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Abstract. The Alfred Wegener Institute, Helmholtz Centre
for Polar and Marine Research (AWI), has conducted air-
borne 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 col-
lected more than one million profile-kilometres of radar
data, covering approximately one quarter of the Antarc-
tic and the Greenland Ice Sheet, respectively. In this re-
view article, we describe AWI’s airborne radar systems
and their deployments over the Greenland and Antarctic
Ice Sheet. Moreover, we summarize application and us-
age of AWI’s radar systems, which provided crucial in-
sights 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 bathy-
metric models, improving predictions of ice–ocean interac-
tions and ice-shelf stability and contributed to a better under-
standing of crustal and geological evolution of the Antarc-
tic continent. As part of this paper, and to support scientific
progress, AWI made its airborne radar data publicly acces-
sible through the Radar Data over Polar Ice Sheets viewer
hosted by the Marine Data Portal (https://marine-data.

de/viewers/, last access: 19 April 2026) and PANGAEA
(https://doi.org/10.1594/PANGAEA.972094; Eisen et al.,
2024), ensuring compliance with FAIR (Findable, Accessi-
ble, 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.

1 Introduction

The Greenland and Antarctic Ice Sheets (GrIS and AIS) are
critical components of the Earth’s climate system and play
a vital role in regulating global sea level. Together, these
ice sheets hold approximately 99 % of the world’s freshwa-
ter 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 and Antarctic Ice Sheet have exhibited accelerated
mass loss, driven by surface melting, ice dynamics, and in-
teractions with warming oceans (The IMBIE Team, 2020).
Beyond their implications for sea level, the ice sheets ex-
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ert significant influence on the global radiation budget, and
on atmospheric and oceanic circulation patterns, affecting re-
gional and global climate dynamics (Rahmstorf, 2007).

A detailed characterization of ice sheet structure and dy-
namics is essential to determine the mechanisms of mass loss
and constrain numerical models of future behavior. Geophys-
ical investigations provide powerful tools for studying the ice
sheets, offering insights into their internal and basal proper-
ties, thickness, and interactions with the underlying bedrock.
Airborne radar enables high-resolution imaging of ice thick-
ness (e.g., Robin et al., 1969; Steinhage et al., 2001), ice-
sheet stratigraphy (e.g., Bingham et al., 2015; Winter et al.,
2019; Bodart et al., 2021), subglacial features (e.g., Carter
et al., 2024; Paxman et al., 2025) 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 constrain-
ing ice-sheet models, which require accurate boundary con-
ditions to simulate ice flow and predict the response of ice
sheets to climatic and oceanic forcing.

Since 1994, the Alfred Wegener Institute, Helmholtz Cen-
tre for Polar and Marine Research (AWI) has operated air-
borne radar systems over Greenland and Antarctica (Fig. 1)
using AWI’s polar aircraft (Fig. 2; Alfred-Wegener-Institut,
Helmholtz-Zentrum für 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 (Fig. 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 (Fig. 2 and Table 1), each designed to
study various aspects of the ice sheet, offering different
spatial resolutions and penetration depths (Figs. 4, 5, and
6). Over the past 30 years, AWI’s radar data served as a
foundational data for numerous studies in glaciology, polar
geology, and geodynamics.

This review paper aims to synthesize three decades of
AWI’s airborne radar surveys over the Antarctic and Green-
land ice sheets, highlighting the technological advance-
ments, scientific achievements, and collaborative efforts that
have shaped our understanding of the polar ice sheets. Al-
though AWI performed additional geophysical surveys (e.g.,
gravimetry and magnetics), this review is dedicated solely
to radar systems and their data. We provide a comprehen-
sive overview of AWI’s radar systems, their technical spec-
ifications, and their diverse scientific applications that un-
derscore the critical role these data have played in advanc-
ing 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 Ma-
rine Data Portal (https://marine-data.de/viewers, last access:
19 April 2026), a web platform that allows users to ex-
plore the archive of AWI radar data. Finally, we describe

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.,
2017, and Karlsson et al., 2024, for details in Greenland and Bing-
ham 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 back-
ground. The black lines represent the main ice divides from Moug-
inot 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).

The Cryosphere, 20, 2485–2530, 2026 https://doi.org/10.5194/tc-20-2485-2026

https://marine-data.de/viewers


S. Franke et al.: 30 years of airborne radar surveys by the Alfred Wegener Institute 2487

how to access AWI’s radar data products via the PANGAEA
Data Publisher (https://doi.org/10.1594/PANGAEA.972094;
Eisen et al., 2024) from where the data can be freely down-
loaded. 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 ad-
dressing the challenges posed by climate change.

2 AWI airborne platforms and logistical infrastructure
for radar surveys

Airborne radar surveys conducted by AWI have been car-
ried out since 1994 using polar 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 für Polar- und
Meeresforschung, 2016b, Fig. 2). The Basler BT-67 type
has two engines, each with a power output of 955 kW, a
range of approximately 3000 km (depending on payload and
survey design), a maximum take-off weight of around 13 t
(depending on takeoff altitude), and a cruising speed up to
315 km h−1.

Between 1994 and 2006, radar surveys were conducted
with Polar 2 (Dornier Do228), since 2007 with Polar 5 and,
from 2011 onward, also with Polar 6 (both Basler BT-67).
All the aircraft are capable of operating on skis. The ad-
vantages of the Basler type are its greater range and, most
notably, significantly higher capacity for carrying scientific
instruments and cargo. This capability allows for combined
geophysical surveys using a variety of instruments, such as
radar, gravimetry, magnetics, laser scanners, and more. The
position and orientation of the aircraft is determined by four
NovAtel DL-V3 GPS receivers, which sample at 20 Hz. The
GPS system operates with dual-frequency tracking so that the
position accuracy can be enhanced during post-processing.

In addition to the aircraft platforms, AWI radar survey
flights rely on extensive infrastructure in Antarctica and
the Arctic, as well as in Bremerhaven and Bremen (Ger-
many). In Antarctica, the three generations of the Ger-
man Neumayer polar research station and Kohnen Station
(Alfred-Wegener-Institut, Helmholtz-Zentrum für Polar- und
Meeresforschung, 2016a) have served as a logistical hub
for AWI research expeditions since 1981. Neumayer Sta-
tion is occupied year-round by overwintering staff since 1981
(Franke et al., 2022b), allowing for the use of a prepared air-
field 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 significantly extended into the interior
of the East Antarctic plateau. Additionally, through coopera-
tion with other research stations, further airfields in Antarc-
tica are utilized.

In Greenland, existing commercial or military airport in-
frastructure 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 air-
craft hangar in Bremen (formerly in Bremerhaven), where
equipment installations and from where test flights take
place. The flight crew consists of engineers and researchers
from AWI, along with pilots and mechanics from different
contractors over time (e.g., Kenn Borek Air).

3 AWI airborne radar systems

The following section provides a detailed overview of the
various radar systems used by AWI, describing both their
technical specifications, data processing, and their main ar-
eas of deployment over the years. We sort the radar sys-
tems by manufacturer and their chronological appearance
over the past thirty years. We start with the EMR, ACCU,
and SNOW systems developed at the Technical University
Hamburg-Harburg, then move on to the ASIRAS system de-
veloped by the European Space Agency (ESA), and finally
introduce the newer generation of AWI radar systems (UWB
and UWBM) developed by the Center for Remote Sensing of
Integrated Systems (CReSIS).

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

For each system we first describe the technical specifica-
tion followed by the applied processing steps and lastly, we
briefly describe where the radar systems were deployed in
Antarctica and Greenland.

3.1 Electromagnetic Reflection System (EMR)

3.1.1 Technical specifications

AWI’s EMR (Electromagnetic Reflection) system was built
in cooperation with Aerodata Flugmesstechnik GmbH, Tech-
nische Universität Hamburg-Harburg (Germany) and the
German Aerospace Center (DLR). The EMR system has
been operating in Antarctica and Greenland since 1994 (Nix-
dorf et al., 1999) and is still in operation today. The sys-
tem comprises two short backfire antennas in bistatic mode,
which are mounted underneath the wings of AWI’s polar
aircraft (Fig. 2). The transmission signal generation is con-
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trolled by a timing board based on an oscillator with a ref-
erence frequency of 10 MHz and allows transmission pulse
lengths of between 60 and 600 ns with a pulse repetition fre-
quency (PRF) of 20 kHz. Aircraft positioning is determined
by an inertial navigation system (INS), barometric altimetry,
global positioning system (GPS) and, since 1997, laser al-
timetry (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 (Nix-
dorf et al., 1999).

Since 1998, the EMR system has been able to operate
in the “toggle mode”, switching between transmission pulse
lengths of 60 and 600 ns, to image internal layers at shallow
and intermediate depths at high resolution (∼ 5 m range reso-
lution for the 60 ns pulse) and the bed reflection in deep ice at
low resolution (∼ 50 m range resolution for the 600 ns pulse).
The along-track trace spacing depends on trace coordinate
precision and along-track stacking during the processing 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 profile is then classified as either a
short- or long-pulse profile, depending on which type of data
predominates in the profile.

Over the three decades of acquisition, three different data
acquisition systems were used, which we present in the fol-
lowing subsections.

Aerodata System (1994–2004)

Between 1994 and 2004, EMR data were acquired using the
Aerodata system with Modams radar data acquisition sys-
tem. Measurements were taken with a fixed time window of
50 µs, 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 fixed
factor of 200. An exception is two flights 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 µs, a sampling interval of 13.33 ns, and a
PRF of 20 kHz were employed. However, the vertical stack-
ing factor was increased to 992, and a three-channel system
was consistently utilized.

Werum System (since 2012)

Since 2012, an Aircraft Data Acquisition System (ADA) de-
signed by Werum Software and Systems AG and S.E.A. Da-
tentechnik GmbH has been introduced. This system com-
prises a new receiver designed by S.E.A., ADA-EMR, for
EMR measurements. With the introduction of the ADA-

EMR, the transmitter was modified so that the transmission
signal is always generated with the same phase. The record-
ing time window is 50 µs, 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 ad-
dition to this configuration, three further modifications have
been made to the system in this period: (i) a logarithmic de-
tector (logdet) was installed; (ii) the same logdet was used,
but with a time window of 64 µs, 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 Antarc-
tica’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
surveys extend east and west beyond Dronning Maud Land,
and cover parts of the Ronne ice shelf and the Antarctic
Peninsula.

The EMR system has been extensively used in Green-
land, primarily in the northeast where it covers all major
deep ice core drilling sites (NEEM, NorthGRIP, EastGRIP,
and GRIP). Some surveys extend towards the northwest and
southwest. In 1996, the NorthGRIP drilling site was covered
by extensive grid surveys.

3.2 Accumulation radar (ACCU)

3.2.1 Technical specifications

The airborne Accumulation (ACCU) radar system is a Fre-
quency Modulated Continuous Wave (FMCW) radar system
operating in a frequency range of 500–700 MHz in the Arc-
tic season in 2010 (Jenett and Steinhage, 2012) and was in-
creased 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 (Figs. 4d and 5a). More-
over, 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 7–10 m. The radar was designed primarily to map
shallow internal reflection horizons (IRHs) in Antarctica and
Greenland.

3.2.2 Deployments of the ACCU system since 2010

Initial airborne measurements using this system were con-
ducted in 2010 in Greenland during the NEEM campaign in
northwest Greenland with Polar 5. In addition to the ACCU
FMCW system, Polar 5 was complementarily equipped with
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Table 1. AWI radar system specifications. Abbreviations: TU HH=Technical University Hamburg-Harburg; RST=Radar Systemtechnik;
MCoRDS=Multi-channel Coherent Radar Depth Sounder; FMCW=Frequency-Modulated-Continuous-Wave; IRH= Internal Reflection
Horizon.

Radar system Acronym Manufacturer Frequency Transmit signal Range resolution Scientific focus

Electromagnetic
Reflection system

EMR TU HH 150 MHz 600 ns burst
60 ns burst

50 m
5 m

IRHs, ice thickness

Accumulation radar ACCU TU HH 400–800 MHza FMCW chirp 0.2 ma Firn & IRHs

Snow radar SNOW TU HH 8–12 GHz FMCW chirp ∼ 2 cm Snow & firn

Airborne SAR/Interfer.
Radar Altimeter
System

ASIRAS RST 13–14.5 GHz 5–45 µs & 80 µs chirpb
∼ 7 cm Snow & firn

Ultra-Wideband radar
(MCoRDS 5)

UWB CReSIS 150–600 MHz 1–10 µs chirp 0.3 –5 m IRHs, ice thickness,
englacial features,
swath bed imaging

Ultra-Wideband
microwave radar

UWBM CReSIS 2–18 GHz 240 µs chirp ∼ 1 cm Snow & firn

a During the ARK 2010 campaign a bandwidth of 500–700 MHz was used and the range resolution was 0.5 m. b In the high-altitude mode the ASIRAS system can operate in a linear frequency
modulated chirp length between 5–45 µs. The low-altitude mode has a chirp length of 80 µs.

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 be-
tween 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.

3.3 Snow radar (SNOW)

3.3.1 Technical specifications

The snow radar system (SNOW) is a FMCW system trans-
mitting in a frequency range of 8–12 GHz. It was developed
by the TU Hamburg-Harburg (Germany). The system oper-
ates with a transmit power of up to 3.2 W and a sampling
rate of 500 MHz. The penetration depth is limited to the up-
per 10–20 m (Fig. 4c) with decreasing signal to noise ratio
with depth. The theoretical range resolution is ∼ 2 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 profiles are
centered on the EDML ice core and extend radially north and
west towards the coast, south towards the Bailey and Slessor
Ice Streams, and east along the ice divide between EDML
and Dome Fuji (Fig. 8e). In addition, the SNOW system also
operated over sea ice during the ANT 2014/15, ARK 2014,
and ARK 2015 seasons.

