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ABSTRACT

PERFORMANCE EVALUATIONS AND CALIBRATIONS OF SOIL WAER
CONTENT/POTENTIAL SENSORS FOR AGRICULTURAL SOILS IHASTERN

COLORADO

Due to competition for water from expanding urbamd andustrial demands,
irrigated agriculture needs to improve its watemagement methods. One technique is
closely monitoring volumetric soil water contefit;(m®> m®) in the crop root zone to
accurately determine irrigation timing and amouNumerous soil water content sensors
are available, and they vary widely in operatinjngples and accuracy. However, the
performance of these sensors in sandy clay loaay,lckm and loamy sand soil types in
irrigated agricultural fields in eastern Coloraddargely unknown.

This study evaluated the performance of three saler content sensors
(CS616/625, Campbell Scientific, Inc., Logan, UTDT, Acclima, Inc., Meridian, ID;
5TE, Decagon Devices, Inc., Pullman, WA) and awailer potential sensor (Watermark
200SS, Irrometer Company, Inc., Riverside, CA) he soils mentioned above. The
evaluation was performed usiflg data collected in the laboratory and in fieldsrnea
Greeley, CO. Soil water content/potential valuesasured by the sensors were

compared with corresponding values derived fronvigratric samples, ranging from the



approximate permanent wilting point (PWP) to fiedpacity (FC) volumetric water
contents. Calibration equations of sensor-meas6yedere developed based on the
laboratory and field data, and were compared vhighfactory-recommended calibrations.
In addition, laboratory tests using an additionalt calcium chloride dihydrate)
concentration with varying soil water content weagried out to determine the effects of
the soil bulk electrical conductivity on CS616, TDahd 5TE sensor readings.

Evaluation of Sensor performance was based orsttati targets for these tests.
The target, or maximum, allowed errors were a ni#as error (MBE) of +0.020 fm?
and a root mean square error (RMSE) of less th@B50nf m™. Inspections were also
made to analyze the capacity of each sensor taaetyiread the full range of moisture
contents from near PWP to saturation. Additionalhe sensors in the field were placed
horizontally at a shallow (10-cm) depth to captuide fluctuations in soil temperature
and examine its effect on sensor readings. Cane$tillation measures were taken to
ensure that air gaps did not exist between theosawnsls and the soil by inserting the
sensors when the soil was fairly moist and workable

Under laboratory and field conditions, the factbased calibrations &, did not
consistently achieve the required accuracy for seysor. The MBE of the factory
calibrations off, for the CS616 sensors ranged from 0.032 to 0.33#thin the three
soils. The factory calibration for the TDT senspreduced MBE values in the range of
0.007 to 0.061 fhm™ in the three soils. The MBE of the factory caditions ofo, for the
5TE sensors ranged from 0.004 to 0.024mi in the three soils. The factory calibration
for the Watermark sensors produced MBE valuesérrainge of 0.082 to 0.200°m™ in

the three soils.



Additional salt (calcium chloride dihydrate) contations in the laboratory
caused the CS616 to give an error reading. Alshtgher concentrations increased the
MBE of the factory calibration of the TDT sensor®@®26 ni m* in the sandy clay loam
(Site A), and 0.066 fhm™ in the clay loam (Site C), and increased the MBEhe 5TE
sensors in the soils from Sites A and C by 0.172nfand 0.162 rhim™, respectively.

Field tests indicated that using the calibratioruagpn developed in the
laboratory to correct the data obtained by CS6IBJ,T5TE and Watermark sensors in
the field at Site A were not consistently accuratevery treatment. However, they were
more accurate than the factory calibration equatiodpplying the laboratory-derived
calibration equation developed for the CS625 senab8ite B (loamy sand) was accurate
at the 30- and 61-cm depths. However, using tipisgon resulted in an overestimation
of 6, by 0.032 M m™ at the 91-cm depth. Using the laboratory equatideveloped for
the Watermark sensors at Site B accurately measiyred the 61- and 91-cm depths
(RMSE = 0.014 and 0.024°m?, respectively).

Results from field tests at Sites A and B indicateat a linear calibration of the
TDT and 5TE sensors (and a logarithmic calibrafmnthe Watermark sensors) could
reduce the errors of the factory calibratiorfpfo 0.020+0.035 rhm™ (2+3.5%). These
tests also confirmed that each individual senseded a unique calibration equation for
every soil type and location in the field. Furtinere, the calibrated van Genuchten
(1980) equation was not significantly more accurtditan the calibrated logarithmic
equation.

Analysis of thef, graphs from the field data indicated that the GS&IE and

Watermark sensor readings were influenced by didtaetuations in soil temperature,



while the TDT was not influenced. Therefore, thBTTsensor was overall the most
robust of the four sensors that were evaluatedditAahally, it is recommended that the
soil temperature be considered in the calibratioacgss of the CS616, 5TE, and
Watermark sensors through either a correction emuair taking readings from the

sensors during times that the soil temperaturamgas (for example, every day at noon).
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INTRODUCTION AND BACKGROUND

Due to competition for water from urban growth, wgbt and changing climate
conditions, irrigated agriculture needs to imprasevater management methods (Cooley
et al., 2009). One technique uses buriable-typev&ater content sensors to closely
monitor a wide range of field volumetric soil watemtent @,; units of nf m™, expressed
as a %) conditions. Knowing periodic soil watentemts enables an irrigation manager
to determine optimum irrigation timing and amouvibfgan et al., 2001). Irrigations can
then be scheduled whenever the soil water consedépleted to a management allowed
level (previously-set critical level). Alternatiye a soil water potential sensor can be
used to schedule irrigations whenever the soil watgential reaches a previously-set
threshold.

The use of soil water content sensors is gainirgj federal support. The U.S.
Department of Agriculture recently awarded the WhRiver Irrigation District in
Arkansas $4.45 million to install water measurenmsrd monitoring technology, which
includes soil water content sensors (NRCS, 206@ixrthermore, since 2006 the U.S. Air
Force has been introducing Watermark soil watetesansensors to farmers throughout
rural Afghanistan (Kapinos, 2006). Yet Hignett didett (2008a) warn that some soil
water content sensors are being used in application which they are not suited,
producing results that have little relation to atttield conditions. These and other
examples indicate that soil water content sens@sehieving widespread use and swift
measures should be taken to assess their perfoenmaspecific soil types.

This study evaluated the performance of three saler content sensors

(CS616/625, Campbell Scientific, Inc., Logan, Uigital TDT, Acclima, Inc., Meridian,



ID; 5TE, Decagon Devices, Inc., Pullman, WA) andsal water potential sensor
(Watermark 200SS, Irrometer Company, Inc., Rivers@A). Campbell (2011) refers to
the CS616/625 sensors’ performances synonymousiguse “the CS625 is a modified
CS616 for use with the Campbell Scientific CR200esg[wireless] dataloggers”.

Several studies have been performed on these nmstrtg, but few have been
conducted for particular soils in the state of Callm. Several researchers found that the
CS616/625 is sensitive to fluctuations in soil temgpure (Seyfried and Murdock, 2001;
Western and Seyfried, 2005; Benson and Wang, 2080¢sdon and Hornbuckle, 2006;
Ruelle and Laurent, 2008; Logsdon, 2009; Eveti.e2810). Benson and Wang (2006)
found that daily changes in soil temperature catisedensor’'$, output to vary by 0.10
m® m* in highly-electrically conductive soils. Therefothey presented a soil-specific
six-step procedure (with two regressions) to cdrtbe CS616 sensor for temperature
fluctuations. They found that this procedure restwnost of the daily temperature-
induced fluctuations of the sensofigoutput, but not all. Chandler et al. (2004) found
that CS615 sensors (a previous version of the OS&dd be linearly calibrated using
0y, measurements with a TDR (with errors near Q% relative to TDR), and this
calibration varied with soil type. Kelleners et &009) noted that the relatively low
operating frequency (<175 MHz) of the CS625 causdd have errors in measuring
dielectric permittivity in different soils (partitrly in highly conductive soils), while the
TDR sensor had small differences between soilstdues high operating frequency (>1
GHz). Logsdon (2009) compared laboratory and fedtibrations of the CS616 sensor

and found that “field calibrations would be reconmued over laboratory calibrations for



the CS616 sensor, at least for field monitoringllogsdon also concluded that “a
temperature correction should be considered ariddad when needed.”

Blonquist et al. (2005a) compared the TDT with fiBR instruments and found
that the “TDRs and the TDT operated within +3 petimty units of each other across
the permittivity range of 9 - 80", and the TDT hau operating frequency similar to the
TDR instruments. This leads to the assumptiontti@performance of the TDT sensors
should be similar to that of the TDR instrumentssuils of different textures, given
proper insertion in the soil.

Rosenbaum et al. (2010) analyzed the 5TE sensdieiactric liquids and found
that “the sensor-to-sensor variability was sigmifity larger than the measurement
noise”. Furthermore, they indicated that “an inyemment in accuracy of nearly 0.1 tm
cm® can be reached in the high-permittivity range” -8B through individual
calibrations.

Leib and Matthews (1999) compared eight soil moessensors installed in field
plots and found that Watermark sensors “followetll moisture trends in a fairly stable
manner and could [be] used as a marker of whetatband stop irrigation”, though they
indicated that a site calibration is needed to omprsensor accuracy.

Performance evaluations and specific calibratioagehnot been carried out on
irrigated (surface and sprinkler) soils in east@wiorado. It is hypothesized that the
accuracy of the sensors in these soils will beeckifit than the accuracy specified by the
sensor manufacturers. Hignett and Evett (2008an:wa

A manufacturer’s calibration is commonly performigda temperature

controlled room, with distilled water and in easynhanage homogeneous
soil materials (loams or sands) which are uniforpécked around the



sensor. This produces a very precise and accegdiieration for the
conditions tested.

However, factors in the field, such as rocks, roegsiations in clay content, temperature,
soil compaction, and salinity, often result in thmanufacturer’s calibration not being
applicable (Hignett and Evett, 2008a). Therefaethorough evaluation of sensor
performance and the development of a family of-spécific sensor calibration curves
are highly desirable.

