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Abstract. We present an ice-penetrating radar data set acquired over the Greenland ice sheet by aircraft during the years 1971,
1972, 1974, 1978, and 1979. The data set comprises over 177,000 km of flight lines and contains a wealth of information
on the state of the Greenland ice sheet including information on ice thickness and englacial properties. During data collec-
tion in the 1970s, the data were recorded on optical film rolls and in this manuscript, we document the digitization of these
film rolls and their associated geographical information. Our digitization-ef-the-data-data digitization enables interaction with
and analysis of the data and facilitates comparison with modern-day radar observations. The complete data set in full reso-
lution is available at the Stanford Digital Repository (https://doi.org/10.25740/wm135gp2721) with the associated technical
reportstkarlssonetal;2023). Part of the data set has-beenqualitycheecked-and-is available as low-resolution JPG files at The
Technical University of Denmark’s data repository - DTU-Data;-with-assectated-with associated technical reports and digitized
geographical information (BOtpending)-https://doi.org/10.6084/m9.figshare.c.7235299.v1). The Stanford Digital Repository
serves as a long-term storage, providing archival historic preservation in perpetuity and is not intended as a primary data access

oint. The DTU data repository serves as a primary ent oint for data access with files organised according to acquisition
ear and flight line in a simple folder structure. Here, we release the full data sets to enable the larger community to access and

interact with the data (Karlsson et al., 2023).

1 Introduction

The use of ice-penetrating radar (or radio-echo sounding) in glaciology has proliferated in the past decades, resulting in nu-
merous insights into the state and dynamics of ice sheets and glaciers. Early studies of the polar ice sheets were dedicated to
obtaining information on ice thickness and bed topography (e.g., Drewry et al., 1982; Bamber et al., 2003), but today, radar
data are used to uncover information on a wealth of processes (cf., Schroeder et al., 2020). For example, studies have leveraged

radar data to investigate subglacial conditions such as the presence of water, the amount and variability of basal melt, and
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switches between frozen and thawed conditions (Gudmandsen et al., 1975; Dahl-Jensen et al., 2003; Oswald and Gogineni
2011; Buchardt and Dahl-Jensen, 2007; MacGregor et al., 2016b), englacial temperatures (Matsuoka et al., 2010; MacGregol
et al., 2015), past accumulation rates (Nielsen et al., 2015; Karlsson et al., 2016, 2020; Lewis et al., 2017), paleo ice- ow
patterns (Rippin et al., 2003; Karlsson et al., 2009; Bingham et al., 2015; Franke et al., 2022), and the chronology of the ice
column (Gudmandsen, 1975; Karlsson et al., 2013; MacGregor et al., 2016a; Parrenin et al., 2017; Winter et al., 2019; Cavitte
etal., 2021; Bodart et al., 2021). By utilizing the polarization of the radar energy signal, studies have also extracted information
on the crystal-orientation fabric at depth (e.g., Hargreaves, 1977; Jordan et al., 2019; Dall, 2020; Ershadi et al., 2022).

In recent decades, the Greenland ice sheet has been surveyed extensively by ice-penetrating radar. The Center for Remo
Sensing of Ice Sheets (CReSIS) at the University of Kansas conducted surveys starting in 1993 (Gogineni et al., 2001), and

ning the 1990s to 2019 have been used in numerous studies (see references above and in Schroeder et al. (2020)) and part of t

reason for the successful application of the data iseths

Prior to the “modern” campaigns of the 19903 and 20005 muIt|pIe surveys were conducted in the 1970s, where the radar
data were recorded on optical Im (see Fig. 1). The derived ice thicknesses have subsequently been digitised and included in
compilations of ice thickness [

radargramg (B

tematic or automated analysrs due to thelr analogue format.