3.4 Airborne SAR/Interferometric Radar Altimeter
System (ASIRAS)

3.4.1 Technical specifications

The Airborne SAR/Interferometric Radar Altimeter System
(ASIRAS) is a radar system developed by ESA as part of
the CryoSat mission (Lentz et al., 2002). ASIRAS was built
by the Swiss company Radar Systemtechnik (RST). Support
was provided by AWI as well as the company Optimare for
the integration and operation of the device in the research
aircraft.

ASIRAS was designed to demonstrate the concept of a
SAR-interferometric altimeter to measure polar ice thickness
(Mavrocordatos et al., 2004) within the framework of the
CryoSat Validation Experiment (CryoVEx). The system was
developed to support ESA’s CryoSat mission by providing
airborne measurements that could be used to calibrate, vali-
date and refine satellite data for ice and snow cover, helping
improve the understanding of polar regions.

ASIRAS is one of ESA’s first new-generation radar altime-
ters that employ pulse-width limited technology for higher
precision. It operates similarly to a Ku-band altimeter, using
a carrier frequency of 13.5 GHz and a bandwidth of 1 GHz.
The range resolution of the system is ∼ 7 cm. The high pulse
repetition frequency and pulse to pulse coherence allows de-
lay/Doppler unfocused SAR processing (Raney, 1998) and
thus a fine along-track resolution of< 5 m to estimate highly
detailed, accurate surface elevation data. ASIRAS also in-
cludes a dual-antenna system positioned across-track, func-
tioning as a single-pass interferometer to enhance spatial res-
olution (Lentz et al., 2002; Hawley et al., 2006).

https://doi.org/10.5194/tc-20-2485-2026 The Cryosphere, 20, 2485–2530, 2026



2490 S. Franke et al.: 30 years of airborne radar surveys by the Alfred Wegener Institute

Figure 2. AWI’s polar aircraft Polar 2 (Dornier Do228; registra-
tion code: D-CAWI), Polar 5 (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 air-
plane 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.

3.4.2 Data processing

The ASIRAS data processing follows the range-Doppler
principle described by Raney (1998). ESA provides the
processing software, allowing network-wide processing of
ASIRAS data. Over time, numerous corrections and updates

Figure 3. Profile locations of radargram examples in Figs. 4, 5, and
6 over the Antarctic and Greenland Ice sheets.

were made to the software based on joint testing by AWI
and ESA, and these updates were integrated into the system
(Helm, 2008).

The processing is divided into two stages: Level 1 and
Level 1B (Helm, 2008). Level 1 georeferences radar bursts
using interpolated GPS and INS data and applies correc-
tions for sensor rotations. Its outputs feed into Level 1B
processing, which transforms bursts into the range-Doppler
domain via fast Fourier transformations, applies corrections
like Doppler centroid and slant range adjustments, and en-
hances the signal to noise ratio through beam stacking. The
final Level 1B product includes georeferenced radar echoes,
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Figure 4. Examples of radargrams focusing on the first 50 m depth below the surface. (a) ASIRAS; profile ID:
ASR_L1B_01_20141203T130418_132058, (b) UWBM; profile ID: 20221205_99_[019–021], (c) SNOW; profile ID:
SNOW_20140102T074743_081922, (d) ACCU; profile ID: ACCU_20131230T090855_094516, (e) UWB in wideband mode; profile
ID: 20231211_02_006. For TWT-to-depth (two-way travel time) conversion we used an average electromagnetic wave speed in the upper
50 m of 2× 109 m s−1, which corresponds to an average ordinary relative dielectric permittivity ε′r of 2.25. The location of the radar profile
is annotated in the lower left corner of the radargram and shown in Fig. 3. All radargrams are time-zeroed at the ice surface reflection.

preliminary terrain heights from an Offset Center Of Gravity
(OCOG) retracker, and additional metrics such as power and
phase. These data are stored in binary format and converted
into FAIR (Findable, Accessible, Interoperable, Reusable)
user-accessible data products (Wilkinson et al., 2016, Fig. 7).

3.4.3 Deployments of the ASIRAS system between
2004 and 2019

ASIRAS has been successfully flown on several measure-
ment campaigns mostly by the CryoSat Validation and Re-

trieval Team. The system was deployed across significant
portions of Greenland and the Canadian Arctic, with flights
between 2004 and 2019 (Fig. 9f), where other radar systems
of AWI were also used. Except for the 2004 campaign, none
of these Arctic ASIRAS system flights used AWI aircraft.
Instead, they were conducted by ESA and DTU (Technical
University of Denmark). Hence, the individual flight seasons
are not detailed in this paper. However, as the radar data from
the ASIRAS system were processed at AWI and the radar
data products are provided through AWI, they are included in
the overview maps (Figs. 8g and 9f). Additionally, between
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Figure 5. Examples of radargrams focusing on the first ∼ 175 m depth below the surface. (a) ACCU; profile ID:
ACCU_20100722T132929_140949, (b) UWB in wideband mode; profile ID: 20231211_02_[008–010]. For TWT-to-depth (two-way
travel time) conversion we used an average electromagnetic wave speed in the upper 175 m of 1.75× 109 ms−1, which corresponds to
an average ordinary relative dielectric permittivity ε′r of 3.0. The location of the radar profile is indicated in the lower left corner of the
radargram and shown in Fig. 3. All radargrams are time-zeroed at the ice surface reflection.

2007 and 2018, numerous flights were conducted across ex-
tensive parts of Antarctica (the majority with AWI polar air-
craft), primarily focusing on the coastal regions (Fig. 8g).

3.5 Ultra-Wideband radar (UWB)

3.5.1 Technical specifications

AWI’s ultra-wideband (UWB) airborne radar system is an
improved version of the Multichannel Coherent Radar Depth
Sounder (MCoRDS, version 5), which was developed at the
Center for Remote Sensing of Integrated Systems (CReSIS)
at the University of Kansas (Rodriguez-Morales et al., 2013;
Hale et al., 2016). It has an improved hardware design com-
pared to CReSIS’ predecessor radar depth sounders (Gogi-
neni et al., 1998; Wang et al., 2016). The basic radar configu-
ration consists of an eight element antenna array mounted un-
der AWI’s Polar 5 or Polar 6 Basler BT-67 aircraft’s fuselage
(Fig. 2). The fuselage antenna elements function as transmit
and receive channels using a transmit–receive switch. Addi-

tionally, two eight element receiver arrays can be mounted
underneath the wings to increase the signal to noise ratio.
This 24-channel configuration has so far only been used
in 2016, in Northwest Greenland, for the Hiawatha survey
(Kjær et al., 2018), and during test flights in the Antarctic
2016/17 season. The total transmit power is 6 kW, and the
radar can be operated within the frequency range of 150–
600 MHz. The PRF is 10 kHz, and the sampling frequency
is 1.6 GHz. The characteristics of the transmission signals as
well as the recording settings can be freely programmed to
enable higher dynamic range. Usually the transmission sig-
nal is composed of staged linear modulated chirp signal of
2–5 waveforms (for instance 1 µs unamplified, 3 µs high-gain
and 10 µs high-gain), which provides high-resolution imag-
ing of different parts of the ice sheet. The range resolution of
the UWB data products depend mainly on the chosen band-
width and the along-track spacing typically ranges between
5 and 15 m.
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Figure 6. Examples of deep-sounding radargrams. (a) EMR long-pulse; profile ID: 20112120, (b) EMR short-pulse; profile ID: 20033141,
(c) UWB narrowband; profile ID: 20180510_01_013, (d) UWB wideband; profile ID: 20231211_02_006–008. For TWT-to-depth conversion
we used an average electromagnetic wave speed of 1.689× 109 ms−1, which corresponds to an average ordinary relative dielectric permit-
tivity ε′r of 3.15. The location of the radar profile is indicated in the lower left corner of the radargrams and shown in Fig. 3. All radargrams
are time-zeroed at the ice surface reflection.

3.5.2 UWB data processing

2D processing (sounding mode)

Standard processing techniques are performed with the OPR
Toolbox (Open Polar Radar Toolbox; formerly termed CRe-
SIS Toolbox; Open Polar Radar, 2023). The main steps
comprise motion compensation, pulse compression, syn-
thetic aperture radar (SAR) focusing and array process-
ing. The SAR processing is based on the f –k (frequency–
wavenumber) migration technique for layered sediment
packages (Gazdag, 1978), which was adapted for radio-
glaciology (Leuschen et al., 2000). GPS data are post-
processed by precise point positioning, with a final estimated
accuracy (commercial software package Waypoint 8.4) of
better than 3 cm for latitude and longitude, and better than
10 cm for altitude. For further details on radar data acqui-

sition and processing, see Rodriguez-Morales et al. (2013),
Hale et al. (2016), and Franke et al. (2022c). When combin-
ing the different images that highlight various depth ranges of
the radargram, we also apply an amplitude correction to the
individual images to reduce offsets at the image transitions.
Moreover, we processed the data in a way that the TWT vec-
tor starts at 0 s.

3D processing (swath/imaging mode)

Swath processing is applied to produce a high-resolution dig-
ital elevation model of the bed topography. The information
from side-transmitting off-nadir returns from sequential ac-
quisitions, combined with phase differences in arrivals be-
tween receiver elements (Jezek et al., 2011; Holschuh et al.,
2020), are used to estimate the direction of arrival for energy
in both the along-track and across-track directions (Paden
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et al., 2010; Arenas-Pingarrón et al., 2023). These data are
SAR processed and combined channel by channel, using
the Multiple Signal Classification (MUSIC) algorithm in the
OPR Toolbox (Open Polar Radar, 2023), for mapping of
the subglacial topography in three dimensions along a sin-
gle flight line. Moreover, along-track and fast-time averaging
was applied to the SAR-processed data to enhance the signal
to noise ratio for tracking the bed reflections and cross-track
surface.

Bed elevation values from an existing bed topography
DEM can be used to define the depth range for bed return,
and together with the nadir bed return they serve as seed
points for tracking cross-track reflectors. A Gaussian fit is
applied to the bed return power to address broad distribu-
tions and multiple peaks, and tracking is constrained using
a guided window based on a theoretical flat-bed hyperbola,
minimizing interference from nearby englacial reflections.
After tracking the cross-track surface, a static angle correc-
tion accounts for surface tilting (if needed), and the bed re-
turn hyperbola is range migrated, including for air-to-ice re-
fraction, to convert surface tracking to depth (Carter et al.,
2025a). Artifacts from upwarping at swath edges affect ac-
curacy due to energy spreading. The range-migrated data are
then converted into a point cloud and projected to geographic
coordinates (latitude and longitude) using the true heading
and flight trajectory from the radar data.

3.5.3 Deployments of the UWB system since 2016

The UWB system became fully operational in Greenland
in 2016, deployed in northwest Greenland at the Hiawatha
Glacier (Kjær et al., 2018) and in southwest Greenland at
Jakobshavn Glacier. During this deployment, the system was
flown in its 24-channel configuration with additional wing
mounted arrays. This setup improved the signal to noise ra-
tio but reduced the aircraft range. From 2018 onward, the
UWB system was only used with a single array mounted un-
der the fuselage of the Polar aircraft to increase the range of
survey flights, as the surface clutter reduction offered by the
24-channel configuration was deemed less valuable than the
extended survey range possible without it.

Between 2018 and 2022, UWB flights in Greenland fo-
cused on the area around the EastGRIP drilling site (e.g.,
Franke et al., 2022c) and the upstream region of the
Nioghalvfjerdsfjorden Glacier (79° NG; Zeising et al., 2024).
In 2018 and 2022, swath flights were conducted in the im-
mediate vicinity of the EastGRIP ice core, producing a high-
resolution (25 m horizontal resolution) DEM of the bed to-
pography and landforms (Carter et al., 2025a). In the 2022
survey, radar profiles were collected in full polarimetric
mode around NEGIS (Eisen et al., 2025) providing insights
into englacial properties of this ice stream at comparable data
quality of local ground-based polarimetric surveys in this re-
gion (Gerber et al., 2025; Nymand et al., 2025). Furthermore,
in 2023, a campaign took place in the Canadian Arctic on the

Müller Ice Cap to explore a suitable coring site (Lilien et al.,
2024) and in 2024, flights were conducted both upstream of
the 79° NG and in Southwest Greenland.

The first deployment in Antarctica was conducted during
the 2016/17 season, primarily consisting of test flights. In the
2018/19 season, surveys focused on the onset of the Jutul-
straumen Glacier (e.g., Franke et al., 2021a, 2025b) as well
as the area around the grounding line of the Roi Baudouin Ice
Shelf and nearby Derwael Ice Rise (e.g., Koch et al., 2023;
Zhou et al., 2025). During the 2023/24 and 2024/25 seasons,
additional measurement flights were conducted directly at
the grounding line in Dronning Maud Land, their aims led
by the goals of the SCAR Action Group RINGS (Matsuoka
et al., 2025), as well as flights mapping deep englacial stratig-
raphy (Franke et al., 2025b) and near-surface stratigraphy
(Zuhr et al., 2026).