Applicationsfor Accurate Soil Water Content/Potential Sensors

The ideal application for monitoring soil waterntent is determining irrigation
timing and amounts. During the crop growing seasomaximum value for the soll
moisture deficit is determined by a number of claggariables, such as crop type,
growth stage, root depth, soil type, and soil layeFhis value is termed the Management
Allowed Depletion (MAD), and it is the amount of tea depleted (below the field
capacity) from the root zone. Field capacity (FCxhe water content in a field soil after
the drainage rate has become small and it estinttadeaset amount of water stored in the
soil profile for plant use” (Fangmeier et al., 2DOBJAD can also be expressed in terms
of volumetric water content{iica)), Where irrigations are triggered once thesensor
readings approach the critical value.

Irrigation amounts can be calculated using @hesensor readings: the depth of
water required is thé,.ciica Subtracted from the field-capacity, multiplied the root
zone depth, and divided by an irrigation efficien@yhich is typically dependent on
irrigation system and management). A more detadrplanation of the use of the
sensors in irrigation management can be found imblaand Chavez (2011) and

Fangmeier et al. (2006). A sensor that measuriésvater potential (or tension) can be



used in scheduling irrigation timing by settingraical soil water tension value to trigger
an irrigation event, but this method cannot be usatktermine irrigation amounts unless
the soil water potential is related@ipusing a calibration equation.

Cooley et al. (2009) gave a roadmap of necessagngds for California
agriculture to achieve a sustainable future throtigh efficient use of water. They
reported three overarching categories: efficiemgation technologies, improved
irrigation scheduling, or regulated deficit irrigat. The first category involves
switching to typically more-efficient irrigation ¢aniques (such as from flood irrigation
to sprinkler or drip). With the second categotye trrigation manager applies water
according to crop water needs, based on soil anthtd monitoring; this is the area with
the greatest potential for water savings. Furtloeemn improvements in irrigation
scheduling translate into energy savings, improeedp yields, and protection of
groundwater from potential agro-chemical contamama(Morgan et al. 2001). The third
category (regulated deficit irrigation) saves wdigrreducing ET demands by allowing
the soil moisture deficit to increase during crapvgth stages that are drought-tolerant.
Efficiencies with the latter two categories arer@gased substantially with the accurate
monitoring of soil water content because water lmgehe crops changes through the
season. However, an inaccurate sensor is unabbemathese situations because it will
over-irrigate if it underestimate®, and cause crop damage if it overestimafes In
extreme situations, if the sensor never reads aqugly-setdy.criica, the crop will never
be irrigated and will perish. Therefore, in ingtas where water conservation is critical
and where crop production is to be optimized, &\sater content/potential sensor that

reliably makes accurate reading9efs required.



Sensor Principles of Operation

The CS616/625, TDT and 5TE sensors (Figure 1¢kaaromagnetic sensors that
do not directly measure water content (Acclima, 0Ruelle and Laurent, 2008;
Decagon, 2010; Campbell, 2011), but instead mal®han measurement (discussed
later) that is influenced by the dielectric permity (&) of the soil. The permittivity of
water is much greater than permittivity of othemgmnents in the soil, so small changes
in soil water content cause large variations in gb#'s ¢, (Ruelle and Laurent, 2008).
Campbell (2011) states:

Since water is the only soil constituent that (Hsha high value for

dielectric permittivity and (2) is the only companeother than air that

changes in concentration, a device sensitive tlectigc permittivity can
be used to estimate volumetric water content.

Figure 1. The Four Sensors Evaluated in this Stagphcclima TDT, b) Campbell
Scientific CS616, ¢) Decagon Devices 5TE, d) Watekni200SS



The CS616/625 sensor operates by sending an etegreetic pulse along its
rods that, once it reaches the end of the rod®flected back to the probe head. Once
the probe head detects the return of the pulseghangulse is sent. The probe then
records the frequency of these pulses and regwtmverse of the frequency (also called
a period, with units ofis). The soil’s dielectric permittivity influencése velocity of the
electromagnetic pulse, which in turn influences pleeiod. The probe then relays this
data to a Campbell Scientific, Inc., datalogger.calbration equation (discussed later)
then relates the probe’s output period to soil watetent (Campbell, 2011; Ruelle and
Laurent, 2008).

The TDT sensor operates by measuring “the pertyttof soils by determining
the propagation time of an electromagnetic wavestratted along a waveguide [rods]
through the soil” (Acclima, 2008). This computatitakes place inside the TDT’s probe
head, and the equation for permittivity is showrEguation 1, below (Blonquist et al.,

2005b).
_(ct\? 1
%= (%)
wherec is the speed of light in a vacuum (3%*1@ s%), t (s) is the electromagnetic wave
travel time along the rods, ahd(m) is the length of the probe. The TDT thenrinadly

computesd, (m* m™) using the Topp equation (Topp et al. 1980), shawequation 2.

This value is then communicated with a dataloggergithe SDI-12 interface.

0, = 4.3*10%,° - 5.5%10%,2 + 2.92*10%, - 5.3*10? 2



The 5TE sensor measuresby supplying “a 70 MHz oscillating wave to the
sensor prongs ... [and] the stored charge is prapwtito [the] soil dielectric” (Decagon,
2010). In SDI-12 communication mode, the 5TE répey to the datalogger. The
values in turn can be convertedétoautomatically within the datalogger or manually by
the user. The standard calibration equation recemd®d by Decagon (2010) is the
previously-mentioned Topp equation (Equation 2).

The Watermark sensor (Figure 1) estimates soiempbtential (expressed as
tension; units: kPa, mb) by measuring the voltagetation (mV) between a pair of
electrodes embedded in a porous body that equiibnaith the surrounding soil water.
The voltage excitation is then converted (using d&igms 3) to electrical resistance (in
kOhms) through the datalogger’s internal programni@bell Scientific, 2009). As water
content in the sensor body increases, the resesthrtween the electrodes decreases
(Hignett and Evett, 2008b; Irrometer, 2009). Thkationship between resistance (ohm)
and soil water potential (SWP; kPa) is constantl programmed into the datalogger
using Equation 4.

Rs=V.//(1+V) 3

SWP = 7.407*R/ (1 - 0.018*(T - 21)) - 3.704 4

whereV; (mV) is the ratio of the measured voltage dividlgdthe excitation voltagd3s
(kOhms) is the measured resistancé€;C) is the soil temperature (which was measured
by the TDT sensor in this study), aBd/P (kPa) is the soil water potential (or tension).
Soil water tension is directly related @ through a water retention (or release) curve,

which varies by soil type (discussed later).



Placement of Sensors

The location of sensor installation should be @spntative of the field (Heng and
Evett, 2008). However, several variables in thd smy exist on the field-scale,
including variation in soil texture, effects of gbng, proximity to trees, and distribution
of irrigated water (Hignett and Evett, 2008a). &b¢<l n?) variables, such as bulk
density, water content, and proximity of plant yare also often present (Hignett and
Evett, 2008a). Therefore, Heng and Evett (2008)sadthat “banks or pairs of [sensors]
be installed in at least three locations withineddf” To get a more accurate number of
samples required, Hignett and Evett (2008a) suggsisg Equation 5 to determine the

mean water content within a plot.

- () 5
U d

where N is the sample sizeyy, is the (1 —a) probability level standard normal

distribution, d is the target value about the mean, &ds the standard deviation.

Additionally, more sensor groups may be neededdasesoil variability so that each

installation site “represents the field in termsvedter application patterns, soil types,
slopes and exposure”. Heng and Evett (2008) alstsa that the sensors “should be
located directly in the active rooting zone of tirewing plant,” and at least two sensors
should be “placed just below the bottom of the mmie to check for overirrigation”.

Gravimetric Sampling

The most accurate method of measuring water cbngerirect gravimetric
sampling of the soil. This method involves measyrrihe soil bulk density, then
collecting soil samples to be placed in a convectiven at 105 °C for 24 hours. Topp

and Ferré (2002) report that this method has aor dimit of 0.3% water content.
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However, this method has obvious drawbacks: thepksmmare destructive, time-
consuming, and can only be used in steady-statat®ibs. Furthermore, the problem of
the minimum necessary representative elementanym®|(REV) arises. Evett (2008)
exemplifies that the measurement errors decreaeed®EV increases. However, Evett
(2008) and Hillel (1998) also caution that the REd& an upper-bound that is based on
the spatial variability in the soil. If a soil vas systematically in a particular direction,
then “increasing the size of the sample measuregdmoiproduce a consistent value at
all” (Hillel, 1998). The problems are further cooynded by the fact that, in order to
maintain the same precision, the REV must increesehe volumetric water content
decreases; thus, “no simple statement of the desample volume can be given” (Evett,

2008).

10



MATERIALSAND METHODS

This study took place during the 2010 crop growsegson and included soils
from three agricultural fields in eastern Coloradd.aboratory and field tests were
performed on the CS616/625, TDT and 5TE soil wateritent and Watermark soil water
potential sensors between mid-July and early-Octdt# 0. The first soil in the study
was from a research field operated by the UniteteSt Department of Agriculture —
Agricultural Research Service (USDA-ARS). Thisldief furrow-irrigated corn was
located near the City of Greeley airport and ih#éer referred to as Site A. The second
soil was from a commercially-operated alfalfa fieldar La Salle, with the research
coordinated through the Central Colorado Water €osaicy District (CCWCD). This
field was irrigated using a center pivot sprink#erd is hereafter referred to as Site B.
Figure 2 shows the irrigation systems and cropdypsed at Sites A and B. The third
soil was from a research field operated by Color&thie University’s Arkansas Valley
Research Center (CSU-AVRC), located near Rocky .Forchis location of furrow
irrigated alfalfa is hereafter referred to as &ite

Geographic coordinates and soil texture for théssaieach site are presented in
Table 1. The soil textures were determined by digh@ size analysis (Hydrometer
Method; Gavlak, et al., 2003). At all fields, tkeil collected for use in the laboratory
was removed from the upper 10- to 30-cm layer.

