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Soil apparent electrical conductivity is being considerably used as a surrogatemeasure for soil properties and hy-
draulic parameters. In this study, measurements of electrical conductivity were accomplished with electrical re-
sistivity tomography (ERT) and EM38 to developmultiple datasets for defining spatiotemporal moisture content
variations and estimating saturated hydraulic conductivity under natural conditions in an experimental site lo-
cated in Lisbon, Portugal. In addition, EM38 capability inmonitoring electrical conductivity variations in compar-
ison with ERT method was examined. In order to achieve these objectives, appropriate relationships were
derived based on determination of experimental curve resistivity vs. degree of saturation by in-situ investigation
to convert electrical resistivity maps inferred from ERT and EM38 data to moisture content distribution maps. In
addition, the surface temperature variations during the experimentweremeasured and the effects of the temper-
ature variations were removed by assuming 2% change in electrical resistivity per °C change in temperature. The
conducted experiment proves that the soil is fairly homogenous and semi-pervious sediment and the spatiotem-
poral moisture content variations during the experiment barely exceed 10%. Our calculations constrain the range
of saturated hydraulic conductivity to be 3–9 (cm/day) range.

© 2014 Elsevier B.V. All rights reserved.
1 . Introduction

The importance of soil characterization in the top 1–2 m is widely
recognized as a key parameter in agriculture and is critical for optimal
crop management. Development of the means to monitor soil moisture
spatiotemporally in agricultural fields is very important for effective soil
moisture management. Moreover, hydraulic conductivity is an impor-
tant soil property when determining the potential for water movement
in topsoil and in spite of its importance; soil hydraulic conductivity re-
mains one of themost difficult of soil properties to assess and laboratory
methods have limitations due to the size of the samples and usually in-
situ methods are required to estimate hydraulic conductivity.

Methods of soil moisture determination are often classified into direct
and indirect methods (Muñoz-Carpena, 2004). Direct methods involve
taking the weight of a soil sample before and after oven drying. Direct
methods are based on drilling and causemajor disturbance to the natural
conditions. In addition, direct measurements by sample collection cannot
be repeated over time on the same place, while hydrologic characteriza-
tion of topsoil requires a repetition of data collection from a specified
field site. Moreover, direct measurements do not usually cover a large
area allowing only localized investigation and cause uncertainty in hydro-
logic characterization of unsaturated zone. Due to the destructive nature
rzamian).
of soil sampling, indirect measurements of soil moisture using neutron
probes, capacitance probes and time-domain reflectometry are preferred
for repeated in-situ measurement of soil moisture. These soil moisture
sensors have been extensively used in soil water monitoring under a
wide range of soil types, vegetation and experimental sites (e.g. Fares
andAlva, 2000; Fares et al., 2004). Evett et al. (2002) presented a compar-
ison of the abovementioned sensors in soil water contentmeasurements
under a wide range of soil types on four continents to examine the accu-
racy and precision of each method and also conditions of successful use.
While these in-situ techniques can provide accurate information on soil
moisture, the spatial range of the sensors is limited to tens of centimeters
and extension of the information to a large area can be problematic.

Recent research has shown that geophysical methods particularly
ground-penetrating radar (GPR), ERT and Electromagnetic induction
methods (EMI) using non-invasive methods are a viable alternative to
traditional techniques for soil characterization. Geophysical methods
have been widely used to investigate unsaturated zone (e.g. Binley
and Kemna, 2005; Binley et al., 2001, 2002a,b; Huisman et al., 2001,
2002; Looms et al., 2008a,b; Triantafilis and Monteiro Santos, 2010;
Triantafilis et al., 2009). Soil apparent electrical conductivity (ECa) is a
surrogate measure for soil properties and can be correlated with soil
properties such as cation exchange capacity (Triantafilis et al., 2009),
depth to bedrock and soil texture (Zhu et al., 2010) or clay content
and salinity (Corwin and Lesch, 2005). In addition, time-lapse geophys-
ical monitoring is also a powerful tool to estimate those hydrologic
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Fig. 1. Analysis flowcharts for integration of geophysical and hydrological data to estimate
the saturated hydraulic conductivity.
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variables that are time dependent such aswater content. Themajor aim
of time-lapse monitoring is to identify changes in resistivity at selected
locations at different times accurately. A correlation of hydrological var-
iables to measured responses by empirical or semiempirical relation-
ships (e.g., Archie, 1942) or established in-situ relationships leads
mapping hydrogeology variables over time (e.g. Kemna et al., 2002;
Singha and Gorelick, 2006).

