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Abstract
Specific yield and groundwater recharge of unconfined aquifers are both essential parameters for groundwater modeling and
sustainable groundwater development, yet the collection of reliable estimates of these parameters remains challenging. Here, a
joint approach combining an aquifer test with application of the water-table fluctuation (WTF) method is presented to estimate
these parameters and quantify their uncertainty. The approach requires two wells: an observation well instrumented with a
pressure probe for long-term monitoring and a pumping well, located in the vicinity, for the aquifer test. The derivative of
observed drawdown levels highlights the necessity to represent delayed drainage from the unsaturated zone when interpreting the
aquifer test results. Groundwater recharge is estimated with an event-basedWTFmethod in order tominimize the transient effects
of flow dynamics in the unsaturated zone. The uncertainty on groundwater recharge is obtained by the propagation of the
uncertainties on specific yield (Bayesian inference) and groundwater recession dynamics (regression analysis) through the
WTF equation. A major portion of the uncertainty on groundwater recharge originates from the uncertainty on the specific yield.
The approach was applied to a site in Bordeaux (France). Groundwater recharge was estimated to be 335 mm with an associated
uncertainty of 86.6 mm at 2σ. By the use of cost-effective instrumentation and parsimonious methods of interpretation, the
replication of such a joint approach should be encouraged to provide reliable estimates of specific yield and groundwater recharge
over a region of interest. This is necessary to reduce the predictive uncertainty of groundwater management models.
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Introduction

Reliable estimates of aquifer parameters such as hydraulic
conductivity, storage and groundwater recharge are essential
for the sustainable management of groundwater resources
(Doble and Crosbie 2016; Knowling and Werner 2016), espe-
cially when groundwater models are used. Groundwater mod-
el parameters are traditionally estimated through calibration
using nonlinear regression, which generally requires the use
of regularization to address the issue of nonuniqueness and
instability (Carrera et al. 2005; Aster et al. 2013; Zhou et al.

2014; Doherty 2015). One of the most traditionally applied
regularization processes includes prior knowledge on model
parameters (Cooley 1982; Tikhonov and Arsenin 1977;
Carrera and Neuman 1986). The incorporation of prior infor-
mation is also necessary for uncertainty analysis based on
statistical inference (Fienen et al. 2010; Cui and Ward 2012);
therefore, it is of utmost importance to collect reliable infor-
mation on model parameters prior to model calibration or
uncertainty analysis (Hunt et al. 2007).

Numerous methods exist for estimating groundwater re-
charge (Healy and Scanlon 2010; Scanlon et al. 2002), which
can be classified according to the location of field measure-
ments (unsaturated zone, saturated zone) as well as depending
on the utilized approach (water budget, physically based flow
model, chemical methods, etc.). The water-table fluctuation
(WTF) method is one of the most attractive ways to estimate
groundwater recharge because of the generally good availabil-
ity of groundwater level records and the simplicity of its ap-
plication (Healy and Cook 2002; Lucas et al. 2015; Ordens
et al. 2012). The WTF method is based on the analysis of
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water level rises in response to individual precipitation events.
Groundwater recharge is obtained from the product of the
specific yield (Sy) with the effective water-table rise Δh*
(Healy and Cook 2002):

R ¼ Sy � Δh* ð1Þ

where Δh*, the effective water-table rise, corrects the ob-
served water-table rise to take into account the water-table
recession due to regional groundwater flow and the effect of
air entrapment in the upper fringe of the rising water table
(Crosbie et al. 2005; Cuthbert 2010).

As can be seen in Eq. (1), the estimation of recharge with
the WTF method requires a storage parameter, the specific
yield (Sy). The specific yield of an unconfined aquifer corre-
sponds to the pore volume of water that is removed by gravity
(i.e. the difference between the saturated and residual water
content) when the water table drops (Hilberts et al. 2005;
Healy and Scanlon 2010). This definition relies on the hydro-
static condition when the water content profile is at its equi-
librium state (de Marsily 1986). Prior values on specific yield
can be obtained from the literature, core sample analysis and
aquifer tests. While literature data may be unavailable or un-
certain for a given study site, the extraction and analysis of
core samples is costly and may be poorly representative of
macroscopic specific yield (Zhang et al. 2011). As an alterna-
tive, aquifer tests provide a relatively cost-effective and reli-
able approach for the estimation of specific yield at the mac-
roscopic scale (deMarsily 1986).When conducting an aquifer
test in an unconfined aquifer, the time-drawdown behavior is
characterized by an S-shape curve with three successive steps
(Boulton 1954). The first step (early time) transcribes the re-
lease of water from the elastic storage (confined aquifer be-
havior) and the third step (late time curve) corresponds to the
equilibrium where the water is instantaneously released
(drained aquifer). The middle step (intermediate time) repre-
sents the transition between the early and late times where the
water of the unsaturated zone is not instantaneously released.
During that period, which can take from a few hours up to
several days, the slope of the time-drawdown behavior de-
creases due to the gradual drainage of the unsaturated zone,
leading to an S-shape curve.

