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Effect of electrode shape on grounding resistances — Part 2: Experimental
results and cryospheric monitoring

Soňa Tomaškovičová1, Thomas Ingeman-Nielsen1, Anders V. Christiansen2,
Inooraq Brandt3, Torleif Dahlin4, and Bo Elberling5

ABSTRACT

Although electric resistivity tomography (ERT) is now re-
garded as a standard tool in permafrost monitoring, high
grounding resistances continue to limit the acquisition of time
series over complete freeze-thaw cycles. In an attempt to alle-
viate the grounding resistance problem, we have tested three
electrode designs featuring increasing sizes and surface area,
in the laboratory and at three different field sites in Greenland.
Grounding resistance measurements showed that changing the
electrode shape (using plates instead of rods) reduced the
grounding resistances at all sites by 28%–69% during unfrozen
and frozen ground conditions. Using meshes instead of plates
(the same rectangular shape and a larger effective surface area)
further improved the grounding resistances by 29%–37% in

winter. Replacement of rod electrodes of one entire permanent
permafrost monitoring array by meshes resulted in an imme-
diate reduction of the average grounding resistance by 73%
from 1.5 to 0.4 kΩ (unfrozen conditions); in addition, the
length of the acquisition period during the winter season
was markedly prolonged. Grounding resistance time series
from the three ERT monitoring stations in Greenland showed
that the electrodes were rarely perfectly grounded and that
grounding resistances exceeding 1 MΩ may occur in severe
cases. We concluded that the temperature, electrode shape,
and lithology at the sites have a marked impact on electrode
performance. Choosing an optimized electrode design may be
the deciding factor for successful data acquisition, and should
therefore be considered when planning a long-term monitoring
project.

INTRODUCTION

The problem of obtaining good ground contact is well-known to
most practicing field geophysicists working with electric resistivity
tomography (ERT). Because field transmitters are capable of sup-
plying certain maximum potential difference to drive the current,
the electrode grounding resistance may become the limiting factor
of successful ERT surveys. However, stepping down to transmis-
sion of lower currents negatively affects the signal-to-noise ratio
(S/N), with implications for data quality. Several authors have ar-
gued that high grounding resistances reduced the quality of mea-
surements (Dabas et al., 2000; Baines et al., 2002; Lundström

et al., 2009; Hilbich et al., 2011; Rosset et al., 2013) using it as
an indicator of data quality in some cases (Branco et al., 2013).
ERT is particularly suitable for monitoring applications due to its

repeatability, relative speed of acquisition, and comparatively ease
of data processing. It has become a standard tool in frozen ground
research, thanks to its multiple advantages over conventional
permafrost monitoring approaches (Scott et al., 1990; Vonder Mühll
et al., 2001; Hauck and Vonder Mühll, 2003; Kneisel and Hauck,
2008; Hilbich et al., 2011). It is relatively cost efficient and logis-
tically more convenient than drilling. It has the advantage of pro-
viding 2D or 3D spatial variability, as opposed to 1D information
inferred from temperature boreholes. It can be operated in auto-
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mated mode, which makes it relevant in remote and inaccessible
areas as in the Arctic. Not least, its high sensitivity to phase change
between water and ice makes it capable of distinguishing unfrozen
water content at subzero temperatures. This implies that time-lapse
ERT is capable of detecting ground thawing far before any temper-
ature logs can do so, particularly in warm permafrost near 0°C
(Kneisel, 2006; Hilbich et al., 2011). This makes ERT monitoring
a valuable tool in assessing the effect of climate warming on the
distribution of soil unfrozen water in cold regions.
However, in monitoring applications, the requirements on data

quality are high because relative changes of ground resistivity
should reflect environmental processes of interest, rather than noise
resulting from, among other factors, changing grounding resistan-
ces. And yet, extremely high grounding resistances encountered
over the freezing periods not only substantially compromise the
data quality, but more often than not, they limit the possibility
of data acquisition to summer months. Consequently, comparison
of temporally sparse ERT data with long-term climate records be-
comes a challenging task (Hilbich et al., 2011).
In ERT surveying, a few techniques to alleviate the grounding

resistance problem have been proposed. Enlarging the surface area
of the electrodes in contact with the soil is a common strategy. This
can be achieved by inserting the electrodes in the ground as deep as
possible (Telford et al., 1990; Zonge et al., 2005), or inserting multi-
ple electrodes in parallel (Reynolds, 1997; Zonge et al., 2005; Knei-
sel and Hauck, 2008; Rosset et al., 2013). For the purpose of
facilitating the current flow from the electrode to the ground, elec-
trodes may be watered with fresh or saline water (Telford et al.,
1990; Reynolds, 1997; Zonge et al., 2005) or a conductive gel
may be applied (Athanasiou et al., 2007). In arid regions, adding
detergents helps to decrease the water surface tension thus improv-
ing the wetting of electrode and grain surfaces (Zonge et al., 2005).
Measurements on rock may be facilitated by placing water-soaked
sponges between the rock and the electrode (Kneisel and Hauck,
2008). Installing the electrodes in clay or mud mixed with water
helps to retain moisture over the course of the measurements (Reyn-
olds, 1997; Zonge et al., 2005).
Nonetheless, in automated ERT monitoring, it is mostly too labor

intensive, if not impossible, to check and adjust the electrode con-
tact before every measurement launch. Not least, because monitor-
ing projects often span several seasons, the quality of electrode
grounding will necessarily vary as result of changing environmental
conditions in the ground. Consequently, an array that performs very
well in the summer/humid season might become impossible to mea-
sure in the winter/dry season. This is particularly the case in cryo-
spheric applications, in which the ERT method typically suffers
from high grounding resistances for substantial portions of the year.
These limitations require the foreseeable issues to be addressed dur-
ing the design phase of a monitoring project. As pointed out by
LaBrecque and Daily (2008), electrodes are a primary source of
errors in resistivity measurement systems. Thus, optimization of
electrode design is an essential part of such preparations.
The aim of this study is to improve our understanding of proper-

ties and processes affecting the grounding resistance of real electro-
des and provide quantitative information on the range of grounding
resistances that may occur during ERT monitoring in permafrost
areas and other cryospheric applications. We present results of field
and laboratory experiments documenting the performance of three
electrode types of different size, shape, and surface area under vari-

ous ground temperature conditions at three field sites of different
lithology. We also provide grounding resistance time series mea-
sured at three active or past monitoring stations in Greenland,
and we attempt to separate the contributions of different processes
to the observed grounding resistances.
This is the second of two papers describing our study of electrode

grounding resistances. The first paper presents the theoretical
basis of the study and the focus-one protocol used for measuring
grounding resistances of ERT array electrodes (Ingeman-Nielsen
et al., 2016).