Table 1. Site Name, Geographic Coordinates andTeaiure
- - - Texture - - -

Sall laf}; L((\)/C)g' Sand| Silt | Clay Class
(%) | (%) | (%)
A | 40°26'| 104°38’ 65 10 25 Sandy Clay Loam
B |40°15’| 104°40’ 85 3 12 Loamy Sand
C | 38°02'| 103°41 37 23 40 Clay Loam

11



Bulk density and porosity of the soils at each aite presented in Table 2. Bulk

density was measured using a Madera Probe (Prnedaghine, Inc., Lincoln, NE). The

porosity was estimated using the sampled bulk ¢efsim each field and an assumed

particle density of 2.65 g/cn

Table 2. Site Name, Dry Soil Bulk Densigy) and Soil Porosityq)

[ Treatmenf ps ®
Soll "/ pepth | (g/ien?) | ()
1 142 | 47
N 2 154 | 42
3 152 | 43
Avg. 1.49 44

30 cm 1.61 39
B 61 cm 1.74 34
91cm 1.67 37

Avg. 1.68 37
C n/a 1.33 50

Figure 2. Irrigation Techniques and Crop Types Uste) Site A and B) Site B
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Factory Calibrations

The CS616/625 and TDT soil water content sensagspae-calibrated by the
sensor manufacturers, which enables them to gid#ext reading of volumetric soil
water contentf(,). This calibration is hereafter referred to as flactory calibration’ of
0y. The standard (or factory) calibration recommehblg Decagon (2010) for the 5TE is
equation 2, which was manually computed by the.ugealditionally, the TDT and 5TE
sensors measure soil temperature (°C) and bullekamtrical conductivity (EC, dS/m).

Campbell (2011) stated that the CS616/625’s stan(factory) calibration ob,
has an accuracy of +0.025°mm > when the bulk soil EC is < 0.5 dS/m. Acclima (@p1
stated that the TDT factory calibrated measureménolumetric water content has an
accuracy of +0.01 fm™ under temperature conditions of 0.5 to 50 °C a@doEO to 3
dS/m. The 5TE’s operator's manual (Decagon Deyi2@40) asserts that the factory
calibration off, is accurate to +0.03tm® in mineral soils “that have solution [EC] < 10
dS/m.” Laboratory and field tests were conductetkst these claims of accuracy.

The manufacturer of the Watermark sensor recomneendiating the SWP
(previously-discussed) té, through soil water release curves for general sgks
similar to those presented by Ley et al. (1994)hete are generalized soil water release
curves originally published by the NRCS; Ley et(&R94) noted that specific soils will
deviate from these generalized relations.) Thisewas generalized using equation 6.

0y = oXP 6
whered, is in n¥ m*, « andp are coefficients an# is the sensor-based soil water tension
(millibars, mb). The soils at Sites A and C had samex andp coefficients of 104.63

and -0.19, respectively, and coefficients for tlod at Site B were 38.14 and -0.14,
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respectively. Laboratory pressure chamber testg us-packed soil samples from each
site were conducted to test the applicability @S generalized soil water release curves.
Graphs showing the results of these tests canlefmm APPENDIX B - Supplementary
Graphs (Figures B-5 to B-7).

CS616, TDT, and 5TE L aboratory Procedure

Laboratory calibrations were performed using sainples collected from the
upper 0-30 cm layer from sites A, B, and C fromakbans shown in Figure 3, Figure 4,
and Figure 5, respectively.

The laboratory calibration for the CS616, TDT, &1 sensors was based on the
procedure proposed by Starr and Paltineanu (200@)Gobos and Chambers (2010).
Soil collected from each field was air-dried anédged through a 2-mm sieve. It was
then packed in a 19 L container to approximate Isalik density in the field. One at a
time, each sensor was inserted vertically intosthié (Figure 6). Several sensor readings
were taken, and then averaged, over an intervat fast 20 minutes. After each sensor
was read, gravimetric samples were taken from ¢lleesre and oven-dried at 105 °C for
24 hours.

The volumetric water content was then computed bitiptying the gravimetric
water content by the soil bulk density obtainedrfrthe field, divided by the density of
water. The soil from the container was then wettéth 500 mL of water and mixed
thoroughly. The above procedure was repeated, gawh repacking the container,
taking multiple sensor readings, and adding anddb@rmL of water until the soil water

content was greater than field capacity.
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Figure 3. Approximate Locations of Sensors at Bit€This field, near Greeley, CO,
was split into three sections (or treatments) teeg¢ived water in different amounts and
frequencies.)
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Figure 4. Approximafe océtion of Sensors at Sitg.8 Salle, CO)
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Figure 6. TDT, CS616, and 5TE Sensors InsertedRejoacked Soil Cores from the
Three Soils Used in the Laboratory

A total of sixty gravimetric soil samples (n=60) n@eused in the analysis of the
soil from Site A, and volumetric water contents ged from 10.7 to 35.9%. Six
gravimetric soil samples (n=6) that rangeddinfrom 9.3 to 23.2% were used in the
analysis of the soil from Site B. In the solil fr@rte C, fifty-six gravimetric soil samples
(n=56) were used, with, ranging from 17.3 to 38.1%. Fangmeier et al. @0@ported
permanent wilting points (PWP) and field capaci{le€) for soils that were in the same
textural groups as those tested in the laborat®6ato 26% for Site A, 7 to 16% for Site

B, and 20 to 34% for Site C. Laboratory pressurantber tests using re-packed soil
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samples from each site (Figures B-5 to B-7; APPENBI - Supplementary Graphs)

found that the PWP and FC were 33.5 to 30.5% fte 8 8.3 to 6.2% for Site B, and

35.2 to 26.8% for Site C. Using these estimates,water contents in the laboratory
studies approximately ranged from PWP to FC fohesml, but in no soil was complete
saturation achieved.

CS616, TDT, and 5TE L aboratory Calibration Equations

A linear calibration equation (hereafter referredas the ‘laboratory calibration’
of 6,) was developed for each sensor by plotting thebgs0 readings versus the
volumetric water content derived from the gravineetmethod. The equations were
developed using the Microsoft ExeRegression Analysis, and took the form of

equation 7.

0y = 0oX + ag 7
whered, is expressed in %, anda; are coefficients, an¥ is the sensor-based factory
calibration off, (dimensionless; %). The temperature of the sothe laboratory tests
was relatively constant (~21°C) throughout therergtudy. During these tests the TDT
sensor registered bulk soil EC in the range of L&D dS/m (0.69 dS/m average) in the
soil from Site A, 0.00 in the soil from Site B, a@d0-3.07 dS/m (1.37 dS/m average) in
the soil from Site C.

Watermark L aboratory Calibrations

The laboratory calibration procedure using the \Wa#ek sensor was different
from that of the other sensors because the endaty sf the water in the Watermark
sensor must equilibrate with that of the surrougdiail before an accurate reading could

be taken. Therefore the sieved soils from theiptesvtests were separated into multiple
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smaller containers of different water contents.e @atermark sensor was placed in each
container and left for an average of three daysqualibrate with the matric potential of
the soil water. Gravimetric samples were thenrigkem each container, oven-dried and
converted intd, using the dry soil bulk density obtained from disdlamples. A total of
seven samples (n=7) were used in the analysis eofsthl from Site A, three in the
analysis of the soil from Site B, and four in tmalysis of the soil from Site C.

Two types of calibration equations were developadttie Watermark sensor to
relate soil water tension t&, (m> m® %) by plotting the measure versus the soil
water tension sensor output. The logarithmic @qogequation 8) is a simple, straight-
forward equation that did not require assumed aoefits.

By = aln|X] +8 8
where 6, is expressed in %y ando are coefficients, and X is the soil water tension
sensor-based value (millibars, mb).

However, the logarithmic equation is not capableegresenting water contents
in the range near saturation (Hillel, 1998). Theme van Genuchten (1980) proposed an
equation that could represent the entire soil wegégntion curve (equation 9). This
equation was also used in this research to rel@esdnsor-based soil water tensiof,to
(m*> m*), based on its greater capabilities and wide aecep in the literature (Butters,

2010).

_ (6s —6;) 9
eV"er+[14-@ﬂonp—Un

where 6, is expressed in %fs is the saturated soil water content’(m?), 6, is the
residual soil water content rm™), h is the absolute value of the soil water tension (c

H,0), anda (cm) andn (dimensionless) are soil-specific coefficientshaN fitting the
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van Genuchten (1980) equation to the laboratoryfighdi data,fs was estimated for each
soil using the estimated porosity at each locatiblowever,d, was estimated for each
soil using the values recommended by Schaap and1998): 0.063, 0.079, and 0.049
for the sandy clay loam (Site A), the loamy sande(8), and the clay loam (Site C),
respectively. The andn coefficients were then derived using Microsoft ERSolver.

To analyze the accuracy of the calibration equatmistained from the laboratory
procedure, the ‘laboratory equations’ were appledhe field sensors’ readings and
results were compared with the field-measured

Laboratory Salinity Tests

Subsequent to testing the Watermark sensors, thaopis testing procedures on
the water content sensors were repeated on theaRO BTE sensors, with varying levels
of water content (19-33% in the soil from Site A-33% in the soil from Site C) and a
one-time addition of salts to the soils from Sitkeand C. The aim was to increase the
salt concentrations until the TDT sensor measutdkl $oil EC of slightly under 6 dS/m
in each soil. To accomplish this, 97 g of calciahtoride dihydrate were dissolved in
350 mL deionized water and mixed thoroughly with #oil from Site A, and 86 g was
dissolved in 700 mL deionized water and mixed thghdy with the soil from Site C.
Tests on the soils were then conducted in the migmmeeiously mentioned (see CS616,
TDT, and 5TE Laboratory Procedure); each time 5Q0aihwater was added between
tests. This procedure produced bulk soil EC readimgthe TDT sensor in the range of
0.88-5.79 dS/m (3.79 dS/m average) in soil frone @itand 1.65-5.92 dS/m (4.37 dS/m

average) in the soil from Site C. A total of eigt@mples per soil type were used to
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measure the amount of bias that the higher saltesdrations introduced in the factory
calibration ofo,.

The CS616 sensor gave an error reading at the thioghie EC concentrations (>3
dS/m ), so it could not be included in this parthed study. The Watermark sensors were
not used in this part of the study because thee Ham internal gypsum tablet [that]
buffers against the salinity levels found in irtig@ soils” (Campbell, 2009). This, in
theory, means that the sensors’ sensitivity to lsak EC is minimal when the sensors
are new, but increases as the sensors age (amddhmel tablet dissolves).

