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Remember that all models are wrong; the practical question is how wrong do

they have to be to not be useful.

George E. P. Box





Abstract

According to the European Water Framework Directive (2000/60/EC) and

the specific Groundwater Directive (2006/188/EC), Member States have to

manage groundwater at the groundwater body scale and in an integrated way.

Given the objectives of “good quantitative and qualitative status” of ground-

water for 2015 stated by the Directive, end-users want to know the quantita-

tive and qualitative evolution of groundwater for several scenarios. Physically-

based and spatially-distributed groundwater flow and transport models con-

stitute useful management tools in this context since they take explicitely into

account the heterogeneity and the physical processes occuring in the subsur-

face for predicting system responses to future stress factors. However, at

such a scale, groundwater flow and transport modelling is challenging due to

(1) the complexity of geological and hydrogeological contexts, (2) the uneven

level of characterisation knowledge, and (3) the representativity of measured

parameters. Furthermore, such models require long execution times. As a

consequence, a series of choices and simplifications are made for dealing with

these issues. Therefore, the outstanding question is to know whether end-

users’ expectations can be met in spite of such choices and simplifications.

This work focuses on choices and simplifications related to spatial discretisa-

tion and saturation–pressure relations in the unsaturated zone. The influence

of stress factor time resolution is also tested.
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Considering this general context, the objective of the present work is to

evaluate the influence of some model technical (spatial discretisation) and

structure (saturation–pressure relations) uncertainties on model results, pa-

rameter sensitivities, and optimisation performance in order to provide guide-

lines for model development. This is performed using a synthetic case inspired

by typical groundwater bodies of Wallonia (Belgium). This synthetic case is

used for obtaining reference observations in terms of flow rates and hydraulic

heads. These reference observations are then compared with their simulated

equivalent produced by simplified models differing by their spatial discretisa-

tion, their saturation–pressure relations in the unsaturated zone, or the time

resolution of their stress factors. The simplified models are then ranked using

several performance criteria measuring the discrepancies between reference

observations and their simulated equivalent. This ranking leads to guidelines

for large-scale groundwater flow model development with respect to typical

end-users’ expectations.

Whatever the time resolution of stress factors, the quantitative and quali-

tative analyses performed indicate that coarsening horizontal spatial discreti-

sation deteriorates mainly the simulation of flow rates, coarsening vertical

spatial discretisation deteriorates mainly the simulation of hydraulic heads,

and (over)simplifying saturation–pressure relations in the unsaturated zone

significantly impair the simulation of both flow rates and hydraulic heads. Al-

though optimisation can compensate for errors induced by model technical

and structure uncertainties, the improvement of model fit is limited, espe-

cially for the coarsest models. Furthermore, with respect to end-users’ expec-

tations, the weighted least-square objective function is not always the most

relevant criteria for optimising models. Therefore, it is essential to use spe-

cific performance criteria for evaluating model performance depending on the
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objectives of the study. The ideal would be to develop an end-users objec-

tive function for including such performance criteria in the optimisation pro-

cess and stop the optimisation process once performance criteria would have

reached the values specified by the end-users with respect to the objectives

of the study.

Keywords: large-scale groundwater flow model, synthetic case, technical

uncertainties, structure uncertainties, performance criteria.
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Chapter 1

General context and

objectives of the research

According to the European Water Framework Directive (2000/60/EC) and

the specific Groundwater Directive (2006/188/EC), a “good quantitative and

qualitative status” of groundwater is expected for 2015. Furthermore, Mem-

ber States have to manage groundwater at the groundwater body scale

and in an integrated way. While a “good qualitative status” implies essen-

tially to identify and reverse upward trends of groundwater contamination, a

“good quantitative status” requires primarily that groundwater levels are high

enough to feed surface water, wetlands, and related ecosystems.

Large-scale groundwater flow and transport models are particularly useful

in such a context for their capacity of gathering every piece of information ob-

tained on the system in order to simulate its quantitative and qualitative evo-

lution for several predictive scenarios. Given the objectives of the Directive

from a quantitative point of view, these models should provide information

on both baseflow rates and hydraulic heads in order to evaluate the impacts

of future changes in stress factors on groundwater resources. Typically, end-
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users are interested in one or some of these model outputs:

• average magnitude, maximum value, or general evolution of baseflow

rates,

• average magnitude, seasonal variations, or general evolution of hy-

draulic heads,

• hydraulic head maps.

