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Three-Dimensional Electrical 
Resis  vity Tomography to Monitor 
Root Zone Water Dynamics
Knowledge of soil moisture dynamics and its spaƟ al variability is essenƟ al to improve our 
understanding of root water uptake and soil moisture redistribuƟ on at the local scale and 
the fi eld scale. We invesƟ gated the potenƟ al and limitaƟ ons of electrical resisƟ vity tomog-
raphy (ERT) to measure three-dimensional soil moisture changes and variability in a large, 
undisturbed, cropped soil column and examined the interacƟ ons between soil and root 
system. Our analysis sustained the value of ERT as a tool to monitor and quanƟ fy water 
contents and water content changes in the soil, as long as the root biomass does not infl u-
ence the observed resisƟ vity. This is shown using a global water mass balance and a local 
validaƟ on using Ɵ me domain refl ectometry (TDR) probes. The observed soil moisture vari-
ability was rather high compared to values reported in the literature for bare soil. The 
measured water depleƟ on rate, being the result of combined eff ects of root water uptake 
and soil water redistribuƟ on, was compared with the evaporaƟ ve demand and root length 
densiƟ es. We observed a gradual downward movement of the maximum water depleƟ on 
rate combined with periods of redistribuƟ on when there was less transpiraƟ on. Finally, the 
maximum root length density was observed at −70 cm depth, poinƟ ng out that root archi-
tecture can strongly depend on soil characterisƟ cs and states.

AbbreviaƟ ons: DOY, day of year; DR, depleƟ on rate; ECb, bulk soil electrical conducƟ vity; ERT, electrical 
resisƟ vity tomography; ET, evapotranspiraƟ on; GPR, ground penetraƟ ng radar; nDR, normalized mean 
weekly water depleƟ on rates; RLD, root length density; RWU, root water uptake; TDR, Ɵ me domain refl ec-
tometry; WC, water content; W-S, Waxman and Smits (1968) [model].

Accurate knowledge of the processes governing soil moisture variability and water 

redistribution in the soil–plant continuum is necessary for agricultural water manage-

ment and predictions of the fate of agrochemicals. Th e amount of water plants can take 

up and transpire depends on soil water availability and the distribution of roots in the soil. 

However, controversy still remains about the main factor(s) controlling root water uptake, 

especially for a nonuniform soil moisture distribution and intermediately wet soil (Green et 

al., 2006). Due to nonlinear dependencies on water content, upscaling of root water uptake 

and evapotranspiration requires knowledge of the spatial statistics of local water contents. 

During the past decades, many studies have focused on measuring and understanding soil 

moisture variability at the fi eld-scale and its interaction with root water uptake (RWU) 

(Katul et al., 1997; Coelho and Or, 1999; Green and Clothier, 1999; Vrugt et al., 2001b; 

Teuling and Troch, 2005; Vereecken et al., 2008). However, the conclusions of these stud-

ies diff er with respect to the mechanisms controlling spatial variability of soil moisture. 

Both soil properties and root water uptake processes may create or reduce spatial variability 

of soil moisture (Teuling and Troch, 2005). As Coelho and Or (1999) stated, actual water 

uptake patterns in the fi eld refl ect a complex interplay between the root system and other 

soil factors such as water, nutrient and aeration status of the root zone.

Until now, a large number of the studies dealing with the interplay of plant roots and 

soil moisture at the large column or fi eld scale involved either destructive measurements 

of water contents such as soil cores (e.g., Sharp and Davies, 1985) or a grid of in situ mea-

surement techniques including TDR (e.g., Katul et al., 1997; Musters and Bouten, 1999; 

Musters and Bouten, 2000; Teuling and Troch, 2005) and neutron probes (e.g., Vrugt et 

al., 2001a; Hupet et al., 2002a; Koumanov et al., 2006). Destructive measurements do not 

provide information on the temporal dynamics of the soil moisture, and in situ measure-

ment techniques have a good temporal resolution but limited spatial extent and coverage.

In addition to highly resolved soil moisture measurements in space and time, studying the 

interaction between soil moisture and the root system also requires monitoring of root 
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growth and densities. Root densities were frequently measured 

destructively using soil cores (e.g., Sharp and Davies, 1985; Katul 

et al., 1997; Coelho and Or, 1999; Green and Clothier, 1999). 

Minirhizotrons off er the possibility to observe the development 

of the root system in a nondestructive, yet invasive, way in large 

soil columns (e.g., lysimeters). Minirhizotron images give spatial 

and temporal information on root characteristics in the soil (e.g., 

Heeraman et al., 1993; Merrill and Upchurch, 1994; Dubach and 

Ruselle, 1995; Hendrick and Pregitzer, 1996; Johnson et al., 2001; 

Bernier and Robitaille, 2004). Nonetheless, the observed volume 

of the root zone is very small, and obtaining high temporal resolu-

tion is hampered by the high work load of the method.

Electrical resistivity tomography allows us to monitor the volu-

metric soil water content (WC) with a higher temporal and spatial 

resolution as compared to conventional methods by measuring the 

bulk soil electrical conductivity (ECb), which is related to the WC. 

