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Abstract Permafrost is a widespread phenomenon in the cold regions of the globe and is under-represented
in global monitoring networks. This study presents a novel low-cost, low-power, and robust Autonomous
Electrical Resistivity Tomography (A-ERT) monitoring system and open-source processing tools for
permafrost monitoring. The processing workflow incorporates diagnostic and filtering tools and utilizes
open-source software, ResIPy, for data inversion. The workflow facilitates quick and efficient extraction of

key information from large data sets. Field experiments conducted in Antarctica demonstrated the system's
capability to operate in harsh and remote environments and provided high-temporal-resolution imaging of
ground freezing and thawing dynamics. This data set and processing workflow allow for a detailed investigation
of how meteorological conditions impact subsurface processes. The A-ERT setup can complement existing
monitoring networks on permafrost and is suitable for continuous monitoring in polar and mountainous regions,
contributing to cryosphere research and gaining deeper insights into permafrost and active layer dynamics.

Plain Language Summary Permafrost, frozen ground in cold regions, has significant impacts

on the global environment. Monitoring of permafrost is crucial because it influences the global carbon cycle,
hydrology, contaminant movement, and ecosystem stability. However, current monitoring systems have
limitations, particularly in remote regions like Antarctica. To tackle this challenge, a new monitoring system,
Autonomous Electrical Resistivity Tomography (A-ERT), was introduced. A-ERT is a geophysical technique
that employs electrical signals to study ground freezes and thaws with high precision over time. Alongside this,
open-source processing tools were developed to process obtained A-ERT data and efficiently extract essential
information from large data sets. The developed A-ERT system is robust, low-cost, low-power, and designed to
operate in harsh conditions. Tested in Antarctica, our findings show that A-ERT data combined with processing
pipelines offers a valuable tool for examining freezing and thawing processes in extreme environments. The
proposed setup can contribute to a network of autonomous permafrost monitoring systems, important for
cryosphere research and advancing our understanding of climate change's impact on permafrost dynamics.

1. Introduction

Permafrost is a widespread phenomenon in the cold regions of the globe and is under-represented in global moni-
toring networks (Hock et al., 2019). Initiatives such as the Global Terrestrial Network for Permafrost (GTN-P)
and the Circumpolar Active Layer Monitoring (CALM) networks were established to observe the response of
the active layer and permafrost to climate change over long time scales (Brown et al., 2000). GTN-P primar-
ily monitors borehole temperature, while CALM focuses on manual thaw depth measurements using mechani-
cal probes (Ramos et al., 2017; Shiklomanov et al., 2008). Boreholes, while useful for monitoring the thermal
state of permafrost, have limitations due to their high cost, localized nature, and limited numbers. Furthermore,
drilling is invasive and impractical for extensive coverage, particularly in environmentally sensitive ecosystems
like Antarctica. Mechanical probing is also not always feasible in areas with thick active layers with coarse,
boulder-rich sediments. Additionally, given that mechanical probing is carried out usually once per year, it cannot
provide a real-time monitoring of thaw depth progression. Moreover, it often fails to capture the maximum
seasonal thaw depth, because accurately predicting when the maximum thaw depth will occur is challenging
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and logistical constraints further hinder the ability to visit the site at the desired period for probing. Importantly,
neither mechanical probing nor borehole temperatures provide information about the spatial and temporal varia-
bility of ground ice and unfrozen water content.

Electrical Resistivity Tomography (ERT) offers a solution to address some of the abovementioned problems. The
method can detect the difference between unfrozen and frozen materials given the strong electrical resistivity
contrasts, and allows monitoring of permafrost and active layer dynamics in two or three dimensions (Farzamian
et al., 2020). Previous applications of ERT in cold environments have included investigating the freeze and thaw
of the active layer in the European Alps (Hilbich et al., 2008; Mewes et al., 2017), North America (Uhlemann
et al., 2021), Greenland (Doetsch et al., 2015; Tomaskovi¢ova & Ingeman-Nielsen, 2023) and Antarctica
(Hauck et al., 2007), estimating unfrozen water content distribution through time (Hauck, 2002; Oldenborger &
LeBlanc, 2018), and assessing ground ice degradation (Hilbich et al., 2022).

