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Abstract: Dielectric measurement techniques are used wideleg$timation of water content
in environmental media. However, factors suchte®mperature and salinity affecting the
readings require further quantitative investigateord explanation. Theoretical sensitivities of
capacitance sensors to liquid salinity and tempesabf porous media were derived and
computed using a revised electrical circuit anagoguodel in conjunction with a dielectric
mixing model and a finite element model of MaxwelBquation to compute electrical field
distributions. The mixing model estimates the beffective complex permittivities of solid-
water-air media. The real part of the permittiwlues were used in electric field simulations,
from which different components of capacitance weakeulated via numerical integration for
input to the electrical circuit analogue. Circugsistances representing the dielectric losses were
calculated from the complex permittivity of the bgbil and from the modeled fields. Resonant
frequencies from the circuit analogue were usegpttate frequency-dependent variables in an
iterative manner. Simulated resonant frequencidbeftapacitance sensor display sensitivities
to both temperature and salinity. The gradientsnanmalized frequency with temperature
ranged from negative to positive values as saliitigreased from 0 to 10 g'L The model
development and analyses improved our understarafipgocesses affecting the temperature
and salinity sensitivities of capacitance sensorgeneral. This study provides a foundation for
further work on inference of soil water content enfield conditions.
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1. Introduction

Capacitance-based electronic instruments are gagammon application in the field for estimation of
soil water content from bulk dielectric properti€uch instruments are generally sensitive to sévera
factors, including soil temperature and electrazabductivity, affecting the effective complex pettirity
of environmental media surrounding the probe. Teatpee-dependence of the measured bulk
permittivity and apparent water content has beesenked in the laboratory [1-8]. Thereby, possible
effects caused by temperature sensitivity of tis&rimtmental electronics have been recognized féereift
transmission line-type electromagnetic method<9[410]. Experiments under field conditions havenals
been conducted to infer temperature effects ondi@pee measurements [11].

Baumhardt et al. [3] conducted greenhouse expetsnen soils under diurnal soil temperature
fluctuations. Bulk soil electrical conductivitieseve on the order of 100 mS'mThey demonstrated that
the capacitance probes were sensitive to both texrtyve and electrical conductivity, where a flutiom
of approximately 15°C caused a fluctuation in thpaent soil water content of 0.04 m* based on the
default calibration of the Sentek EnviroSCENnhstrument relating sensor readings to soil watertent.
Subsequently, Evett et al. [12] reported a tempegadependenced/ dT of 0.0005 to 0.0017 frm> K™
using factory and soil-specific calibrations.

Despite advances in the theory [4, 13-15], the rmeidms for dielectric loss in porous multi-phase
media (soils) over a broad range of frequenciescaraplicated [16], such that a simple correction fo
temperature may not be possible [5]. Kellenerd.€tld] used electrical circuit theory as an ana®go
describe the capacitance sensor in terms of atees@pacitor-inductor (RCL) circuit, where electi
conductivity of test liquids was shown to decretmeresonant frequency. Likewise, Robinson etld] [
identified a decrease in the resonant frequencly witreasing electrical conductivity under isotharm
conditions using a different probe configuratiors{@face capacitance insertion probe).

There remains a practical need for methods to casgie for temperature effects in soils of various
bulk electrical conductivities, especially in sloal applications where temperature and water content
fluctuations can be significant. Physics-based mhand methods as presented in this work are neteded
predict a range of environmental conditions whemagderature and electrical conductivity can affect
instrumental measurements used to estimate sa#rwantent.

1.1 Previous Sensor Applications and Testing

The present theoretical developments are meant tasbgeneric as possible, while the capacitance
sensor geometry is specific to a commercial devBazitek capacitance sensors used on EnviroSMART
and EnviroSCAN" probes. Both probes are inserted vertically insidgastic access tube such that the
outside diameter of the access tube contacts theuswling media (soil). Figure 1 shows a crossigect
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of the sensor geometry. More detailed descriptamd images have been reported in previous studies
performed in the laboratory [17,18] and field [19].

1.2 Conversion of Frequency Measurements to Pevitigs

The normalized sensor readihgderived from the resonant frequenigys a dimensionless number
(also known as “scaled frequency”):

f.—f
N=———

: 1)
where f, o and f,, are the resonant frequencies measured in air ame water at the reference
temperaturel,es = 20°C with corresponding environmental permities &= 1 ands,’ = 80.2 (real part
valid for 100 - 250 MHz). According to the abovefid#ion, the normalized reading ¥ = 0 for an air
reading andN = 1 for a measurement in pure water at temperater&e.
The relationg (N) between the permittivity of environmental media surrounding the access duioe
N was determined experimentally in a laboratory abi@rization of the sensor presented in Schwank et
al. [18]:

£(N) :(£a+($’we'k ~1-a) N+ g I\F)Dé’\' (2)

The experiments leading to this empirical relaticare performed in almost lossless mixtures of water
and dioxane (1,4-diethylene dioxide;HgO,) with real permittivities in the range of 24¢ = &, < 78.4;
and the fitting parameters were determinedaas 1.12819 andk = 6.64846. The parameters were
optimized to fit permittivities in the range apglhde to bulk soil-water-air mixtures (44 < 40), such
that (2) is not intended for applications in puratev. Combining (1) with (2) allows for estimatioh
&’ = & of a non-conducting medium frofa measured with the capacitance sensor. Howeveg, in
conducting medium the measurement baséN) is expected to deviate significantly from theueak,’
which is inherently independent of the medium cantighty.

2. Methods

The resonant frequencf{(&n) of a capacitance sensor is affected by the complermittivity
En=&n *+1 & of the medium (soil) surrounding the probe. Tpesitive imaginary part used in this
notation is the consequence of the negative tinotorfaexp(-icwt) generally used by physicists for
representing wave functions, where i/~1. The bulk soil electrical DC-conductivitgm,, volumetric
water conten), and temperatur€ of the soil medium affect both the real and thagmary parts,’ and
&n’. Because the salinitys of the liquid phase affectsr, the resonant frequendy response of the
capacitance probe is sensitivedd, andT specifying the bulk soil status.

The approach to predi§(6, S T) is based on linking three types of models. First, electrical circuit
analogue shown in figure 1 is used to representcépacitance sensor which is based on a resonance
phenomenon. Second, an effective medium approacders to estimate the frequency-dependent complex
effective permittivitygy(f) of the bulk soil surrounding the probe for giv8rs, andT. Third, Maxwell’s
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equations are solved numerically to derive thetetat field E caused by the sensor configuration for the
environmental permittivitys,(f). The values of the circuit analogue elementsifedl) are then computed
from E. Fourth, the electrical circuit analogue modesadved forf;. If the bulk soil is considered as a
dispersive medium with frequency-dependen{f), the sensor resonande has to be determined
iteratively as illustrated in figure 2.
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Figure 1. Circuit diagram used for modeling the frequengpmnse of the capacitance sensor (a and b).
Total capacitance is composedQyf andC,,: due to volume inside and outside the inner adtdss
boundary Cacc pandCacc sare the parallel and the serial parts of the actdse capacitance, respectively.
Cacc,maccounts for the capacitance of the volume outidénner access tube boundary if the dielectric
contrast between the medium and the access tulygpeiars. The parallel connectionGf andRy, is the
electrical analogue of the conductive medium (smilside the access tube. The symbolic justificatib
Cace,mis sketched in panel c.
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Soil-Water Parameters:

T.S n, 9,¢, g
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Saline Water Permittivity | [Effective Medium Approach:
Meissner and Wentz [25] Maxwell Garnett formula (8)
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Figure 2. Flow-chart of the iterative approach for modelihg sensor resonanf;eletermined by the
sensor properties (figure 1) and the effective péinty &, of the porous solid-water-air medium (soil)
surrounding the probe. Relevant equation numbergdicated (in parentheses).