It has an advantage over ground penetrating radar (GPR) because 

GPR performance decreases in electrically conductive media such 

as fi ne-textured soils. Electrical resistivity tomography has mainly 

been used to monitor drainage and infi ltration processes (Stubben 

and LaBrecque, 1998; Glass et al., 2002; LaBrecque et al., 2002; 

Zhou et al., 2002; Descloitres et al., 2003; French and Binley, 

2004; Amidu and Dunbar, 2007) and to image and characterize 

solute transport in bare soils (Binley et al., 1996a,b; Henry-Poulter, 

1996; Koestel et al., 2008; Koestel et al., 2009b). Besson et al. 

(2004) and Séger et al. (2009) used the technique to characterize 

the structural heterogeneity of the soil and showed that big struc-

tural entities, such as a compacted plow pan, can be recognized. 

Electrical resistivity tomography has been applied at a range of 

scales, from the lab (e.g., Olsen et al., 1999; Werban et al., 2008), to 

the lysimeter (e.g., Binley et al., 1996a; French et al., 2002; Koestel 

et al., 2009a; Garré et al., 2010), and up to the fi eld scale (e.g., 

Daily and Ramirez, 1995; Slater et al., 1997; Daily and Ramirez, 

2000; LaBrecque et al., 2002; Oberdörster et al., 2010). Only a 

few studies have used ERT to estimate root water uptake or root 

densities. Michot et al. (2003) monitored soil moisture changes 

in an unsaturated, irrigated soil under corn (Zea mays L.) using 

surface ERT. Th ey showed that an in situ calibration was needed 

to convert ECb, derived from ERT to WC, since the relationship 

depended on the volume of soil. Similar results were obtained by 

Srayeddin and Doussan (2009), who also used ERT to measure 

RWU under maize and sorghum [Sorghum bicolor (L.) Moench] 

in the fi eld. Additionally, they concluded that the sensitivity–reso-

lution of the technique should be optimized in fi eld settings to 

improve the quantitative estimation over the whole rooted zone. 

Th is problem has been addressed in several studies (Friedel, 2003; 

Furman et al., 2004; Stummer et al., 2004; Gharibi and Bentley, 

2005; Maillet et al., 2005; Singha and Gorelick, 2006; Singha and 

Moysey, 2006). However, general conclusions about an optimal 

ERT setup cannot be drawn since sensitivity and resolution of ERT 

do not only depend on the electrode confi guration, but also on 

the heterogeneity of the studied system, its overall conductivity, 

and the magnitude of changes during the measurement period. In 

addition, several studies reported on the eff ects of the presence of 

roots on the ECb (Al Hagrey, 2007; Werban et al., 2008; Zenone 

et al., 2008; Amato et al., 2009), but the results were equivocal. It 

is expected that young, nonsuberized roots will increase the ECb, 

while older, suberized root segments may decrease the conductivity. 

In addition, ECb might be aff ected by water fi lling or depletion 

of the possibly changing void space between the root and the soil 

matrix.

We used ERT to measure three-dimensional soil moisture changes 

in a system as close as possible to a cropped fi eld, that is, in a large 

lysimeter, with a growing crop, undisturbed soil horizons, and 

other elements of heterogeneity, such as earthworm holes and 

fi ssures, present in the monolith. Th e aim of this study was to 

(i) investigate the potential and limitations of ERT to monitor 

three-dimensional soil moisture changes in a natural, cropped soil 

over a range of soil moistures using an in situ calibration of the 

pedophysical relationship; (ii) validate the ERT measurements in 

a global way, using a total water mass balance, and in a local way, 

using measurements of local water contents with TDR; (iii) exam-

ine the infl uence of root water uptake on soil moisture variability 

and soil moisture changes with time; and (iv) observe root growth 

noninvasively using a minirhizotron and link it to the observed 

soil moisture changes.

 Material and Methods
Experimental Design of the Barley Experiment
An undisturbed soil monolith was sampled using a large PVC 

column with a height of 150 cm and an inner diameter of 116 

cm. Th e monolith was taken from intensively used arable land 

near Merzenhausen, Germany. Th e soil that developed in the 

Loess parent material was classifi ed as an orthic Luvisol (FAO clas-

sifi cation system). Four soil horizons were identifi ed: Ap (0–40 

cm), Bt (41–70 cm), Bv1 (71–100 cm), and Bv2 (>100cm). More 

information on this soil can be found in Garré et al. (2010). Th e 

PVC column was driven into the soil gently using the hydraulic 

shovel of an excavator. To reduce friction, the soil around the 

column was excavated and the bottom of the PVC column was 

sharpened. When the column was completely fi lled with soil, a 

steel plate was driven horizontally under the monolith to isolate 

the monolith. The monolith was transported to the lysimeter 

facility of the Forschungszentrum Jülich where it was placed on 

a scale (Bizerba, Balingen, Germany). Th e upper boundary of the 

lysimeter was aligned with the soil surface in the lysimeter facil-

ity and the column was covered from rainfall by a greenhouse 

construction. Th e bottom boundary of the lysimeter was kept at 

−50 hPa by a polyamid-membrane suction plate (ecoTech GmbH, 

Bonn, Germany) and a vacuum pump (UMS, Munich, Germany). 