Physically-based and spatially-distributed models prevail in such cases for

their unique capacity of taking explicitely into account the heterogeneity and

the physical processes occuring in the subsurface for predicting the quanti-

tative evolution of groundwater resources (Dassargues et al., 1988; Beven,

1989; Beven and Freer, 1992; Grayson et al., 1992; Beven, 1993; Smith et al.,

1994; Beven, 1996a,b; Refsgaard et al., 1996; Heng and Nikolaidis, 1998;

Beven, 2000, 2001a,b, 2002a,b; Brouyère et al., 2004; Loague and VanderK-

waak, 2004; Panday and Huyakorn, 2004; Beven, 2006; Ebel and Loague,

2006; Loague et al., 2006; Li et al., 2008; Goderniaux et al., 2009; Spanoudaki

et al., 2009; Orban et al., 2010). However, large-scale groundwater flow and

transport modelling is challenging due to (1) the complexity of geological and

hydrogeological contexts, (2) the uneven level of characterisation knowledge,

and (3) the representativity of measured parameters. These specific issues,

especially the scarcity of data, can even prevent from using physically-based

and spatially-distributed models at large-scale (Barthel et al., 2008). Addition-

ally, such models require long execution times. Therefore, a series of choices

and simplifications constituting sources of uncertainty for model simulations

are inevitable for dealing with these issues and reducing the execution times

of large-scale physically-based and spatially-distributed models. The present

work focuses on choices and simplifications related to spatial discretisation



3

and saturation–pressure relations in the unsaturated zone. According to Refs-

gaard et al. (2007), the uncertainty coming from such choices and simplifica-

tions are part of model technical uncertainty and model structure uncertainty,

respectively. Furthermore, the influence of stress factor time resolution is also

tested. The outstanding question is to evaluate whether end-users’ expecta-

tions can be met in spite of such choices and simplifications (Figure 1.1).

Model
Water management

spatial discretisation
saturation-pressure relations

time resolution of stress factors

Choices
and

simplifications Outputs

flow rates
hydraulic heads

Predictions

What is the influence of model technical
and model structure uncertainties on

model performance?

Figure 1.1: A series of choices and simplifications is inevitable for dealing with the specific

issues of large-scale physically-based and spatially-distributed groundwater flow and transport

models. The outstanding question is to know whether end-users’ expectations can be met in

spite of such choices and simplifications.

Given this general context, the objectives of this work are:

• to evaluate the influence of some model technical and structure uncer-

tainties on modelling results, parameter sensitivities, and optimisation

performance,

• to provide guidelines for large-scale groundwater flow model develope-

ment, including on the selection of specific performance criteria, with

respect to typical end-users’ expectations.

These tasks are undertaken using a synthetic case inspired by typical ground-

water bodies of Wallonia (Belgium). While this synthetic case is developed

with the fully-integrated and physically-based surface and subsurface flow

model HydroGeoSphere (Therrien et al., 2005), this work focuses primarily
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on groundwater.

Chapter 2 exposes the literature review performed in the field of model

calibration, model evaluation, and model ranking. Chapter 3 presents the

methodology developed for evaluating the influence of model technical and

model structure uncertainties on model results, parameter sensitivities, and

optimisation performance. Chapter 4 presents the governing equations and

the main outputs of HydroGeoSphere. Chapter 5 exposes the generation of

the synthetic case and its key characteristics. Chapter 6 presents the simpli-

fied models and the qualitative evaluation performed for each of them. The

influence of model technical and model structure uncertainties on parameter

sensitivities is also presented in this chapter. Chapter 7 exposes the quantita-

tive evaluation performed for the simplifiedmodels using several performance

criteria. Chapter 8 presents the model ranking obtained based on informa-

tion theory and the model ranking obtained based on performance criteria.

Chapter 9 provides general conclusions, including guidelines for large-scale

groundwater flow model development, and perspectives for future works.



Chapter 2

Literature review

2.1 Complexity versus parsimony

The subsurface environment is inherently complex. Therefore, a model is

always a simplification of the reality whose major objective is to provide pre-

dictions with the smallest uncertainty possible. The question of which level of

model complexity is needed for achieving this objective is still an open debate

within the scientific community, some defending the principle of complexity,

others defending the principle of parsimony (Occam’s razor). The strengths

and weaknesses of each paradigm are presented in Gómez-Hernández (2006)

and Hill (2006), respectively.