Despite the potential for ERT monitoring in a climate change context (Mollaret et al., 2019), only a few opera-
tional long-term ERT monitoring sites exist in permafrost regions (Hilbich et al., 2008; Scandroglio et al., 2021;
Supper et al., 2014). Furthermore, in all cases, these systems are operated manually and therefore need to be
visited regularly, which makes it logistically complex and expensive, particularly for remote areas. Autonomous
Electrical Resistivity Tomography (A-ERT) systems are a logical, and necessary extension of manually repeated
measurements, as they enable the continuous acquisition of temporally dense ERT data sets. However, to date,
only very few systems for permafrost exist (Farzamian et al., 2020; Hilbich et al., 2011; Keuschnig et al., 2017,
Uhlemann et al., 2021). To instrument a greater number of stations, there is a need for systems that are inexpen-
sive, robust in harsh climates, and that require minimal power to operate.

This work reports on how a low-cost, robust, low-power setup coupled with efficient processing tools provides
valuable insight into subsurface dynamics in polar regions. The first prototype of the A-ERT system (prototype
I) was developed in 2009 and was installed and tested on Deception Island, Antarctica, in 2010 (Farzamian
et al., 2020). Several improvements were made to this prototype, and a new A-ERT system (prototype II) was
manufactured and installed on Livingston Island, Antarctica, in 2020. This manuscript has three primary objec-
tives: (a) to describe the details of this new and successfully tested A-ERT system, which was specifically adapted
to deployments in harsh and remote terrains, where maintenance and repair is not possible regularly (b) to present
a semi-automated processing workflow to filter and invert large number of A-ERT data sets, and (c) to high-
light active layer dynamics and their typical electrical resistivity patterns in a case study. The manuscript also
provides access to the data, figures, and Python-based open-source codes used for data processing in Jupyter
Notebooks (see Farzamian et al., 2023).

2. Materials and Methods
2.1. Study Area and Monitoring Setup

Figure 1a shows the location of the Reina Sofia Peak (RSP) site in Hurd Peninsula (Livingston Island, Antarctica)
where we installed the prototype II A-ERT system in 2020. Permafrost temperature monitoring at RSP began in
2000 in two shallow boreholes, including ground surface and air temperatures. Since 2007, snow cover thickness
has been estimated using iButton temperature loggers at various heights above the ground on a wooden mast
(Ramos & Vieira, 2009). The approach proposed by Lewkowicz (2008) was used to identify covered or free
sensors based on daily temperature variability. RSP has an elevation of 275 m above sea level and the summit
shows a flat, wind-exposed surface with approximately 100 X 50 m. The bedrock is the Myers Bluff Formation,
a combination of fine sandstones and shales that in the surface have been frost shattered forming a diamic-
ton of loose material approximately 1 m thick (Pimpirev et al., 2006). The thickness of this layer corresponds
approximately to the active layer thickness, as determined by temperature data from a 25 m borehole with a
permafrost temperature at the zero annual amplitude depth of about —1.8°C (Ramos et al., 2020). The climate is
cold and maritime, with annual temperatures ranging from —1.9 to —1.2°C at sea level (Ramos, Vieira, Gruber,
et al., 2008) and —4.2°C at the RSP (Ramos, Vieira, Blanco, et al., 2008).

