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Frontiers in Soil Science quantities over time with relatively stable spatial structure representations. The
objective of this study was to quantify the effects of temporal drift and
operational noise for three popular EC, mapping instruments. They were
placed in stationary positions approximately 8 m apart in an area with relatively
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low EC,. Temporal drift was assessed using a series of 4.5-h data logs recorded
under different weather conditions (from extremely hot to near freezing
temperatures). The two EMI instruments were also used to quantify the effect
of minor changes in the height, pitch and roll of the sensor with respect to the
ground. These operational noise tests were replicated over several days. Our
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results reveal the GCR measurements of EC,, along with perpendicular coplanar

EMI measurements, have shown relatively strong stability over time. Each
operational effect introduced measurement uncertainties comparable to the
impact of a change in temperature and soil water content.
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1 Introduction

Site-specific crop management has been implemented to increase profitability and
reduce the negative environmental impact of modern farming. The application of proximal
soil sensing facilitates the understanding of spatial variability of crop growing conditions.
Thus, maps of apparent soil electrical conductivity (EC,) reveal soil heterogeneity as it
relates to various physical characteristics affecting the ability of the soil to conduct an
electrical charge. Soil EC, has been related to salinity (1-4), texture (5-7), soil water content
(8-13) and cation exchange capacity (14).
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The most popular methods for measuring soil EC, on-the-go
are based on galvanic contact resistivity (GCR) and electromagnetic
induction (EMI) techniques. Both involve at least one element
causing an electrical current in soil and at least one element
sensing resistance/conductance of soil media (15). For GCR, a set
of contact electrodes (typically rolling discs) is used both to
introduce the electrical current and to sense a change in potential
at a fixed distance. These electrodes were configured using array
configurations such as those of Schlumberger, Wenner, Dipole-
dipole, and others (16, 17). Alternatively, EMI offers a non-invasive
method. An alternating current in the transmitter coil generates a
primary electromagnetic field causing an eddy current within the
soil matrix. The eddy current, in turn, generates a secondary
electromagnetic field within the receiving coil. The relationship
between currents created from both the primary and the secondary
electromagnetic fields allows for the detection of the conducting
characteristics of the soil.

Previous studies have reported on different levels of soil EC,
observed using the same instrumentation (18-24). Although a few
studies reported relatively stable spatial patterns, these research
activities did not focus on the instruments’ sensitivity to temporal
and operational noise. According to Robinson et al. (25), differences
in ambient and soil conditions may cause the signal to change over
time (drift). For example, heat builds up in an instrument that is
directly exposed to sunlight and this reduces the measured soil EC,
(18, 23, 25). In contrast, cold weather may significantly reduce
measured soil EC, due to a reduction in electrolyte mobility in the
soil (26). Taylor and Holladay (27) found 1 mS/m offset due to the
temporal drift on the DUALEM-21S sensor due to environmental
noise, suspected mainly due to the gradient of the ambient
temperature. Likewise, soil EC, may vary annually due to the
temporal dynamics of the top soil layer (28, 29). Thus, the
relationship between soil EC,and other soil properties
remains uncertain.

Operational drift marks the effect of the typical soil EC,
mapping exercise. The drift of soil EC, measurements could be
affected by the internal, thermal drift of the instrument (19). The
inductive heat is caused by the nature of the eddy current produced
by EMI devices. In addition, EC, measurements were shown to be
altered due to small changes in instrument height above the ground
(22, 30), distance between the transmitting and receiving elements
(17, 31), or as a result of the roll and pitch of the measuring
instrument (32). The vegetative cover on the ground could
potentially increase soil EC, due to the moisture content in the
plant cells (33), and minor effects from annual crop residues (34). In
general, different operational factors govern the signal propagation
and when it differs from the normal position during soil EC,
surveys, EC, measurements almost certaintly be altered by
something as simple as using different electrode spacing (35).

