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Abstract: Non-destructive monitoring of soil water content)(hd the electrical conductivity of the
soil solution (ECw) has been desired for environtaervaluation and sustainable agriculture.
Dielectric probes and four-electrode probes areelyidsed for the non-destructive determination of W
and the soil bulk electrical conductivity (ECb)spectively. Since the output of dielectric probes i
affected by soil salinity, the calibration for te#ect is indispensable for accurate determinadibid.
Meanwhile, four-electrode probes require the W edar determination of ECw from ECb. We present
an empirical calibration method for the salinitypdadence of commercial capacitance moisture
probes. A four-electrode probe was also calibratednvestigate the possibility of simultaneous
monitoring of W and ECw by combining each calibvatequation for capacitance and four-electrode
probes. A laboratory experiment was conducted usisgndy soil to obtain probe outputs at various W
(air-dry-near-saturation) and ECw (0-31.9 dS"YmThe output of the capacitance probe exhibited
strong, nonlinear dependence on ECw. The root nsgalare error (RMSE) between actual W and
calculated W using the linear functions providedthy manufacturer was at a maximum of 0.162 m
m2. A calibration equation, describing the probe atips a function of W and ECw, was developed
using curve fitting approach. The RMSE betweea #ttual and calibrated W by this equation was
at a maximum of 0.011 tm 3. The output of the four-electrode probe (ECb) a® expressed as a
function of W and ECw. The calibration equationsdach probe were combined and solved for W and
ECw. Although both W and ECw were determined witheptable accuracy, the combined calibration
equation had multiple solutions for W. Developmehthe method to select optimal solutions will be
needed for the practical application of this probmbination.
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INTRODUCTION depending on the apparent permittivity of the sbiie
value off is empirically determined from relationships
Soil water contentd( m®* m) is one of the most between the soil water content and electrical sigra
important hydrologic variables that affects surfacetheoretically determined by dielectric mixing maoslel
runoff, infiltration, evaporation and transpiratiddon-  These dielectric moisture sensors enable non-
destructive monitoring methods 6fhave been desired destructive and real-time monitoring @fHowever, the
for environmental evaluation, precision agricultamed  outputs of sensors are usually affected by soietyp
natural resources management. Widely accejptaitu ~ salinity and temperatufé®*®. Therefore, calibration
methods include radioactive methBd8" however, for these effects is essential for accurate detestian
these probes cannot be left unattended and theréfor of . In this study, we focus on the dependence of the
is nearly impossible to automate the measuremenbutput of dielectric probes on soil salinity.
Alternative techniques have been developed that tak  Salinity dependence of probe outputs is caused by
advantage of the relatively high permittivity ofteato  dielectric losses of imaginary part of the complex
estimated, such as Time Domain Reflectometry (TDR), permittivity of the soil. The dielectric losses inase
impedance and capacitance methods. Every type afith increase in ionic conductivity and with decsean
dielectric moisture sensor outputs an electricghai  the probe frequenciB8. Inoue et al.* compared
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salinity sensitivity of twelve commercial dielectri laborious and time-consuming. Non-destructive and
sensors in a sandy soil and reported that the buatipu more practical methods are based on direct
ECH,O EC-10 probe (Decagon Devices Inc., Pu||man,measurerlnents of the soil bulk electrical conduigtivi
Washington, USA), referred to as EC2 in their study0b(dS m~), made upon geophysical-type sensors such
exhibited highest sensitivity to the electrical @85 four-electrode probe systems, electromagnetic
conductivity of the soil solutiona(,, dS m%). The induction sensors and TDR systems, however, theeval
ECH,0 probes employ the capacitance method and ar%lf 6 ISd requwbed_ for converting, éo Q(Vjv' IThe f((i)#r-
well known as low-cost commercially available soil &'€Ctrode probe is inexpensive and widely usedrier
moisture sensors. In particular, the model EC-10 anrap|d measurement of, . Therefore, the simultaneous