Themain aimof this study ismonitoring ECa variations using ground
surface ERT andmulti-height EM38methods under natural condition in
order to estimate saturated hydraulic conductivity. Several studies (e.g.
Binley et al., 2002a; Cassiani et al., 2006;Deiana et al., 2007; Looms et al.,
2008a,b) have been conducted to use ERT and GPRmethods to estimate
hydraulic conductivity; however, to the best of our knowledge, no at-
tempt has been made to use multi-height EM38 data for hydraulic con-
ductivity estimation. EM38 has the advantage of being less expensive,
much faster, and easier to use in data collection in comparison with
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Fig. 2. Monthly means maximum and minimum
the ERT method. Furthermore, EM38 can cover a larger area in regional
investigation. This study also aims to evaluate the EM38 capability in
monitoring ECa variations and hydraulic conductivity estimation in
comparison with the more commonly used ERT method.

To achieve these objectives,we have followed three steps outlined in
Fig. 1.

1. Time-lapse multi-height EM38 and ERT data were inverted to esti-
mate the spatiotemporal resistivity variations.

2. In-situ petrophysical relationship was used to convert the resistivity
models to the unsaturated flow models.

3. The unsaturated flow models were compared to the unsaturated
flow simulations inferred from hydrologic parameters in order to es-
timate the saturated hydraulic conductivity.

2. Material and methods

2.1. Study area

The study area is located at the campus of University of Lisbonwith a
loam soil, low permeability and high water retention capacity. The
studywas carried out from September 2010 to August 2011. The surface
temperature was measured during the experiment. A tipping bucket
rain gauge (Young Model 52202) was installed to measure the amount
of precipitation during the period of the experiment. Evaporation data
was collected from a nearby station to take into account for moisture
content simulation. Transpiration was negligible in the field site and
was not considered in this study. The mean maximum and minimum
temperatures during the experiment period are shown in Fig. 2. In win-
ter, the temperature occasionally dropped as low as 5 °C. The coldest
month was January with monthly meanmaximum and minimum tem-
peratures of 14 °C and 9 °C. In summer, the temperature never exceeded
36 °C. The hottest month was August with monthly mean maximum
andminimum temperatures of 28 °C and 18 °C. The monthly total rain-
fall and evaporation during the experiment are shown in Fig. 3. Decem-
ber had the highest monthly total rainfall with 294.5 mm and an
average of 17 rainy days. June and July were almost without rainfall.
The maximum total evaporation was observed in June with a total
amounting to 101.9 mm. December had the lowest total evaporation.

2.2. Experimental transect

A profile with 14.25 m length was established to conduct the experi-
ment, on a 2 m unsaturated soil. Four soil cores down to a depth of
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temperatures (°C) during the study period.
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Fig. 3.Monthly total rainfall and evaporation (mm) during the study period.
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approximately 1.5–2mwere extracted along the profile in 6 and9m in 2-
Dec 2010, 3 m in 21-Apr 2011 and 12 m in 20-June 2011. These cores
were sectioned into 0.1 m lengths and prepared for laboratory analysis
of physical properties namely particle density, bulk density, texture and
gravimetric moisture content. Standard set of sieves were used to divide
sand into classes, and to separate sand fractions from silt and clay frac-
tions in the soil. To determine the clay to silt ratio, the fraction of the
soil passing through the last sieve (0.063 mm) was analyzed using laser
granulometerMalvern Particle Size AnalyzerMS2000 after deflocculating
with 30% sodium hexametaphosphate.

2.3. ERT

ERT is the method for determination of subsurface resistivity dis-
tribution from multiple electrical resistance measurements made
using a quadrapole arrangement of electrodes. The electrodes are
placed either on the ground or in borehole and a 2-D or 3-D image
of the resistivity can be achieved by varying the location and spacing
of the electrode quadrapole. In this study, a 2-D ground surface ERT
survey was performed using 4POINTLIGHT_10W devise from
Lippman Company. Geotest software was used for remote
Fig. 4. Soil texture grade of extract
controlling of 4POINTLIGHT_10W in combination with active boxes
for geoelectric tomography using multi-electrodes. Schlumberger
electrode configuration was employed in this study. The maximum
current electrode expansion and electrode separation were 14.25
and 0.75m respectively and a total of 81measurements were collect-
ed for each dataset.

