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Abstract. Investigation of transient soil moisture profiles since soil moisture determines the partitioning of net radia-
yields valuable information of near- surface processes. A retion energy on latent and sensible heat flux and the supply of
cently developed reconstruction algorithm based on the telewater for the terrestrial biomass. Furthermore, soil moisture
graph equation allows the inverse estimation of soil mois-influences plot scale generation of Hortonian and saturated
ture profiles along coated, three rod TDR probes. Laboratoryexcess overland flow (Chaves et al., 2008; Zehe et al., 2007)
experiments were carried out to prove the results of the in-and water repellency (Blume et al., 2009), as well as hillslope
version and to understand the influence of probe rod deforand catchment scale runoff response to extreme precipitation
mation and solid objects close to the probe in heterogeneouge.g. Merz and Brdossy, 1998; Zehe and@®ichl, 2004).

media. Differences in rod geometry can lead to serious mis- Spatially and temporally distributed Time Domain Reflec-
interpretations in the soil moisture profile, but have small in- tometry (TDR) and Frequency Domain Reflectometry (FDR)
fluence on the average soil moisture along the probe. Solidsmeasurements are widely used to observe soil moisture dy-
in the integration volume have almost no effect on averagenamics at the plot to hillslope scale (e.g. Starr and Timlin,
soil moisture, but result in locally slightly decreased mois- 2002). Conventional TDR measurements allow estimation
ture values. Inverted profiles obtained in a loamy soil with aof the mean soil moisture and the bulk electrical conductiv-
clay content of about 16% were in good agreement with in-ity of the surrounding media based on the travel time of a
dependent measurements. reflected electromagnetic wave guided in a waveguide/TDR
probe installed in the soil. Excellent reviews are given by
Robinson et al. (2003) and Cassiani et al. (2006). Several
authors have shown that the shape of the reflected TDR sig-
nal, the reflectogram, contains information about the dielec-
. . . . tric permittivity (¢) and thus the soil moisture along the probe
Only a minute amount of global water is stored as soll mo's'(OswaId et al., 2003; Schlaeger, 2005). The retrieval of this

ture: with an estimated volume of about 16 500%rm0il  yegajled information is achieved by inversion or by graphical
moisture represents 0.0012% and 0.05% of total and fres%terpretation of the signal (Moret et al., 2006). Inverse es-

water, respectively (Dingman, 1994). And yet, this tiny ny- 40 ati0n of the soil moisture profile seems to work well for

drological compartment exerts crucial control over interac'synthetic data sets (Oswald, 2000), homogeneous soils at the
tions between the atmosphere, land surface and groundwatqab scale (Becker, 2004; Greco, 200@r®inger et al., 2008)

or volcanic ash soils with low bulk densities ©f..0 g cnm3
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use long TDR rods. The influence of insulating solids in the
sampling volume was theoretically described by Knight et
al. (1997), but we are not aware of any study which studied
the influence of solids on the reflectogram.

The overall objective of this paper is to shed light on the
applicability of Spatial TDR in strongly heterogeneous field
soils. Therefore, the questions posed for this research are: 1)
How do coated probes of 0.60 m length react in these soils
(heterogeneous, electrical loss), and are these probes indeed
better suited for these soils compared to uncoated probes? 2)
How does the effect of a) different probe deformations, b)
solids (insulators, conductors) in the integration volume and
¢) high clay content in combination with a bulk density gra-
Fig. 1. Typical soil profiles with different horizons and coarse dient influence the: profile, the inverted moisture profiles
gravel and possible deformations of the TDR wave guides wherand the average soil moisture along the probe? Different lab-
installed in the soilg andb). oratory experiments were performed to shed light on these

topics.
In Sect. 2 we give a review of different inversion tech-

The essential idea of Spatial TDRis to cluster several Wavéiques. Section 3 provides details on the technological com-
guides in a small area, operate them by a single samplingonents and discusses potential sources of errors observed in
TDR and invert the reflectograms to elucidate the evolutionsie|q applications. Section 4 introduces five different labora-
of the soil moisture profile. Spatial TDR was originally pro- tory experiments. Section 5 discusses the step from applica-
posed by Schlaeger (2005) and further tested by Scheuetions in homogenous media or “the technical scale” to reli-
mann et al. (2009) to monitor moisture in sandy dams. Thegp|e applications in heterogeneous field soils, for instance
reflectogram of the TDR measurement is influenced by theyhen designing a site-specific calibration of transmission
probe geometry (Bnninger et al., 2008; Spittiehouse, 2000), jine properties. This step is crucial for hydrology because
solids in the sphere of influence (Knight et al., 1997), layeredine relationship between soil moisture dynamics and runoff
soils (Greco, 2008) or energy dissipation along the probeyeneration is not well understood yet; this is especially true
due to clay and salinity (Jones and Or, 2004; Chen et al.{o heterogeneous soils. These results are furthermore neces-
2007; Kupfer et al., 2007). These different factors may ham-gary to interpret soil moisture observations obtained with two
per the application of Spatial TDR measurements in realgpatial TDR clusters installed in the Eastern Ore Mountains,
world settings. The use of coated rods protects the TDRyresented in a closely related study by Zehe et al. (2010).

signal from energy dissipation (Féret al., 1998; Nichol  That study will introduce the applicability of Spatial TDR in
et al., 2002), increasing the signal-to-noise ratio and thushe field scale.

allows the use of longer TDR rods compared to uncoated

rods, which is essential for Spatial TDR applications (Dal-

ton and Van Genuchten, 1986). The drawbacks of coate¢ Theoretical background and signal constrained

rods are that they are less sensitivestdhat a coated ma- inversion

terial needs specific calibration (Feret al., 1996), and that

the measurement of bulk electrical conductivity is restricted2 1 TDR inversion approaches

(Moret-Ferrandez et al., 2009). As the high clay content of

the soils in the study area is around 16%, we preferred to usen this section we give an introduction to the inversion

TDR probes with three coated rods. This allows the use ofmethodology and an overview of the different inversion tech-

