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Abstract. Increasingly, ground-based and airborne geophys-cases investigated in this paper, the SHI seems favorable, tak-
ical data sets are used to inform groundwater models. Reing into account parameter error, data fit and the complexity
cent research focuses on establishing coupling relationshipsf implementing a JHI in combination with its larger compu-
between geophysical and groundwater parameters. To fullyational burden.

exploit such information, this paper presents and compares
different hydrogeophysical inversion approaches to inform a

field-scale groundwater model with time domain electromag-1  |ntroduction

netic (TDEM) and electrical resistivity tomography (ERT)

data. In a sequential hydrogeophysical inversion (SHI) aOver the last decade, interest in geophysical methods for
groundwater model is calibrated with geophysical data byhydrogeological site characterization has been increasing
coupling groundwater model parameters with the inverted(Vereecken et al., 2004; Hubbard and Rubin, 2000). This is
geophysical models. We subsequently compare the SHI witlijue to the ability of geophysical methods to provide mod-
a joint hydrogeophysical inversion (JHI). In the JHI, a geo- els of subsurface properties with a high spatial resolution,
physical model is simultaneously inverted with a groundwa-which are difficult to obtain from sparse borehole informa-
ter model by coupling the groundwater and geophysical pation. Worldwide, significant resources are spent on the col-
rameters to explicitly account for an established petrophysifection of regional geophysical data sets. Examples include
cal relationship and its accuracy. Simulations for a syntheticairborne electromagnetic (AEM) surveys in Denmark, cov-
groundwater model and TDEM data showed improved esti-ering nearly 60 % of the country for mapping the spatial ex-
mates for groundwater model parameters that were couplegent and assessing the vulnerability of aquifers (Thomsen et
to relatively well-resolved geophysical parameters when emal., 2004), and AEM surveys to map saltwater intrusion in
ploying a high-quality petrophysical relationship. Comparedthe USA, Australia, Germany and the Netherlands (Langevin
to a SHI these improvements were insignificant and geophyset al., 2003; Fitzpatrick et al., 2009; Faneca Sanchez et al.,
ical parameter estimates became slightly worse. When em2012; Burschil et al., 2012). In addition, smaller-scale sur-
ploying a low-quality petrophysical relationship, groundwa- veys have been conducted using a variety of geophysical
ter model parameters improved less for both the SHI and JHltechniques such as ERT (electrical resistivity tomography,
where the SHI performed relatively better. When comparingkemna et al., 2002), induced polarization (Slater, 2007) and
a SHI and JHI for a real-world groundwater model and ERT magnetic resonance sounding (Legchenko and Valla, 2002).
data, differences in parameter estimates were small. For both
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Fig. 1. SHI (left), CHI (middle) and JHI approach (righy.andy respectively indicate the geophysical and groundwater model parameters,
where the arrows represent parameter updating until a minimum data and/or constraint misfit is aehigeeghysical model parameters;

y: groundwater model parameters.

A major challenge is to fully exploit the information con-
tent of geophysical data sets, as geophysical techniques do
not measure hydrological subsurface properties directly. A
geophysical inversion and petrophysical relationships are
needed to estimate hydrogeological parameters and state
variables from the geophysical data sets. For this reason,
the inclusion of geophysical data into a groundwater model
is not straightforward. Previous studies have used different
approaches to inform groundwater models with geophysical
data.

1.1 Hydrogeophysical inversion approaches

Hydrogeophysical inversion approaches can be subdivided

process is coupled with the hydrological model and a
single objective function is minimized that comprises
both a geophysical and a hydrological component.

3. In a JHI, a simultaneous inversion for multiple geo-

physical and/or hydrological models is undertaken to
exploit differences in parameter resolution for differ-
ent data sets. In the JHI discussed in this paper, input
parameters of a hydrological and geophysical model
are simultaneously estimated using parameter cou-
pling constraints to account for observed correlations
between geophysical and groundwater model parame-
ters (e.g., petrophysical relationships).

into sequential hydrogeophysical inversion (SHI), coupled Examples of SHI applications include the use of geoelec-
hydrogeophysical inversion (CHI) and joint hydrogeophys- trical methods, electromagnetic methods and ground pene-
ical inversion (JHI) (Hinnell et al., 2010). The workflow as- trating radar (GPR) to monitor changes in soil water con-

sociated with these 3 methods is shown in Fig. 1.

1. In a SHI, geophysical data is separately inverted to es-
timate the distribution of a geophysical property (e.g.,
maps of electrical resistivity). Estimated geophysical
property maps are subsequently used to derive the
structure of the subsurface or to estimate dynamic
state variables such as solute concentrations and wa-
ter content. For the latter, petrophysical relationshipsW
(Archie, 1942; Topp et al., 1980) are needed to convert
a geophysical property to a hydrological state variable.
Note Fig. 1 only shows an SHI in which inverted geo-
physical parameters are coupled with the static input
structure of a hydrological model; SHI by coupling
dynamic state variables would typically require cou-
pling inverted geophysical parameters with hydrologic
model output.

tent or solute concentrations with time (Binley et al., 2001,
Cassiani et al., 2006; Day-Lewis et al., 2003; Huisman et
al., 2003; Kemna et al., 2002; Knight, 2001; Looms et al.,
2008). Of particular interest is the SHI framework presented
by Dam and Christensen (2003) in which inverted electri-
cal resistivities are used to estimate hydraulic conductivity
fields of a groundwater model. As will be explained later,
our JHI approach shows many similarities with this frame-
ork. Examples of CHI applications include the estimation
of vadose zone parameters with electrical resistivity and GPR
measurements (Hinnell et al., 2010; Kowalsky et al., 2005;
Lambot et al., 2006, 2009), the estimation of hydraulic con-
ductivity fields with electrical resistivity data (Pollock and
Cirpka, 2012) and the estimation of soil properties with
relative gravimetry and magnetic resonance sounding data
(Christiansen et al., 2011; Herckenrath et al., 2012a). These
studies cover a relatively small spatial scale compared to