2.1 Electrical Circuit Analogue

The frequency response of the capacitance sensuoodeled using a detailed circuit analogue with
more components of capacitance than the one usdtelgners et al. [14] and a resistor, which was
neglected by Schwank et al. [18] in the absencsigifificant dielectric losses. The arrangementhef t
circuit diagram components considered here andnassuo represent the spectral characteristics eof th
sensor are shown in figure la.

The electrical source and the inductahcare part of the sensor electronic board which aimed
inside the sensor electrode rings. The value oirtthectance. is calculated from the measured coil length
| =4 mm, mean diametet= 3.5 mm, and the number of turns 6.5 such that = Fi’°d = 91.95 nH
with the factorF = 0.62181 given in Terman [20, pp. 53-54]. Thalaapacitance&€,, is composed of
inner and outer capacitances with respect to thg electrodes acting in parallel. These partial
capacitances are associated with different volum#ése vicinity of the sensor electrodes.



Sensor007, 7 553

Figure 3a provides a close-up view of the ring-cétpa sensor with symbolized electric fied
spreading through the access tube into the medil. (Ehe dashed lines indicate the axes of synynatr
the vertical,z, and radial horizontat, directions. In Fig. 3b the sensor geometry usedhe simulations
is shown in cross-section. The inner capacitaiice caused by the sensor volume withraecin= 1 inch
(25.4 mm) inside the access tube. This volume deduthe axisymmetric electrode holder and also the
electronic board and wiring, which are not axisyrtmoe The capacitance caused by the access tube
VOIUME I acein< T <TaccoutiS Separated into a parallel p@.cp,and a serial paaccswith respect to the
electrical source. The volume outside the accdss fu>raccoy) IS represented by the capacitariGe
with an electrical resistand®, in parallel for taking into account the condudinMiosses of the medium
(soil).
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Figure 3. a) Sensor with symbolized electric fidkd b) Sketch of the cross section of the sensor
considering the rotational symmetry with respedhter-axis and the mirror symmetry with respect to the
plane perpendicular tin the middle of the two ring electrodesH0). This geometry is used for
simulating the electric fiel& caused by a potential difference between theelagtrodes
(1 inch = 25.4 mm).

The series capacitofZ.. sandCp, are interpreted as distinct capacitances by viofuedouble layer of
electrical charges accumulated at the dielectscatitinuity at the outer access tube boundaryacc out
associated with the unequal polarization within &eglond the access tube. The polarizaiofand the
electrical fieldE) atr =raccoutiS continuous if the permittivities,c.c and &, of the access tube and the
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medium are equal, so by definitidy.. s and C, do not exist in this case.d., in the limit &, - &co
Caccs= Cm = 0 pF). However, the capacitance between theeiagtrodes caused by the volume raccin
comprising the access tube and the medium, isichlrtaot zero foré&ec.= &n. For this purpose, the
capacitorCyccmis introduced to account for the parallel capac&atéc.= &n caused by the volume
confined byr > raccin

A symbolic justification of the necessity for inthacingCacc,miS sketched in figure 1c where the role of
two partial capacitances given by two dielectrigioas &, & within a composite plate capacitor is
illustrated. The large circles with the plus andhasi signs symbolize electrical charges on the octimdy
electrodes of the capacitor associated with &, whereas the corresponding small circles are liaeges
of the double-layer accumulated at the non-condgctielectric discontinuity. As it is depicted, the
capacitance of the composite capacitor is repredeby a capacitor with uniform dielectrig = &
(corresponding tdCsccy in parallel with the series of two capacitors hwpermittivities & and &
(corresponding t€;ccsandCpy).

The resonant frequendyof the circuit analogue is derived by applying @dex AC-Circuit Theory
[20] to the circuit analogue shown in figure 1b.n@ex AC-Circuit Theory states that the impedance
Z=Z7+12z of a circuit composed of passive elemei®gQ] (resistor),L [H] (inductance), andC [F]
(capacitance) can be described using Ohm’s-law afresponding frequency-dependent complex
impedance&g, Z, andZc are used:

=i

Z; =R, ZL=i2/TfEI_,andZC=2 T
m

©)

Consequently, the impedancf) of the circuit depicted in figure 1b can be esgsed by the
impedancesr,, Z., Zcaces Zom andZc, whereCp = Cip + Cacep + Cacemis in parallel to the electrical
source:

z(1) ={Z{1+ Zi+((zhe ) %)} @

The circuit is operated at its resonant frequeney; if the energy uptake is maximalk., if the input
impedanceZ(f =f,) takes a real value. The physically meaningfutsoh of the corresponding equation
Z’(f=f)=0is:

1 | ~(Caes*C) L#(Cree C ) RV D
" 2m/2\(Cuet Co)(C C+caccgcr;r c)) LR,
with
D = (Cpeest c) 2+(Coes C ) Rir
2(Cees* C)(Coes C € 5 CuediC # C)) LR

The above expressidiL, Cp, Caccs Cm, Rm) is used to calculate the resonance of the ciemaiogue
(figure 1). For the limits of a lossled’,{ — ) and a highly conductindz, — 0) medium the expression
(5) reduces to the formula valid for a simple L&ityator.

f =

(5)
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_ 1
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Thereby, the operative capacitance for the losslass Rn — ) is C = C, + (Cacc dCm) / (Cace,st Cim)
representing the total input-capacity of the circdiagram without the presence of the resi&grIn the
limit Rn — O one finds the larger valu€ =C, + Cscs representing the corresponding operative
capacitance for hot-wire@,. These considerations already show th&t expected to increase wiRy,
between the two limits fdR, - 0 andRy,, - .

2.2 Electrical Properties of Porous Media

The effective permittivityén =&y +1 & and the electrical DC-conductivityo,, of the media
surrounding the sensor are described on the basiphysical dielectric mixing approach. Therelhe t
effective permittivity&y is defined using the relatiorD® = &, <E> between the flux density and the
electrical fieldE, where <> denotes a linear volume average oveliekctric phases. From these basic
considerations, a generalized form of the Maxwelltett formula [21, 22] can be derived to compgite
of a multiphase mixture comprisikgdifferent types of spherical inclusions:

K
v,
= +2£
En = EF3E—
£ ~&
&, +2¢,

(7)

Thereby, only the volume fraction of the guest phases with permittivitigsand the permittivitys, of
the host appear in the mixing formula. In fact, #ssumption that the spheres in the mixture bdef t
same size can be relaxed as long as all spheresmalecompared with the wavelength of the opegatin
electrical field. Because this effective medium raggh is derived directly from basic electromaggrati
it can be applied for complex permittivity valuggind& without any restrictions.

o"0%
“0 @
g

Figure 4. Schematic diagram of the structure of the poroadiom used for modeling the effective
medium permittivitys, representing the moist soil surrounding the seasoess tube. The grains with
permittivity & and the air-bubbles with permittivigg are approximated by spherical inclusions in water
with permittivity &.
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We applied the mixing rule (7) to the simplified deb structure depicted in figure 4 for modeling the
permittivity &, = &n' +1 & of the porous medium representing the bulk seith porosity 7 and
volumetric water contend. This dielectric mixture accounts for sphericahigs and air bubbles with
permittivities & and & = 1 embedded in the water phase with permittigity Accordingly, equation (7)
has to be evaluated fér= 2 with the corresponding volume fractions/tands - 8 of the grain- and of
the air-phase respectively:

£ -& £,—€
1- 9 w - a w
(1-n) H-0) o

&, €&y E,— &,
- (1_,7)£g+2£ +(,7_9)£ + 2¢€

g w

£, =&, T3,

(8)

The above mixing approach is best for sandy saoillatively high water contents, where the water
phase is the host of nearly spherical air bublBxsnplex air-water geometries at low water contents
might be not described properly by (8). Furtherméoe very fine textured soils (clays) with highesjific
surface areas (up t0200 nfg™) the above mixing model is improper due to relmmaphenomena like
Maxwell-Wagner or due to the increasing fractiomadount of bound water becoming a further dielectric
phase to be considered [23].

