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Abstract. A good understanding of the soil water content the experimental time, there was hardly any SWC redistribu-
(SWC) distribution at the field scale is essential to improvetion from maize rows to inter-rows. Yet, lateral redistribution
the management of water, soil and crops. Recent studieBom inter-rows to maize rows induced by potential gradi-
proved that Electrical Resistivity Tomography (ERT) opens ent generates SWC decrease in the inter-row area and in the
interesting perspectives in the determination of the SWC dis-deeper soil horizons.

tribution in 3 dimensions (3-D). This study was conducted
(i) to check and validate how ERT is able to monitor SWC
distribution in a maize field during the late growing season;
and (i) to investigate how maize plants and rainfall affect thel Introduction

dynamics of SWC distribution. Time Domain Reflectome-

try (TDR) measurements were used to validate ERT-inverted! he soil water content (SWC) controls important physical,
SWC values. Evolution of water mass balance was also calchemical and biological processes such as: plant growth, so-
culated to check whether ERT was capable of giving a re-lute transport, rainfall, runoff, erosion, and ultimately pedo-
liable estimate of soil water stock evolution. It is observed 9enesis (Western et al., 2003). Its spatial and temporal vari-
that ERT was able to give the same average SWC as TpRability is governed by the variability of soil properties and
(R2 =0.98). In addition, ERT gives better estimates of the by the heterogeneity of the boundary conditions, including
water stock than TDR thanks to its higher spatial resolution.the water sink/sources. The SWC distribution dynamics is
The high resolution of ERT measurements also allows fortherefore linked to spatial patterns of the processes gener-
the discrimination of SWC heterogeneities. The SWC distri- ating/decreasing variability (Teuling and Troch, 2005). The
bution showed that alternation of maize rows and inter-rowsSWC distribution affects and is affected by various hydro-
was the main influencing factor of the SWC distribution. The logical processes such as the partitioning of rainfall between
drying patterns were linked to the root profiles, with drier infiltration and runoff (Merz et al., 2006; Norbiato et al.,
zones under the maize rows. During short periods, with neg2009), drainage, pollutant dispersion (Flury et al., 1995) and
ligible rainfall, the SWC decrease took place mainly in the groundwater recharge. These processes affect agricultural ac-
two upper soil horizons and in the inter-row area. In contrast tivities such as irrigation scheduling (Clothier and Green,
rainfall increased the SWC mostly under the maize rows andt994). precision farming or the control of groundwater pol-

in the upper soil layer. Nevertheless, the total amount of rainJution (Mooney and Morris, 2008).

fall during the growing season was not sufficient to mod- At the field scale, crops are one of the main factors that

ify the SWC patterns induced by the maize rows. During &ffect SWC distribution. Amongst others, plant canopy in-
fluences the partitioning of rainfall at the soil surface (Hupet
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596 L. Beff et al.: Three-dimensional monitoring of soil water content

and Vanclooster, 2005), root water uptake generates dryingt al. (2012) developed a methodology to measure the SWC
patterns locally at the plant scale (Coelho and Or, 1999; Li etdynamics in a cropped field. Werban et al. (2008) monitored
al., 2002; Green et al., 2006; Javaux et al., 2008) and also &-D electrical resistivity changes due to root water uptake
the field scale (Hupet and Vanclooster, 2002, 2005; Oliveirain a 0.4 mx 0.5m plot. Gare et al. (2011) investigated the
et al., 2005; Gaf et al., 2011) and root channels may in- 3-D soil water depletion in a cropped lysimeter. These stud-
duce preferential fluxes (Gish et al., 1998; Devitt and Smith,ies open interesting perspectives in using ERT for investi-
2002). All these factors create SWC heterogeneities in thregating the impact of plant on SWC dynamics. However, to
dimensions (3-D). The proper understanding of the driversour knowledge, no studies have focused yet on quantitatively
of SWC distribution dynamics is therefore crucial for accu- monitoring the 3-D evolution of SWC in a cropped field so
rate modelling (Western et al., 2003). Yet, quantifying soil far.
moisture in unsaturated environments is difficult due to the This study was conducted to determine the SWC distribu-
complexity of unsaturated hydrologic systems and problemdion and evolution at the plot-scale during the late growing
associated with obtaining accurate and spatially representaseason of maize and to investigate how maize plants affect
tive measurements of soil moisture in a heterogeneous enviSWC patterns. This paper aims at (i) presenting and validat-
ronment (Schwartz et al., 2008). It is therefore challenging toing a methodology for using ERT at the plot scale, and (ii)
quantify the SWC variability at the field scale. investigating how rainfall and root water uptake affect SWC
Classical methods such as gravimetric measurements witdistribution at that scale.
soil cores (Sharp and Davies, 1985), neutron probes (Hupet
and Vanclooster, 2002; Koumanov et al., 2006) or Time Do-
main Reflectometry (TDR) (Jacques et al., 2001; Hupet and  Material and methods
Vanclooster, 2002; Robinson et al., 2003; Walker et al., 2004)
are known to determine correctly the SWC. The advantage.1 Experimental site
of these methods is their robustness, but they give only local
measurement. Moreover, gravimetric measurements are dé-he experiment was conducted between 23 July and
structive and TDR installation induces soil perturbation. In 21 September 2009 in a field of 1.6 ha located in Corroy-le-
contrast, remote sensing methods cover large areas witho@rand (Belgium), in the loamy region. The field was cropped
soil perturbation. However, they suffer from several disad-with maize Zea Mays L) from 14 April 2009 to 22 Septem-
vantages. Measurement capabilities are limited to a few cenber 2009. Maize was sown with a row-spacing of 75 cm and
timetres’ depth, where there is dense vegetation cover and bground 13 cm in the row (100 000 plantsfa At the begin-
soil roughness, and the within-pixel soil moisture variabil- ning of the experimental time (23 July 2009), maize plants
ity cannot be obtained (Minet, 2011). Proximal soil moisture were 2.35m high and at the end of the experimental time
sensing, as ground penetrating radar (GPR), electromagnetiQ1 September 2009), they were about 2.65 m high. The flow-
induction (EMI) and ground-based radiometers, make posering started on 21 July 2009 and the plants were mature for
sible the characterization of soil moisture at an intermediatesilage at harvest time, on 22 September 2009. This field was
scale between remote sensing foot print and the small spaelatively flat, with slopes ranging between 0.2 % and 0.5 %
tial extent of a local measurement. However, proximal soil (\Weynants, 2011). The soil was classified as a Haplic Luvisol
moisture sensors (i.e. GPR and EMI) give only measure{Soil Atlas of Europe, 2005) according to the FAO classifi-
ments in two dimensions (2-D). Moreover, the performancecation system and considered a well-drained loam (Aba(b)),
of GPR decreases in electrically conductive media such aaccording to the Belgian soil classification. Three soil hori-
fine-textured soils (Gagret al., 2011). zons were identified (Fig. 1). The Apl horizon (0—-35cm)
During the two last decades, Electrical Resistivity Tomog- had a strong blocky angular structure and contained many
raphy (ERT) has been used in the determination of transroots. The Bt horizon (37-75 cm) had a strong blocky angu-
port processes in soils and SWC distribution. This techniquéar structure. The Bt2 horizon-(75cm) had a weak blocky
was successfully used in solute transport experiments in &tructure. A plough pan layer (35-37 cm), which is more re-
bare soil lysimeter (Binley et al., 1996; Koestel et al., 2008, sistant to penetration than the above horizon, was observed
2009a,b; Gag et al., 2010), in large experimental tanks between the Apl and Btl horizons. The properties of the soil
(Slater et al., 2002), in the field (Kemna et al., 2002; Cas-horizons are presented in Table 1. More information on this
siani et al., 2006), and in a forest (Obérstter et al., 2010).  soil can be found in Weynants (2011).
Given the many factors influencing the soil electrical resis-
tivity (Samouelian et al., 2005), soil conductivity was first 2.2 Experimental plot
used as a proxy for water content (Michot et al., 2001, 2003;
Srayeddin and Doussan, 2009). However, more recently, #n the field, an experimental plot of 2.5m17m was de-
few studies tried to obtain the actual SWC distribution val- limited and equipped in mid-July 2009 with 14 TDR probes,
idated with TDR probes. Brunet et al. (2010) and Schwartz132 surface and in-depth electrodes for conducting ERT, 7
et al. (2008) inferred 2-D SWC maps along transects. &arr temperature probes and 7 water tensiometers (Fig. 2).
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Fig. 2. Scheme of the experimental plot, with position of the TDR
trench containing the 14 TDR probes, ERT area with the ERT elec-
BO trodes, tensiometers and place where the root profiles were made.
. The green lines represent the maize rows.
| . —[25cm
m flat and ploughed before sowing, runoff was considered as

