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Executive Summary
Variable Rate Irrigation (VRI) and Variable Speed Irrigation (VSI) applications require accurate
maps of soil water-holding capacity as inputs to the applied water prescription generation
process. Thus, determining accurate soil variability information and conducting soil mapping are
necessary steps toward successful implementation of precision irrigation.2 These accuracy
requirements are typically not satisfied by freely-available soil survey data.
The 2013 VRI demonstrations conducted as part of the Northwest Energy Efficiency Alliance’s
(NEEA’s) Agricultural Irrigation Initiative3 mapped seventeen fields, some multiple times, and
found inconsistent levels of performance for apparent electrical conductivity (ECa) soil mapping
techniques. In other words, soil mapping performed well in some fields, but not in others. As a
result, NEEA commissioned the Oregon State University (OSU) Department of Biological and
Ecological Engineering to perform a soil mapping assessment on a subset of those fields to
identify field conditions that can confound the soil ECa mapping process, henceforth referred to
as soil mapping.
This report describes the findings from that assessment, and is one in a series of twelve reports
addressing particular areas of NEEA’s Agricultural Irrigation Initiative. All twelve reports are
available at http://neea.org/reports.
Given that typical soil mapping services can cost between $30 and $50 per acre, this study’s goal
of finding a means of predicting soil mapping success would help growers in making key
decisions about precision irrigation activities.
The OSU team chose as its assessment sites for this project three of the seventeen fields (across
multiple Northwest farms/companies) previously mapped during NEEA’s demonstrations: one
with successful soil mapping, one with marginal soil mapping results, and one with unusable soil
mapping results. The team re-mapped each of those three fields while simultaneously taking
more than 125 geo-located soil samples from each field. The team analyzed these samples and
for each, reported twenty-six properties that described the soil composition and chemistry.
Through the use of detailed statistical and data reductionist methods, the team identified the soil
chemical property “base saturation” (increased calcification in the makeup of the soil, described
in Section 4) as the confounding factor for accurate soil ECa mapping in the Columbia Gorge
region. The findings indicate that soils with base saturations of 90% or higher did not produce
viable soil maps.

2

The Soil Science and the Basics of Irrigation Management report contains more information on soil properties and
characterization.
3
These demonstrations are described in the Irrigation Delivery Systems report.
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The OSU team also created a procedure to evaluate existing mapping products that capitalizes on
the typical mapping procedure of sampling a subset of field locations multiple times. The team
developed a self-consistency check procedure that compares the reported soil conductivity for
these repeat observations. This procedure plots the percentage difference between the first
observation and subsequent observations against time. This assessment found errors in the data
from this demonstration as high as 50 percent; however, the research team identified instrument
drift, not absolute error, as an indicator of mapping quality.
Based upon the findings from this NEEA-commissioned research, the OSU team feels there is
value in growers and mapping service providers perform a base saturation test prior to ECa
mapping a field, and then follow the steps in the flowchart in Figure 1 to determine whether to
proceed with mapping. Figure 8 in Section 4 of this report illustrates4 the general principle that a
field with a base saturation of 90% or higher has an expected correlation between ECa and soil
texture of less than 50% – a correlation level so low that reliance upon mapping results for such
fields is infeasible.
The OSU team also recommends that service providers incorporate a planned “self-consistency
check” into their mapping operations, and that they conduct mapping operations at times when
they can avoid large changes in ambient temperatures.
Figure 1. Decision Criteria for Use of ECa Mapping in a Field

