c) Lake L1 upstream of theLazarev Ice Shelf ICESat-2 elevationchangesare relative to April 2019 (a) and
May 2019 (h ¢). Regions oflocalisedelevationanomaly (blue shadingfor uplift and yellow shading for subsidencé between REMA
strip pairs (22" October 2019i 10" January 2021in Panela, 18" January 2021i 28" December 2022n Panel b, 25" January 2020
i 15" February 2021in Panel ¢ are delineatedby the dashedred lines. Theseboundaries were outlined manually based on visual
assessmenEach example highlights thespatial co-occurrence betweersignificant localised ice surfaceiplift/subsidenceand surface
elevation anomalies along the intersectingCESat-2 reference groundtracks (RGTs). The slight offset between théocalised elevation
anomales in the ICESat2 RGTstracks and the REMA difference mapover Lake R1 in Panel (a)could bedue to lake boundary
migration since thedate of the REMA strip (January 2021).
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590 Figure 5: ICESat and ICESat-2-derived icesurface elevationtime series{calculated as median elevation anomalies withieachlake
boundary with respect to elevations in the first available cyclg Lakes L1, R1 and R2 use lake boundaries derived from REMA
differencing and Lakes V1, M1, M2 and R3 use boundaries based on locations of significant (>1 m) elevation anomalies over a
distance of a kilometre or more.
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595 Figure 6: Simulated subglacial water routing andmapped ice-shelf channelsin the vicinity of identified active lake areasin this
study (red-red_outlines). I ceshelf channels (black dashed linegre from Drews (2015) (ab) and manually delineated from REMA
and RADARSAT imagery in this study (ce). The yellew-black solid line is the MEaSUREsgrounding line (Rignot et al., 2019, the
purple-grey lines areradar data locationsfrom Frémand et al. (2023), andhe orangetriangles are reflectors in airborne radar data

interpreted as subglacial water flow outlets (Drews et al., 2017). The background image is the RADARSAT mosaic (Jezek et al.,
600 2013).
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Table 1: Subglacial lakesidentified in this study. Lake areasare listed for those lakes where elevation anomalies were
also derivedfrom REMA strip differencing. Ice flow speed(Gardner et al., 2018) ice thickness(Fretwell et al., 2013
610 Morlighem et al., 2029 and bed elevation(Morlighem et al., 202) are mean values within each inferred lake boundary.
Bed elevation uncertainty is the median absolute deviation of 50 stochastic bed elevation simulatioRstential
uUpstream catchment areas arensemblemean valuesrom-derived from water routing analysesusing simulated bed.

the-same-topographicsimulations.

Lake Location/Dist  Centre Lon, Lat Area (km?) Ice Bedmap2 BedMachin  Upstream Bed Bed

Name  ance from (decimal degrees) flow ice eice catchment elevation  elevation
Grounding speed  thickness thickness area (km?) (m above uncertain
Line (mat) (m) (m) sealevel) ty (m)

V1 Vigridisen 8.19E, 70.99S  Unconfirmed 60 1247 1321 2.3x10 -552 58
(54 km)

L1 Lazarev (32 13.97E, 70.67S 40.1 19 1020 1019 0.9 x 10 -558 47
km)

M1 Muninisen 19.60E, 70.98S Unconfirmed 152 828 881 0.8 x1¢ -7124 28
(5 km)

M2 Muninisen 19.87E, 71.07S Unconfirmed 86 1008 924 1.2 x1d -633 49
(15 km)

R1 Roi 27.41E, 71.10S 394 172 1137 1193 0.5 x1¢ =737 76
Baudouin
(29 km)

R2 Roi 32.53E, 71.19S 215 17 1283 1391 1.4 x1¢ -29 86
Baudouin
(115 km)

R3 Roi 31.65E, 71.44S Unconfirmed 64 1503 1547 1.3x10¢ -162 97
Baudouin
(136 km)

615 Data Availability

ICESat2 ATL11 Level 3B version 6land ice height data are freely available frbiips://nsidc.org/data/atl11/versions/6
ICESatGLA12version 34and ice height data are freely available frbttps://nsidc.org/data/glah12/versions/B#% surface
velocities fromlTS-LIVE (Gardner et al2012018) are available dtttps://itslive.jpl.nasa.gov/#datportal TheREMA ice
surface  DEM strips (Howat et al, 2019) are available from the U.S. Polar Geospatial Center at
620 https://www.pgc.umn.edu/data/rem@he delineated lake boundariese available as a shapefitem the Norwegian Polar
Data Centre vihttps://doi.org/10.21334/npolar.2024.ab777 4880 thepredictedsubglacial stream locatiopsoduced by our
water routing analysis are available asa GeoTIFF from the Norwegian Polar Data Centre via
https:/Hoi.org/10.21334/npolar.2024.b43819 hitps: : : itasko :
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Code Availability