2.2. Instrumentation

ERT methods involve injecting electrical current using two current electrodes (A and B) and measuring the result-
ant voltage between another two electrodes (M and N). Different portions of the subsurface can be interrogated
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Figure 1. (a) Location of the Reina Sofia Peak and current monitoring setups in the site. (b) A-ERT equipment at Reina
Sofia Peak.

by utilizing different combinations of electrodes along a transect (for an introduction of ERT method, see
Binley, 2015). The electrodes, instrument, and power source are connected by cables. The A-ERT system compo-
nents presented here include water-resistant cases, temperature-rated cables, and ruggedized mil-rated connectors
so that the system can operate in harsh environments such as Antarctica. Autonomous operation is crucial in
polar regions as frequent visits to polar locations can be prohibitively expensive, making it impractical to rely
on manual monitoring. Although solar power can be used for most of the year, there are 3—4 months with very
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Table 1
Components of the A-ERT System Installed in Reina Sofia Peak, Livingston Island

Component Cost [EUR] Manufacturer

4-point light 10 W 3,700 Lippmann
Switch boxes 26 2,400 Lippmann
Battery (AGM deep cycle 12V/110Ah) 190 Victron
Solar panel 30W/12V (x2) 50 Victron
Solar charge controller PWM 12/24V - 10A 25 Victron
Cables 170 AlphaWire
Customized weather resistant case (IP67 and MIL810F rated) 390 Explorer Cases
MIL Spec connectors 380 Amphenol
Timer 30

Electrodes 150

Aluminum supporting structure (interior of the case) 210 RatRig

Consumables (e.g., gaskets, banana plugs, terminals, screws) 140

Note. The costs reflect the price at the time of purchase in 2019.

reduced insolation during the polar winter. Consequently, low-power consumption is also required since the regu-
lar replacement of batteries is not feasible.

The A-ERT system developed and adapted to the specific needs of remote, polar operation, has an approximate
cost of 8,000 € in 2019 for a multi-electrode setup comprising 26 electrodes. It incorporates various components,
as specified in Table 1. This low-cost A-ERT system will enable a more extensive deployment of A-ERT systems
in permafrost regions on a global scale. The core of the system consists of a 4-point light 10 W resistivity meter
(Figure 1b) that is lightweight (less than 1 kg), compact, low-cost, and low-power, making it easy to ship and
carry to distant locations and operate autonomously. Its output current range is 1 pA—100 mA, with the minimum
transmitter current of 1 pA being about one order of magnitude lower than the current resolution of conventional
resistivity meters. This feature makes it suitable for monitoring the extremely high resistivities in permafrost
areas without overloading the receiver circuit.

Measuring high resistivities at low currents is another challenge in permafrost areas and can result in low-quality
data due to noise and measurement inaccuracies (Supper et al., 2014). The low-power switch boxes address these
issues using an integrated buffer amplifier with an extremely high DC input impedance (>>1 GOhm), which
minimizes errors with high contact resistance electrodes. The amplifiers' low output impedance reduces crosstalk
between transmitter and receiver lines. An additional ground electrode is necessary to define the system's internal
reference potential because the amplifiers have virtually infinite DC input impedance.

Water-resistant cases encased all electronic components (Figure 1b), and rugged mil-rated connectors, detailed in
Table 1, were used to ensure no water entered the box. The 4-point light 10W device was standalone for auton-
omous monitoring, but it was programmed at the start of the survey using the GeoTest software (https://www.
geophysik-dr-rauen.de/).

The Wenner electrode configuration was used with 26 electrodes spaced at 0.5 m intervals. Measurements were
taken every 6 hr with a minimum of 5 and a maximum of 9 stacks per quadrupole and a target standard deviation
of 2%. Data was stored in the resistivity meter's internal memory. This setup yields 100 individual data points for
each monitoring data set at eight pseudo-depth levels.

Cold-rated 110 Ah deep cycle gel batteries were used for the 3—4 months of operation when solar power was
unavailable. A timer was integrated into prototype II to activate and deactivate the resistivity meter before and
after each data acquisition. Although the power consumption of the resistivity meter in standby mode is very low,
approximately 250 mW, monitoring battery voltage of prototype I and incoming radiation during 3 years of obser-
vation at Deception Island revealed that this accounted for the highest portion of the system's power demand at
this site. Therefore, integrating a timer into prototype II was necessary to reduce the overall energy consumption
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significantly. The Jupyter Notebook (see Farzamian et al., 2023) presents the details of this evaluation and the
improvements in power efficiency resulting from the timer integration, along with corresponding data and plots.

