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Perspectives in Ground-Penetrating Radar at high latitudes: from occasional imaging to
automated continuous monitoring

Introduction

Northern high latitude regions, well known for their near to far below zero mean annual temperatures,
present numerous glaciers and/or permafrost areas. These bodies have been investigated as soon as the
end of the XVIIIth century, using pictures for glacier volume annual variation, or soil movement due to
permafrost evolution. They are even more under investigation since the estimated warming in the last
decades compared to pre-industrial situation is twice as high in Arctic and Subarctic than in the rest of
the globe (Allen et al., 2019). Using temperature and precipitation scenarios from global climate mod-
els (e.g. RCP 1.9 or RCP 8.5) until 2100, projections show large decrease in global mass-balance of
glaciers (Bliss et al., 2014) and permafrost (Lawrence and Slater, 2005). In addition to the mean tem-
perature increase, the likelyhood of extreme temperature events is rising, with notable instances such
as the very high temperatures observed in July 2020 in Verkhoiantsk (Siberia), as well as the increase
in wildfire occurrences and burn severity in Boreal regions (Hu et al., 2015). These disturbances in
temperature at different times and scales lead to changes in various compartments, notably vegetation,
soil water content, atmosphere humidity implying severe permafrost degradations, expected to have high
impact on global climate because of soil carbon release to the atmosphere (Schaefer et al., 2014). Accu-
rate global warming predictions cannot be achieved without taking into account permafrost greenhouse
gases release, implying the need for investigating the permafrost areas at different spatial and temporal
scales. This duality in the temporal and spatial scales requires the use of different methods, integrating
different volumes/surfaces and having the capacity to be used on site or remote.

The first studies, mainly photographic based, led to the development of powerful remote sensing meth-
ods, to gather surface information over large areas, integrating various phenomena over large periods of
time. For example, Nitze et al. (2018) estimate permafrost degradations from 1999 to 2014 in Arctic
and Subarctic by quantifying lake coverage, wildfire burn scars and retrogressive thaw slumps through
Landsat surface reflectance data. Similarly, the advances in remote sensing during the last decades
led to centimetric altitude monitoring, allowing global scale glacier evolution estimations from satellite
images (e.g. Hugonnet et al. (2021)). However tracking climate impact involving complex processes re-
quires smaller scale studies. Different on-site methods have been deployed over the last decades to study
glacier dynamics: since the 1960s, Ground-Penetrating Radar (GPR) has proven to be a powerful tool
to get extensive ice thickness information (Cook, 1960; Evans, 1963; Arcone, 1996). Access difficulty
pushed for the development of airborne GPR, introducing a mid-scale between on-ground and satellite
measurements Rutishauser et al. (2016), with pioneering explorations on the King George Island ice
cover, Antarctica (Kim et al., 2010; Rückamp and Blindow, 2012).

On the other hand, the study of the thickness of the permafrost’s active layer needs to take into account
various intrinsic factors affecting the dynamics of its evolution: lithology of the soil, water content,
soil structure, vegetation coverage, surface water, and snow timing and coverage (Dafflon et al., 2017).
For example, ice-wedge polygones observed in Alaskan tundra have been extensively studied Grant
et al. (2017) to illustrate the relation between precipitation and active layer through microtopography.
Among different geophysical methods employed for permafrost characterization (Kneisel et al., 2008),
GPR has been employed many times (Arcone et al., 1998; Léger et al., 2017). However these GPR
characterization were and are still mostly performed during field campaigns which can be sparse in
time, expensive and human resource demanding, and can be limited by the difficulty to access areas. The
purpose of this short paper is to present two approaches for northern latitudes features imaging during
field mission and discuss the benefits brought by hardware and software improvements to develop the
field of long-term monitoring. The main objective of this paper is to highlight the new paradigm that the
internet of things brought to the field of surface GPR characterization of high latitude environment.
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Occasional imaging examples

The Austre Lovenbreen glacier in 2010

In April 2010, a three week expedition was conducted to acquire an extensive GPR data set over the
Austre Lovenbreen temperate glacier in Svalbard (Norway) (Saintenoy et al., 2013). Data were acquired
using an old generation Malå equipment, with 50 and 100 MHz antenna 1. The antennas were pulled
manually, and a second operator was needed to carry the control unit, loaded with heavy lead batteries
and a rugged mobile computer. Due to perfect weather conditions, the acquired large amount of data
lead to the bedrock 3D reconstructed surface. It would benefit from more data impossible to get in the
three week expedition using the old fashion equipment. Radargrams pointed out some warm ice area.
The monitoring of the evolution of its extension would be crucial with perennial means.