625 Codeused to process and pl@ESat2 ATL11 Level 3B version 6land ice height datand ICESat GLAH1Zersion 34 land
ice height datareis available ahttps://zenodo.org/records/136408%8e code and workflow for simulating the bed elevation
grid ensemble and subglacial water flow routing is archivektis://zenodo.org/records/13627356
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875 Supplementary Figure 1. Availability of time-stamped 2m REMA strip s over lakes identified from satellite altimetry, coloured
according to partial coverage (blue) or full coverage (purple) of each lake.
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ice surface subsidence and surface elevation anomalies along ihersecting ICESat-2 tracks, suggesting Lakes R1 and L1 were
draining during the period bounded bythe REMA strip pairs.
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Supplementary Figure 3:Clustered bed elevation data and associated variograsna) Map showing theradar-survey derived bed

elevation data -data-divided into 12 regional clusters using a kneans clustering algorithmon measurement coordinatesMap is in

a polar stereographic projection with true scale latitude of-71 and central longitude of 10degreesb) —with-associated-variograms

plotted-belew-Experimental variogram (points) and modelled variogram €urves) are shown for normalised bed elevations in each
895 of the 12 regions. The besfitting model types are either exponential (clusters 0,5,6,9,11), spherical (clusters 1,2,3,4,8,a@¥or

Gaussian (cluster 7).
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Supplementary Figure56: Ice surface elevation displacements for Lakes V1, M1, M2, R2 and R3 derived from ICESat Transects
X-X6 in each panel highlight significant -2tracks. Qraphsshowalorsrtrackicec e e |
surface elevation displacements relative to ICES& Cycle 3 @April/May 2019). Colours correspond to individual ICESat2 cycles.
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925 Supplementary Figure 67: Ice surface elevation displacemenanomaliesfrom two ICESat tracks over Lake R1 (a, Track 21) and
Lake L1 (b, Track 134).Elevation anomalies are calculated with respect teurfaceplane fitsrepresenting averaged surface elevation
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Supplementary Figure 7: Example of Fhree—esimulated bed elevation results 001-003 out of the ensemble of 5@qually-likely
935 gridsxamples-of simulated-bed-topography-griddVliap is in a polar stereographic projection with true scale latitude of-71 and centra
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Supplementary Figure 8: Example of predicted streamsfrom water routing analysis for one of 50 stochastic simulationdNewly-
|94O identified active lakes in this study are shown in yellow and previously -identified subglacial lakes from Goeller et al. (2016are
shown in purple. The dashed black lineis the MEaSURESs grounding line (Rignot et al., 2016and the bed elevations are from
BedMachine (Morlighem et al., 2022)lce-shelf imagery is from the MODIS mosaic (Haran et al., 2021 5ubglacial lake locations
depicted in the inset map are from Livingstone et al. (2022), where active lakes are represented by orange dots and stakés lay
green dots.Simulations of subglacial water drainage pathwag ae limited to ca. <73°
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965 Supplementary Table 1: Details of time-stamped 2m REMA strips usedfor DEM differencing, including vertical elevation bias
from co-registration with ICESat-2 (calculated asthe averagedifference betweerDEM strip elevationsand closest contemporaneous
ICESat-2 elevatiors along overlapping ICESat-2 tracks), standard deviation in elevation biasand time differencebetween REMA
strip acquisition date and the closest@ntemporaneous ICESat2 elevation data.Elevation bias and time difference could not be
calculated for the four last strips due to lacking contemporaneous ICESa® data.

REMA Strip Date Location Satellite Elevation bias G ( m) Time difference
from ICESat-2 (m) (days)

229 October 2019  Roi Baudouin Ice Shelf Worldview-1 -0.70 0.52 69

10" January 2021 Roi Baudouin Ice Shelf Worldview-2 -2.41 1.20 15

18" January 2021  Roi Baudouin Ice Shelf Worldview-1  -0.98 0.29 11

28" December 2022 Roi Baudouin Ice Shelf Worldview-1  0.52 0.24 62

25" January 2020  Lazarev Ice Shelf Worldview-1  3.53 0.42 12

15" February 2021  Lazarev Ice Shelf Worldview-3  -2.10 0.42 12

12" September 2015 Lazarev Ice Shelf Worldview-1 - -

10" December 2016 Lazarev Ice Shelf Worldview-1 - -

7h December 2016  Roi Baudouin Ice Shelf Worldview-1 - -
21'December 2017 Roi Baudouin Ice Shelf Worldview-1 - -
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