Since service providers have to consider a combination of
factors causing temporal and operational noise when mapping
agricultural fields, the objective of this study was to quantify the
deviation of stationary EC, measurements produced using different
instruments over time (both, short and long term), and due to
different artificially imposed operational uncertainties (height, roll
and pitch).
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2 Materials and methods
2.1 Instruments

Three different instruments were used to simultaneously
measure soil EC, (mS/m) within the same area. These included a
GCR sensor Veris Quad EC 1000 (Veris Technologies, Inc., Salina,
Kansas, USA; VERIS-EC) shown in Figure 1 and two EMI
instruments: DUALEM-21S (Dualem, Inc., Milton, Ontario,
Canada) and EM-38 (Geonics Limited, Mississauga, Ontario,
Canada) shown in Figure 2. Table 1 summarizes the main
parameters of these instruments.

The VERIS-EC used in this study consisted of four rolling
coulters and provided output related to shallow (0-30 cm) soil EC,.
The DUALEM-21S consisted of a 2.41 m long tube and had one
transmitter coil and four receiving coils. Two of these four coils
form a horizontal coplanar (HCP) array at 1 m (DUALEMycp 1)
and 2 m (DUALEMycp.,) distances whereas the other two form a
perpendicular coplanar (PRP) array at 1.1 m (DUALEMpgp_1 ;) and
2.1 m (DUALEMpgp.,;) distances. The sensing depths for all
configurations can be found in Table 2. Finally, the EM-38 had
only one pair of coplanar coils 1 m apart. The unit can be positioned
in a horizontal dipole or a vertical dipole mode producing EC,
measurements related to 0.75 and 1.55 m deep soil profiles,
respectively. This unit was calibrated before each use according to
the manufacturer’s recommendations. Since the vertical dipole is
the same as HCP, EM-38cp.; and DUALEMycp.; measurements
are comparable (21), the EM-38 instrument was tested only in the
vertical dipole configuration. All instruments went through the
warming up period for about 5 minutes before each test event.

A LabView (National Instruments, Corp., Austin, Texas, USA)
application has been developed to automatically log data from the
three sensors at individual data rates. A Watch Dog 2700 weather
station (Spectrum Technologies, Inc., Aurora, Illinois, USA) was
used to record ambient conditions that might affect instrument
performances. Monitored ambient parameters were logged with a
5-min interval and included: air temperature and humidity, wind
speed and direction, and rainfall. The same station was used to
monitor soil temperature and water content 30 c¢cm below the

FIGURE 1
GCR sensor Veris Quad EC 1000 (VERIS-EC; 36).
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FIGURE 2
EMI sensors at normal position: EM-38 and DUALEM-21S, modified from Simpson et al. (22).

TABLE 1 Instrument specifications.

Specification
Method

Dimensions, m

VERIS-EC
GCR

1.43 x 1.50 x 0.69

EM-38
EMI

1.06 x 0.15 x 0.13

DUALEM-21S
EMI

2.41 x 0.09 x 0.09

Mass, kg

136

3

5

Power supply

12 V DC external

9 V DC internal

12 V DC external

Number of depths 1 2 4

Operating frequency 20 Hz 14.6 kHz 9 kHz
Data output rate 1 Hz 14 Hz 5Hz
Year of manufacture 2012 2004 2012

surface using an installed SMEC 300 (Spectrum Technologies, Inc.,
Aurora, Illinois, USA) stationary probe.

2.2 Experimental procedure

The instruments were placed in stationary positions
approximately 8 m apart and about 6 m away from the data
logging station, as shown in Figure 3. The setup distance was
used to prevent signal distortion and interference with sensor
readings. The test area at Macdonald Farm of McGill University,
Quebec, Canada, was a regularly cut lawn approximately 2 m from
the edge of a corn field. The soil type at the test location was
identified as Chicot series, sandy loam with moderate water holding

TABLE 2 List of recorded measurements.

capacity, and moderate to poor drainage (37) and had relatively low
soil EC,.