Definition of grounding resistance

The grounding resistance Rg (Ω) of an electrode is defined as the
potential U (V) at the electrode surface (relative to zero potential at
infinite distance) divided by the current I (A) injected by the elec-
trode into the medium in which it is embedded (Sunde, 1949; Wait,
1982; Hördt et al., 2013):

Rg ¼
U
I
. (1)

T. Ingeman-Nielsen and S. Tomaškovičová (personal communi-
cation, 2015) and Ingeman-Nielsen et al. (2016) present a frame-
work for calculating the theoretical grounding resistance for rod
and plate electrodes. According to their derivations, the grounding
resistance of an electrode may be represented as follows:

Rg ¼ Rm þ Ra; (2)

where Rm (Ω) represents the effect of the geometry of the electrode
and properties of the embedding medium (the ground resistivity).
The second term Ra (Ω) is an additional resistance, which may com-
prise an interfacial resistance component at the electrode-soil inter-
face and a near-zone anomalous resistivity contribution. The
anomalous zone is linked to the disturbance created by the planting
and treatment (e.g., watering) of the electrode and possible interac-
tion, such as preferential drying or freezing around the electrode.
The additional resistance Ra may be positive or negative depending
on the resistivity of the anomalous zone and magnitude of the in-
terfacial component (always positive). If Ra is zero, we consider the
electrode perfectly grounded.
In practical field applications, measuring the single-electrode

grounding resistance is not possible because only differential mea-
surements can be performed. However, the focus-one protocol (In-
geman-Nielsen et al., 2016) provides a convenient way to
approximate the grounding resistance of each electrode in a multi-
electrode array. The focus-one protocol consists of a sequence of
measurements, in which the resistance of each electrode is mea-
sured in turn against all the remaining electrodes in parallel. It is
essentially a “two-electrode” measurement, transmitting current
and measuring the potential difference on the same set of electrodes.
However, the grounding resistance of one side of the circuit is ef-
fectively reduced by connecting many electrodes in parallel, and the
measured circuit resistance therefore approximates the single-elec-
trode resistance of the focus electrode. Through numerical model-
ing, Ingeman-Nielsen et al. (2016) show that the measured focus-
one resistances are typically within �7% (or better) of the true sin-
gle rod grounding resistances for arrays of more than 30 electrodes,

WA170 Tomaškovičová et al.
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provided that the internal resistance of the instrument is on the order
of 10 MΩ or higher.

MATERIALS AND METHODS

With our focus on electrodes as an important source of error, we
studied improvements that can be achieved under various ground
conditions by using alternative electrode designs. Three types of
data are evaluated in this study as follows:

1) Temperature-controlled laboratory experiment: A feasibility
study focused on temperature influence on grounding resistan-
ces of four electrode configurations.

2) Field comparison of electrode types: Three test sites of different
lithology were equipped, each with short arrays of three differ-
ent electrode designs, and grounding resistances was measured
across seasons.

3) Authentic field monitoring applications: Changes of grounding
resistance have been monitored at three semipermanent ERT
monitoring sites, each equipped with electrodes of a different
design. The performance of the arrays is assessed by comparing
the grounding resistances and the length of the measurements
season. Grounding resistance changes due to the use of two al-
ternative electrode designs are quantified at one of the sites.

Throughout the paper, measurement results are represented as
mean� standard deviation whenever relevant and when multiple
measurements or repetitions are available.

Electrodes

The electrode designs chosen for testing were short-rod electro-
des, square-plate electrodes, and square-mesh electrodes (see Fig-

ure 1). The electrodes were chosen to allow a study of the effect of
shape and size (comparing rods and plates) and the effect of increas-
ing surface area of similarly shaped electrodes (comparing plates
and meshes). All electrodes were made of stainless steel to reduce
the influence of material properties, and their dimensions and prop-
erties are listed in Table 1. The mesh electrodes were composed of
four layers of stainless steel wire mesh with a thread diameter of
1 mm and a mesh density of 3.86 per centimeter. All electrodes were
connected to the measurement instrumentation by copper wire at-
tached to the electrodes with nuts and bolts, as visible in detail in
Figure 1c.

Temperature-controlled laboratory experiment

In an attempt to separate temperature effects (ground freezing/
thawing) on grounding resistances from other environmental fac-
tors, we conducted a laboratory experiment in a temperature-con-
trolled climate chamber, measuring the resistance of individual
electrodes in small buckets at different temperatures.
Thirty-two plastic buckets (diameter: 26.9 cm [top]/23 cm [bot-

tom] and height 23.6 cm) were lined with aluminum foil and filled
with a silty clay material from Kangerlussuaq, west Greenland. The
silty clay material was thoroughly homogenized in a large industrial
mixer, whereas distilled water was added to make up for moisture
loss during storage. Approximately 8 kg of the silty clay was placed
in each bucket. The final gravimetric water content was measured
by oven drying of three samples from each bucket. The gravimetric
water content in all the buckets varied in a range between 37.6% and
43.4% with a mean and standard deviation of 40.1� 1.5%.
The buckets were arranged in four rows and eight columns. The

first row contained eight horizontally oriented rod electrodes, the
second row contained vertically oriented plate electrodes, the third

Figure 1. Electrode designs tested: (a) rod electrode with attached copper cable, (b) plate electrode, and (c) mesh electrode.

Table 1. Properties of the physical electrodes used in field and laboratory testing.

Rods Plates Meshes

Dimensions ϕ ¼ 1.0 cm, L ¼ 8.0 cm 10 × 10 × 0.1 cm (h × w × t) 10 × 10 × 0.6 cm (h × w × t)

Estimated effective surface area 27 cm2 204 cm2 985 cm2

Material Stainless steel Stainless steel Stainless steel

Electrode grounding resistances — Part 2 WA171
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row contained horizontally oriented plate electrodes (Figure 2b),
and the fourth row contained vertically placed mesh electrodes.
The total height of the clay mixture in each bucket was approxi-
mately 15 cm. The vertically placed electrodes were covered by
1 cm, and the horizontally placed ones by 5 cm of clay mixture.
To take full advantage of the large effective surface area of the mesh
electrodes, the mesh openings were filled with the clay mixture be-
fore installation.
Insulated copper wires were attached to each electrode with a nut

and bolt, and, similarly, wires were attached to the aluminum foil
lining of each bucket. During measurements, the wires from a spe-
cific electrode and the aluminum-foil lining of the corresponding
bucket were connected to the two terminals of the instrument
and used for simultaneous current injection and potential measure-
ment. The lining thus functioned as a very large electrode ensuring
that the resistance between the two terminals of the instrument was
primarily controlled by the properties of the single rod, plate, or
mesh electrode installed in the bucket.
A thermistor was placed in the first bucket of each row to mea-

sure the temperature of the soil in the bucket. Finally, a lid was
placed on each bucket to reduce moisture loss during the ex-
periment.
The buckets were placed on Styrofoam pads, and isolating

material was placed around and between the buckets to encourage
a one-sided freezing pattern (Figure 2a). The buckets were placed in
a climate chamber in which they rested for 24 h before the testing
began. In the following days, three sets of measurements were
performed at −1.4� 0.3°C, −14.3� 0.6°C, and finally at 19.9�
0.8°C. A resting period of 24 h after each temperature step allowed
the temperature within the buckets to stabilize.
We measured the total circuit resistance of each bucket using an

ABEM Terrameter SAS 1000, using a current of 1 mAwith a 100%
duty cycle square waveform and a period of 1 s. Voltage measure-
ments were acquired over the last 0.3 s of each on time, and results
of five periods were averaged. The results of this experiment are
reported in the “Results: Temperature-controlled laboratory experi-
ment” subsection.