3.6 Ultra-Wideband Microwave radar (UWBM)

3.6.1 Technical specifications

The ultra-wideband microwave radar (UWBM), is a 2–
18 GHz airborne FMCW radar developed by CReSIS at the
University of Kansas (Yan et al., 2017a, b; Arnold et al.,
2020). The radar system uses a chirp generator based on
a direct digital synthesizer (DDS) with a frequency multi-
plier and a down-converter, dual-polarized transmitter and
receiver antennas, intermediate frequency section, and a dig-
ital acquisition unit. The radar has four channels with full
polarimetric transmit and recording capability (VV, HH: co-
polarized, VH, and HV: cross-polarized). The radar trans-
mits with a pulse length of 240 µs at an effective PRF of ap-
proximately 3.9 kHz and records at a sampling frequency of
125 MHz. The approximate range resolution is ∼ 1 cm and
the typical along-track spacing 1.35 m.

3.6.2 Data processing

UWBM data undergo extensive processing, which involves
removing coherent noise, often visible as undulating lines
in radargrams (Fig. 4b), using a low-pass boxcar filter. The
system far-field response is extracted using Discrete Fourier
Transform methods to detect strong reflectors (e.g., open wa-
ter leads) that provide high signal to noise ratio targets. The
impulse response from these reflectors is used to deconvolve
the radar signal, enhancing range resolution and minimizing
sidelobes (Yan et al., 2017a).

Furthermore, the processing includes post-processing
steps that perform motion compensation using the NovA-
tel DL-V3 GPS data and filter out erroneous data based on
aircraft altitude and pitch/roll parameters, snow depth con-
straints, and surface temperature readings. Validation exer-
cises over landfast sea ice show that this radar processing
achieves a mean bias below 1 cm (Jutila et al., 2022), demon-
strating the reliability of the UWBM radar system for high-
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resolution snow depth measurement on Arctic sea ice (Jutila
et al., 2021, 2022; Franke et al., 2025a) and grounded ice
(Humbert et al., 2020).

3.6.3 Deployments of the UWBM system since 2016

After a testing phase between 2015–2016, the UWBM was
first deployed on land ice alongside the UWB in the 2016
season in northwest and northeast Greenland. A second de-
ployment of the same instrument combination was carried
out in the 2018 Greenland season to map near-surface fea-
tures (e.g., Humbert et al., 2020). The UWBM has also been
used in the Arctic for several campaigns since 2017 over sea
ice, in combination with other instruments such as the air-
borne laser scanner and EM Bird, as part of the AWI Icebird
campaigns (Jutila et al., 2021, 2022). Since this article fo-
cuses on radar survey flights over land ice and ice shelves,
the flights over sea ice are not included here.

During the Antarctic season 2022/23, the first UWBM de-
ployment on Antarctic land ice took place in coastal western
Dronning Maud Land. Data were collected near Neumayer
Station over the Halvarryggen ice rise, and along the tra-
verse between Neumayer and Kohnen stations, as well as on
the fast ice of Atka Bay. In Atka Bay, the UWBM was able
to map snow thickness and detected flooded sea ice regions
on the sea ice and iceberg-induced snowdrifts (Franke et al.,
2025a; Hames et al., 2026). In the Antarctic 2025/26 season,
UWBM data were collected mainly on the plateau around
Kohnen Station as well as individual profiles over Atka Bay
and the Kottas traverse.

4 AWI radar workflow

4.1 Data acquisition, processing, format conversion
and archiving

For the various airborne radar systems operated by AWI,
data acquisition and processing rely on different hardware
and software packages. These differing workflows converge
into a unified framework after the creation of processed radar
data products. In this way, standardized data formats are
made available from all radar systems for end users, enabling
efficient usage, broad accessibility, and consistent archiv-
ing. The fundamental workflow or data flow is illustrated in
Fig. 7.

At the acquisition level of each radar system, data undergo
preliminary processing before being written to storage. This
step may include horizontal and vertical stacking or signal
amplification. The raw data at acquisition are stored as pri-
mary data in the AWI tape archive within a protected, write-
secure area. At the processing level, the raw data are input to
various software packages, e.g., the OPR Toolbox (formerly
CReSIS Toolbox; Open Polar Radar, 2023) for UWB and
UWBM data, the FMCW Converter for ASIRAS, ACCU,
and SNOW data, and the software Paradigm™ from Aspen-

Tech Subsurface Science & Engineering for EMR data. The
processing outputs, depending on the software, are saved as
primary data products in a dedicated section of the AWI tape
archive designed for long-term storage, offering high secu-
rity against data loss.

To ensure uniform data formats and simplified usability,
the processed data products in their diverse formats are in-
tegrated into an IDL Data Converter. The output consists
of standardized NetCDF files for radar data, geodata such
as KML and shapefiles, quicklook images of radargrams,
and standardized SEGY files and coordinate files for im-
port into commercial seismic software (e.g. Paradigm™) for
post-processing and horizon picking. These converted files
are also stored on the AWI Hybrid-NAS-Storage, which of-
fers fast connectivity to the internal network and high perfor-
mance computing resources for analysis and post-processing.

Furthermore, the standardized radar data are made pub-
licly available at two central repositories. Radar data
(NetCDF files), radar profile coordinates (KML files), and
quicklook radargram images (JPGs) are archived on PAN-
GAEA (Felden et al., 2023; Eisen et al., 2024). Additionally,
radar profile coordinates, quicklook radargrams, and other
metadata are forwarded to the Marine Data Portal.

4.2 Ice surface reflection determination

To determine the surface reflection, we use a leading-edge
retracker for all radar data products. This retracker applies
the TCOG (Threshold Centre of Gravity) algorithm (Davis,
1997) within a specific window, capturing the leading edge
with a threshold of 0.8. This approach provides a consistent
method for determining surface reflection across all radar
products by identifying it at the gradient’s ascent toward the
maximum.

We choose this approach instead of allocating surface re-
flection at the local maximum because the maximum can be
broad, saturated, and potentially characterized by multiple
peaks. In a few cases, the algorithm fails: for example, when
sidelobes near the surface are too strong, when the track-
ing window migrates out of the surface reflection due to sig-
nificant changes in flight altitude, when strong near-surface
reflections occur, or when aircraft roll is large. These cases
were manually corrected for EMR, UWB and UWBM data.

4.3 Ice base reflection determination

The picks of the ice base are provided for several radar data
products and was traced using different criteria. For all UWB
products with a vertical resolution of 5 m or better, the base
reflection was predominantly picked at the local maximum of
the base reflection. For the EMR products, which has a range
resolution of ∼ 5–50 m, the pick was made at the steepest
part of the gradient to the local maximum, as the basal re-
flection return is very broad for this radar product.
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Figure 7. Flow chart of AWI radar data from (a) acquisition, over (b) processing and (c) conversion, to (d) public data access and post-
processing. The panels on the right represent the level of data backup for the respective data level.

Ice base picks are not consistently provided for all radar
data sets. Current and future efforts are being made to revise
the ice base picks and ice thickness archive from AWI radar
measurements. In the future, each dataset on PANGAEA and
in the Radar Viewer will include a link to the corresponding
curated ice base pick and ice thickness dataset.

5 AWI radar surveys

So far, AWI has collected more than one million profile-km
of radar data, i.e., the sum of the length of all radar prod-
ucts from the different radar systems. This data have been
used for a wide range of scientific objectives covering a va-
riety of glaciological and geophysical problems in the polar

regions. The vast majority of flights were conducted over the
Antarctic and Greenland ice sheets, but individual ice caps
and glaciers in both Greenland and the Canadian Arctic were
also surveyed. In this section, we present a summary of key
scientific targets and outcomes.

5.1 Ice thickness surveys in East Antarctica and
Greenland

The initial historic reason for surveying the polar ice sheets
with radar was to map the bed topography beneath the ice.
Since 1994, AWI has conducted extensive radar surveys
to determine the ice thickness of the Antarctic and Green-
land ice sheets. In Antarctica, these surveys focused mainly
on Dronning Maud Land (Steinhage et al., 1999, 2001;
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Figure 8. AWI radar data coverage over the Antarctic Ice Sheet categorized by radar systems. (a) EMR long-pulse (600 ns), (b) EMR short-
pulse (60 ns), (c) ACCU radar, (d) SNOW radar, (e) ASIRAS, and (f) UWB radar, (g) UWBM radar, (h) spatial profile density of all AWI
radar systems. For the computation of the spatial profile density, we exclude the ASIRAS profiles. The white circles represent deep ice core
locations and the black lines the IMBIE drainage basins (Rignot et al., 2019).

Riedel et al., 2012; Karlsson et al., 2018; Eisermann et al.,
2020, 2021; Franke et al., 2021a). They have been con-
tributing a considerable amount of data to continent-wide
ice thickness and bed topography datasets such as Bedmap
(Lythe and Vaughan, 2001; Fretwell et al., 2013; Frémand
et al., 2023; Pritchard et al., 2025) and BedMachine Antarc-
tica (Morlighem et al., 2020) as well as for modelling studies
(e.g., Kleiner and Humbert, 2014, see Sect. 5.10 for details)
and serve as a benchmark dataset for automatic ice-base ex-
traction (Dreier et al., 2025).

In Greenland, the measured ice thickness primarily cov-
ers the northeastern part of the ice sheet (Mayer et al., 1999;
Franke et al., 2020, 2022a; Zeising et al., 2024) and the area
surrounding the NorthGRIP ice core (Nixdorf and Göktas,
2001). The bed topography derived from a survey with the
UWB system led to the discovery of a large impact crater be-
neath Hiawatha Glacier in northwest Greenland (Kjær et al.,
2018). All ice thickness data together form an essential com-
ponent of Greenland-wide ice thickness and bed topography
products (Bamber et al., 2013; Morlighem et al., 2017).

The majority of ice thickness measurements, both in
Greenland and Antarctica, were obtained from surveys with
the EMR radar, but was largely replaced by using the
UWB radar since 2016 for most glaciological objectives and
projects. For aerogeophysical surveys, the simpler and lighter
EMR system remains a standard system for combination with
gravity and magnetic sensors due to its generally reduced
weight and thus greater range. Additionally, for logistical
reasons, it can be advantageous to use the EMR when the

UWB system is currently in use in the Arctic or not oper-
ational. Testing of a lighter gravimeter alongside EMR in
2022/23 (Johann et al., 2025) paved the way for gravimetry
together with UWB for the first time in the Antarctic season
of 2024/25. Despite the weight saving, this combination still
offers a shorter range than is possible with the EMR system.

Both radar systems are capable of sounding ice more than
three kilometres thick, but the improved configuration and
processing capabilities of the UWB system provide better
range and along-track resolution of the bed topography. For
ice thickness determinations using the EMR radar, long-
pulse data were used to identify the base reflection in profiles
where (i) short-pulse data were not available or (ii) the base
reflection was not visible in the short-pulse data. Since short-
pulse data offer better vertical resolution, they were preferred
for ice thickness determination where the base reflection is
visible due to the higher vertical resolution of the data prod-
uct.

5.2 Basal properties

In addition to studies focusing on ice-thickness determina-
tion, AWI radar data have also been used to examine the de-
tailed properties of the ice sheet base. In both Greenland and
Antarctica, bed topography analyses have been employed
to investigate valley structures and the roughness of the
bed using various metrics (Eisen et al., 2020; Franke et al.,
2021b, a). These studies range from a contribution of data in
DML to continental-scale studies (Eisen et al., 2020), to local
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Figure 9. AWI radar data coverage over the Greenland Ice Sheet and Canadian Arctic categorized by radar systems. (a) EMR long-pulse
(600 ns) profiles, (b) EMR short-pulse (60 ns) data, (c) ACCU radar, (d) ASIRAS, (e) UWB radar, (f) UWBM radar, (g) spatial profile density
of all radar surveys. For the computation of the spatial profile density, we exclude the ASIRAS profiles. The white circles represent deep ice
core locations and the black lines the IMBIE drainage basins (Mouginot et al., 2017).

and regional contexts to explore the relationship between ice
flow, its direction, and the direction-dependent basal rough-
ness (Franke et al., 2021b) as well as landscape preservation
and origin underneath the AIS and GrIS (Franke et al., 2021a;
Carter et al., 2025b; Paxman et al., 2026). To further refine
our understanding of bedrock roughness on smaller spatial
scales, parameters like the waveform abruptness of the base
reflection and characteristic side reflections parallel to flight
tracks have been analyzed. For instance at the onset region
of the Northeast Greenland Ice Stream (NEGIS) off-nadir re-
flections indicate the presence of elongated subglacial land-
forms oriented parallel to ice flow and shaped by ice stream
activity (Franke et al., 2020, 2021b), and were categorized in
a high-resolution DEM of the bed topography as mega-scale
glacial lineations (Carter et al., 2025a).

Next to mapping bedrock topography and subglacial land-
scapes shaped by glacial activity, radar data are also impor-
tant for analyzing the transport and storage of subglacial wa-

ter. High-resolution ice thickness measurements are essential
for modelling how subglacial water moves and identifying
potential locations where it might pool, such as subglacial
lakes (Goeller et al., 2016). While radar data alone are often
not sufficient for unambiguous lake detection, they serve as a
crucial foundation for combination with other measurements
or models. For example, in western DML, radar data com-
bined with SAR interferometry have shown how subglacial
water moves between topographic depressions (Neckel et al.,
2021).