Field Calibration

During the summer of 2010, CS616, TDT, 5TE and Wadek sensors were
installed at Site A. This site had three differinggation treatments, and each treatment
contained one of each sensor (with the exceptiahttkatments 2 and 3 did not have a
Watermark sensor installed). In each irrigati@atment the sensors were installed under
the crop row, roughly 25-30 cm apart from each thea uniform depth of 10 cm below
the average height ¢h4 cm) of the top of the row and the bottom of fineow (Figure

7).
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(Not To Scale)

Figure 7. Depth of Sensor Placement at Site A.
These sensors were installed by digging a shallemch and inserting the sensors
horizontally into the wall, then backfilling theetich (Figure 8). Data collection for the

sensors began in mid-July.
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cm dtfite A.

gre .5TE, TDT and C66 sensors at 10
At Site B, three CS625 sensors were placed 30asd, 91 cm below the surface
by digging a trench, inserting the sensors horibnt then backfilling the trench.
Approximately 3 m from these sensors, two Waternsarksors were placed at 61 cm and
91 cm below the surface. These sensors werelgtstiay creating a small vertical hole
with a soil auger, then lowering the sensor todasired depth. Also at this location, a
CS109-L thermocouple (Campbell Scientific, Inc.,gha, UT) was installed 30 cm
beneath the surface to monitor soil temperaturg. (Tata collection from sensors began
in the end of July of 2010. From the time of iflateon until first week of October,
2010, sensor readings were taken automaticallytat/Severy five minutes. At Site B
readings were taken every eight hours, until thesl tiveek of October, 2010. Readings

were compared with periodic gravimetric soil watamtent measurements, totaling

eleven from each irrigation treatment in Site A &md at each depth from Site B.
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Figure 9. CS625 Sensors Installed at D

The gravimetric samples were taken using a soiemaagproximately 1-2 meters
away from each sensor location. These samples wareediately placed in sealed
containers inside a cooler and taken directly tabmratory to be weighed, oven-dried,
and weighed again. The gravimetric samples wea ttonverted int®d, using the dry
soil bulk density field values. During the timesgoavimetric field sampling at Site A,
soil temperatures at the sensor depth ranged f&221°C in irrigation treatment 1, 15-
24 °C in treatment 2, and 16-30 °C in treatmentBC ranged from 0-1.23 dS/m in
treatment 1, 0-1.31 dS/m in treatment 2, and 0-83/2n in treatment 3. At Site B, soil
temperatures ranged from 13-20 °C, and EC was pasuored.

A few times in the field 3-4 samples were takerthat same location to observe
gravimetric measurement variability, which rangeshf 0.003 to 0.016 fnm* (during

the remainder of the field visits multiple samplesre taken and composited into one

23



can). Multiple gravimetric samples were also takerthe laboratory, and variability
ranged from 0.003 to 0.01°m>.

Linear calibration equations (hereafter referrecsahe ‘field calibration’ 08,)
were developed for the CS616/625, TDT, and 5TE@snsising the same methodology
as the laboratory experiments (equation 7, aboke).the Watermark sensors, two types
of calibration equations were used. The logarithmguation (shown in equation 8
above) and the van Genuchten (1980) equation (slmequation 9 above) were used at
both sites. Calibration equations to account fao#h temperature correction were also
developed for the CS616/625, 5TE, and Watermark@en These equations took the
form of equation 10 (CS616/625, 5TE) and equatibif\¥atermark).

By =oX + BT +38 10
Oy =aln|X| +pT +8 11
where 6, is expressed in %q, S, and o are coefficients X is the sensor-basef
(dimensionless; %), anflis the sensor-based soil temperature (°C). FoI18616 and
Watermark sensorg, was measured using the TDT sensors at Site Al 5109-L
sensor at Site B.

Statistical Analysis

Four statistical measures were computed to comgradleevaluate each equation-
predicted (P) value with the observed (O) gravimetamples taken from the field and
laboratory soils. These include the coefficientdetermination (B, mean bias error
(MBE; Equation 12), root mean square error (RMSHudion 13), and the index of

agreementi; Equation 14) defined by Willmott (1982).
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n

MBE = n‘lz(Pi—Oi) 12

i=1

n
RSME = [n‘lz(Pl- _0,)2]°5 13
i=1
= 1_[ i=1(P = 0) 14
(AR )E

wheren is the sample siz®; = P; - O, O = O, - O, andO is the average observed value.
The units for MBE and RMSE are volumetric water teow ("7 m™; expressed as a %),
andk is dimensionless.

Hignett and Evett (2008a) point out that in mosti@gdtural and research
applications the measurement accuracy needs to itenw0.01 to 0.02 rh m?.
Therefore, statistical goals of MBE of +2.0% volunewater content and RMSE less
than 3.5% volumetric water content were formulateddeem a particular calibration
equation ‘accurate’ or not. The scalewfanges between 0-1, with higher numbers

representing greater correlation between the maeliction and observations.
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RESULTSAND DISCUSSION

Factory Calibration Evaluation

This study found that, under laboratory and fietsthditions, the factory-based
calibrations off), did not achieve the required accuracy within thNéRPto FC range of
water content for any sensor. This was not undegeor the CS616/625 or 5TE sensors
because the respective user manuals say that dteryfacalibration ofd, is accurate to
+2.5% and £3% (Campbell Scientific, 2011; Decagavides, 2010), which are already
greater than the goal of 1-2%. (Full calibratigquations can be found in APPENDIX A
- Calibration Equations.)

The MBE values for the CS616’s factory calibratioriTable 3 show that, in the
laboratory, this sensor overestimatkdby an average of 10% in the sandy clay loam
(Site A), 3% in the loamy sand (Site B), and 24%the clay loam (Site C). The
statistical values for the TDT sensor indicate ,that the laboratory, the factory
calibration underestimatelj by 1.5% in the sandy clay loam (Site A), overeated by
6% in the loamy sand (Site B), and underestimaie@.56% in the clay loam (Site C).
However, the RMSE was greater than 3.5% in alksdtlus the TDT factory calibration
did not meet the criteria for any soil. The fagtoalibration ofo, of the 5TE sensor was
accurate in the sandy clay loam. However, the ST&ctory calibration was not accurate
in the loamy sand (MBE = 2.5%) or the clay loam (&&= 3.8%). The MBE values for
the Watermark’s factory calibration in the laborgtdests show that this sensor
overestimated, by 20%, 8%, and 17% in the sandy clay loam, loaawyd, and clay

loam solls, respectively. During these tests tBd Eensor registered EC in the range of
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0.00-1.60 dS/m (0.69 dS/m average) in the soil f&ite A, 0.00 in the soil from Site B,
and 0.00-3.07 dS/m (1.37 dS/m average) in thefisom Site C.

Table 3. Comparison of the Factory Calibration-Blasg %) with Laboratory
Measurements df, (%) for the Different Sensors and Soils

. Sample 2 MBE | RMSE
Soil Type Size F()n) R (%) (%) K
CX%16
Sandy clay loam 60 092 10.4 14.7 0.70
Loamy sand 6 0.99 3.2 3.4 0.90
Clay loam 56 0.88 24.3 28.9 0.38
DT
Sandy clay loam 60 094 -1.5 4.1 0.95
Loamy sand 6 0.98 6.1 6.7 0.75
Clay loam 56 0.95 -2.6 4.7 0.91
STE
Sandy clay loam 60 092 -0.7 2.2 0.97
Loamy sand 6 0.98 2.4 2.5 0.92
Clay loam 56 0.74 0.4 3.8 0.92
Water mark
Sandy clay loam 7 0.82 20.0 20.8 0.33
Loamy sand 3 0.65 8.2 8.8 0.61
Clay loam 4 0.75| 17.3 21.2 0.37

Graphs of the laboratory-obtain@g¢ data offer a good illustration that a linear
calibration equation would be sufficient to corréloeé data collected from the sensors.
Figure 10 showed that the factory calibratior®pfor the CS616 sensor in the laboratory
on the sandy clay loam was accurate at the low&nveantents (11-20%), but not at the
higher water contents (25-36%). Figure 11 indiddtet the factory calibration 6f for
the TDT sensor slightly underestimatédat the lower water contents (11-23%) in the
sandy clay loam and slightly overestimatkdat the higher water contents (27-36%).
Figure 12 showed that the factory calibratioofor the 5TE sensor closely matched the
one-to-one line. This suggested an accurate adildlor for the sandy clay loam, with
some scatter at the higher water contents (32-36Ph)s is in agreement with the data

presented in Table 3. Figure 13 showed that tlotorfa calibration off, for the
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Watermark sensor overestimateédat all water contents, with the magnitude of exror

greater with the higher water contents.
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Figure 10. Graphical comparison of the Factory{@ated Measurement 6§ by the
CS616 Sensor in the Laboratory vs. Gravimetric Mearsents of), in the sandy clay

loam (Site A)
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Figure 11. Graphical comparison of the Factory{@ated Measurement 6§ by the
TDT Sensor in the Laboratory vs. Gravimetric Measugnts of), in the sandy clay
loam (Site A)
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Figure 12. Graphical comparison of the Factory{@atied Measurement 6§ by the
5TE Sensor in the Laboratory vs. Gravimetric Measwents of), in the sandy clay loam
(Site A)
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Figure 13. Graphical comparison of the Factory{@atied Measurement 6§ by the
Watermark Sensor in the Laboratory vs. Graviméfteasurements df, in the sandy
clay loam (Site A)
In the field tests, the factory calibrations tf for the CS616 sensor at Site A

overestimated (MBEY, by 19% in treatment 1, 32% in treatment 2, and 28%
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treatment 3. The MBE and RMSE of applying thedagctalibration to the data from the
TDT sensor in treatment 2 were within the limite(i 0.7% and 2.3%, respectively)
However, the MBE in treatments 1 and 3 were 2.7%0 212%, respectively. The factory
calibration applied to the data collected from thEE sensors installed at Site A
underestimated, by 2.4% in treatment 1, and resulted in an RMSB. 8% in treatment
3. However, the MBE and RMSE for the 5TE were witthe allowable limits in
treatment 2 (1.0% and 2.8%, respectively). The eMaark’'s factory calibration
overestimated, in treatment 1 at Site A by 11.2%, which is royghhlf of the error
found in the laboratory.