2.3. Data Processing and Inversion

For interpretation, ERT data needs to be modeled using geophysical inversion (see Binley, 2015). In this work,
the ERT data are processed before being inverted using ResIPy (Blanchy et al., 2020). Processing predominantly
comprises robust filtering methods to cull erroneous data. Filtering is especially necessary for time-lapse data
sets; errors (e.g., associated with high contact resistances) can propagate through sequential resistivity models
and result in erroneous interpretations. Ordinarily, data quality can be assessed with reciprocal measurements
(Tso et al., 2017); however, reciprocal measurements were not collected to reduce power consumption. Conse-
quently, additional metrics for assessing data quality were needed.

To identify system parameters indicative of poor data quality, we analyzed the time series of apparent resistivi-
ties, transmitter voltage (Vtx), current injection, contact resistances, the voltage at MN (U0), and stacking errors.
Through this approach, we identified necessary filtering criteria; these criteria can be summarized as follows:

1. MN voltage measurements below or equal to 1 mV were removed.
2. Data with a stacking MN voltage error above 0.5% were removed.
3. A 6-hourly data set was kept if more than 80% of the measurements met the quality criteria above.

The third step was to ensure comparable sensitivity patterns were present in each 6-hourly data set. For instance,
if two sequential data sets contain data with a substantially different number of measurements after filtering,
inversion artifacts are likely to arise.

After filtering, the ERT data sets were inverted using ResIPy (Blanchy et al., 2020), which utilizes the R2 inver-
sion code (Binley, 2015). There are several approaches for inverting time-lapse ERT data. The simplest is to
invert data sets independently, which has been widely used (e.g., McLachlan et al., 2020). Although simple, such
approaches are robust against error propagation in sequential models. However, the non-unique nature of ERT
inversions means that this approach can result in abrupt temporal changes in modeled resistivity, especially if data
quality is poor. Alternatively, difference inversions (LaBrecque & Yang, 2001) can be implemented, whereby
data differences are inverted to minimize abrupt changes between sequential data sets. However, as Lesparre
et al. (2017) noted, care needs to be given when assessing measurement error. In our study, difference inversions
led to artifacts close to the electrodes, possibly due to significant changes in contact resistances associated with
freezing and thawing events. Therefore, a background-constrained inversion approach was used whereby the
inversion process is constrained to a starting model, in this case, the first data set. This approach ensures the
resistivity distribution stays smooth through time and enables parallel processing of several surveys.

3. Results and Discussion
3.1. Apparent-Resistivity Data

For visualization across the 2 years, the measured apparent resistivities were averaged for each pseudo-depth
level (Figure 2a). The pseudo-depth levels were calculated based on the distance between current electrodes.
Figures 2b—2e presents the measured parameters for 100 quadrupoles, sorted by pseudo-depth level, as a diag-
nostic tool for identifying bad data. In these plots, quadrupoles are numbered from 1 to 100 starting with the
shallowest pseudo-depth level and advancing to progressively deeper pseudo-depth levels. Sorting the data by
pseudo-depth levels will enable determining whether poor data quality is linked to pseudo-depth levels.

One error source in our study was caused by overloaded voltages from the MN electrodes. For instance, given
the 700 mV peak-to-peak upper limit for the voltage measurements, the maximum apparent resistivity that can be
measured with the minimum current of 1 pA in a Wenner configuration and pseudo-depth level of 1.5 m is about 1
MOhm.m. The occurrence of this error can be identified by all measured parameters except for the current, being
zero. In this case, the system reduces the current to its lowest possible value, 1 pA, while the voltage across the
MN electrodes (U0Q) remains above the instrument's measurement range. This group of data was removed based
on the first filtering criterion. Given the maximum apparent resistivity limit increases as the electrode spacing
increases for larger pseudo-depth levels, this resolution error mostly affects measurements at pseudo-depth level
of 1.5 m (see Figure 3g). To tackle this issue, a larger input voltage range will be implemented in the future setups.
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Figure 2. Raw (a—f) and filtered data (h) for the RSP site. (a) Apparent resistivity data. (b) Transmitter voltage. (c) Injected current. (d) Contact resistance. (e) The
measured voltage at the MN electrodes. (f) Stacking error. (g) Shows the different error classes detected (0 = MN overload and 1 = saturation of amplifiers). (h) Filtered

apparent resistivities data.