4

Based on the three fields in this study
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1. Introduction
This project to determine the efficacy of soil apparent electrical conductivity (ECa) mapping is
one part of the Northwest Energy Efficiency Alliance’s (NEEA’s) Agricultural Irrigation
Initiative. NEEA is an alliance funded by more than 140 utilities and energy efficiency
organizations in Idaho, Oregon, Montana, and Washington working to accelerate the innovation
and adoption of energy-efficient products, services, and practices in the Northwest.
In 2011, NEEA launched the Agricultural Irrigation Initiative with the goal of increasing
industry-wide irrigation efficiency through integrated precision irrigation technology. This
Initiative involved large irrigated fields (of one hundred acres or more) across Oregon,
Washington, and Idaho. The study included long-term monitoring and demonstrations of
Variable Rate Irrigation (VRI) systems, including measurements of electricity and water use,
yield mapping, meteorological parameters, and economic feasibility.
This report is one in a series of twelve reports addressing specific areas of NEEA’s Initiative, all
of which are available at http://neea.org/reports.
Given the industry-specific or scientific natures of some terms used in this report, please refer to
the AgGateway AgGlossary (http://agglossary.org/wiki/index.php/main_page) for definitions.
1.1. Background
Agricultural fields exhibit varying levels of water-holding capacity. Some variable fields are
well-suited for Variable Rate Irrigation (VRI) systems, which are capable of applying prescribed
amounts of water at predetermined locations with high precision within a field.5 Fields for which
the grower or agronomist suspects more than 15% variability in water-holding capacity may
necessitate detailed soil mapping. Soil properties such as texture, organic content, and waterholding capacity drive, at least in part, the variable water demand across the field, and are key
inputs for irrigation decision support systems. Thus, determining accurate soil variability
information and conducting soil mapping are necessary steps toward successful implementation
of precision irrigation.
The amount of plant available water (PAW) in the soil6 is a critical piece of information for
implementing irrigation scheduling in VRI and Variable Speed Irrigation (VSI). PAW is often
derived from soil textural properties – the percentages of sand, silt, clay, and organic matter
(Saxton and Rawls 2006). PAW provides the basis for determining the timing and depth of
irrigation; mapping the water-holding capacity of the soil, in conjunction with VRI/VSI,
improves efficiency by allowing redistribution of irrigation water from over-applied to underapplied areas.

5

The Irrigation Delivery Systems report and the Precision Water Application Test report provide details of VRI tests
conducted as part of NEEA’s Agricultural Irrigation Initiative.
6
See the Soil Science and the Basics of Irrigation Management report for more information.
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Characterizing soil, soil surveying, and soil mapping are intrinsically difficult due to the
variability in soil (Miller 2012). Techniques that do not use an electrical conductivity approach
are often labor-intensive and reliant upon the interpretations of experienced soil scientists. This
report describes the use of apparent electrical conductivity (ECa) mapping and gridded sampling.
1.2. Project Context
As part of the larger Initiative, NEEA commissioned soil maps for the seventeen fields across the
Northwest in NEEA’s 2013 Variable Rate Irrigation (VRI) demonstration.7 The initial mapping
process yielded mixed results; some soil maps agreed with soil core samples, while others did
not. The soil mapping issues existed across all mapping service providers NEEA used, which
indicates the pervasiveness of the observed issues in the region.
The mixed levels of performance in the initial soil mapping outputs prompted NEEA to
commission a follow-up soil mapping assessment study through the Oregon State University
(OSU) Department of Biological and Ecological Engineering to determine the underlying causes
of mapping performance variability.
The OSU research team selected three of the seventeen initially-mapped fields for intensive
study in 2014 (approximate locations indicated in the right-hand image in Figure 2). Section 3.1
describes the team’s process for choosing the three fields and for collecting data and samples.
Figure 2. Locations of Soil-Mapped NEEA Demonstration Fields

Note: The number in each oval indicates the number of soil-mapped fields at that location

1.3. Project Goal
NEEA established the goal for this project of finding a means of accurately predicting soil
mapping success. Given that typical soil mapping services can cost approximately $30 to $50 per
acre, the study team’s successful attainment of this goal would aid growers in making key
decisions about precision irrigation activities.
7

See the Irrigation Delivery Systems report for more information.
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2. Overview of Previous Projects/Findings
2.1. Electromagnetic Induction Method – Existing Findings
Soil ECa mapping has proven effective in several circumstances: refining Natural Resources
Conservation Service (NRCS) soil maps, verifying crop yield maps, guiding direct soil sampling,
and characterizing catchment flow.8 ECa has also proven useful for capturing soil texture and soil
moisture content information in low-salinity soils.9 Researchers have also used soil ECa mapping
to quantify soil properties such as cation exchange capacity, organic matter, pH, bulk density,
ionic composition, CaCO3 content, and topsoil depth 10 Growers and agronomists have used soil
ECa mapping in agricultural practices to guide seeding and fertilization. Even with all of these
applications, soil ECa maps have yet to experience regular use as drivers for precision irrigation
applications with their correspondingly high data demands.
Researchers outside of this study evaluated the sensitivity of ECa measurements from a mobile
platform, including sensitivity to speed, acceleration, and drift over the measurement period, and
suggested a number of quality control measures to ensure consistency (Sudduth et al. 2001).
Other researchers identified the major problem in interpreting ECa values as “inverse
interpretation” (Heil and Schmidhalter 2012). For example, a soil with high clay content should
have a correspondingly high ECa value, but a high ECa value might be the result of either high
clay content or of high salinity in the soil.
In previous studies that examined the quality of ECa maps, the researchers took soil core samples
after mapping to quantify correlations between ECa and target soil properties such as clay
content, organic carbon, water-holding capacity, or yield (Anderson-Cook et al. 2002; Corwin
and Lesch 2005; Corwin and Lesch 2005). A typical reported sampling strategy consists of about
thirty soil core samples for a one-hundred-acre field.
In this current NEEA study, the OSU team developed a test to evaluate the accuracy and stability
of ECa mapping. Researchers can use this procedure to evaluate soil map viability in the absence
of soil core measurements once the map has already been produced.