The inversion of time-lapse resistivity data was carried out using
RES2DINV software. Several time-lapse inversion algorithms such as,
the difference inversion method (LaBrecque and Yang, 2001), the
crossmodel regularization (e.g. Loke, 1999; Oldenborger et al.,
2007) and 4-D space–time inversion method proposed by Kim
et al. (2009) are supported by RES2DINV. Hayley et al. (2011) pre-
sented a comprehensive explanation and comparison of the above
mentioned methods and showed that the 4-D space–time inversion
method reduces the inversion artifacts and better reproduces the re-
sistivity model among the time-lapse inversion methods. This meth-
od introduces the regularizations not only in the space domain but
also in time to reduce inversion artifacts and improve stability of
the inverse problem even if changes in the subsurface properties
during the data acquisition cannot be ignored. The 4-D space–time
inversion method was used in this study.
ed soil samples from x = 6 m.



Fig. 5. Soil texture grade of extracted soil samples from x = 9 m.
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2.4. The EM38

The EMI technique was initially introduced for measuring and
mapping soil salinity (Halvorson and Rhoades, 1974; McNeill,
1986; Wollenhaupt et al., 1986) and was extended to quantifying
Fig. 6. 2-D resistivity models of ERT background
and mapping soil moisture content. The relationship between soil
moisture content and electrical conductivity has been established
by many investigators (e.g. Brevik et al., 2006; Hanson and Kaita,
1997; Hezarjaribi and Sourell, 2007; Reedy and Scanlon, 2003;
Sheets and Hendrickx, 1995).
using Schlumberger electrode configuration.

image of Fig.�5
image of Fig.�6


Fig. 7. Sequence of percentage resistivity changes inferred from ERT inversion results with respect to background in a) 4-Nov 2010, b) 11-Feb, c) 21-Apr and d) 20-Jun 2011 respectively.
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The EM38 is awidely-used electromagnetic instrument for soil char-
acterization developed by Geonics Ltd. (Ontario, Canada). It comprises
two electrical coils, one a transmitter and the other a receiver placed
1m apart in awooden frame. The transmitter coil is excitedwith a sinu-
soidal current at a frequency of 14.6 kHz. A key assumption in under-
standing the nature of the integrated response of the surface
measurement of the EM38 is that individual; below ground current
loops are not influenced by others nearby (McNeill, 1980). Consequent-
ly, the net secondary magnetic field at the receiver is the sum of the in-
dependent secondary magnetic fields from each of the individual
current loops. Then the relative contribution to the secondary magnetic
field from all material below a depth z can be expressed by the cumula-
tive function RH,V (for horizontal or vertical coplanar transmitter–re-
ceiver dipole configurations) as defined by McNeill (1980):

RH;V

Z∞
z

φH;V zð Þdz ð1Þ

In this study, EM38 measurements were made in the vertical
(EM38v) and horizontal (EM38h) modes of operation with 0.75 m
separation along the profile. To facilitate multi-height EM38 measure-
ment, a specially-designed polymer-plastic ladder was constructed at
heights corresponding to 0.3, 0.6 and 0.9 m. EM38 measurements
were collected in both vertical and horizontal in thementioned heights.
A total of 160 points were measured in each survey.

To invert EM38 data, EM4Soil software has been used. This program
was developed using 1-D laterally constrained inversion method pro-
posed by Monteiro Santos (2004). The software was successfully used
in several studies (e.g. Triantafilis and Monteiro Santos, 2013;
Triantafilis et al., 2012, 2013). The earth model used in the inversion pro-
cess consists of a number of blockswhose distribution and size depend on
the locations and number of intercoil spacing used in data acquisition. A
forward modeling subroutine, based on the cumulative response was
used to calculate the apparent conductivity response of the model. An it-
erative process then allows obtaining the final model through the calcu-
lated misfit between data and model response given by

Q ¼ δdTδd
N

 !1=2

ð2Þ
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where N represents the number of data points (for description of 1-D
laterally constrained inversion of EMI data, see, Monteiro Santos, 2004).
Independent inversionswere carried out for each EM38 dataset separate-
ly. Afterward, resistivity changes with time were achieved by subtraction
of pixel-by-pixel values from the background image.

2.5. Temperature changes

The goal of this experiment is to monitor electrical resistivity chang-
es due to changes in the moisture content in the unsaturated zone. In
order to accomplish this, all other transient factors such as temperature
that affect the unsaturated zone must be accounted for. Several at-
tempts have clearly accounted for subsurface temperature variation in
resistivity map (e.g. Hauck, 2002; Hayley et al., 2007, 2009; Michot
et al., 2003). It is common practice in electrical geophysics to assume a
linear variation in resistivity with temperature over the typical range
of temperatures encountered in shallow surveys (Musgrave and
Binley, 2011). Schön (2004) for instance proposed a 2.5% change in elec-
trical resistivity per °C change in temperature. Hayley et al. (2007),
using a variety of near surface materials found out that the slope of
the low temperature linear model is quite consistent and a value be-
tween 1.8% and 2.2% change in electrical resistivity per °C change in
temperature can be used if no other information is available. The effect
of temperature variations was removed from the resistivity models by
applying a value of 2% change per degree after inversion.