The constant valueg; = 5.5 +10.2 is reasonable for the permittivifystlicon dioxide (SiQ, quartz)
[24] which is most abundant in natural sands. Thmpmlex permittivity of watersy, =&/ +1i & is
computed from a fit of measurements performedequencyf, water temperaturé and salinityS. The
multi-parameter fit forgy(f, T, S described by Meissner and Wentz [25] consist& afouble Debye
relaxation law for expressing the explicit frequgrdependence of,. The T and S dependencies are
formulated implicitly by making the involved Debygarameters (static-, intermediate-, and high-
frequency dielectric permittivity and two relaxatibrequencies) dependent drandS The electrical DC-
conductivity aw(T, S of the saline water, used in the conductivityrteof the fitting approach, is
calculated using a fit to measurements, whereisaignexpressed in parts per thousand (ppt) byghtei
which at low concentrations is approximately eqoajrams (g) of salt per liter (L) of water. Wel&aled
the empirical derivations of Meissner and Wentz],[2Bho assumed the salinity of sea water was
dominated by monovalent cations, which affects tbaversion from mass concentration in ppt to
electrical conductivity of the solutions.

The validity of the semi-empirical model fay(f, T, S holds for the following ranges:< 90 GHz,
-2°C< T<+29°C, S< 40 ppt. However, for pure wateg € 0) the fit is based on measurements taken
within the broader temperature range -2¥°C< +40°C. As a consequence, the upper temperatuie lim
of the applicability of the fitg,(f, T, S) is expected to be broader for low saliniti&s 10 ppt used in our
evaluations.

The DC-conductivityon, of a medium can be deduced framby expressing the spectral properties of
&n as the sum of a conductivity term comprisittg the constangn. representing the high-frequency
limit, and a Debye relaxation term. The Debye tetonsiders the rotational relaxation frequency
free >> 1 GHz (figure 5) and low- and high-frequenayits, & oc andé&n«, respectively. The conductivity
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term describes the steadily increasing (hyperbolagses for frequencie$< 1 GHz contributing
exclusively tog,”. The frequency spectrum af(f) is thus & = 8.85 10" F mi™):

£ —& . O
g (f)=-mBC "M° 4o 4j_—m 9
() 1-if/f, ™ g2mf ®)

rel

Here, relaxation losses can be neglected, bechadeeguencies of the electric field (100 — 160 NHz
excited by the considered capacitance sensor ach mnaller than 1 GHZ €<f,). Thus, the DC-
conductivity gn(&n”, f) is directly proportional to the imaginary part’(f) of the medium permittivity
measured at the frequenicy

o, (&m, f)=¢g2mf &), (10)

As a matter of clarification, the fact that the @b@xpression involvelsdoes not mean that the DC-
conductivity on is frequency dependent, becaggeis inversely proportional td.

2.3 Electric Field Simulations

Schwank et al. [18] introduced the use of a numaérgimulator to compute the electric field
distributions within and around an axisymmetric a@fance sensor. Electrical fiellswere simulated
using the free version of the commercial finitensdat software Maxwell®2D, which can be downloaded
from http://www.ansoft.com/maxwellsv/.

The model geometry implemented in the numericautation for computings in the vicinity of the
two ring electrodes is depicted in figure 3b. Thetsh utilizes the rotationalsymmetry around trexis
of the sensor and the mirror symmetry with respethe plane perpendicular zan the middle of the two
ring electrodes. With respect to these symmetrypentees, the fields were calculated in cylindrical
coordinates vyieldingE(r, 2 = (E, E;) in radial and tangential components. The simoieti were
performed within the volume confined by<0 <rmax and Zmax< Z< Zmax With rmax= 8 inches (203 mm)
andzmax = 4 inches (102 mm) for the potential differette= 1 V applied between the ring electrodes of
the sensor. Furthermore, the permittivities of #oeess tube and of the electrode holder were set to
&cc= & = 3.35 in accordance with measured valuesfforl GHz [18]. Quasi-steady field solutions
E(r, 2 were computed for a set of real media permit@sig,’ in the range 3.35 %< &' < 80. It has
been proven numerically that an imaginary @it # 0 of &, does not alter the values B{r, z) and the
guasi-steady field approximation is justified as tklevant wavelengths of the electrical field eearly
larger than the dimensions of the volume considardde simulations.

The recursion proceeded until reaching the targetethge of 0.01 % of the total field energies of
subsequent iterations. Meeting this stopping ddtetypically required 10grid points in the adaptive
finite-element mesh. The modeled fiel§&, z) were then used to calculate the circuit diagréements
Cin(&m), Caccd&m), Cacem Caccd&m’), Cm(&n) and Ru(&n', &) for the permittivity range
3.35 =&cc< &' < 80.
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2.4 Components of the Circuit Diagram
2.4.1 Capacitances

The total capacitanc€,; was first decomposed into two basic parallel capace components
associated with the volum¥&g, andV,,; confined by < raccinandr > raccin(compare figure 1 and 3):

CtOt = Cln + COLII (11)

Based on the circuit analogue, the capacit&hgecaused by the axisymmetric volug; is:

C . =C +C +m (12)

out acc,p acc,m Cacc,s+ C R

As will be explained below the capacitan€&gscm Cacc,s Cm, Cace,p @aNdCoyu Were computed from the
field E(r,2) simulated for &,. These capacitance values ultimately were used domputing
fr(L, Cp, Cacc,s Cm, Rm) from (5). Also, the capacitand®, used in (5) is the parallel connection of three
capacitors (figure l1a):

C, = Cip+ Coep* C

'acc,p acc,n

(13)

Because the field caused by the asymmetric wiritdythe electronic board cannot be simulated with
the two-dimensional finite element softwa®, was derived from the difference between the measur
total capacitance&: and the simulated capacitan€g,. Simulated and measured valuesGui(&n)
deviate significantly from each other as shown ahank et al. [18]. Internal asymmetrical material
(electronic board, wiring) plus on-board capacitantthe electronics were identified as the maasoa
for the inaccuracy of the simulations. Th@(&y') used in (11) is derived from the experimentalada
(Schwank et al. [18], figure 8) measured in watexdne mixtures (2.4 &, < 78.4) and corrected for
the effect of the Fluorinated Ethylene-PropylenER}-coating (figure 11a in Schwank et al. [18]).

The capacitanc€..{&n’) due to the volume outside the access tube sutated from the field energy
@yt Within the volumeVy,: given byr >raecin Thereby, @y equals the volume integral of the scalar
product of theE-field and the flux-densitp:

B :% [EDav (14)

V,

Furthermoreg. is related to the electrode potential differelgeand the capacitan€®,:

C.U?

— “outV: 15
P =, (15)

Combining (14) with (15) allows for calculatir@{&n’) from the fieldE(r, 2) = (E, E;) simulated for
&n'. The special case whegy' = &= 3.35 yields the valu€acc m= Coul &' = &acc) = 3.63 pF.