In addition to radar signals at the ice–base interface, the
reflection characteristics of basal ice are also valuable for un-
derstanding basal properties and processes. High-resolution
ultra-wideband (UWB) data from a 2018 survey of Jutul-
straumen Glacier revealed embedded point scatterers, which
are likely sediment particles instead of liquid water inclu-
sions (Franke et al., 2023b). Sediments are likely to become
entrained when subglacial water freezes to the ice base, in-
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Figure 10. AWI UWB swath radar capability to image high-
resolution bed topography. (a) Sketch of the swath radar aquisition
principle. (b) Digital elevation model of the bed topography around
the EastGRIP drill site at the onset region of the NEGIS with a grid
resolution of 25 m. The DEM highlights subglacial landforms, such
as mega-scale glacial lineations (MSGLs), crag-and-tails, and basal
meltwater channels (Carter et al., 2025a). Both figures are modified
from Carter et al. (2025a).

fluencing not only the mechanical properties of the basal ice
during flow but also providing insights into the basal tem-
perature regime and the presence of subglacial water and up-
stream basal melting (Franke et al., 2024).

5.3 Ice core reconnaissance

One of the fundamental reasons why radar surveys are con-
ducted in Greenland and Antarctica is to identify suitable
locations for deep ice core drilling (Bingham et al., 2025;
Mutter and Holschuh, 2025). Moreover, radar measurements
near core sites offer a way to extrapolate the information
from dated ice cores laterally across a wider area. For this
purpose, the European Project for Ice Coring in Antarctica
(EPICA) pre-site surveys in western Dronning Maud Land
used airborne EMR radar measurements between 1994 and
1999 to search for a region with undisturbed layering, a low
flow velocity, and sufficient ice thickness for drilling, ideally

at a summit or ice divide (Steinhage et al., 1999; Steinhage,
2001). Additionally, the bedrock topography played a cru-
cial role in determining a suitable drilling location (Steinhage
et al., 1999, 2001).

The ice-thickness data also formed the basis for further
ice dynamic modelling leading to the selection of the EPICA
DML drilling site near 75° S and 0° (Huybrechts et al., 2000;
Wilhelms et al., 2014). Subsequently, Kohnen Station was
established in 2001 at the drill site, providing a logistics
base for deep ice core drilling of the EDML ice core (Wil-
helms et al., 2014). To locate a suitable drill site for the old-
est Antarctic ice core, Sutter et al. (2019) used radar-derived
ice thickness data to perform 3-D continental ice-sheet mod-
elling.

Moreover, AWI radar data were crucial in identifying
promising sites for 1.5-million-year-old ice in Antarctica.
AWI’s surveys in the Dome Fuji region (2014/15 and
2016/17) revealed detailed subglacial topography, which re-
fined thermokinematic models to predict frozen basal ice
locations (Karlsson et al., 2018). In the Dome C region,
AWI radar data, combined with other datasets, identified ar-
eas with low basal roughness and minimal subglacial water,
which are key for preserving ancient ice (Young et al., 2017).
These data were integrated with thermodynamic modeling to
constrain geothermal heat flux thresholds, pinpointing Dome
Fuji and Dome C as ideal candidates for retrieving old ice
cores (Van Liefferinge et al., 2018).

In connection with the North Greenland Ice Core Project
(NorthGRIP) for drilling in central Greenland between 1996
and 2001 (Dahl-Jensen et al., 2002), an extensive grid was
flown around the drilling site to map internal stratigraphic
layering, which might threaten the continuity of the ice core
chronology (Nixdorf and Göktas, 2001), and to connect the
new site to the existing GRIP ice core (Dahl-Jensen et al.,
1997). The data suggested that, at the time, a continuous
ice core record reaching back to the Eemian period (129–
116 ka BP) in the last interglacial could be expected. More-
over, AWI UWB radar data were used together with NASA’s
Operation IceBridge data to determine a suitable ice core
drill site on Müller Ice Cap on Umingmat Nunaat (Axel
Heiberg Island), in the Canadian Arctic (Fig. 9c) to retrieve
an undisturbed Holocene climate record (Lilien et al., 2024).

5.4 Age-depth distribution of the Antarctic and
Greenland Ice sheets

Internal reflection horizons (IRHs) are crucial for under-
standing the age–depth structure of ice sheets and can of-
ten be precisely dated using ice cores. Prominent ice-sheet
wide IRHs are typically caused by the deposits of global
bipolar volcanic eruptions and can often be traced in radar-
grams across large areas of Antarctica and Greenland (Mil-
lar, 1981). However, a wide range of IRHs can also origi-
nate from local or non-bipolar volcanic eruptions. At several
ice-core sites in Greenland (Hempel et al., 2000, at GRIP,
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Figure 11. Selection of results from AWI radar data over Antarctica: (a) Ice thickness (Steinhage et al., 2001; Frémand et al., 2023; Pritchard
et al., 2025), (b) Basal roughness represented as RMS deviation (Eisen et al., 2020), (c) Internal Reflection Horizon (IRH) coverage from
Franke et al. (2025b) (blue), Wang et al. (2023) (green), Winter et al. (2019) (orange), Koch et al. (2023) (red; at Derwael Ice Rise), and
Bodart et al. (2026) (purple).

Mojtabavi et al., 2022, at NorthGRIP, NEEM and EastGRIP)
and Antarctica (Eisen et al., 2006; Franke et al., 2025b, at
EDML and Winter et al., 2017, at EDC) electromagnetic for-
ward modelling showed that many of the prominent IRHs in
Antarctica and Greenland are linked to conductivity peaks in
the ice. Consequently, IRHs are present and intercomparable
in various radar data products available to the radioglaciol-
ogy community (Winter et al., 2017; Franke et al., 2025b;
Bodart et al., 2026). Moreover, IRHs represent consistent age
markers, serving as archives of the historical development of
the Antarctic and Greenland ice sheets. They are essential for
reconstructing the mass balance at both the ice surface and
base, as well as for understanding the deformation history of
the ice, which is currently a major objective of the SCAR
Action Group AntArchitecture (Bingham et al., 2025).

IRHs have been extensively traced and dated in AWI radar
data across Dronning Maud Land and central East Antarctica
(Steinhage et al., 2013; Winter et al., 2019; Wang et al., 2023;
Franke et al., 2025b; Bodart et al., 2026, Fig. 11c). As part of
the fourth International Polar Year AWI conducted the first
Dome Connection flights to connect major ice domes in East
Antarctica in 2007–2008 (Talos Dome–Dome Concordia–
Vostok–Dome A; Winter et al., 2019). Moreover, IRHs were
traced over coastal regions in eastern DML to investigate
the dynamic imprints and histories of ice rises (e.g., Halfar-
ryggen and Derwael Ice Rise; Drews et al., 2013; Koch et al.,
2023; Ershadi et al., 2024; Henry et al., 2025b).

It has been demonstrated that some of the IRHs traced over
large areas in radar data from Dronning Maud Land (Win-
ter et al., 2019; Wang et al., 2023; Franke et al., 2025b)
and Central East Antarctica (Winter et al., 2019) match
to similar IRHs in both East and West Antarctica (Franke
et al., 2025b). This represents a significant contribution to
Antarctic-wide modelling approaches that use IRHs to cal-
ibrate their models (e.g., Sutter et al., 2021; Theofilopou-
los and Born, 2023; Bodart et al., 2026) and to develop

a three-dimensional, continent-wide age-depth architecture
model (as for the Greenland Ice Sheet MacGregor et al.,
2015, 2025), as pursued by the AntArchitecture initiative
(Bingham et al., 2025).

Furthermore, AWI data have enabled IRHs to be exten-
sively mapped in central and northeast Greenland (Nixdorf
and Göktas, 2001; Franke et al., 2023a; Jansen et al., 2024,
Fig. 13b) around the NorthGRIP ice core site and at the on-
set of the Northeast Greenland Ice Stream. When IRHs are
mapped in closely-spaced survey grids, they can be used for
constructing 3D surfaces of ice sheet structures (Bons et al.,
2016; Franke et al., 2022a, 2023a; Jansen et al., 2024) pro-
viding crucial information on ice deformation.

Only a fraction of visible IRHs have been traced to date.
The large archive of radar data over the polar ice sheets thus
represents a considerable untapped opportunity for tracing
IRHs using semi-automatic tracing methods as well as with
the help of machine learning (Moqadam and Eisen, 2025;
Moqadam et al., 2025).

5.5 Ice-sheet dynamics and stability

Besides exploring areas of the ice sheet that are dynami-
cally stable with undisturbed internal stratigraphy, various
AWI radar campaigns have focused on dynamic regions in
Greenland and Antarctica, particularly with the aim to bet-
ter understand ice-stream systems. From 2016 through 2022,
surveys using the AWI UWB radar primarily targeted the on-
set region of NEGIS in the vicinity of the EastGRIP ice core
drill site and the region of the 79° NG. The high-resolution
radar data collected along and across the ice flow direction
at NEGIS, as well as over its shear zones (Franke et al.,
2022c), provided fundamental insights into the formation and
temporal evolution of this ice stream (Jansen et al., 2024).
The data help underscore the implausibility of the hypoth-
esis linking the fast-flowing NEGIS to exceptional geother-
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mal heat flux (Fahnestock et al., 2001; Smith-Johnsen et al.,
2020; Bons et al., 2021; Zhang et al., 2025). Furthermore the
data contributed towards a better understanding of the evo-
lution of large scale folding (Zhang et al., 2024; Bons et al.,
2025) with implications for ice stream dynamics in northeast
Greenland during the Holocene (Franke et al., 2022a). Ad-
ditionally, the AWI UWB operated in 2018 and 2022 near
EastGRIP in swath mode, enabling a high-resolution recon-
struction of bedrock topography at the NEGIS onset (Fig. 10;
Carter et al., 2025a).

Callens et al. (2014) investigated the basal conditions of
West Ragnhild Glacier in DML to characterize its ice flow
regime using satellite remote sensing, AWI airborne radar
data and ice sheet modelling. In coastal areas in eastern
DML, AWI radar data collected over ice rises (Matsuoka
et al., 2015; Koch et al., 2023) were used as ice dynamic
proxies by interpreting the isochrone geometry beneath the
local ice divides. Here, stratigraphic arches, referred to as
Raymond Bumps (Raymond, 1983) are a metric for the sta-
bility of conditions at the ice-divide, which, in turn, is a proxy
for the millenial timescale stability of the surrounding catch-
ment. Examples of surveyed ice rises in Dronning Maud in-
clude Halvfarryggen (Drews et al., 2013), Derwael Ice Rise
(Koch et al., 2023; Henry et al., 2025a, b), and Hammar-
ryggen ice promontory (Ershadi et al., 2024).

Ice shelves, their interactions with the ocean, and their ca-
pacity to buttress tributary ice flows have also been investi-
gated with radar data. This includes, for example, the role of
smaller ice rumples which increase ice-shelf damage (Hum-
bert and Steinhage, 2011), the use of highly resolved ice-
shelf thickness maps to determine ocean-induced melt rates
(Neckel et al., 2012), partitioning of the ice-shelf composi-
tion (Višnjević et al., 2022, 2025), and the imaging of sub-
glacial water outlets near the grounding zone (Drews et al.,
2017; Neckel et al., 2021; Zhou et al., 2025).

5.6 Ice-sheet and ice-shelf hydrology

Airborne radar data from AWI surveys have played a central
role in advancing our understanding of ice sheet hydrology,
from subglacial lakes beneath the Antarctic ice sheet (Liv-
ingstone et al., 2022; Goeller et al., 2016; Humbert et al.,
2018) to englacial channels (Humbert et al., 2025) and sur-
face melt features in Greenland. Since the early identification
of bright, flat reflectors linked to subglacial lakes (Oswald
and Robin, 1973), AWI radar systems have been instrumen-
tal in detecting both active and stable water bodies beneath
ice sheets (Goeller et al., 2016; Humbert et al., 2018; Neckel
et al., 2021). While surface elevation changes help identify
actively filling or draining lakes (Neckel et al., 2021), sta-
ble subglacial lakes require radar confirmation using crite-
ria such as high basal reflectivity, relative power contrasts,
and echo specularity (Humbert et al., 2018). However, in-
terpretation using these criteria is complicated by uncertain
attenuation rates and the presence of basal ice with entrained

water (Hills et al., 2024). Additional indicators, such as dis-
rupted internal layering or slope changes in radar horizons,
can further support subglacial lake identification (Gudlaugs-
son et al., 2016; Humbert et al., 2018).

In Greenland, AWI radar campaigns have contributed key
insights into surface meltwater refreezing and firn saturation
(Fig. 12). Increasing surface melt has led to the widespread
formation of ice slabs – dense, refrozen layers (Culberg et al.,
2021) within the firn that reduce permeability and enhance
runoff (MacFerrin et al., 2019). During the 2024 Polarmoni-
tor campaign, AWI used UWB radar in high resolution mode
to image stratigraphic detail in these slabs (Fig. 12c). Track-
ing their expansion is critical for understanding changes in
Greenland’s water retention capacity and for benchmarking
firn hydrology models. Moreover, firn aquifers act as long-
term reservoirs of liquid water in southeastern Greenland’s
accumulation zone and were mapped using AWI radar data as
areas showing strong firn-ice reflectors (Fig. 12b) and an ab-
sence of bed echoes due to signal attenuation due to the pres-
ence of water (Miège et al., 2016). Transects over regions like
Køge Bugt demonstrated that detecting changes in aquifer
extent is only possible through airborne radar, as these fea-
tures are invisible in optical or surface elevation data.