Here, we present the neWIy digitised radargrams from the 1970s radar survemgmieeﬂenuﬂu+nake+H9ess+bletee*pamj

tracing the englacral Iayenng will make it possible to extend the Work of MacGregor et aI. (2016a) |nto areas that have not been
covered due to observational gaps in modern radar data. The digital format also lends itself to newly developed methodologies
for automatic extraction of layer slope (Sime et al., 2011; Panton and Karlsson, 2015; Holschuh et al., 2017) or quanti cation
of layer continuity (Karlsson et al., 2012), with the potential to reveal changes in ice- ow structure or folding stratigraphy.
Importantly, the data may also highlight changes in the current state of the Greenland ice sheet compared to 50 years ago. A

satellite observations were not prevalent in the 1970s, the radargrams offer a multidecadal time perspective that is especially

suited for studying the fast-changing margins of the polar ice sheets. For example, the Antarctic counterpart to our dataset
revealed a thinning of between 10 and 33% of an ice shelf in West Antarctica between 19EBanthe high-qualityof-our
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Acquisition year Flight lines acquired Geographical coordinates digitisedFlight lines scanned
1971 1,2 All Unknown
1972 1,4,5,6,7,8,10, 11 All Unknown
1974 | 3,4,5,6,7,8,9,10,11, 12 5,6,8,10,11 All
1975 Unknown No 6
1978 | 1,2,3,4,5,6,7,8,10, 11, 28 All All
1979 | 1,2,3,4,5,6,7,8,10,11, 18 All All

Table 1.Overview of ight campaigns and ight numbers including information on which ight lines have digitised geographical information
available. The rst column indicates the acquisition year of the ight campaign, and the cefutftight lines acquired” lists the ight line
numbers of that year according to the technical reports. To the best of our knowledge, we have scanned all ight lines from all years, however,

the lack of metadata makes it dif cult to verify if some sections are missing particularly for the years 1971 and 1972 where the Im rolls

2 Data set description

Field campaigns were carried out in 1971, 1972, 1974, 1978, and 1979 (typically in the spring) with some test ights in
the late 1960s. All campaigns made use of aircraft logistics from the Antarctic Development Squadron, upétated
by the United States Navy. The 1960's test ights are not well documented and we have not been able to uncover data

records from themParallelwith_the efforts to. map the Greenlandice sheet,the Antarctic

USA, andDTU during 1971-1979The Antarcticadatasetandits propertieshavebeendescribedn Drewry et al. (1982and

In the following section, we brie y outline the original data set and describe our efforts to scan and digitise data and coordinates
(Fig. 3).

2.1 Original data set

The data were collected by the then Electromagnetics Institute at the Technical University of Denmark (DTU, now part of the

DTU Space department), in a collaboration between Danish, Swiss and American scientists within the Greenland Ice Sheet
Program (Overgaard, 1984). The radar system used two different centre frequencies, 60 MHz and 300 MHz (Gudmandsen
et al., 1975). The output signal from the sounder was presented on an oscilloscope screen as an intensity-modulated swee
which was then projected onto a 35 mm Im through a camera lens (Overgaard, 1984). A schematic of this setup is shown

in Fig. 1. The Im speed was 1/15th of an inch per second. Radar traces were processed onboard and the Ims were later
compressed horizontally and enlarged vertically by 10 and 6 times, respectively. This is the data presented here: images of the
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electronic signals in the form of radargrams. Thus, due to the way that the data were stored we do not have individual traces
except in a few cases where A-scopes for selected ights were recorded but we exclude those from our dataset due to lack of
metadata. No "raw" data records exist in an analogue or digital format. The radargrams have the native verticaltextent of

train — indicating points of equal time of return (for an early example of this type of marking see Figure 1 in Overgaard and
Gundestrup (1985)). The vast majority of our data does not have this vertical marking and thus the vertical extent can only
be obtained from the geographical information tied to the radargram, namely, the ice thickness as recorded in the coordinate
books (see Section 2.2.2 below). An example of how to obtain this information is given in Section 4.

The position of the aircraft was calculated using an inertial navigation system with an accuracy of three nautical miles (5.6 km).
The aircraft position was tied to the radar data through the internal Coded Binary Decimal (CBD) that was recorded on the radar
Ims for each nautical mile own. Checks on the navigational system were performed when the aircraft passed recognizable
landmarks (e.g., fjords and outlet glaciers), but in the interior of the ice sheet such landmarks are absent. Anecdotally, the
aircrew was able to relocate features in the ice that had been observed on previous ight campaigns (P. Gudmandsen, pers
comm.) and the positional uncertainty of three nautical miles can be considered as an uppegliafiithwith-theeffertsto

2.2 Data digitisation

The radar data set consists of two separate analogue archives: the Imrolls as described above and their associated geographic
coordinates documented in coordinate books and published as technical reports (Overgaard, 1984). The coordinate book