Figure 1 Right: Ice thickness map (from Saintenoy et al. (2013)) derived from GPR data set acquired
with an old generation GPR system (left).

Active layer and river interaction in Eastern Siberia

For the last decade, the LSCE and GEOPS laboratories in collaboration with the Melnikov Permafrost
Institute are engaged in the study of a river transect in continuous permafrost in Central Yakutia (Siberia)
for the assessment and quantification of thermo-hydro processes within the active layer. The processes
play a key role in the intrinsic evolution of water catchments. In this region of deep continuous per-
mafrost, where water catchments undergo strong evolutions, we focus on a small river joining two
thermokarstic lakes, using in situ sensors for measuring temperature are different depths and making
direct probe measurements during end summer campaigns. In September 2017, we conducted a geo-
physical campaign to compare GPR data with temperature sensors, active layer depth from probes and
electrical resistivity tomography data. These measurements gave cm-scale variations in the active layer
depth depending on the orientation of the river bank and highlighted the influence of the river on the
active layer deph and permafrost (Saintenoy et al., 2020). The water, by its calorific capacity plays a
strong thermal role by affecting the dynamic of the frozen layer (heat exchange) and the setting of the
active layer. Therefore, tracking precisely the flow movement withing the active/frozen layer dynamic is
a key objective. Up to now a distributed temperature and water content sensor network provides punctual
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monitoring and the geophysical data are acquired every once in a while depending on pandemic restric-
tions. There is a need for geophysical tools that could be installed for in-place monitoring of cumulative
information: active layer depth, depth of supra-permafrost aquifer during the thawing or the freezing of
the subsurface.

Open hardware and open-source software opening new way to GPR innovations

The two case studies presented above highlight an emerging trend for field-scale surveys in the Artic and
SubArtic area, evolving from heavy-weight expedition-based occasional measurements to automated
continuous sensors. This evolution is prompted by the need for monitoring water movements while
freezing and thawing processes in the active layer. It is also motivated by increasing concerns about
travel-related carbon emission, by traveling limitations during worldwide pandemic situation, and even
by down-to-earth difficulties such as carrying expensive and sensitive equipment across customs. This
trend is enabled by rapid technological advances. With the development of the “Internet of things”
(Ashton, 2009) and “makers’ movements” (Dougherty, 2012), the development of general purpose, open,
inexpensive, nimble, and low-powered single-board computers coupled with the availability of a large
variety of sensors led to a massive decrease in cost, energy and weight for deploying all types of sensors
on the field; see for example (Léger et al., 2019). Meanwhile, data processing – a posteriori, on the field,
if not on board (edge computing) – has been greatly facilitated by the emergence in the last decades of
a massive ecosystem of open-source software for scientific computation, widely accessible e.g. through
the popular Python language.

GPR is no exception: it has gone a long way from its earlier requirements for heavy weight batteries,
bulky antennae, loose connectors, and fragile optical cables; available software now cover both GPR nu-
merical modeling (Warren et al., 2016) and data processing (Plattner, 2020). These advances prompted
us to develop a standalone automated device combining antennae and a Vector Network Analyser, all
driven by a single-board computer, with embarked filtering and cm-precision location using RTK-GPS;
this to better constrain the thermo-hydrodynamic of the active layer and diminish our impact on the
studied area.

We believe that the ease of integration brought by these hardware and software breakthrough opens the
door for rapid development by research teams of such bespoke low cost/energy/weight (semi-)automated
devices tailored to their specific needs. Thanks to their features, such devices can then be left on the field,
enabling long term continuous monitoring and sensing of complicated phenomena in arch-environment.
We further envision opportunities for participative science, creating new collaborations for the benefit
of both researchers on the field and the local population involved in first place in those massive climate
changes.
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Bliss, A., R. Hock, and V. Radić [2014], Global response of glacier runoff to twenty-first century climate

change, Journal of Geophysical Research: Earth Surface, 119(4), 717–730.
Cook, J. C. [1960], Proposed monocycle-pulse very-high-frequency radar for air-borne ice and snow

measurement, Transactions of the American Institute of Electrical Engineers, Part I: Communication
and Electronics, 79(5), 588–594.

