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Abstract Specific yield (Sy) is defined as the average volume of water that can be drained, per unit surface
of aquifer per unit drop of head. This parameter is of critical relevance for groundwater resources assessment,
but its estimation suffers from numerous difficulties, including spatial variability, hysteresis, dependence
on depth to water table, or delayed drainage. As a result, no widely accepted method is available for its
estimation. Here we show that most of these difficulties can be overcome by using time-lapse electrical
resistivity tomography (ERT) to map water content variations in response to phreatic level fluctuations. We
applied the method to a synthetic example and to a real site in Argentina. Results demonstrate that the
approach is robust and provides a picture of how, howmuch and where water is being released from the soil
when aquifer heads drop, which is the ultimate goal of Sy concept. ERT produced some oscillations in
estimated water contents, which we attribute to inversion artifacts. Still, the error analysis and the synthetic
example suggest that the impact of spurious oscillations tends to cancel out during estimation of Sy, which
supports the robustness of the method. Estimated Sy is sensitive to the petrophysical law. If the slope of
this law is inadequate, calculated values of Sy may be biased, but their variability patterns are well captured
by the method. What is clear is that Sy is a spatially and temporally variable parameter, whose estimation is
difficult. ERT represents a possible avenue to evaluate Sy and its variability.

1. Introduction

Specific yield (Sy) is defined as the average volume of water that can be drained, per unit surface of aquifer
per unit drop of head, from the column of soil or rock extending from the water table to the ground surface
(Meinzer, 1923). Because of its relevance to estimate the available water resources of unconfined aquifers,
Meinzer (1932) ranked it, together with permeability, as “the two hydrologic properties of greatest
significance.” But he qualified its estimation as a perplexing problem, which is best illustrated by the fact that
he proposed seven methods to measure Sy. The concept is illustrated in Figure 1. Under equilibrium
conditions, a soil moisture profile develops above a static water table, so that the capillary pressure head
at a point is numerically equal to the elevation of that point above that water table. This soil water profile
moves vertically as the water table displaces downwards or upwards. Sy is the volume of water, expressed
per unit surface area and unit change in head, between the initial and final equilibrium profiles (dashed area
in Figure 1a). Under these conditions, and assuming that the material is homogeneous, Sy simplifies to

Sy ¼ 1
h2 � h1

∫ztoph1 θ zjh2ð Þ � θ zjh1ð Þð Þdz ¼ θs � θre (1)

where θ(z| h1) is the equilibrium water content when the water table elevation is h1. The integral is ideally
performed up to the surface, but in practice, it is restricted to the zero flux plane (ZFP; minimum water
content elevation) to avoid the effect of near surface perturbations; θs is the saturated water content
(porosity), and θre is the residual water content after drainage, often substituted in practice by field capacity.
This is the drainable porosity, which is often used as synonymous of Sy, and represents a concept of practical
value for many groundwater studies (Duke, 1972) because it allows treating Sy as a time-independent
parameter that accounts for the instantaneous release of water from storage (Healy & Cook, 2002). This
use implicitly assumes that drainage is complete and instantaneous at all points above the water table.
However, this assumption is not valid in many practical situations.
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Equation (1) may not be valid when the water table is near the surface, so that the development of the static
soil water profile may be restricted (Childs, 1960), which explains why Sy is often smaller in lowlands than in
uplands (van Gaalen et al., 2013) and the rapid development of surface runoff after rainfall (Gillham, 1984).
The hysteric behavior of the soil retention curve implies that the calculated Sy of a rising water table will
not be the same as the calculated with a falling water table (dos Santos & Youngs, 1969; Duke, 1972), depend-
ing on the antecedent water content profile. These difficulties have prompted alternative definitions, such as
the apparent Sy (Duke, 1972), the bulk Sy or virtual Sy (dos Santos & Youngs, 1969) in an attempt to express Sy
as a function of field measurable quantities.

Equation (1) may also be inappropriate under recharge conditions when the water content profile is not
hydrostatic (Figure 1c). Worse, when water table moves fast, the moisture distribution may lag behind, and
reaching the new equilibrium conditions may take a certain time interval that depends on the soil type.
Meinzer (1932) pointed out that it may take “several weeks.” That is, complete drainage is never instanta-
neous, but delayed (dos Santos & Youngs, 1969; Healy & Cook, 2002).

Delayed yield complicates the interpretation of pumping tests, which would be the most natural field
method to estimate Sy of unconfined aquifers over large areas. However, hydrologists soon noticed that
Sy estimated from pumping tests are far smaller than implied by equation (1), which prompted the develop-
ment of methods to account for delayed yield in the interpretation of pumping tests (Boulton, 1963; Neuman,
1975) or by calculating the ratio of cumulative volume of water pumped to the volume of the water table
drawdown cone (Nwankwor et al., 1984; Remson & Lang, 1955). However, estimated values of Sy are highly
sensitive to interpretation assumptions, such as whether the aquifer is anisotropic, or the pumping well fully
penetrating (Neuman, 1975, 1979). Furthermore, Sy estimates often depend on the duration of the test, on
distance to the observation point, or on characteristics of the soil and the observation well (Moench, 1994,
2008; Neuman, 1987). Models accounting for all these effects, including delayed drainage from the unsatu-
rated zone have been developed (Mathias & Butler, 2006; Tartakovsky & Neuman, 2007), thus improving
the estimation. However, to achieve significant drainage, pumping tests must be long which makes them
costly. Worse, interpretation methods tend to neglect the heterogeneous nature of aquifers, which affect
most notably the estimation of storage (Meier et al., 1998; Sanchez-Vila et al., 1999). In short, we fear that
the conclusion of Neuman (1987) stating that pumping tests are not appropriate to estimate Sy remains valid.

Given the difficulties of traditional methods, more specific approaches have been developed to assess the
variations of water content in the unsaturated zone. The most promising of these was the use of neutron
probes, which are lowered in observation boreholes to determine vertical profiles of volumetric water con-
tent (Meyer, 1962) at several times during hydraulic tests or during the year (Silberstein et al., 2013). They
worked well in producing profiles that look like those in Figure 1 (Loetz & Leake, 1983). The problemwith neu-
tron probes is that their use is heavily regulated, so that they cannot be used indiscriminately.

Figure 1. Equilibrium soil water content columns for (a) a homogeneous loamy sand, computed with van Genuchten
(1980) parameters of Carsel and Parrish (1988) and water table at h1 = �5 m (black line) and h2 = �4.5 m (dashed line);
(b) the samewhen the soil above z =�4.0m is a sandy loam; (c) same as (a) but with a recharge of 10mm/day. Specific yield
(Sy) is ideally defined as the area (stripped) between the water contents for h1 and h2 divided by (h2 � h1).
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Changes in gravity over time can be used to estimate variations in groundwater storage in unconfined aqui-
fers (El-Diasty, 2016; Gehman et al., 2009). This method allowed determining areal variations in hydraulic
properties including Sy. However, a minimum of 0.3 m of water table variation is required to be reliably
detected (Damiata & Lee, 2006). Moreover, an integration of Sy along vertical direction is obtained as a result,
which prevents from discretization of vertical variation of Sy. In addition to this drawback, field procedures
and data processing are laborious (Gehman et al., 2009).

Magnetic resonance sounding (MRS) is a promising method in hydrogeologic investigations because water
molecules in aquifers generate a magnetic resonance signal that can be recorded (Legchenko & Valla,
2002). This interesting feature has motivated several studies intended to assess the links between the MRS
parameters and the hydrogeological properties (e.g., Plata & Rubio, 2011; Vouillamoz et al., 2014; and many
others). Today, although there is a strong theoretical basis for the relationship between MRS and aquifers
parameters, no ready-to-use quantitative link has been proposed (Vouillamoz et al., 2007). On the other hand,
MRS is a large-scale method that depends on the loop diameter and further research is required to improved
noise reduction in data acquisition in 2-D and 3-D surveys (Legchenko & Valla, 2002).