A series of five 4.5-h data recordings were conducted from
August to October. Each time, the instruments were placed in the
same marked locations. The GCR coulter disks were pushed down
gently (about 5 - 10 cm deep) to ensure good contact with the soil. At
the same time, the EMI instruments were placed on the flat ground
with the roll and pitch of the instruments as close to 0° (normal
position) as possible. Another set of 5-min data recordings was
conducted over several days from September to November with
artificially introduced operational noise. Evaluated factors included:
a) 10 cm height above the ground simulating an inconsistent distance
between the instrument and soil surface, b) +10° and -10° pitch
simulating potential raising of one end of the instrument, and ¢) +10°

Recorded . . Effective sensing depth
Instrument Array configuration Distance, m 3
measurement (75% response), m
VERIS-EC Veris Quad EC 1000 Wenner 0.25 0.30
Vertical dipol
EM-3841cp1 EM-38 erticat dipole 1.00 1.55
(Horizontal coplanar)

DUALEMjicp.; DUALEM-21S Horizontal coplanar 1.00 1.55
DUALEMpgp.1.1 DUALEM-21S Perpendicular coplanar 1.10 0.54
DUALEMjyycp.o DUALEM-21S Horizontal coplanar 2.00 3.18
DUALEMpgp.21 DUALEM-21S Perpendicular coplanar 2.10 1.03
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FIGURE 3
Experimental setup of CGR and EMI sensors (24-Oct).

and -10° roll simulating deviation of the instrument from its vertical
orientation (Figure 4) during a typical mapping exercise. The 0 cm
height with 0° roll or pitch represents the typical normal position of
the EMI sensors when placed on the ground during the mapping
operation. The Table 3 summarizes all data acquisition events that
allowed five replicates of temporal and three replicates of operational
tests for every instrument.

2.3 Data analysis

Data analysis was based on a comparison of 1-s data obtained at
the highest possible rate without any filtering. While the temporal
tests quantify the potential data drift from the beginning to the end
of a single mapping exercise, the operational tests reveal the
influence of typical uncertainties of the position of the instrument

EM-38 DUALEM-21S
©
z N | |
° Ocm
2 Ground
-
£ | |
g 10 cm 1 10cm
Ground
=
*]
x
e -10°\ /+10° " -10°N\ /+10
Transmitter Transmitter
Ground
3 -10°C ' ) +10° -16{6})110°
o« Ground ‘

FIGURE 4
Operational tests for EMI instruments.

TABLE 3 Experimental timeline of CGR and EMI sensors for temporal and operational induced tests.

Instrument and operation

Replicates on different test events

3 4

Temporal test (normal operation)

VERIS-EC 12-Aug 13-Aug 18-Sep 09-Oct 24-Oct
EM-38 13-Aug 18-Sep 09-Oct 24-Oct 29-Oct
DUALEM-21S 13-Aug 18-Sep 09-Oct 24-Oct 29-Oct
Operational test
0 cm height 16-Sep 17-Sep 23-Oct
EM-38
10 cm height 16-Sep 17-Sep 23-Oct
(Continued)
Frontiers in Soil Science 04 frontiersin.org
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TABLE 3 Continued

Instrument and operation

10.3389/fs0il.2023.1137731

Replicates on different test events

3 4
+10° roll 16-Sep 17-Sep 23-Oct
0° roll 16-Sep 10-Oct 23-Oct
- 10° roll 16-Sep 17-Sep 23-Oct
+ 10° pitch 16-Sep 10-Oct 23-Oct
0° pitch 10-Oct 23-Oct 23-Oct
- 10° pitch 16-Sep 17-Sep 23-Oct
0 cm height 17-Sep 22-Oct 23-Oct
10 cm height 17-Sep 10-Oct 23-Oct
+10° roll 17-Sep 22-Oct 10-Oct
0° roll 17-Sep 22-Oct 23-Oct

DUALEM-21S
- 10° roll 17-Sep 22-Oct 10-Oct
+ 10° pitch 17-Sep 10-Oct 23-Oct
0° pitch 23-Oct 23-Oct 23-Oct
- 10° pitch 17-Sep 10-Oct 23-Oct

with respect to the ground. In addition, the test replicates show the
influence of ambient conditions along with the possible
uncertainties of sensor repositioning and other feasible
inconstancies between test replicates.

For both temporal and operational tests, descriptive statistics,
such as mean and standard deviation (STD) of each test replicate,
were calculated. Root mean square errors (RMSE) for the temporal
tests were estimated using the following equation:

1)

i=1j=1

el SSFEE —EC
RMSE = ¢ 1) 22 (EC ~ EC.y)

where n is the number of 1-s measurement averaged within any
specific data log e.g. for 4.5 h; m is the number of different logging
events of the test replicates e.g. 5 replications.