We equipped the lysimeter with a vertical transect of four hori-

zontally installed minirhizotron tubes at depths of −19.5, −44.5, 

−69.5 and −119.5 cm. Th e tubes are made of plexiglass, are 60 cm 
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long, and have a diameter of 5.72 cm. A BTC2 

video microscope (Bartz Technology Corporation, 

Carpinteria, CA) was used to monitor root length 

density (RLD) and root growth on the outer walls 

of the tubes. Two hundred twelve electrodes were 

inserted at the side of the column extending 1.5 

cm into the soil. Th e electrodes at the side of the 

column were arranged in six horizontal rings of 

32 equidistantly distributed electrodes. Between 

these circles we added four vertical transects of 

five electrodes (Fig. 1). Details about the elec-

trode arrangement are documented in Koestel et 

al. (2008) and Garré et al. (2010). Th e electrodes 

were connected with relay boxes to a six channel 

RESECS prototype (GeoServe, Kiel, Germany) to 

conduct ERT measurements.

To measure water content and bulk electrical con-

ductivity, we inserted 20 horizontal TDR probes 

in four opposite vertical transects at depths of −19.5, −44.5, −69.5, 

−94.5 and −119.5 cm. We used a three-rod design (Heimovaara, 

1993) with a rod length of 19 cm, a rod spacing of 2.6 cm, and a 

rod spacing/diameter ratio of 13:2. A TDR100 system, SDMX50 

multiplexers, and CR10X data logger (Campbell Scientifi c, Logan, 

UT) were used to conduct and log the TDR measurements at 1-h 

intervals. Th e TDR probes could not be distinguished from the 

soil matrix in the ERT measurements. Th is was also observed by 

Koestel et al. (2008). In addition to the TDR probes, six platinum 

resistance thermometers (PT100) were installed, fi ve at the same 

depths as the TDR probes and one inserted at the bottom of the 

lysimeter. A DL2e data logger (Delta-T Devices Ltd., Cambridge, 

UK) registered the tensiometer and PT100 sensor data. A Cond 

i325 conductivity meter (WTW, Weilheim, Germany) measured 

the electrical conductivity of the effl  uent. Figure 1 gives an over-

view of the complete experimental set-up.

At the start of the experiment, the volumetric water content in the 

bare column measured with TDR varied with depth between 0.30 

and 0.45. Aft er the summer barley (Hordeum vulgare L.) was sown 

in parallel lines approximately 20 cm apart on Day of Year (DOY) 

132, the soil did not receive any additional water until DOY 209. 

Th e fi rst day of the experiment was thus DOY 132. Crop senes-

cence started at Day 60, which corresponds to DOY 192.

Electrical Resis  vity Tomography
We used a three-dimensional inversion of the ERT data to image 

changes in soil ECb. A “skip one” dipole–dipole scheme was used, 

as described in Slater and Sandberg (2000). To assess the data qual-

ity, one-half of the measurements were reciprocal measurements 

(LaBrecque et al., 1996). A fi nite element method was used to solve 

the Poisson equation, which is the forward problem:

b s(EC ) 0j∇⋅ ∇ϕ −∇⋅ =  [1]

where ECb is the bulk soil electrical conductivity (S m−1), ϕ the 

electric potential (V), and js the source current density (A m−2). 

No-fl ow boundary conditions were applied on all boundaries.

Th e inversion was performed using an error-weighted, smoothness 

constrained Occam type algorithm. Th is means that the smooth-

est model distribution that fi ts the data to a specifi ed error level 

was searched for. Given a set of N measurements of four-electrode 

resistance (Ri, i = 1,2,…,N), minimization of the objective func-

tion, Ψ, given by

[ ] 2 2
s 22

( ) ( )fεΨ = − +λ − 0W d m W m m  [2]

produces an image of M voxel electrical resistivities ρ j ( j = 1,2, 

…,M), where  mj = log(ρj), d is the data vector, f(m) is the forward 

model that relates the model m to the measured apparent resis-

tivities, Ws is a smoothness operator, Wε is an error weighting 

matrix, and λ is a regularization parameter that determines the 

amount of smoothing imposed on m during the inversion. More 

information on the implementation of the objective function is 

given in Garré et al. (2010). An unstructured tetrahedral mesh 

with grid refi nement close to the electrodes was used to calculate 

the electric potential. Aft er the inversion, the data where inter-

polated on a structured wedge mesh with voxel height of 6.95 

cm to represent the variability of the electrical conductivity. For 

further details on the inversion we refer to Kemna (2000) and 

Guenther et al. (2006).

Th e data error (εi) was calculated as in Koestel et al. (2009a). It 

was assumed that the data error can be approximated using a 

Gaussian error model that comprises an absolute resistance error 

component, p(Ω), and a relative resistance error component, q. 

Th ese two components are then used in the inversion algorithm 

to calculate the error (εi) of each single data point di as follows:

Fig. 1. (left ) Lysimeter with equipment and (right) horizontal cross-section of the soil col-
umn. Th e four black dots at the side of the horizontal cross-section indicate the vertical 
transects with additional electrodes.
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i
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q

R
ε = +   [3]

Th e approach considers the error model being spatially and tem-

porally constant, to reduce the degrees of freedom in the error 

estimation. To keep the inversion equal for all timeframes, a con-

stant p and q were used for the inversion and set to the maximum 

p and q of the whole time series.

Conversion of Bulk Electrical Conduc  vity 
to Water Content
Topp’s equation (Topp, 1980) was used to relate the volumetric 

water content of the soil [WC(TDR)] to the composite dielectric 

constant (ξc) measured by TDR:

2 2 4 2
c c

6 3
c

WC 5.3 10 (2.92 10 ) (5.5 10 )

 (4.3 10 )  

− − −

−

=− × + × ξ − × ξ

+ × ξ
 [4]

Th is calibration curve proved to be successful in soils that do 

not contain substantial amounts of bound water (Robinson et 

al., 2003).