Geoelectrical methods have been widely used to characterize flow dynamics in the unsaturated zone
(Oberdörster et al., 2010; Rucker, 2009; Wehrer & Slater, 2015, and several more) and to assess hydraulic para-
meters such as permeability or transmissivity (Revil & Cathless, 1999; Niwas et al., 2011; among many others)
as well as to monitor mass solute, mean solute advection and spreading (Singha & Gorelick, 2005). Despite
the extensive literature on the relationship between resistivity and hydraulic properties, studies regarding
Sy are less abundant. Frohlich and Kelly (1988) applied vertical electrical soundings (VES) to determine Sy
by deriving a modification of Archie’s law. They obtained good agreement with the Sy values obtained
experimentally. Tizro et al. (2012) also employed VES surveys to evaluate Sy of the aquifer of Mahidashat
plain, in Iran. The application of VES methodology implies that lateral variations in resistivity are disregarded.

The summary of this long discussion is that, while numerous methods have been tested, no one can be con-
sidered of universal use. In part, difficulties are associated to the basic difficulties of the Sy concept, using the
words of Childs (1960): “The true solution of such problems will demand the study of the soil as a whole, both
above and below the water table, as an essay in the field of water movement in a medium whose hydraulic
conductivity is a function of moisture content.” Geoelectrical methods, and specifically electrical resistivity
tomography (ERT), appear promising in the sense that the unsaturated zone and aquifer are indeed consid-
ered as a whole. But they still require extensive testing and refinement. The objective of this work is to
describe our efforts on the use of ERT to derive Sy.

2. Concepts
2.1. Hydraulics

The goal of this section is to revise quantitatively Sy and its conceptual difficulties, which motivate our work.
The basic concepts behind Sy are derived from the flow equation which, assuming flow to be one-
dimensional, reads

∂θ
∂t

¼ � ∂q
∂z

(2)

where θ is volumetric water content and q is flux, which obeys the Darcy-Buckingham law

q ¼ �K θð Þ ∂
∂z

z� ψð Þ (3)

where ψ is suction, usually taken to depend on θ through the retention curve (e.g., Hillel, 1998).

Properly accounting for transient effects (delayed yield) and hysteresis effects requires numerical solutions.
But steady state solutions can be obtained easily for several simple cases. When the vertical flux can be
neglected (e.g., after a long rainless period and static water table), then equation (3) implies that z � ψ must
be constant and equal to the elevation of the phreatic surface, h, where ψ = 0. Therefore, the water content
profile, θ = θ(ψ) = θ(z � h), is identical to the retention curve, as shown in Figure 1a. The dashed area is the
volume of water required to raise the water table from h1to h2 (or drained when the water table drops from h2
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to h1). The (static) water content profiles at h1and h2 are separated by h2 � h1. Therefore, assuming a suffi-
ciently long soil column, the area equals (h2 � h1)(ϕ � θf), where ϕ is porosity and θf is the field capacity,
and Sy = ϕ � θf. This is the “drainable” porosity (also called “effective” porosity or “gravity” water porosity)
and represents a frequent definition for Sy. It should be noticed that, close to the surface, the actual area
may be a lot smaller (Childs, 1960).

Equation (3) can also be integrated easily for the case of constant recharge, r, in which case the water content
profile (Figure 1b) can be obtained as

ψ zð Þ ¼ ∫zh
K θð Þ � r
K θð Þ dz (4)

Integration of the area between the water content profiles at h1and h2 can also take advantage of the
fact that they are separated by h2 � h1, and Sy becomes Sy = ϕ � θr, where θr is the water content
for a gravity flux equal to recharge (i.e., K(θr) = r), which is apparent in Figure 1c. In reality, recharge
may take place through preferential flow paths or through fingers, but the fact remains that the profile
will be significantly wetter than under no-flow conditions, so that Sy will be much smaller than
drainable porosity.

In summary, the actual value of Sy depends on antecedent conditions prior to head fluctuations, on the
rate of head change, on the rate of recharge, etc. These difficulties are increased by heterogeneity and
the fact that flow will rarely be strictly vertical. One might be tempted to conclude that the concept is
hopeless, but the truth is that it is too useful and needed to ignore. Therefore, we must seek ways to
estimate it.

2.2. Soil Resistivity and Petrophysical Laws

Electrical resistivity tomographty yields the spatial distribution of resistivities. For the estimation of Sy (equa-
tion (1)) we need the spatial distribution of water contents. These are related to resistivities by means of pet-
rophysical laws, which we describe below. Resistivity, ρ, is an intrinsic property of materials which expresses
their ability to oppose a flow of electrical charge. For an isotropic material, ρ is defined simply as the reciprocal
of conductivity, σ, which in turn is the constant of proportionality between current density and the applied
electric field intensity. Resistivity of water bearing sediments depends on water content and its salinity, tem-
perature, and composition and arrangement of soil particles (Friedman, 2005). Many empirical models have
been proposed to relate all these variables to bulk resistivity (Archie, 1942; Linde et al., 2006; Winsauer et al.,
1952; and many others, see review by Friedman, 2005). Among these models, Archie’s law has been exten-
sively used:

ρb ¼ aϕ�mS�nρw (5)

where ρb is bulk resistivity, ρw is water resistivity, S, is saturation, and a, m and n are empirical parameters.
Parameters m and n are usually termed cementation factor and saturation exponent, respectively. It should
be noted that Archie’s law, in its original form, did not include the empirical factor a (see discussion by
Glover, 2015).

The term formation factor, F, is usually employed to denote the ratio of ρb to ρw. Shah and Singh (2005) rear-
ranged equation (5) to write it in terms of water content θ = Sϕ. Assuming that m = n, which reflects that
these parameters often take similar values (Rinaldi & Cuestas, 2002), leads to

ρw
ρb

¼ cθn (6)

This model, which is identical to Winsauer’s model for the particular case ofm = n, is especially attractive due
to the reduced number of parameters. Parameter c, which replaced 1/a in equation (5), is related to the sur-
face conductivity of solids and therefore should increase with clay proportion. Parameter n is related to the
tortuosity of pore space. A problem with this model is that it does not work for pure water (i.e., when θ = 1, ρb
only equals ρw when c = 1). This and other limitations point out that Winsauer’s law must be taken as an
empirical law, valid only within the range of calibration.
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To account for surface conduction, another petrophysical model was developed by Frohlich and Parke (1989)
that, in the form proposed for fitting, reads

Cb

Csat
¼ ρw

ρb
¼ Sn þ 1

M
(7)

whereM = Cs/Csat and Cs is the conductivity of the solid medium (surface conduction), Cb is the bulk conduc-
tivity and Csat is the conductivity at saturation. Note that both equations (6) and (7) highlight that, for uniform
soils where variability of porosity and water resistivity can be neglected, bulk resistivity is basically a function
of water content. The water content profile at several times can be obtained from resistivity profiles, which
can be computed through ERT surveys, as explained below.

