



































































































































































































































































































































































































































































































































































































































































































































































































































































































































Medina (1993) discusses a number of synthetic studies and two case studies. A
case study deals with the transport of uranium in a crystalline rock sample
(Medina, 1993; Medina and Carrera, 1996). The experiment «onsists of
establishing a constant gradient through a granite sample and injecting a short
rectangular pulse of uranium at one end. The water was sampled at the
opposite end. The first 102 samples are used for the calibration and the last 96
samples, which are taken after increasing the flow threefold, are used for
validation. After the test the granite sample was sliced perpendicular to the
flow direction and activity was measured by alpha autoradliographies
providing an idea of the mass distribution in the sample at the end of the test.
The samples are used as indicative of sample scale heterogeneity and the
uranium remaining in the sample at the end of the test was assumed
proportional to total activity. Three conceptual models to represent this
transport were tested:

Model 1. Water flows through discrete preferential paths (advection, clispersion,
linear adsorption and matrix diffusion are considered).

Model 2. Water flows through discrete preferential paths, but the d iffusion in
the rock matrix can be neglected (advection, dispersion and linear adsorption
are considered).

Model 3. Non Fickian dispersion occurs so that the different flow paths have to
be simulated independently (for each flow path a different equation with
advection, dispersion and linear adsorption is considered).

It is found that model 1 and model 3 give the best fit. However, rmodel 2 is
conceptually simpler. The model selection criterion of Kashyap is given the best
score for model 1. A prediction with each conceptual model an.d its best
parameters is made and the results obtained are compared with the 96
validation data. Model 1 gives the best fit. Model 1 also gives the best
predictions of the distribution of uranium in the sample at the end Of the test.
These results show that the model selection criterion of Kashyap did a good job.

A second case study was related to an uranium contamination in the
municipality of Anddjar in Andalucia in Spain (Medina, 1993).

Comments

* The method can be used to estimate different flow and transport
parameters. The concentration measurements can be used to up~date flow
parameters and the uncertainty in all flow and transport parameters can be
considered. As such, it has an enormous flexibility as compared to the
methods of Graham and McLaughlin or Rubin.

* Moreover, the method is not restricted to moderately heter-ogeneous
conductivity fields and the assumption of an infinite domwain. The
conductivity field may be strongly heterogeneous and any type of boundary
conditions can be considered. Also, the groundwater flow equatio-n may be
transient.

272



e The accuracy of the estimates is modeled by a covariance matrix that is
derived after a linearization of the flow equation. Because of this
linearization, the covariance is only approximate and should be used with
caution, for instance, to generate stochastic realisations.

* A disadvantage of the approach is that the degree of heterogeneity is limited
by the number of zones in which the aquifer is partitioned. Increasing the
number of zones so that hydraulic conductivity is spatially distributed on a
fine grid results in unstable solutions.

Application of the method to contaminant source characterisation.

A synthetic study (Wagner, 1992) illustrates that the zonation procedure
extended to the conditioning on concentration data has interesting properties
for groundwater contamination studies, like the characterisation of the
contaminant source. In this synthetic study the maximum likelihood method is
used to estimate simultaneously some flow and transport parameters, and some
characteristics (release time, location) of the contaminant source. The
conservative contaminants are subjected to steady-state groundwater flow in a
confined aquifer and are released from a line source on the eastern boundary of
the simulated system. The model parameters are assumed deterministic, but
unknown. It is assumed that the error covariance matrix for hydraulic heads
and the error covariance matrix for contaminant concentrations are diagonal
matrices. The diagonal elements of the hydraulic head error covariance matrix
are all equal to a common variance; the diagonal elements of the concentration
error covariance matrix, however, are equal to the square of the corresponding
true concentration. Both matrices are multiplied by the hydraulic head error
variance and the concentration error variance respectively. These error
variances are additional unknowns that are jointly estimated with the model
parameters. A normal distribution for the errors is assumed.

The simulation of flow and transport on the “true” aquifer using the “true”
values for the different parameters gives the “true” hydraulic head values and
concentrations. Some samples are taken from this true field and a realistic
measurement error is simulated and added to these sampled values. The
inverse method is used to estimate the hydraulic conductivity of two zones, the
longitudinal and transversal dispersivity coefficients, the effective porosity, the
prescribed flux at the eastern boundary, the geometry of the contamination
source and the period of mass release. The following situations are considered:

1) Only flow and transport parameters are estimated. No error in the
contaminant release function is considered. The resulting estimated
parameter values are very close to the “true” values.

2) Flow and transport parameters, and also the contaminant flux from the
source are estimated. The results are still very good, although the uncertainty
in the estimates has grown somewhat and the errors are slightly larger.

3) Flow and transport parameters and the contaminant fluxes for more time
periods are estimated. The program is asked to calibrate the mass release in a
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period that includes the “real” period during which there was mass release
and another period, of same duration, during which there was no mass
release in reality. The program estimated the mass release very good for the
period in which there was mass release, and estimated a mass release close to
zero for the period in which there was no mass release. The errors did not
increase as compared with the 2nd situation, but the uncertainty of the
estimates increased.

4) Flow and transport parameters and the location of the contaminant source
are estimated. As an initial guess the contaminant source is located within an
area which is twice as big as the real spatial extend of the contaminant
source. Also in this case the estimated parameter values are close to the real
ones. The contaminant source is correctly located. However, the uncertainty
associated with the prediction is more elevated than in the 2nd and 3+ case. In
general, the inverse method seems to be more sensitive to the amount of
contaminant introduced in the system than to the spatial or temporal location
of the sources.

5) The estimation of the hydraulic head error variance and the concentration
error variance together with flow and transport parameters and the
contaminant flux from the sources yields also very good results.

The synthetic study illustrates that the zonation procedure that also conditions
to concentration data has a potential for successful application to real-world
groundwater contamination problems. However, the considered “real”
situation is still simple as compared to a real-world groundwater contamination
problem, especially because the spatial distributed hydraulic conductivity field
is simple.

Application of the method in the calibration of a regional groundwater flow model with
semvoater tittrision.

Another application of the maximum likelihood method for inverse modelling
of coupled groundwater flow and solute mass transport is given by Iribar et al.
(1997). The application consists of the calibration of a regional groundwater
flow model. The authors state that this is the first calibration of a regional
groundwater flow model with help of both transient head and concentration
data.

The study area is the Llobregat delta deep aquifer, a few kilometres Southwest
of Barcelona, Spain. The deep delta aquifer is confined by clay, silt and fine
sand wedge-shaped sediments. These sediments act as an aquitard that exhibits
a very low vertical permeability. The aquitard is covered by sands, gravels and
silt. This set constitutes the shallow delta aquifer, mostly a water-table one. The
shallow delta aquifer and deep delta aquifer have some hydraulic continuity on
the fringes of the delta. Intensive aquifer exploitation during the last decades
caused a decrease in hydraulic head values in the central part of the aquifer,
which in turn resulted in sea-water intrusion.
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A 2D transient groundwater flow model with extraction by pumping and
injection by leakage is used. Spatial variability in groundwater density is not
included in the code; equivalent fresh water heads are used. Leakage
coefficients have been defined according to the aquitard thickness and the
leakage water concentration was assumed to be 300 mg/1 chloride. Four areas
of varying aquitard thickness have been considered. All the boundaries are
assumed impermeable, except where the aquifer contacts the sea and where it
contacts another aquifer. At the permeable boundaries, constant head and
constant concentration boundary conditions are imposed. Groundwater
pumping was simulated as a prescribed sink term. For the areas with a very
thin aquitard, direct recharge from the surface has been considered. The
imposed recharge for these zones is 360 mm per year and the chloride
concentration is 300 mg/l. Different transmissivity zone patterns were used in
the inverse modelling. The 2D version of the advection-dispersion equation is
used for the simulation of chloride transport. Simulations are carried out for a
period of 20 years, with time steps of 1 month. Historical data were used to
estimate the initial spatial distribution of head and concentration by
interpolation/extrapolation from the measured data.

From the initial modelling, it was found that the transmissivity zoning had to
be changed. Many runs were made in order to select the transmissivity. The
concentration data made the discrimination between the different conceptual
models possible. Zones of higher transmissivity were generated which are
consistent with the geological paleochannels of the site. With the best zonation
model, the heads could be fitted well by calibrating flow and transport
parameters. However, it was more complicated to reproduce the concentration
data. A central salinity plume and a freshwater pocket were reproduced
adequately, but in other areas the progress of the sea water intrusion front was
poorly reproduced. Error analysis suggests that the reliability is higher in the
central part of the aquifer and lower near the edges. In general, it is stated that
by means of inverse modelling and the use of concentration data the model of
the aquifer is improved:
1) A better fit of the measured heads to the computed heads than in any of the
previous models is obtained.
2) Some features of the saline water intrusion could be explained, which was
not possible by previous models.
3) The model explicitly accounts for paleochannels, which are consistent with
the geology of the site.

This study gives an interesting application of inverse modelling. It is shown
how concentration data are used to make a better conceptualisation of an
aquifer. The study illustrates also that a real-world case study results in more
sources of uncertainty, with an effect on the calibration of the parameters, than
a synthetic study like the one carried out by Wagner (1992).
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6.1.5 Other approaches

Harvey and Gorelick (1995) also linearize the groundwater flow equation, like

Graham and McLaughlin (section 6.1.1) and Rubin (section 6.1.2), but as

opposed to these approaches, an iterative procedure is used to update the

conductivity field. Harvey and Gorelick use hydraulic conductivity
measurements, hydraulic head measurements and solute arrival time in an
inverse modelling procedure. The method consists of the following steps:

1. All measurements are used to estimate the mean conductivity, conductivity
variance and correlation length of the conductivity field. The values are
estimated by the maximum likelihood method that includes the
linearization of the flow and transport equation.

2. The measurement data (conductivities, heads and arrival times) are used to
determine improved estimates of the hydraulic conductivities at each grid
cell and the covariances between the residuals. The matrices with the
hydraulic conductivity-hydraulic head and hydraulic conductivity-arrival
time covariances are approximated through the flow and transport
equations. The procedure is similar to the one by Hoeksema and Kitanidis
(1984) (see also section 3.1.1), but extended for the conditioning to solute
arrival times.

3. The estimate of the conductivity field and the covariance matrix of the
residuals are again updated with additional data. The covariances between
the new data and the conductivity field are calculated from the flow and
transport equation and the improved estimate of the covariance matrix
obtained in step 2.

4. The final estimates of the conductivity and the matrix of residuals are used
to generate conditional realisations of the conductivity field. Solute
transport can be generated through each of these realisations to build a
probability density function of an output variable.

In short, the procedure can be considered an extension of the method by

Kitanidis and others to incorporate travel time data. Furthermore, a sequential

conditioning procedure allows to obtain improved estimates of the covariance

matrices.

Harvey and Gorelick (1995) present a synthetic study from which the most

important conclusions are:

* Solute arrival times improve the accuracy of the conductivity field estimate.
The solute arrival times include information about the conductivity field not
provided by the head or conductivity estimates.

* Sequential conditioning provides better estimates of the conductivity field
than using the conditioning information all at once. It is found that a first
data set is able to improve the estimation of the mean and covariances of the
conductivity field. In a next conditioning stage, using other experimental
information, the new first-order approximation is improved due to the
previous conditioning stage.

* Using arrival times instead of concentrations has the following advantages:
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1. Arrival times are independent of the amount of dilute solute introduced
in the aquifer.

2. Quantiles of arrival times are relatively insensitive to measurement
errors.

3. It may not be important to know the local dispersivity if the median
arrival time is used as conditioning information.

4. Because arrival time is proportional to conductivity, the spatial statistical
parameters of conductivity can be estimated from arrival time
measurements without repeating numerical flow and transport
simulations.

5. The tails of the breakthrough curve did not provide much extra
information on the conductivity field as compared with the median
arrival time. This suggests that using many concentration measurements
at each well may not provide much better estimates of the conductivity
field than considering a single quantile of the breakthrough curve from
many wells.

6. The relationship of arrival times-conductivities is probably closer to
linear than the relationship concentrations-conductivities.

It should be stressed that although Harvey and Gorelick (1995) relax the
problems associated with a linearization of the groundwater flow and mass
transport equation, the sequential approach is expected to be inferior to an
approach in which the-equations are not linearized. Some of the advantages
they give for using travel times instead of concentrations are related with the
linearization approach.

A number of articles is found in the literature in which a (slightly) modified
variant of the zonation procedure was applied. Especial attention should be
given to the study of Sonnenborg et al. (1996) as it is the first real-world case
study in which flow and transport parameters are estimated together with
parameters on the mass release from the contamination source. Sonnenborg et
al. apply the zonation method of Medina and Carrera, with the difference that
the method of characteristics is used to simulate flow and transport. The
method of characteristics involves a particle-tracking procedure to represent
advective transport. The results of the particle tracking procedure are
transformed, at each time step, in concentrations. Sonnenborg et al. optimise the
measurement weights (including the trade-off between concentration and head
data) in the maximum-likelihood expression of Medina and Carrera.

Sonnenborg et al. (1996) apply the methodology to a shallow unconfined aquifer
in which contaminant was released during four years. Since 1980 the site has
been intensively monitored. Flow parameters, non-reactive transport
parameters and the source concentration were estimated. All three
identification criteria used found that dividing the aquifer in four zones was
optimal. The use of transient head data together with transmissivities and
concentration data yielded the best results. Using only steady-state head
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observations, without transmissivities, did not yield satisfactory results. The
estimates of the parameters were physically reasonable. It was also found that,
in some cases, the particle-tracking method might not be suited to solve the
inverse problem. This is basically due to the limited number of particles used to
calculate the concentrations. A small perturbation of for instance,
transmissivity, might yield a sensitivity coefficient equal to zero because the
perturbation is too small to move a particle to a neighbouring grid cell. On the
contrary, the change of a particle that carries a high concentration from one grid
cell to another may result in a very high sensitivity coefficient. In both cases,
computed sensitivity coefficients may not be realistic.

Mayer and Huang (1999) extended the zonation procedure of Carrera and
Neuman (1986abc) to the coupled groundwater flow and mass transport
problem. Strangely, no reference is given to others who extended already the
method years before. However, a main difference is that the method uses a
smooth conductivity field as input, with the aim to calibrate the variogram
parameters instead of the zonal hydraulic conductivity values. Another
difference with the proposed method by Medina and Carrera is that genetic
algorithms are used in the optimisation, instead of classical gradient-based
algorithms. Mayer and Huang (1999) applied the methodology on the MADE
tracer experiment, a large-scale, natural-gradient, field tracer study conducted
in an alluvial aquifer near Columbus (Mississippi, United States). At the site, a
dense grid of samplers is installed; the concentration and head data from the
first 132 days were used for inverse modelling and concentration and head- data
from the next 92 days were used for predictive modelling. They use full 3-D
groundwater flow and mass transport models. Different parametrization
schemes are compared. It is found that dividing the aquifer in three zones with
different hydraulic conductivity reduces the objective function value much
more than using one constant hydraulic conductivity. However, the best results
are obtained for a geostatistical parametrization; the kriged hydraulic
conductivity field is used as input and the variogram parameters are calibrated.
The geostatistical parametrization yields a good prediction of the hydraulic
head values and also quite good predictions of the later concentration
distributions. The geostatistical parametrization yielded a lower dispersivity
value than the zonation procedure, possibly due to the fact that the
geostatistical parametrization accounts for part of the macro-dispersion. It was
found that genetical algorithms hardly improved the convergence as compared
to gradient-based methods. Furthermore, they were found to be much more
CPU-intensive.

Xiang et al. (1992) propose a somewhat different methodology to solve the
coupled inverse groundwater flow and mass transport problem. The objective
function is not the typical sum of squared differences between measured and
simulated heads and measured and simulated concentrations, but the sum of
absolute differences between these values. This optimisation approach gives not
as much weight to the largest outliers as the sum of squared differences does.
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Xiang et al derive the sensivities of the flow and transport equations with
respect to the hydraulic conductivities, the dispersivities, the porosities and the
solute source concentrations. They consider maximum likelihood estimates of
these parameters, which are spatially constants or constants within a limited
number of zones. Xiang et al present two numerical examples, one for a
homogeneous aquifer and one for an aquifer divided in two zones. It is found
that the parameter estimates are quite robust for measurement errors.

Wen et al. (1998) condition conductivity fields to conductivity data, hydraulic
head data and fractional flow rate data. This conditioning is carried out in the
context of multiphase flow modelling, but the expressions could be used for
travel time data. Like Harvey and Gorelick (1995) travel times instead of
concentration data are used in the conditioning in that case. However, a main
advantage of the method by Wen ef al. (1998) is that the state equations are not
linearized. Wen et al. (1998) extended the sequential-self calibrating method
further to include the fractional flow rate data. The derivatives of the objective
function with respect to the hydraulic conductivities include now the match to
the fractional flow rate data. The conditioning is carried out in an iterative
fashion until all the data are matched sufficiently close. A main advantage of
the approach by Wen and others, as compared with other approaches that also
do not linearize the groundwater flow and mass transport equation, is that
multiple equally likely solutions of the problem are obtained. A synthetic
example shows the additional value of fractional flow rate data for the
improved characterisation of the hydraulic conductivity spatial distribution.

Anderman and Hill (1999) use information on mass transport to estimate

groundwater flow and mass transport parameters. However, they decouple the

groundwater flow and mass transport equation in order to reduce

computational costs and to get fast results. Nevertheless, the method is fully

iterative until convergence is obtained. The method consists of the following

steps:

1. The concentration data are plotted and the concentration distribution along

the plume centreline is identified. It is assumed that the advective front is

located at the 50-percent concentration contour. The flow parameters are

estimated using the trial advective-front location.

Next, also the transport parameters (dispersivities) are estimated.

The updated trial advective-front location is calculated with the

groundwater flow and mass transport model.

4. In case the updated location is close to the previous location convergence is
achieved. If this is not the case the flow and transport parameters are
modified (back to step 1).

wnN

A synthetic numerical experiment (Anderman and Hill, 1999) shows that the
decoupled multistage iterative method is less accurate than a simultaneous
method. Nevertheless, the method was able to estimate flow and transport
parameters that improved the fit to the concentration data. The required CPU-
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time was greatly reduced. The method was demonstrated on a very simple
example and one may have serious doubts on the method performance for a
heterogeneous aquifer.