Description of selected field sites

Three sites in central west Greenland were selected for testing of
the electrode designs under realistic field conditions. The sites were
selected based on the availability of current or past ERT time-lapse
monitoring data.
The Qeqertarsuaq site (69° 15′N, 53° 30′W, 30 m above sea level)

is located at Østerlien, near the Arctic Station on Qeqertarsuaq/
Disko Island in a tundra landscape/environment. Disko Island is

located in the transitional zone between the Low and High Arctic.
According to meteorologic data of nearby Arctic Station (Hansen
et al., 2006), mean air temperatures of the warmest (July) and the
coldest (February to March) months are 7.1°C and −16.0°C, respec-
tively. The mean annual soil temperature at 5 cm depth is −1.9°C.
Accordingly, the site is located in the discontinuous permafrost
zone, and no permafrost was observed from ground temperature
measurements at the actual site location to a depth of 3.5 m.
The study site is situated in a bedrock valley filled with loose Hol-
ocene sands and gravels with a typical topsoil thickness of 5–10 cm.
The crystalline basement (granite) and Tertiary breccia plateau ba-
salts are visible in outcrops around the area. Among other important
environmental parameters, air and soil temperature and soil mois-
ture content are recorded at the site.
The Ilulissat site (69° 14′N, 51° 3′W, 33 m above sea level) is

situated near the airport of the town of Ilulissat on the mainland
in the inner part of the Disko Bay. The site is located in the con-
tinuous permafrost zone (Brown et al., 1998), and the mean annual
air temperature (MAAT) is −5.1°C (2003–2012, data from Cappe-
len, 2013, Danish Meteorological Institute, tech. rept. 3-11). The
active layer thickness at the site is approximately 80 cm, below
which ice-rich permafrost is found. The sediment cover consists
of postglacial silt and clay marine deposits. These deposits are fully
leached in the upper part, with the residual salinity increasing with
depth, causing the deeper parts of the soil profile to be technically
unfrozen due to the freezing point depression. Gneiss bedrock is
encountered at the site at a 7 m depth. Unfrozen soil water content
in the active layer in the thawed period ranges from 60% to 70% at
nearly full saturation.
The Sisimiut site (66° 56′N, 53° 36′W, approximately 48 m above

sea level) is located in a valley east of the town of Sisimiut. The area
is affected by discontinuous permafrost (Brown et al., 1998) with an
MAAT of −1.1°C (2003–2012, data from Cappelen, 2013, Danish
Meteorological Institute, tech. rept. 3-11). The top part of the sedi-
mentary sequence is dominated by sandy freshwater deposits under-
lain by postglacial marine clayey silt deposits (Ingeman-Nielsen,
2005). The topsoil thickness is typically less than 5 cm. The area
is shaded by a large mountain ridge to the south, causing the site
location to be expectedly colder than the meteorologic data from the
town station indicates (located near the coast a few kilometers from
the site). The active-layer thickness is approximately 1.0 m at the
site, which is well-drained and slightly elevated, causing little snow
to accumulate in winter. However, the active-layer thickness varies
in the immediate surroundings, depending on peat and topsoil thick-
nesses, lithology, and drainage conditions, which all show consid-
erable variability.

Figure 2. Temperature-controlled laboratory ex-
periment setup: (a) arrangement of 32 buckets
with test electrodes in a cold chamber and
(b) placement of the horizontal plate electrode
in an aluminum-foil-lined plastic bucket filled
with the clay mixture and covered by 5 cm of clay
material.
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Electrode field experiment setup and measurement
procedure

Experimental test sites were established at each of the three
monitoring field sites for testing the three different electrode de-
signs under different soil conditions. At each site, three arrays of
10 mesh electrodes, 10 plate electrodes, and 10 rod electrodes
were installed. Mesh and plate electrodes were installed vertically
in the ground so that the plane defined by the electrode is
perpendicular to an imaginary line connecting the centers of all
electrodes of that type. If the nature of the soil allowed, the mesh
openings of the mesh electrodes were filled with local material
(Figure 3c). Rod electrodes were installed with the rod length axis
in the horizontal direction and perpendicular to an imaginary line
connecting the rod electrodes. All electrodes of the same kind
were spaced 30 cm apart; the arrays of respective electrode types
were likewise spaced 30 cm apart. If the center of the first mesh
electrode was at (0.0, 0.0) m, the center of the last rod electrode
thus was at (2.70, 0.60) m (Figure 3a).
The electrodes were buried at a depth of 5–10 cm, depending on

the conditions of the field site, to protect them from damage and
removal by animals, and for ensuring installation in actual soil
(and not debris and mosses at the surface).
Grounding resistances of the electrodes at all three sites were

measured in summer, fall, and winter 2013/2014. The individual
electrode grounding resistances were measured using the focus-
one protocol for each of the three arrays in turn, using an ABEM
Terrameter SAS 1000 or an ABEM Terrameter LS, depending on
availability. The current during grounding resistance measurements
was fixed at 1 mA, using a 100% duty cycle square waveform with a
period of 1 s. Voltage measurements were acquired over the last
0.3 s of each on time, and the results of five periods were averaged.
The results of these experiments are reported in the “Results: Elec-
trode field experiment” subsection.

Long-term monitoring arrays

At the Qeqertarsuaq site, the ERT monitoring station was set up
in July 2013 and scheduled to collect several resistivity profiles a
day throughout the freezing season until the end of February 2014
(Doetsch et al., 2015). The monitoring was carried out on two par-
allel lines (2 m apart) with 64 electrodes each (although Doetsch
et al. [2015] report data from only one of the two lines), electrode
spacing 0.5 m for the 42 electrodes at the center of each line, and
2 m spacing for the electrodes at the ends of the layouts. The arrays
were installed using stainless steel plate electrodes with dimensions
of 10 × 10 × 0.6 cm, buried at a 5–10-cm depth. The site was in-
strumented with an ABEM Terrameter LS and an external switch-
box ABEM ES10-64 and connected to the Internet for remote
control, data download, and monitoring of system conditions.
The automated data acquisition program was initially set to collect
7359 resistivity measurements per day using all 128 electrodes, but
the sequence had to be reduced after ground freezing commenced
due to problems of increasing grounding resistance. After the reduc-
tion, 1464 measurements were collected per day using only one ar-
ray, and 0.5 m spaced electrodes. The grounding resistances of all
electrodes were measured daily using the focus-one protocol
throughout the entire acquisition period.
The monitoring station at Ilulissat was set up in August 2012 and

comprised an array of 64 electrodes with uniform spacing of 0.5 m.
The station was equipped with an ABEM Terrameter SAS 1000 and
an external switchbox ABEM ES10-64, and it was scheduled to
measure 1625 resistivity measurements once a day. Initially, the sta-
tion was operating in time-lapse mode with no possibility of remote
control. Due to instrument limitations, repeated electrode grounding
measurements could not be scheduled in the time-lapse mode, and
thus they were only collected upon site visits. In February 2014, the
station was upgraded for remote control and data transmission. This
upgrade also allowed daily measurements of electrode grounding

