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Abstract. The Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research (AWI), has conducted airborne
radar campaigns since 1994 across Antarctica and Greenland, utilizing six different radar systems to study ice sheets and
their interactions with climate, ocean and the solid Earth. Over the past three decades, AWI has collected more than 1.6
million profile-kilometers of radar data, covering approximately one quarter of the Antarctic and the Greenland Ice Sheet,
respectively. In this review article, we describe AWI’s airborne radar systems and their deployments over the Greenland
and Antarctic Ice Sheet. Moreover, we summarize application and usage of AWI’s radar systems, which provided crucial
insights into e.g, ice dynamics, mass balance, and ancient landscapes buried beneath the ice. The integration of radar data
with other geophysical methods has enhanced bathymetric models, improving predictions of ice—ocean interactions and ice-
shelf stability and contributed to a better understanding of crustal and geological evolution of the Antarctic continent. Fe
As part of this paper, and to support scientific progress, AWI made its airborne radar data publicly accessible through the
Radar Data over Polar Ice Sheets viewer hosted by the Marine Data Portal (https://marine-data.de/viewers/) and PANGAEA
(https://doi.org/10.1594/PANGAEA.972094), ensuring compliance with FAIR (Findable, Accessible, Interoperable, Reusable)
data principles. Future research will expand on these contributions, focusing on refining ice-sheet models and exploring new

areas of glaciological and geological interest.
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1 Introduction

The Greenland and Antarctic Ice Sheets are critical components of the Earth’s climate system and play a vital role in regulating
global sea levels. Together, these ice sheets hold approximately 99 % of the world’s freshwater ice (Church et al., 2013), with
their combined potential contribution to sea level rise estimated at over 65 m if fully melted (Morlighem et al., 2017, 2020). In
recent decades, the Greenland Ice Sheet (GrlS) and the Antarctic Ice Sheet (AIS) have exhibited accelerated mass loss, driven
by surface melting, ice dynamics, and interactions with warming oceans (Shepherd et al., 2020). Beyond their implications for
sea level, the ice sheets exert significant influence on the global radiation budget, and on atmospheric and oceanic circulation
patterns, affecting regional and global climate dynamics (Rahmstorf, 2007).

A detailed characterization of ice sheet structure and dynamics is essential to determine the mechanisms of mass loss and
constrain numerical models of future behavior (Alley et al., 2019). Geophysical investigations provide powerful tools for
studying the ice sheets, offering insights into their internal and basal properties, thickness, and interactions with the underlying

bedrock. Airborne radar enables high-resolution imaging of ice thickness (e.g., Robin et al., 1969; Steinhage et al., 2001), ice-

sheet stratigraphy (e.g., Bingham et al., 2015; Winter et al.,

as well as detecting changes in crystal orientation fabric
(COF; e.g., Eisen et al., 2007; Gerber et al., 2023). These data are critical for constraining ice-sheet models, which require ac-
curate boundary conditions to simulate ice flow and predict the response of ice sheets to climatic and oceanic forcing.

Since 1994, the Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research (AWI) has operated airborne
radar systems over Greenland and Antarctica (Figure 1) using AWT’s polar aircraft (Figure 2; Alfred-Wegener-Institut, Helmholtz-
Zentrum fiir Polar- und Meeresforschung, 2016b). The resulting archive of radar data constitutes a significant portion of the
total global radar data archive for both ice sheets (Figure 1). In Antarctica, the data primarily cover East Antarctica’s Dronning
Maud Land, while in Greenland, most profiles cover the northern and northeastern parts of the ice sheet as well as adjacent ice
caps in the Canadian Arctic. The radar data were collected using six different systems (Figure 2 and Table 1), each designed
to study various aspects of the ice sheet, offering different spatial resolutions and penetration depths (Figures 4, 5, and 6).
Over the last 30 years, AWI’s radar data serve-served as a foundational dataset-data for numerous studies in glaciology, polar
geology, and geodynamics.