Table 4. Comparison of the Factory Calibration-dags€%) with Field Measurements of
0y (%) for the Different Sensors at Site A (sandy dteam)

Irrigation | Sample R? MBE | RMSE ;
Treatment| Size (n) (%) (%)
CS516
1 11 0.86| 18.8 19.2 | 0.31
2 11 0.53 32.1 33.7 | 0.24
3 12 0.56/ 28.0 29.2 | 0.30
TDT
1 11 0.76] 2.7 3.3 0.82
2 11 0.83 0.7 2.3 0.94
3 12 0.74, -2.2 3.8 0.89
S5TE
1 11 0.63 2.4 3.5 0.68
2 11 0.74 1.0 2.8 0.85
3 12 0.67| -1.1 3.7 0.82
Water mark
1 | 11 Jo.87[ 112 | 126 | 0.48

When inspecting the data from each treatment atAitit was clear that none of
the sensors’ factory calibrations performed satisiy. In Figure 14, it was clear that the
factory calibration ofd, for the CS616 sensors overestima@gdat all water contents,

with the magnitude of errors greater with the higlvater contents. This implies that the
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factory calibration for the CS616 sensor cannotubed in irrigation scheduling for
reasons twofold: the overestimation fif means that the irrigations will be timed later
than needed and the high slope means the depthatef applied will be greater than
needed. Figure 15 showed that the factory caldoraif 6, for the TDT sensors closely
matched the one-to-one line, suggesting an accoaditeation. In Figure 16, the factory
calibration of6, for the 5TE sensors overestimatidat the higher water contents, and
underestimated, at the lower water contents. The data in thegardis represented the
combined data from the three sensors that werali@gdtin the field. The large amount
of scatter in the figures (shown by the lof\Rlues) suggested that each sensor needs to
be calibrated individually. Figure 17 showed ttiegt calibration of), for the Watermark
sensor overestimately at all water contents, with the magnitude of esrgreater with

the higher water contents.
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Figure 14. Graphical Comparison of the Factory{@@ated Measurement 6§ by the
CS616 Sensors in the Field (sandy clay loam; SitesAGravimetric Measurements of
v

31



60 |

50 |

40 |

30 |

Content (%)

20 |

10 |

Factory-Calibrated Volumetric Water

(@]

0 10 20 30 40 50 60
Measured Volumetric Water Content (%)

Figure 15. Graphical Comparison of the Factoryd@ated Measurement 6§ by the
TDT Sensors in the field (sandy clay loam; Sitev8) Gravimetric Measurements tf
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Figure 16. Graphical Comparison of the Factoryd@ated Measurement 6§ by the
5TE Sensors in the field (sandy clay loam; Siter&)Gravimetric Measurements @iyf
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Figure 17. Graphical Comparison of the Factoryd@ated Measurement 6§ by the
Watermark Sensors in the field (sandy clay loarte 8) vs. Gravimetric Measurements
of 6,

Figure 18 is another form to express of the da¢gented in the previous graphs.
This figure shows the results of applying the fagtcalibrations to the four sensors in
treatment 1 at Site A (additional graphs can bexdon APPENDIX B - Supplementary
Graphs; Figures B-1 and B-2). Given the estimat@osities in treatments 1, 2, and 3 of
47%, 42%, and 43%, respectively, the factory catibns for the CS616 and Watermark
(and to a lesser degree the TDT) sensors measomgassible levels of water content
(greater than porosity) in each treatment durimgyations. Furthermore, the factory
calibration applied to the 5TE sensor in Treatnientd not measure saturation during
irrigations (Site A was surface irrigated with apation times exceeding 12 hours; thus it
is assumed that during irrigation events the smluad the sensors reached saturation.
This leads to similar conclusions reported by saivesearchers that the CS616 (Seyfried

and Murdock, 2001; Chandler et al., 2004; Walkealet2004; Czarnomski et al., 2005;

Plauborg et al., 2005; Western and Seyfried, 2@#1son and Wang, 2006; Logsdon
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and Hornbuckle, 2006; Ruelle and Laurent, 2008;sdog, 2009; Evett et al., 2010),
TDT (Evett et al., 2010), 5TE (Evett et al., 2018)d Watermark (Hignett and Evett,

2008b) sensors require soil-specific calibration.
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Figure 18. Graphical comparison of the Factory-tda3alibration o®, (%) for the
CS616 (red), TDT (blue), 5TE (green) and Waternfal&ck dotted) Sensors in
Treatment 1, Site A (sandy clay loam)

The factory calibrations of the CS625 and Waternsaiksors in Site B did not
achieve sufficient accuracy (Table 5). Here, therestimation o6, (CS625 MBE of 5%
and Watermark MBE of 10%) and poor indices of agre of all sensors particularly

stand out.

Table 5. Comparison of the Factory Calibration-Blesg%) versus Field Measurements
of 0, (%) for the Different Sensors at Site B (loamydjan

Sample| > | MBE | RMSE
Depth (cm) Size F()n) R (%) (%) K
CH25
30 5 099 4.4 4.9 0.73
61 5 0.99 4.2 5.0 0.59
91 5 0.35 5.6 6.9 0.42
Water mark
61 5 0.85 10.6 10.7 0.27
91 5 0.33 10.8 11.0 0.31
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An analysis of the data confirmed that the factoajibrations of the CS625 and
Watermark sensors in Site B overestimdigdt every depth. Figure 19 showed that the
factory calibration of6, for the three CS625 sensors overestimdigdat all water
contents, with the magnitude of errors equal atdifferent water contents. Figure 20
showed that the factory calibration @ffor the two Watermark sensors overestimaked
at all water contents, with the magnitude of ergnesater with the higher water contents.
Figure 21 also showed that the factory calibrataind, applied to the CS625 and
Watermark sensors at the 61-cm depth overestintgtatiall water contents (additional

graphs can be found in APPENDIX B - SupplementargpBs; Figures B-3 and B-4).
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Figure 19. Graphical Comparison of the Factory{@@ated Measurement 6§ by the
CS625 Sensors in the field (loamy sand; Site B3ravimetric Measurements @f
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Figure 20. Graphical Comparison of the Factory{@@ated Measurement 6§ by the
Watermark Sensors in the field (loamy sand; SiteB)Gravimetric Measurementsyf
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Figure 21. Graphical comparison of the Factory-da3alibration 06, (%) for the
CS625 (black) and Watermark (gray) Sensors atBS{teamy sand), at the 61-cm Depth

Sensor Sensitivity to Soil Salinity

Bulk soil electrical conductivity depends both ¢ ttoncentration of salts in the

soil and the volumetric water content: the bulk iBEeases a8, increases, as shown in
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Figure 22. Therefore, a one-time addition of s@ltthe soil in the laboratory (at multiple
0y) was sufficient to observe the TDT and 5TE serigihreesponses to multiple values of
bulk EC. Additional graphs of bulk EC v$, are located in APPENDIX B -

Supplementary Graphs (Figures B-8 to B-10).
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Figure 22. Bulk Soil EC Measured by the TDT sensoVolumetric Water Content of
the Sandy Clay Loam (Site A) in the Laboratory

Higher salt concentrations (in the range of 0.95%m) in the sandy clay loam
(Site A) increased the TDT®, MBE by 2.6% (Table 6), and in the clay loam (Site
the higher salt concentrations (in the range of5197dS/m) increased the TDT's MBE by
6.6%. Also in these tests, thg MBE of the 5TE increased by 18% in the sandy clay
loam (Site A) and 17% in the clay loam (Site C).

Table 6. Comparison of the Factory Calibration-Bigsg %) with Laboratory
Measurements df, (%) for the Different Sensors and Soils with Iraged Salt

Concentrations
. Sample 2 | MBE | RMSE
Soil Type Size F()n) R (%) (%) K
DT
Sandy clay loam 8 0.94 1.1 3.8 0.94
Clay loam 9 0.72 4.0 6.8 0.72
5TE
Sandy clay loam 8 0.88 16.9 19.8 0.49
Clay loam 8 0.77 17.3 18.2 0.36
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It is clear from Figure 23 that the increased mdk EC in the laboratory (caused
by increasing the salt concentration and wateresanj introduced errors in the TDT and
5TE sensors. This error was larger in the 5TE thenTDT, and larger in the soil with

higher clay content (clay loam; Site C). This $amy reflects the data in Table 6.
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Figure 23. Graphical Representation of the Ermmotuced by Increased Bulk Soil
EC in the Laboratory on: a) the TDT Sensor in thady Clay Loam; b) the TDT
Sensor in the Clay Loam; c) the 5TE sensor in #redg Clay Loam; d) the 5TE

sensor in the Clay Loam. (EC was read by the TDs8e)

Sensor Sensitivity to Soil Temper atur e Fluctuations

Close inspection of the output predicted by factmalbrations of the four sensors
in treatment 1 at Site A (Figure 24) showed thatrml oscillations o, were evident in

the CS616, 5TE, and Watermark sensors, while th€ fA&d virtually none. This result
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indicated that the CS616, 5TE, and Watermark sens@re strongly influenced by
changes in soil temperature, while the TDT was ridiis is in agreement with previous
research on the CS616/625 (Seyfried and Murdoc]12Western and Seyfried, 2005;
Benson and Wang, 2006; Logsdon and Hornbuckle, ;2B2@lle and Laurent, 2008;
Logsdon, 2009; Evett et al., 2010), TDT (Evettlet2010), and Watermark (Hignett and
Evett, 2008b). The diurnal oscillations @falso indicated that the Watermark’s factory
calibration that included a soil temperature cdroecwas not able to fully remove the

effect of soil temperature on sensor performance.
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Figure 24. Graphical Comparison of the Factory-BaSalibration o, (%) for the
CS616 (red), TDT (blue), 5TE (green) and Waternfbal&ck dotted) Sensors Installed in
Treatment 1 at Site A (sandy clay loam), Exhibitirgmperature-Induced Diurnal
Oscillations in Three Sensors

The linear regressions performed on the CS616,, @i Watermark sensors’
measured, to correct for temperature effects were able tprove the MBE and RMSE
values for each sensor (full equations are locatedAPPENDIX A - Calibration

Equations). However, graphs of the data proved thase equations introduced

additional noise in the data for the Watermark (+Pigure 25), CS616 (+4%; Figure
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26) and 5TE (x2%; Figure 27) sensors. Therefongs tnethod of correcting for

temperature effects is not recommended for the 6 IBIE, or Watermark sensors.
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Figure 25. Graphical Representation of the FielddglaCalibrations di, (%) that
Included a Temperature Correction (black) and didinclude a Temperature Correction
(red) for the Watermark Sensor Installed in Treatirieat Site A (sandy clay loam)
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Figure 26. Graphical Representation of the Fieldd8laCalibration o, (%) that
Included a Temperature Correction (gray) and didmdude a Temperature Correction
(black) for the CS616 Sensor Installed in TreatnZeat Site A (sandy clay loam)
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Figure 27. Graphical Representation of the Fieldd8laCalibration o, (%) that
Included a Temperature Correction (gray) and didimdude a Temperature Correction
(black) for the 5TE Sensor Installed in Treatmeat Site A (sandy clay loam)

L aboratory Calibration Evaluation

Soil-specific calibration equations developed fbe tCS616, TDT, 5TE, and
Watermark sensors in the laboratory yielded higeleof accuracy, as shown in Table 7.
(Full calibration equations can be found in APPENDA - Calibration Equations.)
These calibrations were unique for each soil, dmedMBE, RMSE errors were smaller
(and x parameters larger) than the factory calibratioriie RMSE parameters were
within the statistical targets in every test. Alsloown in this table, new calibration
equations developed for the TDT and 5TE sensoes #it introduction of salts for the
soils from Sites A and C again resulted in small $8values. This leads to the
conclusion that the calibrations applied to eaatsse sufficiently improved readings of
volumetric water content using data from laborat@sts, given that the pore water EC
remains relatively constant. In all soils, thedathmic and van Genuchten (1980)

equations produced similar levels of accuracy ler Watermark sensor. Therefore, the
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van Genuchten (1980) equation was not significamthye accurate than the logarithmic
equation, and the additional work of deriving tlegmeters for the former equation did
not seem worthwhile, within the range of soil watentents analyzed.