Figure 3. (a) Layout of the electrode field test site
indicating electrodes placement and spacing be-
tween electrodes, (b) detail of the electrode ar-
rangement, and (c) mesh openings were filled
with local soil to take advantage of the increased
surface area.
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resistance using the focus-one protocol. Initially, the station was
equipped with stainless steel rod electrodes (length 8 cm and diam-
eter 1 cm). However, after encountering contact problems relating to
ground freezing in late December 2012, all electrodes were replaced
by mesh electrodes with dimensions 10 × 10 × 0.6 cm in Au-
gust 2013.
At Sisimiut, the monitoring array was installed in July 2010. It

comprised an array of 64 electrodes with uniform spacing of 0.5 m.
The electrodes were stainless steel rods (length 10 cm and diameter
1 cm) buried at a depth of 5–10 cm, oriented horizontally, and with
the long axis perpendicular to the array. The array was measured
using an ABEM Terrameter LS (using the internal 64-electrode
switchbox), but because the site had no power-line access, measure-
ments were initiated manually at irregular intervals. Over the fall,
the array was measured several times per week, whereas in the win-
ter months of 2010/2011, intervals increased to monthly or bi-
monthly. Typically protocols of approximately 2000 resistivity
measurements were used, but in winter, electrodes were affected
by high grounding resistances, significantly reducing the number
of measurements (unique four-electrode combinations) that could
actually be collected. Electrode grounding resistance measurements
were collected using the focus-one protocol before each data ac-
quisition, and they are thus available at the same temporal intervals.
The results of these monitoring experiments are reported in the “Re-
sults: Monitoring applications” subsection.

RESULTS

Temperature-controlled laboratory experiment

The results of the temperature-controlled laboratory experiments
are summarized in Table 2 and visualized with box plots in Figure 4.
A pronounced increase in the total circuit resistance is observed due
to freezing. The change is approximately two orders of magnitude
between the warmest (þ19.9°C) and coldest (−14.3°C) tempera-
tures. At all three temperatures tested, the choice of electrode seems
to affect the total circuit resistance, with rods performing the worst
(largest resistances and variance); followed by horizontal plates;
vertical plates; and finally meshes, which exhibit the lowest mea-
sured circuit resistances among all electrodes. The mesh electrodes
also exhibit the lowest variation in circuit resistance at all temper-
atures, although the variation is larger at subzero temperatures for
all types of electrodes.
To test the significance of these observations, we have applied a

two-way analysis of variance (ANOVA) to the data (Montgomery,
1997), treating the electrode types and temperatures as categorical
factors and assuming a log-normal distribution of resistances. We
conclude that the main effects of the electrode type and temperature
are statistically significant and that there is also significant interac-
tion between electrode type and temperature. On this basis, we ap-
plied Tukey’s range test (Tukey, 1949) to compare the means of the
effects of electrode type at each temperature. The means are all

Table 2. Averages (arithmetic) and standard deviations of total circuit resistances measured in the laboratory experiment at
three different temperatures on three electrode types (four configurations), along with the number of involved measurements.
Here, N refers to the number of electrodes (buckets) that were included in averaging; H and V signify a horizontal and vertical
orientation of the plates, respectively.

Temperature Rods (kΩ) Plates H (kΩ) Plates V (kΩ) Meshes (kΩ)

þ19.9� 0.8°C 0.3� 0.04 (N ¼ 6) 0.1� 0.01 (N ¼ 5) 0.1� 0.01 (N ¼ 6) 0.1� 0.01 (N ¼ 6)

−1.4� 0.3°C 1.8� 0.7 (N ¼ 8) 1.2� 0.2 (N ¼ 7) 1.0� 0.4 (N ¼ 8) 0.6� 0.1 (N ¼ 8)

−14.3� 0.6°C 23.3� 7.5 (N ¼ 8) 19.6� 4.9 (N ¼ 8) 14.7� 6.4 (N ¼ 8) 9.0� 2.1 (N ¼ 8)

a) b) c)

Figure 4. Box plots showing the variation in measured focus-one resistance for eight electrodes of each kind/orientation. The height of the box
represents the interquartile range of the data set, and it extends from the 25th to 75th percentile. The horizontal bar within the box indicates the
median value, and the whiskers extend to the maximum and minimum (average) values recorded for the given electrode type. The H and V
signify the horizontal and vertical orientation of the plates, respectively. The actual number of electrodes involved in plotting each box plot is
specified in Table 2.
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significantly different (p < 0.01) except the means of the rods and
horizontal plates at the coldest temperature, which did not differ
significantly (p > 0.05).
It should be noted that due to the different shapes and orientations

of the electrodes and the limited size of the buckets, it cannot be
ruled out that some of the variation in total circuit resistance could
be explained by variations in current flow patterns that would not be
observed in a field setup. For the same reason, the values obtained in
the experiment are not applicable to field situations. Nevertheless,
because the vertically oriented plates and the meshes have similar
shapes and orientations in the buckets, the observed difference be-
tween these electrode types can be considered conclusive, and sim-
ilar effects would be expected in the field.

Ice buildup around electrodes

At the lowest temperature −14.9°C, we selected two buckets of
each electrode configuration and cut them in half to visually inspect
the effect of freezing processes in the soil around the electrodes.
During ground freezing, pore water may migrate to the freezing
front and create ice lenses (e.g., Arenson et al., 2005) that could
affect the performance of the electrodes. The images in Figure 5
show preferential ice buildup around the metal electrodes, most se-
verely around the plate electrodes. Especially, the horizontally ori-
ented plate shown in Figure 5b has accommodated the growth of a
horizontal ice lens immediately above the electrode, effectively iso-
lating one side of it from the surrounding soil, and arguably con-
tributing to the poor performance of horizontal plates. We did not
observe significant ice buildup around the rod and mesh electrodes.
The size of the rods and construction of the meshes possibly result
in a smaller perturbation of the temperature field as compared with
the solid plates, which could explain the lower affinity for ice
buildup.