0.60m long probes, which is favourable for the observationniques. Generally, it is necessary for the estimation of

of infiltration processes into the subsurface. the soil moisture profiles along the TDR probe to simu-
In general, it is assumed that the TDR rods are installedate the propagation of the TDR signal in time domain by

parallel, but this is difficult to actually achieve when in- employing a numerical model (forward problem). This is

stalling probes in natural soils, especially in the presenceachieved by simulating the forward and back propagation of

of stones, layers, or soil bulk density differences. Figure 1the TDR signal along the wave guide and minimizing the

shows an extreme example with rods converging or divergingdifferences between observed and simulated signals by us-

with increasing depth for a rather heterogeneous soil locatethg an optimization algorithm which updates the parameter

in the Ore Mountains, Saxony, Germany. profile along the transmission line. Full wave approaches
The effect of the probe deformation on the reflectogramsolve Maxwell’'s equations within the forward step (Rejiba et

and the retrieved soil moisture has thus to be studied in deal., 2005). The target parameter of the optimization is the

tail, because it is essential for the Spatial TDR approach tgrofile of thee along the wave guide. Other studies have
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proposed simplified approaches based on multi-section trans- Within the inverse procedure Eg. (1) is numerically solved
mission lines (Heimovaara et al., 2004) or heterogeneousvith appropriate initial and boundary conditions to simu-
transmission lines (Greco, 2006); the Spatial TDR approacHate V (¢, xo|C) for given parameter profileS(x) andG (x).
(Schlaeger, 2005) belongs to the latter category. The wav@ased on the difference between the simulatgdr, x; |C)
propagation along the TDR probe is approximated by theand observed signalg (¢, x;) between the first (at=0) and
telegrapher’'s equation. The transmission line is conceptuthe second main reflection (at= T'), the transmission line
alized as a series of bulk electronic components such as regparameter€’ (x) andG (x) are updated by the conjugate gra-
sistors, inductors and capacitors. Hence, the target parametdient method until the objective functiaf(C) in Eq. (2) is
of the optimization is the electrical capacitance prof@g.(  minimized.
The Spatial TDR algorithm requires additional material laws T
that link C-g-soil moisture and — in the case of TDR probes J (C) :/ (Vi @, x:1C)—V§ (t,x,-))zdt )
with coated rods -€ and electrical conductana@ of the 0
transmission line (compare Sect. 2.3). The high quality of the recorded signal of the TDR100
(Campbell Scientific Inc), which has a time to peak of
2.2 STDR Signal inversion roughly 200 ps, allows inversion at a spatial resolution of
0.01m (Oswald et al., 2003; Lin et al., 2005). The solu-
The TDR signalV(t,xo,) or reflectogram is a superposi- tion of Eq. (1) is a profile of"(x) which has to be related to
tion of the input voltageV;(z,xo), generated by the TDR  the permittivity profile of the porous mediusgx) and finally
device, and partial reflections of the input signal occurring atto the moisture profilé(x) (compare next sections). Subse-
the junction of the probe and cable as well as at the end ofuently, we will refer to the resulting soil moisture profile
the wave guide. The averagelong the transmission line is  which is obtained after conversion as the inverted moisture

determined by the speed of the electromagnetic wave and cagrofile. For more details see Schlaeger (2005).
be calculated based on the travel time of the TDR signal. The

averages can be transformed into the average soil moisture
content along the probe by appropriate calibration functions3 Parameters and potential error sources of spatial
(see Sect. 3.4). The form of the reflectogram between the TDR-measurements
first and second main reflection at the probe’s beginning and ) .
end is a finger print of the dielectric profile along the wave 3-1  Technological components and setup of a spatial
guide. TDR

The principle of the Spatial TDR inversion is to estimate
the capacitance profil€ (x) along the wave guide by means

?Iflr;verszmode:hr.]g %ndbtransi?]rn; I mtoda StOII m;)tlﬁtuga prt9'|with a length of 0.60 m developed by Satel (2006) were
lle §(x). As explained above, the forward step of the Spatial used as wave guides. These consist of a stainless steel core

TDR algorithm is based on the telegrapher’s equation, which

describes the br tion of a volt i lona th of 6 mm diameter with a 1 mm thick PVC coating. The dis-
trZiZmizzioneIE?]g'paga onofavoltage puise, 1) along the tance between the rods is 0.03 m. The rods are screwed into

the probe head that is connected to &56oaxial cable of
(L(x)C(x)aZ—i-L(x)G(x)a+8L(X)/8xa—82>V(x h—o. (1) type RG213.The probes are connected to an eight channel
ar2 at L(x) 3 8x2 e multiplexer of type SNAPMUX (Becker, 2004) with coax-
ial cables of type RG213 with an impedance of$5@nd a
Herebyr is time andx the spatial coordinate along the wave |ength of 15m. The TDR100 is controlled and the data are

guide. The capacitanc€(x) and electrical conductance |ogged by an ARCOM VIPER 1.2 Industrial-PC with em-

G (x) are both affected by the soil moisture profifer) along  pedded LINUX operating system.

the transmission line. The inductanégx) is a function

of the transmission-line only and piecewise constant for the3.2 Calibration of probe parameters

coaxial cable and moisture probe, as long as the rods are par-

allel. The spatial derivative of L in Eq. (1) accounts for the The pulse velocity of the TDR signalis given by

difference between coaxial cable and probe. Compared to
. . . v=21/At, 3)

the general telegrapher’s equation, it is assumed that resis-

tive losses along the probe can be neglected and the electricalhere! is the probe length and the time difference be-

resistancek = 0. All parameter profiles will be given as spe- tween the first two main reflections in the reflectogram.

cific values per unit length. Nichol et al. (2002) have shown The equation to link to & with v =co/+/¢, with cg as the

that the true electric conductivify cannot be measured with speed of light, does not apply for coated probes, because here

coated probes. Therefor@,is not the real ionic conductance the signal depends on an effectiwevhich is composed of

of the soil but an effective value of coating and soil conduc-the dielectric properties of the coating and of the surround-

tivity. ing medium and would lead to an underestimation of soll

We used a TDR100 by Campbell Scientific Inc. to gener-
ate TDR pulses. Coated three-rod probes of type SUSUO3
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Table 1. Probe parameters estimated based on Egs. (5) and (9) and
absolute errors calculated with Gauss law.