Cm(&n) and Cacc{&n') can not be calculated using (14) and (15), bseahese capacitances are not
defined between two conducting electrodes but bertvea electrode and the dielectric discontinuitshat
outer boundary of the access tube. Howe@grandCaccscan still be computed fro(r, 2) = (E;, E) if
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understood to be the parallel connection of indéisitnal capacitancedCy(2) and dCs.c{2) given by
appropriate pairs of surface elements at the adeess tube boundary with radiys: o Thus, for ring
surfaces with radius,c outlocated att z relative to the mirror-symmetry of the sensor,ge¢

Cn= [ dC,(2 andCys= [ dCoe {2 (16)
z=0 z=0
The infinitesimal capacitancedCn(2) and dCycc{2) are given by the infinitesimal chargig(2)
accumulated at the ring-shaped surface, Hie voltageun(z) between the two mirrored surface elements
at + z, and the voltagel..c{z) between the positive ring-electrode and the oat®ess tube surface at
heightz

dq( 2

Uy, (2)

(z):l dq(2)

anddC
2 uacc,s( Z)

'ACC,S

dC, (2= (17)
The factor 1/2 is due to the fact thd.ccsis the series of two identical capacitances joiaedhe
symmetry plane.
According to Kirchhoff's voltage lawym(z) and uacc{z) can be expressed by the electrode potential
differenceU. and the voltagéJ.p,(2) between the positive electrode and the outersactgbe surface

element aP2(2) = (raccout 2 (figure 3b):
U, (2)=U,-2U,, (2 andu,, (2 =U,; (2 (18)

U.p,(2) was calculated as the line integralEtf, z) = (E;, E;) from a pointP1 = (facc,in 2+) atz. within
the surface of the positive electrode to the pdt@) = (raccout 2. As verified numerically, this
integration is path independent because E =0 in the charge-free space within the accese.tub
Integrating along a convenient path (figure 3b)ramtingP; with P,(2) yields:

Pz ( Z) racc,out z

Uy (2= [ ETs= | E(12) drt [ E( Lecou 2) d2 (19)

R r,

acc,in

For calculating the surface charge density at kecliec discontinuity, it is appropriate to separhte
total volume charge density into partsg, and g, produced by unpaired (u) and paired (p) charges
accumulated via charges that can move far away tloeir partners of opposite sign and by charges
accumulated via displacements of paired chargels f@olarizationP of a dielectric medium causes a
paired charge volume densjy = -0, and the corresponding, of the free charges is given by the flux
densityD = & E + P via Gauss’s law for electricitg, = OID. Combining these basic relations yields:

£0D [(E= pu + ,Op (20)

Integrating (20) over an infinitesimal volume erstfgy a section of a dielectric discontinuity anthgs
the divergence theorem yields the surface chargsitikes ), and ), expressed by the normal components
of the fieldsE; andE; at both sides of the interfacé € unit-vector normal to the interface):

A&y (E;—Ep) =y, +V, (21)
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BecauseD is continuous across a dielectric discontinuitbye tensity of unpaired chargesjis= O,
whereas the polarization charge dengitgccurs at a dielectric discontinuity. Therefogeat the interface
separating the access tube from the environmergdium with permittivitiess, # &cc can be calculated
from E(r, z). Following the relation (21) and considering temmetry properties of the sensor and of
E(r, 2 = (&, E) with respect to the-axis, y was determined by the difference betwegn, 2) at the radii
I' = Faccout— OANAr =raccout OWheredis an infinitesimal radius increment.

The resulting infinitesimal chargéqg(z) = y LA used in (17) on a ring-shaped element with area
dA = 2Mlacc outdz at P2(2) = (Facc.out 2) (See figure 3b) on the outer boundary of the sstabe is therefore:

dq( Z) = EO[ I-:r( bec,out™ 0, %_ Er( racc,ouf'- o, %} (2 racc,oug; (22)

Equations (16) - (22) comprise our method for nucagintegration ofE(r, z) to computeCy(&y') and
Caccd&n) for &' # &cc(See methods above fay = &cd.

The parallel parCacc{&m’) of the access tube capacitance is calculatech fitte charg&acc z-o that
would occur on a virtual conductor at the symmeilgnez= 0 of the sensor and the corresponding
potential differenc&J,cc z=ot0 the positive ring electrode:

— 1 Qacc,z:O

Cacc,p - U

(23)
acc,z=0

Because this virtual conductor coincides with thaipotential atUaccz-0=U: / 2, it does not affect the
field E(r, 2 = (E, E;). The factor 1/2 in (23) accounts for the factt@a.pis the series of two identical
capacitors comprised of the positive ring electrade the virtual electrode at 0. The radial component
is E; =0 atz= 0, soQacc =0 Can be deduced from,(r, z= 0) by integrating the virtual charge density
& LE4(r, z=0) on the virtual conductor over the radial @stenraccin< 1 < racc outOf the access tube:

ran(:cm)ut

Quecr=0= € 27T I Er,z=0) rdr (24)

r

acc,in

2.4.2 Resistor

Values of the resistancBy(&y, &n”) of a porous medium outside the access tubel)(swmith
conductivitiesom(&n'") were derived fromE(r, z) = (E, E;) computed for,' in the corresponding volume
Vout (f > racc,ou). FOr this purpose a relationship betwé€gnandR,, is deduced below.

In accordance with (3) the absolute values of laaf@itesimal ohmic and capacitive impedancs
anddZ: can be expressed by corresponding local infimitaekiresistordR and capacitancdC. For the
simplest possible electrode arrangement consistingnfinitesimal parallel electrodes with are\
separated by the distandB one finds:

dD . dD
D and|dZ.|=——— (25)

|dZg|= ;
m 2t g€, dA

The corresponding absolute values of the ohmicta@dapacitive impedanceégg. | and|Zc,| of the
medium outside the sensor are:
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1
2rf C,

‘ZR“‘ =R, and‘ZCm‘ = (26)

In general, the ohmic and the capacitive impedaras=s®ciated with an arbitrary arrangement of
dielectric and conductive components are determibgdthe arising configuration of the fiel&.
Consequently, the ratiddZz| /|dZ:| between the local impedances is the same as tiie ra
| Zs,.| 1 1Zc,| between the ohmic and capacitive impedances causéte volumeVo,. ThusR, can be
expressed as a function ©f, and g, using the relations (25) and (26):

‘90 ‘sm'

A (gm',gm”) i C, (Em')BTm(Em”)

Furthermore, the geometric facty(&n') of the volume filled with the medium outside thecess tube
can be calculated fro@m(&n):

(27)

Om (‘gm :—, (28)

Thus,Rny is inversely related to boi(&n”) and gm(&n).
2.5 Iterative Solution Method for the Sensor ResbRaequency

Because the water permittivigy(f) used in the effective medium approach dependseguiencyf, the
composite medium is dispersive with(f) calculated from (8). This implies that the valuaisthe
electrical components used for calculatii@, Cp, Caccs Cm, Rm) are not knowra priori, because they
also depend or. For this reason the iterative approach sketcimedigure 2 involving the models
presented above has to be used to confptdea dispersive medium.

The capacitanceSacc {&n'(f!)), Cn(&n'(f1)) andCp(&n(F1)) = Cin(&w(F1)) + Cacefd &' (1)) + Cacem
used in (5) in thg-th iteration were interpolated from the correspogdcapacitances derived from
simulated E, and the resistancBn(&n(f'), &2(f')) was calculated from (10) and (270he first
approximatiorf * is calculated with the circuit diagram elementsoagted withs,(f °) corresponding to
f% = <f,> = 130 MHz.Higher-order approximation‘é (j > 1) were calculated from (5) with capacitances
and resistor values computed for the permittivifgf ' %) at frequency’ " *. For a broad range of starting
frequenciesf°, this procedure converged within three iteratibmsan accuracy offf! -f/ - <1 kHz
yielding the final resonant frequentyof the sensor encompassed in a dispersive diel@stdium.