Electrode field experiment

Data collected at the three field test sites are summarized in
Table 3 and visualized in box plots in Figure 6. The standard

deviation of repeated measurements at a particular electrode
was typically less than 3% of the measured resistance value. These
averaged resistances were used to plot and calculate the general
statistics.
The data agree with the findings of the laboratory experiment,

with rods generally showing higher focus-one resistances than
plates, which in turn have higher focus-one resistances than mesh
electrodes. We also observe a strong temperature effect (effect of
ground freezing), with focus-one resistances increasing by two
to three orders of magnitude between unfrozen and coldest (frozen)
conditions. Notably, on the site visit at Sisimiut in March 2014,
grounding resistances of all electrodes of the rod type had grown
so high that the instrument was incapable of measuring the focus-
one resistances (indicating individual grounding resistances larger
than approximately 1.2 MΩ). Similarly, approximately half of the
mesh and plate electrodes could not be measured.
Because with the laboratory results, a two-way ANOVA has been

applied to the data from each of the three sites, treating electrode
types and temperatures as categorical factors and assuming a log-
normal distribution of measured focus-one resistances. For all sites,
we conclude that the main effects of electrode type and temperature
are statistically significant and that there is also significant interac-
tion between electrode type and temperature. On this basis, we ap-
plied Tukey’s range test to compare the means of the effects of
electrode type, and we conclude that the rods have significantly
higher (p < 0.01) grounding resistance than plates and meshes at
all temperatures and all sites (except Sisimiut in March, where
no statistics could be calculated).
In Ilulissat and Qeqertarsuaq, the focus-one resistance of meshes

is significantly lower (p < 0.01) than that of the plates at subzero
temperatures in October 2013 and February 2014. However, the dif-
ference is not significant (p > 0.05) in the summer, when the
ground is thawed. At the Sisimiut site, the meshes and plates cannot
be considered significantly different (p > 0.05) at any time of year.
Based on these results, we conclude that mesh electrodes are a

significant improvement over other electrode types at two out of
three test sites (Ilulissat and Qeqertarsuaq). The rods show the high-

Figure 5. Photos of buckets with the four elec-
trode configurations tested: (a) horizontally ori-
ented rods, (b) horizontally oriented plates,
(c) vertically oriented plates, and (d) vertically ori-
ented meshes. Buckets were cut open while deep
frozen at −14.9°C, to observe the effect of ice
buildup around the electrodes. The ice has melted
during the cutting, but the cryo patterns have been
preserved as voids, observable as black areas in
the images. The preferential freezing patterns par-
ticularly affect the plate electrodes of both con-
figurations and are suspected to be a main
factor in their decreased electrode performance
at subzero temperatures.
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est grounding resistances at all sites and all times of year. This in-
cludes Sisimiut in March, where the number of electrodes that could
not be measured is used as an indication of electrode performance.
The performance differences seem related to site conditions, where
Sisimiut is seen to exhibit markedly higher grounding resistances,
even in summer, compared with the other sites. This difference is
believed to be related to lithology and drainage conditions at the
site, but possibly also to the ground temperature regime and perma-
frost conditions, which would affect the overall half-space resistiv-
ity, and thus the embedding medium contribution to the grounding
resistance.

Monitoring applications

At the ERT monitoring site in Ilulissat, we first experienced the
severe effects of extremely high grounding resistances following the
onset of the ground freezing in October 2012. Although no direct
measurements of grounding resistances are available from that
period, records show that transmitted current was decreasing and
the number of daily resistivity measurements that could be collected
was decreasing, suggesting increasing grounding resistances. By
the end of November, approximately a month after the ground freez-
ing had begun, the grounding resistances reached magnitudes that
made it impossible for the SAS 1000 instrument to transmit even the
lowest current (1 mA). By the end of December 2012, the ground
freezing progressed to a point at which 98% of the daily resistivity
measurements could not be measured (see Figure 8).
The success of the laboratory experiments prompted us to replace

the rod electrodes by mesh electrodes during the site visit in August
2013. The grounding resistances of rods were recorded on the last
day these were in the ground. On the following day (day 1), the rod
electrodes were replaced by mesh electrodes. The grounding resis-
tances of the new mesh electrodes were measured on the day of
replacement and for 10 consecutive days. Because there was no
rainfall event or distinctive temperature change over this period,

we consider the environmental conditions for both electrode types
to be comparable. We observed immediate and significant (t-test,
p < 0.01) improvement of grounding resistance following the elec-
trode replacement because the average grounding resistance
dropped from 1.5� 0.9 kΩ for rods to 0.4� 0.1 kΩ for meshes;
see Figure 7a. Comparison of the grounding resistances of the
two types of electrodes on 29 April 2013 (rods) and 29 April
2014 (meshes) also reveals a significant (t-test, p < 0.01) reduction
in grounding resistances of the monitoring array, with an average
grounding resistance of 25.2� 11.4 kΩ for the 64 mesh electrodes
(2014), as opposed to 64.1� 32.1 kΩ for the rod electrodes (2013),
under similar ground temperature conditions (Figure 7b).
Figure 8b shows the number of collected resistivity measure-

ments per day over the entire period that the Ilulissat station has
been operational. Although the array was equipped with rod electro-
des (the dark gray shading), the onset of freezing was followed by a
substantial decrease in the number of daily resistivity measurements
collected. When the ground temperature reached approximately
−15°C in the beginning of January, the number of measurements
had dropped to only 31 records per day. Although the exact ground-
ing resistance values of the monitoring array electrodes from that
period are unavailable, the corresponding grounding resistances
measured for the short test arrays (see Figure 6 and Table 3) indicate
a plausible range of 0.l–0.2 MΩ.
Performance of the array dramatically improved following the

electrode replacement in August 2013. Since then, we were able
to collect nearly complete data sets throughout the entire winter sea-
son, with at most 52 resistivity measurements skipped on a single
day. Still, operation of the station was seriously affected by instru-
ment software problems with large data gaps as a result. The station
upgrade for remote control and data download completed in Feb-
ruary 2014 has significantly reduced station downtime. As an added
benefit, we have been able to measure the focus-one resistance of all
electrodes at the site on a daily basis.

Table 3. Averages (arithmetic) and standard deviations of grounding resistances measured across seasons at three field
experimental sites, along with the number of involved measurements. The n specifies the number of measurement repeats collected
for each focus electrode, whereas N refers to the number of electrodes of the given type that could actually be measured; “n.m.”
(not measured) indicates that no electrodes of the given type could be measured due to high grounding resistances.

Time Location Rods (kΩ) Plates (kΩ) Meshes (kΩ)

Soil
temperature
at 10 cm

July/August
2013 (n ¼ 5)

Qeqertarsuaq 1.8� 0.2 (N ¼ 10) 1.3� 0.2 (N ¼ 10) 1.2� 0.2 (N ¼ 10) þ8.8°C

Ilulissat 1.2� 0.1 (N ¼ 10) 0.6� 0.1 (N ¼ 10) 0.6� 0.1 (N ¼ 10) þ9.5°C6

Sisimiut 16.6� 4.9 (N ¼ 10) 9.2� 2.4 (N ¼ 10) 6.9� 1.3 (N ¼ 10) þ3.8°C7

October 2013
(n ¼ 5)

Qeqertarsuaq 15.8� 3.1 (N ¼ 10) 4.9� 1.1 (N ¼ 10) 3.3� 1.0 (N ¼ 10) −0.3°C
Ilulissat 31.0� 4.4 (N ¼ 10) 17.7� 3.0 (N ¼ 10) 12.6� 2.6 (N ¼ 10) −2.6°C
Sisimiut 285.6� 56.5 (N ¼ 7) 162.6� 42.7 (N ¼ 10) 177.1� 44.4 (N ¼ 9) −0.3°C

February/
March
2014 (n ¼ 5)

