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Key Points

We present the release of 64 aerogeophysical daf@seluding gravity, magnetic, bed-pick,
and radar data) obtained from 24 surveys flowrhieyBritish Antarctic Survey over West
Antarctica, East Antarctica, and the Antarctic Renla between 1994 and 2020.

The published datasets have been standardisedlaggtw the FAIR (Findable, Accessible,
Interoperable and Re-Usable) data principles atadjiated into a user-friendly data interface,
the Polar Airborne Geophysics Data Portal, to frrtnhance the interactivity of the datasets.

We discuss how the data were acquired and processkstiow the potential re-usability of
the newly released aerogeophysical data by inastigthe englacial architecture of the ice
from airborne radars using an automatic layer-cwiity method



Abstract

Over the past 50 years, the British Antarctic Sur¢@AS) has been one of the major acquirers of
aerogeophysical data over Antarctica, providingsitsts with gravity, magnetic and radar datasets t
have been central to many studies of the pastepteand future evolution of the Antarctic Ice Shee
Until recently, many of these datasets weoe openly availablerestricting further usage of the data
for differentglaciological and geophysicapplications. Starting in 2020, scientists and dad@agers

at BAS have worked on standardising and releasing largehsnof aerogeophysical data acquired
during the period 1994-2020, including a total éfdatasets from 24 different surveys, amounting to
~450,000 line-km (or 5.3 million kfhof data across West Antarctica, East Antarctiod, the Antarctic
Peninsula. Amongst these are the extensive suayrsthe fast-changing Pine Island (BBAS 2004-
05) and Thwaites (ITGC 2018 & 2019-20() glacier catchments, and the first ever surveyghef
Wilkes Subglacial Basin (WISE-ISODYN 2005-06) andn@urtsev Subglacial Mountains (AGAP
2007-09). Considerable effort has been made talatdise these datasets to comply with the FAIR
(Findable, Accessible, Interoperable and Re-Usatidegq principles, as well as to create the Polar
Airborne Geophysics Data Portahtifps://www.bas.ac.uk/project/nagiipivhich serves as a user-
friendly interface to interact with and downloae thewly published data. This paper reviews howethes
datasets were acquired and processed, presentgetheds used to standardise them, and introduces
the new data portal and interactive tutorials thete created to improve the accessibility of thevda
Lastly, we exemplify future potential uses of Hwogeophysicalatasets by extracting information on
the continuity of englacial layering from the fuplyblished airborneadar data. We believe this newly
released data will be a valuable asset to futumeiglogicaland geophysicadtudies over Antarctica
and will extend significantly the life cycle of tidata. All datasets included in this data releasenaw
fully accessible athttps://data.bas.ac.uk
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1. Introduction

As one of the fastest changing environments orhEArttarctica has been at the epicentre of
scientific research since the early 1960s. Undeditg the past, present, and future of the Antarcti
Ice Sheet is of special interest, particularlyhia tontext of rapid climatic changes already aiffgct
large parts of the Antarctic Peninsula and threatetine stability of the West Antarctic Ice Sheet
(IPCC, 2021). One way to quantify how the ice shvakttrespond to these changes ictmduct
studies of englaciandbasal properties of the itsing geophysical techniques such as gravity,
magnetic, and radar. By studying thedrock topographlgeneath an ice sheet, we can better estimate
where a retreating ice stream is more likely tbititee or de-stabilise further (Holt et al., 2006;
Vaughan et al., 2006; Tinto and Bell, 2011; Rosd.e012; Morlighem et al., 2020) and how
landformsor subglacial water-routing systems can affecflth&-regime of ice streams (Bell et al.,
2011; Wright et al., 2012; Schroeder et al., 208simore and Bingham, 2014, Siegert et al., 2014;
Young et al., 2016Napoleoni et al., 2030By studying thesubglacial geologywe can better
understand magmatic, tectonic and sedimentaryandfias on ice flow over timescales of hundreds,
thousands or even millions of years (Bell et 898; Blankenship et al., 2001; Studinger et alg120
Bamber et al., 2006; Bell et al., 2006; Jordan.e210; Bingham et al., 2012), and quantify the
influence of geothermal heat flux on ice dynamigshfoeder et al., 2014; Jordan et al., 2018).
Finally, the use of gravity techniques enablesousetter understand the bathymetry beneath fast-
changing ice shelves and ice-stream fronts andtifipaneas of high sensitivity (Greenbaum et al.,
2015; Millan et al., 2017; Tinto et al., 2019; Jamndet al., 2020).

Since the mid-1960s, the British Antarctic SurvBAE) has been involved in acquiring
aerogeophysical data with a particular focus oaradta acquisition using a 35- and 60-MHz radio-
echo sounder developed at the Scott Polar Reskantitute (Robin et al., 1970), and, in collabaati
with the Technical University of Denmark, usingghlily improved versions of the same analogue
radar system until the early 1990s (Robin et &7,7). The subsequent development of an in-house
digital radar system at BAS in 1993-94 (Corr anggite, 1994), and accompanying gravity and
magnetic instruments, allowed for the first surveysr West Antarctica’s Evans Ice Stream to be
conducted in 1994-95, marking the start of modggital aerogeophysical surveying of the Antarctic
by BAS. Further improvements in survey techniques iastruments have allowed BAS to develop
its aerogeophysical capabilities further and becormeeof the leaders imerogeophysicaver the
Antarctic.

Since the mid-1990s, aerogeophysical datasetsracktioy BAS havelayeda vital role in
understanding past and current ice-dynamical @dhdspheric processes over the Antarctic Ice Sheet.
In total, BAS flew 24 survey campaigns between 188d 2020, representing a total of ~450,000
line-km of aerogeophysical data over the Antaregninsula and the West and East Antarctic Ice
Sheets (hereafter abbreviated to WAIS and EAdSpectively) (Fig. 1, Table 1). The total cumiviat
survey coverage since 1994 is 5.3 million’kaquivalent to > 30 % of the total area of theahetic
Ice Sheet (14.2 million k. Many of these surveys were acquired as pdergé international
collaborative projects such as the InternationdPvear AGAP project, the European Space Agency
(ESA) PolarGAP project, and the US-UK Internatiohhivaites Glacier Collaboration (ITGC),
amongst othersmportantly,much of the datacquired since thelmave been central to the output of
large international science groups, such as theRS{iAided (Scientific Committee on Antarctic
Research) BEDMAP (I/1I/11I), ADMAP (I/11), AntArchiecture, and IBCSO projects (Lythe et al.,
2001; Arndt et al., 2013; Fretwell et al., 2013;lyBsky et al., 2018).



OO

90° W

90° E G

135°E

0 500 1000 km
180° | S—

Figure 1. Map showing all the published datasets giuded in this data releaseThe colours are the
same as those used on the data portal interfadeeriations are as followsC: AFI Coats Land (2001-02);
AD: Andrill HRAM (2008-09); AG: AGAP (2007-09); AlAdelaide Island (2010-11); BB: BBAS (2004-05);
BC: Black Coast (1996-97); Cl: Charcot Island (1299; DF: DUFEK (1998-99); EV: EVANS (1994-95);
F15: FISS 2015 (2015-16); F16: FISS-EC-Halley 2(A6B15-16); Gl: GRADES-IMAGE (2006-07); IG:
ICEGRAV (2012-13); IM: IMAFI (2010-11); JRI: Jam&®ss Island (1997-98); LA: Larsen Ice Shelf (1997-
98); M: MAMOG (2001-02); PGPolarGAP(2015-16); PI: Pine Island Glacier Ice Shelf (2a10): SP:
SPARC (2002-03); T18: ITGC Thwaites (2018-19); TIHGC Thwaites (2019-20); TO: TORUS (2001-02);
WI: WISE-ISODYN (2005-06). The legend on the ridtatnd side of the figure shows the colour correspnd
to each surveylhe background image is from the Landsat Image MaxfaAntarctica (LIMA; Bindschadler et
al., 2008).

Despite the importance of these survieysunderstanding the Antarctic cryosphere and
tectonics, until now the underlying data have begtatively inaccessible to the widecientific
communities due to the scale of the data-managetaghktequiredThis lack of accessibility has
hampered the ability of the wider research commuoitextract further valuable information from
these datasets. In 2020, a collaborative projeetden the UK Polar Data Centre (PDC,
https://www.bas.ac.uk/data/uk-piiahd the BAS Airborne Geophysics science teamssasp to
improve the FAIR-ness (Findability, Accessibilitygteroperability and Re-Usability; Wilkinson et,al.
2016) of these data. The main objectives of thikboration were to comply with national and
international policies on data sharing and accésgjdoster new collaborations, and allow the
further re-use of these data beyond the lifespaheogcience projects.

This paper presents the result of this successflaloration between data managers and
scientists to standardise and release most of BA&geophysical data acquired to date using modern



instruments from 1994 onwards. Data acquired padhis, while particularly useful to long-term
monitoring of ice sheet conditions, are much mdralenging and time-consuming to bring up to
modern standards (see Schroeder et al., 2019533¢ctind are thus not included in the data release
discussed here. Section 2 of this paper reviewsthia scientific findings from each survey flown
between 1994 and 2020. Section 3 describes theuginstruments and techniques used to acquire
and process the data. Section 4 outlines the foandhtata publishing strategy for our datasets
following the FAIR data principles, as well as treation of a new data portal and interactive, epen
access tutorials. Finally, Sectiomp&vides a case studigr there-usability of the newly released
aerogeophysical data, as well as suggestions orefuses of the data portal and aspirations fordéut
data releases.

Background

The following section reviews the main scientifiedings related to the acquisition of
aerogeophysical data from BAS for the period 1992and is divided into twsubsections:
findings from surveys conducted pre-2004 using roéggogeophysical instrumergrsd for which the
fully processed 2-D radar data is not publishedaatof this data releagsee Table 1, Section 5,3)
and surveys conducted post-2004 using the PASIRB24-2015) and PASIN-2 (2015-2020) radar
systems and more modern data acquisition methagistes 2-3 present the wide-ranging datasets of
gravity and magnetic anomalies, bed elevation eadhickness, and 2-D radar profiles ensuing from
the surveys discussed in sections 2.1. and 2.2.

2.1. Aerogeophysical Surveys for the Period 1994-20

The first surveys conducted by BAS since the mifl@kdinvolved extensive gravity and
magnetic surveying of the western and eastern AfitaPeninsula and Weddell Sea Embayment.
Surveys over Evans Ice Stream (1994-95), Black 3d296-97), Charcot Island (1996-97), and
James Ross Island (1997-98) (Fig. 1, Table 1) dem/new insights into the history of crustal
boundaries between the eastern Antarctic Penimswldhe Filchner Block (Ferris et al., 2002),
evidence of crustal thinning below Evans Ice Strédmnes et al., 2002), and new understanding of
the magmatic and tectonic processes around the tMtaaidington stratovolcano on James Ross
Island (Jordan et al., 2009). A further study cowvgethe Larsen Ice Shelf (Antarctic Peninsula) was
conducted conjointly by BAS and Instituto Antartidegentino in 1997-98. The radar data acquired
during this survey was used in ocean (Holland.e2809) and firn-density (Holland et al., 2011)
models to improve our understanding of ice-ocetarattions and ice-surface elevation change on
the ice shelf. In 1998-99, extensive aeromagneticeying of the Dufek Massif (West Antarctica
East Antarcticarevealed the presence of a Jurassic dyke swaantikbly acted as a magma
transport and feeder system to the Ferrar Largeolgs Province (Ferris et al., 2003). In 2001-02, an
additional survey was flown as part of the TORUSr{JEting ice-stream Onset Regions and Under-
ice Systemsinitiative to assess the factors controlling the dynamice®Rutford Ice Stream using
gravity, magnetic and radarstruments over a high-resolution grid spacingt® km (Vaughan et
al., 2008) Lastly for the WAIS, he SPARC (Superterranes of the Pacific Margin Aeshpaign of
2002-03 over Northern Palmer Land (Antarctic Pemm)sused gravity and magnetic instruments to
reveal subglacial imprints of crustal growth linkeih the Gondwana margin (Ferraccioli et al.,
2006).