null. The crop evapotranspiration (ETC) (Fig. 5) was deter-

== TDR probes mined using the single crop coefficient{) approach and

the reference evapotranspiration @xTcalculated using the

Penman-Monteith’s equation (Allen et al., 1998) based on the

meteorological station data. The drainage was estimated by

the use of deep tensiometers (132.5cm and 140 cm) for the

hydraulic head gradient and the unsaturated hydraulic con-
The seven water tensiometers were vertically inserted neadluctivity obtained using the Mualem-van Genuchten model

the TDR probe trench to monitor water potential gradient(van Genuchten, 1980) with the parameters obtained by mul-

and estimate water fluxes (at depths 7.5cm, 11.5cm, 33 cntjstep outflow experiments presented in Table 1 (Weynants,

68.5cm, 132.5cm, 137cm and 140cm, with a horizontal2011).

spacing of 15 cm between each tensiometers). The tensiome-

ters were installed in July in the middle of the inter-row to 2.3 Time Domain Reflectometry

avoid damaging maize plants (Fig. 2). , ) )
The root colonization of soil in 2-D was characterized us- The TDR method was used to monitor SWC with a high

ing the Tardieu profile method (Tardieu, 1988). A trench Wastime resolution 7 =1 h_)' Fourteen TDR prob_es (3 rods,
dug perpendicular to maize rows (including 2 rows and 230 ¢m long, 0.5cm rod diameter, 2cm rod spacing) were hor-

inter-rows) at the border of the experimental plot (Fig. 2). An Zontally installed at 4 different depths (10 cm, 30 cm, 70.cm
iron grid (0.5 m width and 0.5 m depth) with a mesh of 5cm and 125cm) (F'g' 1) in a trench of ,1m W'd_th and 1.30m
was then fixed to the vertical soil profile, starting from the up- depth that was filled up after'TDR mstallatlon'. The TDR
per left corner and then moved to cover the whole soil profileprObeS were '”Se“?d perpendlcula_rly to the malze rows with
(1.5m width and 1m depth). In each 5cacm cell, the 7 probes below maize rows and 7 in the inter-rows (Fig. 1).

number of root segments was counted. These root segmenid€ Probes were connected to a TDR multiplexer (Campbell

were part of the total root system, which reached/impactedSDMXSO’ Campbell Scientific Lt., UK) controlled by an au-

this vertical plane, and were called root impacts (Vandoornetornatlc data logger (CR10X, Campbell Scientific Lt., UK).

et al., 2012). The roots repartition was determined with 2.p DR signals were generated and automatic_:ally _analyzed by
vertical maps of root impacts. The three root profiles (13 Ay-means of a TDR100 system (Campbell Scientific Lt., UK).

gust, 27 August and 18 September 2009) were performe easurements were monitored during 61 days under natural
with a spacing ranging from 13cm to 26 cm between eac oundary conditions. TDR probes were calibrated using the

root profile in order to get two maize rows lined up. Heimovaara (1993) method following the protocol described

The agro-climatic variables, i.e. temperatures, relativeby Garl”e et aI.(_2008). | dtod _
humidity, shortwave radiation, wind speed and rainfall Topp’s equation (Topp et al., 1980) was used to determine

3 -3 i i .
were monitored in a meteorological weather station situ-SWC. fror [cm Ccrjnb ], from the apparent dielectric con
ated 1.2km away from the study site. As the plot was Stantxa measured by TDR.