The main limitation of the WTF method is linked to the
estimation of the storage parameter in Eq. (1), which has a strong
impact on recharge estimates, but is not easy to evaluate precise-
ly (Healy and Cook 2002; Cuthbert et al. 2016). However, the
WTF method is seldom associated to a joint integrated estima-
tion of the specific yield, which is most often obtained from the
literature (Yin et al. 2011; King et al. 2017; Crosbie et al. 2015;
Rawling and Newton 2016). The use of the WTF method to
delineate groundwater recharge may becomemore robust with a
careful estimate of the relevant storage parameter. In this con-
text, the objective of this paper is to promote a joint cost-

effective approach where an aquifer test and the WTF method
are used in conjunction for the estimation of groundwater re-
charge. This is of interest for parameter estimation and uncer-
tainty analysis of groundwater management models.

Knowledge of hydraulic conductivity is also essential in
order to cope with the well-known correlation with ground-
water recharge when using solely groundwater heads for
groundwater-model parameters estimation (Hill and
Tiedeman 2006; Anderson et al. 2015; Delottier et al. 2017).
However, reliable independent estimates of unconfined aqui-
fer hydraulic conductivity can be derived by the use of classi-
cal aquifer test analytical solutions (Halford et al. 2006). In
contrast, the estimation of specific yield is much more chal-
lenging and requires consistency with the WTF method appli-
cation. For these reasons, the estimation of hydraulic conduc-
tivity is out of the scope of this paper.

One important aspect related to joint application of the
aquifer test and the WTF method is related to the transient
concepts associated with unsaturated-zone hydrodynamics.
In transient conditions, a distinction must be made according
to water-table dynamics. For a water-table decline (e.g. aquifer
test), the storage parameter is the drainable porosity. Time-
dependence of the drainable porosity stems from delayed
drainage of the unsaturated zone with a falling water table
(e.g. Nachabe 2002). The WTF method, which deals with
water-level rise, should be applied with the fillable porosity.
Time-dependence of the fillable porosity stems from
nonhydrostatic conditions of the unsaturated zone above a
rising water table (e.g. Park 2012). However, when neglecting
hysteretic effects and air entrapment, it has been shown that
drainable and fillable porosities tend to the same value (the
specific yield), when approaching hydrostatic conditions in
the unsaturated zone (Acharya et al. 2012; de Marsily 1986).
Consequently, the interest of a joint application of the WTF
method with an aquifer test is to look for consistency in the
storage parameter value.

The paper is organized as follows. General guidelines to
design an appropriate monitoring station for the proposed
method are first presented. Then, the analytical solution for
the aquifer test and the implementation of WTF method are
described with a focus on parametric uncertainty. Finally, a
demonstration of the method is presented at a site located near
Bordeaux (France) where specific yield and groundwater re-
charge are estimated with the associated uncertainty. The rel-
evance and limitations of the approach are eventually
discussed.

The monitoring station

The monitoring station described in this section aims at
collecting field observations for a reliable estimate of both
the specific yield and groundwater recharge (Fig. 1). The
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monitoring station should therefore be designed to (1) conduct
an aquifer test and (2) monitor long-term water-table fluctua-
tions. Two wells are necessary for the estimation of the spe-
cific yield (Halford et al. 2006). One observation well should
be located in the vicinity of the pumpingwell. The observation
well can be an existing observation well for which long-term
water-table fluctuation data are already available.
Additionally, it can be convenient to set up a rain gauge, for
two reasons: (1) the identification of dry periods where the
aquifer cannot be influenced by precipitation and (2) to ex-
press recharge as a ratio of precipitation (RPR).