8

For additional information on the value of soil ECa mapping in refining NRCS soil maps, verifying crop yield
maps, guiding direct soil sampling, and characterizing catchment flow, see the following references: Anderson-Cook
et al. 2002; Doolittle et al. 2002; Brevik and Fenton 2003; Doolittle et al. 2008; Shaner et al. 2008; Doolittle et al.
2009; Doolittle et al. 2012
9
For additional information on the value of ECa for capturing soil texture and soil moisture content information in
low-salinity soils, see the following references: Brevik and Fenton 2003; Brevik et al. 2003; James et al. 2003;
Brevik et al. 2006; Heil and Schmidhalter 2012; Saey et al. 2013
10
For additional information on the roles of specific soil characteristics on soil ECa value, see the applicable
following references: soil texture, water content, temperature, and salinity (McNeill 1980; Corwin and Lesch 2005);
cation exchange capacity (Triantafilis et al. 2002; Triantafilis et al. 2009), organic matter (Nobes et al. 2000;
Vitharana et al. 2008; Martinez et al. 2009), pH (Dunn and Beecher 2007; Vitharana et al. 2008) bulk density
(Brevik and Fenton 2004), ionic composition (McBride et al. 1990), CaCO3 content (Vitharana et al. 2008), and
topsoil depth (Rhoades and Corwin 1981)
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3. Methodology
To investigate the general suitability of soil ECa mapping for precision irrigation, the OSU
research team performed soil ECa mapping for the three center-pivot-irrigated fields chosen for
this study. ECa mapping can be likened to ground-penetrating radar or to magnetic resonance
imaging (MRI) for investigating the makeup of the soil at various depths. The team examined
twenty-six soil properties in 136 soil samples it acquired concurrently with the ECa mapping,
with the intent of identifying the key factors affecting the accuracy of the ECa mapping.
The team obtained the data used in this study from two sources:



Soil samples, which were characterized by an agricultural soil testing laboratory for
textural and chemical properties
ECa data collected by two different contractors

3.1. Field Site Selection
The OSU research team selected three of the seventeen initially-mapped fields (shown in Figure
2 above and indicated in Figure 3 below) for intensive study in 2014. The team selected these
particular fields to represent the widest possible set of outcomes of the soil mapping process,
ranging from a high-performing field to one of the more challenging fields. Researchers
collected the ECa mapping data for the three fields in this study at the same time they collected
the soil samples from those fields. The concurrent collection of these two types of data ensured
the existence of no differences in the field conditions that might have confounded analysis.
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Figure 3. Correlations between ECa Measurements and Plant
Available Water for Soil-Mapped Fields11

Notes: Based on the seventeen fields soil-mapped for NEEA’s 2013 VRI
demonstration. The OSU team selected the three fields preceded with ** on their
labels for intensive study and analysis in this report. Chart and concept courtesy
of Bob Low.

The team re-mapped the three selected fields and took more than 125 core samples from each
field for analysis. Comparisons of the findings for each field form the basis of this study, using
the electromagnetic mapping product to compare the data from the core samples. Figure 4 shows
an example of the mapping outputs.

11

The field IDs are based upon (farm number)-(field number on that farm) across all fields used during any of the
2012-2014 NEEA Agricultural Irrigation Initiative demonstrations and tests. The farms are numbered rather than
named to ensure grower confidentiality.
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Figure 4. Map of Plant-Available Water as Determined from Gridded
Soil Sampling of Texture and Organic Matter, Field 19-6
Field 19‐6

Notes: Map based on Kriged data (a statistical form of interpolation used in
geological applications). Source – Saxton and Rawls 2006