se of the dielectric probe and the four-electrpdshe
Irzec':s_ze?:t(iczlr %a;t:;ereg:gﬁivgge?s Es%ggiooﬁzdoflzcl H?n2d|::1ight be effective under variable salinity condito
resp €ly) ha ; y . 7] because dielectric probes require the monitoring of
inexpensive soil moisture probes avail&bie®” The

f h | ed th inity | salinity for the determination &, while four-electrode
manufacturer has also recognized the salinity is8Ue  ohes require the monitoring @ffor the determination

recommended the use of these probés ga  of g,. It can be expected that the outputs of each probe
< 0.5 dS M. So far, no calibration procedure hastype complement each other by combining their
been presented for existing ECHO10/20 users whealibration equations. This combination of probesym
make use of the probe in soils havimg >0.5 dS m'. become an inexpensive system that enables
The ECHO10/20 is also known to exhibit significant simultaneous monitoring o® and o,, compared with
temperature dependeffcd!. other simultaneous monitoring systems such as TDR.

Calibration for salinity dependence is strongly The newer model of EG® probe, ECHO-TE, also has
recommended for every type of capacitance probe, némployed this combination of system.

only for the ECHO probe&?. Several studies have The second objective of this study was, therefore,

been made on the effect of salinity for anothert© explore the possibility of simultaneous monitgriof

commercial capacitance probe, the EnviroSCANWater content and salinity by combination of the
(Sentek Pty Ltdp Kent TowF:1 South Austraf4§:2®! ECHO10/20 probe and the four-electrode probe. A

Furthermore, Kellenerset al’18  developed a calibration equation for the four-electrode probe,

theoretical calibration method for the salinity describing the probe outpuyj as a funct.|on QB gnd
dependence of the EnviroSCAN using an electriccw Was also developed for the sandy soil. This eguat
S : . was combined with the calibration equation for the
circuit model. Although this technique may be ECHO10/20 and solved férand

applicable to other capacitance probes, the thieatet v Ow-

calibration requires electromagnetic parametershef

probes and deep understanding of electromagnétics.

may be difficult for users themselves to applyECHZO il moisture probe The ECHO10/20

theoretical approach for their own soils. Thus this (ECH,0 model EC-10 or EC-20) probe is a plate type
study, we propose an empirical calibration method f capacitance soil moisture sensor (3.2 cm in helgh

:jhe saflinity deplegdence of the E_CHOlOéZO prolb[?%usincm or 25.4 cm in length, respectively). The ECH
datal rorg a _a_loratory_ _eX||oer|ment.h fare!s al. probes determine the apparent permittivity of & l3pi
eveloped a similar empirical approach for tempeeat measuring the charge time of a capacitor. The

dependence of the EnviroSCAN using a sandy so#. Thmeasurement principle of the E@Biprobes is reported

first objective of this study was development of an, joiail by Decagon Devices, IfE. The manufacturer
empirical calibration equation for the

d d f the ECHO10/20 be. A Slf;“nit.y has provided a different linear calibration equatto
epen enge 0 bt e h b Probe. ; ca 'fd;?t'orbescribe the relationship between the output veltxg
equation, escrl Ing the probe OUtPUt asa una ... (V) and @ for each probe model. The typical accuracy

anda,, was derived for a sandy soil using curve fitting of these equations is +0.04*m™ in medium-textured

approach. soil types with low electrical conductivity and thhe
Under variable salinity conditions, the monitoring yp 3 y and thaey
can have an accuracy of +0.02 m™ with a soil-

of the salinity is indispensable for the accurate o bratiold ——
determination of® with salinity-sensitive dielectric specific calibratioft’. The frequency of the oscillation

probes. Moreover, the salinity monitoring is imamtt ~ for the ECHO10/20 probe is 5 MHz, this low frequgnc
for environmental evaluation and sustainableiS one of the reasons for high salinity sensitf¥it.
agriculture. Direct determination of, through the Recently, the manufacturer has developed new
collection of soil samples and their aqueous efdrape  capacitance probes, the EC-5 and ECHO-TE, which
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have lower salinity sensitivity due to applicatioha  Table 1: Some physical properties of Tottori sand

i Particle Dry bulk Particle size distribution (%)
higher frequency (70 MHZ). ey pdoy
_ (Mg m™) (Mg 3 Clay Silt Sand
Four-electrode Probe: A pen type four-electrode probe 5 g4 150 0 0 100

with a temperature sensor, SK-3100 (Sankeirika, inc:

Tokyo, Japan), was used in this study. The lenfth® ;.o (eferred to as actual, (0.9 and actuald (6,),

sensing part is 7.5 cm and the diameter is 1.2Tdre. respectively. The values af,, in samples did not

SK-3100 probe consists of four parallel steel ringschange by additional dissolution of salt from soils

(ele;;trode§) TLhat constitute ~ a | W?nr:“?lr'.a"aybecause preliminary leaching was performed
configuration. The measurement principle of thellsim ¢ giciantly. The mixtures were kept in vinyl bagsa

four-electrode probe has been described in detail b, temperature of 25°C for two days. Then

Inoueet.al.[lS]. The prob.e output, Lis !or_oportional to samples were packed as uniformly as possible at
the soil bulk electrical ~conductivity, 0, The  hredetermined bulk density in covered cores
proport_lonahty constant of) _between L and oy, IS (30 cm in length, 15 cm in width and height), the
determined by  measuring  known electricalojymes of which were larger than the measurement
conductivities of various water solutions under the, s me sensed by the probes. The output value ag,or
reference temperature. Thevalue of the probe used in 55  determined with the corresponding ' p’robe
this st_udy was 0.20. While the original output &-S . nected to a datalogger (Model CR-21X, Campbell
3100 is L, the calculateds, was adopted as the probe ggientific, Logan, UT). Each probe was buried 5em
output hereafter in order to simplify and geneglize {5 each sample and the average value of the Sutsutp
results. _. S . ~was used in the subsequent analysis. To avoid the
Soil-specific calibration is required for convedi  iynomogeneous distribution & caused by downward
Oy, to the electrical conductivity of the soil solutia,,. redistribution within the sensed volume in sance th

Rhoadeset a'-[Z_G] developed a simple and practical samples were agitated sufficiently before buryihg t
model to describe the relationship betwegrando..  probe.

According to this modelg, at constan® is linearly
related tooy: Development of Calibration Equations: A calibration
equation was developed for each probe based on the
o, =0t0,, +o, 1) results from the calibration experiment. Empirical
equations were sought that can fit the data points
Where, 1 (non-dimensionaD is a Soi|-specific Smoothl)./ and aCCUrately. All curve flttlngs erre
transmission coefficient also known as tortuositd @, ~ 2CCOM I(:]shed using the Levenberg-Marquardt nontinea
is the electrical conductivity of the solid phase Method™. The detailed development is shown in the
associated with ion exchange between the solid anfesults section. In dielectric mixing models, tlifec
liquid phases. The tortuosity can be expressed as & salinity (electrolyte concentration) on the ammd

linear function of the water content: soil permittivity is generally expressed as a fiorcof
o0, However, we expressed the probe output of
t=a+b ) ECHO10/20 as a function o® and o,, since the
calibration equation derived as a function af had
where, a and b are soil specific empirical constant non-unique solutions fd and lower accuracy than the

equation derived as a function of,. Moreover, the
Calibration Experiment: The ECHO10/20 and four- response of the probe output ¢, which is nearly
electrode probes were calibrated in mixtures otdfot proportional to osmotic potential, may be more
sand (Table 1) and sodium chloride solutions. Knowrnimportant and useful information than the respatuse
volumes of NaCl solution with known concentrations g, for users. The response of the probe output,tand
were added to the oven-dried sand to obtain desireghe problem of multiple solutions férare discussed in

water content and salt concentration valdes.all, the Discussion section.
35 soil samples were made with NaCl concentratains
0, 0.5, 2.0, 3.5, 5, 10 and 20 g‘l(corresponding t@, RESULTS

of 0, 1.02, 3.81, 6.51, 9.17, 16.7 and 31.9 d3, m
respectively) an® values of 0.046, 0.122, 0.183, 0.274 Relationship between the output of the ECH,O
and 0.335 rh m 3. Hereafter, these values foy, and® probe, water content and salinity: The tendency for
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Fig. 2: Response of the output of ECHO10 probe to
electrical conductivity of the soil solution for
each water content in Tottori sand. Thg, ¥
the probe output in oven-dried soil