Over East Antarctica, two surveys conducted in 200Acquired detailed gravity, magnetic
and radar measurements over Slessor Glacier (ARgrétic Funding Initiative Coats Land survey)
and Jutulstraumen Ice Stream (MAMOG; Magmatism Btoaitor of Gondwana break-up). The AFI
Coats Land survey UK initiative between BAS and the UniversityRristol, provided the first
accurate measurements of ice thickness and beatielevn the area (Rippin et al., 2003a) (Fig. 2),



and led to the discovery of a ~3-km thick sedimeniesin associated with a weak till layer at the
bed which enhances basal motion and affects tineréigime of this part of the EAIS (Rippin et al.,
2003a ; Bamber et al., 2006; Shepherd et al., 200@® MAMOG survey revealed the presence of a
subglacial Jurassic continental rift in the areave$tern Dronning Maud Land, providing early
evidence for the initial Gondwana break up (Feiidicet al., 2005a; 2005b).

2.2. Aerogeophysical Surveys for the Period 2004-20

Building from the surveys prior to 2004 which weetatively small inareal extentBAS
began surveying larger areas from the mid-2000sactsv(Table 1), primarily due to enhanced
international collaborations and improvements ita@ecquisition and instruments which led to data
being acquired both at higher resolution and oaeydr spatial scales. The acquisition strategyteias
collect data from multiple geophysical sensors nedion BAS’ Twin Otter aircraft across every
survey, giving a holistic view of vast and previlyusnsurveyed regions-ig. 4-5).The core sensor
suite included gravity and magnetic instrumentslusaunderstand thg=ologicalnature of the
subglaciabasins andnountains along wittheir tectonicstructure, alongside the radar system used to
map ice thickness and bed elevation. The developofennew radar system, the Polarimetric
Airborne System Instrument (PASIN) (PASIN-1, 20@%3) (see Section 3.1.3), and an improved
version of the same system (PASIN-2, 2015-16 onsjaedlowed for the efficient collection of high-
quality digital radar data for BAS-led campaignsha Antarctic.

We describe the findings from these surveys two sub-sections (Section 2.2.1 for surveys
between 2004-2015; Section 2.2.2 for surveys bat\&#6&5-20) to reflect the acquisition of data
prior to and following the upgrade of the PASINtgys (see Section 3.1.3).

2.2.1 2004-2015

The first mission to utilise the PASIN-1 radar gystwas the 2004-05 BBAS survey of Pine
Island Glacierwhich aimed to characterise the subglacial conutiof this sensitive glacier of West
Antarctica(Vaugan et al., 2006). This survey provided two feglings: a) the discovery of a deep
subglacial trough, 500 m at its deepest point &@ken long, through which Pine Island Glacier
flows; and b) the existence of well-constrainedexalvalls which would likely provide a buffer
against a potential catastrophic collapse of thelS\WAa Pine Island Glacier (Vaughan et al., 2006).
Further studies utilising this dataset focused grilyon bed characteristics and the subglacial
hydrology of the catchment (Rippin et al., 2011 phlaoni et al., 2020; Chu et al., 2021), as well as
tracking englacial layers and quantifying past-acglation rates (Corr and Vaughan, 2008; Karlsson
et al., 2009; 2014; Bodart et al., 2021). The spwas also conducted simultaneously with another
covering the Thwaites Glacier catchment led bylheersity of Texas Institute for Geophysics and
the National Science Foundation of the United Stétolt et al., 2006), enabling a comparison of the
surveying capabilities where the surveys overlagpegl Chu et al., 2021).

Table 1. Information on the period, region, sub-rgion, type of data acquired, total line-coverage
(km), total coverage area (km), and key reference for each survey included in th data releaseFor
“Data”, the abbreviations are as follows: GraviB) (Magnetic (M), Radar (R). For “Regions”, abbedions
are as follows: APIS (Antarctic Peninsula Ice SheeAlS (East Antarctic Ice Sheet), WAIS (West Aucti
Ice Sheet). “DML" stands for Dronning Maud Land &®RdG” for Pine Island Glacier. The total area im%is
calculated as a cumulative total area of the dpiatidprint of the survey’s minimum and maximument. For
AGAP, the data release only consists of the BAS#med data, which represents approximately hatheftotal
(~120,000 km) survey coverage from the whole AGAPeglition (see Section 2.2.1).

Total
_ _ line Total
Survey Year Region Sub-Region Data coverage Reference
coverage
area (kmp)
(km)
WAIS/ Evans Ice
EVANS 1994-95 APIS Stream G, M,R 11500 1.06 x16 Jones et al. (2002)




Black Coast/ .
Black Coast 1996-97 APIS Weddell Sea M 10000 8.96 x10 Ferris et al. (2002)
CHARCOT 1996-97 | APIS | Charcot Islang M 7500 1.67 X1¢ JOh(q%%g)et al.
James Ross | 199795 | apis | JaMeSROSS| oo | 10000 | 3.32x%0 | Jordan et al. (2009)
Island Island
Larsen Ice Holland et al.
LARSEN 1997-98 APIS Shelf M, R 5800 5.96 x19 (2009)
DUFEK 1998-99 Véﬁ:gl Dufek Massif G, M,R 8300 4.66 x10| Ferris et al. (2003)
f‘;dcoats 200102 | EAIS | Slessor Glacidr G, M, § 5000  6.53%10Rippin et al. (2003a)
Jutulstraumen Ferraccioli et al
MAMOG 2001-02 EAIS Ice Stream / G, MR 15500 5.79 x10 ’
DML (2005a)
Rutford Ice Vaughan et al.
TORUS 2001-02 WAIS Stream G, MR 8600 1.12 x10 (2008)
Northern Ferraccioli et al.
SPARC 2002-03 APIS Palmer Land G, M 20000 1.07 x10 (2006)
Pine Island Vaughan et al.
BBAS 2004-05 WAIS Glacier G, M,R 35000 4.09 x0 (2006)
WISE- .
ISODYN 2005-06 EAIS Wilkes Land G, M, R 61000 7.91 %10 Jordan et al. (2013)
Evans &
GRADES- WAIS/ . Ashmore et al.
2006-07 Rutford ice M, R 27500 3.06 x10
IMAGE APIS sireams (2014)
AGAP 2007-09 | EAIs | Gamburtsev/l oy p | 73000 | 6.22x16 | Fermacciolietal.
Dome A T ’ (2011)
Ross Ice Shelf
ANDRILL 2008-09 WAIS & Coulman M, R 1200 1.48 x19 -
HRAM g
High
Adelaide 2010-11 | Apig | Adelaide M, R 5500 | 3.76x1® | Jordan et al. (2014)
Island Island
Institute &
IMAFI 2010-11 WAIS Moller ice G, MR 25000 1.96 xF0 Ross et al. (2012)
streams
Pine Island Vaughan et al.
PIG Ice Shelf 2010-11 WAIS Shelf M, R 1500 1.80 x19 (2012)
Recovery &
Slessor
ICEGRAV 2012-13 EAIS glaciers, G, M,R 29000 4.75 xP0 Diez et al. (2018)
Bailey Ice
Stream
Foundation Ice
Stream /
FISS 2015 2015-16 WAIS Bungenstock M, R 7000 1.43 x10 -
Ice Rise
PolarGAP 2015-16 EAIS South Pole G, M, H 3800( 8.71%1P Jordan et al. (2018)
Filchner Ice
Shelf / English
Coast/ Hofstede et al
FISS 2016 2016-17 WAIS Recovery & G, M,R 26000 5.99 xF0 )
(2021)
Support Force
glaciers /
Halley station
ITGC 2018 | 201820 | waAls Tgl";i‘:frs G MR | 9872 | 6.43x10 | Jordan et al. (2020)
Thwaites
Glacier /
ITGC 2019 2019-20 WAIS WAIS Divide/ | G, M,R 4.85 x10 -
Rutford Ice
Stream




Following on from the BBAS survey, the suite of ghgsical instruments on board the BAS
Twin Otter aircraft were used to surviae Wilkes Subglacial Basin, Dome C, and the Transatitar
Mountains as part of the 2005-06 WISE-ISODYN surlbetyween BAS and the Italian Programma
Nazionale di Ricerche in Antartide (Bozzo and Fexiali, 2007; Corr et al., 2007; Ferraccioli et al.
2007; Jordan et al., 2007). This project revedimtthe first time, the crustal architecture of the
Wilkes Subglacial Basin (Ferraccioli et al., 2008rdan et al., 2013) and the distribution of a well
preserved subglacial sedimentary basin underlyiagNilkes catchment (Frederick et al., 2016). The
following year, the 2006-07 GRADES-IMAGE (GlaciaétReat in Antarctica and Deglaciation of the
Earth System - Inverse Modelling of Antarctica @&lidbal Eustasy) survey, comprising surveys over
the transitional area between the Antarctic Petenand the WAIS, provided detailed information on
subglacial properties of Evans Ice Stream (Ashmtbid., 2014), ice-thickness measurements along
the grounding line were used as key calibratiortherLandsat-derived “ASAID” grounding-line
product (Bindschadler et al., 2011), and engldaigrs through Bungenstock Ice Rise were used to
assess ice-divide stability and the wider ice-flagtory and stability of the WAIS’s Weddell Sea
sector during the Holocene (Siegert et al., 2013).

Over two austral field seasons from 2007 to 2008 AGAP (Antarctica’s Gamburtsev
Province Project) survey, coordinated as part @fftlurth International Polar Year between the UK,
USA, Germany, Japan, Australia and China, comprseamprehensive survey of the interior of the
EAIS, yielding important aerogeophysical data usediterrogate the origin and geophysical
characteristics of the Gamburtsev Subglacial Mdoaté&ignificant scientific discoveries generated
by the AGAP survey included observations of wideagrfreeze-on at the bottom of the ice which
leads to thickening of the EAIS from the base (Béekl., 2011), a thick crustal root formed durihg
Proterozoic aeon (1 Gyr ago) surrounded by a nmewent ~2,500-km-long rift system (Ferraccioli et
al., 2011), and the existence of ancient pre-gldicigial networks at the present ice bed which
confirmed the presence of the GamburtSe®zglacial Mountainprior to the start of glaciation at the
Eocene-Oligocene climate boundary (ca. 34 Ma) (Rosk, 2013; Creyts et al., 2014).

Between 2008 and 2011, three surveys utilised tgnetic and radar instruments on board
the BAS Twin Otter to conduct high-spatial resauatsurveying of Coulman High on Ross Ice Shelf
as part of the ANDRILL HRAM (Antartic Drilling - Hjh Resolution Aeromagnetic) project,
Adelaide Island (Antarctic Peninsula), and Pinandl Glacier Ice Shelf (West Antarctica). The 2010-
11 Adelaide Island survey provided high-resolug@nomagnetic data to underpin a better
understanding of the complex magmatic structurt@fAntarctic Peninsula Cenozoic arc/forearc
boundary (Jordan et al., 2014). The Pine Islandi@&ldce Shelf survey of the same year revealed a
network of sinuous subglacial channels, 500- ta03@0wide and up to 200-m high, in the ice-shelf
base, which, combined with surface and basal csega®rmed as a result of the basal melting, could
lead to structural weakening of the shelf in theife (Vaughan et al., 2012).



Figure 2. Maps of gravity, magnetic, and radar (becelevation and ice thickness) point
measurements for all surveys published as part ohis data release(a) Gravity anomaly points (in milligal,
or mGal), (b) Magnetic anomaly points (in nanotestanT), (c) Bed elevation points from radar d@ametres
above sea level, or m a.s.l.), (d) Ice thicknegstpdrom radar data (metres). In total, this dateaseconsists
of 3.62million gravity, 7.41 million magnetics, and 14.5llion ice-thickness and bed-elevation data points.
Note that no correction such as downward contionatias been applied to compile the gravity dataveho

(@).