Th ere are various existing pedophysical models published in the lit-

erature which relate the measured bulk electrical resistivity to the 

factors infl uencing this resistivity—surface conductivity of the soil 

matrix, pore water conductivity, porosity of the soil, temperature 

and water content (e.g., Archie, 1942; Waxman and Smits, 1968; 

Revil et al., 1998). Waxman and Smits (1968) (W-S) developed 

such a pedoelectrical model based on Archie’s law (Archie, 1942) 

for the use in geological applications. Recently, it has been success-

fully applied by several authors for quantifying transport processes 

in the unsaturated zone using ERT (e.g., Koestel et al., 2009a,b; 

Garré et al., 2010). For this study, we used a simplifi ed empirical 

equation closely related to the W-S model:

bEC WCna b= +   [5]

where a (S m−1), b (S m−1), and n are fi tting parameters. In this 

equation, the surface EC is not aff ected by the water content or 

solution EC. Th e parameters in the simplifi ed W-S function can 

thus still be interpreted in a physical manner: a is aff ected by the 

pore water conductivity and b by the soil surface conductivity, both 

in combination with the porosity (± constant for a soil horizon, 

but can be diff erent between horizons). Th ere is no consensus on 

the physical meaning of n for the full W-S model, but it may be 

related to, for example, the pore connectivity.

We derived in situ pedophysical models for each soil horizon 

based on the simplifi ed W-S model using ECb(ERT)–WC(TDR) 

couples at the TDR probe locations during the experiment in the 

lysimeter. Here, ECb(ERT) is the mean of inverted bulk electri-

cal conductivities in the measurement volume of a TDR probe. 

Th is resulted in four ECb–WC couples for each measurement time 

and each of the fi ve depths with TDR probes. We grouped the 

ECb–WC couples in four categories belonging to four diff erent 

pedological horizons as observed in the fi eld and fi tted the simpli-

fi ed W-S model to the data in each of the four horizons:

[ ] 1/
bEC (ERT)

WC(ERT)
n

b
a

⎧ ⎫⎪ ⎪−⎪ ⎪= ⎨ ⎬⎪ ⎪⎪ ⎪⎩ ⎭
  [6]

where a (S m−1), b (S m−1), and n are fi tting parameters. At −44.5 

one of the four TDR probes and at −119.5 two TDR probes were 

malfunctioning and discarded. By assuming one specifi c pedo-

physical relationship for a soil horizon, we discard some of the 

variability present in the volume.

Monitoring Root Length Density
To derive the RLD, images were taken once a week along the hori-

zontal rhizotubes at 10 diff erent locations in each tube. One image 

encompasses a soil window of approximately 1.5 by 2.2 cm2, and a 

viewing depth of 0.1 cm is assumed (Taylor et al., 1970; Sanders and 

Brown, 1978; Itoh, 1985; Steele et al., 1997). An example of succes-

sive images in Tube 2 is given in Fig. 2. Th e images were analyzed 

using the open source soft ware RootFly (Wells and Birchfi eld, 2009). 

We used the soft ware to register the length, diameter, and color of 

the roots. From the root length in each image, the RLD can be esti-

mated as the length of the roots per unit volume of the sample, being 

1.5 by 2.2 by 0.1 cm3. Th e root length density at a certain depth was 

then the mean RLD of all the locations at that depth.

Total Mass Balance Calcula  on
To understand the interaction of a crop and the soil moisture status, 

we estimated the diff erent fl uxes in and out of the soil. Th e weight 

(m, g) of the lysimeter was logged with an accuracy of 200 g. As 

Fig. 2. Four consecutive minirhizotron images at 38 cm from the lysimeter edge in Tube 2.
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no water was added to the soil during the experiment, changes in 

weight are equal to the sum of evapotranspiration (ET, m d−1) and 

drainage (D, m d−1). We used a glass vessel under suction to collect 

the effl  uent. Each time the effl  uent volume in the vessel reached 

500 mL, the vessel was emptied and the time was logged. From 

the logged times, and the known drainage volume, the drainage 

rate D was calculated.

Th e evaporation rate was estimated using the evaporation rate 

from a 5.8-cm-deep water pan with a surface of 45 by 35 cm2. Th e 

evaporation loss from the water pan was related to the reference 

evapotranspiration (ET0) and the potential crop evapotranspi-

ration (ETc) by applying empirical coeffi  cients (see Allen et al. 

[1998] for the exact equations). As such, ETc represents the sum 

of the crop transpiration (T) and the soil surface evaporation (E). 

In this experiment, E is supposed to be very small or even equal 

to zero, since the soil surface was very dry and the crop covered 

a large part of the surface. For each time step, we calculated the 

water loss from the diff erence between the initial water content 

and the water content at that time in the whole lysimeter volume. 

Th e water loss monitored with ERT was then compared with the 

weight loss of the lysimeter. Th is comparison allowed us to evaluate 

the performance of the ERT measurements and the pedophysical 

relationship to establish a water balance over time. Th e total cor-

respondence of both measurements was tested with the root mean 

squared error (RMSE).

 Results
In situ Calibra  on of Electrical 
Resis  vity Tomography Measurements
Th e ECb–WC relationship for each of the four horizons in the 

lysimeter is shown in Fig. 3. Table 1 shows the parameters of the 

simplifi ed W-S model and the RMSEs of the optimized func-

tions. Th e optimization was done by the minimization of a simple 

objective function (the RMSE) using the Nelder–Mead simplex 

method, an unconstrained nonlinear optimization algorithm. 