Development and Solution of the Calibration
Equation for the ECH,O probe: To develop an
empirical calibration equation for the dependericihe
outputs on® andag,, we sought a fitting equation that
can consistently describe the x as a functiord adt

Fig. 1: Response of the probe output (x) to Watereveryowafrom Fig. 1. How_ever, such an gquation could
content change for each electrical conductivity©t Pe found due to the irregular variation of #:8
of the soil solution ¢,) in Tottori sand. (a): CUrves witha,,. Thus, we sought a fitting equation for
ECHO10 and (b): ECHO20. The solid lines arethe output by replacing with o,, on the horizontal-axis
the linear calibration functions provided by the @ shown in Fig. 2. Figure 2 shows the responsheof
manufacturer that neglect salinity dependence output of the ECHO10 probe to, for each water

salinity dependence of the ECHO10 was very sintdar
that of the ECHO20 (Fig. 1). For this reason, wé wi
show the figures only for the ECHO10 below. All

equations shown below are applicable to both the
ECHO10 and ECHO20. The output of the ECHO10/20

was greatly affected by salinity: small increasecin
can drastically increase the output (x), indicatthgt
salinity calibrations are essential for ECHO10/20
probes when used in saline soil. For example,afxf
function obtained from non-saline soil were applied
saline soil witho,,= 10 dS m", the output fo® = 0.12

m® m™ would be misinterpreted as saturation. Linear,

calibration functions provided by the manufactudet
not agree with the outputs even in the loy range.
The shape of nonlinear &-curves intricately varied
with increase iro,, from the convex downward to the
convex upward. At higi® anda,, (0 >0.3 nf m™ and
o, >6 dS m") or low® ando,, (6 <0.1 nf m* anda,,
<3 dS mY), increase im,, did not significantly increase
the output. The output was also insensitiv® fo these
ranges.
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content. We fitted the outputs with a logistic cuthat
has an additional linear term;

X

max

1} exp(- 5,)

1+[

where, %, Xnax and r are coefficients of the logistic
curve, % (V) is the output value in the oven-dried soil
and k is the slope of the linear term. The lineamtis
added to improve the fit and hence to describe thell
linear increase of x at highando,,. Thus the value of

k was determined at the average value of the slopes
the linear segments through two outputogt = 16.7
and 31.9 dS mhfor 6, = 0.274 and 0.035 tm 3
(Fig. 2). After determining the k value, the valuwés,
Xmax @nd r were determined using the Levenberg-
Marquardt nonlinear method. Equation 3 was in
excellent agreement with the outputs at evBgyas
shown in Fig. 2. Table 2 lists the values gf,xk and
root mean square errors (RMSE) of Eq. 3 for all
outputs.

+Xdry + I(Gw (3)
Xmax -

Xo
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Table 2: Values of g, k and root mean square errors (RMSE) of 0.6 T T
Eg. 3 R 1:1 Line § §
Probe Yy (V) k RMSE (V) E % x
ECHO10 0.350 0.0010 0.0060 3 X
ECHO20 0.388 0.0010 0.0096 = I x X X
@ 4
0.4 1.2 g X ‘
. T T T T " T T : o X .
‘ & 03 X ?( 7
A fitted with Eq.(4) / o g X X X
o - fitted with Eq.(5) - '
- R — fitted with Eq.(6) & 3 X
- ® |
5 § S R
8 02 o5 g 3 o X |e 0Ea@)
3 2 © XK X 6., (Manufacturer)
S -0.1 " L "
0.1 0.3 06
Actual water content, 0, (m3 m-3)
0.0 L L L 0.0
0.0 0.1 0.2 0.3 0.4
Volumetric water content, 0 (m? m) Fig. 4. Comparison of the actual and calibratedewat

content for the ECHO10. Thé. is the water
content calibrated by Eq. 3. TBg, is the water
content calibrated by the linear functions

