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Abstract: The steep and unstable terrain found on debris-covered glaciers, rock glaciers, talus slopes,
moraines and other proglacial features often make terrestrial ground-penetrating radar (GPR) surveys
unsafe or cost-prohibitive. To address these challenges, this research introduces a novel approach
for studying buried ice using multi-low-frequency drone-based GPR. Monostatic antennas of 50,
100, and 200 MHz were flown along a transect spanning a debris-covered glacier and an ice–debris
complex at Shár Shaw Tagà (Grizzly Creek) in southwest Yukon, Canada. The drone-based results
were compared to manual GPR at two locations along the transect. The two manual segments were
conducted using the same radar system in a bi-static mode and included common mid-point (CMP)
surveys. Overall, the drone-based radar successfully identified buried ice and enabled estimation of
ice body thickness. Notably, CMP results confirmed layer characteristics and enabled depths to be
measured across the entire drone-based transect. Discrimination of detail across a range of depths
was made possible by comparing the three low frequencies, highlighting the possibility of using
this method for future investigations of debris thickness in addition to quantifying buried ice. This
study confirms the effectiveness of drone-based GPR combined with manual CMP for surveying ice
beneath previously inaccessible terrain.

Keywords: drones; ground-penetrating radar; buried ice; debris-covered glacier

1. Introduction
1.1. Ground-Penetrating Radar for Surveying Buried Ice

Debris-covered ice is present on an estimated 44% of Earth’s glaciers (excluding
Antarctica) and may account for 7.3% of the global mountain glacier area [1]. In addition
to debris-covered glaciers, buried glacial ice is commonly found in deglaciating environ-
ments where retreating glaciers have left residual ice that is covered by sediments through
paraglacial and gravitational processes [2]. Methods have been developed to improve
the detection of buried ice, including the application of terrain models and deep learning
methods to satellite remote sensing data [3,4]. Despite these advancements, high-quality
field data are needed on the ground truth of the extent of buried ice. As warming continues
to impact glaciers globally, heavily debris-covered features such as debris-covered glaciers
and rock glaciers will become more important to quantify as hydrologic resources [5]. Ad-
ditionally, the impacts of debris cover feedback on ice mass balance are inherently difficult
to study and remain a poorly quantified part of glacier modeling efforts due to difficulties
measuring buried ice melt [6,7].

Ground-penetrating radar (GPR) is a standard geophysical approach that has been
used extensively over the last two and a half decades to detect and characterize buried
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massive ice in debris-covered glaciers, rock glaciers and permafrost [6,8–11]. However,
past studies investigating the ice content of steep terrain using ground-based manual GPR
surveys often feature a limited number of transects with paths determined by the landscape
topography [12,13]. Airborne GPR, whether mounted on helicopters or fixed-wing aircraft,
is a potential solution to overcome these challenges. For instance, a helicopter-mounted
GPR has been successfully used to create a quasi-three-dimensional map of a rock glacier
in the Swiss Alps using multiple hatched passes, a feat only achievable with an airborne
system [14]. However, airborne options have most often been limited to mapping the
depths of large glaciers and ice sheets due to high costs [15–18]. These surveys use lower-
frequency radars for measuring glacier thickness and have a lower resolution as a result.
In addition, most airborne GPR surveys conducted using aircraft or helicopters sacrifice
spatial resolution as measurements are made at several tens of meters above the surface.

Altitude separation between airborne GPR and the surface can be reduced with recent
advancements in relatively low-cost drone-based GPR [19]. Drone-based GPR systems have
been used in recent years for snow hydrology surveys, where GPR enables undisturbed
detection of strata within snowpack [20]. Fixed-wing drone-based ice-penetrating radar
systems have also been developed for surveys of larger, mostly clean ice glaciers [21,22].
These systems use lower-energy radars which work well for mapping glacier thickness
where there is limited debris coverage. More recently, rotary wing drone-based GPR has
been developed for 3D and 4D coverage of mostly clean ice glacial tongues [23].