Th e pedophysical relations vary considerably between the diff er-

ent soil horizons. Th is was expected since the surface conductivity 

is infl uenced by the clay content, which is diff erent across hori-

zon, just like the porosity. In general, the simplifi ed W-S model 

describes the data well for all horizons but the Ap. Th e course of 

measured ECb–WC data in the Ap is more curved than the W-S 

fi t. Th e rather bad fi t in this horizon is probably due to the data 

at the end of the growing season. Starting from Day 63 of the 

experiment (DOY 195), the ECb in the Ap horizon apparently 

started to increase with decreasing moisture content, which leads 

to traces of ECb–WC points (marked with two black arrows in 

Fig. 3) deviating from the expected relation. In the Bt horizon, 

more specifi cally the TDR probes at the −44.5-cm depth, a part 

of the general course of the ECb–WC couples cannot be described 

entirely by the simplifi ed W-S model (white arrow in Fig. 3). Also 

in Bv1 some deviations are visible, but these are less systematic than 

in the former horizons. Th ese deviations from the fi tted function 

can infl ict small errors in the estimated water contents. As men-

tioned in the introduction, there is experimental evidence that the 

root biomass can alter the ECb in both directions depending on 

the plant and root characteristics (Al Hagrey, 2007; Werban et al., 

2008; Zenone et al., 2008; Amato et al., 2009). For herbaceous 

plants, an increase of conductivity was reported. Since the observed 

anomalies in the general trend occur in the two upper TDR probes, 

they may be caused by the presence of a critical amount of roots 

in the measurement volume in combination with a relatively dry 

soil. Th e increased ECb for the same water content at the end of 

the experiment (in the dry range) might be caused by an alteration 

of the roots as the experiment was near to the end of the growing 

season. Using the minirhizotron images, we could observe that the 

roots were shrinking aft er Day 60 (DOY 192) at depths of −44.5 

and −69.5 cm. Th is change of root structure as well as a change of 

physical contact between root and soil might explain the chang-

ing pedophysical relationship. However, at −69.5 cm there is not a 

clear change of the pedophysical relationship when the roots start 

Fig. 3. Bulk soil electrical conductivity by electrical resistivity 
tomography and water content by time domain refl ectometry 
[ECb(ERT)–WC(TDR)] couples and simplifi ed Waxman and Smits 
(1968) (W-S) fi ts to these couples for four soil horizons. Th e black 
arrows indicate misfi ts starting in the 10th week of the experiment. 
Th e white arrow indicates a misfi t in the Bt horizon.

Table 1. Parameters for the simplifi ed Waxman and Smits (1968) model 
for each of the four horizons.

Horizon a b n RMSE

————  mS cm−1 ————

Ap (greater than −40 cm) 0.5861 0.00999991 1.1271 0.03

Bt (−40 to −70 cm) 0.8037 0.00999531 1.0356 0.01

Bv1 (−70 to −100 cm) 12.0495 0.00999998 3.4314 0.01

Bv2 (less than −100 cm) 1.5033 0.00166441 1.3996 0.005
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shrinking, maybe because the soil is not that dry yet. In addition, 

as the soil dries out the electrode contact might reduce so that the 

ERT measurement error and thus the noise on the ERT-derived 

WC becomes larger for lower ECb. Th is can also add deviations to 

the data in the dryer range.

Water Content Distribu  ons and Profi les in 
the Lysimeter
Figure 4 shows three-dimensional water content distributions at 

three diff erent days that were derived from ERT measurements. 

Th e irregular and nonhorizontal surfaces of constant water content 

demonstrate the heterogeneity of the drying process in the lysim-

eter. To obtain these three-dimensional images of water content, 

the ERT-derived bulk electrical conductivity distributions were 

translated into water contents using the pedophysical relations.

Figure 5 shows the bulk electrical conductivity in a vertical section 

of the soil column aft er 38 d. Th e black horizontal lines represent 

the depths of the horizon boundaries as they were observed in the 

fi eld. Each of the horizons is characterized by a diff erent pedo-

physical relationship (Fig. 3). Th is diff erentiation adds structures 

to the moisture distribution in the lysimeter, which are not visible 

in the inverted bulk conductivity data. Figure 6 depicts profi les 

of horizontally averaged bulk electrical conductivities and water 

contents for diff erent times, as well as the standard deviation of 

the ERT-derived water contents. Unlike the ECb profi les, the ERT-

derived water content profi les have important discontinuities at 

the soil horizon boundaries. Th e depths of these boundaries were 

not derived from ERT measurements but were based on obser-

vations in a nearby soil profi le pit in the fi eld. Th e shape of the 

boundary was approximated by a horizontal fl at surface, since the 

resolution of ERT is not high enough to derive the real, probably 

slightly undulated boundary from the resistivity measurements. 

Th e abrupt changes in soil moisture were a consequence of the 

assumption that pedophysical relation changed abruptly across 

the soil horizon boundary. Nevertheless, abrupt changes in water 

content may occur across boundaries of soil layers with diff erent 

hydraulic properties. A validation of the exact location of the soil 

horizon boundaries, the shape of the boundary, and the gradient 

of the pedophysical relations across this boundary requires addi-

tional information. Th is information could be obtained potentially 

from other geophysical measurement techniques, such as georadar, 

which are sensitive to abrupt changes in water content or from 

process monitoring, such as transport experiments. Finally, it is of 

importance to notice that root development may also be aff ected 

by soil textural discontinuities leading to an additional uncertainty 

in the estimation of the soil moisture content at these boundaries.