This review paper aims to synthesize three decades of AWTI’s airborne radar surveys over the Antarctic and Greenland ice
sheets, highlighting the technological advancements, scientific achievements, and collaborative efforts that have shaped our un-
derstanding of the polar ice sheets. Although AWI performed additional geophysical surveys (e.g., gravimetry and magnetics).
this review is dedicated solely to radar systems and their data. We provide a comprehensive overview of AWI’s radar systems,
their technical specifications, and their diverse scientific applications that underscore the critical role these data have played in
advancing glaciological, geological, and oceanographic research. The paper also marks the public release of AWI’s airborne
radar data over the polar ice sheets. We present the online viewer for Radar Data Over Polar Ice Sheets of the Marine Data Por-
tal (https://marine-data.de/viewers), a web platform that allows users to explore the archive of AWI radar data. Finally, we de-

scribe how to access AWT’s radar data products via the PANGAEA Data Publisher (https://doi.org/10.1594/PANGAEA.972094;

2019; Bodart et al., 2021), subglacial features (e.g., Carter et al., 2024; Paxmai
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Figure 1. Institutes with substantial radar profile coverage in (a) Antarctica and (b) the Arctic: Alfred Wegener Institute (AWI), British
Antarctic Survey (BAS), Centre for Remote Sensing and Integrated Systems (CReSIS), Polar Research Institute of China (PRIC), University
of Texas Institute of Geophysics (UTIG), John Hopkins University (JHU), Techical University of Denmark (DTU), Upsalla University (UU),
and other institutes (see Morlighem-et-al-20+7Karlsson-et-ak-2024-Morlighem et al. 2017, and Karlsson et al. 2024 for details in Greenland
and Bingham et al. 2025 for details in Antarctica). For the AIS the radar data coverage of the Bedmap 1 period is shown in grey in the
background. The black lines represent the main ice divides from Mouginot et al. (2017) and Rignot et al. (2019) and the white circles
deep ice-core locations. Note that the spatial scale for Greenland is twice as large as for Antarctica. The two arrows in (b) highlight the

Nioghalvfjerdsfjorden Glacier (79° NG) and the onset region of the Northeast Greenland Ice Stream (NEGIS).
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Eisen et al., 2024) from where the data can be freely downloaded. Ultimately, this review not only focuses on the legacy of
AWI's contributions but also sets the stage for continued innovation in polar research, emphasizing the importance of open
data sharing and interdisciplinary collaboration in addressing the challenges posed by climate change.

2 AWI airborne platforms and logistical infrastructure for radar surveys

Airborne radar surveys conducted by AWI have been carried out since 1994Rusimepolar aircraft of the types Dornier
Do 228, and Basler BT-67 — a modern version of the Douglas DC-3 manufactured by Basler Turbo Conversions in Canada
(Alfred-Wegener-Institut, Helmholtz-Zentrum fur Polar- und Meeresforschung, 2016b, Figure 2). The Basler BT-67 type has
two engines, each with a power output of 955kW, a range of approximately 3000km (depending on payload and survey
design), a maximum take-off weight of around 13t (depending on takeoff altitude), and a cruising speed up to 315 km/h.
Between 1994 and 2006, radar surveys were conducted with Polar2 (Dornier D0228), since 2007 with Polar5 and, from
2011 onward, also with Polar 6 (both Basler BT-67). All the aircraft are capable of operating on skis. The advantages of the
Basler type are its greater range and, most notably, signi cantly higher capacity for carrying scienti ¢ instruments and cargo.
This capability allows for combined geophysical surveys using a variety of instruments, such as radar, gravimetry, magnetics,
laser scanners, and mofEhe positionandorientation