In Antarctica, AWI radar data contributed to assess poten-
tial subglacial lake locations underneath the East Antarctic
ice sheet (Goeller et al., 2016). Moreover, radar data in com-
bination with remote sensing products and thermal modelling
enabled the detection of (i) cascading subglacial water flow
via filling and draining of subglacial lakes (Neckel et al.,
2021) as well as (ii) freeze-on of subglacial water with en-
trained sediment (Franke et al., 2023b, 2024) at the onset of
the Jutulstraumen Glacier.

AWI radar data also revealed the persistence of englacial
channels (e.g. Zhou et al., 2025, near the grounding line (GL)
of the Roi Baudouin Ice Shelf), as well as channels formed
during supraglacial lake drainage at Greenland’s 79° NG
(Humbert et al., 2025). Here, a 21 km2 lake has repeatedly
filled and drained over the past decade and repeated UWB
surveys since 2016 revealed englacial features that remain
detectable and mobile years after formation (Humbert et al.,
2025). These observations offer rare insight into how long
such drainage pathways remain open and how they inter-
act with glacier motion. Additional radar observations have
shown that lake ice in supraglacial lakes causes a pronounced
thickness gradient, forming continuously at the upstream end
as the glacier flows downstream (Schröder et al., 2020). This
internal structure influences lake stability and drainage be-
havior, with implications for ice flow.

In addition, fractures and crevasses are important for both
hydrology and ice mechanics and are well resolved in AWI
radar data. Crack tips appear as hyperbolas in radargrams
and can be analyzed to assess crevasse depth and geometry.
Radar surveys have detected basal crevasses on the Ross Ice
Shelf (Jezek et al., 1979) and surface fractures in Greenland
(Forster et al., 2014; Thompson et al., 2020). These mea-
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Figure 12. Radar signatures of (b) englacial meltwater in firn (Profile ID: 20240821_01_010) and (c) refrozen ice slabs (Profile ID:
20240828_01_006). Both radar profiles were recorded with the UWB in a frequency range of 150–520 MHz during the ARK 2024 Greenland
campaign. The locations of both radar profiles are indicated in (a).

surements have been used to estimate energy release and to
identify fatigue cracks (Humbert et al., 2023a, b). Moreover,
fractures linked to supraglacial lake drainage are clearly vis-
ible in radargrams, offering a new window into meltwater-
induced fracturing processes (Humbert et al., 2025).

5.7 Mapping and understanding crustal and geological
variability and evolution

AWI airborne radar data play an important role in a number
of studies of large-scale geological variability and tectonic
structure in Antarctica (e.g., Ruppel et al., 2018). Given that
additional geophysical instruments, such as magnetometers
and gravimeters, have been used less frequently in Green-
land campaigns alongside radar systems (Figs. A3 and A4),
this section will primarily focus on scientific findings from
Antarctic campaigns. However, magnetic surveys were con-
ducted in Greenland alongside AWI EMR measurements be-
tween 1997 and 2004 (e.g., Mayer et al., 1999), with data
available in compilations such as the Greenland Magnetic
Map (GREENMAG; Heincke et al., 2026).

Once adjusted for the loading effect of the ice sheet, which
requires detailed analysis of coincident gravity anomaly data,
the regional height of the upper rock surface can be re-
lated to variations in the thickness of the crust. In this way,
Riedel et al. (2012) calculated considerable variability about
a relatively thick mean crustal thickness in Dronning Maud
Land, relating it to the amalgamation and later breakup of
the supercontinent Gondwana by tectonic collisions and ex-
tension. They noted also that very thick (∼ 51 km) crust of
the Wohlthat Massif appears to be subject to ongoing vertical
isostatic motions in response to much more recent changes in
the thickness of the East Antarctic ice sheet.

Radar-derived bed heights are essential for understanding
and interpreting those components of the gravity anomaly
signal that vary along with lithological variability, especially
for calculating the Bouguer anomaly for certain areas. These
calculations remove the gravity effects of density contrasts
between rocks, ice, and air, showing the regional crustal
thickness variability. Using this kind of approach, Riedel
et al. (2012) identified long linear density contrasts that mark
crustal suture zones: the lines of long-vanished oceans that
were destroyed during the incorporation of what is now
Antarctica into Gondwana, as well the lower density fill of
Jurassic-aged extensional basins close to the coast.

Eagles et al. (2018) and Franke et al. (2021a) used radar-
derived depths to the glacial bed to map networks of V-
shaped valleys that they interpreted as evidence for the pres-
ence of ancient preserved fluvial landscapes in the deep in-
terior of DML. Eagles et al. (2018) noted that some of the
valleys appear to have been cut by erosion that was focused
onto ancient tectonic structures. They considered the geolog-
ical system’s various roles in the history of sediment routing
to the floor of the deep Southern Ocean, and in the long-term
topographic evolution of Dronning Maud Land, in particular
its seaward-facing great escarpment.

Radar data also play an important role in the interpreta-
tion of magnetic field anomaly variability (Mieth et al., 2014;
Ruppel et al., 2018). The depth of the magnetic sources can
be roughly estimated on its wavelength spectrum or more
simply by comparative lineament analyses. Sources that lie
deeper than the radar bed depth imply the presence of inter-
vening layers of sedimentary rocks, whose magnetic suscep-
tibilities tend to be small. In this way, Paxman et al. (2019)
reported on the presence of a major, probably Jurassic-aged,
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sedimentary basin between the South Pole and Pensacola
mountains. Nogi et al. (2013) and Guy et al. (2024) elab-
orated on the structure of the crustal suture zones around
Lützow-Holm Bay and further south in DML, some of which
were recognized earlier by Riedel et al. (2012) and Rup-
pel et al. (2018). Here, Guy et al. (2024) conclude that it
comprises fragments both of billion year-old volcanic is-
land arcs and at least one much older continental fragment.
The remnants of the ancient volcanic system today cover an
area ∼ 600 km wide and nearly 1500 km long, meaning that
whilst active it may have been a feature comparable to to-
day’s Antarctic Peninsula (Ruppel et al., 2018).

5.8 Ice shelf bathymetry and stability

AWI airborne radar data have been crucial in enhancing our
understanding of subglacial and bathymetric features beneath
Antarctic ice shelves. Across multiple studies, these data
have been employed to infer bathymetric models, assess ice
shelf stability, and explore the dynamics of ice–ocean inter-
actions.

Lambrecht et al. (1999) used AWI EMR radar data from
the ANT 1994/95 season to investigate the mass-balance con-
ditions in the southeastern Ronne Ice Shelf (RIS). Moreover,
the radar data contributed to a comprehensive data set of
ice thickness of the entire Filchner–Ronne Ice Shelf, with
specific focus on grounding lines (e.g., of Foundation Ice
Stream; Lambrecht et al., 1997) and marine ice (Lambrecht
et al., 2007).

Eisermann et al. (2020, 2021) utilized radar data in coastal
Dronning Maud Land to model subglacial topography be-
neath the Ekström, Atka, Jelbart, Fimbul, Vigrid, Borch-
grevink and Roi Baudouin ice shelves. By integrating ice-
shelf thickness derived from radar data with seismic, grav-
ity, and multibeam bathymetric references, the studies re-
vealed key topographic features such as deep troughs and
sills that regulate the entry of Warm Deep Water into the
cavities beneath ice shelves. These findings underscore the
role of bathymetric features in modulating basal melting and
shielding even small ice shelves from oceanic heat. Vari-
ations in warm water access between different ice shelves
highlights the spatial variability of ice–ocean interactions,
thereby providing insights into potential impacts of climate-
driven changes in water temperature and circulation (e.g.,
Noble et al., 2020; Jourdain et al., 2022). Moreover, the
refinement of the regional bathymetry over the Nivl and
Lazarev ice shelves emphasizes the protective role of bathy-
metric ridges (Eisermann et al., 2024) and are important con-
straints for glaciological and oceanographic models.

These data also helped to determine subglacial water flow
at the grounding line, estimating basal melting rates, and
assess ice shelf morphology and stability (Drews et al.,
2017, 2020; Višnjević et al., 2022, 2025; Henry et al.,
2025a, b). On the Fimbul and Jelbart Ice Shelf, AWI radar
data helped to constrain the dynamic ice shelf evolution

Figure 13. Selection of results from AWI radar data over Green-
land: (a) Ice thickness. (b) Zoom on the onset region of the North-
east Greenland Ice Stream (NEGIS) centred at the location of the
EastGRIP ice core. The background is ice flow velocity (Joughin
et al., 2018) overlain by a hillshaded version of the 7.2 ka IRH depth
from Jansen et al. (2024). The colored dots represent the depth-
averaged difference in horizontal eigenvalues (1λ) of the ice crys-
tal orientation fabric derived from an analysis of travel-time differ-
ences of crossing radar profiles (Gerber et al., 2023). The fine black
lines represent the radar profiles of the EGRIP-NOR-2018 survey
(Franke et al., 2022c), and the approximate location of the shear
margins is indicated with a dashed line.

https://doi.org/10.5194/tc-20-2485-2026 The Cryosphere, 20, 2485–2530, 2026



2504 S. Franke et al.: 30 years of airborne radar surveys by the Alfred Wegener Institute

based on their surface and basal structure (Humbert and
Steinhage, 2011; Humbert et al., 2015). Moreover, radar-
derived ice shelf and ice rise thickness measurements were
key to determine the basal mass balance of Ekströmisen
(Neckel et al., 2012) and the evolution of its drainage basin
over the last 40 000 years (Schannwell et al., 2020).

In Greenland, the disintegration of the largest floating ice
tongue at the 79° N Glacier in Northeast Greenland (Humbert
et al., 2023b) was studied in greater detail. Using AWI air-
borne radar data, it was possible to determine significant tem-
poral changes in the geometry of the ice shelf (Zeising et al.,
2024) as well as the influencing factors and basal melt rates
using an oceanographic plume model (Mohammadi-Aragh
et al., 2025).

5.9 Mass balance

AWI’s radar systems were used to analyze surface mass bal-
ance (SMB) and snow accumulation rates in different glacio-
logical contexts. Accumulation distribution was mapped on
Pine Island Glacier in West Antarctica with the ASIRAS sys-
tem, demonstrating identification of annual resolution from
IRHs on a regional scale (Kowalewski et al., 2021). The
integration of these radar-derived layers with ground-based
neutron probe measurements facilitated precise dating and
density profiling, covering over 2300 km, eventually result-
ing in SMB estimates. The results highlighted SMB distri-
bution trends, such as the pronounced orographic precipita-
tion shadow effects in specific regions, and provided criti-
cal inputs for modelling total mass input to the basin with-
out evidence of a long-term trend in accumulation rates
(Kowalewski et al., 2021).

Similarly, in Greenland, AWI’s use of the ASIRAS pro-
vided high-resolution measurements of winter snow accumu-
lation rates in the percolation zone (Helm et al., 2007). By de-
tecting subsurface reflection horizons corresponding to pre-
vious summer melt surfaces, ASIRAS captured spatial vari-
ability influenced by topographic undulations and snow re-
distribution by winds. This method offered accumulation es-
timates comparable to field measurements and demonstrated
the potential for extended regional and temporal monitoring
of accumulation rates (Helm et al., 2007) similar to the us-
age of ground-based radar systems in Greenland (Steinhage
et al., 2005; Karlsson et al., 2020).

Most studies that focused on SMB reconstruction in
DML used the radar stratigraphy from shallow ground-
penetrating radar surveys (Rotschky et al., 2004; Anschütz
et al., 2006, 2008) in combination with data from firn cores.
However, with its capability to resolve near-surface IRHs
when operated in wideband mode (Figs. 4e and 5b), the AWI
UWB radar supports SMB reconstructions over wider areas
(Zuhr et al., 2026) and in combination with deep-sounding
surveys (Fig. 6d).

At the onset of the Jutulstraumen Glacier in western Dron-
ning Maud Land, the UWB radar was used to investigate

basal reflection units that likely result from the refreezing
of basal meltwater originating from further upstream. These
units contribute to a positive contribution of basal mass bal-
ance in this area (Franke et al., 2024).

5.10 Ice-flow Modelling

AWI radar data have significantly advanced ice sheet mod-
elling by providing detailed insights into the internal struc-
ture and dynamics of ice sheets. A key application has been
to identify potential drill sites for retrieving the oldest ice
in Antarctica. By combining radar derived isochrone stratig-
raphy with 1D to 3D thermo-mechanical ice flow models,
Wang et al. (2023) were able to refine the age-depth scales
and basal thermal conditions in the Dome Fuji region. In
combination with ground-based radar data, Chung et al.
(2023) revealed spatial variability in basal melt rates and ar-
eas with stagnant ice, helping to constrain models of basal
thermal states and accumulation rates (e.g., Karlsson et al.,
2018).

Radar-derived IRHs also play a critical role in calibrat-
ing ice-sheet models in both ice sheets (Gerber et al., 2021;
Sutter et al., 2021; Višnjević et al., 2022, 2025). IRHs pro-
vide 3D observational constraints that highlight discrepan-
cies in surface mass balance, basal drag parameterizations
and flow dynamics. By validating models with observed in-
ternal stratigraphy, it can be demonstrated how localized
variations in e.g., geothermal heat flux, subglacial topogra-
phy, and surface mass balance affect long-term ice-sheet evo-
lution (Sutter et al., 2021; Bodart et al., 2026). Moreover,
models were used to predict the age stratigraphy of locally
accumulated ice on the Roi Baudouin ice shelf for a given
set of oceanic and atmospheric boundary conditions (Višnje-
vić et al., 2022, 2025).