The early 2010s saw the deployment of the PASINesysised as part of two large
collaborative projects, namely the 2010-11 InstiMiOller Antarctic Funding Initiative (IMAFI)
survey ovetheInstitute and Moéller ice streams of West Antarctimad the 2012-13 ICEGRAV
survey over the Recovery and Slessor region of Aaistrctica.

The 2010-11 IMAFI projectvas a UK initiative between BAS and the Univeesitof
Edinburgh, York, Aberdeen and Exeter. The key aieee to investigate the potential stability of this
sector of West Antarctica and tdlsé ability of the subglacial sedimentary structiareontrol the
flow of two large ice streams draining the WAISoithe Weddell Sea Embayment (Ross et al., 2012).
Radar data revealed the presence of a reversddpivgith a 400-m decline over a 40-km distance
away from the grounding line and that this regi@swelatively close to flotation, indicating the
potential instability of this sector in the lightfoture grounding-line migration upstream of its
current position (Ross et al., 2012). Additionadlgais using gravity and magnetic data revealed the
extent of the Weddell Sea Riitystem adding further evidence for the early-stages afidvana
break-up and Jurassic extension in the region &boed al., 2013). Further analysis of the radaa dat
acquired during the IMAFI survey led to a new digglevation model ahe subglacial topography
around thdce streams of the Weddell Sea Embayment at 1-kwiution, revealing deep subglacial
troughs between the ice-sheet interior and thergliog line and well-preserved landforms associated
with alpine glaciation (Ross et al., 2014, Jeotrgle 2018), as well as evidence for a temperate



former WAIS via the discovery of extensive subgiaaneltwater channels (Rose et al., 2014). The
data have also been used to asgessoughness of the subglacial {Rippin et al., 2014)
investigateenglacial properties across the catchnaendn indicator gbast ice-flow dynamics
(Bingham et al., 2015; Winter et al., 2015; Ashmetral., 2020Ross et al., 2020), and to evidence
the presence of sub-ice shelf channels generateatay flowing from beneath the present ice-sheet
Le Brocq et al., 2013).

The 2012-13 ICEGRAV survey, an international cabiattion between BAS and the
Technical University of Denmark, National Scienaeifdation, Norwegian Polar Institute, and the
Instituto Antértico Argentino, carried out aerogbggical surveys over the poorly explored Recovery
Glacier catchment and Recovery Subglacial Lakessffeng et al., 2018), revealing a deep 800-km
trough underlying Recovery Glacier, with evidenoedubglacial water controlling the fast flow in
the upstream portion of the ice stream (Diez e8l18).

2.2.2 2015-2020

The 2015-16 PolarGAP survey was a major internatioallaboration funded by the
European Space Agency (ESA) and led by BAS, Teahklpiversity of Denmark, Norwegian Polar
Institute and the National Science Foundationlt@fgap in global gravity surveying that the
European Space Agency GOCE (Gravity field and stestate Ocean Circulation Explorer) satellite
network was unable to cover. Alongside the largatewef gravity surveying, opportunistic magnetic
and radar data were also acquired over the Soughaldd parts of Support Force, Foundation, and
Recovery ice streams using for a further upgradddmrsystem, PASIN-2 (see Section 3.1.3).
Additional funding from the Norwegian Polar Instiwalso allowed for a number of dedicated flights
over the subglacial Recovery Lakes. The acquir¢a ldave led to major scientific findings,
including: (a)the presence of anomalously high geothermal heaniar the South Pole (Jordan et
al., 2018), andb) the delineation of two subglacial lakes (Recoveskds A and B) totalling ~4,320
km? in size and composed of saturated till, with erimeof bed lubrication and enhanced flow
downstream of their location as a result of watairéhge (Diez et al., 2019). Additional evidence
showed that the Pensacola-Pole Basin is charsaddnisa topographic depression of ~0.5 km below
sea level and contains a thick sedimentary lay@®km in the southern part of the catchment
(Paxman et al., 2019). The radar data from therB@é|R survey have also revealed large troughs at
the bottleneck between East and West Antarctiqggesting that drawdown of the EAIS via the
WAIS is unlikely (Winter et al., 2018).

In the austral summers of 2015-16 and 2016-17 stweeys were flown as part of the
Filchner Ice Shelf System (FISS) projéatl by BASandwith support from the Alfred-Wenger
Institute in Germanynd several other UK institutions (UK National Ooegraphy Centre, Met
Office Hadley Centre, and the universities of Exe@xford, and University College Londomyith
the aim to investigate the potential contributidthe Filchner Ice Shelf system to sea-level ridee
2015-16 survey acquired ~7,000 line-km of aeroggsichl datgrimarily over Foundation Ice
Streamand to a smaller extent ovBungenstock Ice Rise. In 2016-17, ~26,000 line-km o
aerogeophysical data were acquired dliericademy, Recovery, Slessor, and Support Force
glaciers)and parts of the Filchner, and Brunt Ice shelideda was also collectaxver outlet glaciers
of English Coast (western Palmer Land, Antarcticiifgula). Early findings from the 2016-17
aerogeophysical survey revealed subglacial drainhgenels beneath Support Force Glacier
(Hofstede et al., 2021), provided evidence forrgda-80 x 30 x 6 km mafic intrusion likely resufiin
from mantle melting during Gondwana break-up (Joraiad Becker, 2018), and helped to delineate
the subglacial bathymetry beneath Brunt Ice Shétidgson et al., 2019).

During the 2018-19 and 2019-20 seasons, BAS wanvied in aerogeophysical surveying of
Thwaites Glacier as part of the UK-US Internatiohlavaites Glacier Collaboration (ITGC)
initiative. The 2018-19 survey acquired ~9,900 Kra@rogeophysical data over lower Thwaites



Glacier and Thwaites Glacier Ice Shelf, and the92BQ survey acquired 5200 line-km over lower
Thwaites Glacier, the WAIS Divide ice-core sitedd®utford Ice Stream. These surveys contributed
to a new bathymetric map of Thwaites, Crosson aoidd@h ice shelves from gravity measurements,
revealing a deep (>800 m) marine channel extenoimgath the ice shelf adjacent to the front of
Thwaites Glacier (Jordan et al., 2020). These d&dsve also contributed to a new bathymetry
model of George VI Sound (Constantino et al., 2G2@) were integrated with swath bathymetric data
out-board from Thwaites Glaci@dogan et al., 2020).

Figure 3. Sample radargrams from the ten 2-D radadatasets released with this papelhe
colours for each survey on the map are the sarirerg. 1 and the data portal. The location of eaatargram
(a-j) is marked on the map by black triangles. Tédwand blue dashed lines on the radargrams asutfece
andbed picksrespectively. A description of each radargram @vjfed as follows: (a) Flightline G10
(GRADES-IMAGE) showing well-defined subglacial vk through which Evans Ice Stream flows (ice flaw
approximately out of page), with stable layeringh&t onset and in the middle of the topographig iy
Flightline FO3B (FISS 2015) showing undulating ltepography and disrupted layering at the onset of
Foundation Ice Stream; (c) Flightline F27A (FISS@Pshowing variations in subglacial topographthat
divide between the Antarctic Peninsula and WestrAatica, with potential evidence of basal freezeabthe
start of the segment; (d) Flightline CO9A (IMAFhawing evidence of preserved layering despite caaiiy
local topography at the bottleneck between Eastsast Antarctica; (e) Flightline BO1 (BBAS) oveddlorth
Subglacial Mountains showing a ~1.5 km trough mitte sheet bed and one of the deepest pointg iRItA
basin with ~3km of ice underlying the surface;Klightline W43B (WISE-ISODYN) showing internal laye
draping over the highs and lows in the local Wilkebglacial Basin topography, with two particuldslyght
reflectionsin the middle and bottom of the ice column; (ggRtline P3 (PolarGAP) showing the onset of a
topographic high near the Transantarctic Mountande with internal layering visible down to the-lwed
interface; (h) Flightline AO5A (AGAP) showing stabihternal layering characteristic of the inteiddthe
EAIS; (i) Flightline GO9A (ICEGRAYV) showing evidea®f a brighteflectionlikely associated with a
previously unidentified subglacial lake in the @giand (j) Flightline T10A (ITGC 2019) showing ection of
inland-sloping bed from a profile in the main trumkThwaites Glacier, >200 km from the current grdimg
line position (ice flow is right to left)The horizontal and vertical white bars at the bottf each radargram



represent ~3 km in the horizontal direction (i.istahce) and ~1 km in the vertical direction (depth)
respectively.

3. Data Acquisition and Processing

The typical acquisition and processing workflow tiee aerogeophysical data is shown in
Figure 4. Usually, the aircraft is set up systeoadlly to acquire gravity, magnetic, and radar data
together, except in situations where surveyingaihjes are not compatible with the acquisition Ibf a
three datasets at once (i.e. flying at constaraiteclearance for the radar data affects the tyuati
the gravity data which is better flown at consttitude, and vice-versa); although novel gravity-
acquisition methods are increasingly making tresiésredundant (seétection3.1.1). As shown in
Table 1, the conventional gravity-magnetic-rad&ugewas used a5 out of 24 surveys, with the
remainingsevencampaigns using either a magnetic-radar- or grawgnetic-only set-upnd only
two using a magnetic-only set-uphe data acquisition steps for each type of dedalescribed in
Section3.1, and the processing of the data is describ&aation3.2.

N

Data < (e1E\14Y Magnetics

Acq uisition LaCoste and Wing-tip
Romberg / iIMAR Scintrex Cescium
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—
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min/max/median;

Qual Ity min/max/median; min/max/median; STDev;
Control STDev STDev geolocation of
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) /
Exporting \{
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Figure 4. Workflow describing the data acquisition,processing, and publishing for the BAS
aerogeophysical data included in this data releastSTDev” stands for standard deviation, whilst “I/@fers
to the output of the SEG-Y files and the importha files into seismic-interpretation software furality check.

3.1. Data Acquisition and Instrumentation



All BAS aerogeophysical data acquisition is conddatising Twin Otter aircraft due to their
remote capabilities, long fuel range (up to 1,000,kand operability. The aircraft’'s twin turbo-prop
engines enable it to conduct rapid take-off andilagnand operate in small and remote airfields
commonly covered in snow and icy terrains using med skis. All data acquisition since the early
1990s has been conducted using the BAS DeHavillavid Otter aircraft “VP-FBL” (Fig. 5). The
aircraft typically flies at a nominal speed of ~&0s, which results in an along-track distance betwe
each stacked radar trace of 0.2 m (prior to praegssThe following sections describe the acquositi
of the data for the gravity (3.1.1), magnetic (3),lradar (3.1.3), and GPS and lidar (3.1.4)
instruments on board the aircraft.

Figure 5. Photographs of the aerogeophysical set-um the BAS Twin Otter aircraft “VP-FBL”
for PASIN-2. (a) The pre-PASIN-2 (used in 2015-16 PolarGAP pabnfigured to mimic the set-up of
PASIN-1 data collection in polarimetric mode. Theght folded dipole transmitting and receiviagtennasare
fixed under the wings (two transmit and two receiwéenna®n each wing) with the port configured as V
(vertical) and starboard as H (horizontdlje annotations show the location of the radar ifiR)gnetic (M), and
gravity and lidar (G + L) instruments on board #ieraft (b) The PASIN-2 set-up in standard/swath mode.
Theeightfolded dipole transmitting and receiviagtennaare fixed under the wings and inside the aircraft a
are operated using a RF (Radio Frequency) switahaa additional four receivirmntennasre situated in the



belly enclosure. When in standard swath moderattnnagare configured in H orientation with the starboard
and bellyantennaglso in H orientation. The PASIN-1 set-up in staddaode (not shown here) had a similar
configuration as shown in (b) bar the belly ante¢irga only four transmit on port and four receturestarboard

in H orientation) (c) The PASIN-2 set-up in polaeimc mode. Theightfolded dipole transmitting and
receivingantennaare fixed under the wings and inside the aircraft are operated using an RF switch, and an
additional four receivingntennaare situated in the belly enclosure. When in poilatiic mode, the port
antennaare configured in V orientation and the starboard laellyantennasn H orientation. The PASIN-1
set-up in polarimetric mode (not shown here adydi@wvn) had the two pairs of outboard antennaated to V
and the inboard in H configuration. Photo credarldRobinson.