2.3. ERT

The aim of electrical surveys is to determine the subsurface resistivity distribution by performing measure-
ments from the surface or from a borehole. Electrical current is injected into the ground by means of two
electrodes and the resulting voltage is measured with another pair of electrodes (the set of four electrodes
is called quadrupole). Electrodes may be arranged in different manners, termed electrode arrays, each one
with different resolution abilities. In traditional 1-D VES, distances between electrodes are increased sequen-
tially to increase the depth of investigation at each step, but neglecting horizontal variation (Samouëlian
et al., 2005). Accounting for lateral variations in resistivity requires ERT surveys, which are performed by simul-
taneously installing a large number of electrodes connected to a control center by means of a multicore
cable. At each step, the control center automatically selects a quadrupole for measurement. Spatial variability
of resistivity can be estimated through inversion (i.e., the process of finding the resistivity model that best fits
the whole sequence of quadrupole measurements). Inversion is a nonlinear problem that has to be solved
numerically using iterative procedures (Tripp et al., 1984). To avoid ambiguity, in this paper we talk about “real
resistivities”, when referring to the unknown reality, “computed resistivities”when referring to those resulting
from inversion and “apparent resistivities” (both “real” and “computed”) when describing the ones resulting
from direct voltage measurements interpreted assuming a homogeneous medium (i.e., voltage divided by
current intensity times a geometric factor).

The ERT inverse problem is “ill-posed” (sometimes referred to as ill-constrained or underdetermined) in that
the solution may be non-unique or unstable. Therefore, regularization is needed to remove or, at least, to
reduce the ambiguity of the solution (Günther, 2004), which leads to an objective function, S, to be mini-
mized, of the form:

S mð Þ ¼ Fd εð Þ þ λFm mð Þ (8)

where Fd(ε) measures model fit and Fm(m) measures the plausibility (regularization) of estimated model para-
meters,m; ε =Wd(dobs� g(m)) is the vector of weightedmodel errors; dobs is the vector of observed data and
g(m) is the vector of corresponding model computations (model response), which depends on model para-
meters; Wd is the matrix used to weight data, and λ is the Lagrange multiplier or regularization parameter
that determines the importance given to the plausibility of the estimation. The model fit function, Fd(ε), is
often written as a sum of squared errors (i.e., Fd(ε) = εTε, L2 norm). This type of function is known to be sensi-
tive to outliers, which penalize heavily the objective function and may degrade the estimation by striving to
reduce the contribution of outliers. To overcome this problem, robust methods use the absolute value of
models errors (i.e., Fd(ε) = ∑i|ϵi|, L1 norm) (Claerbout & Muir, 1973; Loke et al., 2003). On the other hand, a num-
ber of possibilities are available for Fm. A frequent choice is the “smooth inversion”, where Fm(m) = mTRm,
with R a roughness matrix. Effectively, this type of Fm penalizes the contrast in resistivity among adjacent
blocks and tends to yield smooth electrical resistivity fields (deGroot-Hedlin & Constable, 1990).
Farquharson and Oldenburg (1998) discuss alternatives to produce more “blocky” appearances (structured
models with regions of almost constant resistivities separated by sharp boundaries). These functions rely
heavily on the use of available prior information to improve the identifiability of resistivities and will generally
improve results if such prior information is correct, but may worsen it if not (Carrera & Neuman, 1986; Ellis &
Oldenburg, 1994). Therefore, parsimony (select the simplest model that explains the data) favors smooth
inversion, unless strong arguments exist for another choice.
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When studying dynamic changes in some particular subsurface property, a time-lapse survey (i.e., repeat ERT
surveys at a sequence of times) is frequently adopted. Time-lapse inversion is appropriate when the modeler
is more interested in resistivity changes than in the overall resistivity itself, because changes are less sensitive
to systematic errors (i.e., in themeasurement equipment, the location of electrodes, or the like) than the over-
all resistivity field. A number of methods have been developed to handle time-lapse data (Ellis & Oldenburg,
1994; Hayley et al., 2011; Loke et al., 2014; Miller et al., 2008; Oldenborger et al., 2007).

3. Proposed Method for Estimation of Sy and Error Analysis
3.1. Methodology

The approach consists of three steps:

Step 1: Time-lapse ERT. Surveys should be carried out during periods when significant head drop and/or
head rise is expected, so as to maximize soil water differences while allowing for planning the ERT
campaigns. In places where recharge is maximum during winter, ERT surveys should be performed
during summer and fall, while head drop is monitored. Alternatively (or complementarily), head rise
monitoring and ERT surveys can be performed during winter and spring. Furthermore, if ERT surveys
are performed immediately after a rain event, soil water content may be affected by recharge fluxes
(leading to a low Sy, recall Figure 1c) or by preferential recharge paths. These effects may be of inter-
est for studying the nature of recharge, but they will hinder the estimation of long term Sy, which is
the one needed for water management. Therefore, ERT surveys should be performed after a few
rainless days.

Step 2: Derivation of volumetric water contents from resistivity using petrophysical laws, such as equa-
tions (6) and (7), or any other one that the modeler considers appropriate.

Step 3: Evaluation of Sy from changes in water content and head. This is performed by integrating water
content profiles along the ERT transect using equation (1), as outlined in Figure 1, which yields Sy as a
function of distance along the transect. This can be achieved, for each column of cells, by adding up
the water content change multiplied by the cell height for all cells between the water table and the
ZFP (i.e., the elevation, z, where ∂θ/∂z = 0). The water table does not need to coincide with a cell edge.
This, together with the expected overall monotonicity and relatively smooth dependence of water
content with z, suggests that integration be performed by interpolating water contents.

3.2. A First-Order Error Analysis on the Estimation of Sy

The estimation of Sy in Step 3 above can contain errors because of either inversion errors in bulk resistivity, ερ,
or errors in the petrophysical function (θ = φ(ρb)). The latter can be caused by conceptual errors (e.g., unduly
neglecting variability of ρw due to salinity or temperature variations), by a poor choice of the functional
dependence (e.g., choice of equations (6) or (7)), or by errors in the parameters of the chosen petrophysical
law. As we shall see below, the functional form is not critical for Sy (although it may for other purposes invol-
ving θ ). Therefore, we concentrate on parametric uncertainty and choose equation (6) to illustrate the nature
of errors. Solving equation (6) for θ, differentiating and using again equation (6) to eliminate ρb, allows us to
write the error in θ as

εθ ¼ ∂θ
∂ρ

ερ þ δθ
δφ

εφ ¼ � cθnþ1

nρw
ερ � θln θ

n
εn � θ

nc
εc (9)

where εn, and εc are the errors in parameters n and c, respectively. To illustrate this equation, let us assess the
impact of neglecting temperature or salinity variations, which affect ρw. Errors in ρw translate linearly into
errors in ρb (equation (6)), so that ερw/ρw = ερ/ρb. Using this and substituting equation (6) into equation (9),
εθ/θ = � (1/n)ερw/ρw. Adopting the standard sensitivity of 2% reduction in water resistivity per °C, a value
of n = 2 would imply a 1% error in water content per °C error in temperature. A similar analysis could be made
for salinity.