Fig. 1. Depths of the soil horizons (Ap1, plough pan layer, Btl and
Bt2) and position of TDR probes.
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Table 1. Textural and hydraulic properties for each soil horizon (Weynants, 2011). S, L and C respectively represent the percentage of sand,
loam and clay; BD is the soil bulk densit§; andés are the saturated and the residual SWC, respectively, and! are the Mualem-van

Genuchten parameters.

Soil S L C BD Os Or Ks o n [
Horizon [%] [%] [%] [gem™3] pH [cm3em™3] [em3em=3] [cmmin~1] [em™] [ [

Ap 3 76 21 142 7.1 0.442 0.145 0.079  0.035 1.265 3.954
Bt1 1 67 32 144 77 0.445 0.200 0.114  0.106 1.219 1.206
Bt2 1 74 25 150 7.7 0.440 0.028 0.997  0.094 1.100 1.734

f‘ 75 cm [/'
QTDR = _53 X 10—2 + 292 x 10_2Ka Borehole electrode / ] : R
- Surface electrode /,» .

—5.5x 10742 + 4.3 x 10783 (1) / /

Topp’s equation was verified for our soil type with undis-

y

5'15:.;
N

15 cm

turbed soil samples. The root mean square error (RMSE) of L.

0.0204 crd cm 3 between real and calculated SWC indicates *
that Eq. (1) is suitable for this soil.

2.4 Electrical Resistivity Tomography

ERT was used to monitor the three-dimensional distribution
of the bulk electrical conductivity (E€}. Seventy-six sur-
face electrodes (4-cm depth) and eight PVC sticks with seven

electrodes each were inserted into the soil to form a regular

grid of 1.95mx 0.75m with an electrode spacing of 0.15m . .
(Fig. 3). Each stick consisted of a PVC tube with 7 stain- Fig. 3. Scheme of the ERT electrode positions. The tubes with black

less steel rings (22-mm height), used as electrodes, and pogj_ngs represent the PVC sticks with the ring electrodes; the black

tioned at 7 depths (5 cm, 15 cm, 30 ¢m, 50 cm, 75 cm, 105 erhoésrézipzreefgyvt;he surface electrodes. The green lines correspond to
and 140 cm). The stainless steel rings were a little bit larger

(diameter of 46 mm) than the PVC tube (diameter of 45 mm)
to improve electrode-soil contact.

2010), where current and potential dipoles were switched.
The measurement scheme took seven hours to run and con-

2.4.1 Data acquisition tained 12 664 (normal and reciprocal) measurements.

ERT measurements were conducted between 13 Augustansly o pata filtering

18 September 2009. During this time, 9 measurement frames

were performed using the ten-channel SYSCAL Pro instru-First, all data outside of the predefined bounds of measured

ment with the corresponding relay boxes (SWITCH Pro) for yoltage, injection current and geometric factor (larger than

electrode switching to carry out the ERT measurements (Iris400 m) were removed. Then, data associated to a high stack-

Instruments, France). ing factor (above 2 %) given by the instrument were elim-
Based on Bing and Greenhalgh (2000) and in-field testsinated. The stacking factor (Slater et al., 2000) is the stan-

a measurement scheme adapted to our experimental setyfard deviation of maximum 4 stacks of a measurement. The

was developed. A combination of various measurement typegext step was to eliminate the data with a reciprocal error in

was used: (i) dipole-dipole measurements between the elea (¢; = R, — R;.;), the difference between the norma&(;)

trodes above 30-cm depth (76 surfaces electrodes and 24nd the reciprocal measuremens (), higher than 2% of

upper sticks electrodes) with first, second and third spacthe mean resistanc&/) in Q. The mean between the normal

ing; (if) Wenner measurements with stick electrodes; (iii) and reciprocal measurements was then associated to each in-

cross-stick measurements; and (iv) cross measurements bfection pair. Eventually the same 1994 quadripole measure-

tween surface electrodes and stick electrodes. In order tgnents were kept for each frame.

assess data quality, all these measurements were realized

in the normal and the reciprocal mode (LaBrecque et al.,

1996; Slater et al., 2000; Koestel et al., 2008; @aat al.,

Hydrol. Earth Syst. Sci., 17, 595609, 2013 www.hydrol-earth-syst-sci.net/17/595/2013/
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2.4.3 ERT inversion of the electrodes size on the results of the inversion was first
. o _ _ ~ verified. The finite size of electrodes was accounted for by

To assess the soil EQlistribution, a three-dimensional in-  taking the geometric factors of a complete electrode model

version of the ERT data obtained by the measurements wagRiicker and Ginther, 2011) with real geometries. We ob-

used. The ERT measurements $h (R;, with i =1, ..., served that the results considering the real size of electrodes

N) were inverted for each frame using a difference inver-or point electrodes were similar.

sion (LaBrecque and Yang, 2001), with the first data set To determine the quality of the inversion of ERT data, the

as reference. The code used for the inversion was BERTelative root mean square error (rrms) andxﬁe/vere calcu-
(Gunther et al., 2006; &ker et al., 2006) with an error- |ated as

weighted, smoothness-constrained, Occam-type algorithm.