The development of drone-based GPR methods for the detection of buried glacial ice
over complex terrain is a logical next step, building on the capability of drone-based radar
technology. To the best of our knowledge there are no other publications that document the
application of drone-based GPR for studying buried ice. The objective of this study is to
provide the first test of the effectiveness of a drone-based radar survey to survey buried ice
content in terrain that would be effectively inaccessible to ground-based GPR.

1.2. Shár Shaw Tagà (Grizzly Creek) Field Site

This study was conducted within a deglaciating sub-catchment of Shár Shaw Tagà
valley in southwest Yukon, Canada. The study area is located on the Kluane and White
River First Nation territory within Kluane National Park and Reserve. In the literature,
Shár Shaw Tagà is referred to as Grizzly Creek, its non-indigenous toponym. The sub-
catchment exhibits a glacier to debris-covered glacier to rock glacier continuum typical
of the St. Elias Mountains greenbelt [24]. Moving down the valley, the clean glacier ice
above 2100 m a.s.l. transitions to a debris-covered glacier and an ice–debris complex (as
described by Bolch et al. [25]) between 2100 and 1900 m a.s.l, and then to a rock glacier
from 1900 to 1700 m a.s.l., where the sub-catchment meets the main valley (Figure 1). This
sub-catchment at Shár Shaw Tagà remains unnamed by the Kluane First Nation community
to the best of our knowledge. It was identified as the “Ice-cored moraine and rock glacier”
in initial fieldwork in the area by Johnson [24] and as the “glacier debris system rock glacier”
with a “tributary glacier” by Evin et al. [26].

The drone-based GPR transect for this study is located along the transition from the
debris-covered glacier to the ice–debris complex (Figure 2). Talus slopes intersect with the
debris-covered glacier, and morainic accumulations near the study transect, obscuring clear
distinctions between these features. At the upper end of the transect, exposed ice cliffs
indicate the presence of buried glacial ice. The transect location was chosen to evaluate
the continuity of buried ice between the exposed ice cliffs and the ice beneath the unstable
talus, downhill from the end of the debris-covered glacier.
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Figure 1. (a) Location of Shár Shaw Tagà (Grizzly Creek) valley within southwestern Yukon, Can-
ada, with the study area identified by a red rectangle. (b) Geomorphological interpretation of the 
study area. Terrain data are from ArcticDEM by the Polar Geospatial Center under NSF-OPP awards 
1043681, 1559691, 1542736, 1810976, and 2129685 [27]. Basemap credits: Esri, Maxar, Earthstar 

Figure 1. (a) Location of Shár Shaw Tagà (Grizzly Creek) valley within southwestern Yukon, Canada,
with the study area identified by a red rectangle. (b) Geomorphological interpretation of the study
area. Terrain data are from ArcticDEM by the Polar Geospatial Center under NSF-OPP awards
1043681, 1559691, 1542736, 1810976, and 2129685 [27]. Basemap credits: Esri, Maxar, Earthstar
Geographics, National Geographic, and the GIS User Community. Place names are given in Southern
Tutchone and English.
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plete passes of the transect were flown, each with one of the 50, 100, and 200 MHz un-
shielded dipole antennas. A laser altimeter was used to set a target altitude of 5 m above 
the ground, to prevent collision with boulders on the undulating terrain. The Zond Aero 
LF radar was integrated with the DJI M600 using an SPH Engineering SkyHub 3 onboard 
computer with firmware version 2.13.1 and UgCS version 4.15 flight planning software. 
Drone-borne radargrams were georeferenced using the post-processed kinematic (PPK) 
method, with signals collected by an onboard Emlid Reach M2 RTK module and an Emlid 
Reach RS2+ base station. The pre-programmed flight paths of the drone followed the path 
indicated in Figure 2 for the three antennas. The drone transect paths after post-processing 
were shown to remain within 3 m of each other. 
  

Figure 2. Map showing the location of the drone-based, manual, and CMP transects within the study
site (b) and larger sub-catchment valley (a).