The values of the fitted coefficients, Xmax and r, provided by the manufacturer
varied with 6,. If each of these variations can be
expressed as a function 6f the x in Eq. 3 can be derived calibration equation, Eq. 3 was solved gisie
expressed as a function ®fandao,,. The dependencies X and g, data set from the calibration experiment.
of Xg, Xmax @and r or@ are shown in Fig. 3. The values of Figure 4 compare8, with the calibrated water content
Xo, Xmax @and r were fitted with the following empirical by Eq. 3,8.. Soil water content calibrated by the linear

Fig. 3: Dependence of the logistic coefficientsEin. 3
on water content for the ECHO10 probe

equations, respectively: functions provided by the manufacturdd,) is also
shown in Fig. 4. It can clearly be seen that Eq. 3

Xo = a,0™" (4)  calibratedd with high accuracy from low to high and

salinity ranges. The RMSE values betwdgrand 6,,

N (5)  Wwere 0.162 mm™ for ECHO10 and 0.127 fm® for

i R ECHOZ20. In contrast, the RMSE values betwégand

8. were markedly improved: 0.008m™ for ECHO10

r=exp( g0 +b,) +c sin( ¢6) (6)  and 0.011 hm™ for ECHO20.

where, @, bo 8mae Banme Grmae & B G and d are Cal_ibra_tion of _the Four-electrode Probe: A
fitting parameters. The values of the parameters ancalibration equation for the four-electrode probe,
RMSE are shown in Table 3. Substituting Eq. 4-6 indescribing the probe outputiy) as a function o and
Eq. 3 gives a calibration equation for the ECHOQ0/2 Ow, Was also developed as follows. Toewas linearly
probe that expresses the dependence of probe autput related to o, at eachd, and was described well with
8 and 0,. The variations of x calculated from Eq. 3 Ed. 1 (Fig. 5). Each slope and intercept of the
combined with Eq. 4-6 are shown in Fig. 1 and 2ah  regression lines represerfit and os in Eg. 1,
be seen that this equation is still in close agex@m respectively. The dependence of the sidjig ¢n water
with the data and connects data points smoothlyonit ~ content is presented in Fig. 6. The values of titmd
inappropriate fluctuations, despite its complexity. parameters of Eq. 2, a and b, were determinednieaf

If the value ofo,, is known, the value o® can be regression betweem and 8. However, calculatedt
calibrated by solving Eq. 3 combined with Eq. 436 b from Eq. 2 using the determined a and b was less th
substituting the values of x aral, into the equation. zero in the low water content rangg< 0.05 i m™)
Since Eg. 3 can not be solved algebraically pra  as shown in Fig. 6. This causes a critical errothie
numerical root finding technique is needed: we ubed determination ob,, sinceo,, has negative values when
bisection method. To evaluate the validify the  negative 6t values are substituted into Eq. 1.
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Table 3: Parameter values and RMSE of Eq. 4-6

Eq. 4 Eq.5 Eq. 6
Probe ) bxo RMSE  @max Bxmax Cxmax RMSE a br G o RMSE
ECHO10 1.816 1.633 0.0091 0.677 -0.034 0042 0.001312.84 -4.047 -0.255 -12.89  0.012
ECHO20 2291 1.695 0.0113 0.767 -0.043  0.049  0.001920.18 -6.349  -0.396  -11.10 0.005
Table 4: Parameter values and RMSE of Eq. 2, Band
Eq. 2 Eq. 7 Eq. 8

a b RMSE & be: Cor RMSE as Bos RMSE
2.333 -0.118 0.0051 0.295 118.879 17.481 0.0014 8%5.9 -5.155 0.0004

Ts . . . . T T where, g, by, and g, are fitting parameters.