Parameter Value Abs. Error

& g LinHm 1] 6250 23.0
+ o - Ci[pFm1] 224 09

= —H— Ca[pFm~] 3046 30.0

a) - - - (b

@ ® Finally L is estimated with the relationship to the rod
impedance:

Fig. 2. Total capacitanc&€ of a 3-rod-probe as a function of the

soils dielectric permittivitye (a) segment of three parallel rods en- Z(¢) =+/L/C(e). @)

compassed by soil; light grey: PVC coating; dark gray: metallic

core; (b) equivalent circuit.C1, Co: constant capacitance parame- The jump between the impedance of the probe plus the sur-

ters determined by the probes geometry (Becker, 2004). rounding mediun¥(e) and the impedance of the connecting
cableZg causes a partial reflection of the TDR signal at the
junction of cable and probe. By measuring the amplitudes of

moisture (Fer et al., 1996). Becker (2004) and Huebner etincoming and reflected signal, denoteddyandA g, we ob-

al. (2005) suggested that the pulse veloeify) can be best tain the reflection coefficient that is linked to the impedance

expressed by the constant inductaticef probe and the ef-  as follows:

fective capacitanc€(e) of the system probe and medium:

r(e)=Agr/A1=(Z(e)—Zo)/(Z(e)+ Z0), (8)
v(e)=1/vL-C). (4) Substitution of Eq. (4) and Eq. (7) into Eq. (8) and solving
In a second stepof the medium is estimated with a relation- for L yields:
ship betweerC(¢) ande¢ in the case of our three rod TDR L=(14r)/(1—r)- Zo/v(e) )

probe described by a simple circuit model consisting of a

series of capacitors, representing the capacitor between thgased on Egs. (6) and Eq. (9), the probe parameieres,
rods filled with the surrounding mediugh and describing  andZ have been derived from TDR reflectograms obtained in

the constant capacitance of the coating(Fig. 2): de-ionized waterg=80 at 20°C) and air £=1) with parallel
rod geometry for all probes as presented in Table 1. Based on
1/C(e)=1/(e-C1)+1/Ca. (5)  the standard deviation of the dielectric permittivity values we

. ] . could additionally quantify the relative measurement error to
According to Egs. (4) and (5) the probe is characterized bygos,

the three parameters,, C1, and L, which have to be esti-
mated by calibration measuremends.andL are affectedby 3.3 C-G relation

the probe geometry, especially the distance of the wave guide

rods. For parallel rods, the parameters are assumed to be coas coated rods do not allow direct measurements of the elec-
stant. Becker (2004) found a good correspondence of the retrical conductivity, we employ an empirical function that re-
lationship between andC derived from full wave numerical latesC(x) to G(x), as proposed by Hakansson (1997), to
simulations of coated three rod probes and the capacitancelose our set of equations:

model shown in Eq. (5). Further laboratory observations cor-

roborated the applicability of this capacitance model to pa-¢ ¢ — { Goo- (L—exp(—(C —=Co)/Ca), if  C=Co, (10)
rameterize the relationship betweeandC. Becker (2004) 0, if 0=C=Co.

suggested a calibration approach based on measuring TD@
pulse velocities; = v(g;) for two different media with well o
known dielectric permittivity values; ande, (water and air)
to determineCy, C1, andL. Combining Eg. (4) and Eq. (5)
for the two media and solving them fah andC> yields:

is the conductance at saturati@ry, is a capacity thresh-
old below which conductance is zero afig determines how
fast C reaches its maximum value. Becker (2004) showed
with numerical simulations that Eq. (10) is a suitable model.
In general,C;, G, and Cg have to be determined empiri-

2 2 cally. In a clay-rich soil one could furthermore exp&teto
Ci=(e2—en)/(e261(vi —v))- L, be zon-zero f)(/)r a smaller thanCo. The parame?er esti-
and mation requires manual calibration during the inversion of a
Ca=(s2—¢1)/((s2v3 —£10%) - L). (6)  known soil moisture profile.
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Table 2. Soil texture (following the United States Department of Agriculture (USDA), 1993 classification), bulk depsggturated soil
moisturedg and permanent wilting point (PWP) of the dominating Cambisoil at the study area Rehefeld, and experimental glags beads.
anddg were estimated on 1.00%hsoil cores with grain density of 2.65 g cM. PWP is the soil moisture at 160 m pressure head. The glass
beads have a grain size ranging from 0.25 to 0.5 mm in diameter. Standard deviation is abbreviated as SD.

Sand Silt Clay pp SDy, g PWP
Soiltype  [%] [%] [%] [gem ¥ [gem™3  [m3m~3  [m3m~I
Cambisoil 52 32 16 1.15 0.11 0.56 0.08
Rehefeld
Glass beads 100 - - 1.50 0.05 0.38 0.03
3.4 e—soil moisture relation TDR probe at this field site was a challenging task, due to the