2. In a CHI, simulated state variables of a hydrologi- field-scale groundwater models. Applications of a CHI on a
cal model are transformed to a geophysical parametemore regional scale can be found in (Bauer-Gottwein et al.,
distribution using a petrophysical relationship. Subse-2010; Herckenrath et al., 2012b). JHI methods have been de-
guently, geophysical forward responses are simulatedseloped to use multiple geophysical methods for estimating
that can be compared with collected geophysical ob-soil properties (Vozoff and Jupp, 1975; Linde et al., 2006a;
servations. In this approach, the geophysical inversionBehroozmand et al., 2012) or to jointly estimate hydrological
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structures and parameter distributions with geophysical andjeophysical parameters with hydrological model parame-
hydrological data (Hyndman and Gorelick, 1996; Chen et al.,ters or hydrological model simulations. Such coupling re-
2006; Linde et al., 2006b; Herckenrath et al., 2012a). lationships can be sub-divided in different groups. In this
In comparison with a SHI, the main strength of a CHI is to paper, we consider petrophysical and geometric relation-
use a hydrological model to provide an inversion frameworkships. Well-known petrophysical relationships are Archie’s
for the geophysical data and constrain the geophysical inverlaw (Archie, 1942) and the Topp equation (Topp et al., 1980),
sion process. This brings two main advantages, as (1) medhat respectively link electrical resistivity and relative electri-
surement errors and parameter uncertainties associated wittal permittivity with hydrological properties such as poros-
the independent geophysical inversion are not propagated dity and water content. In the context of field-scale ground-
rectly to the hydrological model and (2) no extensive regu-water modeling, relationships between hydraulic conductiv-
larization (e.g., smoothness constraints) is needed to stabilizity and geophysical properties would be of particular inter-
the geophysical inversion process (Menke, 1984). These regest. Research shows that such relationships exist, includ-
ularization constraints do not necessarily reflect the hydro-ing a log-linear correlation between hydraulic conductivity
logical conditions (Day-Lewis et al., 2005; Chen et al., 2006; and electrical resistivity (Purvance and Andricevic, 2000;
Slater, 2007) and in a CHI these are substituted by spatiaNiwas and de Lima, 2003), the dependence of chargeabil-
correlation structures provided by a hydrological model. Inity on clay-content (Slater, 2007) and the estimation of hy-
simple words, the hydrological model provides an interpre-draulic conductivity from magnetic resonance sounding data
tation framework for the geophysical data. (Vouillamoz et al., 2008). Typically, petrophysical relation-
The advantage of joint inversion/JHI with respect to SHI ships are site-specific and are established based on field ob-
is the exploitation of parameter resolution differences for dif- servations. Site-specific relationships might be extrapolated
ferent data types (Linde et al., 2006a). Concerns pertaining tdor hydrogeological units within the same sedimentary basin,
joint inversion for multiple geophysical methods are mainly as previous studies showed the importance of taking into ac-
related to observation weighting strategies and the transfecount geological properties for obtaining a petrophysical re-
of correlated measurement error. When different model typegationship (Prasad, 2003; Slater, 2007).
and setups are used, as in a JHI, transfer of conceptual model Geometric relationships comprise the use of structures de-
errors is an additional problem. rived from geophysical models to identify spatial geological
In this study we confront the SHI and JHI approaches,information used in hydro(geo)logical models. An example
without focusing on the JHI and CHI comparison, as theseis given in Burschil et al. (2012), in which AEM, seismic re-
latter methods cannot easily act as substitute for one anotheflection and borehole data is used to define the hydrostratig-
This is due to the different nature of coupling between theraphy of a groundwater model for a complex glacially af-
hydrologic and geophysical model. In a CHI, hydrological fected island. Hydrostratigraphy can be estimated as part of
simulations are coupled with geophysical models while JHIhydrogeological model calibration (Passadore et al., 2012),
couples input parameters. in which geometric constraints can be used to tie the hy-
However, JHI and CHI share similar concerns regardingdrostratigraphy of a groundwater model with a geophysical
the propagation of hydrological conceptual model errors, themodel. This can be relevant for the definition of confining
definition of petrophysical relationships and the assignmenunits and saltwater intrusion models, where aquifer thick-
of weights for various data types. The propagation of hydro-ness and bathymetry are important properties (Carrera et al.,
logical conceptual errors to the geophysical model differs for2010).
SHI, CHI and JHI. In a SHI no conceptual hydrological er-
rors propagates into the geophysical model, but this will be1.3  Aim of this study
the case in CHI and JHI. The difference between the latter

two methods is that CHI generally employs a single concepyydrogeophysical inversions are generally used for small-
tualization for both the geophysical and hydrological model s¢gle studies. Given the developments in geophysical data
while JHI allows different conceptualizations for the geo- co|iection for regional groundwater exploration and avail-
physi(_:al and hydrological mod(_el. Further diS(_:ussion of thi_sab|e work on petrophysical relationships, we aim to extend
topic is beyond the scope of this paper, as this problem willihe yse of hydrogeophysical inversions for field-scale and
be highly dependent on considered models, available dat?egional groundwater models. For this purpose, we imple-
sets, the purpose of the hydrogeophysical inversion procesgent and compare JHI and SHI for a field-scale groundwater
and the employed petrophysical relationships. model with TDEM and ERT data. The study faces a number

. . ) . of specific challenges:
1.2 Petrophysical and geometric relationships

Any hydrogeophysical modeling approach (SHI, CHI or 1. The conceptual framework of groundwater models is

JHI) depends on coupling geophysical and hydrological prone to large uncertainties (Refsgaard et al., 2006),
models by implementing coupling relationships between due to their scale, limited data availability and the use

www.hydrol-earth-syst-sci.net/17/4043/2013/ Hydrol. Earth Syst. Sci., 17, 4048)6Q 2013
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of many simplifying assumptions associated with the for the various types of geophysical methods and therefore
geological model and boundary conditions. difficult to quantify. We do not consider correlated measure-

2. The sub-surface volumes represented by groundwaterrnem error in this paper. An example of how correlated mea-

and geophysical models can be very different, which surement error propagates in a CHI is provided in Hinnell et

o ; . L al. (2010) and Herckenrath et al. (2012a).
limits using a single conceptualization for both mod- ; : .
als. To meet the previous mentioned challenges, we implement

a SHI and JHI in which geophysical model parameters are
3. Some subsurface processes and/or compartments ated to groundwater model parameters by adding parameter
included in the geophysical or hydrogeological model coupling constraints. These parameter coupling constraints
only and are not represented in the other model. can be imposed to subsets of parameters to ensure enough
4. The aceuracy of the relationship between geophysicaﬂeXi.bi“ty to fit the different types of observation data, Whilg
' and groundwater model parameters is difficult to de_lthe imposed stre_ngth of the pa_rameFer coupling constraints
termine reflects the quality of the relationship between model pa-
' rameters that can be derived from field data or geophysi-
5. Computational burden and large number of estimatedcal parameter resolution. Finally, these parameter coupling
parameters. constraints are compatible with standard inversion methods
used for groundwater and geophysical models. The presented
SHI-approach is similar to Dam and Christensen (2003),
Based on the first three issues, geophysical and hydrogeawhereas the JHI is similar to an inversion methodology used
logical models usually require different conceptualizationsby Doherty and Johnston (2003), which differs from standard
to achieve an acceptable data fit. This flexibility cannot bejoint inversion approaches, as input parameters are not shared
incorporated when the geophysical model is completely conby multiple models but coupled through additional regular-
structed from hydrological model in- or output as in many ization constraints.
CHI studies. Section 2 provides a theoretical background for the applied
The strength of coupling between the geophysical andSHI and JHI. Section 3 shows the application of both the SHI
groundwater models is difficult to determine and can beand JHI for a synthetic groundwater model with time domain
based on the assumed accuracy of the (petro)physical relalectromagnetic (TDEM) data. The implementation of a JHI
tionships between geophysical and groundwater propertiesand SHI for a real-world groundwater model and geoelec-
This accuracy can be estimated from correlating geophysitric data (ERT) is described in Sect. 4. Results are given in
cal models with available groundwater data (e.g., pumpingterms of parameter estimates, parameter error, model misfit
tests, borehole data, and lab tests). In a SHI the strength aind computational burden. The paper concludes with a sum-
coupling constraints can be either based on geophysical panary of the benefits, disadvantages and limitations associ-
rameter resolution or the accuracy of the petrophysical relaated with the presented coupling procedures.
tionship.
The fifth challenge is related to the large computational
burden associated with groundwater models and inversiof. Methodology
of geophysical models. Due to the computational burden
parameter estimation is typically performed using local, HI
gradient-search algorithms (Doherty, 2010) instead of globaf] '
search algorithms like Markov—Chain Monte Carlo baseds 1  sequential hydrogeophysical inversion (SHI)
methods (Vrugt et al., 2009). Gradient-search algorithms,
such as the Levenberg—Marquardt method, do not alwayShe SHI starts with a geophysical inversion. Consider a data
find the true global minimum of the objective function sur- set of geophysical observations assembled in velgor
face due to multiple local minima in parameter space, discon-
tinuous first derivatives, curved multidimensional ridges anddg = (,01, 02, -, pNg)T +eg. Q)
parameter surrogacy (Vrugt et al., 2008). Initial parameter _ )
values are therefore extremely important when using local, 1h€ Symbolo denotes the geophysical observations, e.g.,
gradient-search techniques. apparent resistivities. Sub;cnp’fg is the number of avail-
The final challenge refers to correlated geophysical mea@l€ geophysical observations angldenotes the geophys-
surement errors that can be caused by existing infrastructuri¢@ measurement error. The geophysical model parameters
(e.g., power lines, buried pipes), neglecting 3-D effects in thethat are estimated are assembled in vegtor
geophysical model (Bauer-Gottwein et al., 2010) and the ap;, _
plication of inaccurate/limited instrument filters when pro-
cessing geophysical data (Efferso et al., 1999). Character- In this paperz contains a number of layer thicknesses
istics of correlated noise are location-specific and different(¢) and layer resistivitiesr for a 1-D electrical resistivity