Local Valida  on of the Soil Moisture 
Distribu  on
To compare the results of ERT and TDR measurements, we aver-

aged the ERT voxels in the TDR measurement volume. Figure 7a 

shows the variability of the WC measured with the TDR probes 

against the variability of the WC from ERT in the measurement 

volume of the TDR probes for four depths. Soil moisture content 

measurements at a depth of −119.5 cm were not included because 

two of four TDR probes did not function properly. Th e variability 

measured with ERT and TDR are in the same range. Th is indi-

cates that applying one W-S model for a soil layer and using the 

smoothness constraint in the ERT inversion neither added nor 

removed variability artifi cially. Th e hatched area marks all stan-

dard deviations lying below the RMSE of the fi tted pedophysical 

relationship for the horizon under consideration. It becomes clear 

that only for the TDR probes that were closest to the soil surface 

the variability of the measured WC is high enough to validate the 

variability of the ERT measurements. However, the RMSE is a 

crude measure to evaluate a fi t, and bad correspondence in a small 

period of time can have a large infl uence on the overall RMSE of 

Fig. 4. Th ree-dimensional volumetric water content in the lysimeter aft er 7, 38, and 60 d. Th e surfaces are isosurfaces of equal water content. Th e 
distance between two isosurfaces is 0.05.



www.VadoseZoneJournal.org | 418

Fig. 7. (a) Scatter plot of the standard deviation of the water content obtained by time domain refl ectometry (TDR) and the one estimated by electri-
cal resistivity tomography (ERT). (b) Th e diff erence of the water content (WC) and mean WC for a depth for ERT against the same for TDR. Th e 
conductivities used to estimate WC(ERT) were the average of the voxels lying within the TDR measurement volume and therefore represent the mean 
WC [<WC(ERT)>] for that measurement volume.

Fig. 5. (right) Water content (WC) in 
a vertical section through the lysimeter 
estimated from ERT data 38 d aft er 
sowing. (left ) Bulk electrical conduc-
tivity (ECb, mS cm−1) in a vertical 
section through the lysimeter 38 d aft er 
sowing. In both plots contour lines are 
displayed for each interval of 0.05 for 
WC and 0.05 mS cm−1 for ECb. Th e 
soil horizons boundaries are indicated 
with black lines.

Fig. 6. (a) Mean bulk electrical conductivity (<ECb>) and 
(b) mean (<WC>) and (c) standard deviation of the water 
content [SD(WC)] from electrical resistivity tomography 
measurements for all voxel layers in the lysimeter for t = 7, 
21, 35, 48, and 63 d aft er sowing. Th e horizontal dotted 
lines delineate the soil horizons.
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a fi t. Th erefore, this is a very strict criterion to evaluate the mea-

sured variabilities. In Fig. 7b, the deviations of WC(TDR) and 

WC(ERT) from the mean WC(TDR) [<WC(TDR)>] and the 

mean WC(ERT) [<WC(ERT)>] at a certain depth are plotted 

against each other. A clustering of these deviations around the 1:1 

line indicates that not only the total variability but also the pat-

terns of the soil moisture variability are represented well by ERT. 

Th is can be represented quantitatively by an adjusted coeffi  cient 

of determination (R2), which is a measure for the fraction of the 

spatial variability of the TDR measurements explained by the WC 

derived from ERT measurements:
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Unlike the classic coeffi  cient of determination, the adjusted R2 

can be negative, and will always be less than or equal to R2. Th e 

R2 values for the depths of −19.5, −44.5, −69.5, and −94.5 cm 

are 0.37, 0.29, −0.34, and −0.97. Th e fi rst two depths have an 

acceptable R2. Th e variability and patterns of ERT and TDR 

correspond, and the variability is high enough to be able to dis-

tinguish patterns from measurement and fi tting noise. Conversely, 

the coeffi  cient of determination at depths of −69.5 and −94.5 cm 

is negative. Additionally, the WC variability measured with TDR 

in these depths (<0.01) was not high enough to be able to show 

the diff erence between measurement noise and real patterns. Th is 

can explain the R2 values. However, since we showed that ERT is 

capable of capturing the level of variability and the patterns of WC 

well in the top horizon, where the variability is higher, we assume 

that this will also be the case in the lower horizons when the soil 

dries out and the variability increases.

Global Water Mass Balance Analysis
An additional, indirect way to validate the water content pro-

fi les that were derived from ERT is to compare the total water 

loss obtained by weighing with the sum of the water loss in each 

voxel of the ERT mesh (Fig. 8). Th e water loss from weight and 

ERT data agree very well. Th e RMSE between total water loss 

obtained by weight and the loss derived by ERT is 0.0032. Notice 

that between t = 42 and 48 d no data were available due to techni-

cal problems with the data loggers. Th ere are some small deviations 

visible between ERT and weight measurements. Between Day 20 

and 30, for example, the total water content estimated with ERT 

decreased more rapidly than the one from the lysimeter weight. 