2.6. Hydrologic model

2.6.1. Governing flow equation
Richards' equation is used to describe unsaturated flow in porous

media. Two-dimensional Richards' equation can be expressed as
(Šimůnek et al., 2006):

∂
.

∂x
KH hð Þ ∂h∂x
� �

þ ∂
.

∂z
KV hð Þ ∂ hþ zð Þ

∂z

� �
¼ ∂θ

∂t ð3Þ

where h [L] is pressure head, z [L] is elevation, θ is volumetric moisture,
KH(h) and KV(h) are the horizontal and vertical unsaturated hydraulic
conductivity [L/T] respectively as a function of pressure head. The
system is isotropic if KH(h) = KV(h). Eq. (3) must be supplemented
with relevant constitutive models linking h, θ and K.

2.6.2. The unsaturated soil hydraulic properties
The unsaturated soil hydraulic properties, θ(h) and K(h), in Eq. (3)

are in general highly nonlinear functions of the pressure head. We as-
sume here that the retention and hydraulic conductivity functions can
be represented by the parametric models of Van Genuchten (1980)
who used the statistical pore-size distribution model of Mualem
(1976) to obtain a predictive equation for the unsaturated hydraulic
conductivity function in terms of soil water retention parameters:

θ hð Þ ¼ θr þ
θs−θrð Þ

1þ αhj jn½ �m
θs

hb0
h≥0

8<
: ð4Þ

K hð Þ ¼ KsS
l
e 1− 1−S1=me

� �mh i2 ð5Þ

Se ¼
θ−θr
θs−θr

ð6Þ

m ¼ 1−1=n ; nN1 ð7Þ

where θs is the saturated moisture content, θr is the residual moisture
content, defined as the water content for which the gradient dθ/dh be-
comes zero,α and n are empirical parameters and Ks is the saturated hy-
draulic conductivity. The pore connectivity parameter l in the hydraulic
conductivity function was estimated (Mualem, 1976) to be about 0.5 as
an average for many soils (Šimůnek et al., 2006). To achieve an infiltra-
tionmodel, five vanGenuchten's parameters (θr, θs,α, n, and Ks)must be
first estimated. To estimate van Genuchten's parameters, the Rosetta
software (Schaap et al., 2001) was used. Rosetta implements
pedotransfer functions based on artificial neural networks which pre-
dict water retention and saturated hydraulic conductivity from soil tex-
tural data and bulk density.

2.6.3. HYDRUS 2D
HYDRUS 2D software package (Šimůnek et al., 2006) was used in

this study in order to simulate unsaturated flow. The HYDRUS pro-
gram numerically solves the Richards equation for unsaturated

image of Fig.�8
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water flow and the convection–dispersion equation for heat and sol-
ute transport. The Galerkin finite element method with linear basis
functions is used to obtain a solution of the flow in Eq. (3) subject
to the imposed initial and boundary conditions. Van Genuchten's
Eqs. (4) and (5) were applied as retention and hydraulic conductiv-
ity functions in this model.
2.7. In-situ resistivity and degree of saturation relationship

To determine changes in soil moisture from ERT and EM38 images,
we did not assume the validity of Archie's law. In fact, we established
an in-situ approach based on resistivity and degree of saturation
(S) changes by plotting the inverted value of resistivity of the extracted
sample as a function of S. S is defined as:

S ¼ θ
∅ ð8Þ

where θ is the volumetric moisture content and∅ is the porosity. The
plot allowed us to obtain an empirical relationship between resistivity
and S from the best match of the experimental data. To achieve this ob-
jective, we used the ERT and EM38 data collected right before sampling
and then the inverted resistivity values of related pixels were extracted
and plotted as a function of saturation to find out the best match of
resistivity-S changes.
2.8. Geophysical and hydrological parameters

To evaluatewhich saturated hydraulic conductivity value represents
field conditions, the moisture content distribution maps inferred from
ERT and EM38 models were compared with simulating flow inferred
from HYDRUS 2D using a misfit value:

Misfit error ¼ 100 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i

θs−θg
� �2� �

=N

vuut ð9Þ

where θs is the simulated moisture content and θg is the moisture con-
tent inferred from ERT or EM38 models and N is the number of pixels
of models. We compared the geophysical response and simulating
flow in terms of which produces the smallest misfit. In addition, we cal-
culated the percent of mass recovery of ERT and EM38 models in mon-
itoring moisture content in order to provide a better quantitative
comparison of geophysical models and simulating flow.