The algorithm finds the smoothest distribution of logarith- Z[di*é?(m)]Z
mized resistivities (ikm) (log(p;), with j =1, 2, ..., M) rms= | ' .100 % 5)
which fits the measured data to a specified relative egyor, N
(-). A Gauss-Newton scheme with global regularization was
used to minimize the following objective function: > [%:("’)]2
2 i
¢ = ID[d — f m)]13+1IC (m — mo)|3. @ X=—nN ©

whered is the data vector, given by; =10g(G; R;) with  Except for the first data frame, which was used as reference
i=1,2,..,N,andG; the geometric factor (in m)f(m)  during the inversion, thg? was below 3 and the rrms was

is the forward response for the model vecier given by  pelow 9 %.

mj =10g(p;); and fi(m) = log(pa), wherepa; (€2m) is the To assess ERT spatial resolution, an indirect approach
apparent resistivity of the forward modeto is the starting  pased on the sensitivity was used in this study (Kemna et
and reference model (homogeneous for the first time step ang|., 2002; Binley and Kemna, 2005). The coverage, which is
its result for the others), and (-) a regularization parame-  the sum of all (absolute values of the) sensitivities for a given
ter .that det'ermm.es the amount of smoothl'ng imposeéhon  model parameter (@hther, 2004) was used in analogy to lin-
during the inversion. In this study, thewas fixed for allthe  ear tomography problems. Because the cell sizes were not

inversion to 50. This value was chosen after realizing inver-equal for all model parameters, the coverage was weighted
sion tests by decreasing lambda from 100 to 10. The value opy dividing it for each cell,j, by its size,n; (in m3). The

50 for lambda was the result of a Compromise between da.téoverage, coy (|n m*g), was calculated for each C@”Of
misfit and the roughness of the images. inverted resistivity as shown in Eq. (7). The obtained cover-

The matrixC represents a discrete approximation of a par- agge was then normalized and put in log-scale for the figures.
tial differential operator of first order (@ther et al., 2006),

andD is the error weighting matrix, given by
N
D = diagi1/10g(1+ &;)]. 3) 21\357("’/)

The errors were assumed to be composed of a percentagcé’vf - n; 7
error of several per cenp{ and a voltage erros(/) (Friedel,
2003), withU the measured potential difference (in V):

sU 2.5 Determination of the pedoelectrical relationship
& =p%+—. 4)
p U

1

Pedoelectrical models link EQo variables influencing this
To determine the error level that should be used in the inverxonduyctivity: surface conductivity of the soil matrix, pore
sions, an error analysis using the error model of Koestel {yater conductivity, porosity of the soil, temperature and
al. (2008) (based on reciprocal data) was realized. The analyater content (Archie, 1942; Waxman and Smits, 1968;
ysis for each data set separately gave yseror ranging  Rpoades et al., 1989; Revil et al., 1998). Three pedoelectri-
from 1% to 3% and aU error of 0.5mV. When all the data ¢4 relationships were derived, one per soil horizon (Ap1, Btl

sets together were analyzedy arror of 1.7 % and U error  and Bt2), based on the simplified Waxman and Smits's model
of 0.76 mV were obtained. The percentage error of 1.7 % wagGare et al., 2011):

relatively small. It was then increased to account for the error

sources that were not exposed by reciprocal error (Udphuay = ¢6¢ + b, (8)
et al., 2011). In this study, a percentage epaf 2.7 % and
asdU of 0.8mV were used in the inversions. whereo (Sml) is EGy, 6 (cm*cm~2) is SWC, anda

The deep electrodes of the system are ring electrodes lo&S 1), b (S m™1) andc () are fitting parameters. This sim-
cated on a PVC stick. But, for the inversion, they were con-plified model could be used since the soil solution electrical
sidered point electrodes. To make this assumption, the effeatonductivity is assumed to remain constant. For determining

www.hydrol-earth-syst-sci.net/17/595/2013/ Hydrol. Earth Syst. Sci., 17, 59509, 2013
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the parameters of Eq. (8), a TDR dataset from the same fieldneasured by both methods should be the same if the pedo-
acquired during another field campaign in 2010, was used. electrical relationship is correct.

The TDR bulk electrical conductivitygpr in S n1) was To verify that ERT was able to map horizontal SWC vari-
obtained from TDR signal attenuation using the following ability, we discriminated the SWC evolution under the maize
equation (Heimovaara, 1993; Mallants et al., 1996): rows and under the inter-rows. TDR measurements were re-

alized directly in these two distinct areas (Fig. 1). For ERT, a
— P (9) row area corresponding to 20 cm from each side of the maize
RTDR — Rcable row and an inter-row area of 35cm in the middle were con-

wherek,, (m1) is the cell constant of the TDR probe, and sidered. For each measurement time, the SWC optalned in
. X i each cell was averaged for the row area and the inter-row
Rcable(2) is the resistance associated to the cable tester, mul-

. . . area.
tiplexers, and connecters. The valueRyhr () is derived
from poo, the reflection coefficient at very long time, and is

defined as 3 Results and discussion
A+ po)
(1— poo) '

where Z¢ () is the impedance of the TDR device, mul- Th_e thr_ee pedoelectri_cal _relationships obtained from TDR
tiplexers, and cables. BotK, and Rcaple Were determined calibration are shown in Fig. 4. They were used to_tran_s_form
for each probe individually using calibration measurementsth® ERT EG in SWC with the parameters of the simplified

(Gareé et al., 2008). A temperature correction was applied toWaxman and Smits’s model presented in Table 2. Thg EC

obtain the EG at 25°C (o25) from EG, at the soil tempera- @nd SWC ranges of the first soil horizon are larger than for
ture T in °C (o), so that the two other soil horizons, demonstrating that the first soil

horizon experienced larger variations of SWC. The pedoelec-
- - (11) trical relationship for the third horizon is relatively flat for the
1+0.0T - 25 ECp range encountered during experimental time (between

l l . .
The three pedoelectrical relationships were applied on thé-01SnT™ and 0.07Sm®). This denotes a high accuracy