The Levene’s test of equal variances (e.g. 38) was conducted to
compare mean square error (MSE) values corresponding to
different instruments using the raw dataset. Due to a very large
number of data records, high degrees of freedom made relatively
similar variance estimates significantly different from each other.
Therefore, a subjective grouping of similar RSME estimates was
performed to facilitate the discussion. Thus, RMSE values less than
0.01 mS/m will be considered temporarily the most stable
measurements, 0.01-0.50 mS/m as temporarily relatively stable
measurements, and 0.5 mS/m or more as temporarily relatively
unstable measurements. A simple linear regression was applied to
the relationships between EC, measurements and ambient
conditions, including soil and air temperature, soil water content,
air humidity, and internal temperature of the DUALEM-21S
instrument. In terms of the operational test, a t-test using o =
0.05 was used to compare the means of three operational test
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replicates to the mean of nine replicates representing normal
operation of the instrument (i.e., zero height, roll and pitch).

3 Results and discussions
3.1 Temporal test

Figure 5 indicates the range of air and soil temperatures, relative
humidity, soil water content, and recorded internal instrument
temperature of the DUALEM-21S during each 4.5-h temporal
test. These tests generally cover all reasonable operational
conditions when soil EC, data are normally collected. The
weather data captured from the weather station showed ambient
and soil temperatures varying from 23.3 °C to freezing (-0.1 °C) and
29.5 to 7.6 °C, respectively. The latter measurements slightly vary
within the same measurement date; however, they change greatly
from one test event to another. The internal temperature of the
DUALEM-21S ranged from 6 to 40 °C across the test dates.
Assuming the ambient temperature effect is similar on all
instruments, this temperature data then was used as a basis for
the comparison between all these three instruments. The increase in
soil moisture on 9-Oct was due to rainfall events during the two
days prior to the test (6 mm of total precipitation).

Figure 6 illustrates data logs for four different measurements
obtained during the 9-Oct test. The ranges (minimum and
maximum) for unprocessed soil EC, measurements for the entire
temporal test are presented in Figure 7. Table 4 summarizes the
average, STD, and RMSE (Equation 1) values. The most stable soil
EC, measurements were from the GCR instrument. Earlier, Serrano

frontiersin.org
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internal temperature of DUALEM-21S instrument during temporal tests.

et al. (33) observed a similar level of consistency of CGR
measurements. Both DUALEM PRP measurements produced
RMSE values 5-10 times smaller than those from the EM-38 or
DUALEM HCP measurements. In addition to the 4.5-h drift of EC,
measurements, there were noticeable changes from day to day. For
an unknown reason, the most apparent reduction in EC,
measurements was on 18-Sep for both DUALEM HCP
measurements, but not for PRP. That day, the initial internal and
ambient temperatures were similar (10.4 and 11.6°C), but a steady
increase of the ambient temperature with relatively low wind speed
(around 2 km/h) may have resulted in rapid solar warming of the
instrument. This typically reduces soil EC, measurements.
However, it is not certain what caused this sensor behaviour.

14
12 DUA Mcp. ) DL- 1S internal temperaturg
E10 e
@ g
E g 2
B o
) g
3 £
o
n 4 k]
2
0
0.0 1.0 2.0 3.0 4.0
Time,h
FIGURE 6
An example of 1-s soil EC, measurement logs obtained on 9-Oct.
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Table 5 summarizes the correlation coefficients for a linear
regression between ambient conditions and recorded measurements.
Figure 8 demonstrates the relationships between air, soil and internal
DUALEM instrument temperatures with several EC, measurements.
It is obvious that an anomaly, such as the 18-Sep drop in DUALEM
HCP measurements, affected the observed relationships. This anomaly

15
Max
10 Min :I II
£ [ =
2 ~ ] HlI z
g - -
g I
S
7]
-10 = ~ | ]
808 ¢ F & %
o @ z = P s
& - g ] Y
= < < <
> o S
2 a 3 2
Test Dates for VERIS EC
— 12-Aug — 18-Aug — 9-Oct
— 24-Oct — 24-Oct
Test Dates for EMI instruments (EM-38 and DUALEM-21S)
— 13-Aug — 18-Aug — 9-Oct
— 24-Oct — 29-Oct
FIGURE 7

The range (minimum and maximum) of soil EC, measurements
during temporal tests.
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TABLE 4 EC, (mS/m) measurements for temporal tests.