In addition to the aircraft platforms, AWI radar survey ights rely on extensive infrastructure in Antarctica and the Arctic, as
well as in Bremerhaven and Bremen (Germany). In Antarctica, the three generations of the German Neumayer polar researct
station and Kohnen Station (Alfred-Wegener-Institut, Helmholtz-Zentrum fur Polar- und Meeresforschung, 2016a) have served
as a logistical hub for AWI research expeditions since 1981. Neumayer Station is occupied year-round by overwintering staff
since 1981 (Franke et al., 2022b), allowing for the use of a prepared air eld throughout the entire Antarctic summer season.
With the opening of Kohnen Station at the EPICA Dronning Maud Land (EDML) ice-core drill site in 2001, the range of AWI
airborne surveys was signi cantly extended into the interior of the East Antarctic plateau. Additionally, through cooperation
with other research stations, further air elds in Antarctica are utilized.

In Greenland, existing commercial or military airport infrastructure has been used, as well as permanent or temporary inland
bases. The temporary bases were primarily associated with ice-core deep drilling projects, such as at NorthGRIP, NEEM, and
EastGRIP, from which several extensive surveys were conducted.

The infrastructure network is complemented in Germany by logistics and coordination in Bremerhaven and at an aircraft
hangar in Bremen (formerly in Bremerhaven), where equipment installations and from where test ights take place. The ight
crew consists of engineers and researchers from AWI, along with pilots and mechanics from different contractors over time
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3 AWI airborne radar systems

The following section provides a detailed overview of the various radar systems used by AWI, describing both their technical

Technical parameters of the radar systems are presented in Table 1. Example radargrams from the individual systems can b
found in Figures 4, 5, and 6. An overview of the work ow from data acquisition to archiving, analysis, and public availability
is illustrated in the ow chart diagram in Figure 7. The coverage of radar pro les for each radar system is shown in Figures 8
and 9 (organized by radar system) and in Appendix Figures A1 and A2, as well as Appendix Tables Al and A2 (organized by
season and campaign).

For each system we rst describe the technical speci cation followed by the applied processindestepshsystem,

3.1 Electromagnetic Re ection System (EMR)
3.1.1 Technical speci cations

AWI's EMR (Electromagnetic Re ection) system was built in cooperation with Aerodata Flugmesstechnik GmbH, Technische

back re antennas in bistatic mode, which are mounted underneath the wings of AWI's polar aircraft (Fig. 2). The transmission
signal generation is controlled by a timing board based on an oscillator with a reference frequency of 10 MHz and allows
transmission pulse lengths of between 60 and 600 ns with a pulse repetition frequency (PRF) of 20 kHz. Aircraft positioning
is determined by an inertial navigation system (INS), barometric altimetry, global positioning system (GPS) and, since 1997,
laser altimetry (Nixdorf et al., 1999). The EMR system records on three channels (two channels prior to 1998) with each data
sample assigned to a channel based on signal strength (Nixdorf et al., 1999).

Since 1998, the EMR system has been able to operate in the "toggle mode", switching between transmission pulse length:s
of 60 and 600 nstespeetivelyto image internal layers at shallow and intermediate depths at high resolutdm(range

pulse). The along-track trace spacing depends on trace coordinate precision and along-track stacking during the processin
and typically lies in the range 50—100 m. In pre-1998 surveys, some EMR datasets may consist of a combination of short-
and long-pulse data. The pro le is then classi ed as either a short- or long-pulse pro le, depending on which type of data
predominates in the pro le.
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Over the three decades of acquisition, three different data acquisition systems were used, which we present in the following
subsections.

Aerodata System (1994 —2004)

Between 1994 and 2004, EMR data were acquired using the Aerodata system with Modams radar data acquisition system.
Measurements were taken with a xed time window of &) a sampling interval of 13.33 ns, a PRF of 20 kHz, and a data rate

of 20 Hz. The data were vertically stacked by a xed factor of 200. An exception is two ights during the Arctic season of
1998, which were measured with a PRF of 40 kHz. In 1997, the initial two-channel system was extended by a three-channel
system, yielding better resolution for weaker signals.