large amount of gravel of up to 0.4 kgky (Landesamtiir
Different models linking: and soil moisture are reviewed by Umwelt, Landwirtschaft und Geologie, 2006), the increasing
Cassiani et al. (2006) and Lesmes and Friedman (2005). Bedensity with depth and the heterogeneity of the soils. Simi-
cause of different geochemical and geophysical properties itar problems were documented by Spittlehouse (2000). We
is difficult to find a universal petro-physical relationship for used a steel template with three holes set at the right distance
the unsaturated zone (Paasche et al., 2006). In this studftom each other as well as a power drill with a 0.60m long
the soil moisture frome is calculated using the empirical auger. Several attempts (on average about two) were nec-
relation proposed by Topp et al. (1980) for sand and glassssary to drill three holes with the appropriate distance and
beads. The-soil moisture relation was developed using 11 depth due to gravel blocking. Nonetheless, we had difficul-
undisturbed soil samples in a plastic core cylinder (diame-ties in ensuring that the rods of the probes were parallel. Fig-
ter=0.057 m, length 0.10 m) from different horizons of the ure 1 illustrates typical deformations of the probes; the rods
study area. In the laboratory, samples were saturated angonverge towards the end (Fig. 1a) or diverge with increas-
in each sample a 3-rod 0.075m long TDR probe (CS640-Ling depth (Fig. 1b). As the theory of the inversion assumes
connected to a TDR100, both Campbell Scientific Inc.) wereparallel geometry of the rods, these deformations will likely
inserted. The samples were slowly dried. Once or twice acause errors in the estimated soil moisture profiles, because
day the soil moisture was estimated by gravimetric methodc; andL cannot be assumed as constant over the profile. In
and the dielectric permittivity by TDR measurements. Dif- section 3.2, we describe the experimental setup to investigate
ferent approaches to linkand soil moisture were tested (Al- the influence of simple rod deformations on the inversion.
harthi and Land, 1987; Roth et al., 1992; Malicki et al., 1996;
Friedman, 1997). For the soils in the study area, the linea3.6 Gravel and stones
relationship between the refractive index and soil moisture

(Herke“‘ath etal., 1991) was found to be most suitable: The pulse veIocity measured with TDR is related to the aver-
age volumetric soil moisture. This can, as suggested by Topp
O=a+b-e. (11) and Davis (1982), lead to misinterpretations when abrupt wa-
ter content changes along the transmission lines are present.
The parameterg andb are fitting parameters. Knight et al. (1997) theoretically discussed the influence of
) o ) “gaps” in the integration volume which were filled with ma-
3.5 Probe deformations during installation terials with either a lower than average or higher than average

ermittivity. They found materials with lower than average

we |nv?sdt_|ga_t§d W;ethler SPa“a' TDI?|CIUSte(;S allows alsses%ermittivity to have stronger impacts on TDR measurements.
ment of distributed soll moisture profiles under natural Con-g o, 5 il physical view, coarse gravel and stones in the in-

ditions in the headwater of the WeiReritz catchment close tocegration volume of the TDR probe reduce the total volume
the village of Rehefeld in Saxony, Germany. Soils are mainlymc the pore spac® at that depth

Cambisols in periglacial weathering covers. In the summer

of 2006, we installed two Spatial TDR clusters at two hill-

slopes close to the village Rehefeld. Table 2 shows the mean Laboratory experiments to quantify error sources

soil characteristics determined from 20 undisturbed soil sam-

ples extracted in profiles excavated up to a depth of 0.70 nin this section we present the setup of our five different lab-
close to one of the clusters. Additional details on the projectoratory experiments and present the results. In experiment 1
context, the spacing of TDR probes and the catchment aréo 4, we used glass beads with a grain size of 0.25-0.5mm
discussed in Zehe et al. (2010). The importance for thediameter to ensure that our performance test took place in a
present study is that the installation of the 0.60 m long Spatiaimedium with homogeneous pore space. In experiment 5, we

www.hydrol-earth-syst-sci.net/14/1007/2010/ Hydrol. Earth Syst. Sci., 14, 10202010
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Table 3. Parameter sets characterizing 5 relations for inver- L
sion of the reflectograms into soil moisture profiles both for glass
beads and soils.
Goo Co Cy 5
EXp. Name [mSml] [pFm™1 [pFm™Y] 3
1 Glass beads 1.5 50 18 %
2 Rehefeld soil 2.0 50 18 -
/ UP WC 22.0 %
— opweaze
02p, L ) \ . ) ) ) —CPWC88%
bi ﬁ 0 5 10 15 20 Timez[sns] 30 35 40 45 50
r Standard
Gergence ” Fig. 4. Reflectograms obtained with coated (CP) and uncoated (UP)

Strong Divergence

SUSU03 probes with 0.60 m rods at two different soil moistures,
measured in an experimental box with glass beads (Table 2). Bulk
electrical conductivity was 1:010~2dS nt 1 for the dry case and
Tdmpla J 6.7x1072dS 1! for the wet case.

70 cm
60 cm

L 3cm
" 6.cm

@ " sem " (b) PRE <l fully filled with glass beads that were moderately compacted
to ensure good contact between soil and TDR probes (Ta-
ble 2). The experiment was conducted at two different wet-
ness conditions, namely 0.08-0.09m3 (dry) and 0.20—
0.21 ¥ m—3(wet).

Figure 4 shows the reflectograms of a coated and an un-

coated rod probe at two different soil moistures in glass
used disturbed soil from the field as described in Table 2 to?€@ds. In both cases the travel time of the coated probe is

Fig. 3. Sketch of the plastic box with installed SUSUO03 and position
of the wooden templaté), and sketch of the four different probe
geometriegb).

test the method within a heterogeneous medium. smaller compared to the uncoated which is an effect of the
isolating PVC coating. Estimated bulk electrical conductiv-
4.1 C-G relation, e-soil moisture relation and constrain- ity based on the method suggested by Huisman et al. (2008)
ing of inverted moisture profiles and Lin et al. (2007) yielded values of k@0~2dSnt ! and

6.7x10-2dS nT1 for the dry and wet case, respectively. For

We estimated the three paramet&fs, G, and Co of the case of uncoated rods, even a low electrical conductiv-
Eq. (10) within experiments 2 and 5. The results are listedity has already a strong influence on the shape of the reflec-
in Table 3. The parameters of Eq. (1d)andb were esti-  togram. Especially in the wet case, there is a strong attenu-
mated at—0.2291 and 0.1324, respectively. The coefficient ation between 2 and 14 ns that is much less pronounced for
of determinationk? was 0.9837. the coated rods. Despite the low value of bulk electrical con-