3.1.1 Gravity

Until 2012, BAS aerogravity measurements were aedquvith a LaCoste and Romberg air-
sea gravimeter modified by Zero Length Spring Campon (ZLS). The gravimeter was mounted in a
gyro-stabilised, shock-mounted platform at the ieaf the aircraft to minimise the effect of
vibrations and rotational motions.

Starting with the 2015-16 PolarGAP survey, aerogyalata began to be aquired using a
novel strapdown method which, unlike traditionatvays using a stabilised gravity platform, alkxv
for the collection of gravity data during drapedunbulent flights (Jordan and Becker, 2018). Fis t
survey, both the LaCoste and Romberg and the stvapdystems were operated together with results
from the two systems merged to provide an optimata groduct with the long-term low and
predictable drift of the LaCoste and Romberg sysiacthdynamic stability of the strapdown system.
Subsequent surveys used a strapdown sensor adomaying the need to prioritise the quality of the
gravity data over the radar data and allowing lighfs at a constant terrain clearance for optimal
radar-data collection. The optimum resolution @ slystem is approximately 100 s along-track
(Jordan and Becker, 2018).

The first strapdown sensor deployed by BAS wasNt#&R RQH-1003 provided by
Technical University (TU) Darmstadt, and consistirighree Honeywell QA2000 accelerometers
(mounted in mutually perpendicular directions) #mege Honeywell GG1230 ring laser gyroscopes.
The subsequent 2018-19 and 2019-20 ITGC surveysTdwgaites Glacier used tiidAR iCORUS
strapdown airborne gravimeter systems from LamartteBty Earth Observatory and BAS
respectively, which have approximately equivaletgrinal components to the TU Darmstadt system.

3.1.2 Magnetics

The Twin Otter is configured for fixed wing magneseter operation. The aircraft
modifications include inboard-positioned wingtigefypoumps, pod-boom hard points and a
demagnetised airframe to maximise magnetic-dataatmn. Scintrex CS3 Cesium sensors are used
due to their high sensitivity, high cycling rategcellent gradient tolerance, fast response and low
susceptibility to the electromagnetic interferenidee resolution of the magnetometers has greatly
increased over time, with the current systems lgaaimeasurement accuracy of 0.2 pT compared
with the older systems used between 1991-2003 T1®mtrex H8 Cesium) and 1973-1990 (500 pT,;
Geometrics G-803 Potassium).

3.1.3 Radar

Prior to 2004, BAS deployed a custom-built, 8-aresgment radar system, referred here as
“BAS-built” (Corr and Popple, 1994). This was a eadnt radar system operating at a centre
frequency of 150 MHz and using a transmit powet, 800 W (Rippin et al., 2003a). The radar
system was equipped with eight folded dipole tratisrg and receivingaintennagixed under the
wings (four transmitting on port wing, four receigion starboard wing). Similar to the current
systems, the “BAS-built” system transmitted bottoaventional narrow-sounding pulse mode of
0.25 s and a deep-soundings} 10-MHz chirp (Table 2). As developments in dibacquisition



became commercially available, several technicgtagbes were applied to the radar system. These
ranged from using a LeCroy scope to acquire ldgaiit detected waveforms smcomodateomplex
coherent acquisition, as well as the replacemettieoteCroy oscilloscope by a low sample-
frequency 12-bit dual ADC (analogue-to-digital certed) card in the later years of operation (see
Figure S1). During this time, the dynamic rang¢hef system was extended by the interleaved
transmission of different waveform, which were cemtional short wavetrain pulses at the centre
frequency.

After operating for ten successive field seasdres;'BAS-built” radar system was retired and
replaced by a more modern radar system, the Paaiawirborne Survey INstrument (PASIN)
(Corr et al., 2007)In contrast to the “BAS-built” system, PASIN wassigned to sound ice much
deeper (up to 5 km compared with 3.3 km for théiexasystem) thanks to improved digital
electronics and added power in the transmittingennagsee Table 2). Additionallynodern methods
of digitisationenabled by the use of ADC cardather than a digitising scopalowed phase and not
just power to be recorded in greater resolutioASIN, which eventually allowed for the use of
more advanced processing techniques such as Sgniipetrture-Radar to be applied to the data (see
Section 3.2.3).

The older PASIN-1 (2004-2015) and the newer PASIR&15-Present) systems are bi-static
radars operating at a 150-MHz centre frequencycanéigured as followsa) PASIN-1: 10-MHz
bandwidth system with eight folded dipole transimiitand receiving antennas fixed under the wings
(four transmitting on port wing, four receiving etarboard wing) operating in H (horizontal)
orientation when in standard mode and more ravéty the port (transmit) and starboard (receive)
antennagpositioned in both H and V (vertical) orientatiwhen in polarimetric mode (see similar
PASIN-2 set-up in Figure 5&forr et al., 2007)and (b) PASIN-2: 13-MHz bandwidth system with
eightfolded dipole transmitting and receiving antenngsd under the wings and inside the aircraft
with RF switchesand an additional four receivirsgtennagn the belly enclosure (see Figure 5b-c;
Table 2). The main difference between the PASINiA & systems is the ability for across-track
swath processing to be applied to the PASIN-2 dgtallowing both transmit and receive on the
folded dipole antenna via the use of RF switches.

In further contrast with PASIN-1, the PASIN-2 radias a very flexible configuration, with
the standard configuration being as a twelve chaswaath radar (with eight transmit and twelve
receive). However, other configurations are alssspie, including a polarimetric mode to give H
and V data where the port antennas are rotatedd@@es (see Table S1). A final configuration is a
mixed antenna gain path for areas where ice isilyadisruptedandwhere the starboard signal can be
attenuated by several decibels. Since 261#5PASIN-2system has undergone minor modifications
to reduce noise and improve system operationgydina) (a) low-pass filters in the RF switches, (b)
the use of a 10-GHz waveform generator, and (c) h&W solid-state power amplifiers which have
lowered transmit system noise and increased tratesmand receiver isolation.

Datafor both versions of the PASIN systeare received using sub-Nyquist digitisation and
stacking and stored on removable solid-state diskapes, and then copied to duplicate spinning
disks for data archiving. On average, a 4.5-haghflwill generate ~150-200 GB of data for PASIN-
1 and up to 3 TB of data for PASIN-2. The systepsdesnatically acquire a shallow-sounding Osl
pulse (PASIN-1) / 1 s short-attenuated chirp (PASIN-2), and a deepdiog¥d s, 10MHz
(PASIN-1) /13MHz (PASIN-2) linear chirp (Table 2). The shallow-soingpulse/short-attenuated
chirp product is best used to assess internalilayar the upper ~1.5-2 km of the ice sheet, wherea
the deeper-sounding chirp is best suited to agsegacial layering and bed characteristics in deep-
conditions Fig. 6 c-9. The radar is capable of sounding ice to depthgdo 5 km with a horizontal
resolution of 10 cm (before processing) and a deggblution in the vertical direction 8f4 m
(PASIN-1) and 6.5 m (PASIN-2).



Table 2. Radar Parameters for the three radar sysims deployed by BAS between 1994 and the
Present.Note that PASIN-1/2 have a number of programmaditengs for flight-specific objectives (e.g. 1to 8
waveforms programmable for PASIN-2), and the numipeovided here are for the most commonly used
settings. For PASIN-2, a standard set-up consfdisimveforms as follows: 4s H (0°), 4 sV (0°),4 sH
(90°), 4 sV (90°),1 s H (Table S1). Abbreviations in the table areddlefvs: ADC = Analogue to Digital
Converter; FPGA = Field Programmable Gate Array=SFample Frequency; S| = Sample Interval; PRF =
Pulse-Repetition Frequency; PRI = Pulse Repetltiterval. *BAS-built and PASIN-1 systems used RF
combiners on the receiver to produce a single REt#o-sample, with PASIN-1 splitting these inthigh and
low gain channel for standard mode (2 ADC chanreatg) combining these for pairs of H and V in paofeiric
mode (4 ADC channels). **Radar Range Resolutiatalsulated using a radiowave velocity in ice of 168
m/microseconds and does not include the effedi@ptocessing on the vertical resolution of théesyswhich
is expected to be ~50% greater than the valuesdeon the table, thus these numbers should leeprdated as
the theoretical system performance. Diagrams shgpthie configurations of the three radar systems are
provided in the Supplementary Information (Fig. §1-

Radar Parameters BAS-built (1994-2004) PASIN-1 (2004-15) PASIN-2 (2015-Present)
. . 8x folded dipole
AntennasConfiguration 8&?')?72 zg;Ie 8(2?_':'72 g);:;le + 4x belly
(8 TX/Rx + 4 Rx only)
Centre Frequency 150 MHz 150 MHz 150 MHz
1 s (Tukey envelope chirp)
Transmitted Pulse Width 0'25. S (pulsg) 0'1. S (puIse) 4 s linear (Tukey envelope
4 s linear (chirp) 4 s linear (chirp) chirp)
. . 4 MHz (pulse)
Chirp Bandwidth 10 MHz (chirp) 10 MHz 13 MHz
Antenna Gain 11 dBi 11 dBi 11 dBi
20,000 Hz 15,635 Hz 15,635 Hz
PRF /PRI (PRI: 50 s) (PRI: 64 s) (PRI: 64 s)
Peak Transmit Power 300 W /antenna 1 kW /antenna 1 kW /antenna
(1.2 kW total) (4 kKW total) (8 kW total)
25 MHz
Receiver SF 88 MHz 120 MHz
(scope max single shot
Receiver FPGA decimation - 4 -

. . 25 MHz 22 MHz 120 MHz
Receiver Effective SF (SI: 40.0 ns) (SI: 45.5 ns) (SI: 8.3 ns)
Receiver Trace Stacking 64 25 (stapdard_) 25

50 (polarimetric)
Effective PRF (post- 312.5 Hz 312.5 Hz 125.1 Hz (5 waveforms)
stacking) ' (standard 2 waveforms)  208.5 Hz (3 waveforms)
ADC Resolution 12-bit 14-bit 16-bit
Equivalent Sustained Datg 100 MB/s 176 MB/s (standard) 960 MB/s
Rate per ADCs (FPGA) 352 MBY/s (polarimetric) (system: 2.88 GB/s)
Q)vre'l’zlﬁ]epg?ta Storage Rate ~1 MB/s 11 MB/s (maximum) 173 MB/s (all arrays)
. 21.0 m (pulse)
*A
Radar Range Resolution 8.4 m (chirp) 8.4m 6.5m

The pulse repetition frequency of the PASIN (1A8tem is 15,635 Hz and hardware stacking
is typically set to 25 in standard mode, which lssim an effective pulse-coded waveform acquisitio



rate of 312.5 Hz for each transmit pulse (Tablé=B)lowing stacking, the final sampling frequency
of PASIN-1 is 22 MHz and PASIN-2 is 120 MHz (Talde

3.1.4 GPS and lidar

Since 1978, navigation has transitioned from basgraft data, imagery, and dead reckoning
to more modern means, including the use of captierse Global Positioning System (GPS) systems.

Between 1994 and 2004, the BAS Twin Otter aircnas equipped with a Trimble GPS
system (1994-95 surveysrimble 4000SSE; 1996-2003 surveysimble 4000SSI). Since 2004, the
aircraft is equipped with two, 10-Hz GPS receiVgesica 500 and ASHTEC Z12 for 2004-18
surveys; Javad Delta and Novatel Span for post-20iNeys) installed on board the aircraft. On the
ground, two Leica 500 GPS base stations (replageddvad TRIUMPH-2 for post-2018 surveys) are
positioned and equipped with choke-ring antennaagsspecifically to obtain an unobstructed view
of the sky above. Aircraft turns are typically Iteidl to 10-degree banking angles in order to avoid
losinglock with GNSS satellites orbiting close to theikon. The estimated accuracy of the absolute
position of the aircraft is 10 cm or less, with teéative accuracy approximately one order of
magnitude better. Since 2010, the aircraft altitade inertial information has been provided by an
IMAR FSAS inertial measurement unit (IMU), with tdata logged on a Novatel Span receiver.
Additional attitude information from the strapdogravity system is also available for post
processing of other datasets.