Replicate
Average EC, and STD
Measurement 9¢ tha RMSE, mS/m
3 between replicates, mS/m
356 .
VERIS-EC 3.00 (0.01)* 4.00 (<0.01) 4.00 (<0.01) 3.70 (<0.01) 2.70 (<0.01) (0.70) <0.01
6.97 .
EM-38ycp.1 4.28 (0.58) 9.12 (1.79) 4.28 (0.58) 8.64 (0.89) 8.53 (0.88) (2.46) 1.08
6.72 .
DUALEMjycp 8.34 (1.01) -2.98 (1.60) 10.79 (0.78) 8.64 (0.27) 8.79 (0.83) 551) 1.03
392 .
DUALEMycp.» 2.79 (0.74) 1.50 (1.57) 2.95 (0.87) 6.41 (0.38) 5.96 (0.41) (2.15) 0.99
534 Y
DUALEMpgrp .11 7.49 (0.11) 0.68 (0.10) 6.48 (0.09) 6.56 (0.07) 5.47 (0.07) (2.70) 0.10
7.59 b
DUALEMpgp.21 8.51 (0.22) 6.78 (0.17) 7.43 (0.15) 7.81 (0.13) 7.40 (0.13) 064) 0.17
*Average and standard deviation (in parenthesis) of replicated tests.
“Temporarily the most stable measurements.
"Temporarily relatively stable measurements.
“Temporarily relatively unstable measurements.
cannot be explained by ambient conditions and may be affiliated with 3 2 Ope rational test
a number of unaccounted for factors, such as instrument positioning
an e conditions of surrounding vegetation. en disregarded, i ioure 9 provides the results of the operational tests (minimum an
d th dit f ding vegetat When disregarded, it Figure 9 provides the results of the operational test d

appears that the EM-38 measurements are negatively correlated with ~ maximum values) for both EMI sensors for height (0 and 10 cm), roll
ambient and internal temperatures. According to Allred et al. (19),low  (-10° 0° +10°) and pitch (-10°, 0° +10°) tests. Each 5-min data log
soil water content and high temperature normally reduces soil EC,.  represented a particular test configuration that was repeated in random
Sudduth et al. (18) reported that the drift over 10% of EC, observed  order on three different occasions during at least two different days.
during field mapping using the EM-38 might be due to a change in  Since normal operation (zero height, pitch and roll) was part of each
internal temperature rather than ambient temperature variations.  operational test, this configuration has been replicated nine times.
Corwin and Lesch (11) recommend converting EC, measurements ~ Table 6 shows the individual soil EC, test average, STD and t-test p-
at a specific temperature to measurements at a reference temperature  values. In this case, the average of three operational test replicate means

(e.g., 25°C). Naturally, this would mean that temperature-  were compared with the average of nine normal operation means.
compensated VERIS-EC and DUALEM-21S measurements would It appears that raising the instrument did not contribute to greater
not be affected by ambient conditions to the extent of non-  EC, measurement changes than the differences between replicates. In

compensated EM-38 measurements. However, the presented data  most cases, HCP measurements decrease when the instrument is raised
have not revealed temperature-induced changes in EM-38 in the air, but this may not be the case for some sensor configuraions if
measurements greater than other effects, such as instrument  high EC, soil overlays less conductive subsoil. A marginal significance
repositioning. The effects of soil temperature and water content are  of the drop in average EC, caused by the raised instrument was found
less quantifiable since they did not change significantly during  for DUALEMpgp ,; which may have been due to the relatively low EC,
individual tests. difference between replicates rather than the magnitude of this change.

TABLE 5 Pearson coefficients of correlation between EC, measurements and measurement conditions.