6. Correlated geophysical measurement error.

This section provides a mathematical summary of a SHI and

(r1s oo My 11 Ety) (2

Hydrol. Earth Syst. Sci., 17, 4043406Q 2013 www.hydrol-earth-syst-sci.net/17/4043/2013/
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model. M, and M; represent the number of parameters for where st represents the final geophysical parameter esti-

each parameter type and their sub (- My) is represented mate and =1,2,..., My.

by Mg. Next, we consider a set of groundwater observations that
The SHI starts with a geophysical inversion in which geo- are listed in vectody,

physical parameters in are estimated by fitting the geo- T

physical observations idg. For this purpose we follow a dh= (h1.h2,..hn,)" +en, (8)

well-established iterative least-squares inversion approach . .~
(Tarantola and Valette, 1982; Menke, 1984). subscriptN;, indicates the number of groundwater observa

According to Auken and Christiansen (2004), the inver- tions represented by, Wh'ICh can include head data and ob
. . served water fluxes;, defines the measurement errors on the
sion problem can be written as
groundwater data.

Gy ddg eq The groundwater model parameters are listed in vector
| 87T pri epyi
prior prior _ T
Ph | -ém = | 8mh-prior | + | eh-prior |- 3) Y=L y2. v ©)
Rp drp €p whereMp represents the number of groundwater parameters;
Rh drn €h in this paper these parameters represent hydraulic conductiv-

In the geophysica| inversion, a geophysica' forward modelities and thicknesses of geological |ayerS. An iterative least
is used to calculate apparent resistivities for the electricasquares approach is used to estimate the parameters listed in
resistivity model defined imr. Gg is the Jacobian compris- ¥ For the groundwater data we write
ing the partial derivatives ofly with respect to the geo-
pr?ysicalpparameters i Furthgermore, fopur types of :Jegu- ddn = Gndy +en, (10)
larization constraints are used in the inversion: prior param-+here Gy, is the Jacobian containing all partial derivatives
eter constraints, prior depth constraints, vertical constraintgssociated with the groundwater forward mapping.
and lateral constraints. These result in four additional oper- The second step of the SHI is to calibrate the groundwater
atorsl, Pn, Rp andRp and contribute to the total geophys- model using the traditional data in vectly and a number of
ical observation errOEé. The |mp|ementat|0n and deriva- estimated geophysica| model parametess together with
tion of these constraints is explained in detail in Auken andtheir posterior standard deviations. When a petrophysical re-
Christiansen (200457 prior, 87 h-prior, $rp @nddrn €Xpress  |ationship is usedyestis first transformed to another property
the deviation with respect to the expected value for the prior(e g., hydraulic conductivity). This yields an additional set of

parameter constraints, prior depth constraints, vertical conhydrogeological observations comprised by vestor
straints and lateral constrain®yior, eh-prior, €p, @andey, are

the errors associated with these constraints. More compagt, = ( Destl Pest2 - pesWS)T, (11)

Eq. Q)i

a-@)s whereNs is the number of transformed geophysical parame-
Gy-ém =ddy+eq 4) ters, p, that are used as additional observations to constrain
the groundwater model parameters. These observations are
connected to the groundwater model parameters as given in
Eq. 12):

In the geophysical inversion the following objective func-
tion is minimized by updating,

Ng
Pg = (Z 8d§ : Cgl : Sdg) =+ @prior + @h—prior + ¥Rp + ¥Rh (5) sh = Psdy +es, (12)

i=1
wherePs is a matrix with the dimensions g¢f and Ns, con-

where gprior, ¢h-prior $rRp: @Nd grn represent the objective  taining ones for the groundwater model parameters that are
function component for the additional parameter constraintsconstrained by the estimated geophysical parametesg in
as defined in Auken and Christiansen (2004). and zeros for the groundwater model parameters that are not
The posterior standard deviation of the estimated geophysconstrainedes represents the posterior standard deviations
ical parameters is calculated based on a post-calibrated passociated with the geophysical parameters. This approach is
rameter covariance matrix, defined as analogous to the use of the prior parameter constraints in the
1 geophysical inversion. The hydrogeological inverse problem
Cgest= [Gg ijlGQ] : (6)  can therefore be described as

whereCy, defines the parameter covariance matrix. PosterioiGh} Sy = [Mh} + [eh} (13)
parameter standard deviations are subsequently calculated s dsh es
the square root of the diagonal element£géstusing or more compact as

STD(es) =/ Cges((s, 5), (7) GE Sy = 8(1;1 + e% (14)

www.hydrol-earth-syst-sci.net/17/4043/2013/ Hydrol. Earth Syst. Sci., 17, 4048)6Q 2013
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with parameter update equal to respectivelyr; and 72 (e.g., geophysical model
) layer thicknesses), EqlL®) takes the following form:
Sves=|GH C; Gy G €y tad, (15) S
2

whereCy’ is the joint observation error comprising the error
covariance matrixCp, for the hydrogeological observations :
andC;s for the geophysical observations. Equati@)(min- [1 0.--0-10 - .- 0} T Mg

- S . . =0 . 19
imizes the objective functiopsy defined as 010---0-10---0 Y1 e (19)
V2
Nn .
PSHI =¢h + s = (Zédﬁ . Cgl . 5dff)
i=1 L YMp |
Ns
4 Z3S§ .c-L. (Ssﬁ ) (16) Note that for petrophysical relationships betweeandy,
= s dr¢ in Eq. (18) often has a nonzero value. An example will

be provided in the case study section. Coupling constraints
Parameter uncertainty is calculated using a posterior pabetweenr andy need to be linear for the current implemen-
rameter covariance matrix as described by E. ote the  tation of the JHI.