Substituting equation (9) in equation (1) leads to the error in Sy, εSy. To obtain workable approximations,
we work under ideal static conditions and approximate the integrand of the resulting expression as
εθ(z| h2) � εθ(z| h1) = (∂εθ/∂z)(h2 � h1), which leads to an immediate integral and
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εSy ¼ εϕ � εθf (10)

where εϕ is the error in θ at the water table (saturated water content, which we take as porosity, ϕ) and εθf is
the error corresponding to elevations far above the water table (field capacity). Note that (1) equation (10) is
quite trivial (under the assumed conditions, Sy = ϕ � θf), (2) under more general conditions, εθf needs to be
substituted by the error at the upper integration limit (normally, the ZFP), and (3) the error is independent of
the form of the adopted petrophysical law. It also points out that, as long as resistivity is a monotonic function
of θ, errors in the petrophysical relationship will tend to cancel because errors in porosity (εϕ) will be of the
same sign as those in field capacity (εθf). Substituting equation (9) in equation (10) allows us to isolate the
errors on Sy caused by resistivity inversion errors (εSy/ρ) and by those in the petrophysical law (εSy/n and εSy/
c), which become, respectively:

εSy=ρ ¼ � c
ρw

ϕnþ1ερs � θnþ1
f ερf

� �
(11)

εSy=n ¼ θf lnθf � ϕln ϕ
n

εn ¼ � Syln ϕ � Syð Þ þ ϕln ϕ= ϕ � Syð Þ½ �
n

εn (12)

εSy=c ¼ � Sy
nc

εc (13)

where ερs is the resistivity error at the water table, and ερf is the resistivity error at the upper integration limit
(assumed to reach field capacity conditions). These equations point out that errors in Sy should be a relatively
smooth function of errors in coefficient c, exponent n, or resistivity. In fact, if resistivity errors are correlated, so
that ερs ≈ ερf, equation (11) implies that the impact of inversion errors should be small. Trying different values
of Sy and ϕ in equation (12) shows that the coefficient of εn in equation (12) is positive, whereas that of εc in
equation (13) is negative. If the parameters have been calibrated, εn and εc should be positively correlated
and thus display the same sign. Therefore, errors in Sy caused by errors in the petrophysical parameters will
also tend to cancel. In summary, the error analysis suggests that the proposed method is robust in that esti-
mated Sy should not be very sensitive to inversion errors (assuming that they are positively correlated from
one survey to another) or petrophysical law errors (assuming that the petrophysical law has been calibrated).

Equations (11)–(13) represent an idealization because they are only a first-order approximation and because
they assume static conditions. Full errors under conditions similar to those expected in reality are analyzed on
a synthetic example below.

3.3. A Synthetic Example to Explore the Impact of Inversion and Petrophysical Parameters Errors on
Sy Estimation

We did a synthetic example to assess the impact of inversion errors on the estimation of Sy. The procedure
consisted of the following steps.

1. Generation of synthetic soil water content fields. We generated a spatially varying field of water content,
assuming static conditions and spatially variable van Genuchten (1980) parameters. Spatial variability pat-
terns are those of Figure 3 of Willmann et al. (2008), which had been generated using a power law vario-
gram. This field was linearly scaled to represent spatially varying fields of van Genuchten (1980)
parameters α (between 0.005 and 0.02 cm�1) and n0 (between 1 and 2) over a 55-m-long and 4-m-in depth
grid, with 0.2 × 0.2 m2 grid cells size. These parameters and synthetic survey size are comparable to those
of our site (Dietrich et al., 2014). Using these parameters we computed soil water contents for two water
table positions, 1.5 and 2.6 m below surface assuming a residual saturation of 0.15 and a porosity of 0.45
(Figures 2a and 2b, the actual water content values are available in the supporting information).

2. “Real” resistivities were computed from water contents using Shah and Singh’s law (equation (6)) with
ρw = 6.06 ohm·m, c = 2.45, and n = 2.14, which are the ones at the site we will describe in section 4.

3. ERT data acquisition was simulated by forward modeling of a 56-electrode Schlumberger array, with an
offset of 1 m between electrodes, using a solution grid with the same size as the synthetic water content
and resistivity fields. The computed values of V/I (voltage over current) were contaminated with a normal-
ized random noise sequence to represent measurement errors. We used the same noise sequence for the
high and low water table surveys to acknowledge that the main sources of errors are systematic
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(Oldenborger et al., 2005; Slater et al., 2000; Wilkinson et al., 2008; Zhou & Dahlin, 2003). We linearly
transformed the noise sequence to generate five noisy data sets of V/I for high and low water tables,
with standard deviations equal to 0, 0.011, 0.029, 0.057, and 0.115 ohm. For comparison, standard
deviations of measured resistances typically are around 1 ohm, whereas the mean field reciprocal error
ranged about 0.001 ohm (see below in section 4.2). While even the lowest noise is far greater than the
actual error measured during field operations, we must point that the reciprocal error only quantifies
errors during intensity and voltage measurements, which should be uncorrelated and small, whereas
our noise is meant to represent random but systematic (that is, the same error across sequential
surveys) errors, whose magnitude is hard to assess. Still, we also analyzed the effect of uncorrelated
measurements errors by contaminating them with a random noise in a 80/20 ratio (systematic to
uncorrelated ratio). This was accomplished by adding the above systematic errors, multiplied by 0.8, to
a different noise for the two heads multiplied by 0.2.

4. We inverted synthetic apparent resistivities (noiseless and noisy) using smooth inversion with L1-norm as
the model fit criterion. We carried out one inversion per noise level. Resistivity inversions (not shown)
reproduced the overall resistivity patterns of Figure 7 (larger resistivity above than below and larger resis-
tivities for low than for high water level) and the lateral variability of the real resistivity maps, but instability
lobes became apparent for inversion of data with standard deviations above 0.029 ohm.

Figure 2. Real synthetic water contents (top row) and those resulting from electrical resistivity tomography with increasing
levels of noise (descending rows). Results are displayed for the water table at 1.5 mbs (meters below surface, left column)
and 2.6 mbs (right column). White zones indicate water contents beyond the scale limits.
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5. We converted resistivities to soil water contents using Shah and Singh’s law (equation (6)) with the para-
meters of step 2 (the impact of uncertainty in these parameters is analyzed below), which yielded the
water content images shown in Figure 2. Again, results generally reproduce the variability patterns of
the true water contents (top row in Figure 2), but instability lobes (visually less marked than in resistivity
images) become apparent for noises of 0.057 and 0.115 ohm standard deviation. As discussed in
section 3.1, it is important for the calculation of Sy to note that estimation errors (discrepancies between
computed and real water content maps) display similar trends (the lobes are located in similar positions)
for the high and low water tables. Note that estimated water contents are too low at x = 0, 12, 18, 28, 37,
and 55 m and too high at x = 6, 15, 25, 32, 42, and 48 m for both high and low water levels. This is true for
all noise levels, including the noiseless inversion (!), which suggests that inversion results are affected not
only by the noise but also the location of electrodes and the nature of resistivity inversion (simulated resis-
tance being more sensitive to some spatial averaging of resistivity than to its point values).

6. Sy was computed for every x value using equation (1). The resulting Sy(x) curves are shown in Figure 3. All
calculations reproduce the spatial variability of the true Sy and are qualitatively good, much better than
the computed water contents of Figure 2, which reflects that errors in water contents are highly corre-
lated, so that errors in Sy are modest. This is further supported by the paradoxical observation that the
estimations of Sy with the various levels of noise are only slighty worse than those obtained with noiseless
data (affected by round-off errors), even though the estimation of water contents degraded with increas-
ing noise (Figure 2). High correlation of inversion errors between sequential surveys can be attributed to
the systematic nature of measurement errors. In fact, when a different random component of noise (20%
of the total error) was added to V/I measurements of each campaign, Sy estimates degraded a bit (see the
supporting information). In essence, the point is that Sy estimation integrates the inversion and subtracts
inversions from sequential surveys. Integration causes high-frequency inversion errors to cancel.
Subtraction causes systematic errors to cancel as well, as implied by equation (11). As a result, Sy estimates
turn out to be quite robust with respect to inversion errors.