Advocates of complexity work in a stochastic framework. Their objec-

tive, consistent with the equifinality concept stating that a lot of model struc-

tures and parameter sets can reproduce the observed behaviour of a sys-

tem (Beven and Freer, 2001), is to substitute the unknown subsurface en-

vironment by a series of plausible models given the available data (Gómez-

Hernández, 2006). These plausible models can play on each element consti-

tuting a model, from the boundary conditions to the parameter values, and
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probability functions are associated with each of them. The result is not a sin-

gle model but a large set of uncalibrated model realisations whose likelihoods

are measured with methods such as Generalised Likelihood Uncertainty Es-

timation (GLUE) (Beven and Freer, 1992), Bayesian Model Averaging (BMA)

(Draper, 1995; Kass and Raftery, 1995; Hoeting et al., 1999), and Maximum

Likelihood Bayesian Model averaging (MLBMA) (Neuman, 2003). A GLUE-BMA

combination is also possible (Rojas et al., 2008, 2009). These methods mea-

sure the likelihood of each model realisation depending on their capacity of

reproducing observed parameter values and state variables as well as their

preservation of some predefined structure about the heterogeneity. This last

condition most often leads to models striving for capturing the full hetero-

geneity of the system. Therefore, model realisations are often made up of

hundreds of parameters which is a common indicator of model complexity.

Partisans of simplicity work in a deterministic framework with a single or a

few calibrated models. Their objective is to keep the model as simple as pos-

sible while considering the characteristics and processes of the system that

are evident from the observations and important for predictions, and while re-

specting all system information (Hill, 2006; Hill and Tiedeman, 2007). This is

primordial for preserving refutability and transparency (Oreskes, 2000). The

concept of refutability implies that each hypothesis made during model con-

struction is testable. The concept of transparency implies that model dynam-

ics are understandable. Generally, both concepts suffer when the number of

parameters increases and the execution times get longer (Hill, 2006; Hill and

Tiedeman, 2007). The importance of keeping simplicity in modelling is sup-

ported by the tradeoff observed between model fit and prediction error with

respect to the number of parameters. This tradeoff is illustrated with a simple

example in Hill (2006) and Hill and Tiedeman (2007). They compare the model
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fit and the predictive capability of a linear model (simple model) and a poly-

nomial model (complex model) in case of a true linear model (Figure 2.1). The

polynomial model produces clearly a better fit but poorer predictions since it

matches the errors in the data rather than the system processes. This prob-

lem was investigated for the first time in the groundwater literature by Yeh

and Yoon (1981).
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Figure 2.1: The tradeoff between model fit and prediction error is illustrated comparing linear

and polynomial models. Considering a true linear model, it is clear that the polynomial model

matches the errors in the data rather than the system processes. Therefore, in spite of a better

model fit, its prediction error is greater (modified from Hill, 2006).

According to Hill (2006), a simple model with short execution times is

also a prerequisite for performing effective sensitivity analysis, calibration,

and uncertainty analysis such as proposed in her guidelines (Hill and Tiede-

man, 2007). The sensitivity analysis is particularly useful for investigating

the observations–parameters–predictions interactions in order to know which

of the processes and parameters are essential for the predictions of interest.
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Additionally, a parsimonious selection of spatial and time discretisations is

also important to ensure short execution times. The selection of processes,

parameters, and spatial and time discretisations should depend on the avail-

ability of data, the hydrogeological context, and the objectives of the study

(Hill, 2006). This point of view is also supported by Refsgaard (1997) and

Barthel et al. (2008).