For all modern surveys, the aircraft was also gueapwith a Riegl Q240i-80 laser altimeter
system (or lidar) in the floor camera hatch to aatly detect the ice surface. The lidar data teed
correction of the radar data are typically extrddtem the nadir point value with no correction for
aircraft altitude. The system has a repetitiondemwy up to 2 kHz which results in an along-track
measurement every 3 cm with an accuracy of upam.5The lidar is used up to altitudes of 700 m
and is constrained by cloud/fog-free conditidamm 2010 onwards, the lidar onboard the Twin Otter
was capable of obtaining swath lidar data, athamdf the single-point data along the centre line is
provided as part of this data release.

3.2. Data Processing
3.2.1 Gravity

The raw aerogravity data are processed to obte@lléal free-air gravity anomalies.
Although additional survey-specific processing niilgave been applied to the data, general
processing steps for th@Coste and Romberg system include the calculatitine observed gravity
and a range of corrections and filtering functiasslescribed in Jordan et al. (2007; 2010) and
Valliant (1992). In particular, corrections for tieal acceleration, Eotvos horizontal motion (Harla
1968), latitude (Moritz, 1980), and free air (Haelkrand Featherstone, 2003) were applied to obtain
the final free-air anomalies before subsequent Rt 2o0w-pass filtering. As the free-air values refe
to the WGS84 ellipsoid, they are defined in geodesygravity disturbandgiackney and
Featherstone, 2003)

The strapdown gravity method adopted from 2015-adwdirectly combined observations
of acceleration in all three axes, with orientatmu GPS observations combined in a Kalman fitier t
solve simultaneously for aircraft position and atidns in Earth’s gravitational field (Becker et, al
2015). For subsequent strapdown-acquisition sgnayme amount of levelling/correction for
thermal drift are required. Spectral analysis satgthat the strapdown system can resolve
wavelengths on the order of ~5 km (Jordan et BR02. Error estimates for the gravity data can be
found in the respective survey metadata (see T3bler in specific studies utilising the BAS
aerogravity data (e.g. Ferraccioli et al., 2006sberg et al., 2018; Jordan and Becker, 2018).



Additional processingnay includethe use of masks to remove aircraft turns, stafteaml of
lines, and other regions of noisy data, or prodyein upward continued free-air anomaly by upward
continuing each line segment from the collecteghtlialtitude to the highest altitude in the survey.
The first level of free-air anomaly for all publesth BAS data is shown in Figure 2a, although it is
worth noting that no correction such as downwanttinooation has been applied to compile the data
shown in Figure 2a. It is considered that at tladesof the map, the vertical gradient of residual
gravity anomalies at flight altitude is inferior 2omGal. Additionally, as the gravity surveys are
acquired over the ice sheet, the distance to teobk is not only dependent on the flight altitumie
also on the ice thickness.

3.2.2. Magnetics

The raw aeromagnetic data have been processedthsiSCAR ADMAP2 data-release
protocols (Golynsky et al., 2018). Data were ca#idat 10 Hz, allowing for modelling and removal
of aircraft dynamic movements using a so-calledpamsation correction (Ferraccioli, et al. 2007).
This correction typically requires a dedicatedhwatiion flight in the direction of the survey linasd
tie-lines to have been flown. For some surveys véthal design, or where magnetic-data acquisition
was opportunistic, logistical constraints meantalibration flight could be conducted. In theseesas
the generally large depth-to-source due to thefticie allowed for a 10- to 15-second filter to be
applied to minimise noise generated by aircraftiomivithout compromising the geological signal.
Given the redundency of collecting 10 Hz (~6 m ggl@bservations over thick ice, most surveys
were down-sampled to 1 Hz (~60 m) prior to furtheycessing.

After magnetic compensation, the magnetic data wenected for the International
Geomagnetic Reference Field (IGRF), which is addeth mathematical description of the Earth's
main magnetic field. Data impacted by operatioaiofraft systems such as pumps and heaters were
manually determined. Typically such data were dded, but survey design and lack of alternative
data sources mean that sometimes impogaaphysicasignatures may be present. In some cases the
contaminated data were therefore corrected usirgjfaet correction, accepting that the data segment
may be more noisy.

Magneticdata were then corrected for diurnal variationghamagnetic field using
observations at a fixed base station, typicalkgféd with a 30-minute filter to remove short-
wavelengtmoisepotentially not seen on the aircraft. Further stetal levelling of the data based on
internal intersections and crossovers with prevewrseys was carried out at times to remove
systematic errors associated with flight direcfjioe. heading corrections) and additional long-
wavelength errors associated with incomplete retnmivdiurnal variations. In some cases,
continuation to a fixed altitude above the ice-shxesl and a final grid-based micro-levelling
procedure was applied (Ferraccioli et al. 1998k frtagnetic anomaly map shown in Figure 2b
showsthe spatialcoverage and magnitude of magnetic data avail&biers in the data are typically
presented as the standard deviation of the crosson@s and can be found in the respective survey
metadata (see Table 3).

3.2.3. Radar

All data acquired with the earlier “BAS-built” radsystem (1994-2004) were read using a C
code software to convert the LeCroy data to formeaislable by Halliburton Landmark’s seismic-
processing software SeisSpace ProMAX, hereafferred to aProMAX. Basic processing was
applied to the data in the hardware analogue doarairater using ProMax, including power
normalisation and final SEG-Y export. Following tinensition from the LeCroy oscilloscope to ADC
cards on the “BAS-built” system (see Section 3,INBATLAB replaced the IDL language for data
processing.



As opposed to the “BAS-built” system which, by dgsihad some level of processing done
on the raw data internally, the PASIN systeasdesigned to retain much of the sampled data in the
rawest form possible to allow for evolving procegsiechniques to be applied to the data in the
future. For all PASIN data (2004-onwards), thetfirgh-level step was to extract the raw data from
the tape drives, convert the three-byte valuestwentional four-byte integers, combine the
waveforms associated with each pulse transmit typeé then export the data into MATLAB-
formatted binary filesThe second high-level step was to minimise sicelelels by applying
chirp-decompression technique using a Blackman evinlom a custom-built MATLAB toolbox,
resulting in a processing gain of ~10 decibels (dB)

The next step was to apply processing techniquésstb@nhance along-track resolution and
improve the signal-to-noise ratio. For the 2004BBAS survey, incoherent stacking of 10
consecutive traces was applied and a moving-avevagiow filter used however, no Synthetic
Aperture Radar (SAR) techniques wergially applied to these data. First tested on previously
acquired PASIN radar datageHéliere et al., 2007), 2-D SAR processing basetherOmega-K
algorithm and subsequently improved versions uBiogpler-beam sharpening were applied
systematically to all the deep-sounding chirp diaten 2005-2006 onwards to increase spatial
resolution and remove backscattering hyperboldlkdralong-track direction (Corr et al., 2007; Jgofr
et al., 2018). The benefit of using unfocused alvagk SAR processing is that it resolves the Ined i
much finer detail compared with non-SAR focuseddaed-igure 6 d-§ however SAR-processing
can also lead to distortions of the amplitude efite structure and bed reflection in unhomogenous
areas of the ice sheet (e.g. near grounding leeeHgliere et al., 2007) and thus might not alwseys
appropriate for assessing internal layering or hibs@mplitudes such as required for bed-refletstivi
analysige.g. Peters et al., 2007; Castelletti et al., 2048ditional moving-average filters of varying
lengths have also been applied to enhance engtafliettions and improve visualisation of the radar
data.

Figure 6 shows the three processed radar prodrmiglpd for the 2010-11 IMAFI survey
over West Antarcticarigure 6¢ showthe shallow-sounding pulse akdjures 6d-¢he deep-
sounding chirp radar data using the unfocused SrRgssing technique from Héliére et al. (2007)
(Fig. 69 and a version of the chirp product processed wotierent summations but with no SAR-
processing applied=(g. 69. Internal layering is more clearly visible in thpper part of the ice
column on the pulse data compared with the chitp ¢Bee black-bordered insetsHiy. 6¢ and 6
In contrastdeeper internal layering is much more visible @ 3AR-chirp than the non-SAR chirp
(Fig. 6d-9. Additionally, the peak amplitude of the bed &tbr resolved in the SAR-processed chirp
than the non SAR-processed chirp (see white-boddaset inFig. 6d-9.



Figure 6. A 25-km segment for flightline 15d of te 2010-11 IMAFI survey showing the three
radar products and processing attributes(a) shows an overview map of the entire survey witlinaet over
Antarctica andb) shows a zoomed-in map over the specific flightlivith the 25-km radar segment (defined as
A-A") shown in red. The background satellite imagéa-b)is from the Landsat Image Mosaic of Antarctica
(LIMA) (Bindschadler et al., 2008]jc-e)show a 25-km segment of the data for the threeymtsdprovided for
the 2010-11 IMAFI survey as follow&e) the coherently processed, shallow-sounding pit§ehe unfocused
2-D SAR-processed, deep-sounding chirp, @)the coherently processed, deep-sounding chirp bldok-
bordered insets zoom to the internal layering eupper portion of the ice column fa@re)and the white-
bordered insets show the difference in bed chaiatits betweerid-e).



Furtherprocessing of the PASIN data has also been appliedhers using simple image-
processing techniques such as moving-averagesfitbeenhance the internal layering of the ice and
reduce incoherent noise (Ashmore et al., 2020; Bedaal., 2021), or by applying more complex
SAR processing techniques over previously incoltr@nocessed radar dat@dstelletti et al., 2019;
Chu et al., 2021). Additional technigues have als@mployed in areas where side-echos from steep
valley walls lead to ambiguous bed reflectionspr@viously employed over Flask Glacier (Antarctic
Peninsula) using PASIN SAR-processed data and &ication of velocity and digital elevation
models to obtain more accurate ice thickness ewr(&arinotti et al., 2013).

Following radar datgrocessing, bed and ice-surfaeéections were determined by picking
the onset of the basal echo (i.e. where the eclptitante is greater than the noise fladf)e note that
this isnot a universal method applied by @tiar data providersvho, may pick the half-amplitude
delay or the peak value, leading in turn to measerdg biases acrossta providerand products (e.g.
Peters et al., 2005; Chu et al., 2021).

The BAS approach to picking the bed was toaisemi-automatic first-break pick algorithm
on the chirp data below a top-mute windowProMax(generally ~100 samples above the
approximatebed reflection) to locate the precise bed retwihpdived by manual checks and re-
picking to exclude any unrealistic spikes. In anwhgre multiple closely spaceelflectionswere
sounded at the bed, the shallowest reflection wasmaed to be the bed as off-axfectionswould
likely appear lower down in this section. Howevarsome caseseflections which appeared deeper,
were chosen, with shallower weaklectionsassumed to reflect entrained debris, accreteaice,
uncompensated refraction hyperbolae close to tHevlde note, however, that this method has
evolved over the years, and that its success erémitly reliant on the radioglaciological experienc
of the human picker to quality-check the resultsrfithe semi-automatic picker and manually re-pick
the data if necessary. The uncertainty associaitédthe picking procedure can be partially
approximated by calculating the Root-Mean-Squarer éRMS) of the bed elevations at crossover
points across the survey area. Although thesesearer site-specific and can depend on factors such
as varying bed topography and roughness, largersamay reflect uncertainties in data processing or
analysis (i.e. picking in this case). Areas of mexaeme topography typically show the highest
crossover errors, likely associated with off-axdections and entrained debris close to subglacial
cliffs, which make deciding on the correct bed mtlallenging. In isolated cases, such errors can
exceed several hundred meters. In contrast, redgiomenated by smooth and flat bed typically show
lower crossover errors, on the order of severaérainly. Survey wide RMS errors are typically
reported in each survey’s metadata (see TableBaagrage ~9 to 22 m depending on the survey (see
Rippin et al., 2003; Vaughan et al., 2006; Rosd.e2012; Jeoffry et al., 2018).