We followed a similar approach to analyze the impact of errors in the petrophysical law. Thus, we started with
the resistivities obtained after inversion of the noiseless V/I (with the “correct” Shah and Singh’s parameters,
these resistivities lead to the water contents shown in the second row of Figure 2). These resistivities still had
some errors due to round-off errors in the resistances (their impact on water contents computed with correct
Shah and Singh’s parameters can be assessed by comparing the two top rows in Figure 2). In order to eval-
uate the impact of uncertainties of Archie’s parameters on computed Sy, we sampled randomly different sets
of c and n parameters from the expected interval of variation, that is, 1 to 3 (Rinaldi & Cuestas, 2002; Shah &
Singh, 2005), whereas ρw remained constant at the same value as before, that is, 6.06 ohm·m. We used these
parameters in equation (6) to obtain water contents, which we integrated as before for every x (equation (1))
to obtain Sy(x). The results are shown in Figure 4, which also displays the root-mean-square error with respect
to the real Sy.

Figure 3. Estimation of Specific yield for the “real” and “computed” soil water content sections derived from electrical resis-
tivity tomography surveys. RMSE = root-mean-square error; WTD = water table depth.
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Figure 4 illustrates equations (12) and (13) in that (1) errors in Sy are moderate when errors in the parameters
are small, (2) errors are proportional to Sy, and (3) the spatial variability of Sy is well captured by all models.
Still, the errors in the estimation of mean Sy are somewhat puzzling. On the one hand, a petrophysical law
(e.g., the yellow one with c = 1 and n = 1.21), which is quite close to the true one (dashed black line), yields
far too high Sy values. On the other hand, the red (2.50, 1.68) or blue (2.35, 2.98) petrophysical laws, which are
far from the true one, lead to almost perfect Sy values. These results imply that (1) attention must be paid to
the calibration of the petrophysical law and (2) what controls Sy is the difference between the water contents
near saturation and near field capacity. The corresponding bulk conductivities in this case are 0.92 and
0.12 mS/cm, respectively. With those conductivities, the red law would have yielded too low water contents,
which would have been too high for the blue one (but their difference along each vertical would have been
correct!). Similarly, the yellow law would have led to too low water content near field capacity and too high
near saturation. An alert soil scientist should have identified the problem and correct the law. But this obser-
vation also suggests that the joint use of other types of data, or a joint inversion allowing us to estimate the
parameters of the petrophysical law, may improve the approach.

The results displayed in Figures 3 and 4 confirm the findings of section 3.2 in that the estimation of Sy is quite
robust. While themean value of Sy can be affected by a poor choice of petrophysical parameters, the patterns
of spatial variability are well resolved in all cases. These findings are in contrast to those of Singha and
Gorelick (2005) for the estimation of point values of concentration, which reflects the integral nature of Sy.

4. Application to a Real Site
4.1. Study Site

The study was carried out next to an experimental plot located in a rural area near Azul city (36°460S, 59°530W),
Buenos Aires, Argentina (Figure 5a). The site is located within the Azul Creek basin, in the Pampean plain
region. The region consists of a thick cover of loess deposits, parent material of the modern cultivated soils
(Zárate, 2003). The level ground of this region leads to a flat land hydrological system (Usunoff et al., 1999).

The soil has been classified as a petrocalcic Paleudol (Soil Survey Staff, 1999). At the top of the soil profile,
there is a clayey loam A horizon with moderate to strong granular structure up to 18-cm depth. From 18-
to 43-cm depth, there is a Bt horizon that is clay textured with strong and firm coarse columns and abundant
clay films. The BCk horizon below extends up to 66-cm depth, with a silty clay texture, moderate medium to
fine subangular blocks with CaCO3 concretions. Finally, from 66- to 140-cm depth there is a Ck horizon, silty
loam, very firm and massive, with variable CaCO3. Between 90 and 120 cm, there is a Ckm horizon (locally
known as “tosca”), which is more enriched in CaCO3 than the Ck horizon. It is common that Ckm occurs as
massive, layered, or laminar bodies embedded in a more friable matrix, which resembles Ck material.
Together, Ckm and the matrix (Ck) can be treated as the petrocalcic horizon as a whole with variations in
CaCO3 proportions, degree of induration, and structure. From 140 cm up to 10 m depth (core sampling is
available but not shown here), the subsurface consists of silty loessic sediments, also with an important

Figure 4. (left) Specific yield computed from the synthetic resistivity survey using several sets of modified Archie’s law parameters. (right) Dependence of water con-
tent on bulk conductivity for the same sets (dots are the experimentally measured values), which are plotted (c vs. n) in the inset. RMSE = root-mean-square error.
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proportion of CaCO3. These sediments compose the Pampeano aquifer unit that behaves as an unconfined
aquifer. It is a common situation that thin clay layers are intermixed within loessic sediments, which results in
a strong vertical anisotropy (Varni & Usunoff, 1999). Although lateral variability within each soil horizon is
expected, horizons keep their identity laterally, as confirmed by the experience gained during site
instrumentation. In addition, auger holes were drilled to test petrocalcic horizon continuity and hardness
(Weinzettel et al., 2009).

The experimental plot is equipped with tensiometers, time domain reflectometry (TDR) probes, a piezometer,
and an automatic meteorological station (Figure 5b). Tensiometers are located at 15, 30, 60, 90, and 150 cm in
depth and enable flow direction and zero flow plane to be estimated. TDR probes are 15 cm in length and
cover the following depth ranges: 30–45, 55–70, and 75–90 cm. Such probes allow estimation of volumetric
water content. On the other hand, suction cups, located at the same depth as tensiometers, allow pore water
extraction and electrical conductivity measurements. A 10-m deep piezometer with a screen at its bottom
monitors water table depth. This piezometer is sampled every 6 months since 10 years ago.

4.2. Methodology

Step 1: Time-lapse ERTmeasurements were conducted beside the experimental plot (Figure 5b) between 17
September 2014 and 27 April 2015, when the water table fell almost monotonically from 0.71 to
3.21 m below surface (mbs) (Figure 6). This large head drop is due to natural seasonal fluctuation.
The previous (austral) winter had been anomalously wet and there is no water exploitation affecting
this part of the aquifer.

In total, nine tomography surveys (black triangles in Figure 6) were carried out, but only four (T1 to T4 in
Figure 6) are used here to ensure a large water level change between sequential surveys for the estimation
of Sy. Surveys were carried out with an AGI SuperSting R1/IP equipped with 56 electrodes. The Schlumberger
setup was adopted to monitor resistivity changes along a 55-m-long transect (Figure 5b) and 488 data, dis-
tributed in 10 pseudosection levels, were collected in each survey. Electrodes were separated 5 m in the first
survey (T1) and 1 m in the remaining. We had to reduce the electrode spacing after the first survey to gain

Figure 5. (a) Location of study site. (b) ERT line in relation to the location of measurement devices. Note that only ERT line length is out of scale (truncated). Besides
that, distances of measurement devices to ERT line are at scale. ERT = electrical resistivity tomography; TDR = time domain reflectometry.
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resolution at depth. In hindsight, it is clear that the same spacing (in fact, the same electrodes) with small
spacing should be used from the beginning because inversion artifacts that result from resolution
differences are going to be projected into the following inversions. As it was, we brought the first data set
into the same scale as the later on by interpolation of the inverted results (see below to inversion details),
that is, we reduced the original grid cells to match that ones of the following surveys.

In order to guarantee the quality of acquired data, measurements with misfit larger than 2% between normal
and reversed polarity readings were repeated. A second evaluation of data quality was performed by means
of the following criteria: minimum voltage (0.2 mV), minimum voltage to injected current ratio (V/
I = 0.0005 ohm), minimum apparent resistivity (1 ohm·m), and maximum apparent resistivity (10000 ohm·m).
No data were filtered using these criteria, which indicate high field data quality. Mean and standard deviation
of error during field operation (normal vs. reversed polarity measurements) were about 0.001 and 0.002 ohm,
respectively, whereas mean and standard deviation of contact resistance were 18.13 and
12.63 ohm, respectively.