Temperature, °C

Measurement Air humidity, % el vegieer
Ambient Soil Internal DUALEM-21S NI
VERIS-EC 0.369 0.145 0.867* 0.064 0.029
EM-38pcp.1 - 0.663 - 0.525 - 0.724* - 0.449 - 0.896*
DUALEMycp., -0.173 -0.132 -0.052 0.102 0.552
DUALEMycp > - 0.823* - 0.555 - 0.816 -0.152 - 0309
DUALEMpgp 11 - 0.009 0.157 0.082 0.368 0.638
DUALEMpgp 2 0527 0.561 0332 0.616 0.588

*Significant relationship (o = 0.05).
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FIGURE 8
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regressions with 18-Sep data excluded). Rep 1 through Rep 5 represents the test replication on different test events.
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TABLE 6 (The soil EC, (mS/m) measurements for operational tests.

10.3389/fs0il.2023.1137731

Measurement Height effect test
p-value

EM-384cp1 6.59 (1.93) 467 (231) 0.13

DUALEMpcp 4 4.81 (8.2) 7.28 (4.02) 026

DUALEMpcp 2 4.16 (3.26) 2.36 (2.96) 021

DUALEMpgp 1.1 5.19 (3.25) 4.16 (1.24) 0.24

DUALEMpgp ., 7.51 (0.92) 6.40 (0.84) 0.06

Roll effect test

p-value
EM-38ycp.1 6.59 (1.93) 455 (2.63) 0.14 495 (2.8) 0.20
DUALEMpcp. 481 (82) 5.33 (8.51) 047 3.50 (10.64) 043
DUALEMgycp.» 4.16 (3.26) 340 (3.27) 037 3.51 (4.11) 0.41
DUALEMpp.1 4 5.19 (3.25) 456 (3.03) 039 422 (3.68) 035
DUALEMprp_21 7.51 (0.92) 7.35 (0.92) 0.40 7.25 (1.1) 0.36

Pitch effect test

p-value
EM-38ycp1 6.59 (1.93) 451 (3.01) 0.16 3.52 (1.5) 0.02*
DUALEMycp. 481 (82) 7.87 (4.39) 023 9.49 (2) 0.10
DUALEMycp.» 4.16 (3.26) 233 (3.24) 0.22 2.9 (1.99) 023
DUALEMpgp_1 ; 5.19 (3.25) 6.24 (0.37) 0.20 3.19 (0.32) 0.07
DUALEMpgp.2, 7.51 (0.92) 732 (0.02) 0.28 561 (0.15) <0.01%

*Average and standard deviation (in parenthesis) of replicated tests.
**Significantly different at o = 0.05.

The average of three operational test replicate means were compared with the average of nine normal operation means.

In terms of the pitch and roll tests, it appears that the 10° deviations
from the normal operation did not have a significant effect on the
recorded measurements. The exceptions were EM-38ycp.; and
DUALEMpgp,; when the end of the instrument containing the
transmitting coil was raised above the ground.

From a practical standpoint, the results of this study indicate
that GCR sensing of EC, may be less sensitive to temporal effects
than EMI measurements in many situations and may have be
appealing for many environments test. However, the non-contact
nature of EMI measurements provides versatility with respect to the
measurement environment and, when designing the deployment
platform, such as sled (32, 39), these instruments should stay close
to the ground with zero pitch and roll. It was determined to be very
important to keep the transmitting coil close to the ground. Minor
deviations from these conditions do not affect measurements to a
greater degree than temporal test replications.

4 Conclusion

A set of stationary tests of one GCR and two EMI instruments
revealed the degree of temporal and operation-induced variations on

Frontiers in Soil Science

observed measurements of EC,. While the GCR instrument was
relatively immune to long-term data drifts, repositioning the EMI
instruments on the soil surface at different times of the year (different
soil conditions and ambient temperatures) provided more noticeable
differences. Furthermore, EMI measurements were less stable during
4.5-h log periods than the CGR instrument. Also, it was noted that
the PRP configuration was more stable over time than the HCP
operation. The same applies to the operational tests. The effects of
instrument height, roll and pitch were smaller than the differences
from test event to test event, which could be attributed to a number of
uncontrolled factors, including exact position of the instrument and
different environmental parameters. However, practitioners should
avoid, or minimize, raising the transmitting coil end of the
instrument due to the reported sensitivity of EC, measurements to
this experimental treatment.
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