The last crucial step to ensure that the inverted soil mois-ductivity, its influence on the uncoated probe is significantly
ture profiles complied with soil physics is to constrain the strong. We thus may state that coated rods will deliver the
inversion by a physical range. The upper end is defined bymore reliable reflectograms and should be used in these soils
soil saturated water contert) and the lower end by the when using a probe length of 0.60 m.
permanent wilting point (PWP). This can easily be achieved
by using the inverse to # and the inverse to ¢ relation- 4.3 Experiment 2: performance in homogeneous media
ships to obtain upper and lower limits f6r. The parameters during transient conditions

for the different soil substrates are listed in Table 2. ] . )
Figure 5 shows the experiment setup. The experiment was

4.2 Experiment 1: effect of uncoated and coated probes conducted in a 1 m high and 0.15m wide PVC tube. Glass
on the reflectogram in field soils beads were filled into the tube and compacted, resulting in

a bulk density of 1.51gm® and a saturated water content

We compared two SUSUO3 probes, one of each with ancf 0.38 P m—2 (Table 2). Two T-pieces with a diameter of
without coating. Experiments were accomplished in a plas-0.15m and a length of 0.09 m in the tube allowed for the in-

tic box with a height of 0.70 m and edge length of 0.30 m by stallation of THETA probes (THETA, Delta-T-Devices) with
0.30m (Fig. 3a). Both probes were installed in the middlea shaft length of 0.11m, rod length of 0.06 m and a diam-
of the box and we placed a wooden template at 0.59 m deptleter of 0.04m. One probe of type SUSUO3 was installed
to secure ideal probe geometry (Fig. 3a). The box was carein the centre of the tube with rods pointing from the upper

Hydrol. Earth Syst. Sci., 14, 100762Q 2010 www.hydrol-earth-syst-sci.net/14/1007/2010/



T. Graeff et al.: A quality assessment of Spatial TDR soil moisture measurements 1013

Table 4. Difference of inverted soil moisture to point measurements with 1 THETA probes as absolute error (AE) of the soil moisture in
m3m—3; goodness of fit criteria calculated from observed and reconstructed reflectograms: root mean square error (RMSQ), mean error
(ME), standard deviation of error (STDE), Nash-Sutcliffe efficiency (NSE) and the objective function (Eqg. 2).

Time [d] 0 15 2.5r 3.5 4.5
AE0.30m —0.022 —0.032 0.022 —0.002 —0.003

AE 0.55m 0.003 0.000 0.010 —0.029 0.019
RMSQ 15103  452x103  6.18x10°3  8.05x10°3  6.65x10°3
ME —1.02x1073 —3.06x10°3 —4.60x1073 —595x103 —4.51x1073
STDE 11103 3.35x1073  4.02x10°3  5.06x103  4.81x1073
NSE 0.995 0.994 0.992 0.990 0.993
Objective  3.3%10° 14 3.06x10°13 569x1013 063x10°13 6.55¢10°13
Function

edge of the tube to the bottom and the narrow side of the
probe faced to the T-pieces. Independent soil moisture mea-
surements were obtained with two THETA probes placed at
a depth of 0.30m and 0.55m, which work in the FDR do-
main with a measurement error &f0.01 m? m~2 (Gaskin

and Miller, 1996). The THETA probes reach 0.03m into
the centre tube. The rods of the THETA probes have a dis-
tance of 0.04m to the rods of the SUSUO3 to avoid inter-
action of the measured signal. The sample area of a coated
probe is of low range (Fegret al., 1998) outside the rods and
the additionally reflectograms are proven on the influence of
the THETA probes. We started the experiments with a tube

0.15m

surface

that was fully saturated with de-ionized water and the soll | | THETA-Probes
moisture was reduced by sucking off 250 ml of water at the :: :

bottom of the tube every 6 h. Soil moisture profiles were in- — {E] 055m
verted at the different moisture conditions and compared to 00m o

the THETA probes.

Figure 6 presents inverted moisture profiles in comparison
to the THETA probe obtained during the experiment. For the
L?Sﬁ:g?sitgﬁ le?r::r;regﬁlresc?;tae)\j\?ér]é ;gg-zzlaet: dV\tlgsOli)SSeri ]:%rFig. 5. Sketch of the setl_Jp of expgriment 2. A SUSUO03 probe and

) o ’ wo Theta probes were installed in PVC tubes and the tubes were
a bgtter compar_ab|l|ty. Table 4 shows the absolute error Okilled with glass beads. At the bottom of the tube, an outlet permits
the inverted profiles to the THETA probes and goodness of fitihe controlled and stepwise drainage of water in the tube.
criteria for the inversion calculated from observed and recon-
structed reflectograms. Both data sets are generally in good
agreement, except for days 1.5 and 2.5. The higher values Ghe assumption of a parameter set up for a correctly paral-
the THETA probe measurements may result from effects ofie| installed probe. Here we studied four different cases:
the T-pieces, which may have retained higher water contenparalle| rods, converged rods, diverged rods and strongly di-
during drainage. Finally, it is important to stress that even ayerged rods (Fig. 3b and Table 5). The experiment was con-
glass bead mediumiis not perfectly homogeneous. The readgfycted with glass beads in a plastic box and a template to
should note the small variations in the moisture profile at thegnsyre the probe deformation (Fig. 3a). The experiment was
beginning of the experiment, which reflect small differencesgnqucted at three soil moisture levels: 0.04—0.8%m?,

Outlet

in saturated water content. 0.07-0.09Am~3, and 0.20-0.23 Am~3. The values were
cross-checked with THETA probe measurements along the
4.4 Experiment 3: effect of probe deformations experimental box. A TDR measurement was performed and

inverted into a soil moisture profile. The procedure was re-
The effect of probe deformation on the estimated soil mois-peated for all selected deformations. Establishing a homo-
ture profile and the mean soil moisture were studied by de-geneous soil moisture profile during a single experiment was
forming the two outer rods under controlled conditions with rather difficult and could only be achieved approximately.
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Table 5. Mean soil moisture observed with different probe deformations at soil moisture of approximately02n0.08 mPm—3 and
0.20 nPm~3 estimated with SUSU03 and THETA probes. Standard deviation is abbreviated as SD.