For the inversion we used two codes, EarthImager 2D (Advanced Geosciences Inc., 2005) and DC2DInvRes
(Günther, 2004). In both cases we opted for robust inversion, in which the model fit criterion is the L1 norm.
Regarding the regularization, we chose smooth inversion. While “blocky” inversion might have also been
used for the regularization term, we opted for smooth inversion because of parsimony and because we
expect water content (and thus electrical conductivity) to increase smoothly towards the water table. In this
context, and after some preliminary trials, the λ regularization parameter was fixed at λ = 75.

The mesh cells were 0.5 m wide (two divisions between electrodes) and 0.28 m high. The depth of investiga-
tion, calculated as the median depth of investigation (Edwards, 1977), is 8 m, but resistivity sections were cut
at 4 m, since water table remained above this level throughout the study period.

Time-lapse scheme was performed by using the true resistivity model of the previous step as starting model
of the subsequent ERT, that is, the inverted resistivity section of ERT T1 was used as starting model for T2
inversion; the resulting model was used as starting model for T3, and so on. Note that, with this scheme, error
propagation may have some impact on the following inversions. For the inversion of the first data set with
EarthImager 2D, we used the averaged pseudosection as a starting model. The result was used as the starting
model of the next data set and so on.

The same was performed for the first data set using DC2DInvRes. However, with this code, we tested an addi-
tional “fixed region” constraint for the following data sets, which fixes the resistivity of specified model cells.
This feature was applied to ensure that model cells below groundwater table remained unchanged during

Figure 6. Water table drop and daily precipitation during study period. Times of ERT surveys are identified by black trian-
gles. Only those labeled (red triangles) are used in this work. ERT = electrical resistivity tomography.
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inversion, that is, we fixed the resistivities at those cells whose middle point falls below the water table to
ensure that water content does not change between sequential inversions. Note that errors in the fixed
part of the model will cause errors in the inversion since the algorithm tries to compensate for them.

Step 2: Resistivities resulting from inversions were converted to water contents using both Shah and Singh
(2005) model and Frohlich and Parke (1989) models (equations (6) and (7)). We fitted our laboratory
experiments with these models and obtained the following parameters: (a) c = 2.45, n = 2.14, and
ρw = 6.06 ohm·m for Shah and Singh’s model and (b) n = 1.54, and M = 20.27 (Cs = 0.05 mS/cm)
for Frohlich and Parke’s one.

Prior to water content calculations, we transformed by interpolation the piece-wise constant resistivity values
at each cell (0.5 × 0.28 m2) into a smooth field of 0.1 × 0.1 m2, by taking the original cell values as point values
located in the center of the inversion cells. We followed this approach on the basis that (1) the interpolated
resistivities would yield very similar apparent resistivities as the piece-wise constant resulting from inversion,
and (2) the resulting resistivity should, in general, be more realistic than the piece-wise constant (water con-
tents and therefore electrical conductivities should increase downwards smoothly).

We compared estimated (ERT) and measured (TDR) water contents to assess the ability of ERT to capture the
trends of water content time variability. Since TDR probes are not located exactly over the transect
(Figure 5b), we did a statistical comparison. Since TDRs do not cover the whole depth, we restricted the com-
parison to the TDR interval of measurement (from 30 to 90 cm depth). Thus, for the ERT, we simply multiplied
the calculated soil moisture of each cell within this interval times its height (100 mm) to convert soil moisture
into water storage (expressed as water column, i.e., in mm). And then, added them up to obtain a unique
value of water storage for every x-coordinate in each tomography. We finally extracted statistics (max, min,
1st. quartile, etc.) of water storage for every x-coordinate. We performed these calculations with the two pet-
rophysical laws. The same was done for TDR probes. Wemultiplied the measured value of water content from
each probe by the probe length (150 mm). And again added them up to get a unique value of water storage
expressed as water column for the whole interval.

Step 3: We finally estimated Sy by integration of the water content profiles for each x coordinate along the
ERT transect using equation (1), as outlined in Figure 1. We performed estimations with both petro-
physical laws based on the fixed region constraint resistivities.

4.3. Time-Lapse ERT

Selected resistivity sections are shown in Figure 7. The overall evolution of resistivity is consistent with the
water table decline and precipitation during the period shown in Figure 6. Soil resistivity increased in the

Figure 7. Evolution of soil resistivity observed as water table declined. The position of water table (WT) is also shown. (a) Standard time-lapse resistivity inversion.
(b) Inversion after constraining resistivity below the water table to remain fixed to that of the previous tomography.
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upper part of each section as water table declined. Note, however, that a lower resistivity was recorded in the
uppermost soil as a consequence of the mid-April 2015 precipitations (Figure 6). These observations confirm
the ability of ERT to detect changes in water content.

Two different inversions are included in Figure 7. The standard time-lapse robust inversion was performed
first using the code EarthImager 2D (Figure 7a). This yielded an overall reasonable evolution of resistivity.
However, a detailed analysis reveals some important inconsistencies. Unexpected changes in soil resistivity
can be observed below the water table: a decrease in the interval from 35 through 47 m of T2; some small
resistivity increases from 20 to 35 m of T2; a noticeable decrease in resistivity in the 25- to 45-m interval of
T3. Since changes in soil water content are not possible below the water table, one might hypothesize about
an increase in groundwater salinity, perhaps as a consequence of salts leakage from the upper soil and unsa-
turated zone. But, unsaturated zone pore water conductivity measurements, extracted by suction cups dur-
ing the study period (the mean value during this time was 1596 μS/cm with a standard deviation of
439 μS/cm), did not display relevant salinity changes. Instead, we attribute these observed decreases in resis-
tivity to inversion artifacts (i.e., features that result from instability during inversion but do not necessarily
reflect real variability). This same effect had also been observed in the synthetic example, even in the noise-
less inversion (see second row in Figure 2), which demonstrates that inconsistent resistivities can be obtained
during inversion. We suspect that, in this case, these inconsistencies may be a result of regularization.

The fixed region constraint was applied to overcome these artifacts. That is, changes in resistivity were
restricted to the zone above the water table while resistivity was constrained to remain unchanged below
the water table. To this end we used the code DC2DInvRes. The additional constraints led to larger root-
mean-square errors of apparent resistivities (even for the first inversion, which must be attributed to differ-
ences in the codes). Yet the option was successful in that many presumed inversion artifacts, obviously those
located below the water table, disappeared and a more consistent resistivity distribution was obtained
(Figure 4b). However, some possible inversion artifacts persisted. Specifically, the resistivity decrease in the
zone extending from 37 to 45 m in ERTs T3 and T4 is inconsistent with the drop in water table. In contrast,
resistivity decreases near the surface between 10 and 25 m at ERTs T3 and T4 may be attributed to the pre-
cipitations occurred during the last days of the study period.

4.4. Derivation of Volumetric Water Contents From Resistivity Using Petrophysical Relationships

Water content was obtained using both equation (6) (Shah & Singh, 2005) and equation (7) (Frohlich & Parke,
1989) from resistivities calculated with the fixed region constraint. Results are shown in Figure 8 as differ-
ences in water content between sequential measurement times only for the case of Shah and Singh’s law.
Again, overall results are consistent with expected changes in water content during water table decline
(Figure 1). With the exception of central zone in T1–T2, the largest change in water content occurs not imme-
diately above the water table, but above the capillary fringe. We do not think that this is an inversion artifact
because the fine grained sediments that compound the aquifer and unsaturated zone are expected to
develop important capillary rise, which avoid significant changes in water content close to water table. The
increase in water content observed in the uppermost soil in the lapse T3–T4 is attributed to the large rainfall
event that occurred at the end of the study period (~120 mm a few days before performing ERT T4 survey).
The scope of the infiltration front is clearly delimited.