At the onset of NEGIS, Gerber et al. (2021) utilized
isochrones traced from AWI radar data to constrain a two-
dimensional ice flow model, revealing that upstream flow in-
troduces climatic biases in ice cores due to advection of snow
deposited under different conditions. By modelling backward
particle trajectories, they determined source locations and
past accumulation rates, highlighting the significant roles of
basal melting and sliding in NEGIS dynamics. Based on the
englacial folds at NEGIS (Jansen et al., 2024), Zhang et al.
(2024) modeled the effect of ice anisotropy and density varia-
tions on fold amplification into large-scale folds during flow.
Moreover, Gerber et al. (2023) used radar data and ice-flow
modelling to infer the influence of the mechanical anisotropy
of NEGIS (further details in Sect. 5.11).

AWI’s radar-derived ice thickness data alone were widely
used for ice sheet modelling efforts (Humbert et al.,
2010; Kleiner and Humbert, 2014; Morlighem et al.,
2017, 2020; Rückamp et al., 2019a, b, 2020; Schannwell
et al., 2019, 2020; Mohammadi-Aragh et al., 2025). While
many modelling studies require accurate geometries and
hence ice thickness data over larger domains, up to the
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continental-scale, other modelling approaches are benefiting
substantially from ice thickness profiles along glacier stream-
lines. Modelling shows that precise overflight of a streamline
is important for the accuracy of the results. Along-flow mod-
elling approaches require bedrock topography data along the
precise streamline of the glacier for two reasons: (i) the influ-
ence of the roughness and small scale topography on sliding
needs to be represented well and/or (ii) the gravitational load
has to be realistic. This may not be given in gridded, inter-
polated datasets from which a transect is extracted (see e.g.,
Humbert et al., 2015; Christmann et al., 2021; Bodart et al.,
2026).

AWI radar data have been instrumental in constraining ice
material behavior and evaluating glacier dynamics. For both
an Antarctic ice shelf and a grounded-floating transition zone
(Humbert et al., 2015; Christmann et al., 2021), radar tran-
sects aligned with flowlines were combined with surface ele-
vation or in-situ motion data. This setup allowed simulations
to test different constitutive relations under controlled condi-
tions, excluding lateral effects.

In model validation efforts, AWI radar-derived ice geom-
etry was used to assess the adequacy of the Blatter-Pattyn
higher-order approximation compared to full-Stokes simu-
lations (Rückamp et al., 2022). Results showed that when
model resolution is coarser than a certain fraction of ice
thickness, complex physics offers no advantage, underscor-
ing the need for dense geometry data. The study also em-
phasized that reliable conclusions can only be drawn when
ice thickness is accurately resolved, as shown by contrasting
simulations of two adjacent outlet glaciers, only one of which
had dense radar profile coverage.

At Greenland’s 79° NG, AWI radar data enabled high-
resolution viscoelastic modelling of tidal forcing, basal lubri-
cation, and elastic deformation (Christmann et al., 2021). The
study revealed how variations in bed topography influence
basal sliding and stress transmission kilometres upstream of
the grounding line – demonstrating the critical role of elas-
tic processes and the value of high-resolution radar-derived
geometry for capturing short-term glacier dynamics.

5.11 Ice crystal fabric

The orientation of crystal lattice axes in ice grains, referred
to as the COF, significantly affects both the propagation of
electromagnetic waves through ice and the mechanical prop-
erties of ice. This anisotropy affects the mechanical proper-
ties of ice but also influences the propagation of radar waves
and is, thus, a key focus in the analysis of AWI radar data.
In Dronning Maud Land in East Antarctica, radar data com-
bined with the EDML ice core were used to investigate the
effect of COF variations on radar wave propagation (Drews
et al., 2012). Studies showed that changes in COF, observed
at different depths, corresponded to consistent radar reflec-
tions (Eisen et al., 2007). These observations also helped ex-

plore the origin of the so-called echo-free zone discussing the
role of COF (Drews et al., 2009).

In Northeast Greenland at the onset of NEGIS, UWB radar
measurements in 2018 (Franke et al., 2022c) were pivotal in
improving our understanding of how COF around the EGRIP
drill site (Westhoff et al., 2021; Stoll et al., 2025) impacts the
ice stream’s mechanical anisotropy (Gerber et al., 2023), in-
fluencing the directional flow and deformation properties of
the ice (Fig. 13b). Travel time delays of internal reflection
horizons from intersecting radar profiles and the radar beat
signatures revealed the effect of COF anisotropy on the ice’s
hardness during deformation (Gerber et al., 2023). The study
further suggests that compared to isotropic ice, certain parts
of the ice stream are significantly harder for along-flow ex-
tension and compression, while the shear margins could be
softened for horizontal-shear deformation by a factor of two.
Subsequent analysis of the characteristic wavelength of folds
in cloudy bands of the EGRIP ice core in the cm-scale and
folds in radargrams in the km-scale confirms the strong me-
chanical anisotropy of ice due to the lattice preferred orien-
tation at NEGIS (Bons et al., 2025).

6 Data quality

The data quality of AWI’s airborne radar systems reflects
both the technological evolution of the instruments and the
environmental challenges inherent in surveys over polar ice
sheets. Over the past three decades, AWI has maintained a
high standard of data integrity across its six radar systems,
though variations exist due to system-specific characteristics,
hardware improvements, and operational conditions. Gen-
erally, the datasets are robust and well-suited for scientific
analysis, with only isolated profiles occasionally affected by
technical issues or electromagnetic noise.

The EMR system, which has undergone continuous devel-
opment since 1994, exhibits some variability in data qual-
ity. For example, defects in hardware components led to a
degradation in data quality for the EMR system, particularly
during the ANT 2012/13 season and partly during the ANT
2013/14 season. In occasional cases, EMR profiles may con-
tain a mix of results from the short-pulse and long-pulse
product.

The ACCU and SNOW systems occasionally show hori-
zontal stripes or aliasing effects, particularly impacting the
visibility of internal reflection horizons in regions with low
accumulation rates. In several seasons, particularly from
2015 onward, persistent horizontal stripes affect parts of the
radargrams in ACCU data. Additionally, radargrams occa-
sionally exhibit aliasing effects when signals fall outside the
range gate, resulting in horizontally flipped sections.

The UWB and UWBM systems, representing the latest
generation of AWI’s radar systems, consistently deliver the
highest data quality, with exceptional resolution and minimal
noise. The UWB system, in particular, has demonstrated reli-
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able performance in both deep and shallow sounding modes,
enabling detailed imaging of englacial and subglacial fea-
tures. Only some profiles from the ANT 2016/17 season in
the 24-channel configuration and ARK 2016 season were
acquired for testing purposes and may be of reduced qual-
ity. The UWBM system, while limited to a smaller number
of flights over grounded ice, provides ultra-high-resolution
data, though it is occasionally affected by coherent noise due
to its GHz frequency range. The ASIRAS system, primarily
used for near-surface studies, generally offers excellent data
quality, though some profiles may suffer from poor signal-to-
noise ratios or coherent noise interference.

7 Data access and usage

The AWI radar data are publicly available and can be ac-
cessed as follows: (1) The inventory of the radar data
archive and the location of radar profiles in Antarc-
tica and the Arctic can be viewed via the Radar Data
Viewer over Polar Ice Sheets in the Marine Data Portal
(https://marine-data.de/viewers/, last access: 19 April 2026).
(2) The radar data files are archived and accessi-
ble via PANGAEA (Felden et al., 2023; Eisen et al.,
2024, https://doi.org/10.1594/PANGAEA.972094). Radar
data from future campaigns will be continuously added to
both the Radar Data Viewer and PANGAEA. A sample
Python Jupyter Notebook with code for loading and plotting
AWI radar NetCDF files is available as supplementary mate-
rial to this article.

7.1 Marine Data Portal (Viewer and Metadata)

7.1.1 General Features and Capabilities

AWI’s radar data are visualized in the Radar Data over
Polar Ice Sheets viewer of the Marine Data Portal (https:
//marine-data.de/viewers, last access: 19 April 2026) through
an interactive web map that allows users to explore and ac-
cess the data. The Radar Data Viewer is modeled after exist-
ing online portals that visualize radar data in polar regions,
such as the Polar Airborne Geophysics Data Portal (https://
www.bas.ac.uk/project/nagdp/, last access: 19 April 2026) of
the British Antarctic Survey (BAS; Frémand et al., 2022) or
the Open Polar Server GeoPortal (https://ops.cresis.ku.edu/,
last access: 19 April 2026) of the Center for Remote Sens-
ing and Integrated Systems (CReSIS) at the University of
Kansas. The Marine Data Portal is a brand of the Earth Data
Portal (Heß et al., 2023) with a focus on content from the
marine community and is coordinated by the German Ma-
rine Research Alliance (Deutsche Allianz Meeresforschung).
Using an interoperable Web Map Service (WMS) hosted by
the Observations to Archives and Analysis (O2A) Spatial
Data Infrastructure (SDI) (Konopatzky et al., 2023), the map
displays the locations of AWI radar profiles, categorized by
radar system, and includes profiles from CReSIS and BAS to

provide context with data from other institutes and different
background maps. The external profiles from BAS and CRe-
SIS are not available for download directly from our data
portal but help to create a comprehensive overview of radar
data in the Arctic and Antarctic.

7.1.2 Radar Profiles, Metadata and Radargram
Visualization

Users can filter displayed profiles by data acquisition period
and radar system using the left-side panel (Fig. A3). The
bottom panel enables toggling between different base lay-
ers, and a globe icon allows switching between a global per-
spective and polar stereographic projections for the Arctic
(EPSG 3413) and Antarctica (EPSG 3031).

Selecting a radar profile segment opens a popup window
with selected metadata such as the radar system, campaign
name, principal investigator (PI), project name, and the pro-
file ID. The “show more” option in the popup opens a side
panel on the right (Fig. A4), which provides detailed meta-
data, a quicklook radargram of the selected radar profile
and DOI link for downloading the dataset from PANGAEA.
Quicklooks can be enlarged by selecting them, and all quick-
looks from a radar campaign can be viewed using the “View
Gallery” option.

For UWB and UWBM systems, quicklooks are shown in
decibels (dB), while EMR, ACCU, SNOW, and ASIRAS sys-
tems are displayed in automatic gain control (AGC) mode.
EMR, ACCU and SNOW profiles can be several hundreds of
kilometres long. The quicklooks in the radar viewer are thus
subdivided into 100 km-long segments. The data for down-
load are however provided in the full profile length. Picks
for the surface and, where available, base reflections are in-
cluded. If a profile selection on the map is ambiguous, mul-
tiple matching profiles are shown, which users can browse
using the “next” and “previous” buttons.

7.1.3 Background Maps and Auxiliary Data

To place the radar data in a glaciological context, we pro-
vide background maps of subglacial bed topography and ice
surface flow velocities for both Antarctica and Greenland.
In the Radar Viewer, the Antarctic background layers cur-
rently include the Bedmap3 bed topography (Pritchard et al.,
2025) and MEaSUREs ice flow velocity data (Rignot et al.,
2017). Additionally, the Landsat Image Mosaic of Antarc-
tica (LIMA; Bindschadler et al., 2008) can be selected as a
background map. For Greenland, users can choose the Bed-
Machine bed topography (Morlighem et al., 2017) and the
MEaSUREs Multi-year Greenland Ice Sheet Velocity Mo-
saic (Joughin et al., 2018) as background maps.

7.2 PANGAEA (Archive and Download)

AWI’s radar data products are published in PANGAEA and
are directly available for download. The data are organized
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by campaign or season as consolidated entries, with datasets
linked to official AWI campaign and flight numbers (events),
sensor types, and general geographic locations. The dataset
titles include fixed terms indicating the Arctic or Antarctic
season (e.g., ARK 1998 or ANT 2018/19), the radar system
used (e.g., radar data for the EMR system, ultra-wideband
(microwave) radar data for the UWB(M) systems, accumula-
tion radar data for the ACCU system, and snow radar data for
the SNOW system), as well as the survey region. Searchable
keywords cover specific radar systems (e.g., AWI EMR, AWI
UWB, AWI UWBM, AWI ACCU, AWI SNOW, ASIRAS),
geographic locations, and ice core sites if profiles are near an
ice core.

The DOIs for the datasets can be found via (1) the Ma-
rine Data Portal, (2) through the “Collection of datasets from
AWI’s radar systems on ice sheets and glaciers” (Eisen et al.,
2024), or (3) by using relevant keywords in PANGAEA’s
search interface (e.g., https://www.pangaea.de/, last access:
19 April 2026, to search for “AWI EMR” related datasets).
Data downloads are facilitated through the “View dataset
as HTML” option, which allows users to download indi-
vidual files or the complete dataset as a compressed ZIP
archive or an uncompressed TAR archive (Fig. A5). Re-
lated data publications, such as those on ice thickness, bed
topography, internal reflection horizons, and basal rough-
ness, are also listed. All data sets and also complementary
data sets from expeditions with AWI’s polar aircraft and are
available via PANGAEA’s Expedition Portal (https://www.
PANGAEA.de/expeditions/, last access: 19 April 2026 – see
links below “Aircrafts” for a comprehensive campaign list
and links to campaign data).

The radar products are available in NetCDF format. For
a description of the variables in the NetCDF files, we refer
readers to the description in the respective PANGAEA en-
tries and to Table A5. In addition to the primary data matrix,
supplementary information is included such as the two-way
travel time (TWT) to the ice surface and, where available,
the ice base reflection along with metadata like sensor height
above ground, along-track distance, and more. KML files for
radar profile locations and quicklook images are also pro-
vided.