ECb at 25C, obtained by the inversion of ERT measure- in SWC prediction in the third soil horizon for this range of
ments. to trar,15form it into SWC. EGC,. An attempt was made to split the pedoelectrical func-

tions with and without the presence of roots, without any im-
2.6 Validation of ERT soil water content provement, in contrast to the observations made by Werban
et al. (2008), who observed two distinct pedoelectrical rela-
To validate ERT in a global way, the soil water stock changetionships in presence or absence of roots.
estimated from two ERT measurements were compared with In each soil layer, the observed RMSE (Table 2) were
mass balance estimates obtained from independent measurgese to the ones obtained by Gaet al. (2011) and similar

K
P
OTDR =

(20) 3.1 Pedoelectrical relationships

Rtor=Z¢

o
025

ments: to the RMSE obtained with the TDR SWC calibration
(RMSE =0.024 craicm™3). It suggests that a part of the vari-
P—D—ETC-AS=0, (12)  ation may be influenced by TDR uncertainty.

where P is the effective rainfall (mm)D is the drainage 35 validation of soil water content distribution

(mm), ETC is the crop evapotranspiration (mm) anfl is measured by ERT

the variation of SWC stock (mm) between the timggnd

the previous timer(—1). The water stock was obtained by in- 3.2.1 Water balance

tegrating ERT SWC from 0 to 140 cm depth. As an additional

check, the TDR data from the 2009 campaign was also useéigure 5 shows the evolution of the boundary conditions of

to validate the stock from ERT data. The TDR SWC mea-the experimental plotg, D and ETC) and the water stock

sured at 4 depths (10cm, 30cm, 70cm and 125 cm) was inevolution for TDR and ERT measurements for the whole soil

terpolated for the whole soil profile (from 0 to 140 cm depth). profile (between 0 and 140 cm depth). During the measure-
To assess the quality of the pedophysical relationship, wanent time on this studied plot, the bottom boundary fluxes

compared SWC obtained by ERT and TDR. For that, the(D) were small compared to the top boundary fluxBsafid

SWC measured by all TDR probes was averaged at eackTC). PositiveD, i.e. capillary rise, was observed most of

depth (Fig. 1) during ERT measurements (between 9 h andhe time. During the experimental period, the TDR water

16 h). Similarly, the SWC situated in the ERT voxels cor- stock had a general decreasing trend, ranging from 453 mm

responding to the TDR depths (10cm, 30cm, 70cm and(on 24 July) to 417 mm at the end of the period (21 Septem-

125 cm depth) was averaged. Assuming that the actual SW®er 2009), due to ETC, with local increases due to the rain-

at TDR and ERT locations was the same, the averaged SW@all events. The water stock estimated from ERT was higher

Hydrol. Earth Syst. Sci., 17, 595609, 2013 www.hydrol-earth-syst-sci.net/17/595/2013/
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lative D (pink) with positive values corresponding to capillary rise
Fig. 4.ECGy (o1pR) and SWC ¢rpr) for TDR measurements real-  ang negative values to drainage, TDR water stock evolution (blue),
ized in the three soil horizons in 2010 (Ap1 horizarBtl horizon  ERT water stock (green with circles) and water stock consider-
b, and Bt2 horizonc). The black curves represent the simplified ing ERT SWC at the four TDR depths (10cm, 30cm, 70cm and
Waxman and Smits model that fits thepr—0TpR COUples. 125cm) and integrated as for TDR water stock (cyan circle). Red
arrows represent the ERT measurement days.

Table 2. Parameters for the simplified Waxman and Smits model

and RMSE for each of the three soil horizons. ) ] )
stock change and the output. If there is no error in the dif-

Horizon a(SmY) »(SmY c¢(=) RMSE (cndcm3) ferent variables of balance, and if the water stock calculated
ApL 03 0,006 5 0.004 with the ERT measurement is correct, the black line should
Bt 0.6 0005 2.7 0.020 be equal to zero. For most of the dates, the water balance
Bt2 9.0 0001 54 0.011 was close to zero (the deviation was between 0.01 mm and
3.01 mm), indicating a very good estimate of all the mass
balance terms. The small difference could be associated (i)
to the ERT uncertainty due to the use of an empiric pedo-
than the one obtained by TDR. The deviation between ERTelectrical relationship (Laloy et al., 2011) and the imperfect
and TDR soil water storage ranged between 2.4mm andnversion of ERT data (non-unique solution) (LaBrecque et
15.2mm. This is in the same range than the observational., 1996), and (ii) to errors associated to the other mass bal-
made by Hupet et al. (2004), who showed that uncertaintyance terms. The water balance calculated between 19 and
in a soil water storage estimate for their considered experi24 August 2009 was quite high and equal+d1.92 mm.
mental measurements in terms of standard deviation, rang€his could be due to an underestimation of the rainfall occur-
between 9.72 and 10.37 mm. To quantify the error linkedring on 20 August 2009. Indeed, this was an intensive rain-
to TDR interpolation, the water stock was calculated from fall event (13.5mm in 12 min) that could be miscalculated
ERT data, based on four local values only (corresponding tdoy the automatic tipping bucket rainfall gauge. This type of
TDR probes depths, i.e. 10cm, 30cm, 70cm and 125 cm)gauge usually underestimates the high rainfall by not consid-
and then interpolated as for TDR measurements. When onlgring the loss of water during the bucket rotation (Marsalek,
using four local measurements for estimating water storage1981; Vaswari, 2005). Moreover, this stormy event may gen-
the deviation between TDR and ERT water stock ranged beerate spatially high, variable rainfall distribution. By compar-
tween 1.46 mm to 8.43mm. The ERT SWC, based on fouring the rainfall given by 2 meteorological stations located at
local values, was then closer to the TDR water stock, espe1.3 km from each other, for this rainy event a difference of
cially at the beginning of the ERT measurement time. Werainfall of 4.2 mm was observed.
conclude that the difference between ERT and TDR water
stock is partly due to the spatial interpolation between TDR3.2.2 Comparison between SWC measured by TDR
probes. and ERT