Table 7. Comparison of the Laboratory-based Caldmmaof 6, (%) versus Laboratory
Measurements df, (%) for the Different Sensors and Soils

: Addl Sample 2 | MBE | RMSE
Soil Type Salts Eqgn. Type Size ?n) R (%) (%) K
C516
Sandy clay Linear 60 | 092 00 | 21 | 098
loam N
Loamy sand Linear 6 0.99 0.0 0.4 1.00
Clay loam Linear 56 0.88| 0.0 2.1 0.97
DT
Sandyclay| N Linear 60 094 0.0 1.9 0.98
loam Y Linear 8 0.94 0.0 1.5 0.98
Loamy sand N Linear 6 0.98 0.0 0.7 0.99
Clay loam N L_inear 56 0.95 0.0 1.4 0.99
Y Linear 9 0.72 0.0 2.1 0.91
5TE
Sandyclay| N Linear 60 0.92 0.0 2.1 0.98
loam Y Linear 8 0.88 0.0 2.1 0.97
Loamy sand N Linear 6 0.98 0.0 0.7 0.99
Clay loam N L.inear 56 0.78 0.0 2.8 0.93
Y Linear 8 0.777 0.0 2.1 0.93
Water mark

Sandy clay Logarithmic 7 0.94 0.0 1.1 0.98
loam van Genuchter 7 0.93 0.0 1.2 0.98
Loamy sand N Logarithmic 3 0.60 0.0 3.3 0.86
van Genuchter 3 0.75 -0.2 2.6 0.93
Clay loam Logarithmic 4 0.7 0.0 2.0 0.93
van Genuchter 4 0.76 0.0 2.0 0.93

Table 8 displays the results of using the soil-gmecalibration equations
developed in the laboratory on the CS616, TDT, ah# Watermark sensors installed in
the field at Site A. The approximate range ofdiateasured, was PWP to FC. The
large MBE (> +2.0%) and RMSE (> 3.5%) values intkchthat the laboratory-derived

calibration equations for the CS616, TDT, 5TE, aMétermark sensors were not
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consistently accurate. However, the laboratoryagqn for the CS616 was more
accurate than the factory calibration, reducing MBE to 3.3, 7.7, and 4.4% in
treatments 1, 2, and 3, respectively. When condparth the TDT’s factory calibration,
the TDT’s laboratory calibration yielded comparaM8E and RMSE values, and was
accurate only in treatment 2. Applying the laborgtderived calibration to the data
collected from the 5TE sensors in the field produ@ecurate estimates @ in
treatments 2 and 3 (MBE of 2.0% and -0.2%, respelgli, but not for treatment 1 (MBE
of 3.3%). Also, applying the 5TE’s laboratory badition was slightly less accurate
overall than using the 5TE’s factory calibrationThe laboratory equations for the
Watermark sensor were less inaccurate than therfacalibration, and the accuracy of
the laboratory-derived van Genuchten (1980) cdiitmaequation was similar to the
accuracy of the laboratory-derived logarithmic dopma This is evidence again that the
van Genuchten (1980) equation was not significamibye accurate than the logarithmic
equation for this application, and that the addaiowork of deriving the parameters for
the former equation did not seem worthwhile, withtive range of soil water contents

analyzed.
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Table 8. Comparison of the Laboratory-based Cdldmmaof 6, (%) versus Site A (sandy
clay loam) Field Measurements@f(%) for the Different Sensors

Location Eqn. Type ggren?:s R? l\?oi )E R(I\O/I/OS)E K

C16

1 Linear 11 0.86 3.3 3.6 0.77

2 Linear 11 0.53 7.7 8.6 0.59

3 Linear 12 0.56 4.4 59 0.73
TDT

1 Linear 11 0.76 2.8 3.3 0.78

2 Linear 11 0.83 0.8 2.1 0.93

3 Linear 12 0.74 -2.0 3.7 0.86

5TE

1 Linear 11 0.63 3.3 4.2 0.64

2 Linear 11 0.74 2.0 3.2 0.82

3 Linear 12 0.67 -0.2 3.5 0.84

Water mark
1 Logarithmic 11 0.81 -3.0 3.6 0.82
van Genuchten 11 0.90 -2.6 2.8 0/87

Figure 28 and Figure 29 show the results of udieglaboratory equations on the
field data collected by the CS616, TDT, 5TE and &katark sensors at Site A. The
graphs confirmed that the field data from the CS@IBT, 5TE and Watermark sensors,
calibrated with equations developed in the labayatevere not always accurate in
measuring,. Also, it is clear that the TDT sensor in treatin® measured impossible

levels of water content (above porosity).
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Figure 28. Graphical Comparison of the Laboratoag®l Calibration di, (%) for the
Watermark Sensor Installed in Treatment 1 at Si{sahdy clay loam)
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Figure 29. Graphical Comparison of the Laboratoag®&l Calibration di, (%) for the

CS616 (red), TDT (blue), and 5TE (green) Sensastalied in Treatment 3 at Site A
(sandy clay loam)

Applying the laboratory-derived calibration eqoatdeveloped for the CS625

sensors at Site B was accurate at the 30- and 6depths. However, using this equation
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resulted in an overestimation @f (MBE; Table 9) by 3.2% at the 91-cm depth. At the
deepest depth, the poor MBE and RMSE values cauldlle to the small number of
samples or the difficulty of obtaining an accunateasurement from that depth. The
laboratory equations developed for the Watermankaes at Site B accurately predicted
0y at the 61- and 91-cm depths (RMSE = 1.4% andr@spectively). At both depths, the
laboratory-derived van Genuchten (1980) calibraéiqnation performed nearly
identically to the laboratory-derived logarithmiguation.

Table 9. Comparison of the Laboratory-based Calidmmaof 0, (%) versus Field
Measurements df, (%) at Site B (loamy sand) for the Different Sesso

Depth (cm) Eqn. Type ggrenp()rls R? l\?oi I)E R('\O/IA)S)E K
Cs625

30 Linear 5 0.99 2.0 2.4 0.8P

61 Linear 5 0.99 1.9 2.3 0.83

91 Linear 5 0.35 3.2 4.4 0.54

Watermark

61 Logarithmic 5 0.83 1.0 1.3 0.90
van Genuchten 5 0.89 1.0 1.4 0.82

91 Logarithmic 5 0.30 0.6 2.4 0.73
van Genuchten 5 0.3b 1.6 2.4 0.60

Figure 30 shows that the laboratory equationstiier CS625 and Watermark
sensors improved the accuracy of the meastyrati the 61-cm depth. Additional graphs

can be found in APPENDIX B - Supplementary Grafd { to B-14).
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Figure 30. Graphical comparison of the Laboratcagdal Calibration df, (%) for the
CS625 (black) and Watermark (gray-solid and blasttedl) Sensors at Site B (loamy
sand), at the 61-cm Depth

Field Calibration Evaluation

The sensor-specific calibrations performed on ther fsensors installed in the
field at Site A showed higher levels of accuracgntithe factory- or laboratory-derived
equations, as shown in Table 10. The calibratmueagons for the CS616 sensors were
accurate in treatments 1 and 2 (RMSE = 1.3% an&o3respectively), but not in
treatment 3 (RMSE = 3.8%). This result agrees Witings made by Logsdon (2009)
that “field calibrations would be recommended oasoratory calibrations for the CS616
sensor, at least for field monitoring.” The fieldrived calibration equations for the TDT
sensors were accurate in treatments 1, 2, and 3SERMf 1.7%, 1.9%, and 2.9%,
respectively). The field-derived calibration edqoas for the 5TE sensors were also
accurate in treatments 1, 2, and 3 (RMSE of 2.2&02 and 3.3%, respectively). The
field-derived logarithmic and van Genuchten (198@ibration equations for the
Watermark sensor were also accurate in treatmefRMSE of 1.6% and 1.2%,
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respectively). When comparing the complex van @bten (1980) equation with the
simpler logarithmic equation for the Watermark s#ss it is not clear that either
performed better than the other. This result dicated through the fact that both
equations had similar RMSE andvalues. Once again, it was evident that the van
Genuchten (1980) equation was not significantly enaccurate than the logarithmic
equation, and that the additional work of derivthg parameters for the former equation
did not seem worthwhile, within the range of sodter contents analyzed.

Table 10. Comparison of the Field-based Calibratbrt, (%) versus Site A
(sandy clay loam) Field Measurement99p{%) for the Different Sensors

. Sample 2 | MBE | RMSE
Location Eqgn. Type Size I?n) R (%) (%) K

C%16

1 Linear 11 0.86 0.0 1.3 0.96

2 Linear 11 0.53 0.0 3.1 0.82

3 Linear 12 0.56 0.0 3.8 0.83
TDT

1 Linear 11 0.76 0.0 1.7 0.93

2 Linear 11 0.83 0.0 1.9 0.95

3 Linear 12 0.74 0.0 2.9 0.92

5TE

1 Linear 11 0.63 0.0 2.2 0.88

2 Linear 11 0.74 0.0 2.3 0.92

3 Linear 12 0.61 0.0 3.3 0.89

Water mark
1 Logarithmic 11 0.81 0.0 1.6 0.94
van Genuchten 11 0.89 0.0 1.2 0.97

Graphs of the sensors at Site A (shown in Fig@ea8ditional graphs found in
APPENDIX B - Supplementary Graphs; Figures B-1Btt8) show that, similar to the
laboratory equations, in each treatment the figlbrations for the CS616 incorrectly
reportedd, at saturation. This result indicated that a higiveer polynomial calibration
equation was necessary for using the CS616 to meedbe full range of PWP to

saturation. The Watermark sensors in treatmenisé did not measure saturation
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appropriately. This result is most likely due te tfact that field measurements Gf
were not taken immediately following an irrigatiement, and the field drained before a
measurement could be made. In treatments 2 atite3IDT and 5TE sensors briefly
measured impossibly large (greater than poros$ity) The data shown in these graphs
agreed with research conducted by Evett et al.QR04here they stated that “a linear
soil-specific calibration would suffice to correfthe TDT] to be useful in scheduling
[irrigations] according to” management allowed d@#join. However, the TDT and 5TE
sensors are not recommended for studies that nehcourate measurements of saturation

(such as water balance studies), unless gravimagasurements can be made at a time

when the soil is saturated.