3. Results and discussion

3.1. Laboratory-measured soil properties

Soil samples at a distance of 6 and 9 m along from the start of the
transect are shown in Figs. 4 and 5, respectively. The particle size distri-
bution of all deep cores indicates a loam texture soil class composed of
25–50%, 35–55% and 15–25% concentration of sand, silt and clay respec-
tively. The analysis of the third and fourth boreholes in 9 and 12 m
shows a slightly greater sand concentration and lower amount of clay
and silt contents than the first and second borehole in 3 and 6 m. The
average concentration of sand, silt and clay in the first and second bore-
hole is about 35%, 45% and 20% respectivelywhile in the third and fourth
borehole is 41%, 44% and 15% respectively. The average particle density
and bulk density of sampleswere about 2.65 and 1.72 g/cm3 respective-
ly. Therefore, the average porosity was about 35%.
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3.2. Geophysical monitoring

The evolution of themoisture content distributionwasmonitored by
the ground surface ERT and multi-height EM38 surveys since 28-Oct
2010 until 20-Jun 2011. If the equipment was available, ERT and EM38
were collected at the same day. Since the field site was a semi-
pervious soil with a slow infiltration, the weeklymeasurement was car-
ried out to trace the water movement. In some cases after the heavy
rain, more datasets were collected to better monitor the water move-
ment. A total of 45 and 40 surveys were carried out using ERT and
EM38 methods during the experiment, respectively.

3.2.1. ERT
Fig. 6 shows the results of the background model achieved by

inverting the ERT data collected using the 4POINTLIGHT_10W device
on 28-Oct 2010. The modeling results show smooth resistivity varia-
tions along the profile. Greater resistivity values are seen on the right
side of the models where the soil texture analysis also indicates lower
clay content.

The time-lapse resistivity inversions in terms of percentage resistiv-
ity changes relative to the background ERT are presented in Fig. 7. This
figure has four parts labeled a, b, c and d, which relate to data collected
on 4-Nov 2010, 11-Feb, 21-Apr and 20-Jun 2011 respectively.

These data have been selected for the purpose of illustration, since
data collected on these dates represent amore visible and different pat-
tern of resistivity change in comparison with the background image.
The first dataset (4-Nov 2010) was collected with a four day delay
after three days of continuous rain amounting to 75, 60 and 10 mm.
The second dataset (11-Feb, 2011) was collected after a two week
delay and after rain. The third dataset was surveyed immediately after
four days of continuous rain amounting to 25, 10, 7 and 31 mm. The
last dataset was collected in the dry season.

Pattern observed in the first and thirdmodels in Fig. 7a and c reveals
a decrease in resistivity in the middle zone and near the surface respec-
tively due to the moisture content increase after rain. In contrast, there
is no remarkable change in the second dataset in Fig. 7b. Finally the last
models in Fig. 7d show a significant resistivity increase in the dry sea-
son. The resistivity increase on 20-Jun 2011 reveals a remarkable de-
crease of the moisture content in the dry season.
3.2.2. The EM38
The ECa (mS/m) data collected in 28-Oct 2010 using EM38 in verti-

cal and horizontal modes of operation is shown in Fig. 8. Joint inversion
of multi-height EM38 measurements was carried out using EM4Soil
program. Data of each survey were inverted considering a same initial
five-layer earth model. The first four layers were initialized with the
same depth increment of 0.30 m and electrical conductivity of 15, 20,
25 and 35 mS/m respectively from the ground surface to depth. The
electrical conductivity of the last layer was selected to be 50 mS/m.
These values were estimated based on the ECa data collected by EM38
and also from the resistivity models in the previous section.
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Fig. 11. Electrical resistivity of extracted samples as a function of the degree of saturation inferred from a) ERT models and b) EM38 models.
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The invertedmodels of the first EM38 dataset measured in 28-Oct
2010 have been presented in Fig. 9. Fig. 9a, b and c was obtained
using all 8 dataset and applying the 1-D laterally constrained inver-
sion and using different values of damping factor (λ). Each model
was obtained after 15 iterations. Fig. 9a was obtained using a small
value of λ = 0.3 which corresponds to a less constrained inversion.
The response of this model with total misfit of 4.85% shows a robust
model with sharp changes along the profile. The background resis-
tivity of this model is about 35 Ω.m and is reasonably consistent
with the geoelectrical model shown in Fig. 6. Fig. 9b was obtained
using λ = 3. The resistivity changes along the profile are smoother
than the first model, but the lateral changes are still obvious in this
model. The misfit error is slightly greater than the first model with
5.18%. Finally the last model using λ = 30 is shown in Fig. 9c. The
high value of λ forces the calculation of a solution with a significant
degree of smoothness for a more uniform model. The model shows
very smooth changes along the profile and there is a substantial dis-
agreement between model obtained using λ = 30 and geoelectrical
model response in Section 3.2.1. The total misfit is 7.67% and is great-
er than the first and second models.