3.2. Description of Field Sites
As shown earlier in Figure 2, the three fields selected for intensive study are located near the
Columbia River and the Oregon- Washington border. Field 20-6 is located in Benton County,
Washington; Fields 19-9 and 19-6 are located in Umatilla County, Oregon.12 Table 1 summarizes
the soil classifications for all three sites from the SSURGO database.
Table 1. Soil Classification Summary for the Three Assessment Fields/Sites
Loamy fine sand or sandy loams
Soil Type
Soil Series
Quincy loamy fine sand (majority), Adkins fine sandy loam, Taunton fine sandy loam
- Field 19-6
Equal areas of Quincy fine sand and Burbank fine sand
- Field 19-9
Warden silt loam (majority), Warden very fine sandy loam
- Field 20-6
Mostly deep although soil can be shallow along terraces
Topsoil Depth
Zero to thirty percent
Slope
Slightly to strongly alkaline
pH
Duripan is present in some profiles, and plow pan is a common feature due to historic
Soil Horizon
farm practices.
All fields have been irrigated for at least twenty years and were cultivated for decades
Irrigation
prior for dryland crops
History
All are well-drained, unconsolidated soils that are primarily alluvial with eolian
Soil
Characteristics inclusions
Note: Source for all data: NRCS 2014
12

The Natural Resources Conservation Service’s (NRCS’) online Soil Survey Geographic Database (SSURGO)
provides preliminary information on the sites’ soil classifications.
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Figure 5 shows a satellite image of one of the fields (Field 19-6) in this study to illustrate its soil
series, indicated by the SSURGO soil type classifications superimposed on the image.
Figure 5. Image of Field 19-6 Superimposed with SSURGO
Soil Map

Note: The SSURGO soil type classifications are superimposed on this
image with each unique number/letter combination corresponding to a
particular soil type.

3.3. Apparent Electrical Conductivity (ECa) Mapping
Soil ECa mapping requires the use of an instrument, typically housed in a nonconductive
housing, that collects data as it is drawn over a field. The instrument uses a dipole magnet to
generate an electromagnetic field within the soil below its position, and monitors the responses
of the electromagnetic field to determine ECa.
For this study, the research team selected the EM38 (Geonics, Canada) because of its noncontact attribute, under the assumption that it would result in better mapping outcomes on fields
where the soil was tilled or was otherwise not perfectly smooth. In addition, the EM38 (shown in
Figure 6) uses a double dipole magnet, rather than just one dipole, to generate two
electromagnetic fields: one that penetrates the soil to a depth of fifty centimeters (about eighteen
inches) and a second that penetrates to one meter (about three feet).
Researchers use the resultant data to develop a map of ECa with a resolution of about ten meters
(about thirty-six feet) for two depths.
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Figure 6. EM38 Sampling Housing and Trailer Hitch Assembly

Note: This unit will be driven over the entire field to create the final maps of ECa.

3.4. Soil Sampling, Physical and Chemical Analysis
The team used sample data from established physical and chemical tests as the basis for
comparison between ECa data and physical soil characteristics. Appendix A – Soil Sampling
Methodology outlines the details of these tests. The team chose AgSource Laboratories in
Umatilla, Oregon, to conduct the analyses. Figure 7 shows a typical sampling plan on a field for
collecting soil for lab tests.
Figure 7. Typical Sampling Plan for Collection of Soil for
Lab Tests
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3.5. Data Storage and Spatial Analysis
The study team stored data in a geographic information systems (GIS) database.13 The team
generated coordinates of sample locations in the GIS software and located them with a handheld
GPS to within five meters (about sixteen feet) of the designated locations during sample
acquisition.
The contractors delivered ECa measurements. The data for Field 19-9 included records of GPS
readings for speed, heading, and other supporting metadata.
For Part 1 of the analysis (self-consistency checks), the team identified subsets of ECa points in
each field for which measurements were repeated in close proximity (less than ten meters, or
about thirty feet of distance). For Part 2 of the analysis (correlation and soil variability), the
researchers interpolated ECa measurements to allow comparisons between physical soil samples
and co-located ECa. The researchers also performed quality assurance and quality control
(QA/QC) tests. Appendix B – Quality Assurance/Quality Control (QA/QC) of Data explains the
QA/QC procedures.
3.6. Identification of Relevant Soil Properties
The researchers used two independent statistical methods to identify potential soil properties that
can influence the mapping outputs.