3. Results and Discussion
3.1 Frequency-Dependent Permittivity of Porous Medi

Figure 5 showségn(f) = &n'(f) +i &’(f) computed from the dielectric mixing formula (8yhe
permittivities & = 5.5 +10.2 and,; = 1 of the spherical grains and air-bubbles astiragd to be non-
dispersive, so the frequency dependence.{f) is solely due to the dispersive behavior of thetew
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permittivity &y(f) = &/'(f) + i &"(f) modeled with the approach proposed by Meissndr\&entz [25].
The frequency spectra of the real and the imagimpanys &, (f) and &,"(f) were computed for four
salinity valuesS= 0, 1, 5, 10 ppt of the water phase with voluietontentd= 0.30 mi m>. The porosity
was/ = 0.4 and the reference temperaflire T,ef = 20°C was chosen.

The real parts,/(f) decreases slightly with increasii®(figure 5a). Furthermore, the slight slope
d&, / df=-5010° MHz™" within the frequency range 100 MH#A <1 GHz is almost the same for
0 ppt< S< 10 ppt. The frequency spectra &f’(f) (figure 5b) reveal the relevance of the conduigstiv
losses foif < 1 GHz and of the relaxation losses for higheqfiencies. Salinity increases the conductivity
contribution togy”(f) but does not affect the contribution due to rateon. The maximum impact of the
relaxation term occurs &t = 16 GHz corresponding to the relaxation frequerfayam-saline pure water
at T =T = 20°C. The imaginary pa#,’(f) for S= 0 (thin solid line) includes almost no conduit}iv
contribution. Foif =f the gradientdg,'(f) / df is most distinct as a consequence of the Kramedsilf
relations [27] relating'(f) to &n"(f).

The resonance frequency baglin < f < f; max Of the sensor with the boundarieg;, = 100 MHz and
fr max= 160 MHz corresponds with the excited frequencitshe E-field. Therefore, the above spectral
analysis ofgy(f) confirms the assumption made in (10) thgtis determined solely byr,.

—S=10ppt ---S=5ppt ------ S=1ppt——S=0ppt
a) 24 - lS:Oppt -1
204 1S=10ppt ]
~ 16] i 2 \ ]
Y = =
\/E 124 ioi ‘?_) ]
W 8 noon 5
4] £ E ]
b) 40 ::\:: \ y + ::::::: y y ::::::: $ L s e
j \ conductivity relaxation N ]
—~ 304 v losses losses 0
S ©
S -~
- E 20
w
104 |
04— s o

0.1 10

f[GHZ]
Figure 5. Frequency spectrum &f(f) = &'(f) + i &’ (f) for a set of liquid salinitieS= 0, 1, 5, 10 ppt
calculated forn = 0.4, = 5.5 + i 0.2T = Tier = 20°C, 0= 0.3 nim. The frequencief min andf; max are
the boundaries of the resonance frequency barftednsor.

Furthermore, the necessity of using an iteratiygagch to derivé becomes obvious by inspecting the
variability of &,"(f). Within the rangéf; min <f<fmax the maximum variation is rather pronounced:
En’(frmin) - & (frmay = 23 for S= 10 ppt. Therefore, the value of, calculated from (10) can not be
determined if the frequency of tliefield is unknown. By contrast, the maximum diffiece of the real
part is &' (f.min) - &' (frma) < 10° for S= 0 ppt, implying that the frequency dependence;ptloes not
requiref; to be determined iteratively.
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3.2 Temperature Dependencies of Permittivity arettlcal Conductivity

Figure 6 shows temperature dependenciess,pfand &,” computed from (8) for temperatures
0°C<T<40°C. For this illustration, the frequency of tlkefield was set tof = <f;> =130 MHz
corresponding to an intermediate sensor resondre.four different line types are results for lidui
salinitiesS= 0, 1, 5, 10 ppt and each of the four bundlebnefs in figure 6a (indicated by the ellipses)
contains &,'(T) computed for the water contengs= 0.05, 0.10, 0.20, 0.30°m™. Bound water was
ignored here, which may have affected the restul®avalues ofé.

The real partsy'(T) decreases whereas the imaginary gaf( T) increases with increasing As
expected, increasing increases botls, and &,”, and increasingS generally reduces,’ but increases
&’ (compare lines for equaVb in figure 6b). The temperature gradienmis,/dT are negative and
essentially unaffected b$ but more distinct for highe# taking values ofdg,/dT=-0.01 K* for
6=0.05 nim*® to d&,/dT=-0.08 K* for 8= 0.30 mMm™. The temperature gradients,”/ dT of the
imaginary parts are always positive and clearlygase withd andS. ForS= 0 ppt, the values af,” are
close to zero andg,”/ dT < O (thin dashed lines in figure 6b).

0 10 20 30 40 0 10 20 30 40

Figure 6. a) Computed real pargs’(T) and b) imaginary parts,”’( T) of the porous two-phase mixture
(n = 0.4) comprising spherical graing € 5.5 + i 0.2) and air-bubbles,= 1) embedded in water,
computed folS= 0, 1, 5, 10 ppt and= 0.05, 0.10, 0.20, 0.30°m™,

The same set of and S used in the calculations @f,(T) shown in figure 6 were selected for the
computation ofow(T, 6, S shown in figure 7. Againgn increases witd for all #and allS> 0. Values of
Om =400 mS rit were modeled fofl =30°C, = 0.30 im*®, and S= 10 ppt. Thus, the range af,
evaluated here is reasonable for the electricalwctivity of field soils. However, bulk electrical
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conductivity values of field soils are not necesgdhe exclusive result of soil-water salinity. @ mplied
relationship betwee® and gy, is limited to “ideal” granular media, but many Isowith clay minerals
exhibit enhanced electrical conductivity even fonssaline soil water. Nevertheless, the relatigmshi
(10) for om(&m”’) remains valid.

—3S=10ppt ----S=5ppt —S=1ppt S= 0 ppt
6=005m’'m® 6=010m’m*®
400 | 400
& 3 "E 300
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0 10 20 30 40 3 7 % = %
el TI°C)
0=020 m'm> 6= 0.30 m’m"*
400 _ 100
FIE 300] TE 300
%) E |
E 200 £ 2004 PR
0" = e
100 100r = °
I
: 0 10 20 30 40

T[°C]

Figure 7. Calculated electrical conductivitieg,(T) of the porous multiphase medium assumed to be
representative for the wet soil. The same set lofegafor 8 andS are chosen as for
the results shown in figure 6.

3.3 Numerical Simulations of Electrical Fields

Figure 8a shows values of circuit diagram capacéarfor media permittivitieg,.c = 3.35< &, < 80.
Ciot(&n’) (solid squares) are the measured values of waphcitance; an@in(&y') values (stars) were
derived from (11) using &x(&n) values (diamonds) computed from the field eneggy within the
volumeV,,: using the relations (14) and (15). The capacitaridke mediaCy (&) (open circles) and the
serial part of the access tube capacitabge{sn’) (up-triangles) caused by the double-layer ofrgea at
the outer access tube boundary were calculated) tisenrelations (16) - (22), ar@he.m (dashed line)
representing the capacitance due to the voluvhg for &y = &= 3.35 was computed as
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Cace,m= Couf(&m' = &acc) = 3.63 pF. The parallel paacc (&) (down-triangles) was computed using (23)
and (24).