To estimate ice thickness and hence obtain theleedtion, the location of the surface
reflection in the radar data must be known acclyatéowever, since the PASIN system does not
resolve the ice surface well due to errors in thase centre of the pulse through the firn layer, th
surface reflection in the radargram was only ravslgd on its own to calculate the ice surface.
Usually, range-to-surface from coincident on boacduired lidar, or alternatively if lidar was not
available (i.e., due to clouds or ground cleardmgher than 750 m), using the aircraft’s radar
altimeter or surface elevation from an accuratatBligclevation Model (DEM) (i.e. REMA 8-m
DEM for latest surveys; Howat et al., 2019), wasdi® calculate a “theoretical” surface pick, as
follows:

Firstly, the same semi-automatic picker used fokipg the bed was used on a subset of the
shallow-sounding pulsexdargramsvith a bottom-mute window set at ~100 samples betwv
surface reflection. Secondly, once aircraft-to-soefrange was obtained from lidar, a linear trend
between the surface piflom the radargrarand the surface range from the lidar was calcujated
a resulting slope and offset was used to calctiteteheoretical location of the surface. Where



possible, the range-to-ground value was derivenh fife lidar data or interpolated from the mean
lidar elevation within ~700 m. In those rare casésre the surface reflection was picked directly
from theradargrama regression, local to the data gap, was usgtthe radar range to terrain
clearancelf lidar was not available to calculate range-totgrd the height of the aircraft above the
surface was obtained by the aircraft's radar ali@mehich was then converted into a radar delay
time. This conversion was done after a two-stagjbraion process which involved recording the
terrain clearance over a sea surface with the mstoiments, and then correction for the penetration
depth of the radar altimeter was obtained frondifference in the height above ellipsoid of a
surveyed ‘flat’ snow surface and the aircraft. \hpossible, the reference surface was chosen to be
in the centre of the targeted area.

Once bed and surfagesre calculatedice thickness was obtained by calculating the
difference between the bed and surface pick ineaagnples (relative to the BAS system). The
picked travel time was then converted to depth&tres using a radar wave speed of 168
m/microseconds and a constant firn correction ainl®ed and surface elevations were then
integrated with a high-precision kinematic dualgitency GPS position solution to provide the final
point dataset of elevations relative to the WGSBigpgbid. To ensure best accuracy of satellitetorbi
definitions and atmospheric corrections, the intkayed survey locations and aircraft elevationsewer
processed from 10-Hz coupled Precise Point PositjofPPP) GNSS/INS solutions one month after
data acquisition.

4. FAIR Data Publishing

In total, we have published 64 datasets from 24deyisr as part of this data release,
representing ~566 GB of data and ~1800 files. @hisunts to a total of 3.62 million gravity and 7.41
million magnetic data points, as well as 14.5 millice-thickness and bed-elevation measurements.
The complete list of published datasets is providetable 3, including the short Digital Object
Identifiers (DOI), which redirect to the metadaleests and download folders for each respective
dataset archived on the PDC Discovery Metadatae8y8DMS) data catalogue
(https://data.bas.ac.gk/

Table 3. Short Digital Object Identifiers for the gravity, magnetic, bed-pick, and 2-D radar
datasets for each survey flown by BAS and includeith this data release Abbreviations used are the same as
in Table 1. The links in this table can also beeased by adding the short DOI preceded by ‘httjs:trg/.

For the AGAP radar data, the US-led survey linestmfound athttps://doi.org/10.1594/IEDA/31368%) For
the PolarGAP survey, data can be downloaded fraim the ESA and BAS data catalogues, but the DOtHer
gravity and magnetic datat(ps://doi.org/10.5270/esa-8ffod3selongs to ESA. If using the PDC data
catalogue, the PolarGAP gravity and magnetic datebe downloaded fromtps://data.bas.ac.uk/full-
record.php?id=GB/NERC/BAS/PDC/015&8dhttps://data.bas.ac.uk/full-
record.php?id=GB/NERC/BAS/PDC/0158dspectively. “**" indicates that the data are hetd at BAS, but
instead are available on the CReSIS data pdrtiadg://data.cresis.ku.edu/

Survey Year Region Gravity Magnetic Bed-pick Radar
EVANS 1994-95  WAIS  10/d549 - 10/d548

Black Coast 1996-97 APIS - 10/d54x

CHARCOT 1996-97 APIS - 10/d54z

JRI 1997-98 APIS  10/d55¢g 10/d55f

LARSEN 1997-98 APIS - 10/d55k -

DUFEK 1998-99 WAIS  10/d546 10/d544 10/d542

AFI Coats Land 2001-02 EAIS - 10/dpnw 10/dpnx

MAMOG 2001-02 EAIS  10/dpgg 10/dpgh 10/dpgd

TORUS 2001-02  WAIS  10/dpgm 10/dpqj 10/dpgf




SPARC 2002-03 APIS 10/d552 10/d55x - -
BBAS 2004-05  WAIS  10/dpn6 10/dpn3 10/dpnz 10/gzas
WISE-ISODYN 2005-06 EAIS 10/d554 10/d553 10/cncc 10/gzqq
GRADES-IMAGE 2006-07 WAIS - 10/d55d 10/d55c¢ 10/gzqj
AGAP 2007-09 EAIS 10/dpnf 10/dpnn 10/dpnr  10/gzgw*
ANDRILL HRAM 2008-09  WAIS - 10/d54w

Adelaide Island 2010-11  APIS - 10/dn8b - -
IMAFI 2010-11 WAIS 10/dn8g 10/dn8h 10/dn8f 10/gzar
PIG Ice Shelf 2010-11 WAIS - 10/d55m 10/d55n -
ICEGRAV 2011-13 EAIS  10/dpgb 10/dpp9 10/cjzn 10/gzqt
FISS 2015 2015-16 WAIS - 10/g36h 10/g35q 10/g35m
PolarGAP 2015-16 EAIS  10/g7kw 10/g7kw 10/g7qq 10/g7ap
FISS 2016 2016-17 WAIS 10/g36f 10/936j 10/g35t 10/g35p
ITGC 2018 201849 WAIS 10/dn26 10/dn24 ** *x
ITGC 2019 2019-20 WAIS  10/g68r 10/g68q 10/gp4z 10/g7gn

We note that individual profiles opportunisticaflgquired following larger aerogeophysical
surveys (i.e. flightlines over Flask Glacier; Fatinet al., 2013) are not included in this datease
unless specifically mentioned in the metadata &mhesurvey (see Table 3). Such small-scale datasets
will be added to the data portal in future releases

Below, we discuss the release of the datasetsreeinbseound the four FAIR data principles
(i.e. Findable, Accessible, Interoperable and Rablés Wilkinson et al., 2016), starting with the
formats and attributes used to store and desdribddta (Interoperability; Sect. 4.1), the metadata
and Digital Object Identifiers assigned to eaclaset (Findability; Sect. 4.2), the data-pontatrface
and functionalities (Accessibility; Sect. 4.3), dimlly the creation of a user guide and open-asce
tutorials written in Python and MATLAB for readirtige data programmatically (Re-usability; Sect.
4.4).

4.1. Interoperability: Data Formats and Attributes

In order to make our data as interoperable as lglesshe choice of an open format for all our
datasets was a priority. We followed the best jprastof the geophysics community and used
common data formats and naming conventions to thestire variable names. These are detailed
further here.

The gravity, magnetic, and bed-pick data are storegpen ASCII data formats, namely XYZ
and CSV files, to ensure long-term access and ainieted use of the data in the future (Fig. 4).
Additionally, we followed the SCAR ADMAP2 data-relse protocols (Golynsky et al., 2018) for the
naming convention of the channels for the magrdsta. For the radar data, we chose to release the
bed-pick data separately from the full radar d&tg.(4), although the full radar product containgsin
of the information stored in the ASCII bed-picleBl Publishing the bed-pick data separately fran th
radar data was a deliberate choice: it allevidtesieed for users to download the full radar détase
to access light-weight tabular data, and improliesaccessibility of the point data for large gridde
products such as SCAR’s BEDMAP (Fretwell et al120and NASA’s BedMachine (Morlighem et
al., 2020) projects. The bed-pick data are stoseSClII-formatted files (namely XYZ and CSV),
whereas the full radar data are stored as SEG-WatGDF files, reasons for which are described
below.

The SEG-Y format has been used extensively by reclantists since the early 1980s to store
radar data. This is primarily due to the lack o&adar-specific format, SEG-Y having been developed
primarily to store seismic data. The advantagesofgISEG-Y files is that data can be readily



imported into seismic-interpretation software fatalinterpretation and analysis. The drawbacks of
using SEG-Y, however, are numerous, making thieopinsuitable for long-term data storage.
These include: (1) limited space for metadatatt{@)choice of byte-information to store the radar
data is subjective due to the nature of the SE®@finéat, (3) until recently, the byte stream struetur
which includes the geolocation of each radar t(aeethe X and Y positions) was restricted to gate
format leading to large inaccuracies in the actiaale position despite the use of high-resolutso-
metre GPS data (see Section 3.1.4). Recognisingg\er, the need from the geophysical community
to view and analyse the radar data in conventidatl formats, we have decided to continue
producing SEG-Y files for each flightline and acsjion mode (e.g. pulse and chirp). The SEG-Y
files were produced using the Revision 1.0 SEG4¥nft and georeferenced using the navigational
position of each trace from the GPS on board tlezadt in Polar Stereographic (EPSG: 3031)
projection. Each SEG-Y file contains the followibgte-information: trace number (byte: 1-4 and 5-
8), PRI-Number (byte: 9-12), Cartesian X-coordin@ge: 73-76), Cartesian Y-coordinate (byte: 77-
80), number of samples for each SEG-Y trace (I§18:116), and the sampling interval (byte: 117-
118).

As a result of the issues mentioned above, weeadportedand publishedhe radar data in
NetCDF-formatted files. We chose the NetCDF foroha to its portability and array-oriented
structure, the ability to store large amounts ofadata and variables into one portable file, its
machine-readable capability, and to harmonise ata groducts with other fields such as climate
science (e.g. ECMWF ERAS reanalysis products; N@ARate data), glaciology (e.g. Le Brocq et
al., 2010; Morlighem et al., 2017; Lei et al., 2Dahd, increasingly, radar geophysics itself (e.qg.
Paden et al., 2014; Blankenship et al., 2017), vhlceady all make use of this data format
effectively. The NetCDF files we produced contaiteasive metadata relating to the acquisition and
processing of the radar data, as well as a seFafdipliant (Climate and Forecast;
https://cfconventions.orp¥ariables that are tied to the radar data (Tdhlé&s a minimum, each
NetCDF file contains a radar data variable (onegHerpulse and/or one for the chirp if both exist)
2-D format, and a set of 1-D variables relatingdily to the radar data, such as the trace nuriRidr,
number, fast time, and the X and Y coordinates i@4h We also provided additional radar-related
variables which were extracted from the radar @@dlawing processing, such as the surface and bed
picks, the surface and bed elevation, the ice ti@sk, longitude and latitude, time of the tracd, an
the elevation of the aircraft (Table 4). AdditiodaD variables include the source of the surfack pi
(from lidar or radar) if this exists, the rangeveetn the aircraft and the ice surface, and in tase
pulse- and chirp-radar variables do not have theedangth, we provide two sets of variables for the
trace number and PRI number.

Table 4. Attributes for each variable stored in tle NetCDF files.For each attribute name, we
provide the long name, the dimension (1- or 2-Dgixy-axis), the short or CF-compliant standard eaamd
the unit of the measurement. The standard namalyspoovided if it exists as part of the CF convent
(https://cfconventions.orfy/otherwise a short name is provided. “dBm" stafiodslecibel-milliwatts and “a.s.l.”
stands for above sea level. Note that the surfadébad pick data are referenced to the sampling tifthe
BAS radar systems across the 64 microseconds mpséition interval window, and digitised accordioghe
receiver sampling frequency (see Table 2).