13

The ArcGIS Desktop, Release 10, from the Environmental Systems Research Institute (Esri)
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Appendix C – Statistical Approaches Used in Analyses of Soil Propertiescontains explanations
of both statistical approaches and a detailed accounting of the methodologies. Each method
identifies a suite of soil properties that require more detailed investigation. The team crosschecked this list of soil properties against the existing literature, some of which has cited CEC,
calcium, and potassium as potential factors in the level of quality of the mapping product.
The above processes eliminated all variables that do not influence the quality of the mapping
product, and reduced the total number of variables of interest from twenty-six (see Appendix A –
Soil Sampling Methodology for the full list) to five: CEC, magnesium, potassium, calcium, and
base saturation. The researchers then studied in detail the influence of each of these five
identified properties using conditional correlation analysis to identify the variables with the
greatest influence on the desired mapping output properties. In this case, the team used the
correlation of ECa with soil texture (the primary input for determining plant available water
(PAW)) as the desired soil mapping output. Appendix D – Conditional Correlation
Analysisprovides a detailed explanation of conditional correlation analysis.
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4. Overview of Current Project/Findings
During the conditional correlation analysis described in the previous section, the research team
calculated the conditional correlations for all measured variables. The correlations established
base saturation as the soil property with the highest influence on the desired soil mapping
outcome.
Base saturation is a measure of the percentage of the cation exchange capacity (CEC; negativelycharged surfaces on clay and organic matter) that is associated with positively-charged base ions.
As base saturation increases, the total measurable negative charge within the soil is obfuscated.
The findings from this research indicated that soils with base saturations of at least 90% produce
non-viable soil maps (see Figure 8). Conversely, as base saturation decreases, the quality of the
maps increases. That is, base saturations of 90% or higher begin to blind the soil mapping
instrument, making it unable to “see” the fine soil particles.
Based upon these findings, the research team recommends that individuals planning soil
mapping for a field first perform a preliminary soil test to determine base saturation. For
example, in this research the most challenging field to map, Field 20-6, had base saturations of
100% over more than ninety percent of the field. In situations such as this, the EM38 is likely not
an appropriate instrument for mapping soil texture; an alternative method would likely be more
effective.
Figure 8. Correlations Conditionally Sampled by Base Saturation
Correlation of [Silt:Subsoil EM] , binned by Base Sat.
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Notes: High correlations indicate that the results of the ECa mapping will give
highly accurate information on the soil texture. A value of 1 indicates that the
ECa mapping results assessed the texture perfectly.
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4.1. Results: Self-Consistency of ECa -- Instrument Drift
Even with the rapid rate at which sensors are able to collect ECa measurements, mapping large
fields takes many hours; instrument readings may systematically drift during that time. Such drift
may be due to changes in the temperature of the topsoil or to the instrument, internal instrument
calibration, or to other variables that are not measured. Appendix E – Determination of
Instrument Drift describes the procedures used to identify instrument drift.
To evaluate measurement drift in data from each of the three fields in this study, the researchers
identified co-located measurements and exported them from the GIS database. In each case, the
operator completed the ECa measurement collection with one complete circumference of the
field edge, providing a contiguous record of points, which the researchers then used as control
ECa values. The researchers compared these control values to nearby ECa points recorded at
different times (at the end of each pass of the sensor across the field), thus generating a wide
range of time separation between control and test points.
This process identified apparent instrument drift in both Field 19-9 and Field 20-6. Drift
occurred only in the shallow fifty-centimeter (about twenty-inch) measurements, which respond
more rapidly to daily changes in temperature. The potential influence of temperature is also
consistent with the fact that Field 19-6 showed the lowest amount of drift. The operator mapped
this field near solar noon, when the soil temperature experiences little change. However, the
existing dataset did not facilitate verification of these suppositions since it did not contain
measurements of soil temperature or other variables that could be the source of drift.
More importantly, observed instrument drift – no matter its cause – indicates an opportunity for
improvement in the accuracy of the map. Given that soil properties are unlikely to change in a
matter of hours, large persistent changes during that time are likely due to transient effects that
reduce the resolution and accuracy of the final mapping product. Since some drift occurred in
soil maps for two of the three fields, this drift is likely a common phenomenon that merits a
protocol to quantify and eliminate its effects in the finished mapping product (see the Mapping
Service Provider recommendations in Section 6.2 – Next Steps).
Data charts14 in Appendix E – Determination of Instrument Driftillustrate that all fields exhibited
a degree of scatter, or mismatch, with recorded differences between control and test EM38
readings ranging from 20% to 50 percent. The researchers mapped Field 19-9 in a manner that
included a self-consistency checking strategy; at the end of the mapping procedure, the operator
made an additional pass with the sensor across the field. Self-consistency checks using this
approach reduced the scatter in that field from 50% to less than 20 percent. Appendix E –
Determination of Instrument Driftprovides detailed explanations and plots of the self-consistency
check.