The values ofC, Cin, and Gt increase nonlinearly witlg,,’ taking values of 12.5 pg Cit < 26.9 pF
and 8.8 pKCj,<16.5pF, and 4.1 pEFCot<10.5 pF for 3.35 Zuc< &' < 80. Both Cin(&n') and
Cou &) Increase at similar rates, even though theraaschange in permittivity of the inner volume
(r <raccin, Which indicates that the electrical field insithe capacitor rings is affected gy outside the
rings and access tube. The valuesCaf. {&n') < 0.22 pF are clearly small compared with théeot
parallel capacitances of the circuit diagram (fege) and thus of minor importance for the resoaaric
the sensor. Fog, approachingé&ce.= 3.35, the values of the two polarization-inducsbacitances
Cacc{&n’) and Ciy(&n') approach zero, because no double-layer of clsaegésts at the outer access tube
boundaryr =racc out

,=20mSm* |

o, =100 mSm™ ]

G =500 mSm*

10 20 30 40 50 60 70
g []

Figure 8. Capacitances used in the circuit analogue for ctimg sensor resonanteCi,: was based on
measurementin, Cout, Cacep Caccs andCy, were calculated from tHe-field modeled for
3.35 =&¢c< &' <80, andCyace,m= 3.63 pF represents the capacitancefor &ccof the voluméVy,:. b)
Geometric factorgm andgou: derived fromCy,, andCoy:. €) ResistancBy of the medium derived fro@,
using (27) for four different conductivities, = 5, 20, 100, 500 mS

Values of the geometric factor of the medigr{&,’) (open circles) were calculated from (28) using
the almost linearly increasin@(&y’) as shown in figure 8b. Unlike previous assumpsiochat geometric
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factors are constant for a given sensor [14], wendothatgm(&,') varies substantially and nonlinearly
over the permittivity range corresponding to séitam dry to wet conditions. Another geometric facto
Oou &n') (diamonds) associated witho,{&n') IS plotted together witlym(&y'), becausegoud &) includes
the parallel influence 0€4ccm Which together withCacc {&n') and Ci(&n') causesgoul&n’) to decrease
with &,'. Evett et al. [12] noted that the sensed voluroégapacitance sensors may vary with water
content. Furthermore, Paltineanu and Starr [1ipteboth axial and radial sensitivities of the serte
the measurement volume. They observed a small reiffe in radial distance sensed between
measurements in soil at different water contefits .124 mim® and 0.179 fm™), which concurs with
measured and simulated results in dielectric ligliidB, Table 4] showing increasing radial distawité

&n'. These studies offer experimental evidence fa fact that the relative distribution of the field
energies within the sensor and within the voluneionate to the sensor changes with water contdrg. T
dependency of the computed valuesgef and gouir ON &y corroborates these experimental findings
qualitatively, but the quantitative relationshipween geometric factors and the measurement volsme
unknown.

Figure 8c show&u(&x', om) evaluated fowr, = 5, 20, 100, 500 mSfrand 3.3% &, < 80. There is a
dramatic decrease &, with increasings,’ for &, < 10 (noting the log scale fdRy) corresponding to
low water contentsd and represented by the decreasppgsn’) in this range. However, as already
mentioned and discussed in the next sectiorRfor 10Q and forR, > 1000Q, the effects of the resistor
onf; are asymptotic to no resistance and perfect itisnlaespectively.

3.4 Sensor Outputs

All of the analyses above lead to the ability tegict the joint effects of salinit$ (a surrogate for bulk
electrical conductivity here) and media temperafu@ the sensor readings. In this section, we ptesen
the predicted resonant frequendieas functions of the electrical resistameand conductivityon, then
show the predicted temperature sensitivities foramage of water content§ and salinitiesS. The
normalized sensor readimg from (1) is the final sensor output used to estém#ths,’ and fin field
applications.

3.4.1 Sensor Resonant Frequency derived from troai€Diagram

The sensor resonant frequendiegresented below were calculated from (5) reprasgrnihe resonant
frequency of the circuit diagram shown in figureld.figure 9a,R, is considered as an independent
variable in the relationshifi(Rn). The inductancé = 91.95 nH was used as discussed earlier, and the
capacitance€acc {&m’), Cm(&n’), and Cy(&n') used in (5) and computed from tBefield simulated forsy
are listed in Table 1.
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Table 1Va|ueS Of CapaCItanCé%cc‘{Sm’), Cm(gm,), and Cp(gm,) = Cin(gm’) + Caccii(gm’) + Caccim'l' Cel
used in (5) for computing the resonant frequenoy the circuit diagram assumed to represent
the sensor resonance.

&n' [] Caccs[PF] Cnm [PF] Cp [pF]
4 1.22 0.52 12.83
6 3.38 2.06 13.39

6.54 3.75 2.47 13.51
8 4.50 3.46 13.97
10 5.19 4,93 14.62
12 5.66 6.33 15.18
15 6.13 8.39 15.91
20 6.61 11.84 16.77
30 7.09 18.65 18.03
40 7.34 25.43 18.75
60 7.59 38.98 19.74
80 7.71 52.53 20.19

For a realistic range of soil permittivities’ < 30, the resonant frequencies shown in figure8d b
(bold lines) are in the range of 104 MHz to 144 M&m monotonically increasing with decreas&y
This behavior is in accordance with the increasmspnant frequency of a simple LC-oscillator with
decreasing capacitance (compare (6)). Furthernforaall &, the computed,(R,) shown in figure 9a
takes asymptotically lower values for Id® and reaches asymptotically higher values for I&geThis
emanates from the circuit diagram (figure 1), réimgathat the total capacitance reaches a minimoim f
Rn — o whenCy(&) is in series withCyec {&n) and a maximum value fodRy, — 0 whenCy (&) is
bypassed. Thus, the resonances of basic LC-oscdlatith different operative capacitances (see &oua
(6)) qualitatively explains the behaviorfgiRy) for low and high values diq.

Likewise the dependendéar,) shown in figure 9b was calculated from (5). Thgrdrn(&n', &n”) was
calculated fromCy (&) given by (27), andagy, is considered the free parameter. A corresponding
asymptotic behavior is observed figfon). For eachs,y the maximum resonandgom = 0) is equal to
f.(Rm — ©) representing the lossless cases. Likewise, theeseoff,(gm =500 mS rit) are almost the
same as the corresponding lower-linfi{®, — 0) obtained for a highly lossy medium. The facttthe
differencef.(dr, = 0) -f,(dm = 500 mS rit) is very similar to the differenc(Ry — ) - f(Rn — 0) for
any &, shows that the range<0d, < 500 mS rit yields values oR,, (see also figure 8c) covering the
sensitive range of approximately @< R, < 1000Q. This theoretical sensitivity df to R, coincides
with observations of other investigators [3] tifiathay be sensitive to bulk electrical conductivitythe
range < dr, < 500 mS .
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Figure 9. a) Resonance frequenciesersus resistand®, of the medium and ) versus medium
conductivity gn. ¢) Normalized sensor readihbversusR, and d)N versuson.

Normalized readingdl(R») andN(am) calculated fronf(Ry) andf(arm) using (1) are shown in figure
9c and d, respectively. Thereby the reference sedofiequencied; x (k= a, w) are associated with a
lossless environmental mediurR.{(= o, g, =0) and thus simply calculated using equation w@&h
L = 91.95 nH, and the operative capacitari€esCiy o= 9.93 pF andC = Ci;w = 26.92 pF for air and pure
water at the reference temperatUig = 20°C. These values are in agreement with thesumed total
capacitances presented in Schwank et al. [18] andated for the presence of the FEP shrink fite Th
resulting reference resonant frequenciedare 166.6 MHz and, ,, = 101.2 MHz, respectively. By virtue
of definition (1), dN/dR, and dN/do, vary in the opposite directions of those for tleeresponding
df/dRn anddf/dom,.