The presentation of the opposite paradigms, complexity versus parsi-

mony, shows that they differ essentially by their way of dealing with model

uncertainty. The supporters of complexity consider a large set of complex

models and estimate the likelihood of each of them in order to evaluate model

uncertainty (stochastic framework). From their point of view, models taking

explicitly into account the heterogeneity are the most plausible. The sup-

porters of parsimony develop a single or a few simple models for which they

perform sensitivity analysis, calibration, and uncertainty analysis (determinis-

tic framework). From their point of view, a simple model with short execution

times is preferable for investigating thoroughly the system functioning and

selecting only the processes and parameters essential for the predictions of

interest. The philosophy of the principle of complexity and the principle of par-

simony are thus opposed, yet, they both have the same objectives of provid-

ing model predictions with the smallest uncertainty possible and quantifying

this uncertainty. However, with current computer capabilities, the prohibitive

number of model runs required for performing stochastic methods prevent

from using them with large-scale physically-based and spatially-distributed

models due to their long execution times.
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2.2 Effective model calibration

2.2.1 Sensitivity analysis

The sensitivity analysis consists in studying how the variations in the

model outputs (e.g. flow rates and hydraulic heads) are related to the vari-

ations in the model inputs (e.g. hydraulic conductivities) (Saltelli et al., 2000).

Global sensitivity analysis performs this study over the full range of param-

eter values. This implies a lot of model runs and prevents from using global

techniques for models with long execution times (Mishra et al., 2009). Local

sensitivity analysis performs this study in the neighbourhood of a single set

of parameter values. This requires far fewer model runs. Theoretically, lo-

cal techniques are only valid for linear models. Practically, Hill and Tiedeman

(2007) consider that models have to be extremely nonlinear for these tech-

niques to fail completely. This is supported by the work of Foglia et al. (2009)

who have successfully used local techniques on a large-scale physically-based

and spatially-distributed hydrological model with long execution times. There-

fore, local techniques are used in this work.

A series of statistics based on local sensitivities have been developed for

facilitating the evaluation of interactions between observations and parame-

ters (Hill and Tiedeman, 2007). These statistics are said to be fit-independent

because they do not depend on the discrepancies between observed values

and their simulated equivalent. They rely only on the sensitivities and the

weighting.

The sensitivities Jj are calculated as the derivatives of simulated equiva-

lent to the observations with respect to the model parameters:

Jj =

 

∂ysm


∂bj

!�

�

�

�

�

b

(2.1)
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where ysm


is the simulated equivalent to the ith observation, bj is the jth

parameter, and the subscript indicates that the sensitivities are calculated

for the parameter values composing the vector b. This formulation indicates

that the sensitivity reflects the slope of the input–output relationship at the

reference point b. The sensitivity matrix J, also known as Jacobian matrix, is

composed of the sensitivities:

J =


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
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(2.2)

where nobs is the number of observations and npr is the number of pa-

rameters.

Adjoint states and sensitivity-equation sensitivities produce the most ac-

curate sensitivities (Hill and Tiedeman, 2007). However, these techniques are

complex to program and sensitivities are most often estimated using back-

ward, central or forward differences:

 

∂ysm


∂bj

!�

�

�

�

�

b

≈
ysm

(b+ Δb)− ysm


(b)

Δbj
(2.3)

where Δb is a vector whose jth element equals Δbj (other elements equal

zero).

The purposes of the weighting are to emphasise the most accurate ob-

servations and to produce dimensionless statistics. This is achieved by spec-

ifying weights that are proportional or, preferably, equal to the inverse of

the observation error variances (Hill and Tiedeman, 2007). If the observation

errors are independent, the weight matrix is diagonal, otherwise, it is a full

matrix taking into account the correlations between observation errors. How-
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ever, experience indicates that omitting such correlations has limited effect

on paramer estimates (Hill and Tiedeman, 2007). Therefore, observation er-

rors are assumed independent in this work and all the equations are written

for a diagonal weight matrix whose diagonal elements  are calculated as

(Hill and Tiedeman, 2007):

 =
1

σ2

(2.4)

where is the weight relative to the ith observation and σ2

is the true error

variance of the ith observation. This ensures that the most accurate obser-

vations, that is those with the smallest error variances, have the heaviest

weights. The observation error variances are easily estimated following the

procedure presented in Hill and Tiedeman (2007). This simple procedure is

sufficient since only a rough evaluation of the weights is required (Foglia et al.,

2009). When observation errors are estimated using coefficients of variation

c instead of standard deviations σ, the weights are calculated as (Hill and

Tiedeman, 2007):