All EM38 datasets collected during the experiment, were inverted
through the same procedure using λ = 0.3,3 and 30 (not shown
here). We figured out that when λ = 3, the models well reflect the
resistivity changes in our study. Although, small values of λ yield better
fit, the lateral changes were exaggerated and artificial anomalies were
produced in many cases. Furthermore, after finding the suitable value
of λ, we inverted ECa datasets collected at height corresponding to the
ground surface and 0.3 m. The time-lapse ECa data collected at height
corresponding to 0.6 and 0.9 m indicated insignificant variations with
less than 4 mS/m along the profile. In addition, the low values of ECa
data at these heights are very sensitive to the setting and maintaining
EM38 in Zero level noise. Therefore this insignificant spatiotemporal
ECa variation for data collected at height corresponding to 0.6 and
0.9 m is not reliable where a quantitative model is required.

Fig. 9d shows the obtained model using ECa data collected at the
ground surface and 0.3 m height with λ = 3. Our investigation reveals
that using only these data reduces the total misfit error and slightly im-
proves themodels. Therefore, for further investigation wemodeled ECa
data collected in the vertical and horizontal modes of operation on the
ground surface and 0.3 m height level by applying λ= 3. An investiga-
tion of EM38 background model in Fig. 9d shows smooth resistivity
changes along the profile with the average of 30 Ω.m. The model
shows a very good consistency with ERT models. Higher resistivity
values are seen in the right and left upper zone of the profile.

Fig. 10 shows the results of multi-height EM38 data inversions in
terms of percentage resistivity changes with regard to background.
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This figure has five parts labeled a, b, c, d and e, which relate to data
collected on 4 and 25-Nov 2010, 20-Jan, 11-Feb and 20-Jun 2011 re-
spectively. The EM38 data in 4-Nov 2010, 11-Feb and 20-Jun 2011
were collected before ERT surveys in these days. Although there is
some difference between resistivity variations inferred from EM38
and ERT models, pattern of results are reasonably similar. Both
EM38 and ERT results show a decrease during the rain period in 4-
Nov 2010 (Figs. 12b and 13b) and a significant increase in 20-Jun
2011 (Figs. 12e and 13f) in the dry season. The second dataset (25-
Nov 2010) was collected after 12 days continuous rain amounting
of 170 mm. The obtained model in this day shows the greatest resis-
tivity decrease with regard to background during the experiment
with an average of 20%. The maximum resistivity increase (about
20%) in both ERT and EM38 models is seen in the dry season on 20-
Jun 2011 as expected.
3.3. In-situ resistivity and saturation relationship

In Fig. 11a, the inverted resistivity values of extracted sample
were plotted as a function of S to find out the best match of
resistivity-S changes. The obtained relationship is given by the fol-
lowing equation:

ρERT ¼ 20:243 s−1:70 ð10aÞ
where S is the degree of saturation and ρERT is the resistivity of the
porous medium in relevant degree of saturation.

The same procedure was applied to determine changes in soil mois-
ture from EM38 models. The resistivity-S changes were plotted in
Fig. 11b. The obtained relationship for EM38 is given by the following
equation:

ρEM38 ¼ 24 s−1:133 ð10bÞ

Resistivity and S show weaker relationship in comparison with ERT
models. Eqs. (10a), (10b) were used to convert resistivity changes to
moisture content changes.