Based on the simulated sensor responses to chemglestrical conductivity shown in figure 9, we do
not expect the predicted response to salinity itewg,’ = 80) to be very large. A simple experimental
check of the model response to salinity is givenfigure 10, which showdN(S) for water at
T =Ter = 20°C measured in the laboratory (symbols) and simdldiee). The simulated magnitude of
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response underestimated the measured responsthebshape of the curve, particularly the salinity a
which N plateaus, matches the data well. Further expetsriaran unsaturated porous medium would be
needed to test the model response at lower bulkitietties, where the sensor response to eledtrica
conductivity is expected to be much greater (figireSuch model validation experiments are beydwed t
scope of the present study.

Permittivities £ (N) derived from sensor outpuls are the proxy-quantities used to infer soil water
contents@ in field applications. Soil permittivities measured with the capacitance sensor are predicted
to deviate from the value @f, as the result of electrical conductangg occurring in natural moist soils.
The sensitivityd £ /dor, of the measured prox§ with respect tagy, is explored below. Thereby /dor,
is expressed as:

dée , o0& ON
( m? m) Sl E (29)
dUm oN N(fm Um) aUm

o [mSm']
0 1530 2890 4170
1,06+ . " - .
1.054
1044 "
'T' J
S 1.034
1.024
1.014 .
1.00- . ' .
0 10 20 30
S [ppt]

Figure 10. Measured (symbols) and simulated (line) valuasoomalized sensor readilNS) for saline
water surrounding the sensor. Electrical condustig, of water with salinitySis computed for the
experimental conditiond (= Trer = 20°C).

The partial derivatived£/0N is calculated from the empirical relationshigN) given by (2). The
normalized readingN(&y', gm) and the corresponding derivativdlN/ogy, evaluated at &, ,dy) are
computed from the modeled data shown in figure 9d.

The values ofi £ /dar, plotted in figure 11a are all positive showingtt@ain a conductive medium is
always an overestimation of the valgg, which would be measured fam, = 0. The distortion of a
measurement within the realistic rangg < 30 (bold lines in figure 11a) is predicted taciease withey,'.
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For 30 <&, < 80 (thin lines in figure 11a) the gradiemts / dg, decrease with increasing,’ because
ON/da, becomes very small for high, (see figure 9d). However, as a consequence ofdikgénct
nonlinearity of £(N) given by (2), the maximum values df/dg, do not occur atg, = 6.54 and
Om = 69.3 mS it where the derivativeN/day, = 0.8110° mS ni' is greatest (bold dot on the dashed line
in figure 9d).

Simulated relative change® =A£/&, of permittivities £ measured with the capacitance sensor in
conductive media are plotted in figure 11b. Wher#ie absolute chandezs is defined as the difference
between the simulated value in a non-conductingiumedor, = 0) and corresponding simulations for
Om = 0 at the same water contéhtThe differencé\ £ (&, dn) can be expressed using (29) as:

g, g,

R . m R m d" .
NE(&),,00)= J' dé= Iﬁ(é‘m,dm) Mo, (30)
0 0 m

a) b)
K=
)
S —
= o
— <o(8
£
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0.00| T T T . i T T
0 100 200 300 400 500 0 100 200 300 400 500
-1 -1
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Figure 11.a) Gradientsl £/ dg, representing the sensitivities of measured pdiitigts £ (N) with
respect to electrical medium conductiviy. b) Simulated relative overestimatiods = A&/ &, of
measurements taken in conductive media.

The calculations reveal rather large positive valaEdé for dy, > 50 mS rit. This clearly shows that
permittivities of electrically conducting media {lsd are expected to be overestimated if measuiddav
capacitance sensor. Other investigators [28, 28]rted salinity effects on capacitance sensorsrmging
at high bulk electrical conductivities (i.e%, > 500 mS rit ), which may not contradict the present model
at relatively high soil water contents and assedigiermittivities (e.g.&»' > 30). However, we do not
expectan, to affect the sensor readings much at ®anddy, > 500 mS rit.

In practice the simulatede can be used to compensate for the enhancing effeat, on £ (N)
measured in a conductive medium. The resulting peat &' of the soil permittivity, which would be
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measured foor, = 0, is the proxy-quantity used to infer the sedter conten®¥. Thus, one can compute
permittivity &, corrected for electrical conductivity using sugleorrection function:

& (8,0,)=¢01-E(8,0,)) (31)

In this equation, temperature affects permittivitg its effect on electrical conductivity, but theect
effect of temperature on water permittivity is notluded as it is not a sensor effect.

3.4.2 Temperature Dependence of Resonant Freqasichlormalized Reading

The temperature dependencd;(f) is caused primarily by the temperature sensjtioftthe imaginary
part of the medium permittivitys,”( T). As &n(f) and especiallyg,”(f) are frequency dependerthe
resonancé must be calculated iteratively following the prdaee illustrated in figure 2.

Figure 12a showk(T) calculated for the porosity = 0.4, grain permittivityg; = 5.5 +1 0.2, and for a
set of salinitiesS= 0, 1, 5, 10 ppt and water contefts 0.05, 0.10, 0.20, 0.30°m™. The corresponding
predicted resonant frequencies are in the range08fMHz<f, <136 MHz. This is approximately the
same as the range frofifR, — ) to f(om = 0) calculated for & &, <30 (figure 9) representing a
reasonable permittivity range for soil-water coiuhs.

Depending or5 and &, positive or negative temperature resporig@¥dT were predicted. For l0\8,
values of&y” are low, leading to values dRn which exceed the upper limit of the sensitivitnge
(=1000Q) affectingf,. Under these circumstancdsyalues are determined predominantly by the total
capacitanceCi(&m’) which increases withe,' (figure 8a). Therefore, the negative temperatyradient
d&'/dT=-0.36 K' [25] leads to the predicted positive frequencypoesesf(T)/dT>0 for low S
Observations in real soils [3, 29] displayi@dT < 0 even for nonsaline soil water duedtp> 0 associated
with charged particles. This difference points atimitation of the simplified model, such that ameeds
to consideror, rather than merel8in real soils.

As Sincreases to 10 ppdf(T)/dT decreases and becomes negative, particularlyhéorntermediate
water contents 0.103m>< < 0.20 nfm. This behavior is in accordance with increasirgpés leading
to Ry, within the sensitive range (XD < R, < 1000Q) affectingf,. Consequently, the gradierd§(T)/dT
are affected byda,/dT which reaches highly positive values for lar§e(see figure 7) leading to
dR/dT< 0 (not shown here). The negative temperaturdficemts dR,/dT <0 explain the negative
gradientsdf(T)/dT predicted for higlg becausd, decreases with decreasiRg (figure 9a). Normalized
readingsN(T) shown in figure 12b were computed froixiT) using (1) withf = 166.6 MHz and
frw = 101.2 MHz respectively. As a resultN/dT varies in the opposite directions of those for the
correspondingif/dT.