An inverse methodology that is quite different from the ones presented before
Is published in the context of the recovery of a contaminant release history
(Skaggs and Kabala, 1995; Skaggs and Kabala, 1998). The concentration
measurements are the basis for estimating the concentration distributions at
earlier times. The objective is in general to estimate the release function. The
release function (or concentration distributions at earlier times) is estimated by
Tikhonov regularisation. Tikhonov regularisation makes the solution less
sensitive to errors by requiring that the solution satisfies a smoothness criterion
besides reproducing the data. The concentration measurements may contain
errors. In a synthetic example (Skaggs and Kabala, 1998) multiple equally likely
contaminant release functions were generated; the basis for the uncertainty
were the corrupted concentration data. The aquifer properties were assumed to
be known perfectly. It was found that it was more difficult to recover the mass
release for larger measurement errors and for sharp releases. The authors state
that the methodology could be extended to aquifer parameter uncertainty.
Skaggs and Kabala (1995) use the method of quasi-reversibility (solving the
transport equation backwards in time) to obtain the contaminant release
functions. The solutions found were less accurate as compared to the ones
obtained by Tikhonov regularisation. Skaggs and Kabala (1995) did not
consider parameter uncertainty; only measurement errors.
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6.2 Mathematical formulation of the coupled inversion

The objective is to generate multiple equally likely realisations of the
parameters controlling groundwater flow and mass transport so that each
realisation reproduces the experimental hydraulic conductivity data, hydraulic
head data and concentration data. This objective will be achieved through an
inverse procedure, in which hydraulic head data will serve to update flow
parameters and the concentration data will serve to update both flow and
transport parameters.

6.2.1 Steps in the extended self-calibrating method

The extended self-calibrating method consists of the following steps:

1) A seed log-conductivity (Y=logK) is generated conditional to Y data, using,
for instance, sequential simulation (Gémez-Hernédndez and Journel, 1993). This
step is the same as for the sequential self-calibrating method that only considers
groundwater flow. In case transient groundwater flow is simulated also a seed
field of storativity coefficients (Z=log10S) may be generated. Furthermore, in
case reactive transport is simulated also a seed field with retardation factors (R)
is generated. This latter seed field is conditioned to data on retardation factors.
An alternative is to consider a spatially constant retardation factor. The iteration
counter is set to zero.

2) The steady-state or transient 2-D or 3-D groundwater flow equation is solved
for the current log-conductivity field and log-storativity field, with given
external stresses, boundary and initial conditions. In addition, the 2-D or 3-D
mass transport equation is solved. Dispersion, linear adsorption, radioactive
decay and mass sinks and sources can be considered. As compared with the
sequential-self calibrating method applied to groundwater flow, now the mass
transport equation has to be solved, too. Initial concentrations must be
supplied. The initial concentrations may be known, at most, at a few locations
from which an estimate of the initial concentration over the entire aquifer has to
be inferred. Therefore, the initial concentrations are in general subject to an
important uncertainty.

3) An objective function is defined that includes the mismatches between
simulated and observed heads and concentrations:

N, N, Nye N,
VD WA S LR 3 W N et e, (6.1
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where the first term corresponds to the head discrepancies at the different time
steps (if only steady-state flow is simulated this corresponds to the first and
only time step) and the second term to the discrepancies between measured and
simulated concentrations. The contributions from the discrepancies between
initial estimates of conductivities or storativities and updated conductivity or
storativity values are omitted here (their trade-offs are supposed to be equal to
zero). N is the number of head measurement locations, N; the number of time
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steps with head measurements, /1;; the heads, Nc is the number of concentration
measurement locations, Nrc the number of time steps with concentration
measurements, ¢;: the concentrations and the superscripts SIM and MEAS refer
to “simulated” and “measured” respectively. The weights & and §i are chosen
inverse-proportional to the estimated measurement errors. The value of the
trade-off coefficient w3 should be chosen in accordance with the desired
reproduction of the head and concentration data, with the head and
concentration differences along the domain and with the estimated variances of
head and concentration. The trade-off value should be such that the
reproduction of the hydraulic head and concentration measurements is
balanced. In case the simulated concentration values do not correspond exactly
with the locations of the measurement data the simulated values can be
interpolated in a similar way (by inverse squared distance weighting) as the
hydraulic head data as explained in section 3.3.

The parameter values are conditional to the i and ¢ data when J is smaller than
a predefined tolerance value. The parameter values are accepted when this
condition is met.

If ] is not small enough, a perturbation of the input parameters is calculated and
added to their current values. The parameters that are subjected to calibration
are log conductivity, and possibly also prescribed heads on the boundaries,
storativity coefficients, retardation coefficients (in case of reactive transport)
and mass sources. The perturbation of the Y field, Z field, R field and prescribed
boundary heads are parameterized as function of the individual perturbations
at a number of master blocks, in the same way as seen in section 3.2. Also the
comments related to the master blocks (see sections 3.2 and 3.3) hold here. The
objective function is again minimized by non-linear optimisation.

4) The gradient vector g contains the derivatives of | with respect to the
perturbations of Y at the master locations and possibly also the perturbations of
the prescribed heads at the master locations, the perturbations of Z at the
master locations, the perturbations of R at the master locations and the
perturbation of the mass sources. The gradient is determined using the adjoint-
state formulation. The formulation is presented in detail later.

5) The updating direction is calculated from the gradient found and computed
in a similar way as for the inverse modelling of only groundwater flow. The
following algorithms are alternated: steepest descent, Fletcher-Reeves conjugate
gradient, Hestenes-Stiefel conjugate gradient and quasi-Newton. Once the
updating direction is determined, a linear search in that direction is carried out
to determine the scalar parameter that yields the perturbation vector
minimising the objective function in the updating direction. The magnitude of
the perturbations at the master locations are again constrained so that the final
logconductivity field and the final logstorativity field are within plus/minus
three ordinary kriging standard deviations of the ordinary kriging estimates at
the master locations obtained by ordinary kriging of the data. The perturbations
of the prescribed heads along the boundaries are also constrained by user-
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defined maximum allowed changes. The perturbation of the spatially variable
retardation coefficients is also constrained by expert knowledge. In general, too
few experimental data will be available to constrain the perturbation of the
retardation coefficients by kriging standard deviations. Finally, the perturbation
of the amount of injected mass is also constrained by expert knowledge.

6) The resulting perturbations at the master locations are interpolated by
ordinary kriging to the rest of the blocks. The perturbation AY field is added to
the last iteration Y field, the perturbation AZ field is added to the last iteration Z
field, the perturbation AR field is added to the last iteration R field, the
interpolated perturbation of the prescribed heads is added to the prescribed
heads from the last iteration and the perturbation of the mass sources is added
to the mass sources from the last iteration. The iteration counter [ is increased
by one and the algorithm returns to step 2.

In section 6.2.2 details are presented on the methodology, mainly on step 4.

With respect to the other steps:

e Step 1. The methodology to generate the log-conductivity, log-storativity
and the retardation coefficient seed was presented in section 2.1. The only
difference with the inverse modelling of groundwater flow is that in case of
reactive transport a retardation coefficient seed is also generated.

e Step 2. Since the conditioning to concentration data is considered, the
forward solution of the mass transport equation is needed. Section 2.2.2
presented the methodology to solve numerically the mass transport
equation.

e Step 3. Equation 6.1 gives the objective function for the case that both head
and concentration data are used as conditioning data.

e Step 5. The non-linear optimisation algorithms and the linear search are
similar to the inverse modelling of groundwater flow only. The only
difference is that the gradient may contain partial derivatives with respect to
retardation coefficients at the master blocks and the mass sources. The
perturbations of retardation coefficients and mass sources are also
constrained.

» Step 6. The perturbations are interpolated by kriging, the only difference is
that this interpolation may also be applied on the retardation coefficients.

In the next section, step 4, the calculation of the gradient of the objective
function, is detailed. The gradient includes the perturbation of hydraulic
conductivity, prescribed heads on the boundaries, storativity coefficient,
retardation coefficient and mass sources.

The perturbation of the dispersivity coefficients is not considered in the method

for the following reasons:

e It is considered that the perturbation of the dispersivity coefficients is
irrelevant because the spatial variability of conductivity accounts for most of
the dispersive part of the mass transport.
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e We believe that it is hard to distinguish in the inverse condition between the
dispersion caused by the spatially variable conductivity and the dispersion
related with the intra-cell dispersivity coefficient.

6.2.2 Calculating the gradient of the objective function

The procedure for calculating the gradient is related to the work by Carrera and
Medina (1990) with some modifications. The conditioning to concentration
measurements is very CPU intensive and the step consuming most CPU is the
calculation of the gradient of the objective function with respect to the
perturbation parameters (conductivities and possibly prescribed heads,
storativity coefficients, retardation coefficients and mass sources). The adjoint
state formulation is used in the gradient calculation in order to reduce CPU
time. However, we will see that for the calibration of concentrations, the
Jacobian containing the derivatives of heads with respect to the perturbation
parameters also has to be computed. Therefore, it may be advantageous to use
the adjoint state formulation only to the transport equation, and the sensitivity
equations for the flow equation.

The matricial notation of the transport equation (equation 2.10) was:

(G E R N

where E/R is the matrix that contains the terms Ei. (the convection and
dispersion terms) divided by Ru, (the interblock retardation factors), [1/ At]is a
diagonal matrix with one divided by the time step on the diagonal terms, [Ap] is
a matrix with the decay constants on the diagonal, [g<#/ ¢] is a matrix with the
mass extractions divided by the porosity on the diagonal terms, C the vector
with the concentration values at time step f or time step f+1 and F the vector
with mass injection and boundary conditions.

The state of the transport equation for two subsequent time steps is as follows
(the state of the flow equation was introduced in section 3.2):

{e,}=[[[£: e }{C’}+{F}+Xlt7{c"‘}=0
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where At is the time step between -1 and ¢, A#*! the time step between f and
£+1 and C* is an N-dimensional vector of concentrations for the time step t. The
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state {O} contains the states of the transport equation at all N steps that the
mass transport equation is solved.

The Lagrangian including the transport is now:

S=J+{A {¥}+{u) (6}

where 4 is the N x Nk dimensional vector of Lagrange multipliers for the
transport part, N being the number of grid cells and Nis the number of transport
time steps. For each time that the adjoint transport equation is solved an N
dimensional vector of Lagrange multipliers is estimated. The obtained
Lagrange multipliers for the state {6} are {ut}, the ones for the state {6i+1} are
{ut+1} etcetera.

The derivatives of the Lagrangian with respect to the perturbation parameters
are given now by the following equation:

S _dI _ o u a{h}_*_{l}r a{lp}+a{w}a{/z} N
afp} dalp} a{p} dinrafp} (8{p} a{h}8{p})

ﬂ_g@+{u}r(8{@}+8{@}8{Iz}+8{@}8{c}]
a{C} a{p} olpt ofn}ofp} oictolp}

This equation can be rearranged to:

ar__ o (a ri{\P_}+ Ta{e}\a{lz}+ T&{‘P}+
i} (a{h} W m W S W 50
Y 2Ok, v 20} ,
(a{c} tu a{c})a{p} W5 ©2

The derivatives df/dp, 9]/dh, 3¥ /dh, oI/ dp and 9'¥/dp were given in section 3.2.
The derivatives d©/dli are omitted as their evaluation is very cumbersome and
the gradient was found to be just slightly worse estimated in case that these
contributions were omitted. The other derivatives are given here. The Lagrange
multipliers for the adjoint transport equation are obtained by solving the
following equation:

al T d {@}
— —+d=0 .
S S ol (6.3)
Equation 6.2 can be simplified by using the equations 3.6 and 6.3:
dj o r o{¥} r 0{e}
—— = Ay L 5 O (6.4)
oy~ ot S o
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First we will see how the Lagrange multipliers for the adjoint transport
equation are calculated. The derivatives of equation 6.3 are given by:

aJ _ & 1.5IM 1 MEAS (6.5)
—{_, } = 211/32{” (™" —¢ ) )
a C i=1

Only the derivatives of the state equations for times ¢ (equation 6.6) and t+1
(equation 6.7) are non-zero.

%{E}[A—L]— (1o ]+["§'D (6.6)

e, } 1
o= 6.7)
NC' ;A

where some introduced superscripts and subscripts £ refer to the transport time
step; c¢i*S'™™M and ¢#MEAS are simulated and measured concentrations at the
transport time step £

Substituting equations 6.5 until 6.7 in equation 6.3 gives the following
expression:

{u' }T ([%:I - [Zl[—r{l - [/lo ]+ l:l:{—:, ]: -2y, i g (c,f's"" _ C,_:.Ma\s )_ IIH.T {# et }T 63

=l

The adjoint state transport equation is very similar to the transport equation,
the main difference being the right-hand side term that contains the mismatches
between the measured and simulated concentration values. Another important
difference is that the adjoint transport equation has to be solved backwards in
time, like the adjoint flow equation. The backwards solution of the adjoint
transport equation starts from {uNs+1}=0 as equation 6.7 is equal to zero for the
time step Nis+1.

The adjoint state equations can also be formulated continuous in time. In some
cases, this formulation may have important advantages. Appendix II presents
the adjoint state formulation for the case that the temporal domain is not
discretized.

The next step is to obtain the derivatives of equation 6.4. The derivatives of ¥
with respect to p were given already in section 3.2.
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L = C' j+—= fol =8 (6.9)
o{p} [ p} } o{p} a{p}

where p are the perturbations of log conductivity, prescribed boundary heads,
storativity coefficient, retardation coefficient and mass sources.

The most time consuming partial derivatives to calculate in equation 6.9 are
d[E/R]/dp. The derivatives of pore groundwater velocities with respect to the
perturbation parameters have to be calculated. Only the derivatives 9[E/R]/dp
related to convective transport are considered, in order to avoid cumbersome
calculations. This simplification should have a minor impact on the results in

case advective transport dominates over dispersive transport.

The derivatives given below are for a geometric interblock conductivity mean
and for the case that the neighbour grid cell m is not a cell with a prescribed
head value. The expressions for a harmonic interblock conductivity mean and a
neighbour grid cell m with prescribed heads are similar. The expressions are
approximate, as the contributions of the dispersion to the derivatives are
neglected. This approximation is supposed to be good in case convective
transport dominates over dispersive transport.

The used notation is explained in section 2.2.2.1 below equation 2.10.

a(E/ R)Im

NG =0 mE{N,S,W,E,U,D}VmE{l_"'} (6.10)

a aK Im h[ —7hl"
a (E / R )Im ~ (Axlm ) i q’RIm =
JAY, IAY, (6.1

h, —h X+ Ak oK o(h, —h,,)

m Imt

= c
(Ax, VeR, ™ 2 (Ax, ) oR, OAY, me {Whrme i}

n

m

a aKIm i_lh;
a(E/R)[,,, ~ (Axlm) ¢le

= 2
OAY, OAY, (6.12)
o et g Mt o e Wash)  mefeiame )
(Axlm ) ) ¢le 2 (Axlm ) 3 ¢R[m aAI,‘
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d(E/R), _ (a h, —h, A +Z'f;x + oK, a(h/ _hnl)]+
me{w}

2 A I 2
aAYK (Ax[m )- ¢le [ 2 (Axlm ) 3 ¢le aA)',‘
hm - hl A’f + 2’:1 aKlm a(hm - hl )
- Z 24 k] m + 2 +
”'e{E} (A‘xlm ) ¢le 2 (Axlm ) ¢le aAYL
- Z o h[ 2hm A[m /11 + A’nx + aK;{m a(l 11 hm ) +
me{S } (Ay im ) ¢le 2 (Ay Im ) } ¢le aA}’L
hm - hl }"f + A'fu aKIm a(hm - h[ ) (6' 13)
- 2 «x 3 nt + 2 +
"E{N } (Ay Im ) ¢R[m 2 (Ay Imt ) ¢le aA),‘
hl - hm A‘? + lr‘n aKln a(hl — hm )
- Z 124 2 I + 2 : +
”'E{D } (Azlm ) ¢le 2 (Azlm ) i ¢Rlnx aA)’"
Z hm - hl A’? + A‘fu oK im a(hm — hl )
- « 2 Im + 2
"’E{U } (AZ[,,, ) : ¢le 2 (Azlm ) B ¢le aAY.‘

In the expressions above k refers to a master block. N (North), S (South), E
(East), W (West), U (Up) and D (Down) refer to the position of the neighbour
cell with respect to the cell indexed with I. It refers to the contour at which
concentrations are prescribed. Remember that « is a weight equal to 0.5 in case
of central weighting and equal to zero or one in case of upstream weighting. Ry
and Ry are elements of the matrix E/R, R being the retardation coefficients
evaluated at the interfaces of two neighbouring grid cells, calculated by the
arithmetic average of the retardation coefficients for the grid cells / and m.

In the above expressions partial derivatives of hydraulic head with respect to
perturbations of log decimal hydraulic conductivity appear. The values for
these derivatives can be obtained by solving the flow sensitivity equations.

Remember that the matricial expression for the transient groundwater flow
equation was:

(-2 }e-ty=- g}

The sensitivity equation is then given by:

([A]_@]{ah’*‘}+[a[f*l_ oAbl Yy, da} ___2lD] {hf}_@{i} (6.14)

Ar JloaY, | |aaY, Anay, AAY, ArAY, Ar | oAy,

This expression simplifies in the case of steady-state groundwater flow to:

[ AJ{ dh }+ a[A] gy 2k

AAY, | aay, OAY,
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The sensitivity equation has the same format as the groundwater flow equation,
the head derivatives with respect to the hydraulic conductivity perturbations
being the unknown vector. The other derivatives in the sensitivity equation are
the ones that were already calculated when the flow contribution to the
gradient was obtained (section 3.2)

The derivatives of the vector F with respect to the hydraulic conductivity
perturbations also give non-zero derivatives due to the contribution of the
prescribed concentration boundary conditions. Below the expression is given
for a geometric intrablock conductivity mean and the case that the neighbour
grid cell has not an imposed prescribed head value. Similar expressions are
obtained for a harmonic intrablock conductivity mean and prescribed heads at

the neighbour grid cell .
aF} — o4 h! — hm }“? + lfn + aK{m a(hl - hm ) r +
2 It 2 n
aAY’L me f_‘(v} (Axllu )- ¢le 2 (A'r[m )- ¢le aAY‘
- (a hm - hl A’f + A’fu + aKIm a(hm - hl ) r +
2 im 2 m
”'E;E} \ (A‘tlm ) i ¢le 2 (Ax[m )- ¢Rln1 aA I,K
_ (a hl — hm 2‘? + Al;l aKIm a(hl - hm ) r +
2 Im 2 m
me{S }\ (Ay Im ) ~¢le ’ 2 (Ay Im ) ¢le aAYL
mele (6.15)
_ (a hm — hl A‘f + /lfn + aKIm a(hm - h[ ) r +
2 Im 2 m
’"eg:_,}\ (Aylm ) ¢Rlnl 2 (Aylm ) ¢le aA),K
— z (a hl - hm A’? + A’r‘n aKlm a (hl — hm ) r +
2 I 2 m
”’Ei_e} \ (Azlm ) ¢le 2 (AZ[,,, ) ¢le aAYK
— (a hm — hl A’? + /lf" + aK Int a(hm — l 21 ) r
2 (1 2 m
me{U} \ (Azlm ) i ¢le 2 (Azlm )- ¢le aAYl

mel™

Next the derivatives with respect to the perturbation of prescribed boundary

heads are given.