Optimare System (2004 —2012)

Between 2004 and 2012, the Optimare system with Medusa P data acquisition was used. As with the Aerodata system, a time
window of 50 s, a sampling interval of 13.33 ns, and a PRF of 20 kHz were employed. However, the vertical stacking factor

was increased to 992, and a three-channel system was consistently utilized.
WERUM System (since 2012)

Since 2012, the WERUM system with ADA data acquisition has been used for EMR measurements. With the Werum system,
the transmitter was modi ed so that the transmission signal is always generated with the same phase. The recording time
window is 50 s, the sampling interval is 4 ns, the data rate is 20 MHz, and the PRF is 20 kHz. The stacking is freely adjustable
but is typically set to a factor of 1000. In addition to this con guration, three further modi cations have been made to the
system in this period: (i) a logarithmic detector (logdet) was installed; (ii) the same logdet was used, but with a time window

of 64 s, a PRF of 15 kHz, and a data rate of 15 Hz; and (iii) a new logdet was installed and used with the same settings as in
(ii).
3.1.2 Deployments of the EMR System since 1994

The EMR system has been primarily deployed in Antarctica's Dronning Maud Land, particularly around the EDML ice-core
deep drilling site and in the areas both south and north of the coastal escarpment to map ice thickness and englacial stratigraphy
Several campaigns also focused on connecting East Antarctic ice cores, such as between EDML and Dome Fuji and EDML
and the South Pole, as well as between Vostok, EDC, and Talos Dome. Furthermore, EMR RES surveys extend east and wes
beyond Dronning Maud Land, and cover parts of the Ronne ice shelf and the Antarctic Peninsula.

The EMR system has been extensively used in Greenland, primarily in the northeast where it covers all major deep ice core
drilling sites g-g¢theGreenlandee-CoreProjeetNEEM, NarthGRIP,EastGRIPand GRIP). Some surveys extend towards

the northwest and southwest. In 1996, the NorthGRIP drillingssitthetweer2018 —2022he areaaroundthe EastGRIPsite



Figure 2. AWI's polar aircraft Polar 2 (Dornier Do228; registration code: D-CAWI), Polar5 (Basler BT-67; registration code: C-GAWI),
and Polar 6 (Basler BT-67; registration code: C-G HGF) and the six AWI radar systems. The bottommost picture of the airplane shows the
fuselage antenna of the UWB system, without wing antennas mounted. The bottommost photo of the Basler aircraft was taken by Sepp

Kipfstuhl (AWI). All other photos were taken by the authors of this manuscript.
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Table 1. AWI radar system speci cations. Abbreviations: TU HH = Technical University Hamburg-Harburg; RST = Radar Systemtech-

nik; EReSIS=CentreforRemoteSensinganeHntegratedSystemsMCoRDS = Multi-channel Coherent Radar Depth Sounder; FMCW =
Frequency-Modulated-Continuous-Wave; IRH = Internal Re ection Horizon.

Radar system Acronym  Manufacturer Frequency Transmitsignal Range resolution Scienti ¢ focus
Electrqmagnetlc EMR TU HH 150 MHz 600 ns burst 50m .IRHs,.
Re ection system 60 ns burst 5m ice thickness
Accumulation radar ACCU TU HH 400-800 M2  FMCW chirp 0.2V Firn & IRHs
Snow radar SNOW TUHH 8-12GHz FMCW chirp 2cm Snow & rn
Airborne SAR/Interfer. o pg RST 13-145GH; > % 5& 7cm Snow & m
Radar Altimeter System 80 s chirpf