SHl is equivalent to the method described in Dam and Chris-  Combining Eqgs.4) and (L0) with the coupling constraints

tensen (2003), except for the definitioneaf in Eg. (18), we obtain the formulation for the JHI:
2.2 Joint hydrogeophysical inversion (JHI) Gé 8d6 eé

) _ Gh|-dm=|6dn |+ | en |, (20)
In a SHI the strength of coupling between the geophysical| p, Sre ec

and groundwater model is based @n which in our imple-
mentation depends on geophysical parameter resolution onlyhich can be written more compactly as
Another coupling strategy would be to define the strength of
coupling based on the accuracy of established petrophysicdp - $m = 3d +¢'. (21)
relationships. o o,

In contrast to the SHI, JHI performs one single inversion Many of the entries in Jacobia6’ are equal to 0 as
for both the geophysical and the hydrogeological model. ForS°Me of the hydrogeological parameter estimates are not af-

this purpose, the parameters of both models are assembled {RCt€d by the geophysical observation and constraints and
vectorm vice versa. The joint observation errgris denoted by co-

variance matrixC’:
mZ(JT]_,T[Z,,,jTMg, V17V2,-, th)T' (17) Cé O O

c=|o0cyo | (22)

We introduce a number of coupling constraints between 00C
C

the geophysical and hydrogeological parameters that are con-
nected to the true model as The model estimate becomes

_ -1
PC8m - (Src + €c, (18) (Smest: [G/Tc/—lG/] G/TC/_lﬁd/, (23)
wheree denotes the error associated with the coupling con- hich minimizes the obiective functi

straint. Because the coupling constraints link different estj-V1ch MINIMIzes the objective function

mated parameterg; is unknown and has to be defined by _ 24
the user. Its definition depends upon the assumed error of tthH' =g+ ot de. (24)

coupling constraintec plays a key role in the JHI framework whereg is the hydrogeological data misfitgthe geophysi-
and its value can be estimated from available field data thagg| data misfit ana. the objective function term associated
was used to establish a relationship between a groundwatgyith the coupling constraintsy acts as an additional reg-
and geophysical parameter. In Slater (2007) correlation plotg|arization term mutually constraining the geophysical and
are provided between geophysical properties and hydrauligroundwater parameters. A similar approach can be found
properties. The correlation measure of such analyses can hg Doherty and Johnston (2003), who estimate parameters of

used to estimatec. ~ multiple watershed models.
OperatorP. can have many forms. For example, if we in-

troduce two coupling constraints that set the groundwater
model parameterg; andy» (geological layer thicknesses),

Hydrol. Earth Syst. Sci., 17, 4043406Q 2013 www.hydrol-earth-syst-sci.net/17/4043/2013/
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Fig. 2. Groundwater modef), where red crosses mark head observations, black arrows represent the flux observations used for the JHI and
SHI. The TDEM mode(b) comprises a 1-D, 2-layer electrical resistivity model.

2.3 Implementation hydraulic conductivityKime. Different values are generated
for these properties as will be explained below. Constant
The SHI and JHI are applied for two cases. The first caseneads are applied as boundary conditions (right: 1 m; left:
combines a synthetic groundwater model and a synthetiQ m); in the middle of the model domain a river is assumed
TDEM data set. The second case combines a real-worldo be located with a fixed head of 0. This results in flow from
groundwater model and a field ERT data set. left to right and flow towards the river. From this realization
To generate the geophysical forward responses foiye extract a number of groundwater observations, compris-
the TDEM and ERT, EM1DINV (HGG, 2008) is used. ing 4 head and 2 flux measurements that are shown in Fig. 2a.
EMI1DINV is also used to generate a forward response forThe groundwater parametess)(that need to be estimated in-
the ERT data (Auken and Christiansen, 2004). The geophysclude the hydraulic conductivity of the limeston&fe) and
ical model that is estimated for the TDEM is a 1-D resistivity the clay Kciay) and the thickness of the claydfiay). Due
model (Fig. 2b), in which typically a number of layer thick- to the parameter cross-correlation betwé@yyy and Dgiay,
nesses and layer resistivities are estimated. For the ERT datan additional flux measurement for the limestone is included,
neighboring 1-D resistivity models (Fig. 8a) are tied togetherwhich is not available for most real-world modeling studies.
by lateral constraints (Auken and Christiansen, 2004). Typically Dejay is not estimated when calibrating a ground-
The groundwater model in the synthetic example is im-water model, due to its correlation wityjay. This parameter
plemented in Matlab (PDE-tool). For the real-world model was chosen to illustrate the use of a JHI and SHI, in which the
MODFLOW (Harbaugh et al., 2000) is used. More details hydrostratigraphy of a groundwater model is coupled with a
about the groundwater models and geophysical data are givegeophysical model.
in the next section. For the synthetic study we assume the availability of one
TDEM sounding. The parameters of the geophysical model
(7r) that are estimated comprise one layer thicknegsafd
electrical resistivities for layer 1 and 2;(and r;) using
30 synthetic apparent resistivity observations. The simplified
1-D description of the geophysical model is used because of

The first application of the JHI and SHI considers a syntheticthe negligible' effect o'f the water table variation and unsatu-
cross-sectional groundwater model and a TDEM Sound_rated zone thickness in the model, (_:ompared to the geometry
ing. As part of the geophysical inversion a TDEM forward of the model and the TDEM resolutlon_.
model is used. This forward model is based on Ward and " Summary, 6 parameters are estimated, 3 for the geo-
Hohmann (1988) and includes the modeling of low-pass fil-Physical model and 3 parameters for the groundwatgr model.
ters (Efferso et al., 1999) and the turn-on and turn-off ramps'© €St the SHI and JHI, we generate 250 observation real-
described in Fitterman and Anderson (1987). |zat|qns of hydrogeological c_iaFa_ (_heads and_fluxes) and geo-
The groundwater model in the synthetic example consistsphys'cal data (apparent resistivities) by adding uncorrelated
of two layers, similar to the geological setup of the field study Measurement error to a model-generated truth. For every re-
we discuss in Sect. 4. The upper layer, with a thicki2gs,, alization different values foK ciay, Dclay, r1 @ndry are gener-
is considered to be clayey sand with hydraulic conductivity 2t€d: €ach representing a model generated truth. The gener-
Keiay [ms~1]. The second layer represents limestone with 210N 0f10910Kciay [m s~ and Deiay [m] values employed

3 Example 1: synthetic study TDEM

3.1 Setup
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Table 1. Model properties used in the synthetic example.

Model Property Value
Constant Head (west) [m] 1
Constant Head (east) [m] 0
Constant Head (river) [m] 0
Error Head Measurements [m] 0.02
Error Flux Measurements [ %] 30

Error TDEM Measurements [%] ca. 3%; based on a real sounding

Table 2. Coupling constraints standard deviatioas,used for JHI Runs 1-7.