Jd(E/R),,

JAh,

=0

me {I""}V me {F‘}
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The derivatives of hydraulic head with respect to the perturbation of the
prescribed head boundary conditions are again obtained by solving sensitivity
equations. For the steady-state groundwater flow equation the sensitivity
equation is:

[A]{aah }+ (4] {h}+{ g }:o 6.16)

ARl | 9AhRS AR

In this expression, the derivatives of g with respect to prescribed heads were
already obtained for the groundwater flow equation. The derivatives of A with
respect to the prescribed boundary heads are zero. Therefore, the vector with
the derivatives of head with respect to prescribed boundary heads is the only
unknown.

Some of the derivatives of the elements of E with respect to the perturbation of
prescribed boundary heads are also different from zero.

aF} = — z aK!ﬂI a(hl - hm ) r_ 2 aK{m a(hm - hl ) r_
aAh{ me{W} (Axlm ) : ¢le aAer " me{E} (Ax[," )2 ¢le aAl 1{ "
mel” mep

mel™ mel*

— Z aK’m a (hl — hm ) r__ Z aKIm a (hm — hl ) r_
"‘eg’; } (Ay Im ) : ¢R[m aAh Lr " me ::_1:', } (Ay Im )2 ¢le aAh‘r "
mer e

_ z aKIm a(hl —/ (™ ) r_ Z aK{m a(hm — hl ) r
me ‘{_e } (A‘Zlm ) : ¢le aAer " me l{‘l{' } (AZ,," ) : ¢le aAer "
mel® mel©

The derivatives of hydraulic heads with respect to the perturbation of
prescribed boundary heads are obtained applying equation 6.16.
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Some of the matrix elements of E/R have non-zero derivatives with respect to
the calibration of log-storativity and the same holds for some of the vector
elements of F. Below an example is given for some of the matrix elements of
E/R. The expressions are similar for other elements of E/R and F.

h,—nh,

. a((XK int ——2———]
ermy 1™ Gt | ok dom) e gyeme o]
aAZk aAZ‘ (Ax[m )2 ¢le aAZ’\

The derivatives of hydraulic head with respect to log-storativity are obtained by
solving the following sensitivity equation:

([A]_@]{a,,r+l}+( o[a] a[p] ]{h,ﬂ}JP{ dq }=_ a[D] {h,}_@{i} 6.17)

Ar )| 0AZ, OAZ, ArAZ, 0AZ, AAZ, Ar |dAZ,

This sensitivity equation has to be solved for all the time steps that the transient
groundwater flow equation is solved and for each master block at which the
log-storativity is perturbed.

In case that the retardation factor is spatially constant, the calibration of the
spatially constant retardation factor is simple and just the derivatives of the
matrices in which the retardation coefficient appear are non-zero:

IHE/R),, _ h—h,
aAR " (A'tlm )2¢(R ) ?

In case for the retardation factor a spatial random function model is adopted,
the spatially variable retardation factor can be calibrated in a similar way as the
storativity coefficient. It is assumed that the retardation factor is calibrated at a
limited amount of master blocks. The perturbations at the master blocks are
interpolated by ordinary kriging to the rest of the grid cells. The result is a
smooth perturbation that is added to the spatially variable retardation field. An
example of the sensitivity of a matrix element [E/R]u: with respect to a change
in the master block value is:

(EIR), h—h, 0575 +0.5%%)
1 ~ _aK m m ¢
aARk im (Axlm )2¢R2 me {W}/\ me {I" }

Im

where xi* is the ordinary kriging weight for the interpolation of a retardation
coefficient perturbation for master block k to the grid cell /. Similar expressions
are obtained for the other matrix elements. Remember that the retardation
coefficient evaluated at the interface between grid cells is the arithmetic average
of the retardation coefficients at the two grid cells. The ordinary kriging weights
are obtained from solving an ordinary kriging system:
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The left-hand side matrix of the above ordinary kriging system contains the
modelled spatial covariances between the master block locations. The right
hand side vector contains the modelled spatial covariances between a grid cell [
and the different master blocks. The unknowns are the kriging coefficients y
and the Lagrange multiplier in. The total number of master blocks at which the
retardation coefficient is perturbed is N. The perturbations of the retardation
coefficient at a grid cell are given then by:

N
AR, = Z XlkARk
k=1

There is physical evidence for spatial cross-correlation between hydraulic
conductivity and retardation coefficients. In case that a spatial cross correlation
is considered, the perturbation of retardation coefficients should affect the
hydraulic conductivity values so that some of the derivatives of the elements of
the E/R matrix and the F vector with respect to the perturbation of R will be
non-zero. Moreover, hydraulic conductivity perturbations would also affect the
values of the retardation coefficients so that also some of the derivatives of the
E/R matrix with respect to hydraulic conductivity would be non-zero. The
expressions for these partial derivatives are very similar to the ones presented
in the equations 6.10 until 6.13 and 6.15. Finally, cokriging should be used to
interpolate the conductivity and retardation perturbations to the rest of the grid
cells.

Since for linear adsorption, porosity and retardation factor cannot be
distinguished, we can conclude that porosity could be calibrated in a similar
way for non-reactive transport, whereas for reactive transport it would be
impossible to distinguish between porosity and retardation factor.

Another transport parameter that can be subjected to conditioning are mass
sinks and sources. Frequently there is considerable uncertainty on the spatial
and temporal distribution of mass injection so that it is interesting to consider
the calibration of this parameter. Only the derivatives of the F vector are
different from zero in case the amount of mass injected is calibrated. The non-
zero derivatives of the F vector for the cells with mass sources are:

¢

a qin(xi’yi3zi9ti)cx(xi’yi’zi’ti)
_1
aA(q;"(xjvyj1zj’[j)cs (xf’yj’zj’tj)) ¢

i=j
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We consider as calibrating parameter the mass flux into the aquifer given by the
product gs c.. In case the pollution does not enter from a small spot, but from a
larger area, master blocks could be used to calibrate the mass flux into the
aquifer.

As stated before, the next steps to be taken to determine the parameter
perturbations at all grid cells (non-linear optimisation algorithms, linear search,
ordinary kriging) are similar to the ones taken for the inverse modelling of
groundwater flow only.
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6.3 Numerical aspects of the conditioning to concentration data

This section details some of the numerical aspects of the procedure presented in
section 6.2. Many of the numerical aspects discussed in section 3.3 (the presence
of multiple zones, the variogram definition, locating and rotating the master
blocks, solving the linear system of equations, calculating the updating
direction from the gradient, interpolating the perturbations) are similar for the
inverse modelling of mass transport and are not repeated here. Only a limited
amount of numerical aspects related to the computer implementation have to
be presented in this section. Oscillations and numerical dispersion in the
solution of the mass transport equation and the numerical procedure to obtain
the gradient of the objective function receive special attention.

Oscillations and numerical dispersioi

In section 2.2.2.1 these aspects were already addressed. The Peclet number
should be, as a rule of thumb, below two in order to avoid oscillations in the
solution of the mass transport equation. However, for this condition to be met
the dispersion has to be, in general, large. If we consider that the spatially
heterogeneous conductivity accounts for the macrodispersion, the user
supplied dispersivity coefficients are related to the intra cell dispersion. A
frequently applied “rule” in literature is that in those cases the longitudinal
dispersivity coefficient is 0.1 times the grid cell size. However, this would give a
Peclet number of 10. Therefore, in order to avoid oscillations dispersivity
coefficients have to be supplied that are thought to be too high. Notice that
reducing the grid cell sizes can not avoid this problem because we also have to
reduce the longitudinal dispersivity coefficient as it is related to the grid cell
dispersion.

INVERTO allows to set back the simulated concentrations at a certain time step
to a user-defined maximum value and a user-defined minimum value
(normally equal to zero) in case the calculated concentrations go beyond these
limits. The occurrence of oscillations is reported in the debug file. Setting back
the concentrations to 2 maximum or a minimum value has, especially in the
context of inverse modelling some important advantages:

* Incase the concentrations are not set back, the generated oscillations become
more severe for the later time steps. Finally, very high or low concentrations
are likely to be generated for mass transport. Setting back the concentrations
to the maximum or minimum possible concentrations avoids this, but has of
course the disadvantage that a problem that occurs in the numerical solution
of the mass transport equation is “occulted”. However, in practice it is
frequently found that at a few grid cells and for a certain transport time step
some oscillation occurred (with just small deviations) and that after setting
back the concentrations the oscillations did not reappear at any of the
locations and for any of the remaining time steps. In such a case it is thought
that, in spite of the mistake made, it was acceptable to continue the
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simulation. This hypothesis is checked by verifying that the mass balance is
close to zero.

e Itis also possible that oscillations occur for a certain, updated conductivity
field, but that the oscillations disappear for later re-updated conductivity
fields. In such a case it would have been a pity if the inverse conditioning
could not have been terminated because for an intermediate solution very
high or very low simulated concentrations would have been generated. The
solution is therefore to set back the concentrations to the maximum or
minimum allowed values and continuing the inverse modelling, although
the intermediate solution is to some extent affected by the numerical
problems. For later iterations and re-updated conductivity fields (that match
the experimental information closer) the oscillations frequently disappear.

Upstream weighting should be applied in convection dominated transport.
Upstream weighting is able to avoid numerical oscillations and allows for
dispersivity coefficients that are lower than the ones that could be used without
numerical problems in symmetric weighting. However, upstream weighting
introduces another numerical problem: numerical dispersion. The Courant
number (see section 2.2.2.1) should be, as a rule of thumb, below one in order to
avoid numerical dispersion. Numerical dispersion can be easily avoided by
reducing the time steps. The problem is, than, the increase in the CPU-time
needed. Especially for the case of the simulation of mass transport in strongly
heterogeneous formations this is a serious problem. Since then the largest
groundwater velocities determine the maximum allowed transport time step
size. Especially in case of important contrasts in groundwater flow velocities (as
is the case in strongly heterogeneous formations) the time step sizes have to be
very small in order to avoid numerical dispersion. In the context of inverse
modelling the following additional problems with respect to numerical
dispersion occur:

¢ The groundwater flow velocities are modified in the calibration. A time step
size that is initially small enough to avoid numerical dispersion may later be
too large because the maximum groundwater flow velocities in the
simulation domain increased. However, this problem can be handled by
checking the groundwater flow velocities as the calibration properties.

e As we saw in section 3.3, in the linear search procedure the gradient is
multiplied with a value in order to obtain the perturbations of the
parameters. This value is optimised and in the optimisation procedure the
perturbations of the parameters increase in subsequent steps (see section 3.3)
until a clearly worse result in terms of objective function value is obtained. It
is expected that for those large perturbations numerical dispersion occurs.
However, this is not a problem as the large perturbations are not used to
update the conductivity field. It is even not a problem if for an intermediate,
updated conductivity field significant numerical dispersion occurs. It is
crucial whether for the final, conditioned velocity field numerical dispersion
was introduced in the solution of the mass transport equation.
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* The reduction of the time step size in order to avoid numerical dispersion is
especially a problem in case of inverse modelling as the mass transport
equation has to be solved numerous times.

The trade-off between the reproduction of concentration data and head data

Equation 6.1 contains a trade-off value that is able to balance the reproduction
of the head and concentration data. In section 6.2 it is stated that the trade-off
value has to be chosen considering the desired reproduction of the head and
concentration data.

The desired reproduction of the data is im big part a subjective decision. For
some reason, more importance may be given to the reproduction of head data
or concentration data, depending on the objective of the study. However, the
estimated error variance of the data should be taken into account. As shown in
section 4.2, erroneous measurement data should not be reproduced too close.

The head and concentration differences along the simulation domain are
normally also taken into consideration in determining the trade-off value. In
case for example the maximum head diffe-rence along the domain is 10 m and
the maximum concentration difference 1000 g/1 a difference between simulated
and measured concentration of 10 g/l <ould be acceptable, while such a
difference (10 m) for hydraulic head off course would not be acceptable. In case
a difference of 0.25 m between simulated and measured hydraulic head would
be considered acceptable, the hydraulic head data (expressed in metres) have to
be reproduced 25 times closer than the concentration data (expressed in g/I).
The subjective determination of the trade—off value requires some interaction
with the user.

Also more formal procedures can be used to determine the trade-off value. In
general, the aim is to characterise the aquifer as well as possible. The question is
then which data type carries more inform.ation on the formation. In synthetic
studies the head, concentration, conductivity and velocity fields can be
compared with reference fields for differen€ trade-off values. In practical studies
such a comparison can not be carried out, but an alternative would be to split
the data set in two parts and use part of thee data in the inverse modelling and
other part of the data for comparing the simulated and measured values. The
trade-off value could be determined by evaluating the performance for different
trade-off values.

Another alternative is to use the variances of the head or concentration data. In

this case the trade-off is equal to the varian.ce of the concentration data divided
by the variance of the hydraulic head data.
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Solving the sensitivity equations

In equations 6.14 and 6.17 partial derivatives of parameters with respect to
hydraulic head appear. These derivatives are found by solving linear systems of
equations like 2.8 or 2.11. These linear systems of equations have to be solved
for each master block. The equations are very similar to the groundwater flow
equation and therefore the comments given in section 3.3 with respect to the
accuracy of the solution found, convergence problems etc. also hold for solving
a linear system of sensitivity equations.

Calculating the gradient of tie objective function

The contributions to the gradient can be divided between contributions related
to the groundwater flow part and contributions related to the transport part.
However, in the derivatives of matrices and vectors of the discretized transport
equation with respect to the hydraulic conductivity perturbations also
expressions related to the groundwater flow equation appear. For example, the
flow sensitivity equations have to be solved for each master block and each time
step. In case all the derivatives of head with respect to hydraulic conductivity
have to be stored temporarily a large amount of memory is occupied. The
needed memory can be reduced by organising the gradient calculation in a
more efficient way. Figure 6.1 presents the steps taken for calculating the
gradient elements corresponding to the hydraulic conductivity perturbation.
The program calculates first the gradient elements corresponding to the
perturbation of the hydraulic conductivities, later the derivatives with respect
to the perturbation of the prescribed boundary heads, and later possibly the
derivatives with respect to other parameters that are perturbed. Figure 6.1 does
not show the calculation of the derivatives with respect to the perturbation of
the prescribed boundary heads and other parameters. However, these
derivatives are obtained in a similar way as the derivatives with respect to the
hydraulic conductivities, although less evaluations have to be made to obtain
them.

The following strategies are applied in order to reduce the needed CPU-time to
calculate the gradient:
® During the calculation of the derivatives of the flow equation with
respect to the perturbation of hydraulic conductivity or prescribed
boundary heads already the required left-hand side matrix and right-
hand side vector needed to solve the flow sensitivity equations are built.
The flow sensitivity equations, on their turn, have to be solved in order
to obtain the derivatives of the transport equation with respect to the
hydraulic conductivity perturbation (see also section 6.2).
* The derivatives of hydraulic head with respect to hydraulic conductivity
perturbations and perturbations of prescribed boundary heads
contribute to the derivatives of the transport equation with respect to
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Figure 6.1 Flow diagram of the gradient calculation for the coupled
inverse modelling of groundwater flow and mass transport (on this page
and the next two pages). The formulation of the adjoint state equation
according Appendix Il is used.
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these perturbation parameters. These contributions are calculated in the
loop where the derivatives of the flow equation with respect to these
parameters are calculated. However, the contributions have to be
multiplied by the simulated concentration values and the simulated
transport adjoint state values. This is not a problem because the solution
of the transport equation and the adjoint transport equation were stored
in 4-D arrays. The contributions are calculated in the flow loop in order
to reduce the storage costs. The derivatives do not have to be stored and
are used immediately to calculate the contributions to the gradient.
Another contribution of the derivatives of the transport equation with
respect to the hydraulic conductivity perturbations is related to the
derivatives of hydraulic conductivity with respect to hydraulic
conductivity perturbations. The derivatives can only be non-zero in case
concentration measurement data were available for that (transport)
simulation time step. (in case the adjoint state equations are formulated
continuous in time, see Appendix II). Therefore in each transport time
step loop first a check was made whether concentration data are
available. In order to calculate the derivatives also the groundwater flow
velocities are needed. The groundwater flow velocities in space and time
are stored in a 4-D array.

Like for the gradient calculation in case of flow only, a check is made
whether for a grid cell-master block combination the kriging weight is
different from zero. In case the kriging weight is zero, the next grid cell-
master block combination is handled in order to avoid unnecessary
calculations.
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6.4 Synthetic study on the coupled inverse modelling of flow and
transport and the worth of concentration data

The theory presented in section 6.2 was implemented in the software INVERTO
and tested in a synthetic study. This study was a test case for the conditioning
algorithm and an objective was to study whether the software was able to
condition a sufficiently large number of realisations sufficiently close to the
experimental data in a not too elevated CPU time. Another aim was to study
the impact of the concentration data on the characterisation of the aquifer
properties. In this synthetic study, only the transmissivity field is unknown and
the boundary conditions, dispersivity coefficients and contaminant release
information are perfectly known. An interesting future extension would be to
consider multiple sources of uncertainty, like transmissivities and contaminant
release information or both transmissivities and retardation coefficients.

In the literature the studies on the coupled inverse modelling of groundwater
flow and mass transport are limited. Furthermore, we are not aware of studies
on the worth of concentration data in the context of Monte Carlo simulation.

6.4.1 Reference fields

The study domain has extension of 500 m by 500 m and is divided in 50 by 50
squared grid cells of 10 m in the size.