The station design should also remain sufficiently simple
and cost-effective for the experiment to be replicated at several
locations over a basin of interest. Water-table fluctuations
should be mainly associated with meteoric precipitation so
that external stresses such as streams or pumping stations
should be avoided in the vicinity of the monitoring station.

Methods

The unconfined aquifer test

Here, the purpose of the aquifer test is to estimate the aquifer
specific yield at a macroscopic scale from the interpretation of
observed drawdowns. The principle of an aquifer test is to
pump at a known constant discharge rate (Q) from a pumping
well and record observed drawdown (s) from an observation
well at a known distance (r) from the pumping well

(Kruseman and de Ridder 1990). If the interpretation can be
made from a groundwater flow model, the use of a simple
analytic solution is preferred because of (1) the availability
of such a solution for aquifer test interpretation, (2) the sim-
plicity of the application and (3) the computationally frugal
aspect of analytical solutions (Renard 2005; Neuman and
Mishra 2012).

The classical analytical solution proposed by Theis (1935)
and its approximation (Cooper and Jacob 1946) constitute the
basis of aquifer test interpretation. These solutions were ini-
tially developed for confined aquifers, but they may also be
applicable to unconfined aquifers for the estimation of specific
yield as long as the drainage of the unsaturated zone has a
small influence on the observed drawdown.

Neuman’s analytical solution (Neuman 1972) reproduces
the three parts of the theoretical S-shape drawdown curve
generally observed for unconfined aquifers. The solution as-
sumes that the drainage of the unsaturated zone is instanta-
neous. The effects of transient flow dynamics in the unsatu-
rated zone are not considered.

Assuming instantaneous drainage, the upper-boundary con-
dition for flow to a well in an unconfined aquifer is written in
dimensionless form as follows (Mishra and Kuhlman 2013):

∂2SD
∂r2D

þ 1

rD

∂SD
∂rD

þ KD
∂2SD
∂z2D

¼ ∂SD
∂tD

ð2Þ

where SD ¼ s
Q= 4πTð Þ, rD ¼ r

b, tD ¼ t
Sy b2ð Þ=T and KD ¼ Kz

Kr
. KZ

and KR are the vertical and horizontal components of the satu-
rated hydraulic conductivity, respectively. T is the transmissiv-
ity, b the aquifer thickness and r the distance of the observation
well from the pumping well.

Neuman’s upper-boundary condition assumes that the shape
of the water content profile above the dropping water table does
not change but simply follows the water-table decline. Neuman’s
solution is used by many hydrogeologists as the preferred model
mainly because of the perception that neglecting the effects of
gradual drainage from the unsaturated zone is reasonable for the
estimate of aquifer parameters (Neuman 1972).

Nevertheless, in a majority of aquifer tests, only a small
portion of water from the unsaturated zone is released during
the early times of the aquifer test (Nwankwor et al. 1992;
Moench 2004). Consequently, the aquifer test interpretation
without consideration of delayed drainage of the unsaturated
zone leads to an underestimation of the specific yield
(Nwankwor et al. 1984). A solution to this problem is to con-
duct a long-term aquifer test until the influence of the delayed
drainage of the unsaturated zone becomes negligible.
However, such a long-term aquifer test is often difficult to
implement because of three major constraints. The first is
related to the cost and time for an aquifer test, which most of
the time cannot exceed one day. The second is related to the
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Fig. 1 The proposed monitoring station. Two wells are necessary to
estimate the specific yield (Sy) with the aquifer test (1). The observation
well is used to record long-termwater-table fluctuations (2). The pumping
well and the aquifer test may be completed close to an existing
observation well where long-term records are already available. The
rain gauge is suggested but no mandatory
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aquifer boundaries, which can be reached during long-term
aquifer tests; reaching the boundaries invalidates the infinite
aquifer assumption of the theoretical S-shape curve. The third
is that meteoric precipitation events are likely to occur within
the duration of a long-term aquifer test, which is likely to ruin
the interpretation. Because of these reasons, for most of the
time, the aquifer test should be interpreted with the influence
of the delayed drainage of the unsaturated zone. An analytical
solution considering delayed drainage should therefore be
used to obtain a reliable estimation of the specific yield.