Qeqertarsuaq 1055.3� 65.3 (N ¼ 4) 555.4� 121.9 (N ¼ 10) 351.2� 48.8 (N ¼ 10) −10.1°C
Ilulissat 144.5� 26.4 (N ¼ 10) 97.7� 17.1 (N ¼ 10) 65.8� 11.4 (N ¼ 10) −10.4°C
Sisimiut n.m. (N ¼ 0) 1055.5� 111.3 (N ¼ 4) 1171.4� 132.6 (N ¼ 5) −9.9°C)8

6Temperature obtained three days after electrode measurements due to data logger malfunction.
7Average temperature of the month of August due to data logger malfunction in the days around electrode measurement.
8Average ground surface temperature on the day of electrode measurements.
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14 July 2013 28 October 2013 20 February 2014

07 August 2013 30 October 2013 19 February 2014

24 August 2013 24 October 2013 01 March 2014

Figure 6. Box plots showing the variation in measured focus-one resistance for the three type of electrodes at the three field test sites. The
height of the box portion represents the interquartile range, and the horizontal bar represents the median value. The whiskers extend to the
maximum and minimum (average) values recorded for the given electrode type. The actual number of measurements involved in each box plot
may be obtained from Table 3.

a) b)

29 April 2013 29 April 2014

Figure 7. Comparison of electrode focus-one re-
sistances for rod and mesh electrodes following
the replacement at the Ilulissat monitoring station:
(a) immediate reduction of grounding resistances
following replacement of rod electrodes by mesh
electrodes on 1 August 2013 (day 1) and (b) com-
parison of grounding resistances of rod versus
mesh electrodes on the same day of the years
2013 and 2014. The height of the boxes represents
the interquartile range, and the horizontal bar rep-
resents the median value. The ends of the whiskers
extend to the maximum and minimum (average)
values recorded for the given data set. Ground
temperatures are measured at a 20 cm depth.
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Grounding resistance time series

Figure 9a–9c shows a time series of focus-one resistances col-
lected at the three monitoring sites in Qeqertarsuaq (plate electro-
des), Sisimiut (rod electrodes), and Ilulissat (mesh electrodes).
The measured focus-one resistances were observed to be log-nor-

mal distributed at all sites, thus supporting the assumptions made in
the statistical analysis of laboratory and field experiments. The ob-
servation is illustrated by histograms of the focus-one resistances
observed at the Ilulissat monitoring site in summer and winter
(see Figure 9d). The winter distribution exhibits a more regular bell
shape than the summer distribution. The difference is linked to the
change in the physical state of the soil over the seasons. In summer,
the soil is unfrozen, and environmental parameters, such as temper-
ature and soil moisture content, may change rapidly due to, e.g.,
precipitation or drought. Such events significantly affect the mea-
sured grounding resistances. In winter, however, the ground is fro-
zen, and a change in moisture content and resistivity is linked
mainly to the diurnal variations in temperature and thus plays a less
significant role.
At the Ilulissat site, focus-one resistances range in summer from

0.19 to 1.4 kΩ, with a geometric mean (scale, eμ) of 0.48 kΩ and a
shape factor (σ) of 0.4. In winter, the measured resistances increase
by approximately two orders of magnitude, ranging from 9.3 to
180 kΩ with a mean of 33 kΩ and a shape factor of 0.5.
At Qeqertarsuaq, the time series covers one freeze-up period. The

measured focus-one resistances are very stable in summer ranging
from 1.6 to 8.1 kΩ with a geometric mean of 2.6 kΩ and a shape
factor of 0.2. In winter, the focus-one resistances are also around
two orders of magnitude higher, ranging from 110 to 1.2 MΩ with
a geometric mean of 344 kΩ and a shape factor of 0.4. The 1.2 MΩ
is close to the upper limit of the instrument measurement range,
some electrodes were indeed not measurable, and resistivity mea-

surements suffered significantly from the high grounding resistan-
ces (see details in Doetsch et al., 2015).
The Sisimiut time series is sparse due to manual data collection,

and it covers only a fall/winter season. The winter focus-one mea-
surements range from 18 to 1.2 MΩ with a geometric mean of
203 kΩ and a shape factor of 1.0. At this site, resistivity measure-
ments were also significantly affected by the high grounding resis-
tances, sometimes to a point where measurements were not
possible.
In an attempt at evaluating the relative contribution of the geo-

metric effects (perfect grounding) and additional grounding resis-
tance, we have calculated for each site the theoretical perfect
single-electrode grounding resistances of equivalent spheroidal
electrode models. Spheroids are ellipsoids of revolution, and their
surface potential, and thus the grounding resistance, may be calcu-
lated using simple analytical expressions given by Ingeman-Nielsen
et al. (2016) and T. Ingeman-Nielsen and S. Tomaškovičová (per-
sonal communication, 2015), under the assumption that the ground
is a homogeneous half-space. We approximated the rod electrodes
by a prolate spheroidal model of similar length and radius, and we
approximated the plate and mesh electrodes by oblate spheroidal
models of similar thickness and areal extent (β ¼

ffiffiffiffiffiffiffiffiffiffi
s2∕π

p
, where

s is the plate side length and β is the oblate spheroid major axis);
see Figure 10. The grounding resistances of electrodes under per-
fectly grounded conditions are proportional to the resistivity of the
half-space into which they are inserted (Ingeman-Nielsen et al.,
2016), and the proportionality factors we have calculated for the
electrodes used in this study are listed in Table 4 together with
the properties of the spheroidal models applied.
To obtain a time series of equivalent half-space resistivities for

each site, we used the normal four-electrode apparent resistivity
measurements obtained during automated ERT measurements
and calculated weighted averages on a daily basis. The theoretical

Figure 8. (a) Average daily ground temperature at 20 cm depth at the ERT monitoring site in Ilulissat between 21 September 2012 and 22
January 2015 and (b) the number of collected resistivity measurements on a daily basis. Date ticks indicate the first day of every second month.
The dark-gray shading indicates rod electrodes, and the light-gray shading indicates mesh electrodes. A complete day record comprises 1625
measurements. The periods with zero records (such as from 7 January 2013 to 22 April 2013) are due to the Terrameter software malfunction.
After the station was upgraded to remote control (19 February 2014), we have not experienced a complete software failure.
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a) b)

c) d)

11–10 01–10 03–10 05–11 07–11

QeqertarsuaqMax ECR value
75th percentile
50th percentile
25th percentile
Min ECR value

Figure 9. Time series of measured focus-one resistances (grounding resistances) for the monitoring stations in (a) Qeqertarsuaq, (b) Sisimiut,
and (c) Ilulissat. The plots show mean array grounding resistance (the solid black line), 25th and 75th percentiles (the dark-gray shading),
and maximum and minimum measured values (the light-gray shading). The plots also show the theoretical grounding resistance of a
perfectly grounded electrode using estimated half-space resistivities based on the measured average daily apparent resistivities for each profile
(dashed black line). The histograms in panel (d) illustrate the log-normal distribution of grounding resistances observed in Ilulissat in summer
(1 July 2014 to 1 September 2014) and winter (1 December 2014 to 31 January 2015).