A reference log transmissivity field is generated with an average transmissivity
of -6.0 logio(m?/s) and a standard deviation of 0.5 logio(m?2/s); it is moderately
heterogeneous. The method can also be applied on strongly heterogeneous
transmissivity fields, but the CPU-time needed would increase significantly,
because the time step would have to be smaller in order to avoid numerical
dispersion (see also section 2.2.2.1). The variogram of log transmissivity is
spherical with a range of 125 m, zero nugget and sill of 0.25 (logio(m?/s))2.

Steady-state groundwater flow is simulated with prescribed head boundaries
on the South and North and impermeable boundaries on the West and East.
The prescribed head value is 5 m along the southern boundary and 0 m along
the northern boundary. These prescribed head values force a flow from the
south to the north.

On the southern boundary, a line contamination source is present. The
contaminants are introduced in the system by a constant concentration of 1.0
unit (standardised concentration) along a 100 m long transect on the southern
boundary. For the rest of the southern boundary the prescribed concentration
values are equal to zero. On the northern boundary also prescribed
concentrations equal to zero are imposed. These boundary conditions are
justified because during the time of the transport simulation the northern
boundary is far enough from the contaminant plume. The contaminants do not
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Figure 6.2. Reference transmissivity field, steady-state head field and
concentration fields for time step 10 and time step 20.

show retardation or any chemical reaction and are subject to dispersion. The
longitudinal dispersion coefficient is set equal to 10 m. This value is large for
numerical convenience. The mass transport equation is solved for time steps of
109 seconds (31.69 years) until 2 * 10° seconds (633.76 years).

Figure 6.2 shows the reference transmissivity, hydraulic head and concentration
fields.

6.4.2 Scenarios studied

100 equally likely solutions to the inverse problem are calculated for eight
different scenarios. The scenarios differ in the kind of conditioning data. Table
6.1 illustrates the kind of data used in each of the eight scenarios. In four of the
eight scenarios (scenarios 2, 4, 6 and 8) 20 transmissivity data are used in the
conditioning procecure. The transmissivity data are obtained from random
sampling of the reference transmissivity field. Also in four of the eight scenarios
(scenarios 3, 4, 7 and 8) 20 steady-state head data are used as conditioning
information. The steady-state head data are sampled at the same locations as
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20 Y data? 20 I1 data? 13 cdata?

Scenario 1 NO NO NO
Scenario 2 YES NO NO
Scenario 3 NO YES NO
Scenario 4 YES YES NO
Scenario 5 NO NO YES
Scenario 6 YES NO YES
Scenario 7 NO YES YES
Scenario 8 YES YES YES

Table 6.1. Studied scenarios in the synthetic study.

the transmissivity data. Finally, in four of the studied scenarios (scenarios 5, 6, 7
and 8) concentration data are used in the conditioning procedure. For those
scenarios a coupled inversion procedure was done. The concentration data are
sampled from the reference concentration field for the last time step (2 * 1010
seconds) and the 13 data are taken from a monitoring line perpendicular to the
mean flow direction. No concentration data from earlier time steps are
available. Figure 6.3 shows the location of the measurement data.

For the eight different scenarios the aim was to reproduce the hydraulic head
and concentration data as close as possible since the data were taken error-free.
The transmissivity data are reproduced exactly. In case that both hydraulic
head and concentration data are used as conditioning information it is
necessary to define a trade-off value (the parameter y3 in equation 6.1) in order
to weight the two pieces of information. It was found that a value equal to 1.0
yields optimal results in this study. Larger trade-off values did not result in a
sufficiently close reproduction of the hydraulic head data.

100 master blocks are located in the simulation domain with the same density in
the x- and the y-direction. Figure 6.4 shows as an example, one realisation not
conditioned to any information and one realisation conditioned to
transmissivity, steady-state head and concentration data. The figure illustrates
that the realisation conditioned to all the information is closer to the reference
fields than the unconditional realisation. In the unconditional realisation the
contaminant plume extends much further than in the reference field.

6.4.3 Evaluation of results
For each of the eight scenarios 100 equally likely realisations are generated.

Each of the realisations is compared with the reference fields. The following
performance measures are defined:
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Figure 6.3. Sample locations of transmissivity, steady-state piezometric head
and concentration at time step 20.
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Figure 6.4. (above) One realisation, not conditioned to any data (scenario 1).
(below) One realisation, conditioned to all the information (scenario 8).

h realisation ( io 1)

c realisation,time step 10 (scenario 1) ¢ realisation,lime step 20 (: 7o 1)

¢ realisation,time step 10 (scenario 8) ¢ realisation.time step 20 (scenario 8)
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where AAE is the average absolute error, AESD the average ensemble standard
deviation, NNODES the number of discretization grid cells, and i is a grid cell
index, X represents either decimal log transmissivity, steady-state hydraulic
head or mass concentration at a certain time step, the overbar indicates
ensemble average, the subscript SIM refers to the realisations, and the subscript
REF to the reference values; finally, ox: is the ensemble standard deviation of X
at a given node. In addition, AAE(f) is the average absolute error for hydraulic
head, AAE(c) the average absolute error for concentration and AAE(Y) the
average absolute error for log transmissivity. AESD(l1), AESD(c) and AESD(Y)
are the average ensemble standard deviation for hydraulic head, concentration
and log transmissivity respectively.

6.4.4 Results

Table 6.2 shows the calculated AAE for transmissivity, hydraulic head and
concentration for the eight scenarios. The results are standardised so that AAE
is equal to 100 for the scenario with no conditioning data. Figure 6.5 shows the
ensemble averaged transmissivity, hydraulic head and concentration fields for
some of the scenarios.

The AAE for transmissivity, hydraulic head and concentration are below 100 for
all the scenarios with conditioning data. It means that the presence of
conditioning data resulted in all cases in an improved characterisation of the
transmissivity, hydraulic head and concentration field.

AAE(Y) AAE() AAE(c)
Scenario 1 100 100 100
Scenario 2 92 93 68
Scenario 3 91 49 97
Scenario 4 81 34 70
Scenario 5 96 92 54
Scenario 6 91 20 58
Scenario 7 88 52 43
Scenario 8 79 35 37

Table 6.2. The standardised average absolute error (scenario 1=100) for the
characterisation of the transmissivity, steady-state head and concentration
(averaged over 20 time steps) field.
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Figure 6.5. (From the left to the right and from above to below, continuing on
the next page): Ensemble averages of transmissivity for scenario 1, scenario 2
and scenario 8; ensemble averages of steady-state head for scenario 1, scenario 3
and scenario 8; ensemble averages of concentration at time step 20 for scenario
1, scenario 4 and scenario 8.

Ensemble averaged T (scenario 1

Ensemble averaged h (scenario 1)

Ensemble averaged h (scenario 3) . Ei ble averaged h (scenario 8)
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Ensemb av c, time step 20 (scenario 8)

6.4.4.1 Results for just one piece of conditioning information

In case just one type of conditioning information is available, either only
transmissivity data (scenario 2), steady-state head data (scenario 3) or
concentration data (scenario 5), the characterisations of transmissivity, steady-
state head and concentration improve. In case just transmissivity data are
available, the characterisation of the transmissivity improves (AAE(Y)-
reduction 8%), but also the characterisation of the steady-state head field
(AAE(I1)-reduction 7%) and especially the characterisation of the concentration
field (AAE(c)-reduction on average 32% over the 20 time steps). It shows that
transmissivity, through the groundwater flow equation, improves the
characterisation of the hydraulic head field and through the groundwater flow
velocities also the characterisation of the concentration field. The conditioning
to just hydraulic head data yields a similar AAE(Y) reduction (9%), a much
more pronounced AAE(/1) reduction (51%) and just a small AAE(c) reduction
(on average 3% over the 20 time steps). It is not straightforward to explain why
head and transmissivity data had such a different impact on the
characterisation of the concentration field in this case. Finally, the use of
concentration data only yields also an AAE(Y) reduction (4%), AAE(I) reduction
(8%) and especially AAE(c) reduction (46%). In case that the AAE are calculated
just over the upstream part of the aquifer (the concentration monitoring
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locations divide the aquifer in an upstream and a downstream part) the
reductions are much more important: 20% when using transmissivity, 46%
when using hydraulic head and 71% when using concentrations. This illustrates
that the AAE(Y) and AAE() reductions are close to zero for the downstream
part of the aquifer, but very important for the upstream part of the aquifer. This
is logical as the concentrations give information on groundwater flow velocities
(and thus the transmissivities and hydraulic heads) of the upstream part of the
aquifer but not on the downstream part. The characterisation of the
concentration field improves both for the upstream part of the aquifer and the
downstream part, but also in this case the improvement is more significant for
the upstream part.

Now we will have a look at the temporal evolution of the AAE(c). Figure 6.6
shows the temporal evolution of the AAE(c) for scenario 1 (no conditioning
data) and the temporal evolution of the AAE(c) for scenario 5 (13 concentration
data). Figure 6.6 gives also the reduction on AAE(c) introduced by the
conditioning.

For the whole aquifer, the AAE(c) increases throughout the simulation time and
reaches its maximum at the last simulation time step (time step 20). This is both
the case for scenario 1 (no conditioning information) and scenario 5
(conditioning to concentration data). The concentration data at time step 20
reduce the AAE(c) for all time steps, but do not stop the AAE(c) increase in time.
The AAE(c) reduction (the AAE(c) for scenario 5 (13 concentration data) divided
by the AAE(c) for scenario 1 (no conditioning data)) reaches its maximum at
time step 6 (52%) and its minimum at time step 20 (39%). At first sight it is
surprising that the maximum AAE(c) reduction is not achieved at time step 20.
However, this can probably be explained by the fact that the conditioning data
improve the characterisation of the upstream aquifer parameters and therefore
the larger AAE(c) reductions are obtained when the plume still did not enter
into the downstream part of the aquifer.

If the AAE(c) is calculated just over the upstream part of the aquifer the largest
AAE(c) in scenario 1 (no conditioning data) is found for time step 9 and the
AAE(c) decreases slowly for later time steps. See again Figure 6.6. This posterior
decrease is associated with the position of the main concentration gradient. At
later time steps the transition zone between low concentrations (close to zero)
and high concentrations moves into the downstream part of the aquifer and due
to the fact that the maximum AAE(c) is associated with this transition zone, the
AAE(c) for the upstream part decreases slightly for later time steps. In case the
concentration data are used in the inverse modelling (scenario 5) the lowest
AAE(c) are found for time step 20. It is clear that this difference is due to the
conditioning information at time step 20. The conditioning information at time
step 20 makes that the maximum AAE(c) moves away from time step 20: from
time step 9 in scenario 1 to time step 2 in case concentration data are available.
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Figure 6.6. Plots of the AAE(c) evolution and the AAE(c) reduction as function
of the simulation time step. Compared are the scenarios 1 and 5 and the results
are calculated both for the whole aquifer and the upstream part of the aquifer
only.
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The maximum AAE(c) reduction (87%) is also obtained at time step 20, and for
earlier time steps the AAE(c) reduction is less.

6.4.4.2 Results for different kinds of conditioning information

In case both transmissivity and hydraulic head data are available (scenario 4)
the AAE reductions are larger and close to the sum of the AAE-reductions for
the scenarios 2 (just transmissivity data) and 3 (just hydraulic head data). The
AAE(Y) reduction is 19%, the AAE(h) reduction 66% and the AAE(c) reduction
on average 30% over the 20 time steps.

The combination of concentration and transmissivity data (scenario 6) results in
a stronger AAE-reduction than just concentration data or just transmissivity
data. However, in this case the AAE-reduction is by no means the sum of the
AAE-reductions of scenario 2 (just transmissivity data) and scenario 5 (just
concentration data). The AAE(Y) reduction is 9% (the sum would have been
12%), the AAE(l)) reduction 10% (the sum would have been 15%) and the
AAE(c) reduction 42%. It should be noticed that the use of just concentration
data yielded a stronger AAE(c) reduction.

The combination of concentration and hydraulic head data (scenario 7) yields
important AAE(c) reductions: the AAE(Y) and AAE(/1) reductions are close to
the sum of the AAE(Y) and AAE(/:)) reductions for scenario 3 (just hydraulic
head data) and scenario 5 (just concentration data). The AAE(c) reduction (57%)
is even larger than the sum of the AAE(c) reductions for scenario 3 (just
hydraulic head data; reduction 3%) and scenario 5 (just concentration data;
reduction 46%).

Finally, in case all conditioning information is used (scenario 8) the best results
are obtained. The AAE(Y) reduction is 21%, the largest reduction from the
scenarios studied. As found in other synthetic studies, the AAE-reduction for
hydraulic head is usually much bigger than the AAE(Y) reduction, but it is the
improved characterisation of the transmissivity field that guarantees that in
other flow regimes also an improved characterisation of the groundwater flow
will be obtained. The AAE(Y) reduction for scenario 8 is nearly equal to the sum
of the AAE(Y) reductions for just transmissivity data (8%), just hydraulic head
data (9%) and just concentration data (4%). Figure 6.5 shows that the
conditioning data depicted the principal zones of enhanced and reduced
transmissivity. The AAE(l1) reduction is 65%, and a slightly larger reduction
(66%) was obtained for scenario 3, with just hydraulic head and transmissivity
data. The concentration data did not help to reduce further the AAE()) which
may be due to a less accurate reproduction of the hydraulic head data. In case
both hydraulic head and concentration data are used as conditioning
information the reproduction of the hydraulic head data tends to be slightly
worse, but with the compensation that the concentration data are closely
reproduced. Nevertheless, the final AAE() reduction for scenario 8 is again
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very close to the sum of the AAE(/1) reductions for just transmissivity data (7%),
just hydraulic head data (51%) and just concentration data (8%). Finally, the
AAE(c) reduction (again averaged over the 20 time steps) reaches also its
maximum in case all the conditioning information is used (63% ). The reduction
is around 66% for the time steps 9 until 20, but for the first time steps the
reduction is smaller. Figure 6.5 shows that the conditioning data are able to
characterise approximately the contaminant plume, while in the unconditional
case the contaminant plume covers a smaller part of the aquifer than in the
reference. The AAE(c) reduction is smaller than the sum of the AAE(c)
reductions for just transmissivity data, just hydraulic head data and just
concentration data. It is found that hydraulic head data have an important
additional value to concentration data, on the contrary, transmissivity data
have little additional value to concentration data. However, these findings may
differ for other boundary conditions.

For scenario 5 (conditioning to only concentration data) it was found that the
AAE-reductions are much larger for the upstream part of the aquifer. Is this still
the case if besides concentration data also hydraulic head and/or transmissivity
data are used in the inverse modelling? The AAE(Y) reductions are larger in the
upstream part of the aquifer for all cases that concentration measurement data
are available. We saw that for scenario 5 the overall AAE(Y) reduction was 4%,
while in the upstream part it was 20%. For scenario 6 (concentration and
transmissivity data) thé overall reduction is 9%, and the reduction for the
upstream part is 28% . For scenario 7 (concentration and head data) the contrast
in AAE(Y) reduction between the upstream and downstream part is reduced:
the overall reduction is 12% and the reduction for the upstream part is 26%. For
scenario 8 (concentration, head and transmissivity data) the overall reduction is
21% while itis 35% for the upstream part. It can be concluded that the head and
transmissivity data give an additional AAE(Y) reduction, but the additional
value of the concentration data is evident, especially from the ensemble
statistics of the upstream part of the aquifer. This is not the case for the AAE(/1)
reduction. While for scenario 5 (concentration data only) there was a strong
contrast with an overall AAE(l) reduction of 8% and a reduction in the
upstream part of 46%, for all other scenarios with concentration data the
contrast is less or even inexistent. For scenario 6 (concentration and
transmissivity data) the overall AAE(h) reduction was 10% and for the upstream
part 28%. In case also hydraulic head data are available (scenarios 7 and 8) the
AAE(h) reduction is not stronger for the upstream part than for the rest of the
aquifer. Finally, the AAE(c) reduction is in all cases larger in the upstream part
of the aquifer than in the rest of the aquifer. For scenario 5 (just concentration
data) we saw already that the overall AAE(c) reduction was 46% and the
reduction for the upstream part was 71%. For scenario 6 (concentration and
transmissivity data) the contrast is even bigger: 42% AAE(c) reduction for all the
aquifer and 83% for the upstream part only. The head data reduce the contrast
in AAE(c) reduction as they were more capable to improve the characterisation
of the concentration field downstream of the monitoring locations. For scenario
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7 (concentration and head data) the overall AAE(c) reduction was 57% and for
the upstream part it was 69%. In case head, concentration and transmissivity
data are available (scenario 8) the overall AAE(c) reduction was 63% and for the
upstream part it was 72%.

The behaviour of the AAE(c) as function of the simulation time step is the same
for the scenarios 6, 7 and 8 as for the scenario that just concentration data were
available (scenario 5). The AAE(c), when calculated over the whole aquifer,
increased continuously in time. On the contrary, the AAE(c) calculated over the
upstream part of the aquifer reached its maximum very fast after the start of the
transport simulations (time step 1 or 2) and decreased afterwards.

6.4.4.3 Average Ensemble Standard Deviations

Table 6.3 shows the calculated AESD for each of the scenarios. The general
conclusion is that the conditioning data result in a reduction of the AESD. It
means that the updated, ensemble averaged, transmissivity, hydraulic head and
concentration fields are not only closer to the reference fields (AAE-reduction),
but also that the uncertainty on these estimates is smaller (AESD-reduction).
Figure 6.7 shows the ensemble averaged standard deviations of the
transmissivity, steady-state head and concentration fields for some of the
scenarios.

Looking into more detail we see that the AESD-reductions are smaller than the
AAE-reductions. Nevertheless, the AESD-reductions are also considerable. The
AESD(Y) reduction is 19% for the scenarios 4 and 8. This is quite close to the
maximum AAE(Y) reduction (for scenario 8) of 21%. It is found that
fransmissivity and head data help to reduce the uncertainty on the
transmissivity field. Figure 6.7 clearly illustrates the impact of the conditioning
transmissivity data. However, when conditioning to concentration data, the

AESD(Y) AESD(h) AESD(c)
Scenario 1 100 100 100
Scenario 2 85 79 95
Scenario 3 96 59 97
Scenario 4 81 51 82
Scenario 5 107 105 108
Scenario 6 88 82 90
Scenario 7 98 61 84
Scenario 8 81 50 69

Table 6.3. The standardised average ensemble standard deviation (scenario
1=100) for the characterisation of the transmissivity, steady-state head and
concentration (averaged over 20 time steps) field.
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Figure 6.7. The following ensemble standard deviations are displayed (From the
left to the right and from above to below, continuing on the next page):
transmissivity for scenario 1, scenario 2 and scenario 8; steady-state head for
scenario 1, scenario 3 and scenario 8; concentration for scenario 1, scenario 4
and scenario 8.
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Ensemble S.D. ¢ (scenario 1) Ensemble S.D. ¢ (scenario 4)

Ensemble S.D. c (scenario 8)

surprising result is that the uncertainty on the transmissivity field increases. In
case that just concentration data are used in the conditioning (scenario 5) the
AESD(Y) increase is 7% as compared with the scenario with no conditioning
data. In case that also transmissivity data are used (scenario 6) an AESD(Y)
decrease of 12% is observed, this decrease is smaller than the decrease of 15%
observed when only transmissivity data were used in the conditioning. For the
case that head data are also used in the conditioning, the concentration data do
not reduce the AESD(Y).