The error associated to the ERT storage was estimated
by checking the mass balance in Eq. (12) for eight peri-Figure 7 compares the average (full markers), maximum
ods between our ERT measurement times. The black lin@nd minimum (open markers) SWC obtained by TDR and
in Fig. 6 represents the difference between the input andy ERT at the four TDR depths for the row and inter-row
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Fig. 7.Mean SWC measured by TDR and ERT at the 4 TDR mea-
Fig. 6. Water balance (WB) between the nine ERT measurementsyrement depths. The full markers correspond to the mean SWC
times calculated with Eqg. (12). Input includes rainfall,in mm  and the open markers to the minimum and maximum SWC for each
(blue); capillary rise,D in mm (cyan); and the output is the ETC ERT measurement time for the same depths. The squares are for
in mm (green). The water stock variationr,AS in mm (red), is  10-cm depth, the circles for 30-cm depth, the stars for 70-cm depth
positive when SWC decreases and negative for an increase of SWGnd the triangles for 125-cm depth. The dotted line corresponds to
The black line (WB) corresponds to the difference between the inputhe 1: 1 correlation line.
and stock change and the output.

The agreement between TDR and ERT SWC was gener-
measurements together. The quality of the pedoelectrical really good (for the maize rows: RMSE =0.0170%m 2 and
lationship is demonstrated by the 1 to 1 correlation linefor the inter-rows: RMSE =0.0129 chem~3). For the three
(R2=10.98). The range between maximum and minimum upper depths, there is always an overlap between the ERT
values illustrates the SWC horizontal variability between SWC plus one standard deviation and the envelope of mini-
TDR probes (4 probes at 10cm, 30cm and 70cm andmum and maximum TDR SWC, except for the last two ERT
2 probes at 125cm depth) and between ERT SWC. Atmeasurements at 10cm under the maize rows. These two
10cm depth, the difference between the maximum andmeasurements were realized after a rainy event, which prob-
minimum of SWC at each depth and time ranged fromably revealed the within-field SWC variability. At 125cm
0.0234cmcm™3 to 0.0925cmcm—3 for TDR measure-  depth, ERT SWC was slightly different than TDR SWC, with
ments, and from 0.1142 clom=23 to 0.1661cricm=2 for  a maximum difference of 0.0149 érom=3.

ERT measurements. At 125cm depth, the deviation was This difference is smaller than the error associated with
smaller and never exceeded 0.0228cm~2 for either  the TDR calibration, and is similar to the error associated
method. The maximum difference of SWC with TDR was with pedoelectrical relationship. Brunet et al. (2010) com-
in the same range as the maximum SWC difference obtaine@ared the water content and water content deficit obtained
with neutron probes by Hupet and Vanclooster (2005) in afrom ERT with local measurements made with TDR at ten
similar field with maize. The higher deviation for ERT than different times. Their comparison showed that ERT and TDR
for TDR measurements can be explained by the higher spawater content values globally exhibited the same tempo-
tial resolution of ERT measurements and thus by the discrimral pattern, but with sometimes absolute differences up to
ination of more SWC heterogeneities, especially visible in0.05 cnt cm~3, which is acceptable but higher than what was
the first soil horizon. The results support the use of ERT togbserved in this study.
quantify the SWC spatial variability. Figures 6, 7 and 8 demonstrate that the ERT methodology
The evolution of SWC at four depths during the experi- reasonably estimated the SWC at the field scale and gave
mental period is shown in Fig. 8. The shaded envelopes eneomparable results to the TDR that is considered by many
compass the spatial variability associated with the two TDRauthors as an accurate way to measure SWC (Huisman et al.,
probes of each depth for the row or inter-row areas, except a2001; Robinson et al., 2003; Walker et al., 2004).
125-cm depth, where only one probe was present for the row
and another one for the inter-row area. For each depth and
area, the SWC measurements obtained by ERT are plotted.
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3.3 Processes inducing SWC distribution "

y
X 0

Log scale normalized coverage

0 .. 1.0

3.3.1 SWC spatial variability X axis

1Fig. 9. Normalized coverage sections at=0.05m (a), z =
—0.15m(b), andz = —1.4 m(c) of the 3-D ERT inversion model.
The coverage was calculated using Eq. (7). The white spheres rep-
resent the electrodes in the considered sections.

Figure 9 presents the normalized logarithmic coverage o
the 3-D ERT inversion model, calculated with Eg. (7). One
vertical section passing by three ERT electrodes stigks (
0.05m, Fig. 9a) and two horizontal sections=f —0.15m,
Fig. 9b and; = —1.4 m, Fig. 9c) were chosen as representa-
tive examples. We observed that the coverage decreases with The distribution of CV was similar for the nine measure-
the distance from the electrodes and that the staggered posient times. The CV was higher in the topmost soil horizon
tion of the ERT electrodes did not deform the coverage disor the x and y-directions, where SWC was between 0.123
tribution. The coverage appears to remain relatively high ingnd 0.328 cthcm3 (Fig. 8). Generally, the CV was lower
the whole soil volume (Fig. 9a) thanks to the combination on the x-axis (in the maize rows direction) for the whole
of surface and deep stick electrodes. Although the coveraggoil profile. In contrast, the CV on the y-axis, considering

was the lowest in the bottom of the soil volume, TDR mea- glternation of maize rows and inter-rows, was relatively high
surements showed that the SWC variability was also lower inyith a decrease of CV with depth.