Type of Strong Mean THETA SD THETA
Convergence Standard Divergence

Deformation Divergence probes probes

Distance between  0.03 0.06 0.10 0.14 - -

the outer rods [m]

0.04Pm—3 0.036 0.038 0.039 0.039 0.040 0.005

0.08 mPm—3 0.077 0.081 0.079 0.073 0.080 0.010

0.21mPm—3 0.207 0.199 0.200 0.195 0.200 0.020

Table 6. Amplitude coefficient (CA) for different probe deformations at soil moisture of approximately Gov/y 0.08 ®m~2 and
0.20 mPm—3.

Type of Strong
Convergence Standard Divergence

Deformation Divergence
Distance between 0.03 0.06 0.10 0.14
the outer rods [m]

0.04mPm—3 0.11 —-0.33 —0.58 —-0.75

0.08 mPm—3 0.22 —-0.20 —0.66 —0.80

0.21mPm—3 0.46 —-0.25 —-0.58 —1.31

ter set for glass beads (Table 3). It has to be noted that due to
installation and de-installation of the probe, which required
refilling of the box, the soil moisture and bulk density pro-
30 files varied slightly between different experiments (Table 5
and Fig. 7a—c) when comparing the different geometries.

A decreasing distance between the wave guide rods means
an increasing capacitance of the transmission line. Hence,
the probe parameters; and L should vary along the trans-
mission line. However, they are currently assumed to be con-
15 stant, because we are studying the effect of rod deformation

on the retrieved soil moisture profile by the supposition of a
10 parallel geometry on de facto different geometries. For con-
) vergent rods, the average soil moisture was measured cor-
0 1 2 3 4 rectly compared to the measurement with parallel rods. How-
Time [d] ever, the soil moisture along the rod increases with depth in
all three cases, implying an underestimation of soil moisture
Fig. 6. Comparison of inverted soil moisture profiles obtained in the upper half and an overestimation of soil moisture in
within glass beads with independent soil moisture measurements bthe lower half. This becomes especially apparent for inter-
means of THETA probes (marked with circles). The colour coding mediate conditions and wet conditions.
is the same for both data sets. For the case of divergent rods, the apparent soil moisture
profile is just flipped in comparison to the convergent case.
Thus, in the upper half we observe an overestimation and

Figure 7 presents the reflectograms and the invertedn the lower part an underestimation of the soil moisture. It
soil moisture profiles at different average soil moistures ofis important to note that the average soil moisture calculated
0.05m? m~3 (Fig. 7aand d), 0.08 Aim~2 (Fig. 7Tband e) and  from the travel time with constant parameters is in most cases
0.20 m? m~2 (Fig. 7c and f) for the four different rod geome- within the error range almost unaffected by deformations of
tries shown in Fig. 3b. During inversion we used the parame-the probe (Table 5). The experiments were also repeated in

Depth [m]

o
'S

0.5
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Fig. 7. Reflectograms and inverted soil moisture profiles obtained with different probe deformations at a soil moisture of approximately
0.04m*m~3 (a) and(d); 0.08 " m—23 (b) and(e); and 0.20Mm~3 (c) and (f). Standard denotes according to Fig. 3 ideal geometry,
Convergence means convergent rods with increasing depth, Divergence and Strong Divergence values signifies a divergent probe as describe
in Fig. 3.

coarse sand of 0.06 to 0.60 mm grain size, with similar re-the lower part can be systematically drier/wetter than the up-
sults (not shown). Thus, we state that unknown changes iper soil, or case of gradients in salt, clay or organic content
probe geometry will lead to a systematic bias in inverted soilidentification of probe deformations using Eqg. (12) is not that
moisture profiles, but will leave the average values largelystraight forward.
unchanged in case of the used SUSUO3 probe.

As a first step, we tested a simple quality measure to iden4.5 Experiment 4: effect of solid objects in the
tify probe deformations by introducing the coefficient of am- integration volume

plitude CA, defined as: ) ) )
The purpose of this experiment was to study the influence

CA = (Vmaxi— Vmin)/ Vimax1 (12) of different solids on the reflectogram and the estimated soil
moisture profile. A coated SUSUO3 probe was installed in
where Vimax1 = maximum voltage of the first reflection and the same box used in experiment 1 (Fig. 3a); ideal parallel
Vmin is the inflection point before the second reflection in geometry was ensured by installing a wooden template at a
the reflectogram. The corresponding values for the deformadepth of 0.59m. An iron block (a conductor), a dry and a
tion cases are listed in Table 6. In the convergent case, C/Aaturated piece of wood (insulator), a PVC block (insulator)
has positive values and is negative in the standard and diand a brick or a boulder from the study area, all with a vol-
vergent case. With increasing divergence CA values becomeame of approximately 1.51, were placed close to the probe at
larger. This is consistent with the theory of a plate capacitor,a depth of 0.30 m. The box was filled with glass beads (Ta-
as an increasing distance between the rods corresponds tobde 2). TDR measurements were performed at three different
decreasing conductance. The amplitude at the end of the resoil moisture levels: 0.04#m~2 (dry case), 0.16 fm—3
flectogram will thus increase, which yields a negative value(intermediate case) and 0.3 m~2 (wet case).
for CA. In the convergent case the conductance increases at Figure 8 presents the reflectograms as well as the inverted
the end of the probe, which means a small amplitude and thusoil moisture profiles for the brick, the iron block, the dry
a positive CA. However, in the case of layered soils, whereand saturated wood, and the boulder block. Table 7 lists
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Fig. 8. Reflectograms and inverted soil moisture profiles with an iron block, dry and wet wood, PVC block, brick and boulder with a volume
of approximately 1.51 at a depth of 0.30 m. All probes were measured with ideal geometry. The mean soil moisture is abSuhoY4 m
((@) and(d), dry case) 0.16 m~3 ((b) and(e), intermediate case) and 0.3¢m=3 ((c) and(f), wet case). Wood is abbreviated to W.