Th is is probably due to deviations between the fi tted W-S model 

in the Ap horizon and the data. Since we observed drainage only 

during the fi rst 14 d of the experiment, the weight loss aft er Day 

14 is entirely due to evapotranspiration. During the fi rst 14 d, the 

bottom fl ux decreased from 0.13 cm d−1 the fi rst day, to>0.05 

cm d−1 already the second day, with no drainage at Day 15. Th e 

drainage was therefore negligible when compared with the total 

weight loss already aft er a few days.

Evolu  on of Soil Moisture Variability at the 
Voxel Scale
Th e evolution of water content with time in two planes intersect-

ing the column at −20 and −80 cm, respectively, are depicted in 

Fig. 9. In general, the observed WC variability is much lower in 

the horizontal than in the vertical direction. Th e soil moisture 

pattern, i.e., the location of the driest and wettest regions in the 

horizontal cross-section, at −20 cm changed during the course of 

the experiment. Th e observed patterns could not be linked visibly 

to the barley rows. Also at a depth of −80 cm, the soil moisture 

patterns changed during the experiment, but the variation of soil 

moisture in time and space was smaller than at a depth of −20 cm, 

as we already noticed looking at the TDR measurements. Figure 

10 shows the relation between mean water content for fi ve diff er-

ent voxel layers of the soil column and the standard deviation of 

the WC at the voxel scale (hvoxel = 6.95 cm) for the measurement 

period. At the fi rst and second depth, the variability is the highest 

when reaching an intermediate moisture content of approximately 

0.3. For lower mean values the standard deviation decreases with 

decreasing mean WC. At the end of the experiment, which cor-

responds to low mean average water content values, the variability 

of the water contents seems to increase again. As stated before, 

this might be an artifact caused by root eff ects on the soil electri-

cal conductivity. In the lower voxel layers, the variability was still 

increasing at the end of the experiment and reached a higher level 

than the maximum variability in the upper voxel layers. Figure 

6 shows that there are not only important gradients in the WC 

across horizon boundaries, but also gradients in variability. Th e 

fact that this variability is observed already at Day 0 indicates that 

at least a part of the variability must be linked to the hydraulic 

properties of the diff erent horizons, as Vereecken et al. (2007) 

Fig. 8. Mass balance of the lysimeter during the whole experiment.
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indicated. Th e same authors showed that the relationship between 

soil moisture variability and mean moisture content for a bare soil 

is controlled by soil hydraulic properties, their statistical moments 

and their spatial correlation. Because roots will develop diff erently 

in each horizon depending on soil hardness, soil water, and nutri-

ents availability (Bengough et al., 2006), and since root uptake will 

also diff er following soil and root hydraulic properties, this eff ect 

may be accentuated or decreased when soil is cropped. For a bare 

silty loam, Vereecken et al. (2007) predicted a maximum standard 

deviation of 0.05. Th is soil type is comparable to the silty orthic 

Luvisol in this study, but the maximum standard deviation of our 

data set is higher. Th is discrepancy could be caused by spatially 

variable root water uptake and data noise.

Water Deple  on Rate
Water depletion rates (DR, d−1) in a horizontal layer of voxels were 

calculated from the change in average WC in the layer over a given 

time interval. Th e weekly rates were computed by moving a time 

window of a week day per day and taking the average over a week 

(moving average):
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where i represents the day of the week (1–7) and j = [7, 14, 21,…,77] 

days. Th e total water depletion rate in the lysimeter (DRtotal, m 

d−1) was obtained from integration of the average water depletion 

rates in the horizontal voxel layers over the lysimeter depth (Fig. 

11a). Th e water depletion rates in the voxel layers were then normal-

ized by DRtotal. Th ese normalized mean weekly water depletion 

rates (nDR, m−1) are displayed in Fig. 11b as a function of time. 

Negative nDRs imply that the water content has increased over 

time at a certain depth. Th e line plot on top of the nDR evolution 

shows the resulting DRtotal calculated from the ERT data as well 

as from the weight data to validate the ERT-derived DRs.

Th e observed mean weekly DRtotal varies between 0.1 and 0.4 cm 

d−1. Due to the wet soil conditions at the start of the experiment, 

Fig. 9. Horizontal section through the three-dimensional water con-
tent (WC) distribution in the lysimeter at depths −20 and −80 cm. 
Th e orientation of the barley rows is shown at the top of the image. 
Th e contours of [0.05,0.45] with steps of 0.05 are indicated with black 
lines. Please note that the time domain refl ectometry (TDR) symbols 
show the location of the vertical TDR transects in a horizontal section 
of the soil column. Th ere are no TDR probes in the depicted planes (at 
depths of −20 or −80 cm).

Fig. 10. Standard deviation of the water content [SD(WC)] in voxel layers at −17, −45, −66, −100, and −115 cm as a function of the mean of the water 
content at the same depths.
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there was a considerable water redistribution and internal drain-

age at the beginning of the experiment. Th is led to an increase in 

water content in the bottom half of the lysimeter. During the fi rst 

20 d of the experiment, the front of maximum nDR stayed in the 

upper soil horizon and moved down gradually aft erward. From 

Day 19 until Day 32, the maximum nDR is at the 0.4-m depth, 

and a decrease of nDR can be observed at the top of the column. 