Figure 2 also illustrates another filtering criterion, which is based on the MN voltage (U0O) being close to 0 mV
(<1 mV). This effect occurs when the electronic amplifiers of the MN electrodes become saturated, leading to
a measured UO value close to 0 mV (Figure 2e). Under these conditions, the applied voltage at the transmitter
typically exceeds 20 V (Figure 2b), resulting in a relatively high stacking error (Figure 2f). A plausible expla-
nation for this phenomenon could be the poor contact of ground electrodes in a very resistive environment.
When the ground electrode is weakly connected or disconnected, the input amplifier drifts into DC overload. It
may produce spurious data, preventing the device from decreasing its current to a low enough value for voltage
measurement at the MN electrodes. In these cases, we have noticed that the voltage at the transmitter is relatively
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Figure 3. (a) Air and (b) soil temperature evolution along with (c) snow cover thickness for Livingston. (d) Inverted ERT profiles are taken in the middle of the
transect. (¢) Median normalized error after inversion in percentage (see Binley et al., 1995 for more information).

higher (typically above 20 V), and the injected current is also larger than the typical value during winter. The
contact resistances are very high during these periods (>100 kOhm). Still, they remain consistent regardless of
whether the AB voltage is above or below 20 V. This suggests that the high contact resistances are less likely
to cause erroneous values. An additional factor contributing to these bad measurements could be the capacitive
crosstalk between the current and ground cables, which could be significant when contact resistances are excep-
tionally high. This crosstalk can trigger a substantial voltage drop at the ground electrode, causing the electronic
amplifiers of the MN electrodes to saturate. To tackle this issue, the ground electrode/cable will be excluded in
the future setups, and a 100 MOhm input resistor was introduced to switch boxes. When used as potential elec-
trodes, this resistor loads the electrodes, making the ground electrode unnecessary while having minimal impact
on the measured values.

As mentioned in this section, only data sets containing more than 80% reliable data were retained. This approach
removed almost 21% of data sets, primarily from winter. Figure 3h shows the filtered data used for the inversion.
The apparent resistivity data collected at different pseudo-depth levels provide valuable insights into the freezing
and thawing dynamics of the active layer. For example, the onset of seasonal freezing is indicated by a sharp
rise in resistivity in May in both years, while the delayed response of deeper levels suggests the progression of
the freezing front. The seasonal thawing phase is associated with a steady decrease in resistivity in November/
December in 2021 and 2022.

Our investigation indicates that the diagnostic plots and filtering scheme proposed in this study can effectively
identify and eliminate erroneous measurements, resulting in data sets of high quality suitable for the inversion
process. In the event that the proposed criteria do not fully remove all bad measurements, additional processing
criteria, suggested by Herring et al. (2023), can be implemented based on the data quality.
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3.2. Inversion Results and Temporal Resistivity Variability

Figure 3 shows the evolution of the inverted resistivity at RSP alongside snow thickness, air temperature, and
ground surface temperature (GST). The inversion converged well and the majority median normalized error after
inversion (Binley et al., 1995) falls within the +3% (Figure 3e). Each survey is represented by a vertical inverted
resistivity profile taken from the middle of the ERT profile. A clear negative correlation can be observed between
resistivity and GST in both active layer and permafrost zones. The bedrock at the site is also composed of layers
of quartzite and claystones, which are fractured and not massive, resulting in a structure prone to water content
fluctuations, which will result in variability of resistivity values with temperature. The impact of snow cover on
GST and resistivities is clearly seen, for example, in November/December 2020 and 2021, when the zero-curtain
effect (temperatures remain at the melting point during phase change) in the GST reveals the effect of snowmelt.
Simultaneously, while snow insulates the ground from the positive air temperatures, delaying thawing, the snow
meltwater may infiltrate the ground surface, transferring heat and reducing resistivities (Hilbich et al., 2011).