2. Materials and Methods
2.1. Drone-Based GPR

During June 2023, a Radar Systems Zond Aero LF GPR was flown in a monostatic con-
figuration onboard a DJI M600 Pro drone along a 430 m transect (Figure 2). Three complete
passes of the transect were flown, each with one of the 50, 100, and 200 MHz unshielded
dipole antennas. A laser altimeter was used to set a target altitude of 5 m above the
ground, to prevent collision with boulders on the undulating terrain. The Zond Aero LF
radar was integrated with the DJI M600 using an SPH Engineering SkyHub 3 onboard
computer with firmware version 2.13.1 and UgCS version 4.15 flight planning software.
Drone-borne radargrams were georeferenced using the post-processed kinematic (PPK)
method, with signals collected by an onboard Emlid Reach M2 RTK module and an Emlid
Reach RS2+ base station. The pre-programmed flight paths of the drone followed the path
indicated in Figure 2 for the three antennas. The drone transect paths after post-processing
were shown to remain within 3 m of each other.

2.2. Manual Ground-Penetrating Radar

The Zond Aero LF system was operated in a bi-static configuration for ground-based
manual surveys, serving as a reference for the drone-based configuration. The detachable
nature of the antenna and receiver in the bi-static operation allowed for a common mid-
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point (CMP) survey at each of two manual transects to aid in layer identification and
thickness estimation. The first manual and CMP transects, “Manual 1” and “CMP 1,”
were conducted along the same 20 m span of the drone-based transect on the ice-cored
moraine and talus slope. The second manual and CMP transects, “Manual 2” and “CMP 2,”
were conducted on the debris-covered glacier in the upper portion of the transect near the
exposed ice cliffs. The antenna configurations for both drone-based CMP and manual GPR
transects are shown in the Supplementary Information in Table S1.

The Manual 2 GPR transect was aligned as close as possible with the path of the drone
but did not correspond perfectly to the drone-based transect due to the steep slope on the
debris-covered glacier (Figure 2b). The Manual 2 GPR transect spanned a 40 m path upslope
onto the debris-covered glacier. Unlike the CMP 1 transect, the 20 m CMP 2 transect did not
align with the Manual 2 transect. CMP 2 was conducted perpendicular to the manual transect,
roughly parallel to the slope of the debris-covered glacier for safety and practical reasons.
Conducting the CMP perpendicular to the slope at this location avoided the issue of varying
interface depth, allowing for a more consistent substrate beneath the CMP 2 transect.

2.3. Drone Photgrammetry and DEM

Aerial photogrammetry with 620 images of the study area was conducted using a DJI
Mavic 2 Pro within two days following the drone-based GPR data collection. Ground control
points (n = 9) and the ends of the CMP and manual transects were surveyed using an Emlid
Reach M2 RTK module connected to an Emlid Reach RS2+ base station. The orthomosaic
and digital elevation model (DEM) used for the survey map and terrain rectification of the
radargrams were produced using Pix4D Mapper and are shown in Figure 2b.

2.4. Radar Data Processing

Subsequent processing of drone-based and manual radargrams was conducted in
the Radar Systems Prism2 software version 2.70.05. All radargrams underwent the same
processing sequence: (i) background removal; (ii) Ormsby bandpass filter targeting the
central frequency +/− 50%; and (iii) linear gain adjustment for optimal readability. Re-
flections at layer interfaces were picked manually. In addition, terrain rectification was
applied to both the drone-based transects based on PPK outputs and to the manual transect
using elevations from the DEM produced for the study area. Calculation of velocities from
the CMP transects and depth correction followed methods used in comparable ice–debris
environments [13,28,29]. The layer velocities were applied across the drone-based transect,
enabling depths to be compared across the two methods. Interpretation of GPR facies
and debris thickness followed standard interpretation methods for debris-covered glaciers
(e.g., [6,30]). Processed radargrams without annotations can be found in the Supplementary
Materials of this article.