14

Figure 12, Figure 13, and Figure 14
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The research team notes the value of operating the mapping device in a stationary position for
several minutes within the field before the mapping process begins. This location should be
marked with survey flags or stakes. At the end of the mapping interval, the operator should
return the mapping device to the same spot and allow it to collect data for several minutes.
Researchers can use the difference between these readings, in addition to the existing selfconsistency checks, to de-trend the data and arrive at a more accurate map. By performing
mapping procedures near midday, rather than close to sunrise or sunset, the mapping service
provider can mitigate instrument drift potentially associated with soil temperature changes.
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5. Risks and Challenges
5.1. Risks
Soil mapping results are a key component in precision irrigation decision-making.
Misinterpreting soil maps can lead to inappropriate water and energy management decisions at
the farm level. For this reason, high-quality soil maps are invaluable. Growers and agronomists
should investigate whether electromagnetic mapping is appropriate and if so, take steps to ensure
that it is performed effectively by a qualified provider. This will ensure that the fields are
properly characterized for their appropriateness for VRI and/or VSI.
5.2. Challenges
Soil is intrinsically difficult to characterize. The percentage of land in the Pacific Northwest with
high levels of base saturation is unknown at this time. Section 6.2 includes suggestions for
additional research into determining levels of base saturation and degrees of soil variability.
The challenge moving forward is to provide VRI systems with viable and effective water
application prescriptions that address the underlying field and soil conditions.
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6. Lessons Learned, Next Steps, Value of Findings
6.1. Lessons Learned
 Soil mapping is a critical input in precision irrigation decisions and can be used under a
wide variety of conditions.
 Specific soils that occur in the Columbia Gorge region can complicate the effectiveness
of using ECa. High levels of base saturation in the region are an indicator that use of the
electromagnetic method would prove challenging.
 Agricultural technologies are generally customizable to be place-specific; their value
depends on the local conditions under which they are used.
6.2. Next Steps
For Growers and Agronomists
 Perform a base saturation test on the field of interest, preferably at several locations, prior
to ECa mapping. If the base saturation is high (90% or higher), consider alternative
methods such as core sampling.
For Mapping Service Providers
 For fields in which electromagnetic mapping is not appropriate, no comparably-priced
alternative (roughly $30 to $50 per acre) exists that provides the same resolution is
available at this time. This provides a market opportunity for service providers to develop
alternative mapping strategies for challenging conditions.
 Incorporate a self-consistency check into the calibration protocol by having the mapping
instrument return to the original calibration location at the end of the mapping process to
collect additional data. The mapping service providers can use this additional step to
mitigate the effects of instrument drift and thus yield a higher-quality mapping output.
They can fulfill this protocol through one of two methods for conducting a deliberate
repeat sampling within the field:
o Allow the instrument to operate for several minutes within the field before
mapping operations begin, and mark this location with flagging. The service
providers return the instrument to the same location at the conclusion of mapping
operations and allow it to collect data for several minutes.
o Take an additional transect through the field, perpendicular to all other transects,
at both the beginning and the end of the mapping operation.
 In addition, service providers should conduct mapping at times of day with no rapid soil
temperature changes to minimize the likelihood of instrument drift.
For Researchers
 Determining the degree of soil variability across the Pacific Northwest will require
further study through the following means:
o Refine the SSURGO outputs to a higher resolution with base saturations reported
o Define a metric to classify the soil variability within a field
o Develop alternative mapping strategies for fields where ECa approaches are
inappropriate
o Develop a map-app for growers so they can perform a consistency check in realtime
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For Regional Organizations (US Department of Agriculture, NRCS, Universities, and Others)
 Develop a standard for percentage of base saturation for the region and identify the
threshold for detailed mapping.
6.3. Value of Findings
To Growers
 These findings allow growers to evaluate the potential success of soil mapping on their
fields with an inexpensive base saturation test (less than $50) to determine the best
mapping method. This will help growers avoid the capital costs of mapping a field in
which the results may not be informative for precision irrigation decisions.
 Further, the results of this preliminary base saturation test may provide a decision point
for precision irrigation implementation within the field of interest. If its results indicate
high base saturation, and thus a low likelihood that the service provider can construct an
accurate soil map, the likelihood of VRI yielding water and energy savings on that field is
diminished.
To Mapping Service Providers
 These findings provide mapping service providers with information that can allow them
to easily improve map quality without incurring additional cost, by adding pre- and postconsistency checks to the mapping instrument operation protocol. The consistency check
allows mapping service providers to identify and eliminate potentially spurious mapping
outcomes.
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Appendix A – Soil Sampling Methodology
Laboratory methods followed the Western States Laboratory Plant, Soil and Water Analysis
Manual (Gavlak et al. 2003). Researchers designed a systematic sampling pattern (example in
Figure 7) to maximize areal extent for the given number of laboratory tests (126 samples from
two fields; 137 samples from the third field). Small-scale variability (less than fifty meters, or
about160 feet) could not be captured with the number of samples in the study design while
maintaining this extent.
The irrigation and cultivation management scale has approximately the same order of magnitude
as the sample spacing (see the Precision Water Application Test report). Therefore, addressing
finer-scale variability is impractical with current farming practices. Researchers collected core
samples at depths ranging from fifteen to forty-six centimeters (six to eighteen inches).
Laboratory tests reported the following twenty-six parameters: base ions (Mg, K, P, Ca, Na),
total base ions, base saturation, cation exchange capacity (CEC), texture (sand, silt and clay
content), organic matter, nitrate and ammonium, pH, salinity, micronutrients (B, Zn, Fe, Cu, Mn,
S), wet and dry sample weights, moisture content, and dry matter.
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Appendix B – Quality Assurance/Quality Control (QA/QC) of Data
Data collected for one field (Field 19-9) included additional supporting metadata such as
instantaneous heading and speed measurements derived from GPS. These data contained
apparent instrument errors (data spikes of 100% to 500 percent). To identify potential outliers on
the basis of ECa value alone, researchers binned and plotted these data on a log vertical scale
(Figure 9). The log scale highlights single outlier values and provides a straightforward means of
identifying a reasonable cutoff for possible outliers (in this case, researchers flagged and
removed values greater than 20 for Dipole 1 and greater than 23 for Dipole 2;15 later analysis
showed that these values were associated with tight radius turns).
Figure 9. Histogram of Electromagnetic (EM) Value on Log Scale