For the uncertainty on the head field, conditioning to concentration data also
results in an AESD(/1) increase with respect to the unconditional case. However,
the increases are smaller than for AESD(Y). For scenario 5 the AESD(l1) is 5%
larger than for the case with no conditioning data. In case that both head and
transmissivity are available, the additional presence of concentration data
(scenario 8) yields a small AESD-decrease, from 49% to 50%. It means that the
maximum AESD(h) reduction is achieved in case all conditioning data are used.
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The steady-state head data contribute the most to the AESD(I) reduction: in
case that only steady-state head data are available, an AESD(/i) reduction of
41% is already achieved. Figure 6.7 shows how the zone with local AESD()
above 0.15 reduces in case conditioning data are used. If the maps are compared
with the head sample locations (Figure 6.3) it is clear that the larger AESD(lr)
correspond to zones with few experimental head data.

The uncertainty on the concentration field, characterised by means of the
AESD(c) also shows an increase in case that only concentration data are used in
the conditioning. AESD(c) for the scenario in which only concentration data are
used is 8% larger than the scenario with no conditioning data. In this case, it is
easier to explain this increase. In the ensemble averaged field for the
unconditional case the contaminant plume covers a smaller part of the aquifer
than in the reference field. The part that is not covered by the contaminant
plume has a low ensemble standard deviation. For the scenario that also
concentration data are used in the conditioning, the position of the contaminant
plume is better characterised and its location is closer to the reference plume.
However, this also means that the uncertainty on the contaminant
concentration increases in those parts of the aquifer in which for the case of no
conditioning data the contaminant concentration was close to zero. In case more
conditioning data are available the AESD(c) finally decreases and the lowest
AESD(c) is found for the scenario where transmissivity, head and concentration
data are available; the found AESD(c) reduction is 31%. The AESD(c) reduction
is clearly smaller than the AAE(c) reduction. It is thought that this is also -in
part- due to the initial mismatch on the position of the contaminant plume.
Finally, it can be concluded that the concentration data contribute the most to
the AESD(c) reduction (in case all the conditioning data are available), but head
and transmissivity data also have an important contribution to reduce the
uncertainty. Figure 6.7 illustrates that the local AESD(c) reduces for more
conditioning data and shows also that the largest local AESD(c) correspond to
the zones with an elevated concentration gradient.

6.4.5 Discussion and conclusions

The synthetic study illustrates that when concentration data are also used for
conditioning, the characterisation of the transmissivity, steady-state head and
concentration field are improved. The value of the concentration data is clearly
demonstrated by the synthetic study. The impact of the concentration data on
the characterisation of the upstream part of the aquifer is especially noticeable.
The synthetic study also illustrates that the best results are obtained in case
transmissivity, head and concentration data are used together. The uncertainty
also reduces in the conditioning process; the lowest variances are found for the
cases that transmissivity, steady-state head and concentration data are used as
conditioning information. However, in this specific case the presence of just
concentration data yielded an average ensemble standard deviation larger than
in case no conditioning data are available. For the characterisation of the
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concentration field this is due to a mismatch between the average plume in the
unconditional case and the reference plume.

This study shows the importance of the conditioning to concentration data.
However, in this synthetic study just one source of uncertainty - the
transmissivities - was considered. In reality many more sources of uncertainty
should be considered, like boundary conditions, porosity, local dispersivities
and, in some cases, the information on the mass sources. In controlled
conservative tracer experiments the amount of injected mass is nearly exactly
known and the additional uncertainty may be limited. However, the
application of this methodology on contaminated sites with an uncertain mass
release history is more complicated. In those studies, the spatio-temporal
characterisation of the contamination source is of especial interest. A main
question is to what extent it is possible to characterise the aquifer
transmissivities and the contaminant source together, given a limited amount of
conductivity data, a strongly spatially variable hydraulic conductivity and
limited information on the contaminant release history. To what extent is it
possible to get an improved aquifer characterisation and a reduced uncertainty
in case of multiple sources of uncertainty? As the methodology allows
calibrating mass release information and porosity, this issue could be addressed
in a synthetic study. In short, the developed methodology should be applied in
more complicated synthetic cases with multiple sources of uncertainty and in a
real-world case study in order to find out what is the worth of concentration
data in those cases. Nevertheless, this synthetic study gives promising results
with respect to the worth of concentration data. Together with uncertainty on
the porosity also uncertainty on the retardation coefficient can be considered.
However, the methodology at present just allows considering linear retardation
by adsorption.

Another urgent issue is the implementation of more accurate numerical

schemes to solve the mass transport equation. Higher-order interpolation could
avoid overshoot and undershoot in strongly advection-dominated problems.
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7 Conclusions and future research

7.1 Conclusions

The principal conclusions related with the research on the stochastic inverse
modelling of groundwater flow and mass transport are:

A literature research showed that it is very common to linearize the
groundwater flow equation in the solution of the inverse problem.
However, the disadvantage of this linearization approach is that it is not
valid for large transmissivity variances. Furthermore, some of these
approaches can not be extended easily for complex boundary conditions,
complex aquifer geometries, etcetera. The majority of the approaches aims at
estimating a single-best solution to the inverse groundwater flow problem.
Few methods have been developed that consider the coupled inverse
modelling of groundwater flow and mass transport. These methods
linearize, in general, the mass transport equation and they all aim at
estimating a single-best solution to the coupled inverse problem.

The software INVERTO (written in the C-language) has been developed and
implements the extended self-calibrating approach. The self-calibrating
approach does not linearize the groundwater flow or the mass transport
equation and calculates many equally likely solutions to the (coupled)
inverse problem, instead of just one single-best solution.

The sequential self-calibrating method was successfully extended to handle
transient groundwater flow and the joint calibration of transmissivities and
storativities. The adjoint state approach reduces the CPU-time needed and,
although the inverse modelling of transient groundwater flow is more CPU-
intensive, a sufficiently large number of realisations can be generated for
cases with less than 10,000 grid cells in a reasonable amount of time. The
transient head data yield, in general, only local modifications of the
transmissivity field and their impact on the characterisation of the
transmissivity field is more limited than a similar number of steady-state
head data. The transient head data also allow to generate storativity fields.
The results on the joint conditioning of transmissivities and storativities
have been satisfying. Both the ensemble variances of transmissivity and the
storativity decrease.

It is important to have good estimates of the transmissivity and hydraulic
head measurement errors. In case that the estimated measurement errors are
smaller than the real measurement errors, the experimental data may be
reproduced too close and artefacts will appear on ensemble averaged maps.
It is also found that in that case the characterisation of the transmissivity and

319



head fields is worse while the estimate of the transmissivity ensemble
variance becomes unrealistic low.

* The concept of multiple statistical populations has been successfully applied
on the modelling of groundwater flow in fractured rock. In two extensive 3-
D case studies it was possible to reproduce a large amount of experimental
information reasonably well. In the Sellafield case study, an important
increase in the background conductivity was observed during the
calibration process. In the Aspd case study the average background
conductivity did not increase, but locally important increases were
observed, indicating the presence of minor fractures. In spite of the fact that
the realisations in the two case studies were conditioned to a large amount
of experimental information, a large ensemble variance still remained in the
results of the prediction of the outcome of independent tracer test(s).

e The approach was extended to the coupled inverse modelling of
groundwater flow and mass transport. The gradient can be calculated in an
efficient way by not considering the contributions of the dispersive flux to
the gradient.

* In a synthetic study it was found that concentration data help greatly to
improve the characterisation of transmissivity, hydraulic head and
concentration. Moreover, the ensemble standard deviation was reduced
with the help of the concentration data. The concentration data mainly
improve the characterisation of the upstream part of the aquifer.

7.2 Suggestions for future research

* The study of the impact of the quality of the measurement data on the
simulation results showed that it is necessary to make an estimate of the
transmissivity measurement error and the hydraulic head measurement
error. The impact on the quality of the simulation results was demonstrated.
Nevertheless, it would be interesting to extend the study to biased
measurement data, non Gaussian distribution of measurement errors, and
the impact of measurement errors on the estimate of the transmissivity
variogram. Furthermore, it would be interesting to extend the study to
measurement errors in the concentration data.

* With respect to the modelling of groundwater flow in fractured media it will
be important to improve the representation of the fractures in the model.
Currently the fracture planes are too coarse. An improvement could be
achieved by refining the discretization and/or improving the linear system
solver. However, it is not expected that this will yield a significant
Improvement in the nearby future. An alternative is to represent the fracture
grid cells in a different way in the model. They could be modelled as 2-D
embedded features in a 3-D matrix. The fracture planes could still be
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discretized by squared grid cells and some connections between the fracture
plane grid cells and the neighbouring matrix grid cells will have to be
introduced.

It will also be important to consider the implementation of a different linear
system solver in INVERTO. Especially for the simulation of groundwater
flow in fractured media the large conductivity contrasts may make it
difficult to find an accurate solution to the linear system of equations.
Probably a more potent linear system solver can be found that reduces the
mentioned problems.

In this dissertation the methodology for the coupled inverse modelling of
groundwater flow and mass transport was presented. A synthetic study
illustrated the worth of concentration data. However, the only source of
uncertainty was the spatially variable transmissivity field. Another synthetic
study should show the worth of concentration data in case we consider
more sources of uncertainty. Besides the spatially variable transmissivity
field it would be realistic to consider the spatially variable
porosity/retardation field (porosity and retardation cannot be distinguished
in the inverse modelling procedure for linear adsorption) and the
uncertainty on the mass release. Furthermore, it is also important to test the
methodology in a real-world case study. Controlled tracer experiments offer
an interesting data base to be used in the coupled inverse modelling. The
advantage of the controlled tracer experiments is that although the sources
of uncertainty (transmissivity, porosity) increase as compared with the
synthetic study, the mass release information is stll perfectly known.
Moreover, in general other types of experimental data are available from
these kind of experiments.

In the section on coupled inverse modelling, the numerical problems were
also mentioned. Ideally, we would like to use a longitudinal grid cell
dispersivity equal to one tenth of the grid cell size. Currently, in order to
avoid overshoot and undershoot a larger dispersivity coefficient has to be
supplied. The implementation of higher order interpolation algorithms in
INVERTO could reduce the problems of overshoot and undershoot.

The extension of the methodology to unconfined aquifers and the joint
conditioning of spatially variable recharge and transmissivity fields is also
an important research area. The estimation of spatially distributed recharge
fields has various problems: no experimental information, different units, a
correlation with transmissivity of unknown magnitude and the need to
consider cyclic variations. Nevertheless, for many applications this
extension, including the non-linear behaviour of unconfined aquifers, is
very important.
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Appendix I. INVERTO manual.

Below detailed instructions are given on the format of the input files for the
computer programme INVERTO (Version invert2d).

I.1 The main input parameter file

The program calls the input parameter file named invert2d.par. We describe the
contents of this parameter file.

Line 1: INTERBLOCK_AVERAGE. Type of interblock K average. If a harmonic
interblock average is desired HARMONIC should be specified; if a geometric
interblock average has to be used GEOMETRIC should be specified. See section
2.2.1 for details.

Line 2: LOG_TYPE. This flag indicates whether the user expresses the K and S
variogram parameters (line 30 until line 52 of the main input parameter file) in
decimal or natural logarithm. DECIMAL is specified for decimal logarithm,
NATURAL for natural logarithm. It should be stressed that the unity of the
variogram parameters is independent of the K unity used in TFILE (see later). In
TFILE K always has to be expressed in decimal logarithm.

Line 3: KRIGING_TYPE. The kriging type should always be set to
ORDINARY. It means that the perturbations are interpolated by ordinary
kriging (see also sections 2.1.2.2 and 3.2.2).

Line 4: DBG_LEVEL. The output debugging level. Options are: NONE,
MINIMUM, MEDIUM and MAXIMUM. It is strongly recommended to set the
debugging type to MINIMUM in order to avoid extremely big output files. In
case an aquifer is discretized in more than thousand grid cells a debugging type
equal to MEDIUM or MAXIMUM will result very fast in gigabytes of output.

Line 5: OPTIMIZATION_TYPE. This parameter specifies the optimisation type
that will be used in the first iteration for calculating the updating direction from
the gradient vector (see also section 3.2.4). The options are: STEEPEST
DESCENT, CONJUGATE_GRADIENTS and FR_CJG. FR_CJG is recommended.
After a maximum of five iterations (see also section 3.3) the optimisation type is
changed in order to accelerate the convergence.

Line 6: NX, NY, NZ. The number of grid cells in the x direction, the number of
grid cells in the y direction and the number of grid cells in the z direction. In
case 2-D flow is simulated NZ=1. For an irregular aquifer NX, NY and NZ
should be big enough to include all aquifer grid cells. Consequentially, many
inactive cells are also included. Increasing the total number of grid cells means
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increasing the CPU time needed. Case studies have been carried out for 55,000
and 75,000 grid cells, but even the inverse modelling of steady-state
groundwater flow on a very fast work station may cost more than 12 hours of
CPU time.

Line 7: CELLSIZE_FLAG, DX, DY, DZ. If CELLSIZE_FLAG is set to 1 not all
the grid cells have equal sizes. If the flag is set to 0 all the cells have equal
dimensions. The width of the grid cell is expressed In metres. In case
CELLSIZE_FLAG=0 the dimensions of the grid cells are defined by DX, DY and
DZ; DX, DY and DZ being the lengths of the grid cells in respectively the x-
direction, y-direction and z-direction. For the special case that DX=DY=DZ the
aquifer is divided in squared (2-D) or cubic cells (3-D). In case
CELLSIZE_FLAG=1 a file will be opened that contains information on the
geometric definition of the grid.

Line 8: DISTR_STORFLAG, S. The first parameter indicates whether a spatial
distributed storativity coefficient will be supplied to a program or a constant
value. If the flag is set equal to 0 a constant value is expected, if the flag is set
equal to 1 or 2 spatially distributed values are read from a file. In case
DISTR_STORFLAG-=1 the distributed storativities are not calibrated and in case
DISTR_STORFLAG=2 the distributed storativities are calibrated. The second
parameter is the value for the (constant) storativity coefficient, which only will
be taken into account if DISTR_STORFLAG=0. However, in case DISTR_
STORFLAG=1 or DISTR_STORFLAG=2 also a value has to be supplied,
although this value will not be used for calculations in the program. In case of
2-D flow the storativity coefficient is dimensionless and in case of 3-D flow the
storativity is expressed in [L-1]. See also section 2.2.1.

Line 9: TIMES_FLAG, NSTEPS, DT0, DTCOEF. The first parameter
(TIMES_FLAG) defines whether the time increments at which the groundwater
flow equation is solved are determined by DTCOEF, or given in a file. In case
they are defined in a file, TIMES_FLAG=1, otherwise TIMES_FLAG=0. Defining
the time increments in a file gives the user more flexibility in selecting the times
at which the groundwater flow equation has to be solved. This may be
especially of use in case of multiple pumping tests, starting at different times. In
case of steady state flow the time increments should not be read from a file. The
other three parameters (NSTEPS, DT0 and DTCOEF) define the time steps at
which the groundwater flow equation is solved. The following cases can be
distinguished:
e Steady state flow. The following values have to be put: NSTEPS=0, DT0=0
and DTCOEF=1. The groundwater flow equation is solved for one time step
(at time zero).
 Different steady state flow situations: NSTEPS = number of different steady
state flow situations minus one (e.g. in case of three different steady state
flow situations NSTEPS=2), DT0>1.0E20 and DTCOEF=1. The groundwater
flow equation is solved for the different steady state flow situations and DTO
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is assigned an arbitrary very big value in order to indicate that multiple
steady state solutions are handled (this very big DTO value does not
correspond with a real time value).

* Transient flow: NSTEPS = number of times that the groundwater flow
equation has to be solved, DT0= the time (in seconds) for the first solution of
the groundwater flow equation (important 1.0E-20<DT0<1.0E20),
DTCOEF= the multiplication factor which is used to determine the time
increments. An example: if DT0=10 seconds and DTCOEF=1.5 the time
increments will be: 10*1.5=15 seconds, 151.5=22.5 seconds etc. which results
in solutions at 10 seconds, 10+15=25 seconds and 25+22.5=47.5 seconds. In
case the time increments are read from a file (TIMEFLAG=1) DTCOEF is not
used to determine the increments.

In general the same holds for the number of time steps as for the number of grid
cells. Reducing the number of time steps saves CPU time. In the synthetic
studies and case studies carried out for this dissertation the number of time
steps was in all cases less than 70. Especially in case of a big number of grid
cells (ten thousands) and an elevated number of time steps the needed CPU
time on a fast work station will be of several days.

Line 10: OVER_RELAXATION. This is an optimisation parameter. It is the
minimum scalar value used to multiply the updating vector at the first step in
the linear search. See also section 3.3. A value of 1.0E-10 gives in general good
results, but the debugging information should be given a look in order to see
whether the value should be increased or decreased. The value should be
changed if during the linear search, with the subsequent increasing of the scalar
value (starting from the user-defined minimum scalar value), the objective
function value for the first iteration(s) is not close to the old objective function
value or if at the latest iterations still a significant decrease in the objective
function value is found. In the first case the OVER_RELAXATION should
decrease and in the second case it should increase.

Line 11: GAUSS_ERROR, MAXGAUSSITER. These are two other
optimisation parameters. If the objective function value decreases below the
value of GAUSS_ERROR the optimisation process terminates. The user should
decide what he/she considers to be an acceptable error, taking into account the
accuracy of the hydraulic head measurements. If the number of inner iterations
exceeds MAXGAUSSITER the program also stops. One outer iteration has a
maximum of 19 inner iterations. In practice it is found that 1500 inner iterations,
which equal normally about 75-100 outer iterations, are sufficient to terminate
the calibration process (MAXGAUSSITER=1500).