2.5. Measuring Buried Ice Heights and Depths

Velocities determined through the CMP analysis enabled buried ice heights and depths
of the ice base reflector to be compared between the drone-based and Manual 1 transects.
These heights and depths were calculated from the GPR traces by multiplying one-half the
two-way travel time between the top and bottom of ice and debris layers by the respective
velocities derived from the CMP analysis. The calculation of velocities allowed the depths
to the base reflector and the height of the buried ice to be calculated. The interfaces between
each layer for calculating the two-way travel time were manually picked from the data.
Depth measurements were taken at points 0 m, 10 m and 20 m along the CMP 1 transect
and compared to the same locations in the drone-based radargrams. These locations were
chosen to compare the results at three (3) points evenly spaced along the CMP transect.
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3. Results
3.1. Drone-Based Radargrams

The processed and annotated drone-based radargrams for all three frequencies are
shown in Figure 3. Three major areas of buried ice, B.I.1, B.I.2 and B.I.3, are identified along
the drone-based transects as voids of low reflection observed with all three antennas. The
detection of a base reflector beneath the ice bodies was possible using only the 50 MHz and
100 MHz antennas. The delineated shape of the ice bodies varies slightly from antenna to
antenna, with the 50 MHz antenna yielding the thickest debris estimates due to its inherent
low resolution. Surface multiples can be seen in the 100 MHz and 50 MHz radargrams
caused by repeated reflections from the near surface. This noise in the 100 MHz and 50 MHz
radargrams makes determination of the debris layer thickness, T, difficult to discern. On the
top of the debris-covered glacier, at B.I.2, the apparent thickness shown in the radargram
can be compared across the results from the three frequencies. In the 200 MHz radargram,
the debris layer appears thinner than that shown in the two lower frequencies, showing
a thickness closer to the field observation of approximately 30 cm depth at the top of the
debris-covered glacier.
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zoomed in by a factor of 1.5× to emphasize the differing levels of detail of debris thickness, T,
discernable across the three antenna frequencies. In (b), h1, h2 and h3 indicate buried ice layer heights,
and d1, d2 and d3 show the depths from the surface to the base reflector measured at the locations
corresponding to the beginning, middle and end of the CMP and Manual 1 transect. The location of
the Manual 2 transect is also indicated in (b).

3.2. Manual Radargrams

Each of the manual GPR transects surveyed show similar locations and thicknesses of
the ice masses (Figure 4). Comparing the results from the drone-based radargrams in Figure 3,
the manual GPR radargrams from the Manual 2 transect (Figure 4a–c), agree with the shape
and location of B.I.2. The improved quality of the manual transect radargrams is likely due to
the coupling between the antenna and the surface, reducing the signal loss and enabling the
200 MHz antenna to penetrate deeper into the debris-covered glacier. Radargrams from the
Manual 1 transect along the ice-cored moraine also capture the same shape and location of the
B.I.1 feature identified in the drone-based transects. The B.I.1 at this location is covered by a
thicker debris layer than what was found on the debris-covered glacier. Overall, the 200 MHz
and 100 MHz radargrams show a 5–7 m thick layer of ice, while the 50 MHz radargram is
particularly noisy, confounding the identification of a clear ice layer.
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The radargrams collected at the two CMP transects were used to compute the relative
permittivity and the wave velocities and estimate the thickness of both debris and ice
layers (Figure 5). The 50 and 100 MHz CMP transects showed clear signal trajectories. The
200 MHz CMP transects did not provide clear separations between the different layers,
preventing the estimation of layer characteristics with this antenna. The values for the
thickness, velocity, and relative permittivity of the ice and debris layers at each CMP
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transect are presented in Table 1. The values of permittivity for ice range from 2.9 to 4.1
and debris primitivities range from 3.3 to 4.7.
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Table 1. Results of CMP analysis.