Constraint Equation Runl Run2 Run3 Run4 Run5 Run6 Run?
Petrophysical  Logl((clay) — L0g10¢7) +6 3 2 1 0.5 0.3 0.1 0.05
Geometric Delay—11 7 5 2 1 0.5 0.1 0.05

mean values of respectivelys5 and 25 m with a standard de-  The petrophysical coupling constraint applies to the hy-
viation of respectively 0.1 and 0.1 m. Subsequently values ofdraulic conductivity of the upper layer of the groundwater
r1 andr are generated based on the equations in the seconaiodel (K¢jay) and the electrical resistivity of the first layer in
column of Table 2, including a random component with a the TDEM model £1). This constraint applies a relationship
standard deviatiorecqr, that defines the level of correlation between the logarithmic values of hydraulic conductivity and
between the geophysical and groundwater model parameterslectrical resistivity (Niwas and de Lima, 2003; Slater, 2007).

Measurement error is then added to the simulation result§ he petrophysical relationship in Table 2 was arbitrarily cho-
of each parameter realization, employing a standard deviasen, but implies a decreasing hydraulic conductivity for a de-
tion (en) of £2 cm for the head observations a#t@0 % for  creasing electrical resistivity, as hydraulic conductivity and
the flux measurements. The measurement errors added to tkedectrical resistivity decrease for increasing clay content. A
TDEM data have a standard deviatiasg)(of ca.+ 3 % of typical hydraulic conductivity for clay is 1@ ms™! (Fetter,
the measurement value and are based on a real-world TDEM994) and 18Qm is a representative electrical resistivity
sounding. (Kirsch, 2006), which results in an expected value-6ffor

The TDEM measurement error does not only reflect thethe petrophysical coupling constraint. Note that this is an ex-
standard deviation of the data stack and includes an additremely simplified relationship between hydraulic conductiv-
tional error component to take into account 3-D effects andity and electrical resistivity.
imperfect instrument specifications (e.qg., filters, wave form In a first configuration of the synthetic study, we generate
of the applied pulses). This additional error component will realizations of “true” parameters, using a standard deviation
typically yield correlated measurement errors. For example(ecorr) Of 0.01 for the petrophysical relationship and a stan-
Efferso et al. (1999) provide the effect of different low pass dard deviation 0.05¢,r) for the geometric relationship. In a
filters on the TDEM forward response. In this research, how-second configuration, we apply largge,r values of respec-
ever, we do not investigate correlated errors and thus add urtively 0.1 and 0.1. As the parameter coupling in the SHI can
correlated measurement error to the TDEM data to be conbe very strong for well-resolved geophysical parameters, this
sistent with the Gaussian assumptions of least-squares invesecond configuration is used to test whether or not the SHI
sion theory (Tarantola, 2005). Different starting parametersresults in worse groundwater parameter estimates when cor-
are used for the calibration of the geophysical and ground+elation between groundwater and geophysical parameters is
water model with each observation realization. relatively weak.

3.2 Geometric and petrophysical relationship 3.3 SHI

To perform the JHI and SHI two types of constraints are em-The SH starts with a geophysical inversion for the TDEM
ployed between the groundwater and TDEM model, a geoata after which the estimated electrical resistivity model,
metric and a petrophysical constraint. Both relationships are; .. is used as an observation in the calibration process of
defined in Table 2. The geometric constraint applies to thgpe groundwater model. In this casgs; comprises the es-
depth of the clay layerffciay) and the thickness of the first imated values for; andr1, which we employ to constrain
layer in the TDEM modelz). the groundwater model parametedgiay and Kciay. For the
weights of these constraints (Dam and Christensen, 2003)
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Fig. 3. Parameter errors for JHI Runs 1-7 for 250 realizations and increasing weight for the coupling constraints (blue dashed lines). The cyan
lines indicate the parameter errors for the 250 SHI runs. Groundwater model parameters are shown in the upper row of figures, geophysica
parameters on the bottom row. Standard deviations of the JHI coupling constgiiats listed in Table 2.

recommences values of 102-10"1 for coupling hydraulic
conductivities and well-resolved electrical resistivities and

values of 18—1 for poorly resolved electrical resistivities. log 10(r1)
We employ values based on the posterior standard deviatio 100-1 0 0 ;1 6
of the geophysical parameters, obtained with the geophys:ic{O 10 0 -1 O} I<2) 10Kam) | = (0> +ec, (26)
inversion, to honor the resolution level of parameters inferred Kg clay
from geophysical data and constraints. D"me
For the SHI, the second line in EQ.3) becomes clay

log 10K ciay) where the expected value for the geometric constraint be-
100]] & a1 (log10(r1) — 6 4 (25) tween Dclay andzy is 0, whereas the petrophysical relation-
001 D"me “\n bs- ship between l0g1@iay) and log10f1) is 6. The JHI is un-
clay dertaken for varying values af., as defined by the values

AS Kiime is Not constrained with the geophysical inversion I Table 2. Thls range is cqmparable with the recommended
results, its associated entries (mafix Eq.13) are 0. range fores in Dam and Christensen (2003). _

The value ofe. reflects the strength of the coupling rela-
tionship. Ane; of 0.01 means the assumed error of the cou-

pling relationship has a standard deviation of 0.01, marking
For the JHI we use the same type of coupling constraints fora strong coupling relationship compared to an implementa-

the same geophysical and hydrological parameters. Howevetion employing and. of e.g., 10. For the synthetic study the
now the geophysical parameters are also part of the inversioweight associated with the coupling constraints is varied, by
and Eq. 18) is used for the coupling constraints. For this changing this standard deviation. Table 2 lists 7 different con-
application Eq. 18) becomes figurations of JHI (referred to as “Runs”) employing different
ec values to increase the weight for the coupling relationship
betweenDcjay [m] and #1 [m] and the coupling constraint
between 10g1Xcjay) [M d=1] and log10¢1) [©2m]. For the
petrophysical constrair; is varied from 3 to 0.05; for the
geometric constrairy; is varied from 7 to 0.05. These ranges

3.4 JHI
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Fig. 4. Histograms of data fit for the different components of the objective function in JHI Runs 1, 4 and 7. Results are for 250 realizations.
The last column shows data fit for the SHI.

were chosen to cover a JHI with weak coupling constraintsGeophysical parametef is well-resolved and shows errors
and a JHI assuming values of similar magnitude compared of less than 7 %&; andr, show errors of respectively 40 and
to the standard deviationgor, that were used for generating 200 %.

the correlated “true” parameters. The strength of the coupling constraints is subsequently
increased using smaller values fgr(Table 2) in JHI Runs
3.5 Results 2—7. The blue dashed lines in Fig. 3 shows how parameter es-

timates react as a result of the stronger coupling constraints.
First a JHI is conducted for the groundwater and the geophysA large and rapid reduction of error can be observedigsy
ical model. This was done using 250 observation realizationsshowing an error decrease from 100 % to about 10 %. Esti-
and different parameter starting values. 7 JHI simulations arenates forDcjay do not improve and errors remain at a value
performed using an increasing strength of coupling betweerof up to about 40 %. Geophysical parameter errors are fairly
the TDEM and groundwater model (Runs 1-7). To generateconstant for Runs 1-7, except for a slightly increasing num-
correlated “true” geophysical and groundwater model param-ber of realizations showing larger errors for paramei@nd
eters, standard deviatiomagor of 0.01 and 0.05 are respec- t1in JHI Runs 6 and 7 in which the coupling constraints have
tively used for the petrophysical and geometric constraint. the largest weight.

