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Moisture content estimation in pavement layers using ground
penetrating radar
Determining interval EM wave velocities during field infiltration
test from interpolated sparse CMP collected with array antenna
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Using the data cloud and long-range radio communication to
inform irrigation management and soil-water cycle decisions

Kaushal Kishore
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of Agriculture
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Leti Wodajo
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Agricultural Fields
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Ravin Deo
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McGill University
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Session 6: Combined Use of Proximal and Remote Sensing Methods
Co-chairs: Sami Khanal and John Triantafilis
19:35
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Session Introduction

19:40
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Map-based Variable-rate Nitrogen Application Based on
Proximal and Remote Sensing Techniques
Clustering-based Fusion of Proximal and Remote Sensors Data
for Potato Production

Muhammad
Abdul Munnaf
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Map-based variable rate manure application in barley by data
fusion of proximal and remote sensing
Field scale mapping of topsoil organic carbon: A comparative
evaluation of machine learning and hybrid models, calibration
sample size and multi-source sensor data for efficient nitrogen
management
Non-Destructive Techniques for Mapping Agricultural
Subsurface Drainage Systems
Spatial mapping of hydraulic conductivity at sub-paddock scale

Jian Zhang

20:15

Clay content mapping and uncertainty estimation using
weighted model averaging

Dongxue Zhao

20:45

Chaired Group Discussion
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DAY FOUR (August 19)
Short Course: Sensor Data Management and Processing
The course instructor is Dr. Craig Lobsey, with an invited presentation on Flat File
Systems (FlatFS) for sensor data management by Dr. Stijn Dekeyser. Many of us are
familiar with the challenges of data management and processing, especially dealing with
large, disparate, and frequently evolving datasets! The interactive short course will
feature several topics covering modern tools and techniques to improve the storage,
management, and processing of proximal sensing data obtained for soil investigation.
The overall goal of this short course will be to raise awareness of emerging computing
techniques and systems, including version control of our data. Topics covered will
benefit those new to proximal soil sensing and more experienced practitioners alike.
18:00 18:05
Introduction
18:05

21:00

Short Course

21:00

21:15

Summarize course

21:15

21:30

Symposium Summation and Discussion

Instructors: Craig
Lobsey and Stijn
Dekeyser
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An Overview of the High-Frequency Surface Wave Method for Proximal Soil Sensing
Zhiqu Lu
National Center for Physical Acoustics,
The University of Mississippi, University, MS, 38677, USA
This talk provides an overview of the latest developments and past applications of the high-frequency
multi-channel analysis of surface waves method (HF-MASW) for proximal soil sensing. The HF-MASW
method uses surface wave propagations and spectral analysis to noninvasively measure soil profile in
terms of the shear (S) wave velocity as a function of depth. Using this HF-MASW method, the S-wave
velocity soil profiles from a few centimeters to a few meters were measured. Fundamentally, the S-wave
velocity is related to soil mechanical and hydrological properties through the principle of effective stress.
Therefore, the measured 2-dimeniaional S-wave velocity profile images can reflect the temporal and
spatial variations of soils due to weather effects, geological anomalies, and anthropologic activities. In the
past, several HF-MASW applications were conducted, including (1) soil profiling in the vadose zone, (2)
a long-term-survey for studying weather and seasonal effects, (3) detecting and imaging fraigpan layers,
and (4) a farmland study to assess the influence of compaction caused by the passages of a tractor. For
case 1 study, the HF-MASW tests were conducted at four testing sites with different soil textures such as
Providence silt loam, Cahaba sandy loam, Harleston sandy loam, and Adaton silt loam. Four soil profiles
in terms of shear wave velocity as a function of depth were obtained and a maximum exploration depth
of 2.5 meters was reached. For case 2 study, the test was conducted on the University of Mississippi
campus. During a one-year survey, the temporal variations of the soil temperature, water content, water
potential, and P-wave velocity were monitored by the corresponding buried sensors. The temporal
variations of soil profiles measured by the HF-MASW method reflect and match the temporal changes of
soil conditions due to weather and seasonal effects. It was found that the most significant changes in the
soil profile image occurred during the summer due to drastic variations of soil hydrological properties.
For case 3 study, a field test was conducted on the North Mississippi Experiment Station at Holly Springs,
MS using both a two-dimensional HF-MASW test and invasive penetration tests. The spatial distributions
of the penetration resistance image and the S-wave velocity vertical cross-section image at the testing site
were compared. They are in good agreement. The obtain HF-MASW image reveals the presence, depth,
thickness, and extent of a fragipan layer. For case 4 study, the testing site was located at the Pontotoc
Ridge-Flatwoods Branch Experiment Station of MAFES facility near Pontotoc, MS, which is an Adaton
silt loam (Fine-silty, mixed, thermic Typic Ochraqualfs). The test site was first treated by deep tillage to
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remove compaction history and then compacted using a tractor. Two-dimensional HF-MASW surveys
were conducted on both non-compacted and compacted sites. It was found that the compacted soil exhibits
an elevated velocity layer around 20 cm deep and at some deep locations the S-wave images show highvelocity patches around 50 cm, indicating the existence of a plowpan. Thus the influence of compaction
on the soil properties can be assessed by the S-wave velocity image. These study demonstrated that the
HF-MASW method can be used as an effective proximal soil sensing tool for agricultural and
environmental applications. Future work will be focused on developing a non-contact HF-MASW
technique that can automatically and rapidly map farmlands.

Figure 1(a) shear wave velocity soil profiles (b) temporal soil profile variations for winter, spring, and
summer

Figure 2 (a) cross section of fragipan (b) non-compacted site (c) compacted site
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Soil Investigation with Ground Penetrating Radar
Barry Allred
USDA/ARS – Soil Drainage Research Unit
Columbus, Ohio, U.S.A.
Ground penetrating radar (GPR) has been an important tool for a variety of soil studies.
This presentation will provide an overview of the GPR method and some examples of its soil
investigation use. To start, basic principles of the GPR method will be highlighted, including
aspects related to signal penetration depth and resolution of subsurface objects/features. The types
of GPR surveys (common offset or variable offset) and their direct end products (time/depth
profiles or time/depth interval maps) will be discussed next, along with conversion of GPR twoway travel times to depth values. Factors involving measurement parameters, field survey set-up,
soil conditions, and computer processing steps are to be discussed in relation to their impact on
the quality of collected data and signal enhancement of subsurface objects/features. Color-coded
GPR soil suitability maps developed by the U.S. Department of Agriculture – Natural Resources
Conservation Service offer useful insight on likely effectiveness of GPR for soil investigation
within each of the fifty states in the U.S.A. The approach used to generate these GPR suitability
maps has potential to be applied elsewhere throughout the world. The presentation will conclude
with examples of GPR soil investigation as applied to delineation of soil profile layers,
determination of soil water content, and mapping of agricultural subsurface drainage systems.

Schematic illustrating principle of GPR operation.
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Basics of Electrical Resistivity Tomography
for Near-Surface Proximal Sensing
Mark E. Everett

Dept. of Geology and Geophysics, Texas A&M University
College Station TX USA 77845

Electrical resistivity tomography (ERT) is a geophysical method that provides an image of the bulk electrical
resistivity structure in a vertical plane beneath a linear array of electrodes planted in the ground and connected
together by a multicore cable. Typically, an array of ~30-100 uniformly spaced ~18-inch-long steel electrodes
is employed. A sequence of measurements is programmed in advance to obtain the voltages that develop
across selected pairs of the electrodes for a given sequence of current injections and withdrawals using other
selected pairs. For any single measurement, the pair of electrodes chosen to measure voltage acts as a
"receiver" whereas the pair of electrodes chosen to inject and withdraw current acts as a "transmitter". If a
"dipole-dipole" measurement protocol is used, the depth of investigation is roughly 20-30% of the total array
length, depending on ground conditions. Each set of voltage measurements usually takes less than 1 hour to
acquire. The initial setup and testing of the array takes about 30 minutes depending on terrain roughness.
Generally, the most labor-intensive component of the fieldwork is inserting and removing the steel electrodes.
At sites where the ground is soft it is easy to insert the electrodes using a small hammer; drills can be used in
hard ground or rock. After the data are collected, a preliminary image (tomogram) of the resistivity structure
beneath the array can be visualized within a few minutes on a field laptop. It then takes a few minutes to
disassemble the apparatus and move to the next site. A typical field setup is shown in the figure below.
Tomographic reconstruction of the subsurface resistivity structure is performed based on the measured
voltages. The tomogram is computed by an iterative process in which a starting model of Earth resistivity
(typically a uniform halfspace) is progressively refined based on how accurately it can explain the
measurements. Briefly, given a candidate model of Earth resistivity, one solves the governing set of equations
to predict the voltages that should have been measured in the field if the Earth actually had the same structure
as the candidate model. Of course, the actual Earth will have a different (more complex and 3-D) structure than
the candidate model, so one expects to find a misfit between the
measured and the calculated voltages. The strategy of tomographic
reconstruction is to iteratively refine the candidate model, with the
objective of reducing the misfit at each iteration. This is done by
formulating the tomographic reconstruction as an optimization
problem. A smoothness constraint is incorporated to prevent candidate
models from developing excessive spatial variations in resistivity. This
helps to produce a geologically realistic tomogram that avoids "overfitting" the data. It is important to note that ERT images are inherently
non-unique and that many tomograms undoubtedly could be found that
fit the voltage data as well or even better than a preferred one. In most
cases however the basic resistivity structures found in a tomogram tend
to be fairly robust and somewhat resistant to changes in the amount of
smoothing applied. Nevertheless, even minor variations in the
subsurface geological structure could have large implications in
practice so that ERT images should not be used in isolation from other
information wherever possible.
ERT subsurface mapping of soil
conditions for geotechnical assessment,
Austin, Texas

Further elaboration of the operating principles, interpretation of
tomograms, and some illustrative case studies using ERT for soil and
other near-surface investigations will be presented in this talk.
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Soil Sensing using Integrated Sensor Platforms
Viacheslav Adamchuk
Bioresource Engineering Department, McGill University
Ste-Anne-de-Bellevue, Quebec, Canada
In addition to geophysical sensing methods and a variety of methods which engage different parts
of the electromagnetic spectrum, various mechanistic devices have been developed and
successfully implemented to obtain additional information about soil while moving the tool across
the landscape or making measurements on the spot. This includes an array of mechanical sensors
that measure soil impedance to penetrating tools, acoustic and air pressure sensors as well as
different systems relying on ion-selective electrodes and/or ion-selective field effect transistors to
determine the activity of certain ions in field conditions. These sensors are integrated with a global
navigation satellite system receiver for positioning. Availability of positioning equipment enables
mapping field topography and defining landscape positioning features in addition to acquiring the
soil properties of interest. Because many sensor measurements react to changes in an array of soil
properties, integrated sensing platforms have been built to separate these effects and improve the
predictions of specific physical, chemical, and/or biological soil properties. The Figure below
illustrates examples of three different on-the-spot sensor system prototypes developed for
autonomous and semiautonomous measurement of several soil properties simultaneously. Several
additional commercially available platforms and those under development will be discussed in this
presentation.
a)

b)

c)

Figure. Examples of integrated on-the-spot soil sensing platforms: 1) vis/NIR spectral
profiling using 360° integrating probe, 2) mechanical impedance and friction profile, soil
ECa, water content, temperature, air permeability and CO2 concentration in soil pores, 3)
selected ion activity (pH, nitrate, potassium, phosphate), digital microscopy and soil ECa.
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Soil magnetism and proximal soil sensing: a perspective
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Abstract
The rate at which applications dealing with the shallow subsurface are using sensor data to support
the evaluation of soil-based ecosystem services is continually increasing. This expansion relates to
advances being made at different levels: from the development of small and affordable sensors to
compose efficient soil monitoring networks, to the increasing accessibility of remote sensing
information through openness of data and cloud computing. When considering geophysical
approaches to soil mapping, often primarily targeting electromagnetic variations, such technical
advancements are in stark contrast to the lack of fundamental insight into the magnetic soil variability.
The emphasis on electrical conductivity and dielectric permittivity in many cases stems of necessity, as
fluid dynamics and associated properties of soils are often crucial to soil studies and resource
management (consider, for instance, the definition of ‘agrogeophysics’ as a subclass of
hydrogeophysics (Garré et al., 2021)). Although soil magnetism does not inform on short-term changes
in moisture dynamics, its direct relationship to the content and form of iron oxides makes it a valuable
proxy for, e.g., mineralogical and geochemical variations, or the influence of weathering and erosive
processes (Jordanova, 2017).
At current, magnetic soil exploration is directed mainly at finding traces of anthropogenic activity, with
its most common use in UXO detection and archaeological prospecting, the latter application being
one that demands high instrument sensitivity and sampling densities (Fassbinder, 2015). While having
potential for targeting the often low concentrations of iron oxides in soils, the frequent use of
gradiometer instruments, combining two coaxial magnetometers separated by a fixed distance, limits
soil mapping beyond discrete subsurface features. However, alternative configurations of
magnetometry instrumentation (Mathé and Lévêque, 2003) and magnetic susceptibility meters
(Grimley et al., 2008), as well as detailed studies into the magnetic properties of soil profiles
(Jordanova, 2017) underline the potential of such approaches for soil studies.
Here, we discuss how magnetic soil mapping can provide insight into physical and chemical soil
variations, and the influence of anthropogenic land-use. We elaborate on this through case studies
using, particularly for large-scale applications, frequency-domain electromagnetic induction (FDEM)
instruments. While used primarily as ‘conductivity meters’, the in-phase response of these instruments
can enable detailed mapping of the induced magnetisation of soils, revealing, for instance, the
presence of iron pans in podzols as shown in Fig. 1. In a similar way, we demonstrate how magnetic
susceptibility mapping can support soil nutrient as well as land-use studies. Based on the current state
of the art, we consider magnetic soil mapping as key component of proximal soil sensing, and elaborate
on the potential and technical limitations of current approaches to investigate soil magnetism.
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Fig. 1: In-phase (IP) FDEM map of soil magnetic variation in a wetland environment (blanket bog covering freely draining acid
loamy soils over mudstone bedrock) whereby high IP magnetic susceptibilities indicate the presence of podsols with strong
iron panning (right borehole log with downhole magnetic susceptibility (MS) profile), contrasting with podsols lacking iron
panning (left borehole log)
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SOILS, RADIOMETRICS, CLAY PROPERTIES AND APPLICATIONS FOR MINING,
GEOLOGICAL AND CATCHMENT MAPPING, WATER AND AGRICULTURE
Geoff Pettifer, GHD, Perth, Western Australia, Australia
Radiometrics (airborne/drone/ground) and EM resistivity (ground/drone) have long been recognized as soil
property mapping tools. Key is using clay as a surrogate based on the dependence of many soil properties on the
soil’s clay type, percentages, and properties. Supported by examples of both practical studies and concepts, this
paper reviews and presents use of soil mapping using radiometrics (and in some cases shallow EM), in conjunction
with detailed terrain models, using geophysical/soil property associations and application of this approach to
geological/geomorphology/landform/catchment mapping, salinity, mine soil management, groundwater,
agriculture, environment and infrastructure. Australia has national, dense coverage with airborne radiometrics,
other multi-spectral data and a good soils database, for widespread use for soil related beneficial planning for these
applications.
Clay and soil property associations
Potassium K mapping – clay content, with subtle Th and U variations is soil radio-geochemistry which indicates
the soil genesis. Different clays have different K, Th, U signatures. Remote sensing classification methods can
enhance these K, Th, U signatures. Clay minerals fix various salts / compounds and is therefore a key to soil
moisture retention and micro-nutrients and therefore vegetation habitat (botany/ecosystems), soil acidification,
salinisation, contaminant retention, fertilizer management, permeability for infiltration (groundwater recharge), soil
drainage and run-off (catchment hydrological modelling). With suitable ground-truthing and calibration of any soil
associations (e.g., with botanical, physical or chemical parameters etc), the radiometric maps can help in these
many soil related mapping applications. K/KThU classified maps can be converted via (calibrated) soil parameter
associations to apparent soil parameter maps.
Pseudo-geomorphology, LFA and enhanced geological/catchment mapping
Radiometrics combine with topography is pseudo-geomorphology, showing landforms, weathered geological
outcrop with either transported or in-situ soil, either Th and U enriched or leached by weathering. A key first step
in an enhanced LFA(landform and eco-system functional analysis)/geomorphology/geological/catchment mapping
process is combination of classified and raw radiometrics with air photo, DTM/slope, existing geology, remote
sensing data (most valuable in arid terrains). Figure 1 shows the level of detail possible from a radiometrics
analysis map compared to the published geology for the Colac 1:100,000 geological map from Victoria, Australia.