] fitted with Eq.(1) .

S fitted with Eq.(1) combined with T_he val_ue ofos can be tgken as zero in Eg. 1 for

o Egs.(7) and (8) certain media such as Tottori s8fié®, howeverg, and

: = 0,20046 (m3m?) its dependence on water content was taken intouatco

E LS 8=g1§§ here to enhance the accuracy of detengioy

Q — = . .

s v 00274 (Fig. 6). Several studies have also reported on the

o

E | e tmoass dependence ofi; on water conteft*®. The os values

° were fitted with the following curve:

s | T, AT e

Y o, = exp( ab+ bcs) (8)

0 5 10 15 20 25 30 35
Electrical conductivity of the soil solution, o,, (dS m-')

Fig. 5: Soil bulk electrical conductivityf) determined

where, gs and bys are fitting parameters. The values of
the parameters and RMSE of Eq. 2, 7 and 8 are shown

by the four-electrode probe as a function of theiy Taple 4. Figure 6 shows that boh and o5 were
electrical conductivity of the soil solution at \yq fitted with Eq. 7 and 8. Substituting Eq. 7da8

each water content in Tottori sand.

o
=)
©

0.3 R
m Ot g
L -~ fitted with Eq.(2)

into Eq. 1 gives the calibration equation descighin
as a function ob ando,,. This equation can describe
the data well as shown in Fig. 5.

If the 6 value is known, theo, value can be

0t

0.2

— fitted with Eq.(7)
’ 0-5
...... fitted with Eq.(8)

o
=}
&

|
°
=]
&

determined using Egq. 1 combined with Eq. 7 and 8.
This equation was solved algebraically foy, by
substituting theo, and 6 values from the calibration
experiment. The comparison of,, and the calibrated

0.1

|
o
o
¥

L : 0.00

0.0 L .
0.0 0.1 0.2 03 0.4

Electrical conductivity of the solid phase, o5 (dS m-)

Volumetric water content, 0 (m3 m-3)

Fig. 6: Dependence of theBtr and electrical

conductivity of the soil's solid phaseg on
water content in Tottori sand.

Thus in this study, thét values was fitted by the

following logistic curve, which provides positivet
values in the low water content range:

= —a()‘ 7
ot 1+b, exq- ¢90) )
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Ow (Owe) is shown in Fig. 7. The RMSE betweey, and
Owc Was 1.403 dS m and the margin of relative errors
in o, for eacho,,, was within approximately +15%.

Simultaneous Deter mination of Water Content and
the Electrical Conductivity of Soil Solution:
Substituting Eq. 1 in Eq. 3 produces a calibration
equation that expresses the relationship between th
ECHO10/20 probe output (x), the four-electrode prob
output ) and water contenBj. This equation can be
solved numerically fo® with the bisection method by
substituting x ando,, however, non-unique solutions
were found for several combinations of x and Thus,

in this study, the most optimal solutions were celd

as 6. from the obtained multiple solutions by referring
the 6, values. Theo,. values were calculated by
substituting they, and obtained, values in Eq. 1.
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T 40 ——— DISCUSSION

% L —— 1:1 Line 4' _ . . .

o . Two points should be noted regarding the practical

g | +15% relative error . . . . . .

° 30 - SN application of this combination of probes: non-

= X unigueness and non-existence of the solutions @f th

3 | calibration equation. The calibration equation of

S 20 - - ECHO10/20 describing x as a function ®&fand o,

3 x | x 0,=0.046 | | (Eg. 3) had only one solution f@rin a realistic water

5 + 0,=0.122 content range (e.g8 = 0-0.4 m m®). In contrast, the

© 10 v 0.=0.183 combined calibration Eq. 3 combined with Eq. 1,

3 0 0,=0.274 . :