Run 1 represents a JHI with a very small weight (i.e., large  Figure 4 provides the data fit for the different data types
ec) for the coupling constraints representing an independenand constraints used in the JHI in terms of root-mean squared
inversion in which the groundwater model is not informed error (RMSE). For JHI Run 1, head, flux and TDEM data
with the TDEM model and vice versa. Figure 3 shows all the are fitted with an RMSE of around 1 for most realizations.
parameter estimates pertaining to the JHI Run 1-7 for 250 reln JHI Run 4 coupling constraints become stronger and the
alizations, expressing how well parameter estimates comparBMSE for the flux and TDEM data start to increase. The head
with the “true” parameter values that were generated. Paramdata do not clearly show this behavior. The RMSE for the
eter errors in Fig. 3 are given as a percentage with respect tpetrophysical coupling constraint shows a decrease for JHI
the “true” parameter value. For JHI Run 1 parameter errorsRuns 4 and 7, whereas the RMSE of the geometric coupling
are up to 100 % foK ¢jay and Kjime and up to 40 % foiDcjay. constraint increases. The latter demonstrates the dominance
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Fig. 5. Error parameter estimates for the second configuration of JHI and SHI runs using 250 parameter realizations agsl|éogéne

generated “true” parameters. Blue dashed lines indicate parameter errors for JHI Runs 1-7, where the cyan lines indicate the parameter errot
for the SHI.

of the petrophysical coupling constraint due to the employedRuns 6 and 7, show worse estimates compared to JHI Runs 6

weighting strategy and the high parameter sensitivityjof and 7 in Fig. 3.

that is subjected to this constraint. The average computational burden associated with the in-
Secondly, a SHI is applied to evaluate the performance ofversion for a single realization was 94 (6133) model calls

the JHI. The cyan lines in Fig. 3 show the parameter errors forfor the SHI compared to 306 (153153) model calls for

the SHI. These results show a large reduction in parametethe JHI. As the estimation of geophysical and groundwater

error for K¢jay and Dejay compared to JHI Run 1. For param- model parameters is conducted simultaneously, the number

eterKjay this reduction of error is similar to JHI Runs 6 and of iterations in which geophysical and groundwater model

7. For D¢jay the SHI performs better compared to JHI Runs 6 parameters are updated are the same, which is not the case in

and 7, indicated by the number of JHI realizations with an er-a SHI. This will result in a larger computational burden for

ror larger than 15 %. Compared to these runs the geophysicahe JHI.

parameter errors are generally smaller for the SHI. The last

column in Fig. 4 lists the data fit for the SHI. As the inverted

TDEM models of JHI Run 1 are used in the SHI, the his- 4 Example 2: case study Risby landfill

togram for the TDEM data is identical to that of the TDEM

data in JHI Run 1. Head and flux data are fitted less wellAs second example we consider a steady-state, real-world

compared to JHI Run 1. The fit for both coupling constraints groundwater model for Risby landfill located in Denmark,

indicate a relatively strong petrophysical constraint. to which we refer as the Risby model. This model was de-
Finally, a second configuration of JHI and SHI is tested veloped by Christensen and Balicki (2010) to characterize

in which a larger standard deviatiog.§r) was used to gen- the hydrogeological interaction between a landfill, a local

erate less correlated parameter realizationskfgsy, Dciay,  Stream and a regional aquifer that is used for water supply.

r1 andty; 0.1 for the petrophysical constraint and 0.5 for the Christensen and Balicki (2010) provide a thorough descrip-

geometric constraint. Figure 5 shows a reduction in paramtion and discussion of the assumptions underlying the setup

eter error forKcay compared to JHI Run 1 from about 100 of this model and its results.

to 60%. The SHI resulted in a similar reduction. The im-  We investigate the application of a SHI and JHI to inform

provement inKcjay, however, is much smaller compared to the groundwater model with ERT data that was collected near

the results in Fig. 3. Geophysical parametgrandr in JHI  Risby landfill (Fig. 6). We first list the basic properties of the
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Fig. 6. An aerial overview of Risby landfill, the ERT profile, param- J 90=Qcrus
eter PR and available borehole and hydrogeological observation n=0
data at Risby landfill.
limestone h=Hgeus
Risby area and the Risby groundwater model, after which
we conduct a simple linear sensitivity analysis for the differ- i

ent hydrogeological parameters in the groundwater model f — 500
followed by the application of a SHI and JHI to inform the
groundwater model with the ERT data.

q,=0 distance [m]
Fig. 7. Horizontal discretization of the Risby groundwater model
and zonation of layer {a) and the geological setup and boundary

4.1 Description of Risby landfill conditions usedb).

An extensive historical overview of Risby landfill was pro-
vided by Thomsen et al. (2011). Figure 6 lists the key fea- Boundary conditions applied in the Risby model are
tures of the study area, which are a landfill and a smallshown in Fig. 7b and consist of constant heads, derived from
brook called Nybglle stream. The geological setting of Risbya regional groundwater model, referred to as the GEUS-
landfill (Hgjberg et al., 2008; CarlBro, 1988) comprises pre- model (Hgjberg et al., 2008). The limestone was assumed
Quaternary limestone bedrock overlain by Quaternary glaciato be impermeable at a level 6f50ma.m.s.l. and a no
deposits. The pre-Quaternary limestone surface is located bétow boundary was therefore assigned. The boundaries for
tween—10 and+-5ma.m.s.l., corresponding to 20-30 m be- the top layer and the remaining two clay layers were also
low the natural terrain surface. The Quaternary glacial de-set as no flow boundaries. The symb@lseus, Heeus and
posits mainly consist of clay till, but intercalated sand lensesrggys indicate the specified flux, constant head values and
and sand layers are common. The sandy deposits range iecharge, which were extracted from the regional GEUS-
thickness from a few centimeters to several meters. model. Boundaries for the limestone were set as constant
head boundaries with a hydraulic head equal to 14.9m. The
isopotential used, was the average simulated head in the
imestone for the period 2001-2005 (Hgjberg et al., 2008).
oundaries for the sand layer were prescribed flux bound-
aries. A flux of 7.2« 10-m3s~1 was applied for all cells

4.1.1 Groundwater model

Figure 7a shows the horizontal grid discretization that is use
to simulate groundwater levels near Risby landfill. The grid
cell size employed in the groundwater model is 50 m by 50 m. |

! ) g the boundary.
Near the landfill a smaller cell size of 12.5m by 12.5mis em- along the bouncary

loved. For th logical setun. 5 i | In Christensen and Balicki (2010) the Risby model was
ployed. ror Ihe geological SEtup, 5 Continuous 1ayers Were,;y, aiaq using 6 parameters listed in Table 3, representing
chosen, where the 4 upper layers represent the sand and cl

| f the alacial clav till and the | fl : uniform hydraulic conductivity for every geological layer,
tﬁyeffslg el glgua tC ayt a_? Tﬁ otwesl ayerf rt(re]prese; lsexcept for the uppermost layer, which consists of 3 separate
€ hield-scale imestone aquiter. The top 1ayer of the Model,; ;o5 534 the bottom clay layer for which the hydraulic con-

W'th 'ts. bottom eIevatl_on fixed at15ma.m.s.l. was subdi- ductivity was fixed. The observation data comprised 34 head
vided in 3 zones, which represent the extent of the upper

. . . . easurements and 4 flux measurements (Fig. 6).
sandy and clayey deposits together with the delineation ofn . uX . (Fig. 6)
the northern part of the landfill (Fig. 7a).
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Table 3.Inversion results JHI and SHI for Risby landfill.