Dafflon, B., R. Oktem, J. Peterson, C. Ulrich, A. P. Tran, V. Romanovsky, and S. S. Hubbard [2017],
Coincident aboveground and belowground autonomous monitoring to quantify covariability in per-
mafrost, soil, and vegetation properties in arctic tundra, Journal of Geophysical Research: Biogeo-
sciences, 122(6), 1321–1342.

Dougherty, D. [2012], The maker movement, Innovations, 7(3), 11–14.
Evans, S. [1963], Radio techniques for the measurement of ice thickness, Polar Record, 11(73), 406–

410.
Grant, R., Z. Mekonnen, W. Riley, H. Wainwright, D. Graham, and M. Torn [2017], Mathematical

modelling of arctic polygonal tundra with ecosys: 1. microtopography determines how active layer
depths respond to changes in temperature and precipitation, Journal of Geophysical Research: Bio-
geosciences, 122(12), 3161–3173.

Hu, F. S., et al. [2015], Arctic tundra fires: natural variability and responses to climate change, Frontiers
in Ecology and the Environment, 13(7), 369–377.

Hugonnet, R., R. McNabb, E. Berthier, B. Menounos, C. Nuth, L. Girod, D. Farinotti, M. Huss, I. Dus-
saillant, F. Brun, and A. Kääb [2021], Accelerated global glacier mass loss in the early twenty-first
century, Nature, 592, 726–731.

Kim, K., et al. [2010], Helicopter-borne and ground-towed radar surveys of the fourcade glacier on king
george island, antarctica, Exploration Geophysics, 41(1), 51–60.

Kneisel, C., C. Hauck, R. Fortier, and B. Moorman [2008], Advances in geophysical methods for per-
mafrost investigations, Permafrost and periglacial processes, 19(2), 157–178.

Lawrence, D. M., and A. G. Slater [2005], A projection of severe near-surface permafrost degradation
during the 21st century, Geophysical Research Letters, 32(24).

Léger, E., B. Dafflon, Y. Robert, C. Ulrich, J. E. Peterson, S. C. Biraud, V. E. Romanovsky, and S. S.
Hubbard [2019], A distributed temperature profiling method for assessing spatial variability in ground
temperatures in a discontinuous permafrost region of alaska, The Cryosphere, 13(11), 2853–2867.

Léger, E., et al. [2017], Quantification of arctic soil and permafrost properties using ground-penetrating
radar and electrical resistivity tomography datasets, IEEE Journal of Selected Topics in Applied Earth
Observations and Remote Sensing, 10(10), 4348–4359.

Nitze, I., G. Grosse, B. M. Jones, V. E. Romanovsky, and J. Boike [2018], Remote sensing quanti-
fies widespread abundance of permafrost region disturbances across the arctic and subarctic, Nature
communications, 9(1), 1–11.

Plattner, A. M. [2020], Gprpy: Open-source ground-penetrating radar processing and visualization soft-
ware, The Leading Edge, 39(5), 332–337.

Rückamp, M., and N. Blindow [2012], King george island ice cap geometry updated with airborne gpr
measurements, Earth System Science Data, 4(1), 23–30.

Rutishauser, A., H. Maurer, and A. Bauder [2016], Helicopter-borne ground-penetrating radar investiga-
tions on temperate alpine glaciers: A comparison of different systems and their abilities for bedrock
mapping, Geophysics, 81(1), WA119–WA129.

Saintenoy, A., J.-M. Friedt, A. D. Booth, F. Tolle, E. Bernard, D. Laffly, C. Marlin, and M. Griselin
[2013], Deriving ice thickness, glacier volume and bedrock morphology of austre lovénbreen (sval-
bard) using gpr, Near Surface Geophysics, 11(2), 253–262.

Saintenoy, A., et al. [2020], Coupling GPR and ERT data interpretation to study the thermal imprint of
a river in Syrdakh (Central Yakutia, Russia), in 18th International Conference on Ground Penetrating
Radar, pp. 93–96, Society of Exploration Geophysicists.

Schaefer, K., H. Lantuit, V. E. Romanovsky, E. A. Schuur, and R. Witt [2014], The impact of the
permafrost carbon feedback on global climate, Environmental Research Letters, 9(8), 085,003.

Warren, C., A. Giannopoulos, and I. Giannakis [2016], gprMax: Open source software to simulate elec-
tromagnetic wave propagation for Ground Penetrating Radar, Computer Physics Communications,
209, 163–170.

Near Surface Geoscience Conference & Exhibition 2021