those depths (Figs. 7 and 8). Huge resolution is therefore not

so important in the deep soil horizon. 3.3.2 SWC evolution during the late growing season
Figure 10 shows three-dimensional SWC distributions for of maize

the seventh ERT measurement (31 August 2009). The irregu-

lar and non-horizontal isosurfaces illustrate the heterogeneityfwo-dimensional maps of average SWC distributions along

of the 3-D SWC distribution. The maize rows, perpendiculary-axis (visible on the x-axis) were realized, considering the

to the x-axis at 0.6 m and 1.35m, seem to influence the dry+elatively low CV in that direction. The maize row/inter-row

ing pattern as observed by Hupet and Vanclooster (2005)effect could then be observed on the y-average SWC distri-

amongst others. To quantify the maize row effect on SWCbution at 9 different dates (Fig. 12). A contrast of SWC be-

spatial variability, 2-D maps of the coefficient of variation of tween row and inter-row areas along the whole experimental

the SWC (CV) were developed following the maize rows (y- period is observed. The soil is drier under maize rows and

direction, visible on x-axis) and perpendicular to the maizethe difference between the middle of the row and the middle

rows (x-direction, visible on y-axis) (Fig. 11). of the inter-row area at the same depths and times reached
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Fig. 10. Three-dimensional volumetric SWC for the ERT ex- T : I
arrows on the x-axis figure represent the maize row positions. The

perimental plot for the seventh ERT measurement time (31 Au-“""" e
gust 2009). The surfaces are isosurfaces of equal water content. THEIte dots correspond to the electrode positions.
isosurfaces represent the volumetric SWC at 0.153((mrm*3), 0.2

(cm3cm™3), 0.25 (cn? cm™3), 0.3 (cn® cm™3), 0.35 (cn? cm™3). @ 16108
The black lines correspond to the maize row positions and the white
spheres represent the electrodes.

0.181 cnicm 3 in the first soil horizon (19 August 2009),
and never exceeded 0.09%om2 in the third soil horizon.
During the experimental period, the SWC decreased in the§ 0.
second and third soil horizons, especially under the maizeg -
rows, which generated a specific drying pattern. At the end
of experimental period, the drying pattern was influenced
down to the third soil horizon by the maize rows. Michot et o5
al. (2003), Hupet and Vanclooster (2005) and Srayeddin and
Doussan (2009) observed similar patterns in the maize field
due to root water uptake (Michot et al., 2001).

Although drying fronts went down with time, the general
drying pattern (due to alternation of row/inter-row) remained, Fig. 12. Two-dimensional SWC distribution obtained by ERT on
with dry zones under the maize rows and at the soil surfacea) 13 August 2009(b) 17 August 2009(c) 19 August 2009,
even after consequent rainfall events (for instance 24 Au<{d) 24 August 2009,(e) 25 August 2009,f) 27 August 2009,
gust, 9 September and 18 September 2009). As shown in th@) 31 August 2009(h) 9 September 200¢i) 18 September 2009.
next section, we suggest that the rainfall was not sufficient toThe scale is the SWC (chem™3). The arrows indicate the maize
change the SWC pattern created by root water uptake. row positions.

The root impact profiles realized at three different dates
are shown in Fig. 13. The number of root impacts increases
with time, but the spatial distribution remains similar. The impacts increased homogeneously in the whole soil profile,
root impacts were denser in the upper soil layer with a de-keeping the same shape of root distribution.
crease at the plough pan layer mainly visible in the two first Between the first (13 August 2009) and the last
root profiles. The roots were more present under the maiz€18 September 2009) ERT measurement times, SWC de-
rows than between the maize rows. Li et al. (2002) observedtreased in the whole soil profile, except in the first 20 cm near
that in the well-watered soil profile, the spatial distribution the soil surface (Fig. 14). The rainfall was not sufficient to
of the roots mainly determines the typical pattern of root ex-compensate crop transpiration and the water stock decreased
traction, in addition to the fact that the roots near the plantfrom 448 mm to 424mm as observed in the water mass
base are more effective than those farther away. On 13 antalance (Fig. 6). The increase of SWC at the surface was due
27 August and on 18 September 2009, the depth of the patto a rainfall event occurring at the end of the growing season.
terns of SWC (Fig. 12a, f and i) affected by maize rows In the second soil horizon, a decrease of SWC with depth
reached (and locally exceeded) the maximum measuremelig observed going from 0.015 éram 3 to 0.038 crd cm 3.
depth of roots distribution (1m depth) (Fig. 13). Between 13 At the interface between the second and third soil horizon,
and 27 August 2009 and between 27 August and 18 Septenthe depletion curve is discontinuous and relatively uniform
ber 2009, the drying front went deeper, while the driestat around 0.02 cicm=2 in the third soil horizon. The SWC
zones remained under the maize rows. In the meantime, roalecrease was mainly observed in the second and third soil
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Fig. 13. Root profiles obtained by Tardieu’s method. The coloured squares correspond to the number of root impacts, resulting in a 2-D
distribution of roots. The colour scale represents the number of root impacts. The horizontal and vertical histograms correspond to the
number of root impacts in the x and y-directions, respectively. It helps to compare the number of impacts in the row and inter-row areas and
for the different depths. The grey area delimited the zone without measurements. The arrows indicate the maize rows position.

° 3.3.3 Effect of root water uptake and rainfall on
SWC changes
05 To investigate whether root water uptake increases or de-

creases the field-scale SWC variability, the 2-D SWC evolu-
tion between five consecutives ERT measurement times was
analysed (Fig. 15). The SWC change was quantified during
two small periods, P1 (between 25 and 27 August 2009)
and P2 (between 27 and 31 August 2009), with negligi-
ble rainfall (P = 1.3 mm), and two longer periods, P3 (be-
tween 31 August and 9 September 2009) and P4 (between
A5 9 and 18 September 2009) with consequent rainfall events
-0.05 0 0.05 .
6, change (cmem) (P =16.7 mm and 10.1 mm, respectively).
During P1 and P2, a slight decrease of SWC in the soil pro-
Fig. 14.SWC change for the whole soil profile between the first day file was observed with ERT. During P1 (Fig. 15b), the SWC
of ERT measurement (13 August 2009) and the last day (18 Septenyepletion was mainly located in the first soil horizon. During
ber 2009). Negatives values mean a decrease of SWC during theo (Fig. 15c), the SWC decreased mainly under the inter-

experimental time and positives values an increase of SWC. Th‘?ows in the two upper soil horizons, contrary to Michot et
vertical dotted line is the limit between increase and decrease of ’