Figure 1. Colac 1:100,000 geological map from Victoria, Australia, a forested / agriculture area, with component,
KThU-RGB composite and classified radiometrics and the digital terrain model (the map is ~55 kms x 40 kms in
size). Volcanic plains in the north. Tertiary sediments in the south. Weathered Mesozoic outcrop in the southeast.
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Mine soils management
Mine site soils are important for mines to both utilize and conserve but the efficient, targeted mapping/management
of mine site soils is often overlooked in total mine-site planning and operations. A life-of-mine soil management
plan identifying soil types, allows mine planning that optimizes the expense of soil handling, storage and utilization
and minimizes operational sterilization of beneficial soils. High quality tight line-spacing exploration radiometrics
found at almost all mines in their data with adequate, regional radiometrics surrounding the mine, is ideal for mine
development soil management usage (Figure 2). In Australia, >3000 mines are abandoned, most requiring
rehabilitation, planning for which could be assisted by these soil mapping/management approaches.
Soil types/factors pertinent to mines soil mapping and subsequent soil use include:
•
•
•
•
•
•
•
•

High erosive soils for erosion and transport control.
Permeable soils that contribute to local recharge and/or waterlogging.
Clay soils for TSF raises.
Soils suitable for rehabilitation of waste dumps & TSFs and ultimately mine closure.
Trafficable soils for road construction.
Soils prone to salinization, acidification, retaining contaminants.
Soils, botanical species, and landforms associations for site environmental planning/conservation.
Variable soil run-off drainage management utilizing soil / hydrology relationships.

Figure 2. (Left) Western Australia (WA) operating mines, mostly in arid terrain; (Centre left) Typical arid terrain,
with the outcrop-obscuring soils largely featureless on colour air photos (area ~160km x 160 km); (Centre right)
KThU-RGB same arid terrain area with 100m x 100m grid shows the spectral definition of the soil radiogeochemistry in a WA mining province; (Right) Detail Bronzewing goldmine in WA (under care and maintenance),
showing regional aeromagnetics (background)and the original mine exploration high resolution low level
radiometrics (total image area ~20km x 20km).
Agriculture, irrigation, salinity, groundwater recharge and water catchments
The planning uses for soil mapping, beneficial for sustainable development include: • agriculture - also using EM, soil / agronomics assessments / nutrient management - soils and productivity
(broadacre and horticulture, viticulture). EM with radiometrics can help separation of clay and salinity effects;
• catchment mapping/characterization, salinity mapping, botanical mapping, forest plantation planning, acid
sulphate soils; improving hydrological run-off models, soils prone to contamination;
• groundwater (MAR infiltration basins) - Initial groundwater infiltration / recharge capacity of soils; and
• infrastructure – mapping for road materials borrow pits, linear corridor (pipelines, roads etc.) reconnaissance.
632 words (plus captions)
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Theory and applications of proximal sensing electromagnetic (EM) induction instruments
John Triantafilis (Manaaki Whenua – Landcare Research)
Ground based or proximal sensing electromagnetic (EM) induction instruments are increasingly
being used in soil science. The application of the measured soil apparent electrical conductivity
(ECa – mS/m) is commonly used for development of digital soil maps (DSM) of soil biological
(e.g., carbon and nitrogen), chemical (e.g., CEC, exchangeable cation), physical (e.g., clay, silt,
and sand) and hydrological (e.g., volumetric moisture content) properties. This is because the
ECa is related to soil mineralogy, clay content, moisture, and salinity. In this mini lecture, the
theory of operation of frequency domain EM instruments is described, with an introduction to
the operating frequency and depth of measurement of various commercially available
instruments provided, including but not limited to Geonics Ltd (e.g., EM38, EM31, EM34),
DUALEM (e.g., 421, 1HS) and GF Instruments (e.g., CMD-miniexplorer). In a short literature
review, examples of applications in DSM at the farm, field and district scale are provided in brief
and from various parts of the world (e.g., Australia, India, Morocco, Spain, and Thailand).
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UAV-borne gamma-ray measurements: how low can you go
Determining the optimal gamma-ray spectrometer size for UAVs

Authors: S. van der Veekea,b, J. Limburgb, R.L. Koomansb,
a. KVI-CART, University of Groningen, Zernikelaan 25, 9747 AA, Groningen, The Netherlands, now at
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Introduction
The introduction of affordable heavy duty unmanned aerial vehicles (UAVs) have led to the
possibility to do UAV-borne gamma-ray surveys. UAVs combine the high spatial resolution of walking
surveys with the ease of access associated to airborne surveys, thereby allowing the efficient
mapping of dangerous or difficult accessible areas.
A gamma-ray spectrometer on a UAV can, for example, be used track down and identify man-made
radioactive pollution [1]. Generally these use-cases are dealing with relatively high radionuclide
concentrations and therefore relatively small gamma-ray spectrometers can be used. Airborne
gamma-ray spectrometry studies used in geophysics aim to map the tiny concentrations of 40K, 238U
and 232Th in the environment, which give information on the soil texture and composition [2]. For
effective mapping of these naturally occurring radionuclides, much larger gamma-ray spectrometers
are needed [3].
Conventional airborne gamma-ray survey systems are big and heavy and can weigh up to several
hundreds of kilograms [3]. Consequently, such systems cannot be used on affordable UAVs.
However, by using the advantages of UAVs, it is possible to use much smaller gamma-ray
spectrometers, compared to the ones used in helicopters or aeroplanes. By flying lower, slower and
using more closely spaced survey lines, it is possible to use a smaller spectrometer, that weighs only
a couple of kilograms, while maintaining the accuracy needed to map the spatial variation in the
radionuclide concentrations in the area of interest. The question remains: What is the optimal
gamma-ray spectrometer size that maximizes the UAV flying time, while minimizing the detector
weight.

Fig. 1: Schematic representation of a comparison between ground-borne and UAV-borne gamma-ray spectrometry measurements that aim to
characterize the naturally occurring radionuclide concentrations of 40K, 238U and 232Th.
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Measurements
In this research three gamma-ray spectrometers containing a 350, a 1000 and a 2000 ml CsI
scintillation crystal were compared. This was done by mounting all systems simultaneously on a UAV
and have them map a 32 Ha agricultural field. The UAV flew at a height of 20 m and a speed of 5.6 m
s-1 while measuring spectra at a rate of 0.33 Hz. These gamma-ray spectra were analysed using full
spectrum analysis [4] and by applying the appropriate height corrections [5]. The 40K and 232Th
concentration in this field had a spatial variation of 9% and 31% (average 690 and 32 Bq kg-1)
respectively. The results of the UAV-borne measurements have been validated with a ground-based
measurement done with a 2000 ml CsI spectrometer.
Results
All the sensors used in this experiment were able to correctly map the average values and spatial
variation of the 232Th concentration in the field. Both the UAV-borne 2000 ml and 1000 ml sensors
were able to capture the little spatial variation of the 40K concentration and the 350 ml detector was
able to correctly determine the average 40K concentration of the whole field. The uncertainty
associated with each measurement was shown to decrease with spectrometer size. As a result, it is
verified that sensors volume can be compensated for by flying height and speed. Both parameters
can be carefully adjusted in a UAV-borne mapping survey.
This research was aimed to find the optimal gamma-ray spectrometer size for UAV-borne surveys.
Based on the results it is concluded that it is possible to drastically reduce the weight of the used
spectrometer. This is achieved by optimizing the survey parameters and choosing the smallest
sensors that can still capture the spatial variation in the radionuclide concentration. This case study
has shown that even a small scintillation crystal, such as a 350 ml scintillation detector, can be used
to characterize the spatial radionuclide concentration in a geophysical survey. Medusa Radiometrics
has used the results of this experiment to develop a ‘detector selector’ toolbox that calculates the
optimal detector size for UAV-borne surveys.
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Introduction
In agricultural applications the soil moisture level is a
crucial parameter for optimizing crop growth. A
variety of soil moisture sensors are available such as
tensiometers or electrical resistance measurements
(TDR) [1], [2] . These sensors provide precise soil
moisture information, however, only on one point.
Most soils are highly heterogenous in the soil
moisture content, both in the spatial and the vertical
distribution [3], [4], and therefore these points
measurements are not a good reflection of the actual
amount of moisture present in the soil. Satellite
information, such as the ones from the Sentinal
missions, measure the moisture content over a large
soil area and volume, but these methods have a very
coarse temporal resolution and low surface
penetration [5]. In this abstract we present a new
approach to measure soil moisture, based on gammarays. This technique combine both the accuracy and
surface penetration of point measurements, while
measuring a value averaged over a crop field.

Fig. 1: Schematic representation of the gamma Soil Moisture
Sensor. The sensor measures gamma-radiation emitted by the
soil around the sensor. If the moisture in the ground increases
the flux of gamma-ray decrease.

Gamma-ray soil moisture measurements
A gamma-ray spectrometer is often used in geophysical applications to measure the 40K, 238U and
232
Th concentrations present in the ground. Gamma-rays are attenuated by the medium through
which they travel, which means that variation in the soil moisture will be reflected in variation in the
flux of emitted gamma photons. Because of this attenuation effect, gamma-rays can be used as a
proxy for the amount of moisture present in the soil [6]. When a gamma-ray spectrometer is placed
at 2 m above a surface, radiation is collected from a circular area with a radius of up to 30 m around
the base of the detector [7].
A new type of gamma-ray spectrometer, inspired by methodology used for the Cosmic Ray Neutron
Sensor [8], [9], has been developed by Medusa Radiometrics. The gamma Soil Moisture Sensor
(gSMS) contains a 2x2 inch CsI scintillation crystal coupled to a multichannel analyser (MCA). At the
core of this sensor, an embedded microcontroller is present that analyses the spectral data and
uploads the resulting 40K, 238U and 232Th concentration to an online platform in real time.
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Measurement results
The gSMS has been placed in an agricultural field to collect spectral data for the period of one year.
For the validation of the moisture measurements, a capacitance soil moisture and precipitation
sensor have been placed next to the spectrometer. These measurements show that the presence of
atmospheric radon can increase the count rate up to two orders of magnitude, especially during rain
events, when the radon in the atmosphere is pushed down [10]. Because of the continuous variation
in the radon concentration throughout the day, the total counts collected by the gSMS cannot be
used to reliably predict the soil moisture. A spectral analysis method needs to be implemented to
separate the radon signal from the other radionuclides.
With full spectrum analysis (FSA) it is possible to separate the 40K and 232Th concentration from the
radon concentration, which is reflected by the 238U concentration [11]. The resulting 40K and 232Th
concentrations show a very clear correlation with the soil moisture in the field.
Outlook
Initial measurements show a strong correlation between soil moisture and the gamma-ray flux
emitted by the soil in stationary measurements. Current research efforts aim to establish a model
that predicts the absolute soil moisture levels as a function of the gamma-flux for various soil types.
This model will transform the gamma-spectrometer into an easy-to operate sensor that measures
moisture content with the accuracy and surface penetration of point measurements, but with the
spatial extend of a crop field.
References
[1]

P. Ling, “A review of soil moisture sensors,” pp. 886, 22–23, 2004.

[2]

H. Werner, “Measuring Soil Moisture for Irrigation Water Management,” Readings.

[3]

E. Rabot, M. Wiesmeier, S. Schlüter, and H. J. Vogel, “Soil structure as an indicator of soil functions: A review,”
Geoderma, vol. 314, no. November 2017, pp. 122–137, 2018, doi: 10.1016/j.geoderma.2017.11.009.

[4]

J. J. H. van den Akker, W. J. M. de Groot, and and W. J. M. de G. J.J.H. van den Akker, “Een inventariserend
onderzoek naar de ondergrondverdichting van zandgronden en lichte zavels,” p. 77, 2007.

[5]

J. H. Lee and J. Walker, “Inversion of soil roughness for estimating soil moisture from time-series Sentinel-1
backscatter observations over Yanco sites,” Geocarto International, vol. 0, no. 0, pp. 1–13, 2020, doi:
10.1080/10106049.2020.1805030.

[6]

M. Baldoncini et al., “Biomass water content effect on soil moisture assessment via proximal gamma-ray
spectroscopy,” Geoderma, vol. 335, no. April 2018, pp. 69–77, 2019, doi: 10.1016/j.geoderma.2018.08.012.

[7]

S. van der Veeke, J. Limburg, R. L. Koomans, M. Söderström, S. N. de Waal, and E. R. van der Graaf, “Footprint and
height corrections for UAV-borne gamma-ray spectrometry studies,” Journal of Environmental Radioactivity, vol.
231, no. November 2020, p. 106545, 2021, doi: 10.1016/j.jenvrad.2021.106545.

[8]

L. Stevanato et al., “A novel cosmic-ray neutron sensor for soil moisture estimation over large areas,” Agriculture
(Switzerland), vol. 9, no. 9, 2019, doi: 10.3390/agriculture9090202.

[9]

T. Vather, C. Everson, M. Mengistu, and T. Franz, “Cosmic ray neutrons provide an innovative technique for
estimating intermediate scale soil moisture,” South African Journal of Science, vol. 114, no. 7–8, pp. 79–87, 2018,
doi: 10.17159/sajs.2018/20170422.

[10]

J. Porstendörfer, C. Zock, J. Wendt, and A. Reineking, “Radon parameters in outdoor air,” 2002.

[11]

P. H. G. M. Hendriks, J. Limburg, and R. J. De Meijer, “Full-spectrum analysis of natural γ-ray spectra,” Journal of
Environmental Radioactivity, vol. 53, no. 3, pp. 365–380, 2001, doi: 10.1016/S0265-931X(00)00142-9.

Applications of Proximal and Remote Sensing Technologies for Soil Investigations 16-19 August 2021

14

Application of Proximal and Remote Sensing Technologies for Soil Investigations Symposium
16-19 August 2021

IN-SITU VISNIR PENETROMETER SYSTEM FOR PREDICTING SOIL
ORGANIC CARBON
Mohammad Omar Furak Murad, University of Nebraska, Lincoln

Soils contain more carbon than the atmosphere and terrestrial plants combined. The atmospheric
carbon can be converted into soil organic carbon (SOC), which can be a solution for global
warming. It is hard to quantify how much carbon is stored in the soil and how much has been
sequestered due to changes in management practices or agricultural activities. In this study, a
VisNIR penetrometer system was designed for measuring in-situ soil VisNIR reflectance spectra
to a depth of 1 m into the soil profile. Without collecting soil cores from the field or preparing soil
samples in the lab, this VisNIR penetrometer system was tested to quickly analyzes soil
characteristics with a fine depth resolution. Cubist regression models for predicting SOC were
calibrated using a spectral library of 1,826 SOC data and associated VisNIR spectra of soil in airdry and ground conditions. By scanning soil cores in the field with the penetrometer system and
air-dried soil cores, external parameter orthogonalization (EPO) projection matrices were
produced. This penetrometer system was used to estimate SOC at three sites on three different
days under variable soil moisture conditions at Lansdowne Farm, New South Wales, Australia.
External validation was performed using SOC contents measured at 10 cm depth intervals. The
SOC contents predicted using the in-situ VisNIR system were validated against lab-measured SOC
content with mean R2, RMSE and bias of 0.88, 0.32%, and 0.15%, respectively. In conclusion, the
in-situ VisNIR penetrometer system can potentially be used to quantify SOC content in-situ with
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fine depth resolution quickly and cost-effectively, and therefore a practical tool for the verification
of soil carbon sequestration.
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Figure 1 Soil VisNIR spectra collected from (a) dry cores in the laboratory and (b) using VisNIR
penetrometer system in the field. Mean spectra of dry cores was plotted for laboratory
measurements.