Table 4. Properties of physical electrodes used in monitoring applications and the equivalent spheroidal electrode models used in
interpretation.

Rods Plates Meshes

Installed at locality Sisimiut Qeqertarsuaq Ilulissat

Electrode dimensions ϕ ¼ 1.0 cm, L ¼ 10.0 cm 10 × 10 × 0.6 cm (h × w × t) 10 × 10 × 0.6 cm (h × w × t)

Burial depth −0.1 m −0.1 m −0.2 m

Model type Prolate spheroid Oblate spheroid Oblate spheroid

Model dimensions α ¼ 0.5 cm, β ¼ 5 cm α ¼ 3 mm, β ¼ 5.6 cm α ¼ 3 mm, β ¼ 5.6 cm

Rotational symmetry around y-axis x-axis x-axis

Grounding resistance 5.182 m−1 · ρ 2.551 m−1 · ρ 2.344 m−1 · ρ
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perfect grounding resistances were then calculated by multiplying
the daily time series of half-space resistivities for a particular site by
the appropriate proportionality constant listed in Table 4. These
time series are included in the plots in Figure 9a–9c as dashed lines.
Obviously, using a homogeneous half-space resistivity is not very

appropriate in a setting in which top-down freezing and thawing
cause a layered earth structure with large resistivity contrasts.
The problem is most clearly visible in the Ilulissat data, in which
focus-one resistances drop as the ground thaws, but the estimated
perfect grounding resistance only drops gradually over the summer
because the thawing progresses and affects a larger part of the re-
sistivity measurements used for the half-space approximation. This
indicates that the focus-one protocol is highly sensitive to 2D and
3D ground resistivity variations.
At the Qeqertarsuaq site, the estimated perfect grounding resis-

tance is consistently lower than the observed focus-one resistances,
typically by a factor of two or more to the best grounded electrodes.
At the Ilulissat and Sisimiut sites, however, during some parts of the
year, the estimated perfect grounding resistance is approximately
coincident with the minimum measured focus-one resistance. Fur-
thermore, the estimated perfect grounding resistance never reaches
the very high resistance values measured at some electrodes in
wintertime.
Therefore, it seems an appropriate first approximation to consider

the best grounded electrode of the layout to be perfectly grounded
and consider the span of focus-one resistances on any given day as a
conservative estimation of the additional grounding resistance.
Thereby, we implicitly assume the half-space properties to be invar-
iable along the layout and the additional grounding resistance Ra to
be positively valued.
Under these assumptions, the additional grounding resistances in

summer range from 0 to 1.2 kΩ and 6.5 kΩ at the Ilulissat and Qe-
qertarsuaq sites, respectively. The estimated additional grounding re-
sistance in winter is up to three orders of magnitude larger, ranging
from 0 to 170 kΩ at the Ilulissat monitoring station and up to more
than 1 MΩ at the Qeqertarsuaq and Sisimiut monitoring stations.

DISCUSSION

There is a clear benefit in focusing on the evaluation of grounding
resistance data from Arctic tundra landscapes. The environmental

settings give rise to some of the most extreme conditions for
ERT; on the one hand, the thawed, moisture-saturated ground pro-
vides very favorable conditions for good grounding of electrodes in
the summer season. On the other hand, extremely high grounding
resistances encountered upon ground freezing make it difficult to
carry out surveys and monitoring projects throughout the winter.
The challenge is to design a monitoring array that can sustain
and perform in both extreme scenarios.
The problem of high grounding resistances is threefold. The most

immediate problem concerns the total resistive load of the current
transmission circuit. High loads require high supply voltages to
drive even small currents, and they may challenge the ability of
the acquisition system to stabilize the transmitted currents (Doetsch
et al., 2015). The result may be noisy measurements, if measuring is
at all possible. If the transmitted current is correctly stabilized, very
high grounding resistances of the current electrodes may result in
small transmitted currents and correspondingly lower signal levels
at the receiver (depending on the ground resistivity structure), caus-
ing increased S/N, as pointed out in an early study by Rooney and
Gish (1927). The third issue relates to leakage currents through the
receiver circuitry at high grounding resistances of the receiver elec-
trodes. LaBrecque et al. (2007) present a simple model using a
grounding resistance of 10 kΩ and internal instrument resistance
of 10 MΩ. They conclude that the combination results in errors
of approximately 0.2% in measured voltages and thus apparent re-
sistivities. Through a more complex model, which takes into
account the size, shape, and positioning of the electrodes, T. In-
geman-Nielsen and S. Tomaškovičová (personal communication,
2015) describe systematic measurement errors due to receiver elec-
trode grounding resistances. According to their model, grounding
resistances in the upper range of values observed in this study would
lead to errors in resistivity measurements on the order of 10% or
more at receiver input impedances of around 10 MΩ. Choosing
an optimized electrode design for ERT studies in cold regions could
therefore not only prolong the period of acquisition but also im-
prove the quality of measurements and accuracy of interpretations.
For this study, we used two different types of instruments. The

ABEM Terrameter SAS 1000 has a fixed receiver input impedance
of 10 MΩ, whereas the ABEM Terrameter LS has a receiver input
impedance ranging from 200 MΩ at the highest gain setting
(�2.5 V) to 20 MΩ at the lowest gain setting (�600 V). For normal

resistivity measurements, these are the values to
consider. However, when doing focus-one mea-
surements, typically the receiver circuitry is con-
nected in parallel with the transmitter circuitry,
and thus any impedance associated with the cur-
rent transmission circuitry needs to be taken into
account. The SAS 1000 instrument transmission
circuitry has very high (but unspecified) imped-
ance (P. Hedblom, personal communication,
2015). The effective impedance of the instrument
is therefore assumed close to 10 MΩwhen doing
focus-one measurements with current and poten-
tial terminals connected in parallel. The Terra-
meter LS, however, has separate monitoring
channels permanently connected to the transmis-
sion circuitry and a resulting effective impedance
of 6 MΩ or greater (depending on the gain).
Thus, based on the findings of Ingeman-Nielsen

a) b)Rod / prolate electrode Plate / mesh / oblate electrode

Figure 10. Schematic representation of electrode types and equivalent spheroidal mod-
els: (a) the rod electrodes are approximated by prolate spheroids of the same length and
(b) the plate and mesh electrodes are approximated by oblate spheroids with similar areal
extent and thickness. The coordinate system is oriented such that the electrode array
direction is along the x-axis.
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et al. (2016), the focus-one measurements collected with the two
instruments are typically accurate to within �7% and �12% (fo-
cus-one resistances typically underestimated), SAS 1000 and LS,
respectively, for the monitoring arrays of 64 electrodes or more,
and to within �19% and �21% (focus-one resistances typically
overestimated) for the short 10-electrode arrays. These specified
ranges correspond to Rv∕ρ ratios of 1000 and 500 m−1, for the
SAS 1000 and LS instruments, respectively.
Although automated profile focus-one measurements with the