Water content remains unchanged below the water table because resistivity was constrained not to increase
at those grid cells. However, some increases in water content were estimated in the area between sequential
water tables in the interval from 35 through 47 m at the lapses T1–T2 and T2–T3. Obviously, water content is
not expected to increase as the water table drops and therefore, the “natural” explanation is that an inversion
artifact is the cause of this “anomalous” zone. In view of the results of the synthetic example, we suspect that
this anomaly may also be an inversion artifact.

A small increase in water content was observed in the interval between 10 to 20 m in the lapse T2–T3, just
above the water table at T2. Since rainfall in between these surveys was moderate (34 mm 8 days before
the survey), one may expect that high evapotranspiration rates at this time of the year should prevent for
any increase in soil water content. However, soil heterogeneities, that is, a more retentive zone, may likely
be the reason of lesser water losses respect to the surrounding soil. In fact, one should not lose sight of that
the increase in water content was 0.02 cm3/cm3, which is within the resolution capabilities of the method.
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Figure 9 displays a comparison between ERT-derived (θERT) and TDR-measured (θTDR) soil water storages
between 30 and 90 cm depth, which is the depth range covered by TDR probes. Since these probes were
not exactly over the ERT transect (Figure 5b), we compared TDR values to ERT boxplots (of the distributions
along x). We performed calculation using Shah and Singh (2005, equation 6) and Frohlich and Parke (1989,
equation 7) models for inverted resistivities with fixed inversion constraint (DC2DInvRes).

In general terms, evolution trends are consistent with both models. Water contents drop slightly between T1
and T2, more significantly between T2 and T3, and they recover in T4 (recall that T4 was measured shortly
after a rainfall event (Figure 6) and that the measurements of Figure 9 are quite shallow). Except for T3
ERT, estimations with Shah and Singh’s model are within, or very close to, the interquartile range of ERT.
Variability in ERT-derived soil storage was observed to increase as drainage progressed, thus revealing the soil

Figure 8. Differences in soil water contents (θ) between successive resistivity sections (T1 to T4) using the inverted resistivity
with fixed region constraint. The position of water table (WT) that corresponds to each resistivity measurement is indicated.

Figure 9. Comparison between time domain reflectometry-measured (points) and electrical resistivity tomography-
derived water storage using (left) Shah and Singh (2005) model and (right) Frohlich and Parke (1989) model. Boxplots
indicate median, first and third quartile, minimum, and maximum of electrical resistivity tomography water storage along
the transect.
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heterogeneities. In summer time, however, ERT-derived soil storage overestimated the amount computed
with TDR. Since water-resistivity relationship follows an exponential law, a small modification in Shah and
Singh’s law parameters may provide a better adjustment in this part of high resistivities. On the other
hand, Frohlich and Parke’s model allowed for greater variations in soil storage with also an increased in
dispersivity, that is, a larger interquartile distance. As a consequence, it looks like a better fit was obtained
with this law, especially for the summer time, where the median value is very close to TDR estimations. As
discussed in section 3.3, the choice of petrophysical law (and also the parameters) is critical for water con-
tent and Sy estimation. Still, estimations of water storage by ERT were sensitive enough for both models to
reproduce, at least qualitatively (also quantitatively in Frohlich and Parke’s model) the TDR changes in
water content.

4.5. Estimation of Sy From the Changes in Volumetric Water Content and Groundwater Head

Sy was estimated from the changes in volumetric water content and groundwater head using equation (1).
Four θERT(z) profiles, extracted from x = 25m are shown in Figure 10 for different time intervals. θERT(z) derived
from fixed region constraint inversion using Shah and Singh’s model (equation (6)). The shaded region in
Figure 10 indicates the area that was integrated to obtain the Sy value.

All θERT profiles show the influence of infiltration and evapotranspiration, which points out that integration
should not be performed until the soil surface: the increase in water content due to infiltration will produce
an underestimation of Sy, whereas water loses due to evapotranspiration will yield an overestimation of Sy.
Therefore, the upper integration limit was set at the depth of ZFP. In the case of Figure 10a, the upper inte-
gration limit was the upper water table due to its closeness to soil surface. In the case of Figure 10c, this limit
was established at the depth of infiltration front, as defined by ERT (Figure 9). Of course, these assumptions
imply uncertainties in the Sy estimation. However, the theoretical displacement of water retention curve due
to exclusively water table fall (Figure 1), predicts no significant change in water content in the uppermost part
of the curve. Therefore, the use of ZFP as an upper integration limit is a reasonable assumption. In fact, the
estimated Sy values for these particular cases were 0.110, 0.047, and 0.108. If the whole T1–T4 interval is
adopted, the resulting Sy is 0.09. This latter value involves a larger variation in water table and, therefore, it
is representative of a larger profile section.

It is difficult to provide an independent validation of these values because, as discussed in the introduction,
there is not fully reliable method to estimate Sy. Still, it is nice that Weinzettel et al. (2005) and Varni et al.
(2013) obtained values of 0.07 and 0.09, respectively, for this site, which are consistent with ours. They used
variations of the water level fluctuation method, typically adopted to estimate recharge assuming that Sy is
known. Therefore, their values must be considered as highly uncertain upper bounds of Sy. Furthermore,
their values should also be considered as areal averages over a large area. Therefore, they should not be com-
pared to the point values of Figure 10 but to average values over the whole transect.

The procedure was extended to the full length of the transect to get more representative values and to assess
the spatial variability of estimated Sy (Figure 11). Estimations were performed by omitting the values whose
differences were lower than zero, due to increases in estimated water content, despite the drop in head. For
computations, we used sequential water content sections derived from fixed region constraint inversion
using both Shah and Singh’s and Frohlich and Parke’s models.

As before, the overall results are consistent with previous studies. Note that the application of the method
allowed us to estimate both lateral and vertical variations of Sy. Variability is significant, which is consistent with
expectations, but is rarely acknowledged. It is hard to qualify the lateral variability. The drop at the right end
might well represent the effect of a moisture front localized in that region in response to the rainfall of early
May shortly before the T4 campaign, which suggests that it is better to perform the ERT’s after a long period
without rain. Still, lateral variability of Sy is not surprising in view of the observed textural variations in these
sediments. And the increase of Sy with depth is fully consistent with expectations. The deep loessic sediments
contain much less clay than the upper edaphic horizons, so that Sy should be expected to increase with depth.

Regarding computations for the whole period, one may expect a more robust estimation since differences in
water table are larger and therefore, contrasts in water content tend to bemaximum. Values are somewhat in
between estimations with T1–T2, and T3–T4, with a mean value of 4.8% for Shah and Singh’s law and 10.7%
for Frohlich and Parke’s one. Besides that, similar trends were observed with a general drop to the right of the
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section. As a consequence of larger soil volume integration to compute Sy, vertical resolution is decreased
but representativeness, increased.

It is worth to highlight that, in some cases (intervals T2–T3 and T3–T4), the use of a different petrophysical
models does not affect significantly the estimated Sy value. The same was demonstrated with the results
of synthetic example (Figure 4), in which we showed that if petrophysical parameters are within the expected
values for the site (good calibration) they have a subtle impact on estimated Sy. Still, quite large differences in
absolute value (the trends are the same) were observed in the case of T1–T2. The fact that T1 mesh was
resized to match T2 mesh may induce some errors in inversion and, therefore, in the resulting Sy value.
The estimation for the complete periods (T1–T4) showed similar results. The model of Frohlich and Parke
(1989) allows for greater variation in calculated water content (recall Figure 9), which results in larger Sy in
all cases, confirming that it is the slope of the petrophysical law what controls the estimated Sy.