First optional line: CELLSIZEFILE. This line is only included in this input file

in case CELLSIZE_FLAG=1. The line has to contain the name of the file that
contains the information on the cell sizes. The program will open the file to read
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the information. More information on the data to be included in the file is given
in the section 1.2.

Second optional line: SOLUTIONTIMESFILE. This line is only included in
case TIMES_FLAG=1. The name of the file with the time increments from which
the solution times of the groundwater flow equation are obtained. The program
will open the file to read the information. More information on the content and
format of SOLUTIONTIMESFILE is given in a separate section. See section 1.3.

Line 12: TFILE. The name of the file with the spatially distributed logio K,
maximum and minimum logie K and information on the eventual division of
the aquifer in zones. The program will open this file to read the information.
More information on the content and format of TFILE is given in the separate
section L.4.

Third optional line: STORFILE. This line is only read in case DISTR_
STORFLAG= 1 or DISTR_ STORFLAG= 2. It includes the name of the file with
the spatially distributed storativity coefficients. See section L5 for more
information.

Line 13: BCSFILE. The name of the file in which the status of the grid cells is
specified. More information on the content and format of BCSFILE is given in
section L.6.

Line 14: HO_FLAG. This flag indicates whether steady or transient flow is
simulated. If the value is set to 0 steady state flow is assumed (possibly a
number of steady state flow situations for different moments), if the value is set
to 1 transient groundwater flow is assumed.

Line 15: INITIAL_FLAG. This flag indicates whether, in case of transient
groundwater flow, initial hydraulic heads are supplied by the user (in that case
the flag is set equal to 1), or estimated by solving the steady state groundwater
flow equation, using the given conductivities, boundary conditions and
recharges/discharges (the flag is set to 0).

Line 16: HTFLAG. This parameter indicates whether there are prescribed
hydraulic head values which change in time. If HTFLAG=0 there are not, if
HTFLAG=1 there are and in that case the corresponding information will be
read later from a file.

Line 17: S_FLAG. This flag indicates whether the (uniform) storativity
coefficient is calibrated. If the flag is set equal to 1 the storativity coefficient will
be calibrated; if the flag is set to 0 the storativity coefficient will not be
calibrated. In case of steady state flow this flag should logically always be set to
zero, in order to avoid unnecessary calculations. The flag should also be set to
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zero in case distributed storativities are specified (DISTR_STORFLAG=1 or
DISTR_STORFLAG=2).

Line 18: S_FACTOR. A factor that determines how much the uniform
storativity coefficient is allowed to change in one outer iteration. This factor has
not any significance in case distributed storativities are calibrated. See below:

S L 5" <85S _FACTOR

S _FACTOR
S®1 is equal to the updated storativity coefficient (at iteration [+1) and SO is
equal to the old storativity coefficient (at iteration I). However, the storativity
coefficient is allowed to change more than S_FACTOR over a number of
iterations; S_FACTOR just determines the maximum change in one iteration.
S_FACTOR should be defined in accordance with the uncertainty on the value
of the storativity coefficient. If the uncertainty is relatively small, S_FACTOR
should for example be set to 10. If the uncertainty is (very) big a value of 100
may be more adequate.

Line 19: HOFILE. The name of the file with the initial heads. The program will
open this file to read the information. More information on the content and
format of HOFILE is given in the section L.7.

Fourth optional line: HTFILE. This line is only read if HTFLAG=1. The user
should supply the name of the file with the prescribed time variant hydraulic
head values. The program will open this file to read the information. More
information on the content and format of HTFILE is given in the section L8.

Line 20: NWELLS. The number of recharge and discharge locations. Included
are not only wells or water injection locations, but also prescribed flux
boundaries. All the grid cells at which an extraction or injection of water is
assigned, including prescribed flux boundaries, should be included in counting
NWELLS. If for example an aquifer is simulated with pumping at grid cell
(27,27,1), injection of water at grid cell (22,7,1) and prescribed flux boundary
conditions along the Southern boundary from (1,1,1) until (40,1,1) NWELLS is
equal to 42.

A number of optional lines equal to NWELLS follows with: Ordinal, WELLX,
WELLY, WELLZ, RATECHANGE. Thus, if NWELLS=0 no lines are read and if
NWELLS>0 information should be supplied on the discharge and recharge
locations. One line should be included for each location with the following
information: (1) an ordinal, (2) the grid cell x-index of the location, (3) the y-
index of the location, (4) the z-index of the location and (5) the number of
different discharge or recharge rates at the locations. For the ordinal any integer
number can be taken, but for the user the most convenient will be to use the
ordinal 1 for the first line, the ordinal 2 for the second line, etc. The number of
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discharge or recharge rates at each grid cell should include the starting
discharge or recharge rate. The “starting” discharge or recharge rate (for the
first time step) is also used to calculate the steady state head solution. See also
section 1.9.

Another optional line: WELLSFILE. The name of the file with the information
on discharges and recharges should be given here. This line only has to be
included in case the number of discharge and recharge locations is at least one.
More information on this file is given in section L9.

Line 21: NPRIOR. The number of grid cells with hydraulic conductivity
measurements. At these locations the hydraulic conductivity perturbation is
fixed to zero in case the estimated measurement error variance is equal to zero.
In case the estimated measurement variance is not equal to zero, the
perturbation at these grid cells is proportional to the measurement error
variance.

A number of optional lines equal to NPRIOR follows with: Ordinal, PRIORX,
PRIORY, PRIORZ. Thus, if NPRIOR=0 no lines are read and if NPRIOR>0
information on grid cells with hydraulic conductivity measurements is read.
One line should be included for each grid cell where one or more hydraulic
conductivity measurements have been taken. The lines should contain the
following information: (1) an ordinal, (2) the grid cell x-index of the location, (3)
the y-index of the location and (4) the z-index of the location. The NPRIOR data
locations are supplied because those are also included in the master blocks. The
K perturbations at the measurement locations depend on the user supplied
hydraulic conductivity measurement error (see later). In any case, TFILE
confains maximum and minimum allowed hydraulic conductivities for each
grid cell (see also section 1.4), which should be equal to the kriged hydraulic
conductivity plus or minus three times the kriging standard deviation. This
means that at K measurement locations, in case of a nugget equal to zero, the
maximum and minimum hydraulic conductivity value will be equal to the
simulated hydraulic conductivity value. In other words, also by means of the
imposed constraints on the perturbation of the hydraulic conductivity field the
hydraulic conductivity value will be maintained at the measurement locations.

Line 22: NPARAM, NPARAMZONE2, NKRIGZONES, NKRIGDAT. These
parameters are respectively the number of master blocks (not including
NPRIOR) in zone 1, the total number of master blocks in the rest of the zones,
the number of zones and the number of master blocks used to krige a
perturbation at a location. In many cases the user will just define one zone and
in that case NPARAM master blocks are distributed over all the area. If justone
zone is defined NPARAMZONE2=0 and NKRIGZONES=1. Dividing the
aquifer in more than one zone means assigning different variograms to the
different zones. The aquifer should not be divided in more than one zone just
because of the fact that the expected average hydraulic conductivity differs
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between zones or because of a probable difference in variogram. There should
be a clear evidence that the variogram differs significantly between different
parts of the aquifer. An example is the presence of fractures at a 3-D site. The
non fractured zone may have an isotropic or slightly anisotropic variogram,
while the fractures may have a strongly anisotropic variogram with the
direction of major continuity in the fracture plane. The number of master blocks
for the rest of the zones, NPARAMZONE?2, is not specified per zone and these
master blocks will be distributed by the program over the rest of the zones.
However, in each zone at least a minimum of NKRIGDAT master blocks will be
located. The advice is to use between 8 and 12 master bocks to krige a
perturbation at a grid cell, so that NKRIGDAT should have a value between 8
and 12.

In case that the aquifer is divided into multiple zones, care should be taken on
the distribution of the master blocks between the different zones. The master
blocks are located on a regular grid with random starting point for zone one,
but located randomly for the other zones. It is therefore convenient to take as
zone number one the most extended zone.

The algorithm that lo.ates the master blocks on the aquifer grid cells takes into

account these requirements:

* In the first zone a number of master blocks N1 has to be located. These
master blocks are located on a regular grid with random starting point. The
density of the master blocks in the three coordinate directions, as specified
by the user, is taken into account.

¢ In the rest of the zones a total amount of master blocks equal to Ny y-Npy1 is
located.

¢ A minimum of master blocks equal to the number of master blocks to be
used in the kriging system is located in each of the other zones.

® The total set of master blocks is checked on doubles; two master blocks
located at the same grid cell. Doubles result in a singular left-hand side
kriging matrix. In case doubles are detected a new master block location is
generated. The location of the master block is accepted in case it is located in
the correct zone and at an active cell. The algorithm does not locate master
blocks on the boundaries, but also the location of master blocks at internal
prescribed head boundaries or internal inactive cells is avoided. Finally, in
case the location of the master block is accepted the new set is re-checked on
doubles.

Furthermore, we advice to place two master blocks per correlation range. If we
have for example an aquifer of extensions 2000 m x 2000 m with a variogram
range of 400 m 100 master blocks (10 x 10) should be placed according to this
rule of thumb. However, the user should also take into account that
NPARAM+NPARAMZONE? should be less than 1000 in order to avoid very
high CPU costs. Although according to the rule of thumb thousands of master
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blocks should be located, the best is to reduce the total amount of master blocks
below 1000.

Line 23:NO_PAR_BLOCKS_X, NO_PAR_BLOCKS_Y, NO_PAR_BLOCKS_Z.
These parameters are used to lay out the master blocks on a regular grid with a
random starting point. However, they correspond only to zone 1, and not to the
rest of the zones. This means that in the other zones master blocks are placed
randomly. The three parameters correspond to the number of master blocks in
the x-direction, the number of master blocks in the y-direction and the number
of master blocks in the z-direction. The three parameters multiplied give the
total number of master blocks placed on a regular grid in zone 1. Therefore, the
product of these three values should give an amount of master blocks equal to
or less than NPARAM. The difference in master blocks between NPARAM and
the product of the three parameters is distributed randomly over zone 1. By
assigning the three parameter values the aquifer geometry and the anisotropy
of the K variogram should be taken into account. For example, if the spatial
continuity in the horizontal plane is two times bigger than the spatial continuity
in the vertical plane (and NX=NY=NZ) NO_PAR_BLOCKS_Z should be
approximately two times bigger than NO_PAR BLOCKS X and
NO_PAR_BLOCKS Y. A more complicate example: if NX=30, NY=30 and
NZ=15 and the spatial continuity (range) in the x-direction is two times bigger
than in the y-direcion and four times bigger than in the z-direction
NO_PAR_BLOCKS_Z should be the same as NO_PAR_BLOCKS_Y (half of the
cells, but also half of spatial continuity) and two times bigger than
NO_PAR_BLOCKS_X (half of the cells, but a range four times shorter). It is
important to take into account aquifer geometry and spatial correlation in
determining the values for the three parameters; adjusting the spatial
configuration of the master blocks to the conductivity anisotropy results in a
faster convergence.

Line 24: PARBOX_MINX, PARBOX_MAXX, PARBOX_MINY, PARBOX_
MAXY, PARBOX_MINZ, PARBOX_MAXZ. These six parameters can be used
to limit the part of the aquifer where master blocks are active. The first
parameter is the lower x index of the block where master blocks are active,
PARBOX_MAXX gives the upper x index of the zone where master blocks are
active, and in addition the lower y index, the upper y index, the lower z index
and the upper z index are given. Master blocks which are laid out outside the
box defined by these six parameters have a perturbation equal to zero. An
example: if an aquifer is discretized into 40 cells in the x-direction, 50 cells in the
y-direction and 10 cells in the z-direction (NX=40, NY=50 and NZ=10) and the
six parameters have values of, respectively, 7, 33, 20, 50, 3 and 7, an inner block
is defined reaching from x=7 to x=33, y=20 until y=50 and z=3 until z=7. Master
blocks outside the defined inner block have perturbations zero.

In few cases it is useful to define an inner block that sets perturbations to zero in
the rest of the aquifer. An example for which the limitation could be useful is
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the calibration of a pumping test in a very CPU-intensive problem. However,
premises for limiting the perturbations are that the transient simulations start
from uniform heads and that the pumping test just influences a small part of
the aquifer. In that case an inner block could be defined around the pumping
location: the needed CPU time is reduced significantly and the end result is not
affected by the measure.

Line 25: BCSFLAG, NPARBCS, MAXDELTABCS. The parameter BCSFLAG
indicates whether the hydraulic heads at the prescribed head boundaries will be
calibrated. If BCSLAG=1 prescribed head values at the boundaries will be
calibrated, if BCSFLAG=0 they will not be calibrated. The parameter NPARBCS
is equal to the number of master blocks located on the prescribed head
boundary cells. Finally, the parameter MAXDELTABCS gives the maximum
allowed head change at a boundary grid cell with imposed head values. The
value MAXDELTABCS is the same for all prescribed head boundary grid cells
and should be determined using expert knowledge.

Line 26: NPAR_S, NPAR_SX, NPAR_SY, NPAR_SZ. These parameters are
respectively the number of master blocks for the storativity calibration, the
number of these master blocks in the x-direction, the number of master blocks
in the y-direction and the number of master blocks in the z-direction. The
amount of master blocks NPAR S to be used for the conditioning of the
storativity field can also be determined by the rule of thumbs detailed before.
The master blocks are also laid out on a regular grid with random starting
point. The grid is composed of a number of master blocks in the x-direction
(NPAR_SX), y-direction (NPAR_SY) and z-direction (NPAR_SZ). The number
of master blocks in the three coordinate directions should be determined using
the same rules as detailed for line 23. NPAR_S should be equal to or bigger than
the product of NPAR_SX, NPAR_SY and NPAR_SZ. The difference in master
blocks between NPAR_S and the product of three parameters is distributed
randomly over the simulation domain. The storativity perturbations are
interpolated using NKRIGDAT master blocks.

Line 27: PAR_BLOCKS_FLAG. This flag indicates whether master blocks are
changed during the optimisation. If PAR_BLOCKS_FLAG=1 the positions of
the master blocks are changed during the optimisation, if
PAR_BLOCKS_FLAG=0 not. It is strongly advised to change the master blocks
during the optimisation: it increases the convergence and avoids the
appearance of artefacts on the maps. The defined number of master blocks
NPARAM, NPARAMZONE?2 and NPARBCS and also the spatial configuration
of the master blocks in zone 1 as defined by NO_PAR_BLOCKS_X,
NO_PAR_BLOCKS_Y and NO_PAR_BLOCKS_Z are not affected by changing
the master blocks during the optimisation.

Line 28: REALIZATIONBLOCKS_FLAG. This flag indicates whether the
position of the master blocks is user defined. If
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REALIZATIONBLOCKS_FLAG=1 the master blocks will be located by the
program; the blocks in zone 1 will be located systematically with a random
starting point and the blocks in the rest of the zones randomly. However, if
REALIZATIONBLOCKS_FLAG=0 the user will define the positions of all the
master blocks. In that case the information read on line 23 will not be taken into
account. It is strongly recommended to let the computer assign the positions of
the master blocks.

Line 29: SEED. This is an integer number used to replace the master blocks
randomly after a series of iterations. (The master blocks are only replaced
during the calibration if PAR_BLOCKS_FLAG=1.) In principle any integer
number can be used here.

A number of optional lines equal to NPARAM+NPARAMZONE2+
NPARBCS. This number of lines is only read in case
REALIZATIONBLOCKS_FLAG=0. Each line should contain the following
information for the localisation of one master block: (1) an ordinal, (2) the grid
cell x-index of the grid cell, (3) the y-index of the grid cell and (4) the z-index of
the grid cell. The advice is to give first the master block locations for zone 1,
later the master block locations for zone 2 (if any) etc. and finally the master
block locations at prescribed head boundary cells. Like before, it is
recommended to chose the ordinals in a logical manner, like for example
restarting the counting with 1 for the master block locations of each new zone.
Remember that each zone should contain at least NKRIGDAT master blocks
and that not two master blocks can be located on the same grid cell. The user
defined localisation of the master blocks should be carried out only in very
specific cases, in which the user can specify clearly which are the expected
advantages of localising the master blocks in that way.

Line 30: OBSHFILE. The name of the file with the observed hydraulic heads.
The program will open this file to read the information. More information on
the content and format of OBSHFILE is given in the section L10.

Line 31: DBGFILE. The name of the output file with detailed output
information. The program will open this file to write information. See section
L11 for more information.

Line 32: FINALTFILE. The name of the output file with the updated hydraulic
conductivities. The program will open this file in order to print the updated
hydraulic conductivities after each macro-iteration. More information on the
context and format of FINALTFILE are given in section 1.12.

Line 33: FINALHFILE. The name of the output file with the updated hydraulic
heads for the different steps. The program will open this file in order to print
the updated hydraulic heads after each macro-iteration. More information on
the context and format of FINALHFILE are given in section 1.13.
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Line 34: FINALBCSFILE. The name of the output file that contains the
hydraulic head perturbations at grid cells with prescribed head boundary
values. The program will open this file for printing the hydraulic head
perturbations at the grid cells with prescribed head values. More information
on the context and format of FINALBCSFILE are given in section L.14.

Line 35: NUGGET. The nugget of the hydraulic conductivity variogram for
zone 1, expressed either in decimal or natural logarithm (depending on the
specification made at line 2 of the main input file).

Line 36: MEAS_ERROR. The measurement error variance of hydraulic
conductivity for zone 1, expressed either in decimal or natural logarithm. The
user should provide an estimate of the measurement error variance. The
estimated nugget of the hydraulic conductivity variogram for zone 1 should be
divided in a measurement error variance and a rest (corresponding to small
scale spatial variability). The measurement error variance can be estimated
taken into account the uncertainty of the measurement techniques and the like.

Line 37: VARIOGRAM_TYPE. The variogram type of the hydraulic

conductivity for zone 1 is specified. The user should choose between nine

different variogram models, which should be specified as follows:

e 1 for a spherical variogram

2 for an exponential variogram

3 for a Gaussian variogram

11 for a double spherical model

12 for a spherical model for the first structure and an exponential model for

the second structure

* 13 for a spherical model for the first structure and a Gaussian model for the
second structure

e 2] for an exponential model for the first structure and a spherical model for
the second structure

e 22 for a double exponential model

e 23 for an exponential model for the first structure and a Gaussian model for
the second structure

¢ 31 for a Gaussian model for the first structure and a spherical model for the
second structure

® 32 for a Gaussian model for the first structure and an exponential model for
the second structure

e 33 for a double Gaussian model

Line 38: SILLI1. The sill for the first structure of the K variogram for zone 1,
expressed in either the decimal or natural logarithm. Sill is defined here as the
sill of structure 1 minus the nugget effect (In fact it is a contribution to the total
sill.).