SAS 1000 are performed using the calibrated standard measurement
channel, the current Terrameter LS firmware uses an uncalibrated
internal transmitter monitoring channel (P. Hedblom, personal com-
munication, 2015). Analysis of the full time series of resistivity
measurements from Qeqertarsuaq indicates that the uncalibrated
channel voltage measurement is typically within �10% of the volt-
age measured by a calibrated monitoring channel. This additional
measurement uncertainty relates only to the automated grounding
resistance measurement time series from Qeqertarsuaq. The short
array electrode field tests are measured manually using the standard
measurement channel and are therefore not affected.
Understanding the changes of grounding resistances in cold re-

gions requires insight into processes that condition the resistivity
of half-space and a possible alteration zone around the electrode.
The bulk ground resistivity depends on four main factors: soil min-
eralogic composition, porosity, fraction of unfrozen pore water, and
geochemical composition of the pore water (e.g., Hoekstra et al.,
1975; Friedman, 2005). An aqueous solution is, in most cases, the
only conducting phase in the soil. In practice, it is also the only phase
that substantially changes proportions over the course of a year. The
processes of drying out and freezing (fall/winter) and thawing and
infiltration (spring/summer) control not only the moisture content
but also concentration of solutes in the unfrozen pore water.
When trying to evaluate the contribution of respective environ-

mental effects in field experiments, it is impossible to properly con-
trol the numerous factors influencing ground resistivity. However,
the experiment we conducted in the laboratory allowed us to control
some of the most important factors, such as soil type, soil moisture
content, and temperature. Due to the scale of the experiment, the
laboratory results are not quantitatively comparable to field results.
The geometric effects of the small buckets alter the current paths
and impact of the embedding medium. Indeed, the grounding
resistances measured in the field were typically several orders of
magnitude higher than values obtained at similar temperatures in
the laboratory. Nevertheless, the experiments in the controlled
environment allowed us to qualitatively confirm the findings of
the field observations and observing the cryostructure occurring
around electrodes.
The horizontally oriented plate electrodes were included in the

laboratory tests based on a recommendation (T. Dahlin, personal
communication, 2013) that such an electrode configuration had
been successfully implemented in a monitoring system under tem-
perate conditions to improve moisture retention around the electro-
des and thus decrease grounding resistances. The effect under
frozen conditions, however, proved opposite due to preferential
ice buildup around the electrode, and thus it was decided not to
consider that electrode configuration for long-term field experi-
ments in the Arctic. Although increasing the size of electrodes re-
duces the grounding resistance, it may also inflict geometric errors
on resistivity measurements, especially when electrode separations

are short (Igel, 2007). This effect has not been investigated in the
current study.

CONCLUSIONS

It is widely recognized that high grounding resistances negatively
influence ERT acquisitions in terms of the amount and quality of
measured data. In monitoring applications in cold climates, the
grounding resistance becomes the limiting factor of successful ac-
quisition of meaningfully long time series, and high grounding re-
sistances often restrict the measurements to the short summer
season. We found that modifications to the electrode design bring
significant (p < 0.01) improvements to the performance of an ERT
array that operates under ground freezing conditions.
Our 33 factorial field experiment (three sites, three electrode

types, and three seasons) provides a thorough and coherent analysis
of electrode performance under realistic field conditions. It ad-
dresses the main effect of electrode size by testing rod electrodes
against two similarly sized square electrodes (plates and meshes). It
also considers the surface area and alteration zone effects, by com-
paring electrodes of similar size, but different surface area and con-
struction design (plates and meshes). Finally, lithologic/resistivity
effects are treated by repeating the same experiments at multiple
sites and multiple seasons.
We conclude that increasing the electrode size (using plates or

meshes instead of rods) significantly (p < 0.01) reduces the ground-
ing resistance (by 28%–69%) at all sites and all seasons (thawed and
frozen ground conditions). Furthermore, changing the electrode
construction from plates to meshes further improves the grounding
resistance in winter (frozen ground conditions) by 29%–37% at two
out of three sites. At the Sisimiut site, plate and mesh electrodes
performed equally well.
As the plate and mesh electrodes are similarly shaped, the main

difference is in the effective surface area of the electrodes, which is
five times larger for the mesh electrodes. The increased effective
surface area seems to be an advantage when the electrodes are in-
serted or buried in fine-grained mineral or organic soils with some
cohesive properties, in which the soil may fill the mesh openings. In
coarser grained soils under well-drained conditions, it is unlikely
that full advantage is taken of the larger surface area, which is prob-
ably the reason mesh electrodes did not constitute an improvement
over plate electrodes at the Sisimiut site. The mesh electrodes may
even provide less surface area than the plates if placed on hard sur-
faces such as rock outcrops, unless a wetting or contact agent such
as moist clay, mud, or a sponge is used as part of the installation.
We speculate that the thermal properties of electrodes also play a

role in the performance of the electrodes in cryospheric applica-
tions. Preferential freezing around the electrodes due to the chang-
ing heat flow in the soil caused by heat conduction through the
electrode may counteract the benefit of increasing the size of mas-
sive electrodes. This would be a significant process in fine-grained
soils in which capillary forces could result in vertical and horizontal
moisture transport and ice buildup during ground freezing, as indi-
cated by the cryostructure observed around plate electrodes in the
laboratory experiment.
In spite of these reservations, the advantage of applying an opti-

mized electrode design is documented at the Ilulissat permanent
ERT monitoring station. The replacement of 64 rod electrodes
by mesh electrodes resulted in an immediate reduction in the
average grounding resistance by 73%, from 1.5 to 0.4 kΩ. Compa-
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rable winter grounding resistances improved by 61%, from an aver-
age of 64.1 to 25.2 kΩ.
Time series of focus-one grounding resistances from long-term

monitoring arrays at the three field sites document that grounding
resistances are lognormally distributed and correlated to tempera-
ture (ground freezing). Summer grounding resistances at Ilulissat
and Qeqertarsuaq monitoring stations range from 0.2 to 8.1 kΩ
and may increase by more than two orders of magnitude upon
ground freezing. Values of more than 1 MΩ were observed at
the Qeqertarsuaq and Sisimiut monitoring stations. These observa-
tions support the conclusion that choosing an optimized electrode
design, in this case the mesh electrodes, may make the difference
between being able to collect measurements or not during the most
challenging parts of the year.
With this paper, we present the first complete and coherent study

of electrode grounding resistances under adverse environmental
conditions, and we document the range of contact resistance values
that can be expected in field situations in cold climates. We also
quantitatively demonstrate the general understanding that increas-
ing the electrode size and surface area decreases the electrode
grounding resistance.
We expect the insight provided in this study to pave the way for

future improvement in acquisition systems designed for proper mon-
itoring of grounding resistances and improved accuracy in standard
resistivity and IP measurements. This is of particular importance in
monitoring applications in which minute changes in the resistivity
structure are of interest. To enhance resolution and applicability of
the ERT method and to improve our chances of correct data inter-
pretation, we also see a need to incorporate the grounding resistance
information into the data processing and inversion algorithms.
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