(a)

(b)

Figure 2 A comparison of EPO projection matrices developed using VisNIR spectra of a) moist
cores and b) the penetrometer system. The reference state in both cases were VisNIR spectra of
split, air-dried (40°C) soil cores.
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Abstract
Soil moisture (SM) is an Essential Climate Variable (ECV) that modulates vegetative growth and rates
of evapotranspiration, monitoring its state is essential to study regional hydrological cycle and the
occurrence of agricultural droughts.
Direct measurement of SM is possible setting up in-situ sensors that record soil volumetric water content
and/or soil matric potential. Aside from the budget and logistic limitations, the main disadvantage of this
practice is that it is only representative of the location where the sensor was installed. Usually soils exhibit
large spatial variability, therefore point measurements cannot be easily extrapolated to produce regional
maps of soil moisture status.
Nowadays, satellite and sensor developments and associated research on their use have allowed us to
overcome this issue. The Sentinel-1 mission measures the microwave wavelength's electromagnetic
response, which is very sensitive to the roughness and water content of the object reached, becoming an
interesting alternative to generate cost effective spatial information of soil moisture with the desired
resolution.
In this research, we evaluate assessments of soil water status in two zones of Chile between January 2020
and June 2021. The sensors were located at different depths in two contrasting locations. One in the
Metropolitan region (33°40’S) with mean annual precipitation of 280 mm, were soil moisture data as
obtained using two large scale lysimeters (measured at 10, 30, 50, 75 and 140 cms using T8 and MPS-6
sensors), the second one was located in the Maule region (36°23’S), having 680 mm of annual
precipitation (measured at 15, 30 and 45 cms using Teros-12 from the company meteorgroup).
We use 49 scenes from the dual-polarization C-band Synthetic Aperture Radar (SAR) images instrument
on Sentinel-1, acquired from the Google Earth Engine (GEE) dataset. We used the VV + VH dual-band
cross-polarization. As a first approach to retrieve soil moisture, we analysed the correlation between the
VV, VH, and VV/VH polarizations against volumetric soil moisture and soil matric water potential
(Figure 1).
Results indicate that Sentinel-1 mission offers a reasonably good estimation for soil moisture. Post
processing of raw data using in situ observation substantially improves the performance of the method
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increasing accuracy of the estimations. Such information can be easily incorporated in a multivariate
drought monitoring and forecasting programme helping decision makers to focus their efforts on the
places that have the most severe effects of water stress.

Figure 1. Flow chart illustrating methodology used for the estimation of soil moisture from Sentinel-1
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Abstract
Quantifying spatial heterogeneity in saline-sodic soil using remote sensing methods is critical to
make sound management decisions. Soil spatial variability in the Northern Great Plains of USA is
related to topographic, vegetation, time, parent material, climate and anthropogenic (management
and land use change). The objective of this study was to describe the spatial variability of selected
saline sodic soil properties using remote sensing methods at a landscape scale. The study was
conducted in a 55.4 ha field at Pierpont, SD. The field was planted with corn (Zea mays) in 2014.
A total of 169 grid points with the area of 62 x 62 m grid were laid out in the field in 2014 for
sample collection. Soil pH and electrical conductivity (EC) of the samples collected from each
grid points were measured. Sodium Adsorption Ratio (SAR) were derived from cation analysis.
Mollic depth and lime depth were measured at each grid points. Semivariograms fit for
exponential, spherical, and Gaussian models were tested. Spatial class was developed using nugget
to sill ratio. Global Moran’s I and local Moran’s I statistics were performed. The exponential
model was the optimum fit for mollic depth, lime depth, pH, EC, and SAR with nugget to sill ratio
of 0, 0, 45, 17, and 49, respectively. EC and SAR showed moderate spatial dependence whereas
the other parameters showed strong spatial dependence. At the V1, V4, and V6 growth stages the
exponential model was the optimum fit for NDVI with a value of nugget to sill ratio of 23, 0, and
25, respectively. At all plant growth stages the NDVI had showed strong spatial dependence.
Analyses of variance of all the parameters measured were significantly different at P < 0.05. Mollic
depth, lime depth, and EC showed slight positive spatial autocorrelation with Moran’s statistic
value of 0.193, 0.106, and 0.337. So, the null hypothesis of random distribution was rejected for
these variables. Whereas the Global Moran’s I statistics value and the z-score of SAR was very
small and statistically non-significant indicating no spatial dependency patterns of local spatial
autocorrelation were assessed from a generated map using Local Moran’s I. Semivariogram
modelling and Moran’s I of soil attributes and NDVI data can help to quantify spatial
heterogeneity in saline-sodic soils. Thus, a better understanding of the spatial pattern of the
measured soil variables in saline sodic soils can easily be captured. It also showed soil series
variation for all the measured soil attributes and demonstrates the need to further explore and
examine other soil attributes not covered in this study. Integrating high resolution imagery and
indices could be an area of future research in saline-sodic soil.
Key words: Semivariogram, clustering, dispersion, soil spatial variability, northern Great Plains,
NDVI, saline-sodic soil, interpolation, mollic depth, lime depth, EC, SAR, and soil moisture.
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Figure 1: Stunted growth of corn grown in a saline-sodic soil infested field at Pierpont, South
Dakota
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Abstract
Fine-scale maps of soil properties and processes are frequently limited but are often of great
importance for local agricultural land management and watershed processes assessment.
Topography can be a dominant factor controlling landscape distributions of soil properties and
processes through gravity-driven lateral soil and water movement, especially for cropland
ecosystems subject to tillage. With the rapid adoption of light detection and ranging (lidar)
technology, the use of high-resolution terrain data is now commonly available to characterize the
subtle changes of landscape features with high precision. Lidar-derived terrain attributes can
further facilitate the application of topographic models using either multi-linear regression or
machine learning algorithms in soil mapping. In this study, we investigate the effects of
landscape topography on soil properties and processes including soil organic carbon (SOC)
density and soil redistribution (SR) rate, and we highlight the use of regional topographic
random forest (TRF) models in combination with a residual kriging procedure using local
samples from an area of interest for fine-scale soil properties mapping. The regional topographic
model is developed based on lidar-derived topographic covariates using random forest on a
cropland site with intensive soil measurements, which characterizes the deterministic trend of
soil properties over terrain. Results suggest that the topography can significantly influence
spatial patterns of SR and resulting SOC distribution, even in such a relatively flat terrain in our
study area. Topographic metrics related to soil water content and flow divergence, e.g.,
topographic wetness index and local relief, exert highest topographic impacts. To test the effect
of different sampling designs on residual kriging for a local calibration of the regional
topographic model, a second intensively sampled cropland site is used to generate a reference
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soil property map where residual kriging is implemented involving different numbers of local
samples and different sample selection schemes: stratified random sampling (SRS) and spatial
coverage sampling with close-pairs inclusions (SCS+). By analyzing the distribution of relative
mean error (RME) of the overall map for the second site with repeated selection of local samples,
we find a smaller variation in RME for SCS+ than that for SRS for a given sample size.
However, the expectation of the RME, i.e., E(RME), for SCS+ slightly varies with number of
local samples used while the E(RME) for SRS is stabilized at zero over that range in local
sampling intensity. There is negligible difference between the distributions of RME for the two
sampling schemes at individual points, except a finding of somewhat lower RME for SCS+ based
point estimates. These results indicate that local samples with SCS+ can generate smaller
variation in overall map quality while local samples with SRS can provide unbiased mean
estimate for an area of interest. This study demonstrates the utility of extrapolating a regional
topographic model based on machine learning by use of a limited number of new samples for
local calibration and provides insight for practitioners who are interested in mapping soil
properties and processes in sparsely sampled areas of interest.
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Figure 1. The SRS (a) and SCS+ (b) schemes for mapping SOC at site 2 based on TRF+OK.
The number above each panel refers to sample size. The bare ground image was collected from
ArcGIS 10.6 base map. SRS: stratified random sampling, SCS+: spatial coverage sampling plus
close pairs, SOC: soil organic carbon, TRF: topographic random forest, OK: ordinary kriging for
residual kriging.

Applications of Proximal and Remote Sensing Technologies for Soil Investigations 16-19 August 2021

25

Machine learning with satellite imagery to document historical changes in the extent
of subsurface agricultural drainage (tile drains)
Tanja N Williamson, USGS, OH-KY-IN Water Science Center tnwillia@usgs
Alexander O. Headman, USGS, Washington Water Science Center
Fleford S. Redoloza, USGS, Dakota Water Science Center
Michael E. Wieczorek, USGS, MD/DE/DC Water Science Center
Barry J. Allred, USDA-ARS, Soil-Drainage Research Unit
The link between subsurface agricultural drainage (tile drains) and basin-wide
streamflow magnitude and water quality has been demonstrated by several studies.
However, it is difficult to determine if this interaction has shifted over time as a
function of climate or as a result of changes in the spatial extent and characteristics of
tile drains. Knowing where tile drains are is an integral step in beginning to
understand how large areas of soil may respond to individual precipitation events,
subsequent days of drying, or seasonal fluctuations in evapotranspiration. A timeseries of visible tile-drain systems will provide a framework to integrate field-scale
knowledge about soil characteristics, land management, and environmental response.
We will discuss a machine-learning-model work flow that uses satellite imagery to
help inform this data gap, including an image library for training the model, methods
used to identify tile-drained areas, and how those techniques will be shared.
Examples will be from tributaries to western Lake Erie and the Ohio River, each
heavily tile-drained, where a better understanding of the movement of water,
sediment, and sediment-bound nutrients from field to stream is key to managing
harmful algal blooms and hypoxia.
Example
of humantraced
(left),
original
satellite
image
(center),
and
machinelearning
model
output.
(left)
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Estimation of heat balance with considering ground surface conditions in the crop field based
on radiation balance and meteorological condition
Mito Nishioka, Chiaki Kawai, Hirotaka Saito and Megumi Yamashita
Graduate School of Agriculture, Tokyo University of Agriculture and Technology
The ground surface is unevenness, and the energy received by the surface differs depending on the
direction of the slope. In particular, the difference in energy received by slopes such as ridges in the
crop field cannot be ignored when considering the radiation, heat, and water balances at the field scale.
The source of radiant energy received by the ground surface is solar radiation Sd, and the solar radiation
Sd received by the slope varies greatly depending on changes of sun altitudes and azimuths in daytime
and under various weather conditions. These differences are the major factors affecting the heat and
water balance of the ground surface. The fact leads to differences in the amount of evaporation from
the surface, i.e., spatial variations such as " ease / difficulty of drying". However, the previous studies
are based on the simulation at a point representing a flat surface. Therefore, spatial estimation and
simulation of the heat and water balances considering the slope direction of the ground surface are
required for water management in the crop field. The purpose of this study is to clarify the spatial and
temporal differences in the heat balance of each slope based on the observation data in the field for
water management according to the shape of the field.
This study is conducted in the field (about 100m2) of Tokyo University of Agriculture and Technology
Fuchu campus, where the ridges were created in the east-west and north-south directions. Four
components of radiation (Sd, Su, Ld, Lu), wind speed at 2m height, temperature and humidity at 0.30m
height were measured at observation tower. In addition, we use wind speed (9m height), temperature
(1.5m height) and precipitation observed at the meteorological station of AMeDAS Fuchu (Japan
Meteorological Agency), which is located about 200m away from the study site. Using these observed
data, we derive the radiation balance Rn, sensible heat H and latent heat lE, and calculate the ground
conduction heat G as a representative value of our study field using the law of conservation of energy.
We also simulate the G at each of four directions of slope with the input values of solar radiation in
four slope directions measured on the roof of building in our campus. The simulation results are then
evaluated by comparing the sum of the G values of slope direction with the representative G values in
the field. In addition, visible and thermal images taken in the field are compared with the simulated
heat balance at each slope direction in time-series. From these results, the relationship between the
surface change of each slope due to evaporation and the estimated heat balance is examined and
discussed.
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HYSIMU: A Hyperspectral Simulator for Airborne Remote Sensing of
Soils
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ABSTRACT
Hyperspectral remote sensing of soils has been successfully performed from a variety of airborne platforms
(UAS, aircraft, satellite) and using a variety of cameras. However, the actual survey is often not optimized for
target size and extent, target soil types, distribution and spectral characteristics. A numerical hyperspectral
imaging simulator is an efficient tool to enhance the optimization of a hyperspectral campaign by finding the
optimal survey design and parameters. In this research, we develop HYSIMU, an airborne hyperspectral
simulator that can be used in a wide range of applications, including remote sensing of soils. The simulator is
capable of simulating different flight scenarios based on customizable user inputs including aircraft altitude,
speed, sun azimuth and elevation, sensor noise levels, terrain effects and more. Synthetic ground truth images
with one centimetre per pixel resolution are generated by assigning random or selectable soil and vegetation
reflectance spectra from various available spectral libraries together with synthetic digital elevation models
(DEM). Spatial noise and spectral noise are added to the data based on user inputs and the sun shadowing effect
is estimated based on the DEM and sun positions to add more realism. We predict a hyperspectral data cube for
a variety of cameras and airborne platforms with different flight parameters. The synthetic hyperspectral data
generated for each model scenario can then be classified using ENVI. Each classified map is compared to the
synthetic ground truth image and four different similarity metrics are derived. Two synthetic agricultural fields
with different levels of structural complexity are created and several flights were simulated on those fields with
various survey parameters such as altitude (10 to 200 meters), speed (1 to 100 m/s), and sun elevation (0, 45,
90 degrees) and a snapshot camera with a 224-band hyperspectral sensor with a range of 360 to 2500 nm. A
sensitivity study is performed by comparing the classification maps obtained and the ground truth images using
four different metrics: Hausdorff Distance, Structural Similarity Index, Equal Pixel Percentage, and Correlation
Coefficient. The results show that this toolkit has great potential to optimize hyperspectral surveys for soil
remote sensing by identifying the best combinations of flight parameters, primarily altitude and flight speed,
for a specific ground target. The results obtained from this simulator can inform the decision-making in mission
planning which ultimately benefits the survey performance, time and cost. The simulator is versatile with
various user-customizable inputs and applications. There are numerous possibilities to incorporate additional
modules to accommodate scientific and industry goals or expand the simulator for other applications, e.g.
agriculture and mineral exploration.
Keywords: hyperspectral imaging, soil, vegetation, airborne remote sensing, UAS, survey design, spectral
database
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Figure 1. A mock-up hyperspectral image of a walnut field and simulated classification maps for different airborne
platforms in varying altitude.
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Sami Khanal, Matthew Romanko, Kushal KC, Joden Fisher, Brigitte Moneymaker, Chris
Strasbaugh and Steve Culman