2.2.1 Scanning of Imrolls

The Im rolls were scanned using a LaserGraphics 35-mm optical Im digitization system resulting in 35-mm frames at 1,800
x 2,400 resolution with 16 bits per sample. The frames were stitched together digitally using the Python package OpenCV into
20-frame-wide radargrams. The stitched frames constitute the bulk of our data set (in terms of data volume). They are available



110

115

Figure 1. Schematic of the radio-echo sounding principle from Overgaard (1984). Tx and Rx denote transmitter and receiver. They share the
antenna through the transmit/receive switch, T/R. The electrical conductiistypoted for each media that the radar signal travels through

with corresponding signal velocity.

2.2.2 Resolution and uncertainty

For the JPG images, the vertical resolution is approximately 10 m/pixels and the horizontal resolution is 2.5-3 m/pixels. The
corresponding resolutions for the TIFF format images are 3 m/pixels in the vertical and 0.8 m/pixel horizontally. We note that
the vertical resolution may vary depending on the settings used on the ight campaign and may even change between individual
ight lines. Thus, the resolutions stated above should be considered as guidelines. We further note that while in theory the
resolution should depend on the frequency of the radar signal (in our case 60 MHz or 300 MHz), this difference in resolution
is obscured by the lower resolution of the images as recorded at the time. The uncertainty of the dataset is tied not only to
the resolution of the radar signal but also to the uncertainty in the positioning of the ight lines. Thus a given location with a
recorded ice thickness has an inherent uncertainty from the resolution of the radar signal as well as the resolution of the scanne
radargram, but also an uncertainty due to the fact that the position of the aircraft was only known within a positional uncertainty
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improved and features in the radargrams can be identi ed and analysed at the radargram resolution (Schroeder et al., 2019).
2.2.3 Digitisation of coordinates

The technical reports from the years 1971, 1972, 1978, and 1979 (Overgaard, 1984) were scanned using a standard printe
scanner with enhanced contrast. The resulting les were subsequently manually enhanced ensuring that data columns were
correctly aligned, that the contrast was optimal, and that imperfections in the scanned images were minimized. The les were
then processed with optical-recognition software. The technical report from 1974 could not be located at DTU and a scanned

version was therefore acquired from the National Snow and Ice Database in the US. We do not know which scanning settings

The technical report from the 1978 campaign was processed using the ABBYY FineReader PDF software while the other
reports were processed with Amazon Textract. The coordinates were converted from the native format degrees, minutes anc
decimal of minutes to degree and decimal degrees. The result was then quality-controlled maauaifgrencetheoriginal




135

140

145

Figure 3. Left: Map of all radar ight lines acquired during the survey years 1971, 1972, 1974, 1978, and 1979 in blue scanned from the

the ESA CCI (European Space Agency Climate Change Initiative) and is based on a composite product of Cryosat-2 elevation measurement:

and the 5 metre resolution digital elevation model provided by the Polar Geospatial Center at University of Minnesota, USA.

thefolder Geographicakoordinategfor ice-penetratingadar surveysn Greenlandl971-1979doi: https://doi.org/10.11583/

thenameof thefolder wherethe segments storedin the DTU repository With this information,the locationof theimagecan



Acquisition year | QualityeheekeeFlightlinesacquired | Catalogued | Georeferenced Flight lines at DTU repository| Frequency informati
1971 1,2 N N N/A N/A

1972 1,4,5,6,7,8,10,11 N N N/A N/A

1974 3,4,5,6,7,8,9,10,11,12 Y 5,6,8,11 5,6,8,11, 12 5, 6,8, 1

1975* Unknown N N 6 N/A

1978 1,2,3,4,5,6,7,8,10,11,28 Y 1,2,3,56,7 1-11, 18, 28, cross-pbl 1,2,3,5,6,

1979 1,2,3,4,5,6,7,8,10,11,18 Y 1-11 1-11 1-1

spanseveralCBDs and mostimagesare thereforelisted severaltimesfor eachunique CBD thatthey contain.The les are

150 https://doi.org/10.11583/DTU.25295827)va the DTU repository.Thefolder alsocontainsshape lesin a zippedfolder with