For the EMR, ACCU, SNOW, and ASIRAS systems, one
data product is provided. For the UWB and UWBM systems,
multiple products are available. UWB data include an unfo-
cused (qlook) and a SAR-focused (standard) product. If the
UWB system operated in polarimetric mode (e.g., during the
ARK 2022 season at the NEGIS onset), data for all four po-
larizations (VV, VH, HH, HV) are provided. Similarly, the
UWBM datasets include products for all four polarizations.

7.3 Data usage requirements

AWI radar data can be freely used, but only for scientific
purposes under a CC-BY-NC license. Any other use must be
requested and explicitly approved by the radar data admin-

istrators. A requirement for publishing with AWI radar data
is to cite the corresponding dataset, available on PANGAEA,
this paper, and, if available, a relevant original scientific pub-
lication. We also recommend acknowledging the AWI grant
IDs associated with the specific campaigns used, as noted
in the respective PANGAEA entries. All publications associ-
ated with the datasets are linked to the individual PANGAEA
datasets. For datasets that do not yet have a PANGAEA en-
try (e.g., those that are relatively new or under embargo), but
are visible in the Radar Viewer, the overarching PANGAEA
entry for the collection is referenced (Eisen et al., 2024). For
those cases, and for all other issues, the Principal Investiga-
tors of the respective campaigns should be contacted directly.

An example of how to reference AWI radar data in a Data
Availability statement could be: “AWI’s airborne radar data
quicklooks and accompanying metadata are available in the
Radar Data over Polar Ice Sheets viewer of the Marine Data
Portal (https://marine-data.de/viewer/; Franke et al., 2026
[this paper]). Processed radar data products are available
on PANGAEA (https://doi.org/10.1594/PANGAEA.972094;
Eisen et al., 2024). The radar data from the [Campaign
Acronym] campaign can be downloaded here: [PANGAEA
DOI] ([PANGAEA Citation])”.

An example of how to acknowledge AWI radar data could
be: “We acknowledge support from the AWI [Campaign or
Project Acronym] radar campaign via the AWI funding grant
AWI_PA_XXXXX”. Ultimately, any other format is accept-
able as long as the overarching references mentioned above,
the specific campaign reference and funding statements are
included.

8 Future directions and extending the impact of AWI’s
radar data archive

With the ongoing advancement of radar applicability, in par-
ticular higher spatial resolution with radar swath imaging
(Holschuh et al., 2026a, b), polarimetry (Hills et al., 2025)
and repeat surveys, future survey with AWI’s airborne radar
system will include newer approaches, but also continue to
be deployed for conventional applications. Given the scien-
tific objectives of changing mass balance, high vertical res-
olution imaging of firn structure for mass balance and hy-
drology studies will be one major priority, in particular in
Greenland in the period towards the 5th International Polar
Year (2032–2033). In Antarctica, the determination of basal
topography in high spatial resolution (i.e. radar swath imag-
ing for ice thicknesses and geomorphology) in the interior
as well as near grounding lines (Matsuoka et al., 2025) will
continue as well as the mapping of internal layers to obtain
continuous stratigraphy for age–depth reconstruction (Bing-
ham et al., 2025), determining spatio-temporal variation of
accumulation (Zuhr et al., 2026) or paleo-dynamics of fast-
flowing regions (Jansen et al., 2024).
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Repeat mapping of englacial stratigraphy to infer vertical
displacement (comparable to the application of pRES) and
ultimately the profile shape of the vertical velocity will be a
focus in various ice-dynamic settings, ranging from domes
to fast-flowing ice streams like NEGIS. In addition, the in-
vestigation of anomalous parts of the ice sheet (e.g. in the
basal unit; Franke et al., 2024; Young et al., 2025), englacial
features (e.g. meltwater drainage channels; Humbert et al.,
2025) and mapping of ice sheet anisotropy (Gerber et al.,
2023; Hills et al., 2025; Zeising et al., 2025) will be consid-
ered in various surveys.

AWI’s radar data viewer provides access to a live data
archive that is continuously supplemented and expanded. In
future steps, the addition of important high-level products de-
rived from the radar data is planned, for example, revised
bed reflections and ice thicknesses. Furthermore, the integra-
tion and publication of additional data from other acquisi-
tion systems collected in parallel to radar data collection is
being pursued, such as laser scanner, gravimetric and mag-
netic measurements (Tables A3 and A4). AWI’s Antarctic
magnetic data are available in the ADMAP (A Digital Mag-
netic Anomaly Map of the Antarctic) compilation (Golyn-
sky et al., 2018) and similar compilations exist for Greenland
(e.g., the Greenland Magnetic Map; GREENMAG; Heincke
et al., 2026). Moreover, it is anticipated to incorporate air-
borne laser scanner data to derive surface topography and re-
flectivity, as well as orthophotos from various nadir-looking
optical camera systems like the Modular Airborne Camera
System (MACS; Neckel et al., 2023). These will provide
valuable insights into snow and ice surface characteristics,
which help in better analyzing radar reflections. Examples in-
clude surface crevasses, supraglacial lakes, and topographic
surface roughness.

9 Conclusions

Over the past 30 years, since 1994, AWI has conducted more
than 40 seasons of scientific airborne radar campaigns in
Antarctica and Greenland collecting more than one million
profile-km of radar data. Six different radar systems have
been utilized with capabilities meeting a range of demands
in the fields of ice thickness sounding and high-resolution
imaging of englacial layers. The AWI radar systems cover
a wide range of penetration depths, reaching down to 4 km
with the EMR and UWB systems (with range resolutions
between 0.35–50 m), and high-resolution shallow-sounding
radars, such as the Accumulation Radar (ACCU), Snow
Radar (SNOW), and UWBM, with provide range resolutions
between 1–50 cm.

In Antarctica, the radar surveys have primarily focused on
East Antarctica’s Dronning Maud Land and the central East
Antarctic region. In Greenland, AWI radar surveys predom-
inantly cover the northern and northeastern areas, with nu-
merous surveys also conducted in southwest Greenland. The

platforms used to operate the radar systems are AWI’s Polar
aircraft Polar 2, 5, and 6. These aircraft have been equipped
with wheels and skis, allowing them to operate flexibly on
ice sheets.

The initial scientific objectives in Antarctica and Green-
land primarily focused on determining ice thickness and con-
ducting reconnaissance surveys for the EDML drilling site
(Antarctica) and e.g., NorthGRIP (Greenland). At present,
however, research questions now span all subdiciplines of
glaciology and polar geology, including ice thickness deter-
mination, basal properties of ice sheets, internal stratigraphic
architecture, ice dynamics, crustal properties and their evo-
lution, ice shelf characteristics and stability, as well as the
underlying bathymetry, surface and basal mass balance, ice-
sheet modelling, and the analysis of ice crystal fabric and its
effects on ice flow.

AWI’s radar data are publicly available and adhere to a
common data standard, simplifying public access, use, and
analysis. Through the Radar Data over Polar Ice Sheets
viewer of the Marine Data Portal, all radar surveys can be
viewed on an interactive online map with quicklook radar-
grams, and the data can be downloaded from the PANGAEA
Data Publisher. The radar data are provided in a FAIR-
compliant data format (e.g., NetCDF files) along with the
profile locations and include relevant supplementary infor-
mation, such as ice surface reflection, flight altitude, and bed
reflection (if available).

Appendix A: AWI radar survey seasons in Antarctica
and Greenland

AWI radar data in Antarctica primarily cover Dronning Maud
Land, parts of central East Antarctica, and small sections of
West Antarctica (Fig. 8). Detailed information about indi-
vidual campaigns for each Antarctic season, including their
coverage, campaign names, survey regions, platforms, radar
systems used, and flown survey kilometres, is provided in
Fig. A1 and Table A1.

In general, the data show that the EMR system was exclu-
sively used until 2011. Between 2012 and 2017, this was sup-
plemented by flights using the Accumulation Radar (ACCU)
and Snow Radar (SNOW). Since 2018, surveys have predom-
inantly been conducted with newer systems such as UWB
and UWBM. It is important to note that the ASIRAS sys-
tem is not included in the campaign-wise overview, as it was
mostly used in collaborations with other institutes. Only in a
few exceptional cases was the ASIRAS system mounted on
one of AWI’s Polar aircraft.

AWI radar surveys in the Arctic have been almost exclu-
sively focused on Greenland, with one exception in 2023,
when flights were conducted over the Canadian Müller Ice
Cap (Fig. A2 and Table A2). Between 1996 and 2012, sur-
veys primarily targeted northern central Greenland and were
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carried out using the EMR and ACCU systems. Moreover, in
this publication we exclude survey flights over Arctic sea ice.

Since 2013, surveys have shifted to near-coastal regions,
particularly in the northeast, but also in the northwest and
southwest. In 2018 and 2022, two extensive surveys concen-
trated on the onset region of NEGIS around the EastGRIP ice
core drill site, using the UWB system. Additionally, in 2018,
the UWBM system was deployed upstream of the 79° NG. It
is important to note that the ASIRAS system is not included
in the campaign-wise overview, as in the Arctic the system
was mainly flown by The Technical University of Denmark
(DTU).
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Figure A1. Season-wise maps of AWI radar sounding campaigns in Antarctica with the different radar systems (EMR= red, ACCU= green,
SNOW= cyan, UWB= dark blue, UWBM= purple). Note that the profile lines of the ASIRAS system are not represented here. The white
dots represent deep ice core sites and the black lines the IMBIE drainage basins (Rignot et al., 2019).
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Table A1. Season-wise overview of airborne radar surveys in Antarctica with the campaign acronyms, approximate survey region, radar
instrument and platform used as well as the respective survey-km flown per instrument.

Season Campaigns Survey Region Platform Instrument Survey-km

ANT 1994/95 MAGRAD South of Halley, Berkner Island and
Foundation Ice Stream

Polar 2 EMR 30 692 km

ANT 1995/96 EPICA I Western DML, EPICA pre-site survey Polar 2 EMR 27 146 km

ANT 1996/97 EPICA II Western DML, EPICA pre-site survey Polar 2 EMR 14 426 km

ANT 1997/98 EPICA III Western DML, EPICA pre-site survey Polar 2 EMR 18 252 km

ANT 1998/99 EPICA IV Western DML, EPICA pre-site survey Polar 2 EMR 21 201 km

ANT 2000/01 SEAL, VISA Western DML, Jutulstraumen, DML
GL

Polar 2 EMR 15 899 km

ANT 2001/02 SEAL, VISA Western DML, Jutulstraumen GL,
EDML

Polar 2 EMR 44 710 km

ANT 2002/03 EPICA, SEAL Western DML, Ekströmisen, Coats
Land, EDML, Dome Fuji

Polar 2 EMR 27 415 km

ANT 2003/04 EPICA, SEAL, VISA Central DML, EDML, Princess
Ranghild Coast

Polar 2 EMR 41 807 km

ANT 2004/05 VISA DML Polar 2 EMR 16 610 km

ANT 2005/06 ANTSYO Ekströmisen, Shireas Glacier basin Polar 2 EMR 17 088 km

ANT 2007/08 DoCo, VISA Central DML, Vostok, Dome C, Talos
Dome

Polar 5 EMR 36 093 km

ANT 2008/09 RBI, WEGAS Eastern DML, Berkner Island Polar 5 EMR 46 668 km

ANT 2010/11 GEA I/WEGAS∗, SRG Central East Antarctica Polar 5 EMR, ACCU 57 414 km
20 351 km

ANT 2011/12 GEA II/WEGAS∗ Western DML, and Sør Rondane
Mountaines

Polar 6 EMR, ACCU 30 010 km
12 141 km

ANT 2012/13 GEA III/WEGAS∗,
RECISL, MaBaJu 1

Western DML, Recovery Glacier,
Sør Rondane Mountaines

Polar 6 EMR,
ACCU

35 465 km
40 352 km

ANT 2013/14 AMASIN, WEGAS∗, SWIT,
STRUCGLAC, MABAJU 2,
RECISL, Sör-Mond,
CoFi Structure, VELMA

DML, Antarctic Peninsula, Jelbartisen Polar 6 EMR,
ACCU,
SNOW

62 294 km
36 601 km
14 227 km

ANT 2014/15 GEA IV∗ DML Polar 6 EMR,
ACCU

30 205 km
35 007 km

ANT 2015/16 GEA-Va-FMA∗ Western DML, Fimbul Isen Polar 5 EMR 11 699 km

ANT 2016/17 GEA-Vb-FMA∗, OIR Dome F DML, Dome Fuji, Jutulstraumen Polar 6 EMR,
ACCU,
UWB

32 023 km
31 999 km
1 879 km

ANT 2017/18 ANIRES Coastal western DML Polar 6 EMR 4 854 km

ANT 2018/19 JuRaS, CHIRP Jutulstraumen, and GL
at Princess Ranghild Coast

Polar 6 UWB 6 795 km

ANT 2022/23 RIISERBATHY (GEA VI∗),
Kottas-Aero

Riiser-Larsen Isen, Kottas Traverse Polar 5 EMR,
UWBM

24 413 km
1893 km

ANT 2023/24 RINGS-DML/EL, CHARISO,
DML_SnACC

Western DML (GL and divides) Polar 6 UWB 12 993 km

ANT 2024/25 RINGS-DML/EL, CHARISO,
CHIRP 2, SANAS, SISI

DML (ice shelves, GL and divides) Polar 6 UWB 24 023 km

ANT 2025/26 GEA VIII/AIR-WILKES∗,
Kottas-Aero, SAMBA

DML, Victoria Land Polar 6 EMR,
UWBM

37 344 km
7261 km

∗ GEA/WEGAS survey are financed by 50 % by the Federal Institute for Geosciences and Natural Resources (BGR), Hanover, Germany
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Figure A2. Season-wise maps of AWI radar sounding campaigns in the Arctic with the different radar systems (EMR= red, ACCU= green,
SNOW= cyan, UWB= dark blue, UWBM= purple). Note that the profile lines of the ASIRAS system are not represented here. The white
dots represent deep ice core sites and the black lines the IMBIE drainage basins (Mouginot et al., 2017).
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Table A2. Season-wise overview of airborne radar surveys the Arctic (Greenland and Canada) with the Campaign acronyms, approximate
survey region, radar instrument and platform used as well as the respective survey-km flown per instrument.