Boulton’s analytical solution (Boulton 1954) assumes that
the drainage of the unsaturated zone occurs gradually rather
than instantaneously. The solution is based on an implicit rep-
resentation of the unsaturated zone drainage that can be
expressed as follows (Mishra and Kuhlman 2013):

∂2s
∂r2

þ 1

r
∂s
∂r

¼ S
T

∂s
∂t

þ α Sy∫
t
0

∂s
∂t

exp−α t−τð Þ dτ ð3Þ

where the first term on the right-hand side is the instantaneous
confined storage and the second term accounts for the drain-
age from the zone above the water table that is assumed to
decline exponentially with time since the beginning of the
aquifer test. S is related to both aquifer compaction and the
compressibility of water.

Moench’s analytical solution (Moench 2004) combines
Boulton’s and Neuman’s approaches. Moench’s analytical so-
lution can be written as follows (Mishra and Kuhlman 2013):

∫t0
∂s
∂τ

∑
M

m¼1
αmexp

−α t−τð Þ dτ ¼ −
Kz

Sy

∂s
∂z

ð4Þ

where the solution can include several delayed drainage pa-
rameters αm (m as the running index for the total number of
delayed drainage parameters, M) in order to improve the fit
between simulated and observed drawdowns comparing to the
Boulton solution. WhenM = 1, Moench’s solution is identical
to the Boulton equation.

When the empirical parameters (αm) of Moench’s solution
are large, drawdown dynamics tend to an instantaneous drain-
age behavior (e.g. thick unconfined aquifer), whereas in con-
trast, low values of these empirical parameters lead to a
nondrainage behavior (e.g. confined aquifer). A reasonably
gradual drainage can be reached between these two extreme
behaviors. Moench (2004) shows that a better fit to the ob-
served drawdowns is obtained with M = 3, while Trivedi and
Kashyap (2015) state that the second-order (M = 2) Moench’s
model may be considered as parsimoniously optimal.

The use of Moench’s analytical model allows a better fit to
the observed drawdown and more reliable specific yield esti-
mation than Neuman’s solution when the intermediate time
curve is dominated by gradual drainage. Nevertheless, the
classical Theis (1935) and Neuman (1972) analytical solutions
are still used for practical purposes, mainly because of the

simplicity and the accessibility of these methods. For these
reasons, Moench’s analytical model along with the Theis
(1935) and Neuman (1972) solutions were used thereafter
for the observed drawdown interpretation to delineate the spe-
cific yield. Neuman’s and Moench’s solutions are implement-
ed in the WTAQ Fortran-based package (Barlow and Moench
2011).

The event-based WTF method

The principle of the event-based WTF method is to estimate
groundwater recharge (R) from the product of the effective
water-table rise (Δh*) with the aquifer specific yield (Sy).
Because of the consideration of the specific yield as the stor-
age parameter estimated from the aquifer test, the unsaturated
zone hydrodynamics must be as close as possible to a steady-
state condition. When considering groundwater recharge
events (Nimmo et al. 2015), as opposed to discrete time im-
plementation of the WTFmethod, the WTF method is applied
over relatively long periods such that the influence of the
unsaturated zone hydrodynamics can be neglected. In the
meantime, additional factors may affect water-table fluctua-
tions such as air entrapment and water-table recession due to
regional groundwater flow. Indeed, when the time lag for in-
filtrating water to reach the water table is not negligible, the
water-table recession should not be neglected at the risk of
underestimating the effective water-table rise (Healy and
Cook 2002).

These compensations are embedded within Eq. (1) by the
use of an effective water-table rise (Δh*) rather than the direct
use of observed water-table rise. The effective water-table rise
can be delineated by the use of a master recession curve
(MRC), which predicts the characteristic rate of change of
water level as a function of the current aquifer water level
(Heppner and Nimmo 2005; Crosbie et al. 2005; Cuthbert
2010). For an individual recharge event, the associated effec-

tive water-table rise (Δh*i ) is computed by the extrapolation of
the MRC in both forward and backward directions in time
(Fig. 2). Consequently, the event-based WTF method can be
expressed as follows:

Δh*i ¼ Δhi þ Di−Oi ð5Þ

where Δhi is the observed water-table rise, Di is the natural
recession due to regional flow, and Oi the overshoot due to
effects such as air trapping (Nimmo et al. 2015). Finally, the
groundwater recharge (Ri) associated with the i-th event is

computed by the product of Δh*i by the specific yield (Eq. 1).
The classical application of the event-based WTF method

is a graphical approach where the effective water-table rise is
estimated after a manual extrapolation of the MRC for each
groundwater recharge event (Rasmussen and Andreasen
1959). Because the graphical approach requires manual

2498 Hydrogeol J (2018) 26:2495–2505



attention for each episode, its application may become time-
consuming and be associated with a certain degree of
subjectivity.