SWC. The horizontal dotted lines correspond to the limits of the al. (2003) who observed a decrease of SWC under the maize
soil horizons. rows. In contrast to that study, the SWC at the surface and
under the maize rows was relatively low at the beginning of
the period. Therefore SWC depletion occurred in the deeper
horizons, while most of the roots were observed in the firstzones and in the inter-row area.
soil horizon. Because soil water flow may compensate root Despite the rainfall events occurring during P3 and P4,
water uptake, the shape of the soil water depletion profilethe total soil water storage decreased (Fig. 6). Local SWC
does not reflect the root impacts distribution, as also observediminutions were principally observed in the inter-row area
by Garg et al. (2011) and Vandoorne et al. (2012). In our of the first soil horizon and everywhere in the second and
case, this discrepancy was due to the fact that (i) most of théhird soil horizons (Fig. 15d, e, and f). In contrast, the in-
roots (Fig. 13) were located in an initially drier zone (Fig. 12) crease of SWC was mainly located in the first soil horizon
and (i) the late rainfall event increased the SWC mainly in and under the maize rows, where the SWC was the lowest
the first soil horizon under the maize rows (Fig. 8). This ini- before the rainfall (Fig. 12). Michot et al. (2003) mentioned
tial and boundary conditions for our measurement period dethat selective infiltration occurs under the maize plants due
termined the SWC distribution and the observed SWC deto preferential directions of water flux and the role of the
crease. aerial part of the maize plant to catch water, create stem flow
and promote infiltration under the maize plant. By compar-
ing the TDR time series between the row and inter-row re-
gions, we could check this hypothesis. A quick increase of

Depth (m)
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@, . these two periods (Fig. 12h and i), confirming that the rain-
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© Pl =27/08-23/08 P2 = 31/08-27/08 Aery small changes of SWC are not really visible. It is therefore

0g> W < ’ advantageous to combine TDR and ERT measurements to
c o5 © & assess the SWC distribution dynamics at the field scale.
r L7 3 By investigating the dynamics of SWC distribution we ob-
8 served that both root water uptake and rainfall were influenc-
ing the SWC variability. Root water uptake, by reinforcing

o 05 1 15 2 drying patterns, generates variability. In contrast, rainfall in-
@ xaxis [ml xaxis [m] creases the SWC under the maize rows, where the soil is the

047 . , 1% driest, by preferential infiltration. This preferential infiltra-
e A\ Y Mty VY S W M M H 1

A e S S AN R vi i tion tends to homogenize the SWC, as showed by the TDR
o 03 1°E measurements at 10 cm where the SWC under the maize row
G 02 SR e reaches the SWC under the inter-row when a significant rain-
< o2f | 11 fall occurred (Fig. 15d).
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E 0511 o o= 0d -05 ':' © ° 2: We conducted a field experiment (i) to validate an ERT
g 1'] - S o 1' v methodology to determine the 3-D SWC distribution at the

TR oo s plot scale and (ii) to investigate how rainfall and root wa-

D — . S ter uptake affect the SWC dynamics by combining ERT and
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X axis (m) X axis (m) TDR measurements.

. , . The validation of ERT to derive the 3-D distribution of
Fig. 15. TDR SWC content evolution durin@) P1 (25 to 27 Au- SWC was performed using a global mass balance method

gust 2009) and P2 (27 to 31 August 2009) &dP3 (31 August to .
9 September 2009) and P4 (9 to 18 September 2009). The bold Iineand a comparison between TDR and ERT measurements.

correspond to the maize row TDR measurements and the thin Iinejhe Watgr stock given by ERT measurgments prowded a
to inter-row measurements. Blue is for 10 cm depth, cyan for 30cmd00d estimate of the water storage during the experimen-

depth, green for 70cm depth and red for 125cm depth. The 2-Dtal time (13 August to 18 September 2009), except for one
figures represent the ERT SWC differences for(B). P2 (c), P3 time (between 19 and 25 August 2009), when the total rain-
(e) and P4(f). The colour scale corresponds to the SWC changesfall for a storm event could have been underestimated. The
(cm®cm~3). Negatives values mean a decrease of SWC and thevater stock quantification for TDR and ERT highlighted the
positives values mean an increase of SWC. The arrows indicate thgnprovement expected with ERT due to its better spatial res-
maize rows position. olution as compared to TDR measurements.
By comparing averaged SWC measured by TDR and ERT

at four depths, we demonstrated the accuracy of ERT for esti-
SWC under the maize rows at 10-cm depth just a few min-mating the meank? = 0.98) and the variability of the SWC.
utes after rainfall event start was observed (Fig. 15d). Therlt was observed that the SWC spatial variability was higher in
the row SWC at 10 cm reached and eventually exceeded ththe first soil horizon where the soil was drier and more roots
level of SWC of the inter-row. After the rainfall, SWC be- were present than in the two other soil horizons. A higher
low the maize rows of the first depth decreased again, whileCV of SWC distribution was observed in the direction per-
almost no SWC change was observed by TDR in other lo-pendicular (visible on y-axis) to the rows than parallel (vis-
cations. This decrease thus reflects the impact of root waible on x-axis). We confirmed that the SWC distribution is
ter uptake rather than lateral soil water redistribution. Theinfluenced by the maize row pattern.
second ERT measurements were realized 5 and 3 days af- During ERT measurement period, the global SWC mainly
ter the rainfall events for P3 and P4, respectively. Althoughdecreased in the deeper soil layers, where the soil was ini-
a few days passed between the rainfall event and ERT medially wetter. In the second and third soil horizons, the SWC
surement, the SWC increase zone was still located below theecreased about 0.038 8om~3 and 0.02 cricm ™3, respec-
maize rows. However, the drying patterns remained duringtively. Because the upper soil layer was already relatively dry

®
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