Season Campaigns Survey Region Platform Instrument Survey-km

ARK 1995 Nord GRIP NorthGRIP Polar 2 EMR 12 935 km

ARK 1996 Nord GRIP NorthGRIP deep ice core drill
site

Polar 2 EMR 32 016 km

ARK 1997 Nord GRIP NorthGRIP deep ice core drill
site

Polar 2 EMR 17 796 km

ARK 1998 NOGRAM Northeast Greenland between
NorthGRIP and Station Nord

Polar 2 EMR 10 562 km

ARK 1999 NOGRAM Northeast Greenland between
NorthGRIP and Station Nord

Polar 2 EMR 31 295 km

ARK 2004 NorthGRIP NE GrIS NorthGRIP the ice
divides towards Camp Century
and GRIP/GISP2

Polar 2 EMR 24 410 km

ARK 2010 NEEM & EGIG Vicinity of the NEEM deep ice
core drill site

Polar 5 EMR
ACCU

20 813 km
9967 km

ARK 2012 Structure NGT 2012 Between Dy3 and South Dome
and North Greenland Traverse
drill sites

Polar 6 ACCU 8141 km

ARK 2013 Top79.5 2013 Northeast Grenland
(Academy Glacier, Hagen
Brae, 79° NG)

Polar 5 EMR 7178 km

ARK 2015 MABANG1,
PRESURV 79

79° NG and Zacharias Isbrae Polar 6 EMR,
ACCU

9877 km
4922 km

ARK 2016 Hiawatha,
RESURV 79

Hiawatha region, upstream of
79° NG and SW Greenland

Polar 6 UWBa

UWBM
6041 km
5266 km

ARK 2018 EGRIP-NOR-2018,
RESURV 79, FINEGIS

Upstream of 79° NG and
NEGIS

Polar 6 UWB
UWBM

17 219 km
6252 km

ARK 2021 79° NG-EC, HTRES 79° NG and Hans Tausen Ice
Cap

Polar 5 UWB 5544 km

ARK 2022 NEGIS-Flow,
NEGIS-ANISO,
NEGIS Folds

NEGIS near the East GRIP
deep ice core drill site

Polar 5 UWBb 7137 km

ARK 2023 Müller Ice Cap Müller Ice Cap, Axel Heiberg
Island

Polar 5 UWB 1052 km

ARK 2024 SLOGIS, ATIWIK
Polarmonitor

Upstream of 79° NG and SW
Greenland

Polar 6 UWB 10 857 km

a The UWB was flown in a 24-channel configuration this season. bParts of the ARK 2022 UWB survey at NEGIS onset were flown in a polarimetric mode.
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Table A3. Overview of Antarctic field seasons in which an AWI radar was deployed alongside additional geophysical instruments. Note
that radar systems listed in parentheses, e.g. (EMR+ACCU), were operated simultaneously on the same flights. Systems separated by an
ampersand (e.g., EMR & UWBM) were used during the same field season but on different flights. Up until the ANT 2011/12 campaign,
laser altimeters were used, and specific device names are not provided here. Thereafter, laser scanners with swath capability were employed,
and precise device names are available for these. For further information on the geophysical instruments, please refer to the references in
the right column, if available. For additional information about the Modular Airborne Camera System (MACS), see Neckel et al. (2023).
Abbreviations are: LCR=LaCoste & Romberg, GT=Gravimeteric Technologies, TFM=Triaxial Fluxgate Magnetometer.

Season Radar Systems LIDAR Magnetometer Gravimeter Nadir Camera Reference

ANT 1994/95 EMR Geometrics G833 Mieth and Jokat (2014) a

ANT 1995/96 EMR Geometrics G833 Mieth and Jokat (2014) a

ANT 1996/97 EMR Geometrics G833 Mieth and Jokat (2014) a

ANT 1997/98 EMR Laser altimeter Geometrics G833 Mieth and Jokat (2014) a

ANT 1998/99 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

Mieth and Jokat (2014)

ANT 2000/01 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Mieth and Jokat (2014)

ANT 2001/02 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Riedel et al. (2012) b

ANT 2002/03 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Riedel et al. (2012) b

ANT 2003/04 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Riedel et al. (2012) b

ANT 2004/05 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Riedel et al. (2012) b

ANT 2005/06 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Nogi et al. (2013), Mieth
and Jokat (2014)

ANT 2007/08 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Mieth and Jokat (2014)

ANT 2008/09 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Mieth and Jokat (2014)

ANT 2010/11 EMR Laser altimeter Scintrex Cs-2 &
Billingsley TFM 100

LCR AirSea Mieth et al. (2014)

ANT 2011/12 (EMR+ACCU) Laser altimeter Scintrex Cs-3 &
Billingsley TFM 100

LCR AirSea Mieth et al. (2014)

ANT 2012/13 (EMR+ACCU) RIEGL VQ-580 Scintrex Cs-3 &
Billingsley TFM 100

LCR AirSea Mieth et al. (2014)

ANT 2013/14 (EMR+ACCU)
& SNOW

RIEGL VQ-580 Scintrex Cs-3 &
Billingsley TFM 100

LCR AirSea Ruppel et al. (2018),
Eagles et al. (2018)

ANT 2014/15 (EMR+ACCU) RIEGL VQ-580 Scintrex Cs-3 &
Billingsley TFM 100

GT2A Ruppel et al. (2018),
Eagles et al. (2018)

ANT 2015/16 EMR RIEGL VQ-580 Scintrex Cs-3 &
Billingsley TFM 100

GT2A

ANT 2016/17 (EMR+ACCU)
& UWB

RIEGL VQ-580 Scintrex Cs-3 &
Billingsley TFM 100

GT2A

ANT 2017/18 EMR RIEGL VQ-580 Scintrex Cs-3 &
Billingsley TFM 100

ANT 2018/19 UWB RIEGL VQ-580

ANT 2022/23 EMR &
UWBMc

RIEGL VQ-580 Scintrex Cs-3 &
Billingsley TFM 100

GT2A & iMAR
iNAV-RQH-1003

MACS Johann et al. (2025),
Eisermann et al. (2025)

ANT 2023/24 UWB RIEGL VQ-580 MACS

ANT 2024/25 UWB RIEGL LMS-Q680i &
RIEGL VQ-880-G II

iMAR iCORUS-02d MACS

ANT 2025/26 EMR &
UWBM

RIEGL VQ-580 Scintrex Cs-3 &
Billingsley TFM 100

iMAR iCORUS-02 MACS

a Please note that Mieth and Jokat (2014) incorrectly state in their paper that a Scintrex Cs-2 Caesium magnetometer was used during that season. b Please note that Riedel et al. (2012) incorrectly state in their
paper that two Geometric Cs-2 magnetometer were used during that season. c Gravimeter and magnetometer were used during the EMR campaign but not together with the UWBM. d First setup with AWI UWB
and gravimeter.

The Cryosphere, 20, 2485–2530, 2026 https://doi.org/10.5194/tc-20-2485-2026



S. Franke et al.: 30 years of airborne radar surveys by the Alfred Wegener Institute 2515

Table A4. Overview of Arctic field seasons in which an AWI radar was deployed alongside additional geophysical instruments. Note that
radar systems listed in parentheses, e.g. (EMR+ACCU), were operated simultaneously on the same flights. Up until the ARK 2010 cam-
paign, laser altimeters were used, and specific device names are not provided here. Thereafter, laser scanners with swath capability were
employed, and precise device names are available for these. For further information on the geophysical instruments, please refer to the ref-
erences in the right column, if available. For additional information about the Modular Airborne Camera System (MACS), see Neckel et al.
(2023). Abbreviations are: TFM=Triaxial Fluxgate Magnetometer.

Season Radar Systems LIDAR Magnetometer Gravimeter Nadir Camera Reference

ARK 1995 EMR Laser altimeter

ARK 1996 EMR Laser altimeter

ARK 1997 EMR Laser altimeter Geometrics G833

ARK 1998 EMR Laser altimeter Geometrics G833 Mayer et al. (1999)

ARK 1999 EMR Laser altimeter Scintrex Cs-2 & Billingsley TFM 100

ARK 2004 EMR Laser altimeter Scintrex Cs-2 & Billingsley TFM 100

ARK 2010 (EMR+ACCU) Laser altimeter

ARK 2012 ACCU RIEGL VQ-580

ARK 2013 EMR RIEGL VQ-580

ARK 2015 (EMR+ACCU) RIEGL VQ-580

ARK 2016 (UWB+UWBM) RIEGL VQ-580

ARK 2018 (UWB+UWBM)∗ RIEGL VQ-580

ARK 2021 UWB RIEGL VQ-580

ARK 2022 UWB RIEGL VQ-580

ARK 2023 UWB RIEGL VQ-580

ARK 2024 UWB RIEGL LMS-Q680i & MACS
RIEGL VQ-880-G II

∗ No UWBM data for EGRIP-NOR-2018 survey at NEGIS onset.
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Figure A3. Screenshots from the Marine Data Portal Radar Data Viewer. (a) Highlights the initial view and key features in the left side panel.
(b) Shows AWI UWB profiles in Antarctica’s Dronning Maud Land with ice flow velocity (Rignot et al., 2017) in the background. (c) Shows
the same setting as in (b) but with bed topography (Pritchard et al., 2025) in the background.
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Figure A4. Screenshots from the Marine Data Portal Radar Data over Polar Ice Sheets viewer highlighting detailed profile information.
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Figure A5. PANGAEA entry for data download using the example of the ANT 1997/98 EMR survey. Panels (a) to (c) each represent
sections of the full PANGAEA entry, containing more information than is displayed here. (a) Header section of the PANGAEA entry with a
citable reference, abstract, keywords, related publications and PANGAEA entries, etc. (b) Data download section, where the “View dataset
as HTML” button allows access to the data view. Note that the Data section will only appear if the “View dataset as HTML” button is used.
(c) Data presentation with options to download the entire dataset as a compressed ZIP or uncompressed TAR archive, or as individual files.
Important items for the data download are highlighted with an orange outline.
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Table A5. Attributes for each variable stored in the NetCDF files. For each attribute name, we provide the long name, a comment, the
dimension (1- or 2-D, x or y axis), and the unit of the measurement.

NetCDF attributes Long name Comment Dimensions Unit

altitude Platform altitude WGS84 reference
ellipsoid

1D (x axis) Metres

bed_elevation Bed elevation Without applying a firn
correction and
permitivity of ice: 3.15

1D (x axis) Metres

bed_pick Picked ice base Expressed as twt in
seconds from time zero

1D (x axis) Seconds

data Radar data 2D (x and y axis) Power (dBm)

data_agc Scaled radar data Using automatic gain
control (AGC)

2D (x and y axis) unitless

distance Along-track distance 1D (x axis) Metres

ice_thickness Ice thickness Without applying a firn
correction and
permitivity of ice: 3.15

1D (x axis) Metres

lat Latitude EPSG:4326 (WGS84) 1D (x axis) decimal degrees

lon Longitude EPSG:4326 (WGS84) 1D (x axis) decimal degrees

range Range between sensor and surface 1D (x axis) Metres

spacing Along-track trace to trace spacing 1D (x axis) Metres

surface Surface elevation derived from radar WGS84 reference
ellipsoid

1D (x axis) Metres

surface_pick Picked surface reflection in twt 1D (x axis) Seconds

time Seconds of day 1D (x axis) Seconds
twt Two-way travel time 1D (y axis) Seconds
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Code and data availability. The OPR Toolbox (Open Polar Radar,
2023) for radar data processing is available at https://gitlab.com/
openpolarradar/opr/ (last access: 19 April 2026). AWI’s airborne
radar data and metadata can be viewed through the Radar Data
over Polar Ice Sheets viewer of the Marine Data Portal (https:
//marine-data.de/viewer/, last access: 19 April 2026). A comprehen-
sive collection of datasets from AWI’s radar systems on ice sheets
and glaciers is available in the PANGAEA dataset bibliography
by Eisen et al. (2024): https://doi.org/10.1594/PANGAEA.972094.
Spatial maps were generated with QGIS (QGIS Development Team,
2025; Graser et al., 2025).

AWI’s radar data archive is continuously extended and updated
with data from new campaigns, improved processing products of
existing data, harmonization for better usability, and the integration
of ice surface and ice base picks. At the time of this publication, a
large portion of the radar campaigns in Antarctica and the Arctic
are available for download on PANGAEA. The remaining data are
being progressively added. However, all data can also be provided
upon request to the corresponding authors of this article. Radar data
acquired within the most recent 2–3 years (after processing) of a
request may be subject to an embargo.

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/tc-20-2485-2026-supplement.
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