Notes: Counts based on how many times researchers observed an ECa reading through the
mapping process. Researchers classified high values observed only two to four times as
outliers. Outliers for Dipole 2 are indicated by the red box. These observations are not
included in the analysis. Outliers for Dipole 1 (deep) and Dipole 2 (shallow) are >20 and
>23, respectively.

15

A dipole is a magnet within the EM38 instrument, which induces the electromagnetic field within the soil. Dipole
1 is oriented to penetrate one meter of soil, and dipole 2 is oriented to penetrate half a meter of soil.
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Appendix C – Statistical Approaches Used in Analyses of Soil Properties
Approach 1: Cross-Correlation among Sampled Soil Characteristics
Researchers calculated cross-correlations in MATLAB (MATLAB, 2012b) using the corrcoef
function with pairwise comparisons (ignoring missing and excluded values). The function returns
a normalized correlation coefficient and p value. The p value corresponds to the likelihood of
finding “correlation as large as the observed value by random chance, when the true correlation
is zero (MATLAB, 2012b).”
Figure 10 shows the correlations and p values for Field 19-6. The upper right side of this figure
shows large positive and negative correlations in green and red, respectively; significant (<0.1) p
values are shaded orange in the lower left. The top two rows and left two columns correspond to
correlations with ECa (deep and shallow measurements).
Correlations across all samples were generally low, although patterns do emerge when
considering all three fields. Correlation with texture (the characteristic useful for managing
irrigation) is highest for Field 19-9 and lowest for Field 20-6. Other properties show correlation
with ECa in one or all fields, including those that correspond to previously-cited contributing
factors (CEC, dissolved salts, moisture content), as well as unanticipated properties (magnesium,
iron, copper, sodium). These unanticipated correlations are not consistent between fields, and
with low correlation values (>0.3), determining whether these are spurious relationships or due
to some non-linear combination of factors is difficult.
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Figure 10. Correlation Coefficients and Associated p Values for Soil Characteristics and ECa
Measurements in Field 19-6
Field

19‐6

Notes: Greater negative and positive correlations are indicated by darker red and green, respectively. Darker orange
indicates significant (low) p-values. Higher numerical values, approaching 1 and -1, above the diagonal indicate a
relationship between pairs of variables. Low values, less than 0.05, below the diagonal indicate that the relationship
between the variable pair is statistically significant.

Approach 2: Principal Component Analysis
The researchers used Principal Component Analysis (PCA) to describe variability of
measurement soil parameters and to identify the most significant properties that might influence
measured ECa values. They chose to use PCA because it requires no assumptions about
underlying co-distributions of characteristics, and instead finds linear combinations
(“components”) of all soil parameters that minimize global variability.
Researchers performed PCA with sample data from each field and with data from all fields
together, and implemented it in MATLAB Release 2012b. Figure 11 displays the results for
Field 19-6. Each column (component vector) contains a linear combination of weighted
coefficients for each soil parameter, with larger-magnitude coefficients indicated in red
(negative) and green (positive). Proceeding from left to right, successive components account for
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smaller residual variability in the data; the percentage of total remaining variance is shown at the
top of each column.
Figure 11. Coefficients for Principal Component Analysis of Field 19-6
Field

19‐6

Notes: Each column represents a principal component (vector of linear weighting coefficients of soil variables, listed
on left). Red and green indicate higher coefficients. Residual variance for each column is the percentage of
remaining unexplained global variance.