Multiscale remote sensing technologies for monitoring cover crops and their impact on
ecosystem services
Remote sensing technologies such as unmanned aerial system (UAS) and satellite have potential
to offer timely and cost-effective approaches for monitoring cover crop health at field and
landscape scales. However, currently, there are limited studies that have evaluated the efficacy of
these sensing technologies for cover crop health assessment. In this study, we investigate the
efficacy of UAS and satellite technologies for monitoring cover crops and their nutrient uptake
efficiency. For this, we collected ground-truth canopy cover, biomass, and soil data from twelve
fields planted in cereal rye, the most commonly used winter cover crop species within a cornsoybean rotation, from the Western Lake Erie Basin during March and April of 2021, before cover
crops were terminated. These cover crop fields have diverse soil types, topography, and
management practices, and thus, represent real-world farming conditions. We randomly collected
composite biomass (shoot and root), as well as soil samples from 4-6 geo-referenced locations
within a field from all of these fields. The biomass samples are being processed and analyzed for
their nutrient (nitrogen and phosphorus) contents to determine nutrient uptake efficiency of cover
crops by soil properties. In parallel, we collected images from visible, multispectral, and thermal
sensors onboard UAS. We also compiled, preprocessed, and analyzed a suite of medium resolution
multispectral satellite images collected around the same time to extract vegetation indices such as
normalized difference vegetation index (NDVI) to assess if image-based covariates correlate with
ground-truth data and to what extent. Our preliminary findings suggest that UAS-based NDVI
values are highly correlated with canopy cover (i.e., R2 = 0.7). The findings of this study can be
useful for promoting cover cropping practices towards agricultural sustainability.
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Hysteresis: Implications for Soil Moisture Estimates Based on Electrical Conductivity
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It is well known that soil water retention curves exhibit hysteresis: the water potential as a
function of moisture content during drainage is different from imbibition. Less well known is
that the electrical conductivity of the soil as a function of volumetric water content (VWC) can
also exhibit hysteresis. Archie’s Law, and other constitutive relationships, commonly used to
calculate soil moisture from electrical conductivity/resistivity data ignore hysteresis. Although
they have parameters that depend on soil composition and structure, all associate a single
moisture value with each conductivity value for a given soil, leading to possibly incorrect soil
moisture predictions.
To illustrate the problem, we have plotted VWC versus EC for data collected with a Terros 12
sensor installed at a depth of 38 cm at an abandoned lot in suburban Philadelphia. Two rain
events occurred during this period, leading to an initial saturation of the soil, a partial drying,
then a second period of saturation followed by a gradual return to roughly the antecedent
condition. The relationship between VWC and EC is clearly not monotonic. For example, a bulk
EC reading of 0.13 mS/cm corresponds to three different soil moisture values ranging from 0.33
to 0.40 m3/m3. To choose the correct VWC value one would have to know where within the
imbibition and drainage cycle the measurement occurred. The standard practice when using
time-lapse electrical resistivity tomography to monitor infiltration, for example, is to collect a
background resistivity survey to serve as a reference when inverting the monitoring data for
percent change, and measuring a few additional times along a wetting cycle. Picking a
relationship between soil moisture and conductivity based on a few points to describe rain
events could lead to misinterpreted results when there is hysteresis.
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We have observed varying degrees of hysteresis at different field sites spanning a variety of soil
types. We do not know if the hysteresis is caused by differences in pore fluid geometry during
wetting and drying (the ink-bottle effect), as suggested by Knight (1991), or changes in pore
water ionic strength as dilute rain water enters the soil and then equilibrates. Quite possibly both
are important. The salient point is that hysteresis should be considered whenever soil
resistivity/conductivity data is being used to estimate soil moisture content. The continuation of
this research will involve analyses of other sensors at different sites across multiple storm events
and the simultaneous collection of pore water samples. Laboratory soil column studies might
also provide a resourceful avenue for further investigation.
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Figure Caption
Data from a buried soil sensor buried at a depth of 38 cm shows changes in bulk conductivity
and soil moisture collected on a 15-minute interval over eight days. Point size indicates the
precipitation rate. Two rainfall events are shown, twice saturating the soil. The plot shows
hysteresis during the wetting and drying cycles. Consequently, the soil true soil moisture value
is not uniquely determined by the soil conductivity.
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Year-round 4D electrical resistivity imaging to monitor the hydrodynamics of
deglaciated Arctic soils
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Some of the environments most critically affected by climate change are the Arctic regions, where the
average temperature has seen a rise three times the increase assigned to the planet as a whole. The
accelerated warming gradually melts and reduces the volume of glaciers, which dominate the Arctic
landscape. As glaciers retreat, the uncovered and developing soils become more and more important for the
global carbon budget. Therefore, monitoring the processes governing soil-atmosphere-cryosphere
interaction is essential for understanding these newly evolving systems.
Geoelectrical methods have emerged as a fast, cost-effective and minimally invasive way of imaging soil
moisture dynamics in the near subsurface. BGS PRIME technology is designed to facilitate low-power
remote geoelectrical tomography. The system uses an array of sensor electrodes to measure soil electrical
resistivity in 4D. The raw datasets can be subsequently reconstructed into a series of tomograms of the
subsurface, which serve as a proxy for soil moisture variability in space and time. The system uses
renewable solar and wind energy to satisfy power requirements, thus enabling long monitoring periods
without mains recharge.
The PRIME system’s ability to monitor changes in electrical resistivity autonomously and continuously
will capture the year-round hydrodynamic activity of Arctic soils. This variability is currently
underexplored due to harsh weather conditions (e.g. strong winds, heavy snow, low temperatures), which
make field sites inaccessible outside of the short Arctic summer period. For the purpose of studying the
evolution of Arctic soils, two PRIME systems have been deployed on a glacier forefield near the settlement
of Ny-Alesund, Svalbard archipelago, Norway. The systems are installed at different locations on a soil
chronosequence, over soils with an estimated age range of up to 120 years, with younger soils closer to the
glacier snout. Therefore, the electrical data will help compare hydrodynamic properties between soils of
different ages.
Undisturbed soil cores have been sampled from the top soil horizon (0-20 cm) at four different locations on
the soil chronosequence, corresponding to soils with an age estimate of 5, 20, 80 and 120 years, respectively.
Preliminary data indicated a textural change with age, as the two younger soils tend to have a higher clay
content, 24% as opposed to 6% in the two older soils, and a lower sand content, <40% as opposed to 70%.
Also, a build-up of organic matter was evident in the oldest soil on the chronosequence. In addition,
laboratory-derived pedophysical relationships were established in order characterise changes in electrical
resistivity with temperature and moisture content. These will serve as calibration functions for the yearround datasets and will facilitate the formulation of a time-lapse 3D model of soil moisture content.
Furthermore, an integrated analysis of the geoelectrical datasets with point measurements of environmental
parameters, microbiological activity and gas fluxes, will contribute to a more comprehensive
biogeochemical model of soil evolution over time.
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Figure 1. Schematic of instrumentation stations along a transect on a glacial forefield, capturing a chronosequence of soil age
spatially. Greater diversity and biomass exist in soils that have been exposed for over a century compared to those exposed less
than a decade. Credit: Pacifica Sommers, University of Colorado (Boulder).
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EM SURVEY DESIGN USING ARTIFICAL NEURAL NETWORKS
Shariful Islam Sharif1,2, Craig J. Hickey1, Leti T. Wodajo1, Yacoub M. Najjar2
1. National Center for Physical Acoustics, University of Mississippi, USA
2. Department of Civil Engineering, University of Mississippi, USA
Acquiring geophysical information requires selection of the geophysical method based upon
the defining physical property. Instrument selection and survey design depend upon size of the
area to be surveyed and the required resolution of the survey and determines the acquisition time
and therefore the primary cost of the survey. In this paper, we investigate the advantage of using
artificial neural nets (ANNs) to obtain a cost-efficient field acquisition geometry. The example
consider here is mapping subsurface soil erosion pipes. These soil pipes are a major contributor
to soil loss from agricultural fields and can evolve into the formation of gullies resulting in loss of
agricultural farmland.
In general, soil pipes are tortuous voids located within 1.5 m depth of the ground surface. They
have cross-sectional dimensions from millimeters to meter. The contrast in apparent electrical
conductivity (ECa) is significant especially if the soil pipe is filled with air. Based upon these
characteristics we chose to conduct EM surveys using an EM38B. Surveying with EM38B is
relatively fast and the maximum exploration depth is approximately 1.5m. The measured ECa is a
dipole dependent weighted average over a soil volume of about 1m3. Therefore, the resolution
limitation dictates that information can be used to infer locations having soil pipes but it can’t
provide information specific to the soil pipes themselves.
EM38B provides high sampling along the survey line but the crossline is sparser because it
depends on the line spacing. In many cases, the in-line sampling can be centimeters whereas the
crossline sampling is meters. The benchmark high resolution survey (Figure 1a) consisted of 50
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cm line grid oriented approximately parallel and perpendicular to the topography resulting in a
total of 14676 data. The benchmark ECa map of the site using kriging interpolation is shown in
Figure 1c. The data set was decimated (7 options) based upon orientation and line spacing options.
ANN models were developed using the various reduced datasets and ranked based on minimum
ASE (average square error), MARE (mean absolute relative error) and maximum R2 (coefficient
of determination). Despite of having models with very high R2 values, the ANN models cannot
predict the low apparent electrical conductivity (ECa) for the study area. To address this issue, the
quantile method was used to divide the study area into four different zones based on ECa. ANN
models were developed for different survey options in each zone. A table is developed to guide
the choice of survey option for a given ECa range.
Finally, we use ANN to develop a two-stage survey design of the area. The initial
reconnaissance survey consisted of the perimeter and 7 lines at approximately 4m spacing with
some lines intentionally placed near existing gully windows (pink lines in Figure 1b). Using the
2370 data points, the site is subdivided into four zones using the quantile method and are shown
in Figure 1b. ANN models are developed for the entire area and the four zones. The ASE, MARE
and R2 are compared to the values in the table to determine if additional data is required and what
the best survey option would be. For this site it was determined that additional data is required
zone 1 and zone 2. The additional surveys were conducted following the proposed plan (Figure
1b). ANN models are created using the expanded data set of 5967 data. The measured and model
generated data is used to create the 2D ECa map using kriging interpolation in Figure 1d. This
map is in good agreement with the benchmark ECa although the second map required 60% less
data. From the study it is said that ANN can be used for survey design purpose in order to reduce
data collection effort with adequate accuracy.
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(a)

(b)

(c)
(d)
Figure 1: (a) Benchmark Survey; (b) Controlled survey plan design by ANNs; (c) 2D ECa map
of benchmark survey; (d) 2D ECa map of controlled survey
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Cation exchange capacity (CEC) mapping using DUALEM-421 electromagnetic data
with 2D and 3D inversion modelling comparison using linear (LR) and multiple-linear
regression (MLR).
Xueyu Zhao (Tom Zhao)1, Jie Wang1, Evangeline Fung1, John Triantafilis2
1. School of Biological, Earth and Environmental Sciences, Faculty of Science, UNSW
Sydney, Kensington, NSW, 2052, Australia
2. Manaaki Whenua Landcare Research, P.O. Box 69040, Lincoln, 7640, New Zealand
The soil of the sugarcane fields in far-north Queensland are usually infertile and sodic, proper
lime rates are therefore essential to reach optimum pH and maintain high productivity and
profitability. Under the six-easy-steps guidance in sugarcane industry, the rate of this
fertiliser’s application is recommended in terms of the soil Cation exchange capacity (CEC).
However, the laboratory sample CEC analysis is always expensive and time-consuming.
Intensive electromagnetic (EM) data are now applied for the precise soil property mapping
because the measured apparent soil conductivity could be usually correlated with measured
CEC in different depth. More specifically, the true conductivity (σ-mS/m) at each depth
could be inverted from ECa by using software (e.g., EM4Soil). In this study, we firstly test
linear regression (LR) between ECa from DUALEM-421 and CEC in each depth (i.e., topsoil
(0-0.3 m), subsurface (0.3-0.6 m), shallow subsoil (0.6-0.9 m) and deep subsoil (0.9-1.2 m)).
We also explore the LR between σ using quasi-2D and quasi-3D inversion algorithm and
CEC for four depth individually. However, these LR were all in unsatisfactory to predict
CEC at each depth. After applying the universal LR between σ and CEC, there is a good
relationship between them (2D: R2=0.66; 3D: R2=0.64). Furthermore, we introduced the
depth and coordinates knowledge for the universal multiple-linear regression (MLR) for 165
calibration samples, and then validated on the sperate 55 samples. The results show a great
improvement (2D: Lin’s concordance (LCCC)=0.83; 3D: LCCC=0.78), comparing to using σ
only (2D: LCCC=0.79; 3D: LCCC=0.75). We conclude that developing the universal MLR is
applicable with depth and coordinates information, even if LR between CEC and ECa or σ
could not be established. Finally, considering the efficiency of the inversion modelling and
the accuracy of prediction in topsoil, σ in 3D sense with was the depth and coordinates
knowledge then more applicable for the CEC mapping in this study area, by applying the
universal MLR. Lime application was put forward in this area according the six-easy steps.
The maximum application would be 4 tonnes/ha in those area with CEC of 3-6 cmol(+)/kg.
In most areas, 2.25 tonnes/ha is enough.
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Figure 1 Spatial distributions of predicted soil CEC (cmol(+)/kg) and lime recommendation via multiple-linear regression
(MLR) using σ (mS/m) generated using Quasi-3D model (σ -3D), depth and coordinates at (a) topsoil (0-0.3 m), (b)
subsurface (0.3-0.6 m), (c) shallow subsoil (0.6-0.9 m) and (d) deep subsoil (0.9-1.2 m).
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Time-Lapse Electrical Resistivity Imaging resolves and quantifies subsurface drainage processes
in agricultural plots following a spring thaw
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3
Environment and Climate Change Canada.

Agriculture in the Canadian Atlantic provinces is influenced by a humid continental
climate, hilly landscape, and glacial till-derived soils. As a result, many regions suffer from poorly
draining soils. Tile drains have gained popularity since the 1970s for removing excess moisture
and increasing field productivity. However, little research has been done to understand the
efficiency and water flow dynamics caused by subsurface drainage. This study, conducted in the
Saint John River Valley, near Fredericton, NB, employed time-lapse electrical resistivity imaging
(ERI) in a pair of parallel plots to investigate how tile drainage affected the spatial distribution and
progress of soil drying immediately following the spring thaw. One of the plots was equipped with
tile drains at ~90 cm depth (TDF), while the other was not (NTDF). Both were equipped with
grassed ditches and raised berms (known as diversion terraces) designed to reduce surface runoff
and soil erosion on the sloping terrain. The soil consists of ~1 m thick sandy loam derived from
ablation till, overlying impermeable lodgement till. No fertilizer had been applied in recent years.
A line of 48 electrodes spaced 0.5 m apart was installed in each field. Automated surveys
of 915 Schlumberger and dipole-dipole apparent resistivity measurements (plus their reciprocals)
requiring ~ 45 minutes per line, were performed at 6 hours intervals for more than three weeks. A
filter code was used to remove any data (normally < 3%) having reciprocal errors > 5%.
Uncertainties were assigned to the measurements using an error model based on statistical analyses
of the reciprocal errors. Forward modelling was used to guide the selection of inverse modelling
parameters that would minimize inversion artifacts and estimate proper changes in saturation (i.e.,
desaturation). This was achieved when the data misfit and model roughness were minimized
according to L2-norms, and temporal smoothing employed the L1-norm. Subsurface resistivity
models obtained by inversion were subsequently corrected for temporal changes in temperature,
as measured using moisture sensors at depths of 15, 40, 60, and 90 cm. Finally, changes in soil
electrical resistivity over time were converted to desaturation using Archie’s Law, under the
assumption that water resistivity had not varied. Surface conductivity was considered negligible
as clay content was very low and water saturations were high. This was supported by in-situ
measurements of soil resistivity vs water saturation which suggested a value of 1.7 for the
saturation exponent in Archie’s Law.
We present here ERI-derived estimates of soil desaturation from a period immediately
following the spring thaw in April 2020. These estimates were found to be in reasonable agreement
with direct in-situ measurements made using the moisture sensors. Starting from a reference time
of 8 pm on April 13th, when water levels in piezometers revealed that the fields were nearly
saturated, the cross-sectional images in Figure 1 show estimates of how much the fields had dried
after two days; desaturation near the tile drains (in Figure 1A) was ~10 – 15% whereas desaturation
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in the other field (Figure 1B) was mostly less than 5%. Interestingly, both fields show moisture
gain below the ditch and (more curiously) on the crest of the berm. In Figure 1C, ERI-derived
desaturations have been converted into profiles of net water loss along each survey line to 90 cm
depth (using porosity estimates based on measurements). Although rather variable, losses near the
tile drains (mostly 20 – 30 mm) were clearly higher than those halfway between the tile drains and
those in the other field (mostly < 10 mm). Average water loss along the TDF survey line was 16.2
mm or ~3 times greater than the average loss of 5.6 mm for the NTDF line.