333



Line 39: SILL2. The sill for the second structure of the K variogram, expressed
in either the decimal or natural logarithm. The sill is also in this case defined as
the sill of structure 2 minus the nugget effect.

Line 40: ANIS_ANGLE1, VERT_ANISANGLEL The two angles which are
used to define the 3-D anisotropy of the first structure used to model the spatial
variability of hydraulic conductivity. The first angle rotates the axis of principal
spatial continuity in the horizontal plane, with the x-axis as reference. A
positive rotation angle is used for counter-clockwise rotation and a negative
rotation angle for clockwise rotation. The second angle rotates the horizontal
plane counter clockwise around the axis of principal spatial continuity found
after the first rotation. See also section 2.1.2.1 for more details.

Line 41: ANIS_ANGLE2, VERT_ANISANGLE2. The same parameters as
given on line 40, but now for an eventual second structure.

Line 42: RANGEMAX1, RANGEMIN1, RANGEVERT1. These parameters
correspond to the three ranges of the three principal axes of the anisotropy
ellipse. The first range corresponds to the spatial continuity in the direction
obtained after the first rotation. The second range corresponds to the range in
the direction perpendicular to it; the direction of minor spatial continuity in the
horizontal plane. The third range corresponds to the range in the third
dimension, perpendicilar to the horizontal plane that contains the two
directions with corresponding ranges defined before. In case of an exponential
or Gaussian structure these parameters do not correspond to the effective range.
The effective range is three times larger than the given range parameter in case
of an exponential model and V3 times larger in case of a Gaussian model. See
also section 2.1.2.1

Line 43: RANGEMAX2, RANGEMIN?2, RANGEVERT?2. These parameters
correspond to the three ranges of the three principal axes of the anisotropy
ellipse of the second defined structure. The parameters are defined in the same
way as described before for line 42.

Line 44: NUGGET_S. The nugget of the log storativity variogram for zone 1,
expressed either in decimal or natural logarithm (also in case of storativity
depending on the specification made at line 2 of the main input file).

Line 45: MEAS_ERROR_S. The measurement error variance of the storativity
coefficient for zone 1, expressed either in decimal or natural logarithm. The user
should provide an estimate of the measurement error variance. The estimated
nugget of the storativity coefficient variogram for zone 1 should be divided in a
measurement error variance and a rest (corresponding to small scale spatial
variability). The measurement error variance can be estimated taken into
account the uncertainty of the measurement techniques etc.

334



Line 46: VARIOGRAM _TYPE_STORATIVITY. The variogram type of the

storativity coefficient for zone 1 is specified. The user should choose between

nine different variogram models, which should be specified as follows:

e 1 for a spherical variogram

e 2 for an exponential variogram

e 3 for a Gaussian variogram

e 11 for a double spherical model

e 12 for a spherical model for the first structure and an exponential model for
the second structure

e 13 for a spherical model for the first structure and a Gaussian model for the
second structure

e 21 for an exponential model for the first structure and a spherical model for
the second structure

e 22 for a double exponential model

e 23 for an exponential model for the first structure and a Gaussian model for
the second structure

e 31 for a Gaussian model for the first structure and a spherical model for the
second structure

e 32 for a Gaussian model for the first structure and an exponential model for
the second structure

e 33 for a double Gaussian model

Line 47: SILL1_S. The sill for the first structure of the storativity coefficient
variogram for zone 1, expressed in either the decimal or natural logarithm. Sill
is defined here as the sill of structure 1 minus the nugget effect (In fact it is a
contribution to the total sill.).

Line 48: SILL2_S. The sill for the second structure of the storativity coefficient
variogram, expressed in either the decimal or natural logarithm. The sill is
defined as the sill of structure 2 minus the nugget effect.

Line 49: ANIS_ANGLE1_S, VERT_ANISANGLE1_S. The two angles that are
used to define the 3-D anisotropy of the first structure used to model the spatial
variability of the storativity coefficient. The first angle rotates the axis of
principal spatial continuity in the horizontal plane, with the x-axis as reference.
A positive rotation angle is used for counter-clockwise rotation and a negative
rotation angle for clockwise rotation. The second angle rotates the horizontal
plane counter clockwise around the axis of principal spatial continuity found
after the first rotation. See also section 2.1.2.1 for more details.

Line 50: ANIS_ANGLE2_S, VERT_ANISANGLE2_S. The same parameters as
given on line 49, but now for an eventual second structure.

Line 51: RANGEMAX1.S, RANGEMIN1_S, RANGEVERTI1_S. These
parameters correspond to the three ranges of the three principal axes of the
anisotropy ellipse. The first range corresponds to the spatial continuity in the
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direction obtained after the first rotation. The second range corresponds to the
range in the direction perpendicular to it the direction of minor spatial
continuity in the horizontal plane. The third range corresponds to the range in
the third dimension, perpendicular to the horizontal plane that contains the two
directions with corresponding ranges defined before. In case of an exponential
or Gaussian structure these parameters do not correspond to the effective range.
The effective range is three times larger than the given range parameter in case
of an exponential model and V3 times larger in case of a Gaussian model. See
also section 2.1.2.1

Line 52: RANGEMAX2_S, RANGEMIN2_S, RANGEVERT2 S. These
parameters correspond to the three ranges of the three principal axes of the
anisotropy ellipse of the second defined structure. The parameters are defined
in the same way as described at line 51.

Optional lines: Line 36 until Line 52 are repeated for all defined zones. In case
just one zone is defined no more variogram information is given by the user. If
more zones are defined, the lines 36 until 52 are repeated for zone 2, later zone 3
etc. Nevertheless, only for hydraulic conductivity the variogram parameters can
differ between the zones. For the storativity coefficient the same variograms
should be defined for the zones.

Optional line: FINALSFILE. The name of the output file with the updated
storativity coefficients. The program will open this file in order to print the
updated storativity coefficients after each macro-iteration. More information on
the format of FINALSFILE is given in section L.15.

Line 53: TRADEOFF. This parameters penalise the perturbation of the
hydraulic conductivity field. See also section 3.2. The parameter corresponds to
Y1 in equation 3.1. Normally these trade-off coefficients are set to zero, unless
the user has special motives to penalise the perturbation of the conductivity
field. The effect of setting the parameter to a positive value is that especially
large perturbations are penalised; the hydraulic conductivity field is forced not
to change too much and especially local big perturbations are avoided.

Line 54: This line should always contain the following file name:
“iaja75000.out”. This file is opened, filled and read by the iterative solver of the
linear system of equations.

Line 55: This line should always contain the following file name:
“acol75000.out”. Also this file is used by the iterative solver of the linear system
of equations.

Line 56: This line should always contain the following file name: “b75000.out”.

This is a third file that is needed by the iterative solver of the linear system of
equations.
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Line 57: This line should always contain the following file name: “h75000.out”.
This is the fourth and last file that is used by the iterative solver of the linear
system of equations.

I.2 CELLSIZEFILE (optional). The file with the information on the
the grid cell sizes.

This file contains the sizes of all the grid cells. The grid cell sizes in one column,
one row and one layer are constant. In the file are first specified the grid cell
sizes in the x-direction, then the grid cell sizes in the y-direction and finally the
grid cell sizes in the z-direction. On the first line of the file Axi is specified,
which is the size of the first grid cell in the x-direction. In ad dition, the grid cell
sizes for the other columns (Axa, Ax3j, ..., A¥uxjt) are specified. On each line one
value is supplied. In addition the grid cell sizes for the rows, Avin, Axi, ....,
AXimyk are given. Finally, Azj, Az, .., Azju- are specified. In case 2-D
groundwater flow in a horizontal layer is simulated just Az is specified. Any
non-zero value can be specified. This value has not any importance for the
simulation of 2-D groundwater flow. The CELLSIZEFILE has a number of lines
equal to nx+ny+nz.

1.3 SOLUTIONTIMESFILE (optional). The file with the time
increments at which the groundwater flow equation has to be
solved.

The program will open this file (if TIMES_FLAG=1) and the time increments
are read. The time increments are ordered in a column, the first number being
the first time increment, the second number the second time increment etc. The
time increments define the times at which the groundwater flow equation will
be solved. The first time at which the groundwater flow equation is solved is in
any case equal to DTO, defined at line 9 of the main parameter input file
inverto.par. The second time at which the groundwater flow equation is solved
is then given by DTO plus the first time increment, defined in
SOLUTIONTIMESFILE. This file has a number of lines equal to NSTEPS-1.

I.4 TFILE. The file with the hydraulic conductivities.

TFILE, specified at line 12 of the main parameter file inverto.par, should contain
one line of information for each grid cell (the total number of grid cells is equal
to NX x NY x NZ) and each line should contain the following information: (1)
the logio K; (2) the maximum hydraulic conductivity logio Kinex, (3) the minimum
hydraulic conductivity logio Kuix and (4) the hydraulic conductivity zone. The
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hydraulic conductivity K is the grid cell conductivity, expressed in logio(m?2/s)
(transmissivity) or logio(m/s) (conductivity) and is usually obtained by
geostatistical simulation (see also section 2.1.2.3). Logio Kumax is the user defined
maximum conductivity for the grid cell and logio Kmin the user defined
minimum value. The conductivity is not allowed to go beyond these extremes
in the calibration process. Normally logio Kiax is set equal to the kriged logio K
value plus two or three times the kriging standard deviation and logig Kux the
kriged value minus two or three times the kriging standard deviation. If the
logio K variogram is the same for all the grid cells just one zone is specified so
that for all the grid cells the hydraulic conductivity zone is set equal to one. If
the logio K variogram differs between grid cells the zone (numbered 1, 2, 3 etc.)
is indicated for each of the grid cells. This results in the following format of
TFILE: first for the lower left bottom grid cell (indices x=1, y=1 and z=1) the four
mentioned values are given, afterwards for the grid cell right of it (x=2, y=1 and
z=1) and then for the next grid cell right of it until all the grid cells in the row
are handled (x=nx, y=1, z=1). Next another row is handled (x=1, y=2, z=1) and
when all the rows are cycled through (x=nx, y=ny, z=1), the next plane is
handled (2=2). The last grid cell for which the four values are given corresponds
to the upper right top grid cell (x=nx, Y=y, z=nz).

In case transient groundwater flow is simulated, starting with steady state
groundwater flow (in the first time step) the first column of TFILE should
correspond to the logio K obtained after conditioning to steady state head data.
In practice it is found that first conditioning to steady state head data, and-later
to transient state head data, avoids convergence problems in the conditioning
process.

L5 STORFILE (optional). The file with the storativity coefficients.

STORFILE should contain one line of information for each grid cell, in a similar
way as for TFILE. The grid cells are also cycled through as described in the
section of TFILE. Each line contains three data: the decimal logarithm of the
storativity coefficient (Z= logio S), a maximum allowed storativity coefficient
(Zmax) and a minimum allowed storativity coefficient (Zuw) In case
DISTR_STORFLAG=1 the maximum and minimum Z so not interfere in the
calculations. However, the maximum allowed Z should be above Z and the
minimum allowed Z should be below Z. In case DISTR_STORFLAG=2 the
maximum and minimum allowed Z have an importance in the calibration of the
storativity coefficients. The storativity Z at a grid cell is not allowed to go
beyond the imposed limits Zyee and Zy. Normally Zuax is set equal to the
kriged Z value plus two or three times the kriging standard deviation and Zx
the kriged value minus two or three times the kriging standard deviation. The
storativity coefficient was dimensionless in case of 2-D flow and expressed in
[L1] in case of 3-D flow. Notice that the storativity coefficient is specified in
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decimal logarithm, while the uniform storativity coefficient (specified at line 8
of the input file inverto.par) should be specified without transformation.

I.6 BCSFILE. The file with information on the cell status.

The program will open this file and the status of the different grid cells is read
in the same sequence as described in the section of TFILE. The following status
are possible: 1 ACTIVE GRID CELL, 0 INACTIVE GRID CELL, -1 GRID CELL
WITH PRESCRIBED HEAD VALUE and -2 GRID CELL WITH PRESCRIBED
FLUX VALUE. An inactive grid cell is for example used to define no flow
boundaries. In case of an irregular aquifer the grid cells which do not belong to
the aquifer are also indicated as non active grid cells. The prescribed head
values at grid cells are defined in the file HOFILE and the prescribed flux values
at grid cells in the file WELLSFILE.

1.7 HOFILE. The file with the initial heads.

The file HOFILE contains the user supplied initial hydraulic head values at the
grid cells. The initial head values are given in a column with one hydraulic
head value at each line, corresponding to one grid cell. The format in which the
grid cells are cycled through is the same as for TFILE and BCSFILE. In all cases,
supplying initial heads which are close to the head solution of the steady state
groundwater flow equation or the solution of the transient groundwater flow
equation at the first time step favours a fast convergence. The supplied initial
heads are used as the first guess solution of the groundwater flow equation.
HOFILE is also used to give the hydraulic head values for the grid cells with
prescribed head boundary conditions. The grid cells that in BCSFILE are
indicated to have prescribed head values should therefore have in HOFILE the
correct prescribed head value. Furthermore, in case transient groundwater flow
is simulated and the initial heads are indicated to be user supplied (by setting
INITIAL_FLAG=1), the hydraulic heads read from HOFILE correspond to the
head solution at the first time step. In that case all the supplied hydraulic head
values are used so that care should be taken to define for each of the grid cells
the hydraulic head value. In case INITIAL FLAG=0 it is not necessary to
supply in case of transient groundwater flow the exact initial head values. The
program assumes that the steady state solution is used as the initial solution of
the groundwater flow equation and calculates internally the steady state
solution as starting point of the calibration. In case of transient groundwater
flow it is important to supply a hydraulic conductivity field which has been
conditioned already to steady state head values.
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I.8 HTFILE (optional). The file with the time variant prescribed
head values.

The file HTFILE contains the time variant prescribed hydraulic head values. For
each time step the grid cells are indicated which have a prescribed hydraulic
head value. The grid cells which in BCSFILE were already indicated to have
(permanently) a prescribed hydraulic head value do not have to be included in
this file, unless the prescribed head value changes in time. The number of time
variant prescribed head values at the different time steps at which the
groundwater flow equation is solved is equal to NO_HTLOC. The first line of
HTFILE gives the value NO_HTLOC and in addition NO_HTLOC lines with
information about the hydraulic head values follow. Such a line contains the
cell indices ix, iy, iz, the time step it and the prescribed head value. An example:
1 1 1 4 -40.70 means that the lower left bottom cell (indices (1,1,1)) at the 4tk
time step of the simulation has a fixed hydraulic head value of ~40.70 m. If this
grid cell has a prescribed head value at more time steps of the simulation for
each such a time step the information is repeated and all these time steps
should be included in determining NO_HTLOC.

L.9 WELLSFILE (optional). The file with information on
discharges and recharges.

This file contains information on discharges and recharges. In the main
parameter input file inverto.par the number of discharge and recharge locations
has been specified and the number of different recharge or discharge rates at
each of these locations. The file WELLSFILE contains a number of lines equal to
the number of different recharge/ discharge rates at each discharge/recharge
location, summed over all recharge/ discharge locations. The information in
WELLSFILE should be ordered such that first for a discharge/recharge grid cell
the different recharge and discharge rates are given. Next, a different
discharge/recharge location is handled. One line contains information for one
discharge/recharge location and one injection/extraction rate. One line
contains the following information: (1) x-index of discharge/recharge location,
(@) y-index of discharge/recharge location, (3) z-index of discharge/recharge
location, (4) starting time (in seconds) of applied recharge/discharge rate and
(®) the discharge/recharge rate in m3/s. INVERTO converts these values
internally to m/s (2-D) or s (3-D), taking into account the grid cell dimensions.
In this respect, the following considerations are of importance:
 For all the recharge/discharge locations the starting time of the first applied
discharge/recharge rate should be less than DTO (the first time for which the
groundwater flow equation is solved). This recharge/discharge is supposed
to be the steady state recharge/ discharge rate.
* The groundwater flow equation should be solved at times just before the
discharge/recharge rate changes, because the program applies a constant
discharge/recharge rate during a time step.
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L.10 OBSHFILE. The file with the observed hydraulic heads.

This file contains the observed hydraulic head values. The format of the file is
the following:

First line: The number of locations with hydraulic head measurements should
be given (independent of the number of times that the hydraulic head is
measured at that location). In addition a number of blocks of information
follows equal to the number of observation locations. Each block has a header
line with general information and in addition observed values are given. The
header line contains the following information for the observation location: 1)
the x-index of the grid cell, (2) the y-index of the grid cell, (3) the z-index of the
grid cell, (4) the number of time steps for which there are observations, (5) a
weight for that observation location, (6) the exact location of the grid cell along
the x-axis, also expressed in cell indices, (7) the same for the exact location along
the y-axis and (8) the same for the exact location along the z-axis. In addition, a
number of lines equal to the number of given time steps follows with at each
line (1) the time in seconds and (2) the observed hydraulic head value for that
time.

The maximum number of time steps for which observed hydraulic head values
can be given is equal to the number of time steps for which the transient
groundwater flow equation is solved multiplied by two, plus two. This is in any
case enough to compare the measured and the simulated hydraulic head values
at all the times at which the groundwater flow equation is solved. More
observed head values are of no use as they can not be compared with the
simulated hydraulic head values of the groundwater flow model. The observed
head values are interpolated in time to the time steps at which the groundwater
flow equation is solved. The following rules should be taken into account for
defining the times with measured hydraulic heads in the OBSHFILE:

* In order to compare the measured and simulated hydraulic head for a time
step at which the groundwater flow equation is solved, it is enough to
supply an experimental hydraulic head value for that time step.

* If such an experimental head value is not available two head measurements
as close as possible to the simulation time step, one just before the
simulation time and one just after the simulation time, should be given. The
given data should be, in any case, after the last simulation time step and
before the next simulation time step. This procedure should also be applied
for the first and last time step; if for example no measurement is available
for the last time step a measured value just before that last time step and just
after that last time step should be given.