3.4. Moisture content distribution maps

The moisture content distribution maps were computed by
converting ERT models using Eq. (10a). Fig. 12a, b, c, d and e shows
the moisture content distribution maps for 28-Oct and 4-Nov 2010,
11-Feb, 21-Apr, and 20-Jun 2011 respectively.Maps ofmoisture content
distribution clearly show how the moisture content of the unsaturated
zone changes during the experiment. The moisture content decreased
from an average of 28–32% in November to 22–27% in June. The right
zone of the profile shows lowermoisture content and greater variations
during the experiment. Fig. 13a, b, c, d, e and f presents the moisture
content distribution maps inferred from EM38 models using Eq. (10b)
in 28-Oct, 4 and 25-Nov 2010, 20-Jan, 11-Feb and 20-Jun 2011 respec-
tively. An investigation of calculated maps in Fig. 13 indicates that the
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highest and lowest moisture content levels are seen in November and
June respectively. The maps inferred from EM38 models displays less
lateral resistivity changes along the profile in comparison with ERT
models, yet the results are consistent. The spatiotemporal moisture
Table 1
Van Genuchten's parameters estimated by Rosetta.

Parameter
estimation

θr θs α (cm−1) n ks (cm/day)

a 0.041–0.05 0.33–0.36 0.01–0.02 1.32–1.45 3.5–8.25
b 0.046 0.35 0.015 1.35 4.5
c 0–7.5 m 0.048 0.35 0.015 1.36 4

7.5–15 m 0.043 0.35 0.014 1.38 5.3
content changes barely exceeded 10% during the experiment which in-
dicates that the soil is semi-pervious and relatively homogeneous.
3.5. Estimating and constraining the hydrological parameters by
geophysical data

To evaluate which saturated hydraulic conductivity value represent
field conditions, unsaturated flow simulations were first built using
HYDRUS 2D. Van Genuchten's parameters of each sample were first es-
timated using the Rosetta software. The ranges of van Genuchten's pa-
rameters of soil samples are presented in Table 1a. We simplified the
soil texture to two scenarios. A homogeneous soil was considered first,
assuming uniform hydraulic parameters throughout the investigated
area (Table 1b). Close inspection of the grain size analyses from core
sampling (as discussed in Section 3.1) and the geophysical models
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indicated that the subsurface may be roughly subdivided into two soil
zones with slightly different hydraulic characteristics.

We therefore divided the transect into two zones; the left side
from 0–7.5 m and right side from 7.5–15 m. Estimated van
Genuchten's parameters for each zone are given in Table 1c. Van
Genuchten's equations along with estimated values were used as in-
puts of unsaturated flow simulation. Each simulation was initiated
separately by using the moisture content distribution maps inferred
from ERT and EM38 background images. Simulating the unsaturated
flow, we used the same grid as the one used in ERT and EM38 inver-
sions so as to make it possible to compare geophysical responses
with flow simulations and evaluate the saturated hydraulic conduc-
tivity. The simulations were carried out for a 1.5 m of unsaturated
soil, since the maximum investigation depth of EM38 was 1.5 m.
The upper and bottom boundaries of the soil were simulated by
implementing atmospheric and free drainage boundary conditions
respectively.

All simulations were carried out for 238 days during 28-Oct 2010 to
20-Jun 2011 time period. Afterward, flow simulations were compared
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subsoil were used in these simulations.
with the moisture content distribution maps inferred from ERT and
EM38 models using Eq. (9).

Figs. 14 and 15 present a comparative illustration of the misfit
error of simulating flow using the estimated van Genuchten's param-
eters for homogeneous soil (presented inTable 1b) and ERT and
EM38 models. Among van Genuchten's parameters, the saturated
hydraulic conductivity plays the most important role in dynamics
of the unsaturated zone and in particular, it controls the speed of
water infiltration. Therefore we fixed all of van Genuchten's param-
eters so as to make them the same as those shown in Table 1b. After-
wards, several new simulations were carried out by changing
saturated hydraulic conductivity values to find the smallest misfit
on the basis of the moisture content variations.

The percent ofmass recovery of ERT and EM38models inmonitoring
moisture content was also calculated and plotted in Figs. 16 and 17. An
investigation of the misfit errors and present mass inferred from ERT
models (Figs. 14 and 16) indicates that a saturated hydraulic conductiv-
ity value of 4.5 cm/day can reasonably reproduce the moisture content
distribution during the experiment. Greater values of saturated
5 6 7 8 9 10
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hydraulic conductivity yield the higher misfit error and underestimate
mass recovery while lower saturated hydraulic conductivity overesti-
mates mass recovery of themoisture content distribution and increases
the misfit error.