50

____________________________________ — Wmk-Ln
2 Wmk-vG
40 = === Porosity
35 ® Measured

w
o

nm

u . \|\| _‘\\]

N
o

Volumetric Water Content 8v (%)
[N [N)
9] 0]

-
o

w

0
8-Jul 18-Jul  28-Jul  7-Aug 17-Aug 27-Aug 6-Sep 16-Sep 26-Sep 6-Oct
Figure 31. Graphical Comparison of the Field-BaSatibration off, (%) for the
Watermark Sensor Installed in Treatment 1 at Si{eakdy clay loam)

49



60

TOT
! ‘ STE

50 | i |

: : ——— (CS616

0 ! | 5. 0 ' = === Porosity
. I\

kk R L 1.1 ‘ ® Measured

30

20 |

Volumetric Water Content 6, (%)

10 |

0

8-Jul 28-Jul 17-Aug 6-Sep 26-Sep
Figure 32. Graphical Comparison of the Field-BaSadbration oft, (%) for the CS616
(red), TDT (blue), and 5TE (green)Sensors Instadltefreatment 3 at Site A (sandy clay
loam)

The sensor-specific calibrations performed on t&&Z5 and Watermark sensors
installed in the field at Site B showed higher lsvef accuracy than the factory- or
laboratory-derived equations, as shown in Table The RMSE and values were all
within the goals for both sensors at each depthhemcomparing the complex van
Genuchten (1980) equation with the simpler logarith equation for the Watermark
sensors, the former equation was slightly more r@ateuthan the latter, as shown by the
smaller RMSE (0.5 to 0.8%) values and the moreesgmtative curve at the 91-cm

depth.
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Table 11. Comparison of the Field-based Calibrawiody, (%) versus Field
Measurements df, (%) at Site B (loamy sand) for the Different Sansso

Depth (cm)|  Egn. Type glazrgp():]e) R? I\?OIZ )E R(I\fA)S)E K
CS625
30 Linear 5 0.99 0.0 0.3 1.00
61 Linear 5 0.99 0.0 0.2 1.00
91 Linear 5 0.35 0.0 2.0 0.71
Water mark
61 Logarithmic 5 0.83 0.0 0.8 0.95
van Genuchter 5 0.97 -0.1 0.3 0.99
91 Logarithmic 5 0.26 0.0 1.9 0.59
van Genuchter 5 0.73 0.1 1.1 0.91

Figure 33 confirms the results of the previousletathat the field-derived

calibration equations for the CS625 and Watermarksars accurately measurégdat

Site B.
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Figure 33. Graphical comparison of the Field-baSetibration ofo, (%) for the CS625
(black) and Watermark (gray-solid and black-dott®dhsors at Site B (loamy sand), at
the 61-cm Depth
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Possible Sources of Errors

Accurate sensor readings “depend on the absenae gp between the [sensor]
rods and soil” (Ruelle and Laurent, 2008; Heng &nétt, 2008). The air gaps “may
occur during installation or subsequently as theteads to shrink upon drying” (Hillel,
1998), thus, care must be taken during installati®o avoid these air gaps, the CS616,
TDT, and 5TE sensors were installed when the sad moist and easily workable. Due
to the TDT's metal loops, however, all air gapsldowot be avoided with this insertion
technique, and are a source of possible errors thishsensor. The Watermark sensors
were installed by creating a hole with a soil augjeghtly less than the diameter of the
sensor. The sensor was then coated with a sliitheademoved soil and inserted into the
hole. The hole was then backfilled with the rerragrslurry.

The relationship between water content and matotergial in the soil is
hysteretic (Hillel, 1998). This means that the samalue of matric potential can
represent two different water contents, dependingvbether the soil is “wetting” or
“drying”. Therefore all tests on the Watermark santook place while the soil was
drying, and none of the developed equations far skensor are applicable for soil that is
wetting (which occurs only briefly during irrigaticor precipitation events).

Recommendations

For applications requiring the highest levels otwacy, such as research or
irrigation scheduling according to Management AkolDepletion, all sensors evaluated
in this study require unique sensor- and soil- gjefteld calibrations. A linear, field-
based calibration equation is satisfactory to aehtbe required accuracy of the TDT and

5TE sensors. The linear field-based calibrationttaed CS616/625 sensors did not
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perfectly reduce the errors of the factory caliimraof 6, to 0.020 +0.035 hm™, but the
calibrations were near these tolerances and thesean be used as long as the operator
understands that some errors (+0.04mt) may exist. The factory calibrations of the
TDT and 5TE sensors are acceptable in applicattonsvhich high accuracy is not
important. Field-derived logarithmic and van Gemea (1980) equations were equally
accurate calibrations for estimating volumetric evatontent with the Watermark sensor
readings.

The CS616, TDT, and 5TE sensors experienced emorsporting volumetric
water content with increased bulk soil EC (d$)mThis is in agreement with Campbell
(2011) that the CS616/625 is not accurate above®.8", and with Acclima (2010) that
the TDT is not accurate above 3 dS.min addition, the magnitude of the sensitivity to
increased bulk soil EC was greatest in the STEmweaisd was greater for all sensors in
the soil with higher clay content. Changes in smhperature influenced the reporting of
volumetric water content by the CS616/625, 5TE ®Watermark sensors, but not the
TDT sensor. Therefore, it is recommended thastiktemperature be considered in the
calibration process through either a correctionatiqn or taking readings from the
sensors during times that the soil temperaturamgas (for example, every day at noon).

The TDT sensor had the lowest cost (US $115) efsénsors used in this study.
The Watermark sensor (model 157-L, Campbell Sdientnc., Logan, UT; this model
was selected because of its ability to connectdatalogger capable of an internal, user-
defined calibration) had the same cost (US $11&Ndver the acquisition of a separate

sensor for measuring soil temperature is neededpfoper sensor calibration and
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operation. The cost of the CS616/625 was 60% gr¢aiS $185) than the TDT, and the

cost of the 5TE was 90% greater (US $220) tharThe.

Update

Campbell (2010) stated that it will release imprebwersions of the CS616/625.
These newer sensors will be capable of commungaim the SDI-12 interface,
measuring soil temperature and bulk electrical cetidity, and operate in soils with

bulk electrical conductivity of 0-3.7 dS'h
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SUMMARY AND CONCLUSIONS

This research evaluated the performance of CS636/BR2T and 5TE soil water
content and Watermark soil water potential sensuitbjn the PWP to FC range of water
contents, under laboratory and field conditionsoluvhetric soil water content/potential
values measured by the sensors were compared antbsponding values measured by
gravimetric samples. Linear calibration equatioveye developed for the CS616/625,
TDT and 5TE sensors. For the Watermark sensahratibn equations taking the form
of van Genuchten (1980) and of the logarithmic fomere developed. The derived
equations were compared against each other andagitbry-recommended calibrations.
Acceptable sensor errors for these tests were +2udfits in6, expressed as a %) MBE
and less than 3.5% (unitsinexpressed as a %) RMSE.

In the laboratory tests, it was found that the GB&dnsor’s factory-recommended
calibration overestimate@, by an average of 10% in the sandy clay loam &)t8% in
the loamy sand (Site B), and 24% in the clay lo&me(C). Laboratory tests on the TDT
sensor showed that the factory calibration was sdraeinaccurate in every soil (RMSE
4.1-6.7%). The factory calibration for the 5TE s@nwas accurate in the sandy clay
loam, but not the loamy sand (MBE = 2.5%) or theeydbam (RMSE = 3.8%). Also in
the laboratory, the factory calibration for the Wfatark sensor overestimatégdby an
average of 20%, 8%, and 17% in the soils from SieB, and C, respectively. The data
developed in the laboratory was used to develdmoHhatory equations’ to be applied to
the sensors installed in the fields.

Salt (calcium chloride dihydrate) was added togbis from Sites A and C until

the TDT measured the soil bulk EC of 5.79 dS/mhm $ite A soil and 5.92 dS/m in the
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Site B soil. The increases in salt concentratioagsed the CS616 to give an error
reading, indicating that this sensor is very seresito soil salinity and therefore not
recommended to redt] in soils affected by salinity. The bias of the TBensor was
increased by 2.6% at Site A, and 6.6% at Site @e @rrors associated with the TDT
sensor increased at higher levels of bulk EC, wkidh agreement with Acclima (2010)
that the TDT is no longer accurate above 3 d§ nMeanwhile, the bias of the 5TE
sensor was increased by 18% at Site A and 17%t@tCSwhen salts were added to the
soil. The errors associated with the 5TE sensewo alcreased as bulk EC increased.
Graphical representation of the data confirmed thatincreased bulk soil EC in the
laboratory introduced greater errors on the 5TEs@ethan the TDT, and both sensors
experienced greater MBE errors in the soil withhieigclay contents.

During the summer of 2010, CS616/625, TDT, 5TE Watermark sensors were
installed in irrigated agricultural fields near @ley, CO. The factory-recommended and
laboratory-derived calibration equations were aplio these sensors, and compared
with periodic gravimetric samples. At Site A, tlaetory calibrations o#, for the CS616
sensor at Site A overestimated (MBE)by 19%, 32%, and 28% in treatments 1, 2, and
3, respectively. The factory calibration for thBT sensor was accurate in treatment 2,
but not treatments 1 and 3 (MBE of 2.7% afd®%, respectively). The factory
calibration applied to the 5TE sensor was also rateun treatment 2, but not treatment 1
(MBE of 2.4%) or treatment 3 (RMSE = 3.7%). Thectéay calibration for the
Watermark sensor overestimatgdby 11%. Also at Site A, the laboratory calibraso
for the CS616, TDT, 5TE, and Watermark sensors weteonsistently accurate in every

treatment.
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The factory calibrations of the CS625 and Waternsshksors in Site B did not
achieve sufficient accuracy at any depth. Applythg laboratory-derived calibration
equation developed for the CS625 sensors at SitaBaccurate at the 30- and 61-cm
depths. However, using this equation resultechimgerestimation o, by 3.2% at the
91-cm depth. Using the laboratory equations deexlofor the Watermark sensors at
Site B accurately measuréd at the 61- and 91-cm depths (RMSE = 1.4% and 2.4,
respectively).