® In case these two head data are also not available the user should supply the
value “-999.95” which indicates that no observations are available. This
value should be given for the exact time at which the groundwater flow
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equation is solved, in order to avoid that this value is used in any
interpolation.

* In case steady state flow is simulated, observed hydraulic head values
should be given for the steady state flow situation with a specified time
equal to DT0=0.

The weight specified for a observation should be set to 1.0 in the actual version
of the program. The program does not take into account yet differing weights
for different observations.

The exact locations of the head observation locations should be specified so that
the simulated head values can be compared with the measured head values at
the measurement locations; the simulated head values are interpolated to obtain
the numerical solution of the groundwater flow equation at the exact position of
the head measurement locations. The exact locations of the head observation
locations are also expressed in cell indices, and not in co-ordinates. For
example: (1.00; 1.00; 1.00) corresponds exactly to the centre of the lower left
bottom grid cell and (1.50; 1.00; 1.00) corresponds to the edge between this
lower left bottom grid cell and the grid cell right of it.

L.11 DBGFILE. The output file with debug information.

This file contains debug information on the inverse modelling. We suppose that
a minimum DBG_LEVEL has been specified. All read parameters are echoed to
this file and the user should check this file in order to make himself/herself
sure that the information is read correctly. In addition, information on the
calibration process is given. After each macro iteration the experimental and
simulated head values are compared, the objective function value is given and
the updated conductivity field is printed. The user should search for the string
“objective function” in order to get the objective function values after each
iteration. Above the specified objective function value in the debug file the
simulated and experimental head values are compared and below it
Intermediate objective function values, during the linear search, are given.

L12 FINALTFILE. The output file with the final conductivities.

This file is printed after each macro-iteration and contains the updated
hydraulic conductivities. Each line gives the conductivity value for one grid
cell. The grid cells are cycled through in the traditional order. In case the
inverse conditioning is interrupted due to, for instance, an electricity cut-down,
the stored conductivities allow to continue the modelling from intermediate
modelling results.
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1.13 FINALHFILE. The output file with the final head values.

This file is printed after each macro-iteration and contains the hydraulic head
values related to the updated parameter values. Each line gives the hydraulic
head value for one grid cell. First the hydraulic head values are given for the
first time step at which the groundwater flow equation is solved. The grid cells
are cycled through in the traditional order. In addition, the hydraulic head
values for subsequent time steps are given. The hydraulic head solutions for
different time steps are separated by some blank lines and each new block of
hydraulic head values is introduced by “Solution for time step ..”.

1.14 FINALBCSFILE. The output file with the final prescribed
head boundary values.

This file is printed after each macro-iteration and contains the hydraulic head
perturbation at the boundary grid cells. Information for one grid cell is plotted
on one line. The line contains the grid cell indices (x-index, y-index and z-index)
together with the total applied head perturbation (updated hydraulic head
value minus initial hydraulic head value). Only in case the prescribed head
values along the boundaries are allowed to change values different from zero
are expected. In case the prescribed head values are allowed to change it is
important to use the updated boundary head values together with the updated
conductivities in an eventual re-start of the simulation.

I.15 FINALSFILE. The output file with the final storativity
coefficients.

This file is only printed in case distributed values for the storativity coefficients
are calibrated. The file is printed after each macro-iteration and contains the
updated values for the storativity coefficients. Each line gives the storativity
coefficient for one grid cell. Again the grid cells are cycled through in the
traditional order. In case the inverse conditioning is interrupted due to, for
instance, an electricity cut-down, the stored storativities allow to continue the
transient groundwater flow modelling from intermediate modelling results.
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L.16 The main input transport parameter file

The program calls the input parameter file named transp4.par in case
TRANSPORT_FLAG=1 in the main parameter input file inverto4.par. We
describe the contents of transp4.par.

Line 1: POROSITY. The spatially constant aquifer porosity value is given. This
value is used to calculate seepage groundwater flow velocities from Darcian
groundwater flow velocities.

Line 2: AQDEPTH. The average vertical aquifer depth. This value is needed to
calculate groundwater flow velocities in the 2-D case.

Line 3: NO_TR_INCR, TR_STEP. These parameters indicate at which times the
mass transport equation has to be solved. The first parameter is equal to the
number of times that the mass transport equation has to be solved. The initial
conditions are not included in NO_TR_INCR so that the number of times at
which the mass transport equation has to be solved is in fact equal to the
number of time increments. The second parameter is equal to a (constant) time
step. If for example NO_TR_INCR=10 and TR_STEP=1 the mass transport
equation is solved at =1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 seconds. Apart from this,
initial conditions are specified for £=0.

Line 4: UPWWEIGHT1, UPWWEIGHT2, UPWWEIGHT3, UPWWEIGHT4,
UPWWEIGHT5, UPWWEIGHT6. These parameters are related to the
weighting procedure in the numerical solution of the mass transport equation.
The first two parameters are related to the weighting of two neighbour grid
cells along the x-direction, the next two parameters are related to the weighting
along the y-direction and the last two parameters are related to the weighting
along the z-direction. In case upstream weighting is applied UPWWEIGHT1=1,
UPWWEIGHT2=0, UPWWEIGHT3=1, UPWWEIGHT4=0, UPWWEIGHT5=1
and UPWWEIGHT6=0. Upstream weighting avoids oscillations in the solution
but gives more numerical dispersion. In case symmetric weighting is applies all
values are equal to 0.5. If no oscillations occur for symmetric weighting, there is
no need to use upstream weighting.

Line 5: CMAX, CMIN. The maximum and minimum allowed concentration
values, in kg/m3 or g/1 in the simulation domain. CMIN should be equal to
zero, while CMAX may be a very high value unless it is unknown that the
concentration value can not go beyond a certain value.

Line 6: CMAXPRINT, CMINPRINT. In order to check whether oscillations
occur the user may want that messages are printed to the debugfile. In case the
simulated concentration values go above CMAXPRINT or below CMINPRINT
a message is printed to the debugfile.
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Line 7: DISPFLAG, ALPHAL, ALPHAT, APLPHAV. The first parameter takes
into account whether dispersion is considered in the solution of the mass
transport equation. If DISPFLAG=1 dispersion is considered. In case
DISPFLAG=0, dispersion is not considered. The next three parameters are the
three dispersion coefficients oz, ar and av. ALPHAL is the longitudinal
dispersion coefficient, expressed in metres. ALPHAT is the transversal
coefficient, also expressed in metres. At the moment, the program uses
ALPHAT as the dispersion coefficient for the two directions perpendicular to
the longitudinal one. Therefore, ALPHAV is not used in the calculations. Some
authors introduced a third dispersion coefficient. In the future the program
could be adapted to use the third dispersion coefficient.

Line 8: CONC_TRADEOFF. The objective function for the coupled inversion of
groundwater flow and mass transport (equation 6.1) consists of at least two
parts, a part related to the mismatch of the head data and a part related to the
mismatch of the concentration data. In the optimisation procedure weights have
to be given to the two parts of the objective function. CONC_TRADEQFF is the
weight for the concentration part, relative to the weight for the hydraulic head
part (parameter y3 of equation 6.1). In case CONC_TRADEOFF=100 the sum of
the squared differences between measured and simulated concentrations is
multiplied by a factor 100 (the squared differences between measured and
simulated heads are not multiplied). The value for CONC_TRADEOFF has to
be chosen taken into consideration the estimated accuracy of the measurement
data, the desired reproduction of both the head and concentration data, the
head and concentration variances in the simulation domain and the maximum
head and concentration differences along the domain.

Line 9: CONCOFILE. The name of the file that contains the initial
concentrations. The program will open this file to read the information. More
information on the content and format of COFILE is given in section L.17.

Line 10: BCONCFILE. The name of the file that contains the transport
boundary conditions. The program will open this file to read the information.
More information on the content and format of BCONCFILE is given in section
L.18.

Line 11: EXPCONCEFILE. The name of the file that contains the experimental
concentration values. The program will open this file to read the information.
More information on the content and format of EXPCONCFILE is given in
section L.19.

Line 12: VELOCFILE. The name of the outputfile with the calculated pore
groundwater velocities. The program will open this file to print the calculated
groundwater flow velocities. More information on the content and format of
VELOCFILE is given in section 1.20.
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Line 13: FINALCFILE. The name of the outputfile with the updated
concentrations for the different steps. The program will open this file in order to
print the updated concentrations after each macro-iteration. More information
on the content and format of FINALCFILE is given in section L.21.

Line 14: TPDBGFILE. The name of the output file with detailed output
information on the inverse modelling of mass transport. The program will open
this file to write information. More information on the content and format of
TPDBGFILE is given in section 1.22.

I.17 CONCOFILE. The file with the initial concentrations.

The file COFILE contains the user supplied initial concentration values at the
grid cells. The initial concentration values are given in a column with one
concentration value at each line, corresponding to one grid cell. The format in
which the grid cells are cycled through is the same as for the input and output
files for the groundwater flow part. The initial concentrations are the solution of
the mass transport equation for f=0. COFILE is also used to give the
concentration values for the grid cells with prescribed concentration values.

1.18 BCONCFILE. The file with information on the transport
boundary conditions.

The program will open this file and the transport boundary conditions are read.
The sequence in which the grid cells are read is the same as for CONCOFILE.
The following status are possible: 1 ACTIVE GRID CELL, 0 IMPERMEABLE
GRID CELL and -1 GRID CELL WITH PRESCRIBED CONCENTRATION
VALUE. The condition of impermeable grid cell can also be used for grid cells
with just a dispersive mass flux, in case the advective transport is dominant. In
case of an irregular aquifer the grid cells which do not belong to the aquifer are
also indicated as non active grid cells. The prescribed concentration values at
grid cells are defined in the file CONCOFILE.

L.19 EXPCONCFILE. The file with the experimental concentration
values.

This file contains the experimental concentration values. The format of the file is
the following:

First line: NCONCMEAS, MAXTIMESCONCMEAS. The first parameter
indicates the number of observation locations with at least one concentration
measurement. The second parameter gives the number of observation times for

346



the observation point(s) with the maximum number of observations. In case of,
for example, four observation points and 7 observation times for observation
point 1, 5 observation times for observation point 2 and 3 and 11 observation
times for observation point 4 MAXTIMESCONCMEAS=11.

In addition a number of blocks of information follows equal to the number of
observation locations. Each block has a header line with general information
and in addition observed values are given. The header line consists the
following information for the observation location: (1) the x-index of the grid
cell, (2) the y-index of the grid cell, (3) the z-index of the grid cell and (4) the
number of time steps for which there are observations. In addition, a number of
lines equal to the number of given time steps follows with at each line (1) the
transport simulation time step (1, 2, 3, etcetera; not the real time in seconds is
given) and (2) the observed concentration value for that time step.

In the present version of INVERTO the concentration measurements are
assigned to the grid cell centres. The spatial interpolation of simulated
concentration values to the concentration observation locations is not
contemplated yet. More over, the concentration measurements have to coincide
with the exact solution times of the transport equation. No temporal
interpolation of observed concentration values is contemplated.

1.20 VELOCFILE. The file with the pore groundwater velocities.

This file contains the pore groundwater velocities. These groundwater velocities
are calculated by means of the hydraulic conductivities, the hydraulic head
values, the porosity and the aquifer depth (2-D case). The groundwater flow
velocities are calculated at the cell interfaces. Therefore, the pore groundwater
velocities in the x-direction (v:), y-direction (vy) and z-direction (v:) are
evaluated at different locations. The groundwater velocities are printed in
columns, the first column contains the groundwater velocities in the x-direction
(vx), the second column contains the groundwater velocities in the y-direction
(vy) and the third column contains the groundwater velocities in the z-direction
(v:). The format in which the velocities are printed is similar to the usual format.
The counter cycles fastest on x, then on y and finally on z. The result is that for
Ux the groundwater flow between cells (1,1,1) and (2,1,1) is given, next the
groundwater flow between (2,1,1) and (3,1,1), continuing along the first row
until the groundwater flow between (11x-1,1,1) and (nx,1,1). Later the second
row is handled, and so on, until row ny. In case of 3-D flow the second layer is
handled afterwards, continuing until layer nz. For vy first the groundwater flow
between (1,1,1) and (1,2,1) is given, next the groundwater flow between (2,1,1)
and (2,2,1), continuing until the groundwater flow between (nx,1,1) and (11x,2,1).
In addition, the groundwater flow velocities for the second row are printed and
the first layer is terminated with the groundwater flows between (11x,1 y-1,1) and
(nx,1y,1). In case of 3-D flow the second layer is handled afterwards, continuing
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until layer nz. Finally, for vz first the pore groundwater flow velocity between
(1,1,1) and (1,1,2) is given, next the groundwater flow velocity between (2,1,1)
and (2,1,2), continuing along the first row until the velocity between (1x,1,1)
and (nx,1,2) and terminating the first layer with the groundwater flow between
(nx,ny,1) and (nx,ny,2). In addition, the next layer is handled and the last
specified v: is for the interface of the grid cells (rix,ny,nz-1) and (nx,ny,nz).

I.21 FINALCFILE. The file with the final concentration values.

This file is printed after each macro-iteration and contains the concentration
values related to the updated parameter values. Each line gives the
concentration value for one grid cell. First the concentration values are given for
the first time step at which the mass transport equation is solved. The grid cells
are cycled through in the traditional order. In addition, the concentration values
for subsequent time steps are given. The concentration solutions for different
time steps are separated by some blank lines and each new block of
concentration values is introduced by “Concentrations for Timestep ..”.

1.22 TPDBGFILE. The output file with debug information on the
transport simulations.

This file contains debug information on the (inverse) modelling of mass
transport. The amount of output to this file is determined by the DBG_LEVEL
defined in the main parameter input file invertod.par. We suppose that a
minimum DBG_LEVEL has been specified. All read parameters are echoed to
this file and this allows the user to check whether the correct values for the
parameters are read. Also the solutions of the adjoint state transport equation
are printed. In addition, information on the calibration process is given. After
each macro iteration the experimental and simulated concentration values are
compared and the objective function value is given. The user should search for
the string “Total objective function” in order to get the objective function values
after each iteration. Also the contribution of the mismatch of the concentration
data to the total objective function value is given. Below the “Total objective
function” the measured and simulated concentration values are printed. In case
oscillations in the solution of the mass transport equation occur these are also
printed to the debug file. The user can search for the string “shoot” to find
whether oscillations occurred.
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Appendix II. Adjoint state equations continuous in
time.

It may be advantageous not to discretize the temporal domain for the solution
of the adjoint state equations. In that case the objective function is formulated
continuous in time:

t

=3[ Yo - e Py, Sl [l Hezur - ciess B gy
i=1 g e

The notation is the same as in equation 6.1 (section 6.2).

The groundwater flow equation and the mass transport equation for which the
temporal domain is not discretized are given by:

d{h(1)}
ot

(([%] )— [, 1+ [q;"']](c(t)}+ {F}= a{C(t)}

The symbols were introduced in section 2.2 (equations 2.7 and 2.10). The
difference is that hydraulic head and concentration are continuous in time,
which is denoted by (#).

[AH{A(O}+{q} =[D]—=—

The states of the groundwater flow equation and the mass transport equation
are:

8{h(t)}

F@) =[Al{h()} +{q} ~[D]—===0

o0 +([[£] oo &= e e1- 2o

Notice that in this case the states are also continuous in time.

The Lagrangian for this formulation is:

S=J+[{A@Y (PO + [ () (©() e
0 0
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The derivatives of the Lagrangian with respect to the perturbation parameters
are:

r+

S _dl _ Ut 3 IHun} . j'{;t([)}r[a{‘f’(t)} I n}afhin}
a{p} dlp} a{p} ;9(rw)} I{p} o{p} I} {p}
j ol dcw} s I{#(t)}r(a{e(t)} 8{®(t)}8{lz(t)}+8{@([)}3{C(r)}
Jo{cm) {p} a{p} o} op} " o{cw)} a{p}

Rearranging gives:

di ol PO} dfew} o}
ft(a{,()} +{aw} +{umf e )}} I }1 i

alp} B{p} I}

rofr@} r o a{cn} rdfewt
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As for the discrete adjoint state equations, the derivatives 00©/9dl! are omitted as
their evaluation is very cumbersome and the gradient was found to be just
slightly worse estimated in case that these contributions were omitted.

ot

The adjoint states related with the groundwater flow and the mass transport
equation can be obtained from: :

{ « )}T a{\P(f)}

9{11( N BT (1.2)
r a{e(z)} .
a{c( g uof =" (I1.3)

The derivatives that appear in the equations I.2 and [L3 are given by the
following equations:

a{h(r)} 2! AR (r.4)
a{C(t)} 2‘! € Yt el (I1.6)
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gggg [([ D [, ]+ [q¢]} (1.7)

The equations differ from the versions where the temporal domain is
discretized (compare with the equations 3.8 until 3.10 and 6.5 until 6.7).

Combining the equations 1.4, IL.5 and [[.2 results in the following linear system
of equations to find the adjoint states related with the flow part:

N,

[aKao) = —22‘,][5,, Kuser — nieess e

=l o

This equation only has to be solved for the time steps that head measurements
are available. In case just at a few times measurements are available, the
number of times that the equation has to be solved may be reduced greatly as
compared with the case that the adjoint equation is discretized in time.

The linear system to solve the adjoint states for the transport part are obtained
from the combination of equations I1.6, [1.7 and II.3:

[([%D—[/lol{qguﬂw(n}r =—2§I[ P _ catens Ly,

Also this equation has to be solved only for the time steps that concentration
measurements are available.

The application of equations II.2 and [I.3 reduce equation IL1 to the following
expression:

dl _ dl  tnvdfFo} Ta{e(t)}
a1 | g WY

The derivative 9]/9{p} is equal to zero. The derivatives of the states with respect
to the perturbation parameters are given by:

M) _[oa] dg| [oD]d{n)}

{ap } [apj{hm} {ap} [31)] ot (1:8)
29(1) d[E/R] oF
{ aP }=,: ap _{C(t)}-l-{ (aP )}{C(t)}+{5;} (1.9)
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The difference between equations I1.8 and IL.9 and the equations 3.12 and 6.9 is
that head and concentration are not discretized in time. The derivatives only
have to be evaluated for the time steps that head or concentration
measurements are available. For the other time steps the Lagrange multipliers
are equal to zero so that it is not necessary to calculate the contribution from the
derivatives. In some specific cases this may reduce the computer burden
significantly and in those cases this formulation of the adjoint state equations is
preferred as compared to the formulation presented in section 6.2.
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