CMP 1 CMP 2
50 MHz 100 MHz 200 MHz 50 MHz 100 MHz 200 MHz

Debris Layer
Thickness (m) 2.9 3 N/A 2.6 1.6 N/A

Velocity (cm/ns) 13.8 14.1 N/A 15.6 16.7 N/A
Permittivity (dim) * 4.7 4.5 N/A 3.7 3.3 N/A

Ice Layer
Thickness (m) 9.4 7.6 N/A 13.6 9.8 N/A

Velocity (cm/ns) 14.8 17.0 N/A 16.6 17.8 N/A
Permittivity (dim) * 4.1 3.2 N/A 3.2 2.9 N/A

* Relative permittivity values are reported as dimensionless values, indicated by units of “dim”.

3.3. Height and Depth Measurements

At the 0 m, 10 m and 20 m distances along the 100 MHz Manual 1 transect, ice body
heights of h1 = 8.5 m, h2 = 7 m and h3 = 6.8 m were estimated. The 100 MHz frequency was
chosen for making comparisons between the airborne and ground observations since it was
the best compromise between depth and resolution. The 200 MHz radar did not have sufficient
penetration in the drone-based configuration and the 50 MHz radar sacrificed resolution.

The corresponding 100 MHz drone-based GPR heights sampled resulted in h1 = 10.3 m,
h2 = 9.7 m and h3 = 7.7 m. Comparing the ice layer height measurements at each location,
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the mean absolute difference between the measurements is 1.8 m. Measurements of the
depth of the ice base reflector at the same locations were calculated by adding the thickness
of the surficial debris layer to the buried ice layer height. Total depths from the Manual
1 transect were found to be d1 = 12.9 m, d2 = 10 m and d3 = 9.8 m. Drone-based depths
were calculated as d1 = 12.1 m, d2 = 11.8 m and d3 = 10.5 m. The mean absolute difference
between the depth measurements was found to be 1.1 m. Differences between heights and
depths measured with the drone and manual GPR are discussed further in the discussion
in Section 4.2.

4. Discussion
4.1. CMP Results

The relative permittivity values for ice across both transects range between 2.9 and 4.1,
aligning with commonly reported values in the literature. For example, Thomson et al. [31]
place relative permittivity for ice under debris between three and five, while Wu and Liu [29]
report values between three and four. The results indicate that CMP1 (4.7 to 4.5) and CMP2
(3.7 to 3.3) exhibit different relative permittivity for the debris layers, highlighting the variabil-
ity reported in the literature for such media [32]. Overall, the addition of CMP to the aerial
GPR acquired in this study enable high confidence in the layers of ice and debris identified in
the radargrams across the drone-based transect and allow ice thickness measurements.

4.2. Differences between Drone and Manual GPR Measurements

Discrepancies between the depths and heights measured in the drone and manual
radargrams can be linked to (i) limitations inherent to the airborne radar method used and
(ii) the uncertainty introduced by the surface and debris media which impact both GPR
methods. The mean absolute error is 1.8 m between the ice heights measured and 1.1 m
between the base reflector depths. It is important to note that there is still uncertainty asso-
ciated with the manual observations, so the manual measurements cannot be considered
ground truth. The uncertainty in georeferencing uncovered after post-processing the exact
position of the drone indicate that the measurements were not always taken at exactly the
same spot between the manual and drone-based surveys. Future work could be carried
out to improve transect positioning through RTK. Digging debris pits for ground truthing
would also allow for accurate validation of debris thickness measurements.

The sources of uncertainty associated with the drone-based operation alone limit the
performance of the drone radar compared to manual surveys, but these considerations
must be acknowledged when deploying drone-based radar beyond where manual surveys
would be possible. Drone-based GPR also enables much larger areas to be covered at the
same time, improving the efficiency of field surveys. In this case, it is important to consider
the tradeoffs in the data quality associated with an aerial GPR survey. The following
two sections address the possible uncertainties associated with the airborne method and
the field conditions.

4.2.1. Uncertainty Related to Aerial GPR Operation

The first noted source of uncertainty in the drone-based radargrams is the user identifi-
cation of the air/ground interface. When the antenna is decoupled from the surface during
an aerial GPR survey, the exact position of the ground is more difficult to determine due to
the separation of the antenna from the surface [33]. This error impacts the measurements
used in our study to locate the surface of the debris layer, which was used for calculating
the debris thickness and total depth of the ice base reflector.