The results of EM38 models shown in Figs. 15 and 17 indicate that
the saturated hydraulic conductivity of 8 cm/day can better reproduce
the moisture content distribution during the experiment. Lower satu-
rated hydraulic conductivity values overestimate mass recovery largely
and show the greater misfit error. On the other hand, greater hydraulic
conductivity underestimates mass recovery and also increases the mis-
fit error. Saturated hydraulic conductivity estimated using EM38models
is greater than that estimated by ERT models, yet all results constrained
hydraulic conductibility to be in 3–9 cm/day range.

We also calculated themisfit error andmass recovery of ERTmodels
in comparison with simulating flow using 2-region soil and estimated
van Genuchten's parameters in Table 1c. The misfit errors are shown
in Fig. 18 with α = 1.
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Fig. 17. Present mass recovery of moisture content distribution inferred from EM38 models. Fo
these simulations.
Several new simulationswere carried out usingmultiple values of sat-
urated hydraulic conductivity shown in Table 1c. The goal was to find the
smallest misfit and best mass recovery. Results indicate that the smallest
misfit error and best mass recovery are achieved by a 2-region model
with saturated hydraulic conductivity of 4 and 5.3 cm/day among our
flow simulations. Comparing misfit error obtained using ERT models;
we found that 2-region soil reproduced moisture content distribution
slightly better than homogenous soil did.

We also investigated different scenarios for 2-region soil such as
greater saturated hydraulic conductivity values for the left zone or
greater differences between the saturated hydraulic conductivity values
of the left and right zone (not shown here). Our investigation indicates
that the saturated hydraulic conductivity of soil slightly increases
among the profile from the left to the right side. We did the same pro-
cedure for EM38 models to analyze if they yield better fit with 2-
region soil model. Different from ERTmodels, EM38models did not bet-
ter match to 2-region soil in our case study and the time-lapse EM38
5 6 7 8 9 10
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models did not present a pattern of lateral changes during the experi-
ment. Lower inherent accuracy of EM38 in comparison with ERT sur-
veys and the absences of time-lapse inversion algorithm for EM38
data contributed to creation of the discrepancy mentioned in these
comparisons.

4. Conclusions

1. The experiment conducted at the campus of the University of Lisbon
proves that the soil is semi-pervious sediment. The spatiotemporal
moisture content changes during the experiment barely exceed
10%. Both EM38 and ground surface ERTmethodswere capable of im-
aging changes in bulk resistivity due to the moisture content varia-
tions. Our calculations using ERT and EM38 models constrain the
range of the saturated hydraulic conductivity to be in 3–9 (cm/day);
however the moisture content distribution maps inferred from ERT
and EM38 models is to some extent different from flow simulations.
This is not surprising because our simulations were limited to only ho-
mogenous and2-region soil scenarioswhile a significant degree of het-
erogeneity had been observed in the soil texture analysis. In addition,
the lateral water movement and the inversion process of ERT and
EM38 data can explain this level of discrepancy. Moreover, the small
contrast of the electrical conductivity between the excess moisture
content and soil and also insufficient temporal variation under natural
condition in this study added to the complication of using the ground
surface ERT and EM38 methods in saturated hydraulic conductivity
estimation.

2. Based on comparison of outcomes inferred from EM38 data and
those from ERT method, EM38 proved to be acceptably capable
in monitoring moisture content changes in shallow zone and esti-
mating the hydraulic conductivity. Paying special attention to
data collection and inversion algorithm is greatly important in
order to achieve a quantitative model. Our investigation indicates
that the obtained models using data collected in the vertical and
horizontal modes of operation on the ground surface and 0.3 m
height level and applying λ = 3 for data inversion well reflects
the moisture content changes during the experiment. To the
best our knowledge no attempt has been made to develop time-
lapse inversions in EMI field. Developing a time-lapse inversion
algorithm for EM38 data will be a concrete step for expansion of
EM38 use in characterization of hydraulic variable properties
where a multiple dataset is required.

3. We attempted to improve our approach by establishing an in-situ rela-
tionship for conversion of electrical conductivity to moisture content.
This method has the advantage of using an approach same as ERT
and EM38models to calibrate field data which aims to reduce hetero-
geneity in moisture content distribution mapping. In contrast, the de-
gree of saturation of extracted sample was limited and did not cover
0–1 range and also localizing the electrical conductivity of the related
samples based on the invertedmodelwas another source of uncertain-
tywhichmade impractical to achieve amore accurate relationship.We
also corrected the influence of temperature changes over ERT and
EM38 models. The temperature data shows 20 °C variations during
the experiment that affects significantly (about 40%) in ERT and
EM38 models and was required to be modified for a quantitative
mode.
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