Table 7. Mean soil moisture observed with THETA probes and estimated with the different objects and the soil moisture in the area of the
object.

Soil moisture between 0.28—-0.33 m depthP 3]

t Mean Iron Boulder DryWood Sat.Wood Plastic Brick
THETA
probe
dry 0.04 0.094 0.034 0.031 0.034 0.031 0.034
intermediate  0.16 0.240 0.131 0.135 0.152 0.142  0.140
wet 0.30 0.378 0.306 0.308 0.307 0.299 0.328
mean soil moisture SUSUO3
dry 0.04 0.037 0.034 0.034 0.033 0.034 0.035
intermediate  0.16 0.160 0.147 0.147 0.154 0.166  0.161
wet 0.30 0.310 0.313 0.313 0.312 0.315 0.316

the soil moisture observed with THETA probe measurements As the iron block is an ideal conductor, the electric con-
along the profile, the mean soil moisture estimated with theductivity is strongly increased at a depth of 0.30m. Con-
SUSUO03 and the soil moisture in the area of the object. Dursequently, soil moisture appears to be higher at that depth
ing inversion, parameter set “exp. 2” (Table 3) was used toin the soil moisture profile, which is indicated in the reflec-
characterize the transmission line. Similar to experiment 3togram by the pronounced decrease in the amplitude at 5 ns
it has to be noted that due to installation and de-installationn Fig. 8c. The inversion yielded a soil moisture value of
of the probe, soil moisture and bulk density profiles varied0.37 n¥ m~2 at 0.30 m, whereas the true soil moisture was
slightly between different experiments. This leads to a non-approximately 0.30 hm~2. The other objects, with the ex-
constant profile in the inverted profiles, especially in the in- ception of the wet piece of wood, show up as a slightly drier
termediate and wet case (Fig. 8e and f). region in the reflectogram, marked by the small increase in
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Fig. 9. Inverted soil moisture profiles obtained in an experimental box filled with soil from Rehefeldayithe irrigation,(b) the absolute
error of inversion compared to measurement with THEEAthe objective function (shortened with OF) of the inversion @h)dhe inverted
profiles to a depth of 0.55m.

normalized voltage at 5ns in Fig. 8b and c. The wet peacament 1 with the wooden template to guarantee an ideal probe
of wood has no influence in the dry and intermediate casegeometry. The plate at the base was perforated to allow for
and less effect on the profile in the wet case, although slighexfiltration of irrigated water. To set up the experiment, we
heterogeneities in the pore space could be observed and hafited the box to 50% with disturbed soil material from the
similar impact on the reflectograms. Inversion yields slightly field site, installed the SUSU 3 probe in the template, in-
lower soil moisture at 0.30 m when compared to the valuesstalled two THETA probes at depths of 0.25m and 0.50m
below and above. The effect of the iron block and the otherand then filled the remaining volume. Additionally, we in-
objects agree with the expected behaviour. stalled a 0.30 m uncoated TDR probe of type CS610 (Camp-

It is important to stress that an ideal conductor in the in-bell Scientific Inc.) vertically from the top into the box to
tegration volume has the same influence on the reflectograrmeasure the bulk electrical conductivity. After filling and
and the inverted moisture profiles as a convergent probe geProbe installation, the soil material was compacted to avoid
ometry (compare Fig. 7a and Fig. 8a). Both lead to a stroncfir gaps between the rods and the surrounding soil. The spin-
decrease in the amplitude of the reflectogram. Fortunatelyup time of the experiment was two months with an irrigation
gravel, boulder blocks and other solid objects of low electricamount of 74112 every fourth day to achieve stable ini-
conductivity and low permittivity seem to be not as critical tial conditions. The actual irrigation experiment lasted 10 h,

as was expected. Their effect on the reflectogram is rathewith a temporal sampling interval of the soil moisture data
small. before irrigation of 20 min and during and after irrigation of

10 min. The soil was irrigated twice (74 [TA4 min~1) us-

ing de-ionized water. During the inversion we used the pro-
file information of the previous time step as the initial con-
dition for the following step. Inverted soil moisture profiles
obtained with Spatial TDR were compared to measurements
ith the THETA probes at two different depths.