The height of the drone above the surface also presents a challenge for the quality of
the results. Increasing the separation of the GPR antenna from the surface is known to result
in a lower signal to noise ratio (SNR) because of the increase in the effective antenna beam
pattern footprint [34]. This altitude effect reduces the precision that can be used to identify
small targets and causes subsurface features to have locational error since reflections will not
always come from directly beneath the antenna. The altitude of the drone varied due to the
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altimeter compensation lag over the rough debris surface, which contained large boulders.
This effect complicates the interpretation of the GPR through a variable layer of error.

Additionally, aerial GPR antennas that are decoupled from the surface present the
additional challenge of high power loss caused during the first reflection at the air/ground
interface [35]. The change in permittivity between the air and ground combined with the
debris surface roughness both contribute to power loss, which limits the penetration of
the radar. This factor contributes to the issue seen with the 200 MHz antenna used in the
drone-based configuration in the present study, where penetration depth is dramatically
limited when compared to the corresponding manual surface GPR transect. For example,
in the drone-based GPR in Figure 3, the location of the debris/ice interface is not clear and
indicated by a dotted line, but it is clearly visible along the Manual 1 transect in Figure 4.

Reflections from outside the survey plane are an additional consideration for airborne
radar surveys over steep terrain, such as the terrain at the study site at Shár Shaw Tagà.
The pitch and roll of the drone also contribute to additional reflections originating outside
the mapped path of the drone. Migration techniques have been described in the literature
to address these concerns [36], but these methods were not applied to the standard GPR
processing conducted to produce the radargrams used for this study. Migration was
not applicable for our study since it would involve the development of new techniques
to account for the chaotic surface media comprising various sized rocks and boulders
in addition to the surface topography. Future research could address these concerns to
improve radargrams obtained from an airborne GPR over steep and rough terrain.

The effect of the target altitude above the surface was not investigated in this study
due to the limited flight time permitted by field conditions and battery life. Additionally,
the high risk of collision with large boulders scattered on the steep slopes prevented testing
the GPR at lower altitudes. It can be concluded that the target altitude separation of 5 m
used for the drone-based transects contributed to these described errors of lower SNR and
diminished capacity to identify the ice–debris interface.

4.2.2. Other Sources of Uncertainty

Beyond the error originating from airborne GPR operation, conditions in the field
contributed to potential uncertainties. The first of these sources originates from the potential
misinterpretation of interfaces [30]. This misinterpretation could be caused by a potential
integration of small debris into the top layer of the ice, limiting the dielectric contrast
between the ice and debris in the radargrams and causing a weaker reflection. This effect
would be present with the data acquired using both methods but would have an increased
effect with the drone-based GPR which already experiences higher energy loss due to
antenna decoupling from the surface.

The manual GPR measurements presented additional potential uncertainty due to
difficulty maintaining a consistent antenna position over the surface [37]. Changes in angle
and height varied as the antenna was moved over the irregular rocky surface. The noisy
data from the 50 MHz radargram in Figure 4 can be explained by the technical challenge of
maintaining a consistent antenna position over the ground when handling larger antennas
exceeding 2 m in length over steep, unstable terrain. Accidental collisions of the antenna
with the surface were difficult to avoid when conducting the 50 MHz survey and, as a
result, caused the drone-based GPR to outperform the manual radar in this case.

The thickness of the surficial debris layer varied from 30 cm to a few meters across the
study area. Depending on the antenna frequency used, the minimum depth of investigation
varies based on the wavelength of the radar. The thinner areas of debris, especially at
the top of the debris-covered glacier where debris is as thin as 30 cm, would prevent the
two lower-frequency antennas from being able to resolve the debris–ice interface. Wave
theory indicates that the best vertical resolution that can be achieved is one-quarter of
the dominant wavelength, which would be around 0.75 m for the 100 MHz antenna [38].
This detection limit impacts the measurements of the debris thickness estimations and the
calculations of total ice body height reported in the results.
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If the 200 MHz radar had been able to identify the ice–debris interface, it could be
able to be used to measure debris thickness more accurately than the 100 MHz antenna.
However, the 200 MHz radar did not have sufficient penetration in the drone-based transect
to facilitate a direct comparison between the drone and ground-based radar transects.