Given the inherent subjectivity and the monotonous char-
acteristics of the graphical event-based approach, the applied
event-based WTF approach relies on the automatic identifica-
tion of recharge events by the WTF rates inspection. Elements
of subjectivity of the graphical-based approach linked to the
recession curve are encapsulated into three parameters: the
storm recovery time (tp), the fluctuation tolerance (δT), and
the precipitation time lag (tl) (Nimmo et al. 2015). The first
parameter, the storm recovery time, is used to identify reces-
sion periods. It corresponds to the minimum time interval
between a precipitation and recession event, allowing storm-
generated accretion to become negligible (Fig. 2). The MRC
is delineated from the analysis of the form of the relation
between water-table elevation and water-table decline during
recession periods (without precipitation events). For the cur-
rent study, a linearMRC is adjusted to characterize the relation
between water-table height and decline rate (Heppner and
Nimmo 2005):

Di ¼ ah tð Þi þ b ð6Þ

where h is the water-table height [L] from the pressure
transducer in the observation well (Fig. 1), a is the slope
[T−1] and b is the intercept on the decline rate axis [L/T].
The parameters a and b are the recession parameters of the
MRC. The second parameter, the fluctuation tolerance (δT), is
a measurement noise criterion used to discard insignificant
water-table fluctuations. The third parameter, the precipitation
time lag (tl), reflects the response time for recharge caused by
a given precipitation event.While tp is used to define theMRC
for the natural water-table recession characterization, δT and tl
are used for the delineation of the discrete recharge episodes.
The event-based approach is implemented within a package

proposed by Nimmo et al. (2015) which is based on the soft-
ware R (R Core Team 2013).

The reliability of the estimated groundwater recharge is
linked to the uncertainty on specific yield on the one hand
and to the recession parameters on the other hand.
According to Hughes and Hase (2010), the rule for the prop-
agation of errors for the event-based WTF method multi-
variable function (Eq. 1) can be written as follows:

σR ¼ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σSy

Sy

� �2
s

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σΔh*

Δh*

� �2
s

0

@

1

A ð7Þ

where σSy and σΔh* are the uncertainties related to the estima-

tion of the specific yield and to the effective water-table rise
for the whole period (i.e. the arithmetic sum of recharge
events).

Model fitting and uncertainty analysis

The estimation of specific yield is based on fitting the theo-
retical analytical solution (Moench, Theis, or Neuman) to the
observed drawdown. Due to parameters correlation and po-
tential insensitivities to drawdown data, the estimation of spe-
cific yield can be nonunique (Carrera et al. 2005). Given the
short computation time of the aquifer test analytical solutions,
a stochastic analysis seems the most appropriate method to fit
the model and define specific yield uncertainty at the same
time (Renard 2005; Yustres et al. 2012).

Bayes’ theorem states that the posterior probability of the
parameters, given the data, is proportional to the product of the
likelihood function of the parameters given the data and the
prior probability of the parameters (Aster et al. 2013):

f kjsð Þ∝L kjsð Þ f kð Þ ð8Þ

where k is the vector containing the unknown parameters, s
the vector containing drawdown observations, L(k| s) the like-
lihood function and f(k) the prior distribution of the parame-
ters. Due to the unawareness to a prior mean of parameters, the
simplest assumption is to define a uniform distribution where
large parameter space boundaries are used to define a
noninformative prior distribution (Cui and Ward 2012). A
normal likelihood function is used with the defined uniform
prior distributions for all parameters.