4.6 Experiment 5: measurement of soil moisture in
disturbed soil

The applicability of TDR in soils of high clay content is gen-
erally hampered because of relaxation phenomena and higW
energy losses along the transmission line (Chen et al., 2007; Figure 9 presents the temporal development of the inverted
Kupfer et al., 2007). As the soil at the field sites containssoil moisture profile during two irrigations of approximately
about 16% clay, we performed irrigation experiments using741m~2 in a period of 4min at 5:20 h and 6:40 h (a), the
field soil material (Table 2) in the box described in experi- absolute error of inverted profile compared to THETA probe
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measurements (b), the objective function of the inversion (c)5 Discussion and conclusions
and the inverted profiles (d). The range of the bulk conductiv-
ity measured with a CS610 was 0.04-0.10dSnThe spa-  Different laboratory experiments were carried out to inves-
tial resolution was aggregated to 0.05 m length for a bettettigate the feasibility of retrieving soil moisture profiles with
comparability with the THETA probe measurements. Dur- Spatial TDR technology in glass beads and heterogeneous
ing inversion, parameter set “exp. 2" (Table 3) was used toloamy soils with substantial clay content.
characterize the transmission line. This study shows that deformation of the probe geometry,
The soil column was relatively dry before the irrigation, which can be assumed to be the rule rather than the exception
with a dry top layer and a slight increase in soil moisture to-when installing long TDR probes in heterogeneous soils, in-
wards the bottom. During the irrigation, the infiltration front fluence both the reflectogram and the inverted soil moisture
reaches a depth of approximately 0.15m in the first 10 min,profile. In the case of divergent or convergent rods, neither
and then the infiltration front reaches the bottom after furtherthe inductance. nor the capacitanc€; can be assumed to
10 min. Exfiltration starts at the bottom of the soil column, be constant along the transmission line. Fortunately, probe
with some 101 n12 leaving the column in the first few min- deformations leave the average moisture content along the
utes after the infiltration front has reached the bottom. Inprobe almost unchanged. The average value is determined
the top layer, up to a depth of 0.10 m, the soil moisture de-from the pulse travel time between the first and second main
creases while the lower layers remain saturated for 2 h, aftereflections in the reflectogram. Their location is not affected
which the second irrigation experiment is initiated. The wet- by probe deformations, because we used coated probes here.
ter soil reacts much faster upon irrigation. Drying then startsAverage soil moisture values obtained with uncoated probes
again, mainly forced by evaporation, and the profile evolvesare, however, more sensitive to probe deformations as shown
to the initial conditions. First, the soil moisture decreasesby Banninger et al. (2008) and Spittlehouse (2000). Spittle-
from 0.56 ¥ m~3 to 0.25n¥ m~3 in the top layer up to a house observed a reduction of average soil moisture in the
depth of 0.08 m within a few hours. The deeper parts havedivergent case and predicted an underestimation of the sam-
lower rates of drying depending on the depth, and at the engbling volume for the convergent case. Feegt al. (1998)
of the experiment the lowest 0.12 m were still saturated. ~ showed that coated probes have a clearly smaller sampling
The estimated absolute error (Fig. 9b) of the inverted valuevolume than uncoated probes and that three rod probes have
minus the measured soil moisture with THETA probes ina smaller sample volume than two rod probes. A decreas-
the depths 0.20 m and 0.50 m shows that the inverted valuéhg/increasing of the sample volume in the case of conver-
slightly underestimates the soil moisture measured with thegent/divergent probes has thus a smaller effect when using
THETA probes before the irrigation. During the irrigations, coated three rod probes, which explains the robustness of av-
the inversion overestimates the soil moisture, and duringerage soil moisture contents obtained here. A much stronger
the drying the soil moisture is underestimated again. Espedeformation than has been investigated here could surely
cially during the irrigation phase, the absolute error is largerhave an effect on the average soil moisture values. However,
for the upper probe (0.15%m—3) than for the lower one in the present study we just investigated realistic rod defor-
(0.05n¥m~3). During the drying phase, the soil moisture mations that were observed in a related field study (Zehe et
for the upper probe is slightly overestimated, and for theal., 2010).
lower it is underestimated. One explanation for the differ- Itis also good news that solid objects like gravel, wood or
ences smallex0.03 n? m—2 between inverted soil moisture boulder blocks only have a small effect on the inverted soil
and THETA probe measurements during the experiment isnoisture profiles. They show up as slightly drier regions in
small scale heterogeneity in the soil column. the reflectogram. However, when a solid electrical conduc-
Figure 9c shows the temporal development of the objector (an iron block) is present, soil moisture in this region is
tive function for the inversions, which is an uncertainty mea- strongly overestimated by the inversion. Similar problems
sure for the inverted soil moisture values. A higher value ofcould occur in soils with a high content of iron-rich miner-
the objective function implies a high uncertainty of the mea-als, as discussed by Robinson et al. (1994) and Van Dam et
surements. The objective function slightly decreases at thel. (2002).
beginning of the experiment. It increases with the start of the Finally, we found that observations with THETA probes
irrigation. Between the two irrigation events, the objective and soil moisture values retrieved from the same depths were
function remains constant, but increases again after the segenerally in good accordance both in glass beads and dis-
ond irrigation. Finally, the objective function value decreasesturbed natural soil from the field site. It has to be considered
continuously with decreasing soil moisture content. The in-that during infiltration or withdrawal, the accuracy of the in-
crease of the objective function and the large difference toverted profile decreases. We demonstrated furthermore that
the upper THETA probe during the irrigation indicate that Spatial TDR is capable of monitoring fast infiltration and re-
fast soil moisture changes are problematic for the inversiordistribution of irrigation water in soil.
procedure, which applies especially for the upper part of the We have analyzed the sources and subsequent impacts of
probe. different kind of errors. The biggest problem is certainly the
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bias that is introduced by probe deformations. The suggeste®eferences
measure CA allows assessing whether the probe is conver-
values in the case of convergent rods. Negative values are,,m'’_“"“'0”’S/V""\t/\‘ir R;S‘_’luhR?\ls" 2§(4)' 591/'_59461;’37“ .
observed for parallel and divergent rods. The absolute valu&anninger, D., Wunderil, H., Nussberger, M., an S

. . . . . version of TDR signals — revisited, J. Plant Nutr. Soil Sc., 171,
of the negative values increases with increasing divergence. 137-145 2008
Thus, if the reflectogram of a probe shows strongly negativeg ' .

o - o Y ecker, R.: Spatial Time Domain Reflectometry for Monitor-
or positive values under different conditions, it is likely that  j g Transient Soil Moisture Profiles, Ph. D. thesis, Mitteilun-

the probe geometry is deformed. In the case of a small neg- gen des Institutesit Wasser und Geiasserentwicklung - Bere-
ative CA, the function is not able to give clear information  ich Wasserwirtschaft und Kulturtechnik mit “Theodor-Rehbock-
about the probe geometry if the probe is parallel or slightly ~Wasserbaulaboratorium”, Heft 228, University of Karlsruhe,
divergently installed. This could lead to a biased inversion Germany, 2004.
with a slight underestimation in the depth. This error sourceBlume, T., Zehe, E., and Bronstert, A.: Use of soil moisture dy-
can only be identified by excavation of the probe. In the case Namics and patterns at different spatio-temporal scales for the
of layered soils where the lower part can be systematically mv_estlgatlon of subsurfr?l_ce flow processes, Hydrol. Earth Syst.
drier/wetter than the upper soil, or the case of gradients in Sci., 13, 1215-1233, d0|.10.?194/hes§-13-1215-2009, 2009.
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