Inversion result CHi4c =0.2) SHI  Separate_Inversion
Logl0K _clay [md™1] —7.79+£0.19  7.54:0.16 —7.52+0.19
Logl0K_sand [md?] —3.96+0.47 -4.26+0.38 —4.25+0.44
Logl0K_lime [md™1] —3.85+0.04 -3.96+0.14 —3.99+0.66
Logl0K _risbyn [md1] —2.20+0.16 —2.33+£0.01 —2.39+0.63
Logl0K _claytop [md 1] —5.93+0.33 -5.81+0.35 —5.80+0.25
Log10K_sandtop [mdl] —4.35+0.33 —-4.43+0.33 —4.42+0.01
PP, [m] 26.58+0.57 28.03:0.99 28.26£ 0.54
Average thickl, model 14-16 [m] 4.533.08 4.55+2.95 4.55+2.95
Average thick2, model 14-16 [m] 20.163.94  20.22-3.98 20.22+ 3.98
Average Log10 res1, model 1-1Qin] 1.02+0.10 1.014-0.08 1.014-0.08
Average Log10 res2, model 1-1Qin] 1.444+0.46 1.88:£0.54 1.88:£0.54
Groundwater model runs 210 63 91
Geophysical model runs 3230 1520 1520
Misfit geophysicspg 0.80 0.79 0.79
Misfit hydrogeologypn 0.76 0.70 0.65

4.1.2 ERT data

a)

The landfill and its surroundings were mapped using various
geoelectrical profiles for which ERT and induced polariza-
tion data (Slater, 2007) were collected in order to delineate o
the landfill, sand pockets and the thickness of the glacial de-
posits overlying the limestone aquifer (Gazoty et al., unpub-
lished data). To demonstrate the SHI and JHI, we used the
data associated with one of these ERT profiles north of the
landfill; the location of the profile is shown in Fig. 6.

Figure 8a shows the inverted resistivity model for the |
ERT profile using a few-layer, laterally constrained inversion L L R N
(LCI) approach as discussed in Sect. 2.1. This ERT profile
consists of 37 1-D resistivity models with 3 layers and is ori- ¢
entated west—east (model number 0 marks the western point).
The parameters estimated for each of the 37 resistivity mod-
els (5 m spaced) comprise 3 layer resistivities > andrsz) : . L
and 2 layer thicknesses (@andr). Lateral constraints were Resistivity model rumber
used with a weight factor of 1.2 for the layer dept@xf)

Elevation [mamsl]

8
Electrical resistivity [ohmm]

Elevation [mamsl]

Analysis [%]

. A . _Fig. 8. Inverted ERT model obtained after a separate geophysical
and a weight factor of 1.2 for the resistivities between ne'gh&nversion(a) and using the JHI witle — 0.2 (b) together with a pa-

boring resistivity models. These weight factors are describe rameter uncertainty analysis expressed by their standard deviation

in Auken and Christiansen (2004) and their value is SUbJeC'relative to the parameter estimate. A gray scale marks well (dark

tively dgtermined and based on common practice ranges sugyjored) and undetermined parameters (light colored) for the sepa-
gested in HGG (2008). rate geophysical inversigg) and a JHI withec = 0.2(d).
At the location of the ERT profile, boreholes showed a de-

pression in the limestone surface down to€d0ma.m.s.l.
This depression has been interpreted as a buried paleovahigh electrical resistivities of about 50—80n recorded at
ley in the pre-Quaternary landscape and its shape is not wethe eastern part of the profile (model numbers 15-37). The
captured with the available boreholes. Another characteristi¢op layer with a resistivity of ca. 1Qm is more pronounced
are relatively thick sand layers at the eastern part of Risbyat the western part of the profile (model numbers 1-10), in-
landfill. dicating predominantly clayey deposits. The presence of the
In Fig. 8a the limestone shows up as a bottom layer oflandfill and an associated leachate plume might slightly af-
relatively resistive material of ca. 100-180n, which dips  fect this estimated resistivity. Leachate migration is not con-
down towards the east. Sandy deposits are more abundant sidered in this study because the discretization of the ground-
the eastern part of the landfill as evidenced by the relativelywater model is insufficient to accurately simulate this process
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expected, the calculated sensitivity, based on Hill (1998), of
this parameter is very small with respect to the hydrogeo-
logical observations (Fig. 9). To demonstrate the effect of
geometric coupling we use parameter, R the inversion
process. Parametersandz; in model numbers 14, 15 and
16 are coupled to the estimation of PP

0.7

4.3 SHI

Scaled Sensitivities [-]

The SHI starts with the estimated geophysical model shown
Kclay  Ksand  Klime  Krisbyn Kclaytop Ksandtop  PP1 in Fig. 8a. The scale of the individual 1-D resistivity mod-

els comprised by the ERT model is rather small (electrode

g. 9. Scaled sensitivities for the parameters of the Risby model. spacing of 5m) compared to the grid cell size of 12.5m used

in the groundwater model. For this purpose we have chosen

) ) ) ) to constrainKcjay With the average electrical resistivity es-
(Milosevic et al., 2012). Figure 8c shows the uncertainty aS+imates,r; andry, pertaining to resistivity model numbers

sociated with the parameters that are estimated in the ERY_10 1o constrain the estimation of PRe use the average
model, expressed by their standard deviation as a percentage,, ofr1 andz, pertaining to resistivity model numbers 14,

of the parameter estimate. This parameter uncertainty anaks anqd 16. The weights associated with the constraints were

ysis included all the information provided by the data andy,qed on the standard deviations of the geophysical parame-
parameter constraints. Note light colors in Fig. 8c indicateq; astimates calculated using E@).

relatively poorly resolved parameters, esg.,r> andz for
models 1-10. 4.4 JHI

Fi

4.2 Informing the Risby model with ERT data We also apply a JHI for the Risby model to estimater,

. ) . . and K¢jay using the petrophysical relationship described in
As mentioned before, 6 parameters are estimated in the origg
inal Risby model (Christensen and Balicki, 2010), which aréj«qqyce a geometric coupling constraint between parame-
listed in Table 3. For these parameters a local, linear sens

> 4 ] ! , ffers PR, 11 andt,. The petrophysical coupling constraint is
tivity analysis (Fig. 9) is conducted using PEST (Doherty, ,se for resistivity models 1~10, the geometric constraint for
2010). .Th|s analysis shows that.the hydraulic CO_’?dUCt'V'tyresistivity models 14, 15 and 186.
pertaining to the clay layerKiay) is the most sensitive pa-
rameter. 4.5 Results