Figure 1. A) & B) Estimates of soil drying (desaturation) below two 24 m long survey lines in the
tile-drained and non-tile-drained fields, 48 hours after snow melt and a rain event had left the field
nearly fully saturated. C) ERI-derived profiles of water loss to 90 cm depth along each of the two
survey lines. Solid lines represent 5 point (1.25 m) moving averages.
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Mapping Shallow Depth Apparent Soil Electrical Conductivity
John Lan1*, Viacheslav Adamchuk1, Roberto M. Buelvas1, Pierce Dias-Carlson1,
Jaesung Park2
1McGill

University, Ste-Anne-de-Bellevue, Quebec, Canada
National University, Seoul, South Korea
*corresponding author - john.lan@mail.mcgill.ca

2Seoul

In the field of precision agriculture, apparent soil electrical conductivity (EC ) is used for its
association with several soil properties such as salinity, soil texture, and organic matter content.
To map this soil property, rolling electrodes (discs) can be arranged in a specific array, such as a
Wenner’s array, as seen in the figure below. Distance between the electrodes determines the depth
of exploration. The closer the electrodes are in a Wenner’s array, the shallower the depth of
exploration will be. Unfortunately, many studies have explored the links between EC
measurements representing 0-30 cm and/or 0-90 cm soil profile and laboratory analysis of soil
samples collected from 0-15 cm or 0-20 cm depths. The goal of this research was to try mapping
EC using a Wenner’s array configuration representing this depth. Thus, a Veris Quad EC 1000
mapping tool was rearranged to sense the spatial distribution of EC near the soil surface (0 - 150
mm), as shown in the figure below. The variability of near surface soil EC maps was validated
using the FieldScout EC 110 manual probe. The test was conducted in a 12-ha field on Macdonald
Campus Farm after the cutting of the summer forage crop. It was shown that a relatively close
(11.4 cm) spacing between electrodes could be an effective tool for predicting EC at a typical soil
sampling depth. This conclusion was derived from linear regression analysis between interpolated
values of the shallow EC measurements of the Veris system that corresponded to validation
measurements using the FieldScout EC 110 manual probe at multiple depths (50 mm, 100 mm,
and 150 mm). Based on 32 locations, linear regression between the Veris and FieldScout yielded
the coefficients of determinations 0.86, 0.92, and 0.94, respectively. Further evaluation of shallow
ECa mapping is planned for the end of the current growing season.
a

a

a

a

a

a

a

Figure. Veris Quad EC mapper in tested configuration (array dimensions are in cm)
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Title: Ground Penetrating Radar for Subsurface Soil Characterization in a Silvopasture
System
Harrison Smith1, Phillip Owens1, Amanda J. Ashworth2, Thomas Sauer3
1. Dale Bumpers Small Farms Research Center, USDA-ARS Booneville, AR, USA
2. Poultry Production and Product Safety Research Unit, USDA-ARS, Fayetteville, AR, USA.
3. National Lab for Agriculture and the Environment, USDA-ARS, Ames, IA, USA.
The use of ground penetrating radar (GPR) has grown rapidly in recent years due to increases in
computer processing power and advances in GPR. With this growth, interest in GPR agricultural
applications has also increased. In this study, we explore applications of some common
qualitative (visual estimates and interpretations) and quantitative methods (correlation, k-means
clustering, Random Forest regression) for GPR analysis and characterization of soil conditions in
a 20-year silvopasture system. We collected GPR data from six transects at our 4.25 ha study
site. Following GPR data collection, we collected validation data from soil pit excavations and
screw auger sampling along transect lines. A qualitative analysis of the radargram data revealed
a strong response from important geomorphic and hydrologic features, including channel and
furrow bedrock features, bulges in clay content, and subsurface flow pathways. Time-to-depth
conversion showed our GPR scans penetrated to a depth of around 2.11 meters. Visual estimates
of depth to bedrock based on radargram data correlated well with observations from field
sampling (𝑟𝑟𝑠𝑠 = 0.61, 𝑝𝑝 < 0.01), but estimates of depth to argillic horizons based on GPR data

were not well correlated with observations from soil pits and screw auger sampling (𝑟𝑟𝑠𝑠 =

0.47, 𝑝𝑝 = 0.09). In order to train our machine learning algorithms, we extracted features such as
amplitude, instantaneous attributes, and texture features generated from a Grey-Level Co-

occurrence Matrix (GLCM) from the GPR data. These features, along with the soil pit validation
data, were used to train a random forest regression model to predict rock fragment percentages.
The GPR features extracted were found to be good predictors of coarse fragments in soils
(R2=0.73, RMSE=). We also used k-means algorithm to cluster areas of similar GPR response
across the full length of our GPR transects, using the same features as in the random forest
model. Our results demonstrate that features extracted from GPR data can provide information
on soil characteristics that may be relevant for soil management decisions. Features extracted
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from GPR data could also be combined with existing digital soil maps to contribute to a better
understanding of soil conditions, inform agricultural management decisions, and promote more
sustainable agricultural systems.

Figure 1. (Left) Historical imagery of the site captured in 1995 depicts the presence of a surface
flow pathway. Some approximate locations where the GPR survey passed over the flow pathway
are indicated in red, and the field boundary is shown in blue. (Right) Radargram plots of areas
marked in red on the historical image. A notable “V” or “U” shaped feature was observed at
multiple locations along the historical flow pathway.
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2A

2B

Figure 2. Two examples of images of soil profiles (1A and 2A) and radargrams (1B and 2B)
taken at the site.
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Monitoring Soil Profile Variations During Rainfall Events Using the High-Frequency Surface
Wave Method
Zhiqu Lu
National Center for Physical Acoustics,
The University of Mississippi, University, MS, 38677, USA
In the past, a long-terms survey was conducted to study weather and seasonal effects on the variations of
soil properties using the high-frequency multi-channel analysis of surface waves (HF-MASW) method,
which demonstrated the feasibility of using the HF-MASW method for proximal soil sensing in the vadose
zone. However, at the time of the long-term survey, a moving laser Doppler Vibrometer (LDV) was used
as a surface vibration sensor. This preliminary HF-MASW technique suffered from insufficiencies of
measurement accuracy and time resolution. Recently, many progresses of the HF-MASW method have
been achieved by introducing several enhanced techniques, including (1) a variable sensor spacing
configuration, (2) the self-adaptive method, and (3) the phase-only signal processing, which greatly
improve the accuracy and spatial resolution of the HF-MASW method, especially at higher frequencies
and top layer of soil. In this study, we applied this enhanced HF-MASW method to measure instantaneous
variations of soil profiles in rainfall events. The testing site was located on the campus of the University
of Mississippi, near the NCPA building, the same test site as that for the long-term survey. A geophone
array consisting of 32 geophones was placed on the ground to measure surface vibrations with a
simultaneous data acquisition board to achieve sufficient time resolution. In this study, the HF-MASW
test was repeated every 5 mins. A rain gauge and five TDRs were installed to measure precipitations and
moisture contents at different depths, respectively. The HF-MASW measurements were conducted
continuously before, during, and after rainfall events under different initial soil conditions. In this talk,
two case studies are presented. The first case is a study with an initial dry soil condition followed by two
high rainfall precipitations. The second case study is an initial wet soil condition followed by several
medium rainfall precipitations. The typical overtone images and movies, soil profile images, moisture
contents, and precipitations were reported and discussed. The obtained soil profile images reveal the
variations of soil profiles in responding to rainfall precipitation and recovering stages. It was also found
that more drastic variations in soil profiles occurred for initial dry soil condition than that of initial wet
soil condition. This observation can be explained using the nonlinear relationship between the acoustic
velocity and soil moisture content. This study demonstrated that the HF-MASW method has the capability
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to capture the temporal variations of soil profile in responding to rainfall events. In the future, this HFMASW method will be applied to evaluate the performance of agricultural irrigation.

Figure 1 (a) the temporal variations of moisture contents and precipitation (b) temporal soil profile
variations in responding to high precipitation rain falls with initial dry soil condition

Figure 2 (a) temporal soil profile variations in responding to high precipitation rain falls with initial wet
soil condition (b) The effects of moisture on the acoustic velocity
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Pavement thickness estimation and condition evaluation using ground-penetrating radar (GPR) Ka
Nikhil Singh1, Kaushal Kishore 2, Ravin Deo 3, Ye Lu 4 and Jayantha Kodikara 5
SPARC Hub, Monash University, 71 Normanby Road, Notting Hill, VIC 3168, Australia

Abstract

Timely monitoring of pavement sub-surface layer thickness and condition evaluation is
essential to ensure stable pavement performance under heavy traffic loading the and safety
of motorists’. In addition, accurate estimation of pavement layer thicknesses is required for
condition evaluation, overlay design/ quality control assurance, and structural capacity
valuation of existing pavements to predict its enduring service life. Traditionally this vital
information is ascertained using many conventional techniques such as coring/drilling and
visual inspections. In contrast to these current techniques, ground-penetrating radar (GPR) is
a non-destructive proximal sensing technique gaining popularity in pavement structural
condition monitoring. GPR is one of the most commonly used non-destructive tests to assess
road infrastructure due to its high-quality data, which contains vital pavement condition
information, and survey costs are reasonably economical.
In this work, GPR data were acquired over a toll road in Queensland, Australia, using the GSSI
4-channel SIR30 GPR unit. The GPR readings were taken using 1 GHz air-coupled, 1.5 GHz, and
900 MHz ground-coupled antennas. GPR data were collected over a 3 km road section and
contained several features such as bridges, patches, cracks, and overlays/resurfacing. Physical
structural information of pavement subsurface is considered an important input parameter
for condition assessment, pavement performance, and lifetime analysis in terms of
thicknesses. This work presents a full-depth asphalt thickness profile for the 3 km section
analysed at every meter, which gives a clear insight into the distribution and variations of
asphalt thickness versus the surveyed distance. Although, only the asphalt thickness profile is
evaluated in this work, the proposed technique can be extended to subbase and base layers.
In addition, in the consideration of manual and time-consuming, segmentation currently in
practice, autonomous data processing and analytical segmentation framework is proposed in
this work to identify pavement defects. It can be used as a valuable tool to evaluate pavement
conditions for a large scale pavement infrastructure, giving a clear insight to pavement
engineers to plan prior rehabilitation and maintenance.
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a)

b)

c)

Figure 1: Stitched GPR data from the three antennas (a) 1 GHz air-coupled antenna, (b) 1.5 GHz
ground-coupled antenna, and (c) 900 MHz ground-coupled antennas acquired for a surveyed line. The
red line in (b) denotes the interface between the asphalt and base layers interpolated at every 1 m
intervals for a 3 km section.
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Moisture content estimation in pavement layers using ground penetrating radar
Kaushal Kishore 1, Nikhil Singh 2, Ravin Deo 3, Ye Lu 4 and Jayantha Kodikara 5

SPARC HUB, Monash University, 71 Normanby Road, Notting Hill, VIC 3168, Australia
Abstract
The structural behavior and performance of road pavement are affected by moisture content,
which has detrimental effects, contributing towards accelerated pavement deterioration.
Therefore, emphasis should be given to accurately estimate moisture content to mitigate future
calamities. Amongst the several available techniques, ground penetrating radar (GPR), a nondestructive and proximal sensing technique, has been effectively employed for near-surface
and subsurface moisture estimation in pavement layers due to its robust data acquisition
capabilities. GPR estimates moisture content by initially assessing the permittivity values of
the material and subsequently using appropriate empirical moisture-permittivity relations. The
Topps equation, which is a commonly utilized moisture-permittivity model, transmutes soil
permittivity to moisture content for sandy, silty and loamy soil. However, in pavements,
unbound granular materials are used extensively. Consequently, it is imperative to develop
empirical models for the different materials used in pavement construction.
In this work, various unbound granular materials, such as crushed rocks, gravel-sand-soil
mixtures, natural gravels, and other artificial and modified materials have been investigated for
their moisture-permittivity relationships. Each material was compacted at different moisture
content until the material attained its maximum dry density. Materials under different moisture
content were tested using the free-space method, which is a non-destructive technique for
measuring complex permittivity. The free-space measurement entailed a vector network
analyzer (VNA) and a pair of dipole bow-tie antennas. Material under test was placed inbetween the two antennas. Measurements were conducted in the frequency range 300 kHz to
4.5 GHz. The relative scattering parameters were ascertained and the Nicolson-Ross-Weir
(NRW) method was used to convert the scattering parameters into complex permittivity values
(real and imaginary). Thereafter, the moisture-permittivity relation was developed for each
unbound granular material. The present study compares the moisture-permittivity models
developed for road construction materials with other models available in literature to highlight
the need to use the appropriate moisture-permittivity models in specific applications. These
observations have been made by comparing the percentage error between the estimated
moisture content and the ground truth data and accordingly updating the moisture-permittivity
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equations to attain the desired result to accurately determine moisture content. It is observed
that slight variation in moisture content within unbound granular materials significantly
distresses the pavement layer stiffness and has enormous impact on the mechanistic pavement
design. Hence, the output of this work will depict the amount of moisture required during the
compaction process that will enhance the quality of pavement being constructed to reach its
optimal performance.
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Determining interval EM wave velocities during field infiltration test from interpolated
sparse CMP collected with array antenna GPR
Koki Oikawa(1), Hirotaka Saito(1), Seiichiro Kuroda(2), and Kazunori Takahashi(3)
(1)

Tokyo University of Agriculture and Technology, (2) NARO Institute for Rural
Engineering, (3) OYO Corporation

Acquiring common mid-point (CMP) data with sufficient temporal and spatial
resolution when monitoring dynamic subsurface hydrological processes such as
infiltration of water into the vadose zone with common bistatic GPR systems may not be
easy. With an array antenna ground penetrating radar (GPR) system, multi-offset gather
data, such as CMP data, can be acquired almost seamlessly at the expense of spatial
resolution. The array antenna GPR system has been used to collect time-lapse GPR data,
including CMP data, during the in-situ infiltration experiment of Tottori sand dunes
(Iwasaki et al., 2016). However, due to inflexibility in changing the antenna offset, only
a limited number of scans could be obtained, thus resulting sparse CMP data. To
determine reliable EM wave velocities using a standard velocity analysis, such as
semblance analysis, sparse CMP data need to be interpolated to increase spatial resolution.
In our previous study, we proposed an interpolation method for sparse CMP data based
on projection onto convex sets (POCS) algorithm (Yi et al., 2016) coupled with Normal
Move Out (NMO) correction. In the proposed interpolation method, a removal range of
the F-K filter and a NMO velocity were optimized by finding values that returned the
minimum error between the original and interpolated CMP.
The main objective of this study was to apply the proposed interpolation method to
estimate volumetric water content profiles seamlessly during the in-situ infiltration test.
The interpolated CMP data were used in the semblance analysis to determine the interval
EM wave velocities automatically, which were further used to obtain temporal changes
of volumetric water content profiles. Interval velocities at given times were obtained by
performing common semblance analysis with automatic determination of velocities based
on a simple clustering algorithm. The volumetric water content profiles in the vadose
zone were computed from the estimated interval velocities. This study demonstrated the
possibility of developing an approach that can automatically estimate volumetric water
content profiles based on POCS interpolation coupled with NMO correction from sparse
CMP collected with array antenna GPR.
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Using the data cloud and long-range radio communication to inform irrigation
management and soil-water cycle decisions
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Hedley
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Abstract
Farmers working with irrigated systems require reliable information about soil moisture status,
preferably at high temporal resolution. This typically requires the installation of a network of soil
moisture sensors, communicating data through a data telemetry system. Using cellular
communication is the default form of data transmission used by such networks to convey data
collected by the sensors, from a central node to the farmer (often via the web). However, network
coverage in rural settings where farmers operate is often poor, and in some cases, non-existent.
This is a major hurdle to the uptake of soil moisture sensing technology in different landscapes, in
New Zealand and globally.
Recent technological advances and the advent of long-range radio communication (LoRa) now
help direct data transmission over 10s of kilometres when the node (emitter) is in line of sight of
the gateway (receiver). In addition, the LoRa system has very low power consumption, with an
operational advantage of a long battery life of 2 to 3 years being possible with a normal data rate.
This study documents the testing of a LoRa platform to transmit soil moisture data on a 20-minute
interval. A range of soil moisture sensors, coupled with LoRa nodes, have been placed in 3 pastoral
fields around the Manawatu region of New Zealand. A web portal and associate Application
Programming Interface (API) to receive, parse, and store data in the database was designed.
Provision to visualize the received data in real-time was also done to enhance the user experience.
The present study demonstrates how a soil moisture sensor (Meter SM-05) array and custom-made
nodes, and gateways can be used to transmit proximally sensed soil moisture data from the field
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to the farmer. This will improve soil moisture monitoring and irrigation management by providing
real-time, accurate data to assist with decision making.