4.3. Methodological Recommendations

The results of this study demonstrate that the detection of large continuous buried
ice bodies is particularly effective using drone-based GPR. The dielectric contrast of the
ice and the surrounding media at this site permits effective detection of the ice base
reflector. Improvements in processing and field collection could likely further improve the
measurement of the debris layer thickness given the difficulties seen with surface multiples
and complex reflections from the air/ground interface.

For geophysical investigations using drone-based GPR, ice detection is most effective
when operating the drone as close to the surface as possible, at slow speeds, with flat terrain
that has a high dielectric contrast between the media and ice. Thinner debris layers permit
easier detection of ice compared to thicker debris layers.

For thinner debris layers, higher-frequency radars should have sufficient penetration
to resolve the base reflector. For example, in this study, the 200 MHz drone-based radar
was able to detect the base reflector below the thinner debris near the Manual 2 transect
and was not able to detect the base reflector to the deeper debris along Manual 1 transect.
Specific frequencies for drone-based GPR investigations should be chosen specifically for
the field conditions present at a study site.

As discussed in the methods and results, the thickness of the debris layer was not
directly measured in this study and was not the focus of the investigation. However,
given the results seen with the surface multiples and difficulty discerning the debris layer
thickness using the drone-based GPR, it could be suggested that finer debris would likely
improve the determination of the surface reflector and could contribute to more effective
determination of debris layer thickness when compared to manual GPR.

5. Conclusions

This study demonstrates the effectiveness of drone-based GPR for detecting and
measuring buried ice where traditional manual GPR methods would not be possible. The
inclusion of the two manual transects with a CMP survey using the same radar system
provide a valuable comparison of the performance of the radar in airborne and ground-
based operations. Comparing the two methods, the drone-based radargrams agree with
the location and shape of buried ice detected in the manual GPR performed at the same
frequencies and locations. The addition of CMP along the two manual transects enabled
depths to be calculated accurately using the drone-based radar.

Across three measurements of the total height and depth of B.I.1, the drone-based
GPR is within 1.8 m of the height and 1.1 m of the depths determined using the manual
GPR on average. Despite these discrepancies, which can likely be improved upon with
additional processing and methodological improvements, the ability to detect buried
ice over complex and dangerous terrain provides significant opportunities for future
investigations of processes and changes in debris-covered glacier systems.

Acknowledging the inherent limitations in data resolution when performing GPR
with an elevated antenna that is decoupled from the surface, the drone-based methods
matched the detection ability of the manual radar. Notably, the 50 MHz drone-based radar
outperformed the manual antenna of the same frequency, a testament to the difficulty of per-
forming GPR surveys in challenging terrain. However, noise and signal loss caused by the
lack of antenna coupling with the surface when using the drone-based radar complicated
efforts to determine debris layer thickness in the radargrams. Future research directions
building upon this work point towards the application of more advanced algorithms for
processing radargrams to improve the near-surface signal quality, enabling more precise
measurements of debris layer thickness.
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Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/rs16132461/s1: Table S1: Configuration parameters for the
Zond Aero LF GPR system; Figure S1: The 50 MHz raw processed radargram; Figure S2: The 100 MHz
raw processed radargram; Figure S3: The 200 MHz raw processed radargram. Figure S4: Manual
Transect 1 50 MHz Raw. Figure S5: Manual Transect 1 100 MHz Raw. Figure S6: Manual Transect 1
200 MHz Raw. Figure S7: Manual Transect 2 50 MHz Raw. Figure S8: Manual Transect 2 100 MHz Raw.
Figure S9: Manual Transect 2 200 MHz Raw.
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