For the application of the Bayesian inference, the
Markov chain Monte Carlo (MCMC) techniques are used,
specifically the Metropolis-Hasting algorithm which, after
convergence, is able to draw samples from the posterior
distribution (Metropolis et al. 1953; Hastings 1970). The
Metropolis-Hasting algorithm is applied through a Python
based package (Patil et al. 2010).
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Fig. 2 Application of the event-based water-table fluctuation method.
The recession period (Rp) is delineated after a delay since the latest
precipitation event (tp). The analysis of recession periods yields the
master recession curve (MRC). Δh is the observed water-table rise for a
given precipitation event. The MRC is extrapolated both in forward
(MRCfor) and backward (MRCback) directions to obtain the effective
water-table fluctuation (Δh*) which accounts for the effects of water-
table recession (D) and overshoot (O)
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For the estimation of σΔh* , given that a linear model is fitted
to the extracted recession data to delineate the recession pa-
rameters (a and b), the standard error associated to these two
recession parameters can be derived by linear regression anal-
ysis. Then, for each groundwater recharge event, the associat-
ed standard errors for the recession parameters are used to
delineate an upper limit for the estimation of Δh* at 1σ, after
which, σΔh* can be estimated as the difference between the
upper limit and the mean.

Illustration of the method

Study area

An unconfined aquifer located in the region of Bordeaux
(France) is used to illustrate the proposed approach. The
geological units consist of, from top to bottom, a 1-m
unsaturated zone primarily composed of coarse sand with
heterogeneous gravels and a 5-m aquifer layer composed
of fine sand deposits overlying a thick clay layer. The
natural dynamics of the phreatic aquifer are primarily
controlled by precipitation and evapotranspiration. There
are no surface-water bodies or pumping wells in the vi-
cinity of the investigated area. The groundwater level is
monitored with one observation well. A pumping well
was completed for the purpose of this study at a distance
of 6.8 m from the observation well. The two wells have
similar characteristics with a totally penetrating casing
screened from 1 m below ground surface to the bottom
of the aquifer. The mean saturated aquifer thickness is
taken to be a known parameter, equal to 5 m. A weather
station, located close to the wells, recorded precipitation
and classic climatic variables. For this study, the obser-
vation period was October 2015 to January 2017
(445 days). Observations were recorded with a 6-min
time step. Over this period, a total of 970-mm precipita-
tion was recorded.

An aquifer test was conducted at a constant discharge
rate of 6 m3/h over 22 h (Fig. 3). Drawdown values were
recorded with a fixed 3-s time step and thereafter
resampled with a logarithmic progression. Observed draw-
down levels are presented with their associated logarithmic
derivatives in Fig. 3. Drawdown derivatives rise continu-
ously during the aquifer test period. Such a behavior can
be explained by the influence of the overlying unsaturated
zone during the aquifer test, resulting in a conceptual error
of aquifer test interpretation when using methods such as
Theis and Neuman. Nevertheless, these two widely used
methods are not discarded from the interpretation in order
to illustrate the necessary compensation of the gradual
drainage when the specific yield is estimated.

Estimation of specific yield

Observed drawdown values are used for the estimation of six
unknown parameters (S, Sy, Kz, Kh, α1 and α2) for Moench’s
model, four unknown parameters (S, Sy, Kz, and Kh) for
Neuman’s model, and two unknown parameters (Sy and T)
for Theis’ model. A prior uniform distribution is assumed
for all the parameters involved in the aforementioned theoret-
ical models. Despite the subjective judgment required to de-
fine a prior distribution, the boundaries were chosen large
enough to minimize the effect of a priori assumptions. From
these prior distributions, the Markov chain Monte Carlo
(MCMC) method is used to get 40,000 samples in the poste-
rior distribution. The samples are retained when the values
converge to their joint stationary posterior distribution. The
first 2,000 values are used to initialize the posterior distribu-
tion, while the remaining 38,000 are kept. The MCMC often
results in strong autocorrelation among samples that can result
in imprecise posterior inference (van der Spek and Bakker
2017). To circumvent this artifact, the posterior distribution
is thinned in order to retain only one sample for every 100
samples for each parameter. The resulting posterior distribu-
tion for the estimation of specific yield is shown for the three
analytical models in Fig. 4.

Themaximum likelihood values of specific yield are 8.5, 9.5
and 14.2% for Theis’, Neuman’s and Moench’s solutions, re-
spectively. It appears that the estimated specific yield with the
Theis and Neuman models clearly differ from the value obtain-
ed with the Moench model. As already shown by Nwankwor
et al. (1992), neglecting the delayed drainage process leads to
the underestimation of the specific yield. Indeed, Theis’ and
Neuman’s models present a conceptual error as they both dis-
regard the delayed drainage, as shown by the derivative behav-
ior of the drawdown curve (Fig. 3). Moench’s model, which
accounts for this process, is therefore more realistic; neverthe-
less, the additional parameters necessary to account for delayed
drainage lead to a greater level of uncertainty.