a)

b)

c)

Fig. 1 Flow diagram showing a) site location in Palmerston North, New Zealand, b) Long range radio
communication (LoRa) sensor node, and c) Time series soil moisture data recorded by proximal sensors.
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Determination of evapotranspiration in a maize field using the near-surface net
water flux model
Yutong Liu, Yili Lu, Tusheng Ren
College of Land Science and Technology, China Agricultural University

Evapotranspiration (ET) is a key component of the Soil-Plant-Atmosphere
Continuum (Xiao et al., 2016). Conventional methods for measuring ET are expensive
and time-consuming. In this study, we introduce a soil water-based approach to
determine ET in crop growing season. The new approach is based on the Sadeghi et al.
(2019) model that estimates the near-surface net water flux using in situ time-series
water content data, and then ET is determined from the water flux for the days without
infiltration in the near-surface soil.
The proposed approach was tested in a field experiment conducted at the Lishu
Experimental Station of China Agricultural University in 2020. Hourly soil water
content (θ) at the depth of 2.5 cm was monitored with time-domain reflectometry (TDR)
probes. The near-surface net water flux was calculated by using the TDR-θ in rain-free
periods (i.e., no water infiltration in the soil) following the net water flux model, and
ET was then estimated from the net water flux data. The accuracy of the model was
evaluated by comparing the estimated ET data versus independent ET measurements in
which hourly water evaporation rate (E) was monitored with the multi-needle heat pulse
probes according to the sensible heat balance theory (Heitman et al., 2008), and hourly
transpiration rate (T) of maize plants was monitored with the heat-balance sap-flow
(HBSF) gauges (Wang et al., 2021).
Results showed that the estimated ET generally agreed well with the measured
data during the observation period (Figure 1). Correlation analysis showed a strong
linear relation between the estimated and measured ET values, with a coefficient of
determination (R2) of 0.73 and a slope of 0.97. Additionally, both the estimated and the
measured ET values increased significantly after the maize sprouting period when T
became a major source for ET. This method, which requires the time-series soil
moisture data at the depth of 2.5 cm only, has the advantages of simple, calibration-free,
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and providing continuous data, can be integrated into the net water flux model to
estimate ET at field scales with proximal or remotely-sensed soil moisture data.

Figure 1. Dynamics of estimated ET and measured E+T data in maize fields during
the no-precipitation days in 2020.
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Evaluating the Accuracy and Repeatability of Commercial Seed Zone Soil Sensors
Authors: Lance S. Conway, Dr. Kenneth A. Sudduth, Dr. Newell R. Kitchen
Abstract: Integration of proximal soil sensors into commercial row-crop seeding equipment
have allowed for a dense quantification of within-field spatial variability. Output from the sensors

can be used to automate real-time adjustments to key planter row-unit functions, such as planting
depth or seeding rate. However, little is known about sensor performance and repeatability

across a range of environments. Therefore, a study was initiated to determine (i) how well
these sensors can estimate soil properties (i.e., moisture and organic matter (OM)) and (ii)
whether sensor output is repeatable at varying soil moisture contents. Field and controlled
(laboratory) research were conducted near Columbia, Missouri, USA. In the laboratory setting,
variable soils from Missouri and Illinois, USA were utilized for data collection. These soils were
collected from the soil surface (0-7.6 cm depth) and were analyzed for soil texture, OM, and
cation exchange capacity (CEC). Each soil was scanned in 2021 at four different soil moisture
levels with an analytical spectral device (ASD) and Precision Planting’s SmartFirmer. Specific
volumetric moisture contents were targeted for each soil to capture a range between wilting
point and field capacity. Data collected with the ASD consisted of reflectance from 400 to 2000
nm, while information from the SmartFirmer was comprised of reflectance from five
wavelength bands (460, 589, 850, 1200, and 1450 nm), OM, furrow moisture, and CEC. Field
research was conducted with Precision Planting’s SmartFirmers in 2019 on a highly variable
alluvial soil. Data were collected in 2019 from the same 4 ha field three times in 21 days,
resulting in varying moisture levels at each sensing event. In addition to sensing, soil samples
were collected from throughout the site at a 0-5 cm depth and analyzed for soil moisture,
texture, OM, and CEC. Results showed a positive response between SmartFirmer-estimated OM
and laboratory-measured OM for both the field and a laboratory study (R2 = 0.6-0.8). However,
values were generally overestimated by the SmartFirmers when compared to laboratoryanalyzed data. Additionally, soil moisture appeared to affect the SmartFirmer estimation of
OM. In the controlled study, OM estimations improved with the addition of moisture when
compared to air-dried samples. Further, the field study showed inconsistent OM estimation
between sensing dates in coarser textured soil. Collectively, these findings suggest that soil OM
estimated by the SmartFirmer or other similar sensors may be a valuable tool for capturing soil
spatial variability. However, local calibrations may be needed to overcome the influence of soil
moisture and texture on sensor-estimated OM.
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Evaluating the Impact of Irrigation Water Salinity on the Amplitude of Ground Penetrating
Radar Direct Ground Wave
Sashini Pathirana, Lakshman Galagedara, Christina Smeaton, Adrian Unc,
School of Science and the Environment, Memorial University of Newfoundland, Corner Brook, NL,
A2H 5G4, Canada
Precision agriculture demands understanding the impacts of irrigation water quality on soil properties and
vegetation. To determine the variability of soil properties over the agricultural landscape, near-surface
geophysical methods such as Ground Penetrating Radar (GPR) and Electromagnetic Induction (EMI) are
used. Responses of direct ground and reflected waves of GPR and secondary electromagnetic fields
measured by EMI depend on the subsurface conductivity. The quality of the irrigation water may be
reflected in altered conductivity in the subsurface. Objectives of this study were to: (i) evaluate the impact
of salinity of irrigation water on the amplitude of GPR direct ground wave (DGWA), and (ii) determine
the correlation between DGWA from GPR and apparent electrical conductivity (ECa) from EMI in order
to facilitate the integration of GPR and EMI techniques to support precision agriculture. The study was
carried out at the Pynn’s Brook Research Station, Pasadena, Newfoundland, Canada. Loamy sand (Sand
= 82%, Silt = 11.6% and Clay = 6.4%) is the predominant soil texture at this boreal podzolic site (Figure
1: a). A 9 m by 8 m study area was divided into 2 m by 3 m sized twelve sub-plots. In this study, freshwater (FW) and salt-water (SW) were applied as low conductive and high conductive irrigation water,
respectively. FW irrigation was applied to six plots (P1) at a rate of 0.13 cm/min for 15 min per plot and
SW irrigation was applied to other six plots (P2). Sixty litres of SW were prepared by dissolving 240 g of
table salt (NaCl) in FW and applied to each sub-plot. Geophysical surveys were carried out using 500
MHz centre frequency GPR system (Pulse EKKO Pro) and a multi-coil EMI sensor (CMD MiniExplorer)
(Figure 1: b and c). GPR and EMI surveys were carried out at 1.0 m and 0.5 m interval lines, respectively,
covering all sub-plots. ECa and DGWA data were collected for the background (BKG) and post irrigation
conditions. The collected GPR traces were exported to MS Excel and the maximum DGWA were picked
(Figure 1: d). An interpolated ECa map was prepared for the entire study area and data points at nine
locations for each sub-plot were digitized by using Surfer 20 (Figure 1: e). Minitab 17 was used to analyse
the data statistically. Boxplots were developed to evaluate the variability of DGWA and ECa, and ANOM
and correlation tests were applied to further analyse the data. As per the results of boxplot, from BKG to
FW irrigation, DGWA increased and ECa decreased while BKG to SW irrigation, DGWA decreased and
ECa increased (Figure 1: f). According to the results of a one-way normal ANOM, the mean of the DGWA
significantly (P<0.05) higher in FW irrigated plots and significantly (P<0.05) lower in SW irrigated plots
from the overall mean. The mean ECa was significantly (P<0.05) lower in FW irrigated plots and
significantly (P<0.05) higher in SW irrigated plots than the overall mean, as hypothesized (Figure 1: g).
Correlation analysis showed a weak negative correlation (Pearson correlation (r) = -0.112) between
DGWA and ECa for FW irrigated plots while a strong negative correlation (Pearson correlation (r) = 0.746) was assessed for SW irrigated plots, as hypothesized (Figure 1: h). The findings of this study will
improve our understanding of the impact of irrigation water salinity on the waves of GPR. Furthermore,
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these results will help to advance the integration of GPR and EMI methods in support of precision
agriculture.
Key words: Amplitude of radar wave; apparent electrical conductivity; Electromagnetic induction;
Ground penetrating radar; salinity

Figure 1: Summary of the data collection, analysis and results
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Using Proximal Soil Sensors and Data Fusion to Improve Soil Organic Carbon Stock Inventorying
Author: Eric Lund
Affiliation: Veris Technologies, Inc. Salina KS USA lunde@veristech.com
Efforts are underway to reduce atmospheric CO2 by incentivizing agricultural producers to increase soil organic
carbon (SOC) in their fields using conservation practices. Many current initiatives offer a relatively modest
payment per acre with little or no field validation of actual SOC sequestered. This is due to the concern that
measuring actual SOC change accurately is impractical and uneconomical, which if based on a conventional soil
sampling and lab testing methodology is a valid concern. However, soil property maps from proximal sensors can
be used to help create baseline inventories at the beginning of a multiyear contract and to guide subsequent
testing. Sensor maps accomplish this by stratifying the field and identifying locations for collecting soil cores, and
for deploying profile sensor probe technology. SOC cycling and storage are affected by several soil properties
including current SOC amounts, soil texture, landscape position, and soil pH. These properties can be measured
with proximal soil sensors using a combination of visible and near infrared optics, soil electrical conductivity (EC),
RTK GPS, and electrochemical technology. Detailed proximal sensor maps often reveal different patterns of soil
properties, for example soils with similar SOC levels may have different textures, topsoil depths, or landscape
positions. Once SOC-increasing practices like no-till and cover crops are applied to the field, the amount of SOC
sequestered over a ten year period may be different between soils that have similar levels at the start of a SOC
contract. Some studies have noted that degraded soils show rapidly improved soil health and increased SOC once
conservation practices are introduced. To properly account for as many possible micro-environments as possible
and collect baseline SOC measurements in those locations, a data fusion technique has been developed that
combines key features from proximal sensor maps. This approach has been evaluated on several midwestern
fields in the USA including: 1) a Missouri claypan field where a multiple depth soil EC map differentiated two
similar SOC zones with widely varying subsoil constraints; 2) a Minnesota field with acid, neutral, and alkaline
levels of pH within similar SOC zones, and 3) an Illinois field where SOC and soil textures were correlated in some
zones but uncorrelated in others. The fusion approach properly identified these differences and soil lab analyses
validated the soil property estimations from the proximal sensors.

Figure 1. Fused proximal sensed zone map of soil EC, VisNIR optics, and topography identifies SOC sequestration
microenvironments. Lab-analyzed soil texture of a soil core from the “high EC ratio, heavier subsoil” zone showed
significantly higher clay content in the subsoil than in the topsoil.
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Abstract
Understanding the direct contribution of internal soil pipes to soil losses and forming ephemeral
gullies is essential in determining total soil loss from agricultural fields. The distribution of soil
pipe collapses does not always correlate with surface flow paths, as indicated by surface
topography. This lack of correlation makes inferences from traditional remote sensing or manual
surveying of surface features subject to significant uncertainty and lack of correspondence to the
actual subsurface flow path. Non-invasive geophysical methods provide a better alternative for
high spatial resolution imaging to delineate, characterize, and map the distribution of soil pipe
networks. In addition to being non-invasive, geophysical methods are more expedient and lower
in cost than invasive techniques. In this study, the application of GPR and EMI surveying to
detect and delineate soil pipes was investigated. The study was conducted at Goodwin Creek,
MS, a site with established soil pipes inferred from surface visible collapse features (Fig. 1).
GPR and EMI data were acquired along transects perpendicular to a line connecting various
collapse features. Collocated cone penetrologger (CPL) transects at 0.5 m measurement interval
were also performed in an attempt to locate the soil pipes. Examining the GPR and EMI data at
locations suggestive of soil pipes was used to define geophysical anomalies in the respective data
sets. A larger area of the site was also mapped using GPR and the EM38 grid surveys.

Fig. 1. The top figure displays the boundary of the study area (red polygon) at Goodwin Creek.
The location of the three gully windows is marked with yellow circles. A depression between
GW1 and GW2 is indicated with a blue circle. The close-ups of the gully windows
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The study showed that collocated diffraction apexes from GPR cross-sections and high
amplitude anomalies from depth slices indicate the location and pathway of internal soil pipes.
An example of a GPR depth slice is shown in Fig. 2a, showing that the soil pipe has a fluctuating
width and meanders vertically and horizontally between the gully windows. An example of a
vertical dipole apparent electrical conductivity (ECa) map is shown in Fig. 2b. ECa maps
indicate that all the surface features (gully windows and depressions) indicative of soil piping are
located within a low vertical ECa zone. This observation suggests that electromagnetic induction
methods can define “zones” where soil piping networks are prevalent. Such zones could be
further investigated using GPR, CPL, or other invasive methods.