3 Results and discussion

155 The resulting database comprises approximately 5 terabytes of high-quality TIFF les and 2 gigabytes of identical but lower-
quality JPG les. We have carried out manual quality control and metadata checks on the low-resolution J2Gtddshese,

For more than 80 %
{of the JPG les, we havemanuallycataloguedindsortedthe les into acquisitionyearand ight_line number(level 2 data,

160 3
radargrams and geographical information for pre-1978 data have been linked by checking radar data quality (e.g., the presenc

of a bed signal) against information from the coordinate books (e.qg., the recorded bed elevation), or by comparison with the
micro- che images. Users should be aware that some of the scanned radar data might be mirrored horizontally or ipped

vertically. An example of the radar data is shown in Fig. 4.
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Figure 4. Example of a radargram. The green box indicates the date of acquisition (month and year) in this case May 1979, the black box
shows the ight line number (ight line 9), and the blue box indicates the location of the CBD. The yellow box shows the location of the bed

re ection. This radargram spans CBDs 1383 to 1385 corresponding to approximately 5.6 km.

3.1 Database

image les in JPG format, a Stanford Data Repository containing all scanned material as TIFF les in the original scan
resolution, and a graphical interface that can be found at https://www.radar Im.studio/map/greenland/.

We recommend using the DTU Data repository as a primary entry point. The les in the DTU Data repository are organised
according to acquisition year and ight line in a simple folder structure. The geographical coordinates associated with each

. The les contain the following information: CBD, longitude, latitude, surface elevation (metres above sea level) and bed
elevation (metres above sea level).

The Stanford Data Repository is meant to serve as a long-term storage and is not intended as a primary data access point. Rathe
it provides archival historic preservation in perpetuity to preserve the data in the original scanned format which would enable
the Stanford Data Repository, the complete high-resolution data set may be downloaded as single image les (contained in
the folder named®TU_originalg or as stitched les where several Im segments have been combined (contained in the folder
DTU_stitched. In addition to the high-resolution image les, the repository contains notes related to the scanning efforts stored

in the folder name®TU_Dropbox We advise caution when using the data set in the Stanford Data Repository as the data have
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in the hope thatuture userswill-repertrecenstructednetadatany future userswho undertakdurther cataloguingof the data

One nal entry point is provided for users wishing to contribute to the ongoing quality check and construction of metadata. This
entry point is a graphical interface that can be found at https://www.radar Im.studio/map/greenland/. Here, users can browse a
subset of the data via a map interface and radar data can be selected based on location and downloaded in high or low qualit
for segments of 8 radargrams. Users can request a user account which will enable them to report errors or omissions in the dat
that can then be recti ed.

3.2 Frequency information

An issue that cannot be completely resolved is the lack of information regarding frequéheyasthe Im rolls do not

have information on centre frequency embedded. For ight lines where radargrams from both frequencies exist, a comparison
between radargrams often reveals which is the high-frequency and which is the low-frequency acquisition (cf. Fig. 6). Typically,
the lower frequency data have better penetration and thus a stronger bed signal compared to the higher frequency data. This i
particularly evident in the interior of the ice sheet where ice thicknesses exceed 2 km. In contrast, the upper several hundred
metres of the ice are better resolved in the high-frequency data where more individual layers are identi able compared to the
low-frequency data. We have succeeded in identifying frequency for some but not all ight lines with the help of micro- che
images (see Table 2). However, in some cases, we only have data from one frequency and we cannot easily reconstruct thi
likely frequency.

10
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Figure 5. All ight lines with digitized coordinates in purple where the parts of the ight lines that have no bed signal are shown in yellow.

3.3 Data quality

The quality of the data allows for easy identi cation of englacial and subglacial signals in many of the radargrams, such as
surface and bed re ections, internal layering in the interior of the ice sheet (cf. Gudmandsen, 1975), and units of disrupted
layering (cf., Panton and Karlsson, 2015). On average, 74 % of the CBD has a registered bed re ection (Fig. 5). Areas, where
the signal from the bed is lost, are typically areas of warm ice (e.g., south Greenland and along the margins). Comparison with
modern radar data shows many similarities (Fig. 8) and the same englacial re ections are visible in both data sets, for example,
the transition between interglacial ice (lighter coloured and multi-layered) and glacial ice (darker coloured with fewer layers)
which in the interior part of Northern Greenland is located one-third down in the ice column (Karlsson et al., 2013). Known data
quality issues include variations in brightness, striping, lack of internal layering, and errors that were introduced when the Ims
were developed. Fig. 9 illustrates several examples of these issues: In the top image, the bed re ection is visible but there is

limited information on the internal re ections and the overall brightness of the radargram varies. On this basis, wecseivide

and may be interpolated across the stripes. The striping could be related to signal noise or be due to specular re ection from