To improve the estimate dfjay a petrophysical relation-
ship is applied, which is used in EqR5 and £6). An The last column in Table 3 shows the parameter estima-
expected value of 9 is used, as clay till has an approxi-tion results for a separate inversion of both the geophysical
mate hydraulic conductivity of 1 m s~ (Fredericia, 1990; and the groundwater model. Most of the parameters in the
CarlBro, 1988) and an electrical resistivity of about 18m groundwater model are estimated with relatively small pos-
(Kirsch, 2006). This relationship implies a higher electrical terior standard deviation. When performing a SHI (Table 3,
resistivity is accompanied by a smaller clay content, which,column 2), the decrease in parameter uncertainty is negligi-
in turn, results in a higher hydraulic conductivity.andr; in ble except forK|ime and Kiishyn. Parameter estimates remain
resistivity model numbers 1-10 are coupled to the estimatiorsimilar to the separate inversion, which is likely caused by
of Kciay, as the area eastern part of the ERT profile (modelthe large standard deviations associated with the geophysical
numbers 15-37) contains large sandy deposits embedded jparameters that are coupled with the groundwater model. In
the clay. As we are only using a 3 layer resistivity model the Fig. 8c these parameters show a relatively large standard de-
average electrical resistivity in this part of the domain would viation. As we used this standard deviation to determine the
not reflect the resistivity of the clay appropriately. weight of the constraints in the SHI, the constraint might be

As the ERT model also informs about the depth to thetoo weak to affect the estimation of the groundwater model
limestone, we introduce an additional parameter;{PAR parameters significantly.
the groundwater model representing the top elevation of the Figure 10 shows the parameter estimates and 68 %-
limestone. PPrepresents a single pilot point (Certes and De- confidence intervals for the JHI, when using different weight
marsily, 1991) used to interpolate the elevation of the lime-values for the coupling constraint&{. The parameter esti-
stone surface together with the available borehole informamates forK¢ay andr, are affected when the weight of the
tion. The location of PP, which is shown in Fig. 6, is picked petrophysical relationship is increased by setting the accept-
as the depression of the limestone surface, occurring at thable errorec to a smaller value. The geometric constraint
northeastern part of the landfill, is not well characterized. Asbetween PP, 11 andr does not have a big impact on the
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Fig. 10. Parameter estimates (black straight line) and confidence bounds (red dashed lines) for different \wlweseof performing a
JHI using a petrophysical relationship betwekgay, 71 andr, and a geometrical constraint between parametegsaPBr; andr,. The
confidence bounds represent the parameter estitnatstandard deviations.

estimated values of the geophysical parameters. However thef parameter; indicates it is not well determined using the
estimate of PP does approximate the geophysical model JHI as was the case in the separate geophysical inversion.
better when the constraint is given more weight. The aver+; is determined with an approximate standard deviation of
age depth to the limestone in the ERT model is about 25 mL0 %. However, Fig. 8d showsg is less well resolved for
(r1+12). In the groundwater model, this depth is estimated tothose model numbers where the petrophysical relationship
be 28.3nt0.5 and 28.0 it 1.0 m using a separate inver- is applied. The geometric coupling constraint does not show
sion and a SHI, respectively. In the JHI this estimate becomesgny effect on the estimated geophysical models in Fig. 8.
ca. 26.6 mt 0.6 m. Table 3 shows that standard deviations Table 3 lists the RMSE with respect to the geophysical
of the groundwater model parameters for the JHI are almostind hydrogeological observations (respectivejyand ¢n),
equivalent compared to the SHI, but smaller compared withwhich was smaller than 1 for all simulations. No significant
a separate inversion. increase in data fit was noted, except a slightly higher
The main advantage of the JHI is seen from the estimatedor the JHI. Increasing the weight of the coupling constraints
values for the geophysical parameters that are allowed tdby decreasingc) or increasing the number of coupling con-

change in the JHI. Geophysical layer thicknesseandz,, straints, will ultimately result in an increasedyg anden, as
decrease slightly compared with the SHI, while electrical re-the geophysical and groundwater data will pull parameters in
sistivity r, shows a more significant change. different directions.

Figure 8b is the inverted ERT model using the JHI with an  The last entry in Table 3 is the amount of model runs
ec of 0.2. Compared with the geophysical inversion results inneeded to perform the different inversion types. The JHI re-
Fig. 8a the estimated resistivity of layer 2 dropped from anquired about twice as many geophysical and groundwater
average of 75 to ca. 30m for resistivity models 1-10. These model runs compared to the separate inversion and ca. 3
are the models for which electrical resistivitigsandr, were  times as many groundwater model runs compared with the
coupled toK¢jay in the groundwater model. Figure 8d shows SHI.
the standard deviations associated with the estimated geo-
physical model obtained with the JHI. The standard deviation
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5 Discussion and conclusions constraints should be based on that element (parameter res-
olution or petrophysical relationship) that incorporates the
This study tested a SHI and a new type of JHI for a ground-jargest error.
water model and different types of geophysical data. The For the case of a real-world, field-scale groundwater model
JHI estimated geophysical and groundwater parameters shnd an ERT section, parameter uncertainty was significantly
multaneously, employing coupling constraints acting as addecreased for two parameters in the groundwater model us-
ditional regularization terms to exploit potential correlation ing both a JHI and SHI. The JHI resulted in different param-
between geophysical and hydrogeological properties that caster estimates for both the groundwater and the geophysical
be based on established petrophysical relationships. The Shthodel, honoring the imposed coupling constraints. Parame-
employed similar coupling constraints, but included an inde-ter uncertainty was not reduced in comparison with a SHI.
pendent geophysical inversion. The weight of the SHI cou-  For the cases investigated in this paper the SHI proves to
pling constraints was based on geophysical parameter res@re more useful based on analyses of parameter estimates and
lution. data fit. In addition, the JHI requires a 2—3 times larger com-
Both the SHI and JHI approaches can provide consistenputational burden and is relatively difficult to implement. The
inversion frameworks and offer a hlgh level of erX|b|I|ty JHI m|ght still be useful when groundwater and geophysica|
when coupling groundwater and geophysical models becausgiodels can mutually benefit from differences in parameter
1. only selected geophysical model parameters can béesolu_tion. For coupling geophysical moc_jels _vvith field—spale
coupled to groundwater model parameters, or regional groundwater models, such S|tuat.|on is not likely
to occur as the groundwater models are relatively more prone
2. confidence associated with the hydrological interpre-to conceptual errors and limited observation data. Finally,
tation of a geophysical model can be tuned using dif-when planning hydrogeophysical surveys and modeling, pa-
ferent weights for the employed coupling constraints, rameter sensitivity studies are of crucial importance to ex-
0Qlore parameters that need to be determined, given targeted
roundwater model predictions, and to determine whether
parameter resolution in geophysical models provides oppor-
tunities to constrain these parameters.

3. scale issues can be overcome by coupling several ge
physical parameters to hydrological parameters or vic
versa,

4. SHI and JHI can be applied for various combinations
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