NetCDF Attributes Long Name

Trace number for integer count

traces the radar data 1-D (x-axis) traceNum (unitless)
fast_time Two-\t/;/r?étravel 1-D (y-axis) time microseconds
Cartesian x- meters

x_coordinates coordinates for the| 1-D (x-axis) | projection_x_coordinat (WGS84
radar data T EPSG: 3031)




Cartesian y- L meters
y_coordinates coordinates for the| 1-D (x-axis) | projection_y_coordinat (WGS84
radar data EPSG: 3031)
2-D
. Radar data for the
chirp_data processed chirp (x- apd y- - power (dBm)
axis)
2-D
Radar data for the
pulse_data processed pulse (x- apd y- - power (dBm)
axis)
Longitudinal degree_east
longitude_layerData position of the tracg] 1-D (x-axis) longitude (WGS84
number EPSG: 4326)
_— o degree_north
latitude_layerData g?iﬁgd;;agepgjmgg 1-D (x-axis) latitude (WGS84
EPSG: 4326)
Coordinated
. Universal Time . .
UTC_time_layerData (UTC) of trace 1-D (x-axis) resTime seconds of the day

number

Incremental integer
reference number
PriNumber_layerData related to 1-D (x-axis) PriNum
initialisation of the
radar system

Terrain clearance
distance from
terrainClearance_layerData platform to air 1-D (x-axis) resHt meters
interface with ice,
sea or ground

integer count
(unitless)

. . . . . meters a.s.l.
aircraft_altitude_layerData Aircraft altitude 1-B-4xis) Eht (WGS84 ellipsoid)
. Ice surface elevation . . meters a.s.l.
surface_altitude_layerData for the trace numbe 1-D (x-axis) surface_altitude (WGS84 ellipsoid)
Location down tracq time sample
surface_pick_layerData of surface pick 1-D (x-axis) surfPickLoc . P
(microseconds)
(BAS system)
bed_altitude_layerData Bedrock elevation . . meters a.s.l.
for the trace numbe{ 1D *-Xis) bed_altitude (WGS84 ellipsoid)
Location down trace time sample
bed_pick_layerData of bed pick (BAS | 1-D (x-axis) bedPickLoc . P
(microseconds)
system)
land_ice_thickness_layerData Ice thickness for the 1-D (x-axis) land_ice_thickness meters

trace number

Lastly, to aid visualisation and improve efficiernynavigating the datasets, we created
lightweight quick-look PDF files of the radar dé&ta each flightline of each survégee example for
the WISE-ISODYN survey in Figure .7)he choice of ~25 or ~50-km length for the 2-Damgram
was chosen based on clarity of the image and vadassurvey to survey. The quick-look PDF files
are stored alongside the SEG-Y and NetCDF filesasiadiccessible using the links provided in Table
3.



Figure 7. Example of a segmented quick-look imagedm the 2005-06 WISE-ISODYN survey(a)
Overview map of the survdiightlines (grey lineswith an inset over Antarcticand the specific flightline
highlighted in blue (b) Zoom-in version of (a) showintpe specific flightline with the footprint of théskm
segmentred line)and start point for the radargrdfiack dot) shown in (¢JThe background satellite image in
(a-b) is from the Landsat Image Mosaic of AntaeciiciIMA) (Bindschadler et al., 2008). (c) 50-km sagnted
radar image of the chirp data with distance inrkiétres shown in the bottom x-axis and the tracebmum
shown in the top x-axig.he y-axis shows the travel time in microsecoid® format of the title in (c) is as
follows: Survey Name and Flight ID, First TraceS#gment, Last Trace of Segment. The red and bkleeda
lines on the radargram (c) showthe surface and bed pick respectively.

4.2. Findability: Metadata and Digital Object Identifiers

ISO 19115/19139 Geographic Information metadatgpereided for each data type of each
survey and is archived alongside the datasetstbatBDC DMS cataloguéifps://data.bas.ac.yk/
see Table 3). Each metadata record provides diiafi@rmation about the dataset, including an
abstract, list of personnel involved in the acdiggior analysis of the dataset, and detailed frea
information on the acquisition and processing stegesl to produce the dataset amongst others. All
our data are covered under the UK Open Governmeehke
(http://www.nationalarchives.gov.uk/doc/open-goveentrlicencey, enabling the re-use of the data
freely and with flexibility, whilst at the same tenensuring acknowledgment of those involved in the




collection and processing of the data. In additiea,use Earth Science-specific keywords and
vocabularies from the Global Change Master Dirgc(@CMD, 2021) to describe our data in a
consistent and comprehensive manner in accordanicdS® 19115 standards. Lastly, a Digital
Object Identifier is minted for each dataset sd thean be discoverable and adequately cited. The
end goal is to provide all the information necegsar effective, long-term data re-use.

The data are shared via the web-based RAMADDA (Ritmry for Archiving and MAnaging
Diverse DAtahttps://geodesystems.condlata repository system which is an open-souroéetd
and data management platform. The download of éltee id done through a standard HTTP-protocol
where no login account is required. In the backémeldata are stored following a simple folder
structure on the PDC server that is mirrored orARDDA. This simple structure allows us to
maintain a balance between the services we camdgrand our ability to move away from specific
tools — RAMADDA in this case - and potentially adopore performant systems in the future. The
goal is to stay as independent of the platform seas possible while providing the most effective
service possible.

4.3. Accessibility: Polar Airborne Geophysics Dat#ortal

To increase the accessibility and discoverabilitpur data, we developed a new data portal,
the Polar Airborne Geophysics Data Portatgs://www.bas.ac.uk/project/naglpr he portal
interactively showcasdbe wide coverage of aerogeophysical datasetsctetidy BAS and enables
users to easily discover and download the publistatasets via a series of widgets and functiopaliti
aimed at enhancing the user experience.

The portal is divided into five layer-menus: “Aeragity”, “Aeromagnetics”, “AeroRadar”,
“Boundaries & Features”, and “Basemaps”. The tinste menus contain shapefile layers for the
gravity, magnetic, and radar datasets respectiVélg.“Boundaries & Features” menu contains a set
of specific boundary layers, such as the Antai€tastline and Ice Drainage boundaries amongst
others, and the “Basemaps” menu contains backgrouddedmapsof ice thickness, surface and bed
elevations, magnetic anomaly and geothermal heatdimongst others.

The track lines for each dataset correspond twidhail polyline shapefiles (either segmented
in 25 or 50-km, or by flightline) which contain ketatistics such as the minimum, maximum, and
median gravity and magnetic anomalies, and mininmaximum, and median ice surface, bed
elevation, and ice thickness. The shapefiles alstam direct links to the survey’s metadata and to
direct links to download the data via the RAMADD#erface.

A powerful functionality of the portal is the altylito view the aerogeophysical data rapidly
via the creation of quick-look gravity, magnetiodaradar plots for each flightlines (see Sectid) 5.
Figure 7c¢). For the magnetic and gravity dataplyssshowing the magnetic or free-air anomaly along
straight lines were created in the direction Westest-Easternmost if the profile is mainly in the
direction of the longitude, or Northernmost-Soutimost if the profile is predominantly in the
direction of the latitude. For the radar data,sbgmented images were produced in a similar format
to Figure 7c and split into ~25 and~50 km segmdaggending on the survey.



4.4. Re-Usability: User Guide and Tutorials

To increase further the re-usability of our date,movided a user guide for the data portal as
well as interactive, open-source Jupyter Notebatdrials written in Python and MATLAB for
reading in the gravity, magnetic, and radar dasssetl conducting first-order analyses on the data.
These are archived on the BAS GitHub repositorymodided via an interactive web interface using
Jupyter Booklittps://antarctica.github.io/PDC_GeophysicsBodke believe these to be particularly
beneficial for ensuring accessibility and re-uggbof our data to as wide of a range of users as
possible, primarily as a result of the complexityund reading in aerogeophysical data formats.

5. Discussion

This final section exemplifies the potential re4isty of the newly released aerogeophysical
data via the interrogation of the englacial aratuee of the ice as sounded by BAS ice-penetrating
radars. We also explore the future use of the reev gortal and discuss opportunities in terms td da
release and further potential re-use of the BASg@aphysical data.

5.1. Internal Layering Continuity Index

Englacial layering, as imaged by ice-penetratirtgrs, is a powerful means of extracting
information on past ice-dynamical procesgepin et al., 2003bSiegert et al., 2003; Bingham et al.,
2015) amongst others. For example, the presenaelbpreserved and continuous englacial layering
may reflect stable ice conditions and sugdjested changes in past ice-flow conditions, ice divide
migration, or melting within or at the base of aa sheet (Karlsson et al., 2012). In contrast, poor
continuity in englacial layering, primarily charadsed by buckled or absent layering, may be
indicative of past ice-flow switching or increasaylacial stress gradients (Siegert et al., 2003;
Bingham et al., 2015).

The Internal Layer Continuity Index (or ILCI; Kaslsn et al., 2012) provides an automated
tool for quantitatively assessing the continuityeafjlacial layering based on A-scope radar profiles
This method has the advantage of being much lessitaus than manual methods (e.g. Rippin et al.,
2003a; Siegert et al., 2003; Bingham et al. 20@d)ramoves the potential subjectivity in assessing
layer continuity. By design, the ILCI is sensitivethe number and strength of internal reflections,
such that low values indicate discontinuity anchhiglues indicate high continuity. Whilst the ILCI
has previously been calculated over individual sysv<arlsson et al., 2012; Bingham et al., 2015;
Winter et al., 2015; Karlsson et al., 2018; Lu@let2020) until now, this approach had not been
tested at a regional scale over Antarctica and thithuse of multiple radar dataseéisabled by the
comprehensive release of large swaths of fullydaesised and open-access aerogeophysical data
described in this paper, we aim to demonstratentiuah more information can be extracted from
these data on a regional- to continental-scalechwwould not have otherwise been possible before.

Here, we have calculated the ILCI on the ten PASItar datasetscquired between 2004-
2020that have been published as part of this dataselgee Table 3Figure 8-9) and which amount
to ~300,00 line-km of dat&ince we were primarily interested in regionardes in layer continuity,
the ILCI was smoothed using a horizontal windovt /00 samples (representing ~25-45 km distance
depending on the dataset) to remove any small-scalmalies in the data and only making use of the
deep-sounding chirp product due to its capabilityraging deeper internal layers. The upper and
lower 20% of the ice were also omitted in the clattonsdue to the inability of the PASIN system to
resolve continuous layeis the upper portion of the ice column, and beeanternal layering is
typically absent near the ice-bed interfalbesivs et al., 200Karlsson et al., 2012).



Figure 8. Internal Layer Continuity Index for the ten PASIN datasets for which the fully
processed 2-D radar data was released as part ofistpaper (see Table 3)The background map shows ice-
flow velocities from the In-SAR MEaSUREs dataseig(i®t et al., 2017) superimposed over a hill-shaolm
the BedMachine bed elevatid? datase{Morlighem, 2020). Theed and blue colour bahows ice-flow
velocities in metres per annum, and the magma calaushows the continuity of internal layers ttgbout the
radar datasetqw continuity= yellow; high continuity= dark purple). The black-bordered rectangtes)
correspond to thelose-up plots ifFigure 9a-cThe red triangles correspond to existing deep aeslocated
near the BAS radar surveys.