Finally, we estimated (T) (the apparent, measured permittivity in a conitdigcsoil medium) from the
empirical relationship (2) for comparison with thalue &, of the real part of the medium permittivity
computed directly from the mixing model (figure @jigure 13 shows temperature dependencies of
relative deviation®dé = A& /g, simulated foré= 0.05, 0.10, 0.20 0.30°m®, S=0, 1, 5, 10 ppt and for
&=5.5+1i0.2,7=0.4. In the followingA¢ is defined as the difference between simulatedesf
expected to be derived from the sensor readlngt the reference temperatufe= T, = 20°C and the
corresponding simulation far# Ty As an extension to (3®& (S, 6, T) is expressed as:
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AE(S,6,T)= } & = } d

Tref Tr

™

(s6, J0d1 (32)

=]

f

@

Thereby, the temperature sensitivity of the proajue £ used to infer the soil moisture is expressed
as:

%isem=2 4N -
dT ON N(S.6,T) 0T| g 1
—3S=10ppt ----S=5ppt —S=1ppt - S=0ppt
b) 0.90{5=6z0mm™ '
6 =0.05 m'm® 0.85-
1304 2010 mim S=0ppt.. - 0.801
TAs——— T T T | 0.754
% IS=10 ppt ~ 0.701
- 2 0659
0.60
0.55
0.504
0 10 20 30 40 0 10 20 30 40
T[°C] TI°C]

Figure 12.a) Computed resonant frequendi€§) and b) corresponding normalized readiNg§) of the
capacitance sensor. The calculations were bas#tkeariectrical properties,(T) andom(T) of the
environmental porous medium shown in figure 6 ane3pectively. Furthermore, the electrical circuit
analogue evaluated for the partial capacitancesetefrom the field simulations were used to cedoed,.

Again, 0£/0N evaluated aiN(S 6, T) was derived from (2), andN/0T evaluated at§ 6, T) was
computed from the simulated valued\g5 8, T) shown in figure 12b.

The real part of the medium permittivigy, used to estimate the relative deviatioa =AZ/&y,’ is
computed from the dielectric mixing model (8) ewbd for T=Te=20°C, S=0ppt and
f = <f,> =130 MHz. The frequency-dependence of thggefor 0 ppt< S< 10 ppt and forf within the
resonant frequency baghin < f <f; maxis minor (see figure 5), so the choicd &f not critical.

The resulting values computed for the four waterteots& are indicated in the corresponding panels
of figure 13. For increasind@ > T, and for S= 0 (thin dashed lines in figure 13) computéd are
increasingly negative. Asr, is almost zero in this case for @l(see figure 7), the differendes between
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the simulateds for T # T,es and forT = Ty is not caused by the effect of the medium condlifgton the
sensor outpul (see figure 9).

—S=10ppt --- S=5ppt ——S=1ppt----- S=0 ppt
6 =0.05m’m* 6 =010 m’'m*®
010{ =& '~B65atT, ] 010{ =& '~94 at T,
0.05. ] 0.05<
= o ] = ampi .
4 8
0.051 ] 0.051
0.101 ] 0.101
0 10 20 30 40 0 10 20 30 40
T[°C] T[°C]
6 =020m'm° 6 =0.30m'm°
010 = '~154 at T ] 010{ =¢'~220 at T,
005 _ ] 005{
— 000 ~ h = — = 0.00 o
Sw L. --== \\‘ < i \_\\ \
0051 005+ S~
0.101 ] 0.101
10 20 30 40 0 10 20 30 40
T[°C] T[°C]

Figure 13.Relative deviation®ds = A&/ &, between simulated for T = T,es = 20°C andr # Trer. The
value&y' is computed from (8) witls = 0 ppt,Trer = 20°C,f = 130 MHz,5 = 5.5 +10.2, and) = 0.4.

Consequently, the relative deviatiods for S= 0 are associated with the decrease of the eralgh
the permittivity &, with increasing T in accordance with the negative temperature coefft
d&'/dT=-0.36 K* [25] of the liquid phase with volumetric contefit Computeddé for S= 1 ppt (thin
solid lines) are less negative for> Tt because the sensor outputncreases witloy, as a function ol
(see figure 7), which partially compensates for tiegative gradientslg,/dT (see figure 6a). For
S=5 ppt and 10 ppt (bold dashed and solid lines)etven higher values of, with T (see figure 7) cause
N to increase withT such thatde becomes greater than zero fbe Tef meaning that the negative
gradientsd&g,'/dT of the real parts of the medium permittivities d@minated by conductivity effects.
However, forS= 10 ppt andd= 0.30 nim™ the correspondingly high values af, exceed the sensitive
range ofN (figure 9) such that the negative temperature igradis,’/dT has a dominant effect oa
deduced fronN simulated fofT > 20°C. At lower water contents.g, 8= 0.10 nim™), the positive effect
of T on d¢ is nearly linear fo6= 10 ppt over the whole temperature range.
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4. Summary and Conclusions

The capacitance sensor investigated here is uséufeio soil water conten® either from a direct
empirical relationship betweefiand measured resonant frequehdgfter normalization by air and water
counts) or via estimation of the real part of pétinity &, as a proxy ford&y). Here, we refined the
theoretical understanding and quantification of seasor responses to varialfletemperaturel, and
liquid salinity S including resulting changes in the bulk electrimanductivity of granular soilgr,. This
was achieved by combining a dielectric mixing modséctrical circuit analogue, and finite-element
numerical model of the electrical field in and ardithe sensor for a range of environmental conutio
Within the mixing model, the complex permittivityf saline water was based on previous empirical
studies [24]. The model does not handle bulk atmaitconductivity due to charged clays, but liquid
salinity provides analogous dielectric conditionstihe combined model. Effects of bound watergn
were not considered here, but are left for futakestigations using a more sophisticated mixingehod

The frequency dependence&fis confirmed and quantified by the mixing modélowing thatsy,' is
relatively insensitive t&, while &,” can be highly sensitive to both andf at a given water content and
temperature (see figure 5). In the measured frezueange of the sensor (10G,< 160 MHz), this
sensitivity is due to conductivity losses rathartiigh-frequency relaxation losses. The compuétaes
of &/(6, S, T) decrease witidl for all values ofd andS, while the imaginary par,”( 6, S,T) increases
with T, and the slopés,”’/ dT increases with botl¥ andS. Again, S may be considered as surrogate for
bulk electrical conductivitygn, given knowledge of the multivariate responseggfé, S, T). Monotonic
increases irom with 8, S,and T were estimated (figure 7) and used to compute bldktrical resistance
Rm in the electrical circuit analoguBn(&y’) was shown to be highly sensitive &’ only for &, < 10
(figure 8c).

In addition to Ry, various components of the total sensor capa@taag functions ofs, were
computed from numerical simulations of the eleatriteld, whereC(&y) was found to be nearly linear
(figure 8a). However, the associated geometricofagt(&n’) of the medium of interest was shown to be
highly variable (0 g, < 0.75) and nonlinear fag,' < 25 (figure 8b). This indicates that the geometf
the electrical field surrounding the ring capacitbranges with the permittivity of the medium being
measured, as indicated in previous experimentsl1.218].

Given all circuit component values as functionstlod environmental variable€,(S, and T), the
resonant frequency and its normalized vdlugvere computed as functions Bf, or on. Values ofN
increased withgr, for all values ofg,/( 8), with a maximum sensitivity at,’ = 6.54 (figure 9). Thus, the
apparent permittivitys (N) and water contenf{N) are sensitive taj,. Estimation errors foe, were
computed as functions afi, and T using the combined model. Temperature variationshe range
0 <T<40C caused deviations i, within a range of almost 10 % (figure 13). No additional
temperature drifts of the sensor electronics werssiclered here.

The physics-based theory presented here is of glewmelidity for understanding the sensitivity of
capacitance sensors to the electrical conductnMitthe surrounding media. Because the soil eledtric
conductivity also depends on temperature, the tiagunodeled instrumental sensitivity has to beetak
into account before interpreting thermal effectsmeasured data. Future studies may use the present
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approach and results to identify functions to adrfer temperature and salinity effects on thenested
soil water content. Such correction functions dantbe compared with laboratory and field dataeBas
on the potential errors in frequency-based estisnatepermittivity computed here, field data meadure
with such capacitance sensors will not provideal#é absolute estimates of water content withoah su
correction functions.
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