Field-derived calibration equations developed fdr sensors in both fields
returned higher accuracy than the factory- or latwoy-derived equations, and were all
within the desired limits in the approximate rargfePWP to FC. This implies that a
unique field-derived calibration equation is neeegdor every sensor and soil type, if
the sensors are to be used in irrigation schedwéindetermine the irrigation timing and
amounts. However, only the TDT and 5TE sensorerteg appropriat®, values near
saturation during irrigation events. Furthermatayas evident that the van Genuchten
(1980) equation was not significantly more accuthtn the logarithmic equation, and
that the additional work of deriving the parametersthe former equation did not seem
worthwhile, within the range of soil water contemtsalyzed. Visual inspection of the
graphs from the field data suggest that the CS@B6/BTE and Watermark sensors were
strongly influenced by fluctuations in soil tempera, while the TDT sensor was not
influenced. Therefore, it is recommended thatsbié temperature be considered in the
calibration process of the CS616, 5TE, and Watéinsensors through either a
correction equation or taking readings from thesses during times that the soll

temperature is similar (for example, every day @bn). Furthermore, quality control
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checks should be performed to monitor the bulk &Ik in the soil and, if needed, re-

calibrate the sensors to account for the increbsddEC.
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APPENDIX A - Calibration Equations
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The complete calibration equations used for the@eanin this study are below:

CS616/625
Table A - 1. Calibration Equations Used for the C&625 Sensors
Eq. Type Soil Type IlD_gg%tl?:rr{) Equation
Factory n/a n/a 0,; = 0.0007*P - 0.0063*P - 0.0663
Sandyclay | 0, = 0.41%0,; + 8.56
Laboratory loam
Loamy sand n/a 0, = 0.83%,; -0.25
Clay loam n/a 0, =0.27%9,; + 13.36
1 0, = 0.5%,; + 1.78
0, = 0.52%,; - 0.25*T + 5.49
Sandy clay 2 0y = 0.26%9,; + 9.75
loam 0y = 0.36%,; - 1.23*T + 27.85
3 8, = 0.37%,; + 6.62
Field 0y = 0.45%,; - 0.85*T + 20.70
30 0, = 1.02%,; - 4.63
0, = 1.06%,; - 0.12*T - 3.12
8, = 0.59%,; + 0.79
Loamysand| 61 0, = 0.580, + 0.02*T + 0.48
91 0, = 0.39%,; +1.84
0, = 0.43%,; - 0.09*T + 3.04

0vi = Factory-Calibrated,
P = Probe Output Period
T = TDT Probe Output Soil Temperature (°C)

TDT
Table A - 2. Calibration Equations Used for the TBdnsors
Eqg. Type Soil Type Aé(?';ljtls Location Equation
Factory n/a n/a n/a 0. = Topp et al. (1980)
Sandy clay N n/a 0, = 0.69%,; + 7.89
loam Y n/a 0, = 0.63%,; + 7.87
Laboratory| Loamy sand N n/a 0y = 0.64%,; + 1.07
Clav loam N n/a 0y =0.61%,; + 12.13
y Y nla 0, = 0.41%9,; + 13.43
Sandv cla n/a 1 0y = 0.78%,; + 2.87
Field Ioa);n Y nia 2 0, = 0.78%9, + 4.8

n/a 3 6, = 0.83%,; + 6.28

*Computed internally by the probe

0\i = Factory-Calibrated,
Topp et al. (1980, = 4.3*10%, - 5.5*10%,7 + 2.92*10%, - 5.3*10?
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Table A - 3. Calibration Equations Used for the S3é&hsors

Eq. Type Soil Type gi?tls Location Equation
Factory n/a n/a n/a 0. = Topp et al. (1980)
Sandy clay N n/a 0y = 1.05%,; - 0.24
loam Y n/a 0y = 0.36%,; + 9.39
Laboratory| Loamy sand N n/a 6, = 1.10%,; - 4.05
Clav loam N n/a 0, = 0.68%,; + 8.43
y Y n/a 0, = 0.41°0,; + 7.68
n/a 1 0, = 1.83%,; - 22.85
0, = 2.48%,; - 0.79*T - 23.78
: Sandy clay Oy = 1.44%,; - 12.01
Field loam n/a 2 0, = 1.58%, - 0.72*T - 1.24
0, =1.42%9,; - 9.73
n/a 3 0y = 1.65%,; - 0.96*T + 4.70

*Computed by the user, as recommended by Decad@ii0}2
€a = Computed Internally by the Probe

0\i = Factory-Calibrated,
T = Probe Output Soil Temperature (°C)
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Water mark

Table A - 4. Calibration Equations Used for the @atark Sensors

Eq. Type Soil Type Delb?r? .(f:m) Eq. Type Equation
Salr(‘)‘;ym‘:'ay n/a n/a 0, = 104.63*SWRyga 2
Factory Loamy sand n/a n/a 0, = 38.14*SWRga
Clay loam n/a n/a 0, = 104.63*SWRga "
Log 0y = 3.63*In(SWR) + 41.12
Sandy clay - o — .
loam n/a Ve 6s = 0.440;0, = 0.063;

a=0.332;n=1.21

Log 6, ='3.78*In(SWRy,) + 28.48

Laboratory| Loamy sand n/a VG 0s=0.370;0, = 0.049;
a=0.331;n=1.52

Log 0y = 1.90*In(SWR,) + 32.39

Clay loam n/a VG 0s = 0.500;0, = 0.079;
a=237.384;n=1.12

0y = 2.65*In(SWR,,) + 37.75

Log 8, = 2.89IN(SWRy)
sandyday| g - 0.37*T + 45.99
Ve 0s=0.470;6, = 0.063;
a=0.678;,n=1.18
8, = 3.02"IN(SWRy,) + 23.55
Log 0y = 4.88*In(SWRy)
Field 61 - 0.55*T + 42.61
VG 0s=0.370;6, = 0.049;
Loamy sand a=0.026;n=2.78
8, = 1.83*IN(SWRy,) + 16.75
Log 0y = 5.23*In(SWRy)
91 -0.99*T + 52.63
VG 0s=0.370;6, = 0.049;
a=0.011;, n=5.36
“van Genuchten (1980): 0, =6, + ©; —9)

[1+ (ah)n]i=1/n

T = Soil Temperature (°C)

SWRsar = Soil Water Potential (expressed as tension) aredsy the sensor, in units of
millibars

SWPR., = Soil Water Potential (expressed as tension) aredsoy the sensor, in units of
centimeters of kD
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Figure B - 1. Graphical comparison of the Factoagdal Calibration di, (%) for the
CS616 (red), TDT (blue), and 5TE (green) Sensofig@atment 2, Site A (sandy clay

loam)
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Figure B - 2. Graphical comparison of the Factoagdadl Calibration di, (%) for the
CS616 (red), TDT (blue), and 5TE (green)Sensofig@atment 3, Site A (sandy clay
loam)
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Figure B - 3. Graphical comparison of the Factoagdal Calibration di, (%) for the
CS625 Sensor at Site B (loamy sand), at the 30-eptiD

18 | e e

/

-
S

[EN
N

10 |

—(S625

Volumetric Water Content 0, (%)

—— Watermark L J

2 ® Measured

O L
11-Jun 1-Jul 21-Jul 10-Aug 30-Aug 19-Sep 9-Oct 29-Oct

Figure B - 4. Graphical comparison of the Factoagdal Calibration d, (%) for the
CS625 (black) and Watermark (gray) Sensors atBS{teamy sand), at the 91-cm Depth
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Figure B - 5. Soil Water Release Curves Developaah fLaboratory Pressure Chamber
Tests using Repacked Soil Cores from Site A (safalyloam)
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Figure B - 6. Soil Water Release Curves Developaa fLaboratory Pressure Chamber
Tests using Repacked Soil Cores from Site B (loaamd)
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Figure B - 7. Soil Water Release Curves Developaah fLaboratory Pressure Chamber
Tests using Repacked Soil Cores from Site C (dayn)
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Figure B - 8. Bulk Soil EC Measured by the TDT s@nss. Volumetric Water Content of
the Clay Loam (Site C) in the Laboratory
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Figure B - 9. Bulk Soil EC Measured by the 5TE sens. Volumetric Water Content of
the Sandy Clay Loam (Site A) in the Laboratory
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Figure B - 10. Bulk Soil EC Measured by the 5TEsservs. Volumetric Water Content
of the Clay Loam (Site C) in the Laboratory
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Figure B - 11. Graphical Comparison of the Labana®ased Calibration di, (%) for
the CS616 (red), TDT (blue), and 5TE (green) Senbwtalled in Treatment 1 at Site A
(sandy clay loam)
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Figure B - 12. Graphical Comparison of the Labanat®ased Calibration di, (%) for
the CS616 (red), TDT (blue), and 5TE (green) Senbwtalled in Treatment 2 at Site A
(sandy clay loam)
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Figure B - 13. Graphical comparison of the Labanatmased Calibration df, (%) for
the CS625 Sensor at Site B (loamy sand), at then3@epth
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Figure B - 14. Graphical comparison of the Labanatmased Calibration df, (%) for
the CS625 (black) and Watermark (gray-solid andkstiotted) Sensors at Site B (loamy
sand), at the 91-cm Depth
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Figure B - 15. Graphical Comparison of the Fields&#h Calibration o, (%) for the

CS616 (red), TDT (blue), and 5TE (green)Sensorslled in Treatment 1 at Site A
(sandy clay loam)
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Figure B - 16. Graphical Comparison of the Fields®&ah Calibration o, (%) for the
CS616 (red), TDT (blue), and 5TE (green)Sensorsllesl in Treatment 2 at Site A
(sandy clay loam)
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Figure B - 17. Graphical comparison of the FielddzhCalibration o, (%) for the
CS625 Sensor at Site B (loamy sand), at the 30-eptiD
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Figure B - 18. Graphical comparison of the FielddzhCalibration o, (%) for the
CS625 (black) and Watermark (gray-solid and blasttedl) Sensors at Site B (loamy
sand), at the 91-cm Depth
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