8 0 0.20.335 | describing x as a function & anda,, had up to three

2 7 | | | solutions in this range. The reason can be explaase

C 0T T 20 a0 w0 follows. As shown in Fig. 2, the @ functions at every
Actual electrical conductivity, Swa (dS m-1) 6, do not intersect each other, meaning that x value

monotonically increases with increasifigat any o,
Fig. 7. Comparison of the actual and calibratedvalues: 8 has only one value for one x value. In
electrical conductivity of the soil solution from contrast, the s, curves drawn by spline interpolation

Eqg. 1 of the raw data (Fig. 9) intersect each other atisd
points particularly in the middle, range, meaning that
Actual electrical conductivity, Oy, (dS m-) x value varies irregularly witl® at middleo,: 6 can
o4 1|° ' 2|0 ' 3|0 %% T have multiple values for one x value. This suggtsis
E i 7 a calibration equation of ECHO10/20 derived as a
E 1 i Line : E function of @ and g, inevitably have multiple solutions
f’ 03 % X 0 = for © due to the characteristics of the response of x to
é % 2 0y, regardless of the fitting approaches and equstion
8 X 3 Note that the complexity of the calibration equatio
g 02 x 720 § does not cause the non-uniqueness solutions asa®ng
i :/,/x. 8 f[he equa'_[ion connects data points_ sr_noothly without
5 o1 L e x 1 o % inappropriate fluctuations as_shown |n_F|g. 2.
= gg x : 5 A typical example of this non-uniqueness caused
© I ! " g by the irregular variation of x withis shown in
oo;ﬁ’ P R R B 08 Fig. 10. The X® function had three intersections with

00 01 0.2 0.3 04 X = 0.813. Thus, inappropriaté, values may be

obtained with the bisection method if the apprdpria

Fig. 8: Comparison of the actual and calibratedewat search range (0.093_3m“n'3 < for lower boundary
? conteFr)n and electrical conductivity of the soil <03'1§_’? and 0-190.?““ ® < for upper boundary <0.304
soluton using the combined calibration ™ M) is not provided.
equation (Eq. 3 and 1) for the ECHO10 and The non-uniqueness of solutions may severely
four-electrode probe. limit the application of this approach. A possible
countermeasure to this problem would be dividing th
Figure 8 compare8, andf. ando,, ando,, from  search range minutely and continuously (e.g., 0.0
Eg. 3 and 1. The RMSE betwe8pand®: was 0.019  0.05-0.1 ...) to obtain all solutions in a realistiater
m” m* for the ECHO10 and 0.026 “mm™ for the  content range. The optimal solution could then be
ECHO20. Although the accuracy was lower thanggiected. In actual field observations, the optifal

determiningd from knowna, (Fig. 4),6 was calibrated .\ o chosen by referring 8 from previous data.
with acceptable accuracy from the low to high WaterThat is, the value d is extrapolated from variation of
content range. The determination accuracy agf ' P

decreased with increase @, This can be basically €8 values at previous time steps and the clogetst
attributed to corresponding growth in the deterioma  the extrapolate is chosen as the optim@l However,
error by Eq. 1) as shown in Fig. 7. The RMSE betwee We should note that this will not apply in some
Owa andao,,. for ECHO10 and ECHO20 were 2.88 and Situations when the logging interval is quite lagthe
5.37 dS nt, respectively. variation off is large such as after heavy rainfall or
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100 ' ' . o confirmed that when the accuracy of the derived
It calibration equations for ECHO10/20 and four-
| 0,20.183 electrode probes decreased slightly, the combined
—:—Z:gzg A calibration equation had no solution or no optimal

solution for some combinations &, and o,, This
suggests that fitting equations as accurate asiij@ss
should be sought in deriving calibration equatiofs.
similar problem was reported by Kelleness al.®.