Fig. 2. a) GPR depth-slice calculated at 50 cm depth obtained using a 500 MHz antenna. The
amplitudes are normalized between zero (blue) and one (red). The black dots indicate hyperbolic
reflections (diffractions) picked in GPR cross-sections and projected onto the depth slices. The
black arrow indicates the depression. b) collocated vertical dipole apparent electrical
conductivity using EM38.
Overall, rapid geophysical methods such as GPR and EM provide lightweight and fast means of
mapping vast agricultural fields. GPR depth slices can be effectively used to determine the depth
and pathway of soil pipes. Although EM38 lacked the resolution to delineate individual soil
pipes, it can be used to quickly cover large agricultural areas and provide zoning information
with varying degrees of soil pipe susceptibility.
[This work was supported by the U.S. Department of Agriculture under Non-Assistance Cooperative Agreement
58-6060-6-009. Any opinions, findings, conclusion, or recommendations expressed in this publication are those of
the author(s) and do not necessarily reflect the views of the U. S. Department of Agriculture.]
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Numerical study on subsurface diagnosis in urban environments using
electrical resistivity and ground penetrating radar techniques
Ravin N Deo, Nikhil Singh, Kaushal Kishore, Jayantha Kodikara
SPARC Hub, Monash University, 71 Normanby Road, Notting Hill, VIC 3168, Australia
Pavement infrastructure in urban environment can be considered a complex system consisting
of the engineered pavement physical structure over the buried congested utility (water, gas,
sewer) network. Detailed assessment of either of these important civil infrastructures
(pavements and utilities) using proximal geophysical methods in such instances has to consider
possible interferences and incorrect inferences. In this study, we have conducted a numerical
modelling investigation to understand and evaluate how electrical resistivity and ground
penetrating radar can be utilised together to provide rich subsurface information that otherwise
may not be possible if either one of the techniques is used. A model geometry consisting of a
typical pavement structure (asphalt, base, and sub base layers) with buried congested utilities
at a depth of 1.5 m was used. The electrical resistivity measurements were simulated in Comsol
using the 4-probe method and the resulting data was inverted to create the subsurface pseudosection. Ground penetrating radar measurements were simulated in gprMax to obtain the
subsurface information. Initially, a comparison of the subsurface inference using electrical
resistivity and ground penetrating was conducted separately in order to identify their feasibility
and limitations. Then, we focussed on the simultaneous identification of sub base layer rutting,
a common defect condition, in pavements and the metallic/non-metallic pipelines buried in the
subsurface soil using joint interpretation of electrical resistivity and ground penetrating radar
data. In doing so, the complexities in diagnosing pavement distress conditions in urban
environments are emphasised and the need for next-generation developments, in terms of the
system and analytics, in both the electrical resistivity and ground penetrating radar techniques
for civil engineering applications are highlighted.
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GPR and EMI Soil Investigations at an Historic Homestead
Near Worthington, Ohio, U.S.A.
Barry Allred, Research Agricultural Engineer
USDA/ARS – Soil Drainage Research Unit
Columbus, Ohio
Julie Weatherington-Rice, Sr. Earth Scientist
Bennett & Williams Environmental Consultants Inc.
Westerville, Ohio
Ground penetrating radar (GPR) and electromagnetic induction (EMI) geophysical surveys
were conducted on the grounds of an historic homestead near Worthington, Ohio, U.S.A to provide
information on the shallow subsurface. This information could potentially prove useful in
planning of any future preservation or construction activities at the site. Ozem Gardner came to
central Ohio in 1817. He was a brickmaker by trade, and in 1821, he had saved enough funds to
purchase 26 ha (65 acres) of farmland where this historic homestead near Worthington, Ohio is
located. A kiln for producing bricks was built first, and Ozem Gardner originally resided in a log
cabin, but in the late 1830s, he began construction, in stages over a 30-year period, of the home
shown in Figure 1. Prior to the American Civil War, Ozem Gardner was very active in the
abolitionist movement through operation of an Underground Railroad waystation that provided
escaped slaves a safe haven in their travels from slave-holding southern states to freedom in
Canada. Local oral history suggests that a tunnel existed at the homestead, which was later
backfilled, but originally employed when needed to provide the escaped slaves access from an
outbuilding to the basement of the house during cold winter nights.
Geophysical surveys using GPR and EMI methods were carried out from August 2018
through May 2019 to delineate shallow subsurface features, and in particular, find the tunnel
location if possible. The GPR system used had 250 MHz antennas and was mounted on a pushcart.
The EMI ground conductivity meter employed for this study was operated at 21030 Hz, in vertical
dipole mode, had a 1.66 m spacing distance between transmitter and receiver coils, and by being
positioned either 1 m or 0.36 m above the ground surface, thereby provided soil investigation
depths of 1.5 m or 2.1 m, respectively. For this study, geophysical survey grids were set-up both
west and south of the house, because these were the areas considered to be of greatest interest
(Figure 1).
The GPR maps in Figure 2 show two major anomalies (enclosed within light orange
colored ovals) where there was a greater amount of reflected radar energy from depths of around
0.8 m to 1.4 m. The Grid 2A GPR anomaly detected west of the house trends southwest-northeast
and is aligned with a collapsed storage cellar (marked with a green X in Figure 2) that was built
into the side of the Flint Run ravine, the property’s western boundary. Because of its southwestnortheast trend that a aligns with the collapsed outbuilding (constructed around the same time as
the house), the Grid 2A GPR anomaly was first interpreted as possibly being the response due to
the backfilled tunnel. However, soil augers proved this anomaly to instead be representative of a
buried midden (i.e. refuse mound) containing broken bricks, pottery, and nails, which in retrospect
is not unexpected, since a kiln was operated on the property, and a brick house was constructed in
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stages over a 30-year period. The GPR profiles from Grid 1A and Grid 2A show a surface soil
layer 0.7 m thick having a chaotic response that seems to be indicative of topsoil fill material. The
Grid 1A GPR profiles show an inclined soil interface that deepens towards the south. The eastwest trending Grid 1A GPR anomaly in Figure 2 occurs at locations along this inclined soil
interface. The reason for the Grid 1A GPR anomaly is at present unclear, and is still being
investigated, but could be related to glacial processes in the geologic past. The Grid 1A EMI map
depicted an east-west trending low soil apparent electrical conductivity trough roughly in the same
location of the Grid 1A GPR anomaly. Interestingly, the EMI survey carried out west of the house
found a high electrical conductivity anomaly generally coinciding with the Grid 2A GPR anomaly,
possibly caused by metallic objects, like nails, that were incorporated into the buried midden.
Consequently, even though the tunnel was not found, this study clearly shows that GPR and EMI
can be useful tools for archeological soil investigation.

Figure 1. Gardner homestead viewed from the southwest. GPR and EMI survey grids were setup both west and south of the house.

Figure 2. Grid 1A and Grid 2A GPR maps showing highlighted anomalies (enclosed in peach
colored ovals) where there was greater reflected radar energy. These anomalies occurred at depths
ranging from 0.8 m to 1.4 m. The green X marks the location of the collapsed storage cellar.
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Validation of Soil Survey Maps using Different Proximal Soil Sensing Methods
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High resolution soil characterization is a relevant information to understand and manage spatial
variability present in agricultural fields. However, high resolution soil surveys are usually scarce
and nation-wide surveys tend to have small scales and do not provide much insight on field soil
characterization. Therefore, the use of sensors, especially proximal soil sensors (PSS), has become
an important tool for soil characterization and delineation of different zones within a field. The
objective of this work was to analyse and compare the capability of PSSs platforms for the
delineation of differences in soils within a field. This research used an area located in Olds,
Alberta, Canada for its development. This field had its soil survey performed in 2003 at 1:5000
scale. Following the Agricultural Regions of Alberta Soil Inventory Database, the survey made it
possible to determine eight soil models (SM - Figure) that differ in horizon depth, composition
and soil types. Data collection using four platforms: gamma ray spectroscopy (SoilOptix), soil
apparent electrical conductivity (ECa) from induction (Geonics EM-38) and direct sensing (Veris
3100) and Ground Penetrating Radar (GPR-GSSI SIR-4000 with 400 MHz antenna) allowed to
validate the soil survey and evaluate the capability of PSS to delineate differences in soils within
a field. For the GPR, a customized script built under Python using the library readgssi made
possible to process the data using the following: a background filter (removal of horizontal bands
caused by the sensor), elimination of the first 50 scans (time zero), and a high and low pass filter
(according to antenna specification). By sampling the amplitude values in increments of 0.05m in
depth (determined using an estimated dielectric constant of 12.79), it was possible to compare the
GPR data with the other sensors. To smooth the sampled data, a reduction (median of 15
consecutive reading at same depth) took place. After that, all the sensor data went through a spatial
filter (local outliers removal) and after an interpolation process. As a result, it was possible to
obtain a file with a spatial resolution of 5m containing the SM from the survey and the sensor-base
data, resulting in a total of 45 layers (40 depths from the GPR). To analyse the correlation among
the data and SM delineation a one-way ANOVA and a visual comparison came in use. Overall,
most of the maps obtained from the different sensors tended to delineate similar regions compared
to the different soil models (Figure). However, the information obtained from the depths of the
GPR below 0.05m visually present a lower correlation with the soil delineation regions. This might
be related to the procedures used for processing the data. The use of traditional methods such as
layer picking, might increase the quality of the maps and information provided by the GPR. The
results for the one-way ANOVA showed dependence between all the variables tested against the
soil models. Therefore, all 45 layers indicate delineations for the soil types and characteristics in
the study field. The results present a high potential of using PSS sensors for the delineation of soil
differences within a field. Therefore, the information provided by those sensors could be used to
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help on the delineation of soils during soil surveys as well as for understanding the spatial
variability existent within a field caused by differences in soil types.

Figure. Comparison among the data from proximal soil sensors platforms and soil models
characterized during a soil survey. GPR= ground penetrating radar; ECa=Soil apparent electrical
conductivity.
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Where should we sample? Using geophysical techniques and spatial analysis tools to improve wetlands’ soil sampling plans
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Abstract
Wetlands’ soils are highly heterogeneous, and a major challenge faced by researchers and practitioners working on wetlands is deciding
where to collect soil samples to ensure that potential biogeochemical hot spots and moments are adequately captured during sampling
campaigns for site characterization and monitoring. This decision is not trivial as soil sampling is destructive, laborious, and expensive
limiting the number of samples that can be collected per time. Hence, there is the need to optimize the soil sampling plan. To address
this challenge, soil samples are collected randomly, in a grid, informed by statistical model or rely on observable geomorphological
features such as vegetation patches and topographic expressions. Most of these approaches ignore prior information from the soil itself.
Relying solely on geomorphological features can be misleading due to potential influences of air-soil-water dynamics, anthropogenic
alterations, and geologic heterogeneities. Variations in soil physical and biochemical properties within wetlands creates gradients in
bulk geophysical parameters such as electrical conductivity (or its inverse – resistivity) which can be mapped as areas with different
geophysical parameter zones. Hence, this study is focused on using easily acquired soil geoelectrical datasets to improve the soil
sampling and monitoring plan by [1] creating a model showing spatial distribution of geophysical parameters and [2] using a simple
GIS-based spatial analysis tool to create a soil geophysical property zonation map which can guide the choice of where to collect
samples.

Figure 1: Soil sampling plan with different sampling zones [d] created using a combined spatial analysis of elevation [a], apparent
electrical conductivity distribution [b], and apparent electrical resistivity distribution [c] at the St. Joseph Confluence Wetland site in
Montpelier, Ohio, USA.
In this study, we used an EM38-MK2 conductivity meter (Geonics Ltd, Mississauga, ON) with 2 receivers separated from a transmitter
at 0.5 and 1.0 m distances and a TR2 Ohm Mapper system (Geometrics Inc., San Jose, USA) consisting of a transmitter and two receivers
to acquire spatial distributions of apparent electrical conductivity and resistivity at the St. Joseph Confluence Wetland in Montpelier,
Ohio, USA (Figure 1a - c). Both conductivity and electrical resistivity were acquired along parallel transects 5 m apart. Measured data
were interpolated to obtain a spatial property distribution. A GIS-based spatial statistical analysis tool was used to segment the study
site into spatial zones based on the statistical mean and standard deviation of the measured geophysical properties (Figure 1d). The
resulting shape file is used to establish sampling locations which can be refined by re-classifying the geophysical parameter attribute
file subject to the maximum samples that can be analyzed.
Results of this study show that the use of fast, and easy-to-deploy geophysical techniques including capacitive coupled electrical
resistivity, and electromagnetic imaging provide soil bulk electrical property distribution which can serve as a priori data for informing
a wetland soil sampling plan. By towing the geophysical equipment behind a utility terrain vehicle equipped with a real time kinematic
differential GPS system, large field sites can be covered and repeated with minimal effort. Besides providing a priori data to improve
soil sampling plan, the geophysical property maps can also be used to extrapolate measured soil property to unsampled location.
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Abstract
Cadmium (Cd) is a trace element naturally present in soils at low concentrations (typically <
tens of mg Cd/kg). Soil Cd concentration can increase due to geogenic sources and
anthropogenic activities. Elevated concentrations in soil may enhance Cd bioavailability,
leading to increased accumulation in edible plant parts and transference through the food chain.
This can cause environmental, economic, and health concerns. Repeated measurement of soil
Cd for environmental monitoring is expensive and time consuming with reference laboratory
analysis techniques. Here, we assess measuring soil total Cd using proximal soil sensing
techniques, including portable x-ray fluorescence (pXRF), mid-infrared (MIR), and/or visiblenear-infrared (vis-NIR) spectroscopy as a cost-effective alternative. A total 622 topsoil (≤ 20
cm depth) samples from sites spaced 8 km apart across 40,000 km2 of southern New Zealand
were scanned. We observed that partial least squares – support vector machine regression
(PLS-SVM) systematically outperformed PLS regression alone, by considering non-linearities
in the relationships between sensor data and variations in Cd concentration The optimal model
predicting soil Cd concentration was obtained by combining (Granger-Ramanathan model
averaging) individual outputs from PLS-SVM regression of pXRF, MIR, and vis-NIR.
Cadmium concentrations were quantifiably accurate by this method, with a root mean square
error of 0.03 mg Cd/kg, coefficient of determination of 0.73, concordance correlation
coefficient of 0.84, ratio of performance to interquartile distance of 2.17, and bias of < 0.001
mg Cd/kg. The optimal model developed from this study can be used for cost-effective
monitoring of total Cd concentrations in soil. This method is scalable between catchment and
national studies. It can be used to cost-effectively design and implement successful
management strategies for Cd.
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Fig. 1 Flowchart showing a) 622 samples (black dots) collected from sites spaced 8 km apart
across 40,000 km2 of southern New Zealand; b) scanning using pXRF, MIR, and vis-NIR; and
analysed through reference laboratory analysis method, and c) measured concentration (x-axis)
versus predicted concentration (y-axis) for the testing set based on the optimal model obtained
by combining (Granger Ramanathan model averaging) individual outputs from PLS-SVM
regression of pXRF, MIR, and vis-NIR and 1:1 line going through origin.
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MAP-BASED VARIABLE-RATE NITROGEN APPLICATION BASED ON PROXIMAL AND REMOTE SENSING
TECHNIQUES
Angela Guerrero, Stefaan De Neve, Abdul M. Mouazen*
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This study reports the implementation results of map-based variable rate nitrogen fertilization (VRNF), using
fusion of multi-layer soil data collected with an online sensor and normalized difference vegetation index
(NDVI) from remote sensing in comparison with traditional uniform rate nitrogen fertilisation (URNF). Online
soil measurement was carried out in two commercial fields located in Flanders in Belgium using a multisensor
platform consisting of a fiber type visible and near infrared spectrometer. Partial least square regression
(PLSR) models were developed to predict pH, organic carbon, moisture content, calcium, sodium,
magnesium, cation exchange capacity, phosphorous and potassium. The predicted soil properties were fused
with NDVI and yield data to delineate management zone maps with different fertility classes. Three nitrogen
(N) recommendations treatments were implemented and compared including URNF, VRNF1, aimed to apply
50% more of recommended rate (RR) of fertilizer to the high fertile zones, RR to the medium fertile zones
and 50% less to the least fertile zones and VRNF2 aimed to apply the opposite VRNF1 scenario. A cost-benefit
analysis was performed using the cost of fertilizer applied as input and the price of barley and wheat in
Belgium in 2019 as output. Results comparing the treatments present a promising potential for VRNF. It was
observed that VRNF2 was more profitable compared to both VRNF1 (11.55 - 19.52 EUR per ha) and URNF
(16.40 - 148.78 EUR per ha). VRNF2 led not only to economic profit but also to reduce the negative
environmental impact, by reducing the amount of N fertilizer used, compared to both the URNF and VRNF1.
This result confirms that VRNF2 is the ideal approach for site-specific N fertilization in barley and wheat, as it
maintains or increase crop yield by up to 10.4% and reduces N fertilizer application by up to 19.44%,
compared to URNF.
Key words: Variable rate nitrogen fertilization, proximal soil sensing, data fusion, profitability, management
zone.
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Cost-benefit and nitrogen (N) fertilizer use analyses in two fields (e.g., Kouter and Grootland). Data is shown for uniform rate nitrogen fertilisation (URNF), variable rate1
high fertility (VRNF1-H), variable rate1 medium high fertility (VRNF1-MH), variable rate1 medium fertility (VRNF1-M), variable rate1 medium low fertility (VRNF1-ML),
variable rate1 low fertility (VRNF1-L), variable rate2 high fertility (VRNF2-H), variable rate2 medium high fertility (VRNF2-MH), variable rate2 medium fertility (VRNF2-M),
variable rate2 medium low fertility (VRNF2-ML) and variable rate2 low fertility (VRNF2-L) plots.
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4.85