 =
1

�

c × y
obs


�2
(2.5)

where yobs


is the ith observed value. When working with transient models,

a constant coefficient of variation is often used for calculating weights per-

taining to flow rate observations. This is performed for providing weights in-

versely proportional to observed values and preventing low flow rates from

being overwhelmed by high flow rates in sensitivity, model fit, and uncer-

tainty analyses. This is illustrated in Table 2.1.
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Table 2.1: Example illustrating the use of a constant coefficient of variation for providing

weights proportional to observed values.

yobs c 

1.0 0.10 100

10.0 0.10 1

The fit-independent statistics developed for investigating the relations be-

tween parameters and observations include the dimensionless scaled sen-

sitivities (dss), the composite scaled sensitivities (css), and the parameter

correlation coefficient (pcc). The dimensionless scaled sensitivities dssj are

calculated as (Hill, 1992; Hill et al., 1998; Hill and Tiedeman, 2007):

dssj =

 

∂ysm


∂bj

!�

�

�

�

�

b

×
�

�bj
�

�×1/2


 = 1, nobs j = 1, npr (2.6)

This statistic evaluates the importance of a single observation y to the esti-

mation of the single parameter bj.

The composite scaled sensitivities cssj are calculated as (Hill, 1992; An-

derman et al., 1996; Hill et al., 1998; Hill and Tiedeman, 2007):

cssj =









∑nobs

=1

�

dssj
�2
�

�

�

b

nobs









1/2

j = 1, npr (2.7)

This statistic measures the information provided by the entire set of observa-

tions for the estimation of the single parameter bj. Large values correspond

to parameters for which the observations provide a lot of information. The

easiest way of using css is to compare the values obtained for each parame-

ter. This is particularly useful for selecting the parameters to be included in

the optimisation. According to Hill et al. (1998) and Hill and Tiedeman (2007),
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parameters with composite scaled sensitivities less than 1 or less than 0.01

of the largest composite scaled sensitivity will produce problems in the re-

gression or poorly estimated parameters which means parameters with large

confidence intervals. The solution consists in fixing the values of these pa-

rameters prior to the calibration or merging some of them for increasing their

composite scaled sensitivities.

The parameter correlation coefficients pcck are calculated as (Hill and

Tiedeman, 2007):

pcck =
co (bk, b)

r (bk)
1/2 × r (b)

1/2
k = 1, npr  = 1, npr (2.8)

where co(bk, b) are the covariances between parameter bk and b and

r(bk) are the variances of each of the parameters. This statistic measures

whether coordinated changes in two parameters would result in the same

simulated values and, so, the same model fit to the observations and the

same objective function value. Therefore, parameter correlation coefficient

indicates which parameter values are likely to be estimated uniquely during

the optimisation. According to Hill et al. (1998) and Hill and Tiedeman (2007),

pairs of parameters with correlation coefficients greater than 0.95 may not be

estimated uniquely. Typically, groundwater flow models show a high negative

correlation between hydraulic conductivity and recharge rate since varying

simultaneously these parameters in an opposite way has almost no effect on

simulated hydraulic heads. An effective way for decreasing the correlation

between pair of parameters consists in using several types of observation

for combining local (e.g. hydraulic heads) and global information (e.g. flow

rates) on the system dynamics (Anderman et al., 1996; Poeter and Hill, 1997;
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Hill and Tiedeman, 2007). Concentration and temperature data can also be

used as observations (for example, see Woodbury and Smith, 1988; Manning

and Ingebritsen, 1999; Bravo et al., 2002; Saiers et al., 2004; Sanford et al.,

2004a,b; Anderson, 2005; Burow et al., 2005; Niswonger et al., 2005).

A combined use of css and pcc constitutes a powerful tool for investigating

the interactions between parameters and observations. According to Hill and

Tiedeman (2007), css and pcc are the key statistics for selecting the parame-

ters to be included in the optimisation.

2.2.2 Optimisation

The objective of the optimisation is to obtain the set of parameter val-

ues that produces the smallest value of an objective function measuring the

discrepancies between observed values and their simulated equivalent. This

task is performed manually (trial-and-error procedure) or automatically us-

ing typically nonlinear regression methods (inverse modelling). The latter

technique is preferable since it eliminates the subjectivity of trial-and-error

procedure and it provides useful statistics about parameters and state vari-

ables (Poeter and Hill, 1997). However, trial-and-error procedure and inverse

modelling share the same issues of non-identifiability, non-uniqueness, and

instability (Carrera et al., 2005). Non-identifiability occurs when several set

of parameter values lead to the same solution of the forward problem. Non-

uniqueness occurs when several set of parameters minimise the objective

function equally well. Instability occurs when small changes in parameter or

observation values lead to large changes in estimated parameter values. An-

other issue, termed insensitivity by Hill and Tiedeman (2007), occurs when

the information contained in the observations is not sufficient to support the

parameter estimation. A review of these problems is proposed by Yeh (1986)
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and Carrera and Neuman (1986b). The latter suggest to use prior information

on parameters (e.g. field measurement of hydraulic conductivity) to reduce

the ill-posedness of the inverse problem.