Recharge estimation

The records of water-table height are first resampled at a daily
time step to identify the significant features and facilitate
groundwater-recharge event delineation. According to an auto-
correlation analysis applied for the whole period, it is found that
the water table does not respond to precipitation events below a
threshold of 0.5 mm. Moreover, a partial cross-correlation be-
tween the rainfall records and the resulting water-table fluctua-
tion data reveals that the precipitation lag time, which accounts
for the transit through the unsaturated zone, can be fixed at
1 day. The recession curve was determined from identified
recessional periods on the basis of a storm recovery time (tp =
6 days) adjusted by trial and error to minimize the variability of
the water-table rate of change while keeping a significant
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number of data points to adjust the recession curve. Following
examination of the recession data (Fig. 5), the decision to use a
linear function to relate the rate of change of the water-table
height to the water-table height seems coherent. The recession
line parameters are a = 0.0238 m−1 and b = −0.0109 m/day,
determined with a regression coefficient R2 = 0.62. Given the
manufacturer’s data of the pressure probe accuracy, the fluctu-
ation tolerance (δT) is fixed to 0.01 m. A total of 12 individual
recharge events were identified over the study period (Fig. 6).
The effective water-table rise is estimated for each of them and
summed in order to get a total effective water-table rise for the
overall period as 2.358 m with a standard deviation of 1.5 mm
(1σ). The uncertainty on the determination of the total effective
water-table rise is related to regression of the MRC parameters.

Finally, the mean groundwater recharge is estimated with
Eq. (1) for the whole period to be 335 mm with an associated
uncertainty of 86.6 mm at 2σ. The corresponding uncertainty
is related to the propagation of the specific yield and effective
water-table rise uncertainties (Fig. 7). In terms of the recharge-
to-precipitation ratio (RPR), the mean groundwater recharge
corresponds to 25–43% of the recorded rainfall at 2σ.

Discussion

An approach has been detailed to evaluate groundwater re-
charge and uncertainty from the joint application of an aquifer
test with theWTFmethod. In the context of the case study, the
storage parameter (Sy) ranges between 0.10 and 0.17 at 2σ.
The effective water-table rise (Δh*) is estimated to 2.35 m
with a negligible uncertainty (3 mm at 2σ). These values have
been used to obtain the estimate of groundwater recharge, i.e.
335 mmwith an associated uncertainty of 86.6 mm at 2σ. The
uncertainty on the storage parameter is responsible for a major
portion of the uncertainty on groundwater recharge. Specific
care should therefore be taken for the interpretation of the
aquifer test so as to obtain a reliable estimate for the storage
parameter. As a solution to reduce the uncertainty on recharge,
Moench’s analytical model parameterization should be linked
to the degree of complexity of the observed time-drawdown
curve. A parsimonious model must be encouraged when com-
patible with the observed data.

Though it comes at a cost, the use of an aquifer test to
obtain an estimate of the storage parameter appears as more
relevant than a value taken from the literature, as is often the
case. Compared to core sample analysis, a value provided by
an aquifer test has greater spatial representativeness; however,
aquifer test interpretations are most often based on the
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assumption of a homogeneous medium. As noted by Meier
et al. (1998), an effective estimation of the specific yield is
challenging when the aquifer is heterogeneous. In heteroge-
neous media, the estimated specific yield can span over a
broad range of values according to the location of the ob-
served well with respect to both the horizontal and vertical
directions. In such contexts, the estimated effective specific
yield values are dominated by heterogeneities between the
pumping and the observation well (Wu et al. 2005; Mao
et al. 2011). When possible, it can be recommended to use
data frommultiple observation wells around the pumping well
to address this issue. When the geological medium presents
marked vertical contrast over the domain of water-table fluc-
tuations, a depth-dependent value of specific yield may be
used for the application of the WTF method (Crosbie et al.
2005). It should also be verified that groundwater levels dur-
ing the aquifer test remain sufficiently close to that of natural
groundwater levels subject to seasonal fluctuations. To this

effect, it appears more relevant to conduct the aquifer test
during a relatively wet period.