IRHSs,
Ultra-Wideband radar /g CReSIS 150—600MHz  1—10s chirp 0.3-5m cethickness,
(MCoRDS 5) englacial features,

swath bed imaging
Ultra-Wideband

. UWBM CReSIS 2-18GHz 240s chirp lcm Snow & rn
microwave radar

@ During the ARK 2010 campaign a bandwidth of 500 — 700 MHz was used and the range resolution was 0.5 m.
@ In the high-altitude mode the ASIRAS system can operate in a linear frequency modulated chirp length betwees. 3hd%ow-altitude mode has a chirp length of 8)

3.2 Accumulation radar (ACCU)
3.2.1 Technical speci cations

The airborne Accumulation (ACCU) radar system is a Frequency Modulated Continuous Wave (FMCW) radar system op-
erating in a frequency range of 500—-700 MHz in the Arctic season in 2010 (Jenett and Steinhage, 2012) and was increasec
thereafter to 400—800 MHz. It is capable of detecting internal structure in the upper 200 m of the ice sheets with a vertical
resolution of 1 m or better (Fig. 4d and 5a). Moreover, the ACCU system can detect the ice-shelf bottom down to 400 m depth
or more. The trace spacing of the ACCU system depends on the trace coordinate accuracy and varies between 10—40m. Th
radar was designed primarily to map shallow internal re ection horizons (IRHs) in Antarctica and Greenland.

3.2.2 Deployments of the ACCU system since 2010

Initial airborne measurements using this system were conducted in 2010 in Greenland during the NEEM campaign in north-
west Greenland with Polar 5. In addition to the ACCU FMCW system, Polar 5 was complementarily equipped with two laser
altimeters, ESA's ASIRAS radar altimeter, and the EMR to measure ice thickness. In 2012, the ACCU radar was used to map
central Greenland's near-surface stratigraphy between the NEEM, NorthGRIP and EastGRIP deep ice core sites.

Between the Antarctic seasons 2011/12 and 2016/17 the ACCU radar was deployed in Antarctica's Dronning Maud Land
running in parallel with the EMR and SNOW systems in the 2013/14 season.



Figure 3. Pro le locations of radargram examples in Figures 4, 5, and 6 over the Antarctic and Greenland Ice sheets.

3.3 Snow radar (SNOW)
3.3.1 Technical speci cations

The snow radar system (SNOW) is a FMCW system transmitting in a frequency range of 8—12 GHz. It was developed by the
160 TU Hamburg-Harburg (Germany). The system operates with a transmit power of up to 3.2 W and a sampling rate of 500 MHz.



Figure 4. Examples of radargrams focusing on the rst 50m depth below the surface. (a) ASIRAS; prole ID:

ID: SNOW_20140102T074743_081922, (d) ACCU; pro le ID: ACCU_20131230T090855_094516, (e) UWB in wideband mode; pro le
ID: Bata- 20231211 _02_006_standard. For TWT-to-depth (two-way travel time) conversion we used an average electromagnetic wave speec
in the upper 50 m of 20° ms?, which corresponds to an average ordinary relative dielectric permittifigf 2.25. The location of the

re ection.
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Figure 5. Examples of radargrams focusing on the rst 175m depth below the surface. (a) ACCU; prole ID:
ACCU_20100722T132929_140949, (b) UWB in wideband mode; pro le HExta- 20231211_02_[008-01@andard]. For TWT-to-
depth (two-way travel time) conversion we used an average electromagnetic wave speed in the upper 175 rh0dMmis¥5which

corresponds to an average ordinary relative dielectric permittiitgf 3.0. The location of the radar pro le is indicated in the lower left

The penetration depth is limited to the upper 10—20m (Figure 4c) with decreasing signal to noise ratio with depth. The
theoretical range resolution is2 cm and trace spacing depends on the trace coordinate accuracy and varies between 10 and
40 m.

3.3.2 Deployment of the SNOW system

The SNOW radar was used as an airborne system over land ice during the Antarctic season of 2013/14. Its pro les are centerec
on the EDML ice core and extend radially north and west towards the coast, south towards the Bailey and Slessor Ice Streams
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