5. Discussion

The error analysis showed that accuracy and robustness of the estimation procedure are linked to (1) the inte-
gral (along the vertical) nature of the Sy concept and (2) the expected high correlation of moisture content

Figure 11. Variation along the transect of specific yield (Sy) calculated from electrical resistivity tomography using Shah
and Singh (2005) law (solid lines, subscript “S”) or Frohlich and Parke (1989) model (short dashed lines, subscript “F”).
Variation in water table depths for periods T1–T2, T2–T3, T3–T4, and T1–T4 were 0.71–1.51, 1.51–2.61, 2.61–3.21, and
0.71–3.21, respectively.

Figure 10. Electrical resistivity tomography-derived soil water content (θERT) profiles for (a) times corresponding to T1 and
T2, (b) T2 and T3, (c) T3 and T4, and (d) T1 and T4. The shaded region indicates the area that was integrated to obtain
specific yield (Sy). The positions of water table (WT) and zero flux plane (ZFP) are indicated.
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errors (caused by either ERT inversion or petrophysical parameters) at sequential surveys, which tend to can-
cel during the computation of Sy.

These findings were confirmed by the synthetic example, which demonstrated more clearly than the error
analysis that the method is very robust with respect to inversion errors. On the one hand, high-frequency
inversion errors tend to cancel during integration (of moisture) along vertical profiles. Still, low frequency
errors translated into spatial fluctuations of estimated Sy when inversion errors were high (i.e., when a large
noise was added to V/I measurements). Furthermore, inversion errors of sequential surveys are highly corre-
lated and tend to cancel during calculation of Sy. This is true for systematic errors that use to be the most
important source of noise during inversion but remains so even when amoderate purely random component
is added to every measurement. This implies that is important to ensure that electrodes are located at iden-
tical positions between sequential surveys (i.e., by maintaining a fixed electrode network during the set
of surveys).

Petrophysical parameters may have a significant impact on the final Sy value. The key issue here is whether
the overall slope of the petrophysical law (bulk conductivity versus saturation) is correct. A wrong slope
implies that for a given change in resistive during sequential campaigns, the computed change in water con-
tent will be wrong. This indicates that calibration of the petrophysical law on site samples is essential for suc-
cess and that calibration efforts should concentrate on the expected variation of water content. This type of
error affects the overall Sy value, but variability patterns were very well identified even when the petrophy-
sical law was poor.

Applicability of themethod was tested at a field site, where four ERT surveys were carried out along a transect
while water table declined from 0.71 to 3.21 m below surface. The proposed method yielded the overall value
of Sy and its lateral and vertical variability. It is hard to validate these results because no reliable method is
available for the estimation of Sy, but our results are consistent with all available information. The overall
average Sy values were comparable to those derived by variants of the water level fluctuation method.
The computed lateral variability should be considered reasonable, as it was similar for sequential estimations
and it is consistent with the patterns of textural variability at the site. The computed vertical variability of Sy
should also be considered reasonable. Local sediments tend to be less retentive at depth, which agrees with
the increased values of Sy.

Despite this promising outlook, it is clear that difficulties still remain regarding both the Sy definition itself,
and the application of the method we are proposing. For one thing, a poor choice of petrophysical law
may lead to biased estimation of average Sy. Yet, even in those cases, the spatial variability patterns are gen-
erally well captured.

While the method appears effective, there is plenty of room for improvement. Standard time-lapse inversion
yielded some spurious resistivities, which were also observed even in the noiseless inversion of the synthetic
example. Spurious artifacts include the decreasing resistivities below the water table. These artifacts could be
overcome by applying the fixed region constraint, which led to a significant overall improvement. But some
fluctuations still remained in the zone between 35 and 47 from x-coordinate origin. In view of the results of
synthetic example, these fluctuations could be attributed to preferential flow path, but theymay also be spur-
ious. In fact, a problem with the fixed region constraint is that errors in the resistivities of the first image will
be translated to sequential inversions and, moreover, that errors in the fixed part of the model will cause
errors in the inversion as the algorithm tries to compensate for them. Therefore, much can be gained by
improving the inversion method. For example, it may be worth to consider the joint inversion of all images
while imposing that resistivities below the water table are the same in all of them. Also, we did not analyze
the impact of salinity and temperature variability on the estimation of Sy. However, the error analysis sug-
gests that it may be relevant when either of them change along time (e.g., temperature) or space (both
may change with depth; see Jayawickreme et al., 2010). While we had no indications of significant variability
at our site, efforts at characterizing their variability will also improve results.

Another avenue of improvement would be the use of joint inversion of different types of signals in a unique
estimation process (Zhdanov et al., 2012). This approach has been used with a certain degree of success to
integrate different geophysical methods: DC resistivity and magnetotelluric (Vozoff & Jupp, 1975), gravity
and magnetics (Shamsipour et al., 2012), gravity-gradient and borehole gravity (Meixia et al., 2015), and seis-
mic and electromagnetic imaging (Hoversten et al., 2003). Joint inversion of GPR and ERT data sound
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especially promising for our problem (Doetsch et al., 2010). Also relevant would be to couple ERT inversion
to unsaturated flow modeling for a long time interval or during a pumping test, which should alleviate pro-
blems with the petrophysical law (and help in the estimation of a field scale law!). Variations of coupled
inversion of geophysical and hydrological data have proven useful (Fowler & Moysey, 2011; Kowalsky
et al., 2005; Rucker, 2011), although algorithmic improvements are required to make it practical (Linde
et al., 2006). Joint inversion of, for instance, response to a long pumping test would guarantee internal con-
sistence with volumetric water data and facilitate overcoming the bias caused by erroneous petrophysical
law parameters.

6. Conclusions

We have proposed a method to derive Sy and its space and time variability from time-lapse ERT surveys dur-
ing periods of significant head drop or rise. We have analyzed the validity and robustness of the method
through error analysis, a synthetic simulation and a real case application. The key points resulting from these
analyses are that

1. The method is accurate and robust with respect to inversion errors because Sy estimation integrates the
inversion results, so that high-frequency inversion errors tend to cancel. Moreover, Sy is obtained by sub-
traction of sequential inversions, so that systematic errors also tend to cancel.

2. Petrophysical parameters may affect the final Sy value. Efforts should focus in calibration especially in the
range between saturation and field capacity, where petrophysical law errors translate directly onto errors
in Sy estimation.

3. The Sy variability patterns were well reproduced in our synthetic example, even in the presence of errors
in the petrophysical law, which tend to affect more the overall Sy value than its variability.

4. By treating the unsaturated zone as whole, the proposed method may be used to overcome some of the
conceptual difficulties of Sy (closeness to the surface, delayed yield, spatial variability).

In summary, the proposed approach provides a picture of how, howmuch, and where water is being released
from the soil, which is the ultimate goal of the Sy concept to begin with. Still, inversion improvements, pos-
sibly coupled to other geophysical techniques and/or unsaturated zone flow simulation, are required to
reduce uncertainty. What is clear is that Sy is a spatially and temporally variable parameter, whose estimation
is very difficult. We believe that the results presented here demonstrate that ERT represents a possible ave-
nue to obtain reliable Sy estimates, to account for such variability and to facilitate addressing the conceptual
difficulties associated to the Sy concept.
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