The application of an aquifer test to an unconfined aquifer
also involves unsaturated flow dynamics. The use of draw-
down derivatives is advised in order to identify whether or
not the vertical flux component from the unsaturated zone
can be neglected (Renard et al. 2009). When the assumption
of instantaneous drainage cannot be honored, as is the case for
the study site, drawdown derivatives do not stabilize and an-
alytical solutions such as Moench (2004), Tartakovsky and
Neuman (2007), Mathias and Butler (2006) and Mishra and
Neuman (2010) should be employed to account for delayed
drainage. As illustrated in the case study, the inappropriate
application of the classic Theis or Neuman analytical solutions
may lead to an important underestimate of the specific yield,
and in turn, of groundwater recharge.

While the aquifer test provides an estimate of the drainable
porosity, what is of actual interest for the WTF method is the
fillable porosity (Crosbie 2005; Park 2012; Sophocleous
1991). Both of these parameters theoretically converge to
the same value, the specific yield (Sy), with increasing time
after a perturbation (i.e. equilibrium state)(Nachabe 2002;
Acharya et al. 2012). Close to this equilibrium state, the spe-
cific yield constitutes a relevant storage parameter to be in-
cluded within the event-based WTF method. However, as
detailed by deMarsily (1986), the water content profile almost
never reaches the equilibrium and air entrapment is one of the
causes of the hysteresis effect (e.g. spatial connectivity of
pores, variations in the liquid-solid contact angle). It should
therefore be noted that the presented approach is only appli-
cable to relatively shallow water tables and permeable forma-
tions (i.e. for the unsaturated zone to reach relatively quickly
the equilibrium state). Such considerations advocate for the
use of event-based implementations of the WTF method,
which are based on greater time intervals than discrete-time
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approaches such as the episodic master recession (EMR)
method proposed by Nimmo et al. (2015). This latter method,
which has been used in this study, presents the advantage to
correct for water-table overshoots with backward extrapola-
tion. However, even with the presented approach, hysteretic
and nonequilibrium processes in the unsaturated zone may
alter the estimate of groundwater recharge.

The event-basedWTFmethod implemented in this study is
based onMRC analysis. One important aspect inherent to this
approach is the choice of the functional relationship between
the water-table decline rate and the water-table height
(Heppner and Nimmo 2005). In the present study, a linear
model was fit to the experimental data, which theoretically
leads to an exponential recession (Rorabaugh 1960). In differ-
ent contexts, other types of functional relationships can be-
come more relevant such as constant-rate, bin-average, or
power-law functions (Cuthbert 2014; Heppner and Nimmo
2005). It should be noted that for the present case, the uncer-
tainty originating from the regression of the experimental
MRC curve was small with respect to the uncertainty origi-
nating from the specific yield. Recharge processes are likely to
evolve throughout the year with the seasons so that the param-
eters of the WTF method (lag time, fluctuation tolerance and
MRC characteristics) may take different values depending on
the season (Jeong and Park 2017).

The instrumentation necessary for the application of the
presented approach consists of two wells: a pumping well
for the aquifer test and an observation well equipped with a
pressure probe for groundwater-level monitoring. A weather
station is preferred, but not required. The experimental station
is relatively cost effective and the use of analytical solutions is
relatively simple, making the approach practical from an op-
erational perspective and potentially replicable over a basin of
interest. When dealing with groundwater management of
large aquifer systems, it would be of interest to replicate this
approach over the major units of land cover and geological
formations so as to investigate the spatial variability of
recharge.

Conclusion

A practical approach consisting of joint implementation of an
aquifer test with the WTF method has been detailed to obtain
estimates of specific yield and groundwater recharge. The ex-
perimental station involves one pumping well and one obser-
vation well equipped with a pressure probe for long-term wa-
ter-table monitoring. The specific yield is estimated with the
Moench model, which accounts for unsaturated zone drainage.
This value is subsequently used for the application of an event-
based WTF method, assuming unsaturated zone conditions to
return close to the equilibrium state between recharge events.
The preferred contexts for the application of the joint method
are therefore shallow aquifers in relatively permeable forma-
tions. The uncertainty regarding groundwater recharge mainly
originates from the uncertainty related to the specific yield. The
presented approach, replicated over a basin of interest, can
constitute prior information and improve the predictive capa-
bilities of models used for groundwater management.
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