Probe output, x (V)
o
(2]
o
T

vy = 0.350 | They also found that 15 out of 88 conditions had no
solution in their theoretical calibration method
030 0= e e pre o combining the capacitance and four-electrode probes

Similar empirical curve fitting approaches may be
applicable for other commercially available diet&ct

Fig. 9: Response of the output of ECHO10 probéigo t SENSOrs including capacitance probes, considehing t
soil bulk electrical conductivity for each water shapes of their output; curve$®. In particular,
content in Tottori sand. The values of the bulkapplication to probes whose output value monotdiyica
soil electrical conductivity were measured by aincreases with increasing at anyg, values seems to
four-electrode probe. The curves were drawn byoffer promising prospects because the problem of no

Soil bulk electrical conductivity, o}, (dS m-1)

spline interpolation of the data points uniqueness will not arise. The combination of

capacitance and four-electrode probes may be numte ¢

10 - . - T . - effective than TDR systems. In addition, this
i 0,20.094 ortimal * 0.20.301 1 combination seems to have an advantage over TDR

solution
B (Ouwe=2.42)
0.9 (Ouwe=37.94) 0,=0.189 "I

o813 | J =t at)
08 F

under high o, conditions because TDR systems
sometimes can not determi®ein high o,, since the

: : 7 amplitude of reflected signals decreases with eseze

. appropriath search range | : in solution concentratidf?’.

i lower boundary upper boundary -

x value (V)

0.7

A CONCLUSION
ctual —
06 water content x value calculated
0,=0.183 from Eqs.(3) and (1) | An empirical calibration method for the salinity
o5 | (Ow=9.17) | ‘ | , dependence of the ECHO10/20 probe was presented in
T0.0 0.1 02 03 0.4 this study. The development process of the calimat
Volumetric water content, 8 (m? m-3) equations is summarized as the following threesstep

Fig. 10: Typical example of the multiple solution§ ¢  Fitting x as a function af,, with logistic curves
the combined calibration equation (Eq. 3 and® Fitting the coefficient values of the logistic cas/
1), variation of x calculated from the equation as functions of6 with appropriate empirical
against water content change whir= 0.183 equations _
and 6,, = 9.17 dS M (x=0.813V and Expressing x as a function o and o, by
wa — . - . .. . .
o, = 0.478 dS ). All of the 6 values at the ~ COMPining the fitted equations

intersections of calculated x and the line of  \ye expect that this procedure is applicable for
x = 0.813 can mathematically be the solutionspther types of soils. The derived equation calimdt
of the equation with high accuracy when accuratg, values were
known.
irrigation events. Judging the validity of,. values is A calibration equation of a four-electrode probe
also helpful for the selection of optim@) becauses,, was also developed to investigate the possibility o
obtained by substituting inapproprigle in Eq. 1 can simultaneous monitoring o® and g,, by combining
also take an inappropriate value (Fig. 10). Ineach calibration equation for the ECHO10/20 and-fou
conclusion, the development of a flexible algoritisn  electrode probe. Although bott® and o, were
needed for the automatic selection of optifal calibrated with acceptable accuracy, the combined
Decreasing the accuracy of the curve fittings $ead calibration equation had multiple solutions f@
not only to an increase in determination erroBoénd  suggesting the difficulty of simultaneous monitgriof
Oyc but also to non-existence of realistic solutione 6 andg,, by this combination of probes. Development
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of a flexible algorithm may enable to select optima 5. Campbell, C.S., G.S. Campbell and R.C. Douglas,

solutions from multiple solutions automatically hhts
was not shown. In addition, we recommend that segki
fitting equations as accurate as possible in dagivi
calibration equations to avoid a lack of optimal
solutions.

The calibration of temperature dependence of these
probes is another problem. Simultaneous calibration 6.

temperature and,, will be needed for the accurate
monitoring of 8 under field conditions such as in arid
regions since botlw,, and oy, are strongly affected by

temperature. Further studies are anticipated toesol ;

above problems.

Notes: The program used in this study is freely
distributed under the general public license. ECH20
for determining water content and salinity from the

outputs of ECHO10/20 probe and four-electrode probe™*

http://www.sakura.cc.tsukuba.ac.jp/~fujimaki/dowandio
/[ECH20S/
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