The greatest part of variance (~99%) is explained within the first four or five principal
components (columns) in all three fields. Potassium content contributed significantly to
variability in the first few components in all three fields. Base saturation contributed
substantially to variability in Field 20-6, less so in Field 19-6, and did not contribute to
variability in Field 19-9 until the fourth principal component (representing about 1% of the
residual variance). Nitrate, iron, phosphate, and sulfate all appear as significant contributors to
variability in the PCAs for one or more fields.
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Appendix D – Conditional Correlation Analysis
To map the variability of water-holding capacity within the field, the ECa method must correlate
to textural characteristics. This requires that confounding effects from other soil properties (CEC,
organic matter, salts, and water content) do not overshadow this correlation, especially if these
other properties do not co-vary with texture.
To visualize these confounding effects, the team members plotted correlation of texture and
subsoil ECa measurements for subsets within each field. They defined each subset by binning the
independent (potentially confounding) parameter (such as base saturation, CEC, or organic
matter) and then conditionally sampled the corresponding ECa and texture. The researchers
selected the independent variables in one of three ways:
1. PCA identified the variable as a source of significant variance within one or all fields
2. Correlation of the entire field showed a significant relationship with ECa measurements
3. Previous studies have shown the variable to have significant correlation with ECa
measurements
No variable fulfilled all three of these definitions for all three fields. Following the regional soil
characteristics (well-drained, cultivated sandy soils, very high calcium content, arid climate, long
history of irrigation) led to the predominant selection of characteristics related to soluble ions. A
broad range of other variables fulfilled one of the above criteria, including pH, nitrate,
phosphorus, copper, iron, and sulfate. When researchers binned the data by these other variables,
no significant trends emerged (not shown). In some cases, a variable exhibited a range
insufficient to differentiate among classes of correlation.
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Appendix E – Determination of Instrument Drift
To determine the extent of potential sensor (instrument) drift, researchers plotted the difference
between control-point and test-point ECa at the field edge against time, separating the
measurements.16 The results for Field 19-6 (presented in Figure 12) show nearly flat slopes for
the fitted lines with no evident linear trend, thus indicating little instrument drift. However,
results for the other two fields (Fields 19-9 and 20-6, shown in Figure 13 and Figure 14)
indicated the presence of sensor drift in topsoil measurements, based upon the significant linear
trends in the data. In both fields (19-9 and 20-6), the linear trend is not evident with subsoil ECa
measurements.
For this comparison, researchers removed outliers for Field 19-9 (as described in Appendix B –
Quality Assurance/Quality Control (QA/QC) of Data). ECa data from Fields 20-6 and 19-6,
while not supported by speed and heading measurements, did not contain apparent outliers such
as those observed for Field 19-9, presumably indicating that post-processing quality control
removed data that would have been flagged in this procedure.
Figure 12. Difference between Control and Test Points in Field 19-6
Field 19-6:

Note: The fitted line is nearly flat, thus instrument drift is not evident in these data. In
other words, a flat line indicates that the instrument’s calibration is not changing.

16

Displacement is measured in counts, acting as a surrogate for measurement time.
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Figure 13. Difference between Control and Test Points in Field 19-9
Field 19-9:

Notes: Outliers have been removed from the dataset for this field. The fitted line is not
flat, indicating instrument drift.

Figure 14. Difference between Control and Test Points in Field 20-6
Field 20-6:

Note: A linear trend is also evident here, indicating instrument drift over time.
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The raw data from Field 19-9 included a “final cross-check swath, which is usually a diagonal
swath across the field when finishing the data collection to double-check that readings haven't
significantly changed from earlier readings, due to temperature or some other factor” (EM38
operator, personal correspondence). Figure 15 shows the cross-check points; the researchers
repeated the same process of tabulating co-located points with these points. This within-field
comparison improved scatter significantly (25%) over the field edge comparison for Field 19-9
shown earlier in Figure 13. This improvement presumably reflects measurement error at the field
edge, indicating complications from instrument operation, intra-field variability, or some other
measurement effect at the field edge.
Figure 15. Control and Test Points Improved Considerably from the Edge
Checks Performed for Field 19-9
Field 19-9:

Note: Both linear trend and scatter are considerably reduced (compared to Figure 13).

NEEA - 29