11
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Figure 6. Comparison between 60 MHz and 300 MHz data from ight line 2, 1979. The yellow arrows indicate the bed re ection.

meltwater on the ice surface, saturating the receiver. In the bottom image, an otherwise good-quality radargram is completely

4 Using the database

A user who is interested in only a few images for a speci c location may nd it more convenient to rst check the https:
/lwww.radar Im.studio/ website. For information on using the graphical interface please see the tutorial: https://www.radar Im.
studio/docs/start. If no data are available on the graphical interface, the user may proceed to the DTU database. In the following,
we outline an example of how to use the data stored in the DTU database.

A user wishing to examine the englacial properties in the area around Dye-3 Statidd'(85 43 49' W) during the 1970s,

may proceed as follows:

— Download the coordinates contained in the folder "Geographical_coordinates" (corresponding to the third column in
Table 1).

12



245 — Load the CSV- lesrshape-es, shape lesor the GeoPackagéde  into a mapping software.

— By clicking on the loaded geographical data points on the map, the user can now see that the following ight lines have
been acquired in proximity to the station:

— ightline 1, 1971
250 — ightline 5, 1972
— ightline 2, 1978

The user has now established that data exists in their area of interest. They can then proceed to the next step of identifying
speci c radargrams.

— Download the coordinates contained in the folder les_ CBD__lenames_info.

255 — Load the CSV- les or shape les into a mapping software.

13
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— By clicking on the loaded geographical data points on the map, the user can now see that the following ight lines have
been georeferenced to individual CBDs (corresponding to the third column in Table 2):

— ightline 2, 1978 (closest CBD: 282 in image 013_0014525_0014550_lowqual.jpg).

The user may now simply go to the folders of the respective years and ight lines (in this case the folder 1978&c@82)the

282, then they must examine the image named 0130014525 0014550 lowqual.jpg at CBD 282. An example of this image
is shown in Fig. 7. The exact location of CBD is given by the small indicator below the time of acquisition in the upper right
part of the radargram. The corresponding indicator for CBD 283 is marked with a blue circle. According to the coordinate les
downloaded from the Geographical_coordinates folder, CBD 282 corresponds to the location 65.167N and -43.8, surface height
above sea level is 2487 m and bed height above sea level is 251 m. The ice thickness is thus 2236 m. Thus, the vertical exten

of the radargram between surface re ection and bed re ection at CBD 282 is 2236 m (indicated with a purple line in Fig. 7).
The horizontal extent is equivalent to the distance between the indicators which is one nautickhmiemewhatedious

5 Conclusions

We present a newly digitized radar data set acquired in the 1970s over the Greenland ice sheet. The data are now for the rst
time digitally accessible and may be analysed and compared against more recent radar data.

The data can be accessed as image les in high and low resolution via data repositories at Stanford University and DTU,
respectively. A data portal with an interactive map is also available for community members wishing to enhance the data by
reporting further metadata and carrying out quality checks. Geographical coordinates for the ight lines are available as CSV
les for 75% of the data set. Scans of parts of the data set have been assigned geographical information on an image-by-image
basis and this information is also available as CSV les.

While uncertainties in positioning, missing information on centre frequency and errors associated with the original Im devel-
opment entail a less good quality of data compared to modern-day radar data, the data set presented here nevertheless provid
a unique window into the past state of the ice sheet. Given the extent and overall good quality of the radargrams as well as
the existence of features that may be easily compared to features in modern-day data, the data make it possible to extrac
information on 5 decades of change of the state of the ice sheet.

6 Data availability

The entire collection of the scanned radar data is available at the Stanford Digital Repository (https://doi.org/10.25740/wm135gp
Karlsson et al. (2023)). The catalogued data are available at low resolution at DTU data with associated geographical informa-

14