Th e decrease in nDR in the top soil may be the eff ect of a lower 

ET during this period in combination with water redistribution 

toward the top soil layer. Th e nDR increased again at the top of the 

lysimeter together with a slightly higher ET from Day 35 until Day 

45. From Day 45 until Day 55, the ET is considerably larger than 

in the previous periods, but the water in the top soil is depleted, 

so the maximum nDR moves downward. Th is could indicate that 

stress was occurring in a part of the root zone, causing the plant 

to adjust its rooted volume, or the eff ectiveness of already exist-

ing roots. Potential ET rates were calculated from measured water 

pan evaporation rates (Allen et al., 1998). At the beginning of the 

experiment, the DRtotal values were higher than the calculated 

potential ET rates. Th is was due to an underestimation of the bare 

soil evaporation in the Allen et al. (1998) procedure. From Day 25 

until 58, the potential ET rates corresponded well with DRtotal. 

Th e decrease in ET rate between Day 50 and Day 58 cannot be 

linked with water stress but is rather due to diff erent meteoro-

logical conditions. Th erefore, downward movement of the DRtotal 

from Day 50 due to water shortage in the top soil probably did not 

lead to a water stress at the plant level. From Day 60, the measured 

DRtotal was smaller than the calculated potential evaporation of a 

full-grown barley crop. Aft er Day 60, crop senescence started, and 

the transpiration rate reduced. Th e senescence of the barley in the 

lysimeter was not caused by the soil water regime in the lysimeter 

and cannot be linked to a water stress of the plants, since the barley 

in the fi eld surrounding the lysimeters entered senescence around 

the same time.

Signifi cant water loss below 70 cm in the Bv horizons occurred 

only aft er 60 d. Before the nDR front moved into the Bv horizon, it 

seemed to be blocked at the upper boundary of the Bv horizon. In 

the fi eld we observed that these horizons were harder to penetrate, 

and this might have retarded root growth in the early stage of the 

experiment. Starting from Day 61, there is a rather high nDR in 

the Bv2 horizon, but there are almost no roots observed at −119.5 

cm. Th is nDR may thus be due to vertical water redistribution 

from the deeper part of the soil to the root zone.

Rela  onship between Root Length Density 
and Water Deple  on Rate
Th e RLD and the DR profi les at diff erent times are shown in Fig. 

12. We observed that a rather unusual RLD profi le emerged in 

the soil column. At the end of the experiment, the highest density 

was observed at −70 cm, which was deeper than we expected. It 

must be noted that our fi rst RLD measurement was at −19.5 cm. 

Th erefore, it is possible that there was fi rst an increase of RLD 

near the soil surface that could not be observed. Th e measured 

RLD distribution is probably related to the WC distribution in 

the column and to the fact that the lysimeters received no water 

during the entire growing season. While the top soil dried out, 

the RLD in the deeper soil horizons increased, causing the nDR 

to move downward.

 Conclusions
We validated three-dimensional ERT-derived moisture contents 

in a cropped, undisturbed soil column using a global mass bal-

ance method and a comparison between and ERT-derived local 

variability of the soil water content. Th e global water mass bal-

ance of the soil column could be reproduced well by the ERT 

method. Th e standard deviation and patterns of the local water 

content within horizontal cross-sections of the lysimeter that 

were measured with TDR could be reproduced in the top hori-

zon. However, the observed variability was small and, in the 

lower horizons, even too small to be able to distinguish it with 

Fig. 11. (a) Total weekly water depletion rate (DRtot) estimated by 
electrical resistivity tomography (ERT) and weight measurements; (b) 
normalized local water depletion rates (nDR) as a function of depth 
and time; (c) volumetric water content (WC) measured with ERT as 
a function of depth and time. Th e black stars indicate the rhizotube 
locations. Th e gray dashed line indicates horizon interfaces.
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certainty from noise. Th ese two observations are an important 

result of the quantitative evaluation of the ERT method. Our 

analysis sustains the value of this method as a tool to monitor 

and quantify three-dimensional water content patterns and water 

content changes in a layered soil.

We have shown that a horizon-specifi c, in situ calibration of the 

ERT measurements was necessary to convert the bulk electri-

cal conductivity to water content. However, more research is 

needed to understand and predict the eff ect of roots of herba-

ceous plants on the measured electrical conductivity, since we 

observed a change in the pedophysical relationship probably due 

to root shrinkage at the end of the growing season. Additionally, 

knowledge about the location and shape of soil horizon boundar-

ies proved to be important to improve the result of ERT-derived 

WC and estimated water depletion rates, especially at interfaces 

between horizons.

Electrical resistivity tomography proved to be a suitable tech-

nique to observe soil water dynamics at the decimeter scale and 

a promising tool to unravel the relationship between soil redistri-

bution and root water uptake. We observed that the variability of 

the obtained water content distribution increased during drying 

until a threshold water content was reached and then decreased 

again in the top horizon. In the lower horizons, the maximum 

WC variability was not yet reached. Th e observed variability was 

higher than what was expected from the literature, which may 

be due to spatially variable RWU. Th e spatial patterns of wetter 

and drier regions in a horizontal cross-section of the lysimeter 

changed during the drying process. However, this needs fur-

ther investigation, since in the literature, both an increase and 

a decrease of soil moisture variability due to RWU have been 

reported (e.g., Teuling and Troch, 2005).

Finally, a rather unexpected RLD profi le with the maximum root 

length density at a depth of −70 cm was observed. Th is observation 

must be carefully interpreted, since the RLD was only measured 

at four depths. Nonetheless, it suggests that the root architecture 

in a layered soil can depend on soil characteristics and dynami-

cally adapt to soil moisture states in the soil profi le. Our results 

indicate that this adaption can be a compensation mechanism for 

local water shortage in the soil profi le.
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