Sudden freezing events can be observed in May 2020 and 2021, with sharp resistivity increases in the near-surface.
This occurs due to the absence of snow cover at the beginning of the freezing season, the cold air temperature, or
high radiation losses which promote fast freezing, resulting in sharp resistivity increases. Interestingly, the drop
in surface temperature in May 2021 is followed by a few weeks of positive air temperature and snowfall. This
contributed to the decrease in resistivity observed at the beginning of June 2021, before a longer period of freez-
ing. While the snow cover prevented phase change, snow melting provided water to the subsurface and decreased
the resistivity during the event.

Several brief, shallow freezing events associated with abrupt resistivity increase can also be identified during
March 2020 and 2021 before seasonal freezing in May. The short-lived meteorological events associated with
brief subsurface freezing or thawing identified in the RSP data set are similar to those reported by Farzamian
et al. (2020) in Deception Island. This suggests that such events are probably common in Maritime Antarctica.
Despite the occurrence of phase-change processes and their potential impact on upper soil layers, permafrost
studies often overlook these events. A-ERT method shows significant potential for evaluating their occurrence
and impact in the region and globally, emphasizing the importance of A-ERT monitoring in permafrost regions.

4. Conclusion and Outlook

Low-cost, robust, and low-powered monitoring resistivity systems, such as the A-ERT, offer a unique means
to investigate detailed freezing and thawing processes in remote permafrost regions. Here, we introduced an
adapted A-ERT monitoring system to the harsh and remote conditions of Antarctica. Additionally, we high-
lighted sources of errors linked to such extreme environments through the analysis of data from a field example
on Livingston Island. The experiences from the Livingston Island system resulted in a renewed system as part
of the PERM?ERT project (www.unifr.ch/geo/cryosphere/en/projects/permafrost-monitoring-and-dynamics/
perm2ert.html), with further developments that will include two-way satellite communication, making it possible
to easily retrieve data and remotely change the measurement frequency. This development will enable continuous
and automated data processing throughout the year, real-time data visualization, optimizing the measurement
frequency for the desired target process/event, adjusting power consumption to avoid data gaps, and evaluating in
advance whether a site visit and system maintenance are required.

Data processing of resistivity time series in such harsh environments must be carefully executed before any
interpretation. The processing pipeline developed in this work, supported by the companion Jupyter Notebook,
forms the basis of semi-autonomous high-throughput processing for dense temporal data sets provided by A-ERT
systems. Inverted resistivity profiles clearly showed relationships with GST and snow cover thickness for 2 years.
Future improvements could involve using a time-lapse error model (Lesparre et al., 2017) and collecting recip-
rocal measurements to enhance filtering and establish an error model. While collecting additional reciprocal
quadrupoles incurs additional costs in power consumption, the current monitoring of power demand and voltage
in the A-ERT prototype II indicates that incorporating these measurements in future iterations is feasible.

The A-ERT prototypes combined with processing pipelines can be valuable tools in integrating resistivity meas-
urements into other data collection in polar and extreme conditions, such as the GTN-P network of borehole
temperatures in permafrost (Biskaborn et al., 2015). A-ERT data, along with water content and temperature moni-
toring systems, would allow integrated process studies within a coupled approach to be conducted in extreme and
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polar environments (as shown for the European Alps, e.g., Hilbich et al., 2011). So far, only manually conducted,
yearly repeated ERT measurements at a few reference stations exist to analyze permafrost degradation phenom-
ena in larger detail than borehole temperatures can provide (Etzelmiiller et al., 2020; Mollaret et al., 2019). A
network of fully autonomous and continuous A-ERT measurements would largely contribute to studying the
impact of fast-changing meteorological conditions on permafrost and the frequent freeze-thaw processes on soil
behavior that cannot be determined solely from borehole information.

Data Availability Statement

The Jupyter Notebooks for data processing and inversion, along with the A-ERT, climate, and ground tempera-
ture data, are available in Farzamian et al. (2023).
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