An important consideration in employing the ILClemymultiple datasets is that the results
will vary based on data acquisition (i.e. radagérency, system resolution) and processing applied
(i.e. incoherent vs 2-D SAR), thus a pan-Antarcamparison of internal layer continuity must be
analysed in this context. This is especially theedaere, where we have applied the ILCI to data
acquired over a period of >15 years with two défgrsystems (namely PASIN-1 and PASIN-2) and
using different processing regimes. Therefore, oaust be taken when interpreting the results from
different surveys together, as for example, a level of layer continuity in the main trunk of Pine
Island Glacier on the BBAS survey may not reflbet same level of discontinuity on the low-
continuity areas of theolarGAPsurvey. This caution noted, the results presentee bffer an
opportunity to identify some regional patterns ofgmtial value for future work, which we now
discuss.



Figure 8 shows that there is a good correspondegteeeen discontinuous layering where ice
flow is fast (> 200 m3) such as over Foundation Ice Stream (FISS) anchtie trunk of Pine Island
Glacier (BBAS) and Slessor Glacier (ICEGRAV) (Rsgand 9a). Whilst layer discontinuity is mainly
present over the WAIS due to the high concentratidiast-flowing ice streams in this region, severa
sections covering the EAIS also show signs of laygcontinuity, particularly in the upstream
portions of the fast-flowing Lambert Glacier (AGA®)d David and Ninnis glaciers (WISE-
ISODYN) (yellow arrows in Fig. 9b-c).

Unsurprisingly, areas of high continuity are mgiobserved over the interior of the EAIS,
particularly on flightlines extending deep into EAstarctica and South Pole (Fig. 8 and 9a-b), as
well as into the deeper parts of the Wilkes Subgl&asin and Dome (black arrow in Fig. 9c)
where deep ice-cores have been dri{led triangles in Fig. 8-9Areas of high layer continuity over
the WAIS include numerous ice-rises (i.e. Bungetistbletcher, Henryand Korf) as imaged on the
GRADES-IMAGE,IMAFI, and FISS surveys (black arrows in Fig. 9a), theodesections of the
southern Pine Island Glacier basin on the BBAS, detavell as on PolarGAP survey lines upstream
of the FISS grids covering Foundation Ice StreathFéecover and Slessor glaci€Fg. 9a).

Also visible are the disruptive effects of locatidepography on the continuity of internal
layering, such as over the Ellsworth Subglaki@hlands(BBAS), the Transantarctic Mountains
(IMAFI and PolarGAP), and the Gamburtsev Subglagialntains (AGAP) (segellow arrows in
Fig. 9a-b)whereagelatively flat bed topography in the deep intenbthe EAISallow layering to
remain relatively undisturbetiere(Fig. 8 and black arrows in Fig. 9b).



Figure 9. Zoomed-in sections of the Internal LayeContinuity Index shown in the black-
bordered rectangles on Figure 8The basemap datasets and colour scales are theasamegigure 8. (a) ILCI
results over the WAIS (including Pine Island GlacRutford Ice Stream, Institute-Mdller Ice Streand
Foundation Ice Stream) and bottleneck with the E@aSluding South Pole, Pensacola Mountains andssle
Glacier), (b) ILCI results for the AGAP survey oeast Antarctica’'s Dome A and South Pole, (c) Ik€dults
for the WISE-ISODYN survey over East Antarcticsilkes Subglacial Basin and Dome C. Arrows refer to
locations mentioned in the text, with black arrdvighlighting examples of high layer continuity ayellow
arrows low layer continuityAs per Figure 8, the red triangles correspondkistiag deep ice-cores located near
the BAS radar surveys. Abbreviations corresponiddations mentioned in the text, as follows: BIR
(Bungenstock Ice Rise); DC (Dome C); DG (David G#as ESH (Ellsworth Subglacial Highlands); FIR
(Filchner Ice Rise); FIS (Foundation Ice Strean$Ms(Gamburtsev Subglacial Mountains); HIR (Henrg Ic
Rise); KIR (Korff Ice Rise); LG (Lambert Glacief)}G (Ninnis Glacier); RG (Recovery Glacier); SG &&ler
Glacier); SP (South Pole); TM (Transantarctic Maims); WDC (WAIS Divide Core); WSB (Wilkes
Subglacial Basin).

Altogether, the results presented in Figures 8%sldowconsiderable promider those radar
datasets to be exploited further in the futuretipalarly with regards to tracking or otherwise
characterising the englacial architecture of tieegiod as motivated by the SCAR AntArchitecture
group. At present, only two BAS radar datasets (BBhd IMAFI) have been comprehensively
assessed for deep englacial layers (Karlsson, &(f19; Ashmore et al., 202Bpss et al., 2020;
Bodart et al., 2021)mportantly,the close proximity of deep ice coresich as th&/AIS Divide
(Buizert et al., 2015Sigl et al., 2016)EPICA Dome QEPICA Community Members, 2004nd



South Pole (Winski et al., 2019), to these newlgased surveys (Fig. 8-pyovide ready
opportunities for these layers to be dated, inangesgnificantly their wider use faylaciological and
geophysical applications (i.e. Siegert and Pay@@42Parrenin and Hindmarsh, 2007; Cavitte et al.,
2018; Sutter et al., 2021).

5.2. Polar Airborne Geophysics Data Portal

One specificity of the platform is that it offetg¢e types of geophysical datasets - namely
gravity, magnetic and radar - at the same time ggadly. Although some surveys were acquired
over 25 years ago, they may never have been eagloitanalysed fully in a form that reached peer-
reviewed publications, nor combined with other demical data before, increasing in turn their re-
usability. By publishing this resource, we antitgthat the portal and datasets will foster new
research and discoveries related to our understgrdiice-sheet processes and crust and lithosphere
heterogeneity beneath the Antarctic Ice Sheet.

Additionally, the portal enables users to combmepublished line datasets with gridded
products to compare the ability of the interpoladathsets to match the direct observations. For
instance, as shown in Figure 10 for the 2012-133REV survey, the portal allows users to readily
investigate the free-air gravity anomaly with tleslliopography from BEDMAP2 or assess the
consistency between the measured ICEGRAV magnetimalies and the gridded aeromagnetic
product (Fig. 10). Alternatively, the quick-lookdagrams can be compared with the ice-thickness
and bed-elevation grid cells from BEDMAP to asseds-km variations in along- and across-flow on
the radar data which may have been smoothed adleih-km gridded product.

With its ~207,000 line-km of gravity, ~338,000 l#ken of magnetic, and ~352,000 line-km
of radar data published, the Polar Airborne GeoigkyiBata Portal provides a robust platform for the
dissemination of the BAS aerogeophysical data.hearvpportunities offered by the data portal are
the potential for the platform to be used to platurfe field surveys or encourage future compilation
efforts based on gaps in the data coverage ortgudline data.



Figure 10. Screenshots of the Polar Airborne Geoplsics Data Portal showing the three
aerogeophysical products for the 2012-13 ICEGRAV suey with different basemaps.(a) ICEGRAV
aerogravity survey with the BEDMAP2 bed elevati@sémap (b) ICEGRAV aeromagnetic survey with the
magnetic anomaly basemap from Goodge and Finn 20dCEGRAYV aeroradar survey with the ice
thickness basemap from BEDMAP?2. (d) Magnetic angraldng the profile highlighted in (c) with a
comparison with the aeromagnetic anomaly map framodge and Finn (2010).

5.3. Future Work

Although most of data published here have alreagynbncorporated into previous data
compilations such as BEDMAP2 or ADMAP2, the moreergt datasets presented here will provide
useful additions to future editions of such initias. Examples of this are the data acquired &opar
the 2012-13 ICEGRAYV aeromagnetic campaign in DrogriWlaud Land where the last compilation
effort of magnetic anomalies had shown a large(Gamdge and Finn, 2010; Fig. 10), or the new ice-
thickness and bed-elevation data acquired over itasv&lacier (2018-20), South Pole (2015-16),
and Filchner Ice Shelf (2015-17) which are expetteok added to the new BEDMAP3 compilation.

Even though most of the gravity, magnetic and bek-giata acquired since the mid-1990s
are now fully published, radar data from older sys/(1994-2004) for which the bed-pick data are
published and already integrated into larger gridoieducts (e.g. BEDMAP; Fretwell et al., 2013)
are yet to be published in full as per the more enodurveys (2004-2020) released here (see Table
3). This is primarily due to poorer data managenpeattices at times of acquisition and less well-
documented processing procedures which restriaethisability of these older radar dataset. Much
older analogue radar data acquired on films anéeostdpes prior to the deployment of digital radars
(i.e. pre-1994) also offer additional opportunitiakhough the necessity for manual digitisation
makes this task much more time consuming and cigallg. It is worth noting, however, that many
of the regions broadly covered by these older sirvave recently been re-flown using more modern



instruments, much as part of NASA’s Operation leége programme (MacGregor et al., 2021),
although reprocessing and modernising older radt chn bring substantial benefits, as already
demonstrated by Schroeder et al. (2019). Additiosatocessing of older radar data using modern 2-
D SAR techniques would also be beneficial, as ricelemonstratedn BAS data (see Castelletti et
al., 2020; Chu et al., 2021).

As a result of the very flexible configuration of tRASIN-2 system, much more data can
alsobe extracted from the raw radar files already aedgljincluding fully polarised data used to
image ice crystal-fabric orientation for estimating deformation processes (i.e. Young et al., 2021
or 3-D swath radar data used to reconstruct thesstfiace at finer resolution and without
compromising on across-track resolution as for eatienal 2-D data (Holschuh et al., 2020; Arenas-
Pingarron et al., 2022).

Combined, these will likely add further opportuedtifor future data releases, alongside our
intention to publish newly acquired data regularlythe data portal and following the procedures
detailed in this paper.

6. Conclusion

We have presented here the release of 64 aerogaocphgatasets from 24 surveys flown by
BAS between 1994 and 2020 over the Antarctic PenirenudEast and West Antarctica. Altogether,
the data release consists of ~450,000 line-km %d3.million kn?) of aerogeophysical data on
gravity, magnetic and radar measurements (includétpickfrom 1994-onwardand the fully
processed 2-D radar ddtam 2004-onwardswhich have all been standardised according to the
FAIR (Findable, Accessible, Interoperable and Rakllks) data principles. A new data portal, the
Polar Airborne Geophysics Data Portaitfs://www.bas.ac.uk/project/nagind interactive, open-
access tutorials written in Python and MATLAB halso been created to improve the interactivity
and user-accessibility of our datasets.

Aside from discussing the data acquisition and gsemg steps, we have demonstrated that
much more information can be extracted fromrthe/ly released aerogeophysical dayaassessing
the continuity of englacial layering along ~300,0id@-km of the ice-penetrating radar data. Using a
automated layer continuity extraction method oneail fully published 2-D radar datasets, we have
shown that large volumes of radiares contain well-preserved englacial layering from whiarther
glaciological and geophysical information coblgl extractedWe note that the analysis shown in
Section 5.1 is only possible because the datadas tomprehensively standardised and made open-
access. Whilst we acknowledge that this type okwoay suffer from a lack of funding
opportunities, the results presented here wouldesstg that re-modernising already acquired data
may be as important as acquiring new data. It etsdles their use in emerging fields such as
artificial intelligence, which rely on large amosartf standardised data.

Although all of the datasets released here havarsoade a significant contribution to our
understanding of past and current ice-dynamicallitmaspheric influences, partly through their
contributions to major international collaborat®jects such as the SCAR BEDMAP and ADMAP
programmes, they have until now largely remainguublished in their full formthus restricting the
further usage of the data beyond the life cyclthefscience projects. It is our hope that thesdynew
released data will offer further research oppotiesiand enable the widecientificcommunity to
benefit from the abundance of newly published asopbysical data over Antarctica, particularly
within the context of recently established intelor@dl projects such as the SCAR AntArchitecture
and RINGS Action groupshe latter of which focuses primarily on fillingsps in already-acquired
observations at the boundaries of the AntarcticSloeet

Reflecting on our collaboration between data marsagrd scientists, we believe that this
project sets a positive example for further relezsserogeophysical data, particularly for future



international initiatives that are aiming to harnsenthe availability and findability of
aerogeophysical data collected across AntarctidallAist of all available datasets can be found i
Table 3 of this paper, or via the BAS Discovery Migtta Systenh(tps://data.bas.ac.uk
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