135.9

2.1

VRNF1

1363.03

1289.68

1677.12

1591.1

UR - VRNF2

180

UR - VRNF2

VRNF2_MH

2.13

10.65

69.88

110.4

148.78

117.21

7.79

VRNF2_ML

1.14

10.58

104.82

165.6

VRNF2_L*

0

0

0

Total VRNF2

5.39

10.46

70.37

TOTAL AREA

16.83

VRNF2
TOTAL

13.89

UR - VRNF2

0

UR - VRNF2

16.4

111.17

26.83

AREA
1673.01

1602.64

* The subplot of VRNF2_L does not present any data because the subplot was eliminated from the application map due to the buffer in the field.
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Abstract
Most agricultural soils are highly heterogeneous that must be managed site-specifically. Being one of
the important solutions, Site-Specific Seeding (SSS) unlike traditionally practiced Uniform Rate
Seeding (URS) accounts for in-field soil variabilities and accordingly allocates an optimal seeding rate
site-specifically. This study evaluated the agronomic and economic prospects of SSS for consumption
and seed potato production based on Management Zone (MZ) maps delineated with the fusion of
multiple soil and crop attributes at four experimental sites in Belgium. Soil pH, organic carbon, P, K,
Mg, Ca, Na, moisture content, cation exchange capacity, apparent electrical conductivity and crop
normalized difference vegetation index were measured with an on-line visible and near-infrared
reflectance spectroscopy, electromagnetic induction sensor, and Sentinel-2 constellation, respectively.
Spatial alignment of the different data layers generated a co-georeferenced data matrix, which was
used for data fusion by k-means clustering. Per field MZ classes were ranked according to their fertility
status. The prescription rule of sowing more seeds to the more fertile zones and vice-versa was adopted
and compared against the URS treatment in a strip plot experiment. Cost-benefit analysis revealed that
the SSS improved tuber yields, hence, increased gross margin (137.81 to 457.83 €/ha) of production
compared to the URS, although SSS consumed a relatively higher amount of seeds. The percentage of
gross margin increase varied between 2.34 and 27.21 %, with the highest profitability observed in
fields with low potato productivity. Larger seed-to-seed spacing than the control increased the
proportion of the most demanded and profitable tuber category, suggesting the seeding interval is a
key determinant of tuber size distribution. Therefore, it is suggested to adopt SSS for potato production
using the proposed clustering-based multi-sensor data-fusion method to manage in-field soil
variabilities and improve crop productivity and farm profitability.
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Management zone maps delineated with a clustering-based fusion of soil pH, organic carbon, P, K,
Mg, Ca, Na, moisture content, cation exchange capacity, apparent electrical conductivity, and crop
normalized difference vegetation index measured with on-line visible and near-infrared reflectance
spectroscopy, electromagnetic induction sensor and Sentinel-2 constellation respectively for four
experimental sites: (a) site 1, (b) site 2, (c) site 3, and (d) site 4.
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Manure is used as an organic source of nutrients and organic matter supply in agricultural soils,
although issues related to excess nitrogen (N) and phosphorous (P) is common in western Europe.
One way to optimize the use of organic manure is by variable rate (VR) application, which is possible
today with advanced sensing, modelling and control technologies. This work aims at the evaluation
of potential economic and environmental benefits of VR manure application based on the fusion of
proximal and remote sensing data, compared to uniform rate (UR) application. On-line measured soil
properties using a visible and near infrared (vis-NIR) spectroscopy sensor, and normalized difference
vegetation index (NDVI), measured with Sentinel 2 in an 8 ha field with Barley in Flanders, Belgium
were used. An on-line soil-sensing platform (Mouazen, 2006), consisting of a fibre type vis–NIR
spectrophotometer (305-1700 nm), and a differential global positioning system (DGPS) was used to
collect soil data at a high sampling resolution of +500 readings per ha. The spectral data were
transferred into predicted values of organic carbon, phosphorous, potassium, moisture content,
calcium, sodium, magnesium, and cation exchange capacity as depicted in the Figure 1, using partial
least squares regression analysis. The predicted soil properties and the crop NDVI were clustered into
a four-class fertility map using a k-mean clustering, each of which having different fertility level as
shown in Figure 2. The fertility map was overlaid by parallel strips, representing UR, VR scheme 1
(VR1) and VR scheme 2 (VR2) manure treatments. VR1 intended to apply 40% more manure than
UR to high fertility zones, 20% more to medium high fertility zones, 20% less to medium low fertility
zones, and 40% less to low fertility zones, whereas VR2 adopted the opposite approach to that of
VR1.
Results showed that VR2 had increased crop yield by 1.5% (0.19 t/ha), but reduced applied N by 4.1%
(11.01 kg/ha) and P by 7.1% (3.72 kg/ha), compared to UR. The VR1 approach consumed extra N of
5.21 kg/ha (1.8%) and extra P of 1.63 kg/ha (3.1%), to achieve a yield increase of 0.31 t/ha with a
profit of 40.06 EUR/ha (2.1%), compared to UR. However, a slightly smaller profit of VR2 of 36.32
EUR/ha was calculated. Although VR1 was more profitable than VR2 by 0.2% (3.74 EUR/ha), the
latter is recommended as the best approach, as the former increased environmental risks in the sense

Applications of Proximal and Remote Sensing Technologies for Soil Investigations 16-19 August 2021

78

of increasing both N and P applied, by 5.9% (17.12 kg/ha) and 10.4% (5.35 kg/ha), respectively. In
conclusion, the VR2 treatment was proved to be the best approach compared to the VR1 and UR
treatment, because it avoided the overuse of N and P, while providing higher economic return and
more homogeneous yield.

Figure 1. On-line measured soil maps in the study site: a) calcium (Ca), b) cation exchange capacity
(CEC), c) potassium (K), d) moisture content (MC), e) magnesium (Mg), f) sodium (Na), g) organic
carbon (OC), h) phosphorous (P), and i) pH. Maps of j), k) and l) are normalised difference
vegetation index (NDVI) of June, July and August, respectively in 2018.
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Figure 2. Management zone map of study site, resulted from K-means clustering of nine on-line
measured soil properties and three layers of normalized difference vegetation indexes (NDVI)
retrieved from Sentinel 2 images.
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Abstract
Nitrogen (N) is essential for sugarcane growth, with one source mineralisation of soil
organic carbon (SOC, %). To assist farmers determine suitable N fertiliser rates, the Six-EasySteps nutrient guidelines were developed and based on SOC. Given the heterogeneous nature
of SOC, a digital soil mapping (DSM) approach may be useful to map SOC on the field scale.
This study aims to examine various models to predict SOC, including ordinary kriging (OK),
regression kriging (RK), machine learning (ML) such as random forest (RF) and support vector
machine (SVM), and hybrid models that combine ML with regression kriging (i.e. RFRK and
SVMRK). Various digital data sources, including proximal (i.e. gamma-ray [γ-ray] and
electromagnetic [EM] data), and remote (i.e. land surface temperature [LST, oC]) sensing data
were explored in combination and alone. Minimum calibration sample size (i.e. 110-10) was
also investigated. The comparisons were validated using a hold-out dataset, with prediction
agreement (Lin's concordance correlation coefficient [LCCC]) and accuracy (ratio of
performance to deviation [RPD]) assessed. The most statistically significant digital data used
in combination included, γ-ray (total count [TC]), EM (i.e. 1mHcon and 2mHcon), remote (i.e.
LST) and Northing. The SVMRK model performed best when using all calibration data,
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producing moderate agreement (LCCC = 0.73) and fair (RPD = 1.65) accuracy. This was also
the case when sample size was >= 50, but when it was < 50, RFRF returned equivalent
agreement (0.70) and accuracy (1.55). Similar results were achieved when only γ-ray (i.e. TC)
was used, however, RFRK produced moderate agreement and fair accuracy using as few as 20
and as many as 70 samples, with the optimal being 40 (i.e. LCCC = 0.79 and RPD = 1.70). By
comparison, OK and RK produced poor agreement (<= 0.65) and accuracy (<= 1.4) regardless
of sample size. The final RFRK DSM provided an indication of soil condition that limits soil
capability to store N as a function of SOC and acts a means to replenish soil capital with N
application rates according to the Six-Easy-Steps. Specifically, Tenosols and Rudosols require
130 kg/ha to 120 kg/ha, whereas Kandosols require 110 kg/ha. The DSM equates to a potential
~ 22 % decrease in the cost of N fertilizer application, relative to a one-size fits all approach.

Figure caption Digital soil map (DSM) of nitrogen (N) application rate (kg/ha) for plant
sugarcane achieving a district yield potential of 120 t/ha after a bare fallow based on the
predicted topsoil (0-0.3 m) soil organic carbon (SOC, %) and considering the Six-Easy-Steps
nutrient management guidelines (Schroeder et al., 2010).
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Agricultural subsurface drainage systems are installed to transform poorly drained soils into productive
cropland and to mitigate soil salinization. Globally, some of the most productive regions are a result of adopted
artificial drainage practices. These drainage systems play a crucial role in modulating the water table, while
also acting as a shortened pathway for the transport of nutrients, pesticides and pathogens to the surface water
bodies. Despite the importance for planning eutrophication and pollution mitigation strategies and for the
installation of a new drainage system, their location is often poorly documented or entirely unknown. The
traditional methods of drainage mapping involve the use of tile probes and trenching equipment. Both these
methods are time-consuming, labor-intensive and invasive, and thereby inherently carry a risk of damaging
the drainage pipes. Non-destructive proximal and remote soil sensing techniques might provide an efficient
alternative solution. Amongst the proximal sensing techniques, a frequency-domain ground penetrating radar
(GPR) and a novel vector magnetic gradiometer (tMag) were tested at study sites in Denmark and a timedomain GPR was tested at study sites in Midwest USA. Amongst the remote sensing techniques, unmanned
aerial vehicles (UAVs) equipped with visible, multispectral and thermal infrared (TIR) cameras were tested at
study sites in both Denmark and the Midwest USA. While the GPR proved successful at study sites where the
soil electrical conductivity was lower than 20 mS m-1, the tMag instrument proved less useful for this purpose.
The newly emerging and increasingly affordable UAVs equipped with different cameras showed considerable
potential, amongst which the TIR imagery was mainly successful when the relative humidity was lower than
60%. As the GPR and UAV technologies vary in their mode of employment, time and/or cost of data
acquisition, and the soil properties they measure, the complementary use of both techniques proved to be most
optimal for efficient subsurface drainage mapping. While the UAV imagery can possibly map the drain lines
across the entire agricultural site, the GPR acted as a validation technique to discriminate the signature of drain
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lines in the UAV imagery from that of farm field operations and provided depth information of the drain lines
that is an important piece of information for accurate hydrological modeling.

Figure: Drainage pipes mapped at a study site in Denmark using proximal (GPR, tMag) and remote
(UAV imagery) sensing techniques.
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Abstract

Title. Spatial mapping of hydraulic conductivity at sub-paddock scale.
Introduction. Hydraulic conductivity (K) is a crucial parameter for most hydrologic models.
Measuring K can however be time consuming, labour intensive, and error prone. It also has
the largest variability of any soil hydraulic property, confounding efforts to spatially
characterise K.
My PhD aims to minimise the data collection requirements to spatially characterise hydraulic
conductivity, whilst maintaining an acceptable level of accuracy, at the sub paddock scale.
Method. The research consists of three stages. The first stage is the characterisation of field
spatial variability using a combination of proximal (Gamma, EM, yield and DEM derived
properties), remotely sensed (NDVI) and traditional physical and chemical (including texture,
bulk density, aggregate stability, EC and pH) data. Data has been collected from three 100hectare dryland cropping paddocks (one in Southeast Queensland and two in Central West
New South Wales) with physical and chemical properties being sampled at a rate of 1
sample/ha across four key depths (0 -10 cm, 10 – 20 cm, 40 – 50 cm and 60 – 70cm).
The second stage is the collection of hydraulic data (saturated (Ks) and near saturated
hydraulic conductivity (Ku)). The data collected in Stage One is being used to select 100
hydraulic sampling locations at each field using a conditioned Latin Hypercube approach. Ks
will be measured in the laboratory using a constant head method whilst Ku will be measured
using 10 purpose-built Automated Mini Disk Infiltrometers (ADMI, see Figure 1). The low
cost (~AU$150 per unit) ADMI enables relatively large numbers of Ku measurements
(~100/day) to be taken in the field whilst eliminating the effect of macropores which induces
much of the variability in Ks measurements. 140 Ku measurements have already been
collected at several sites for testing purposes with the major field sampling campaign
scheduled after the 2021 winter cropping season. Approximately 100 samples from across the
three fields will be scanned using X-ray Computed Tomography (CT) to obtain CT derived
soil properties.
ADMI Extension. The viability of mounting an ADMI onto an autonomous vehicle is
being investigated. This could increase the number of Ku measurements that could be taken
in the field whilst reducing labour requirements.
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Data analysis will occur during Stage Three where the spatial variability of K will be
characterised and Machine Learning techniques applied to identify relationships between K
and proximal, remotely sensed, CT and traditional soil data. An analysis will also be
completed to determine the physical, chemical and hydraulic data sampling rates that
maximises an acceptable level of accuracy whilst minimising sampling requirements.
Implications. This research will determine whether the spatial variability of K can
adequately be predicted using a large range of soil proximal, remotely sensed, physical,
chemical and hydraulic data as well as quantifying the sampling rate required to attain a
desired level of confidence. The outcomes of this research will be useful for hydraulic and
crop modelling as well as land manager decision making.

Figure 1 Automated Minidisk Infiltrometer (ADMI) operating at a
suction of 2cm in a grazing property near Charters Towers,
Queensland. The automation unit includes an Adafruit Feather M0
datalogger, SD card, Real Time Clock module and Honeywell
Differential Pressure Transducer mounted in a custom designed
3D printed case.
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Abstract
Accurate prediction of clay content is the foundation for soil quality assessment and
decision making in land use because it governs soil moisture and fertility. However, using
laboratory methods to determine clay content across large spatial areas and at multiple depths
is tedious. An alternative is to use digital soil mapping (DSM) method in which proximally and
remotely sensed digital data is coupled with laboratory measured clay content through models.
This study aims to create DSM of topsoil (0–0.3 m) and subsoil (0.9–1.2 m) clay content across
a large district in southeast Australia by comparing; i) individual performance of models,
including a linear mixed model (LMM) and machine learning models (i.e., Cubist, random
forest [RF], support vector machine regression [SVMR], Quantile Regression Forests [QRF],
Extreme Gradient Boosting [XGBoost] and bagEarth), ii) the use of proximally (i.e.,
electromagnetic induction – ECa) and remotely (i.e., γ-ray, DEM) sensed data, and iii) two
model ensemble techniques from the top four models (i.e., Granger–Ramanathan averaging
(GRA) and Lin’s concordance (LCCC) weights).
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Figure. 1 Averaged validation indices from 50 iterations of seven models and two modelling average approaches
for clay prediction (a) Lin’s concordance correlation coefficient (LCCC), (b) performance to deviation (RPD),
(c) coefficient of determination (R2) in the topsoil (0 – 0.3 m), (d) LCCC, (e) RPD and (f) R2 in the subsoil (0.9
– 1.2 m).

The results (Figure. 1) indicate that for topsoil clay prediction the RF was best with fair
accuracy (RPD = 1.64), followed by QRF (1.62), Cubist (1.61), LMM (1.55), bagEarth (1.51),
SVMR (1.47) and XGBoost (1.47). For the subsoil, all seven models achieve poor prediction
accuracy (RPD < 1.4). The prediction uncertainty was larger in the subsoil comparing to topsoil.
Moreover, the γ-ray data is the most important digital data for topsoil clay prediction, while in
the subsoil the slope is the most important, followed by γ-ray, ECa and DEM. Furthermore,
both ensemble methods improve the clay prediction in the two depths, while the improvement
achieved by GRA is more pronounced. Therefore, we recommend GRA to be adopted as
protocol for district-scale clay prediction.
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