The optimisation is only possible for a finite number of parameters. There-

fore, prior to optimisation, parameterisation is required for expressing system

properties in terms of a small number of model parameters. The most widely

used parameterisation techniques are zonation, point estimation, and pilot

points (Carrera et al., 2005). The zonation consists in subdividing the system

in a set of zones characterised by constant parameter values. This quite rigid

technique is often used in conjunction with geological maps whose geologi-

cal units correspond to parameter zones. The point estimation is an extreme

case of zonation where the number of zones equals the number of cells or

elements. This technique allows taking into account a maximum of hetero-

geneity at the cost of a huge number of parameters. The pilot points consists

in defining parameters at a set of points distributed throughout the model do-

main. The set of parameter values estimated at each pilot point is used for

interpolating parameter values over the whole domain at each optimisation

iteration. Typically, interpolation is performed using kriging though any other

geostatistical method is possible. This flexible technique is capable of defin-

ing the heterogeneity by itself. However, the interpolation leads to smoothed

variations of parameter values over the model domain. Furthermore, ques-

tions remain concerning the number of pilot points to use and their location.

The suggestions of Doherty (2003) simply indicate that pilot points should

be placed literally throughout the model domain though preferably in zones

where heterogeneity is suspected and where observations are numerous. Pi-

lot points, initially developed by de Marsily et al. (1984), have gained popu-

larity over the last decades (for example, see Certes and de Marsily, 1991;
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RamaRao et al., 1995; LaVenue et al., 1995; Vesselinov et al., 2001; Doherty,

2003; Hernández et al., 2003; Kowalsky et al., 2004; Wood et al., 2005; Wylie

and Doherty, 2005; Moore and Doherty, 2006; Batlle-Aguilar, 2008).

The optimisation consists in modifying the value of the parameters de-

fined through parameterisation in order to minimise the value of a predefined

objective function. This objective function measures the match of observed

to simulated values. The most widely used objective function is the weighted

least-squares objective function (L2 norm) (b) (Hill and Tiedeman, 2007):

(b) =

nh
∑

=1

h × [y
obs
h
− ysm

h
(b)]2 +

nq
∑

j=1

qj × [y
obs
qj
− ysm

qj
(b)]2

+

npr
∑

k=1

pk × [y
obs
pk
− ysm

pk
(b)]2

(2.9)

where, for a groundwater flow problem, nh is the number of hydraulic head

observations, nq is the number of flow rate observations, npr is the number

of prior information values, yobs
h

is the ith observed hydraulic head, ysm
h

is the

simulated value equivalent to the ith observed hydraulic head, yobs
qj

is the jth

observed flow rate, ysm
qj

is the simulated value equivalent to the jth observed

flow rate, yobs
pk

is the kth prior estimate included in the optimisation, ysm
pk

is the

kth simulated value, h is the weigth for the ith hydraulic head observation,

qj is the weigth for the jth flow rate observation, pk is the weigth for the

kth prior estimate. This objective function is more commonly expressed as:
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(b) =

nobs+npr
∑

=1

 ×
�

yobs

− ysm


(b)
�2

(2.10)

=

nobs+npr
∑

=1

 × r
2


(2.11)

where nobs is the number of observations of any kind, yobs


is the ith obser-

vation or prior information value, ysm

(b) is the simulated equivalent to the

ith observed value,  is the weight for the ith contribution to the objective

function, r is the ith residual. The matrix form of this objective function is:

(b) = [y− y(b)]T w [y− y(b)] (2.12)

= r
T
wr (2.13)

where y is a vector of order (nobs+npr) containing the observation values,

y(b) is a vector of order (nobs+npr) containing the simulated values equiv-

alent to the observations, r is the residual vector of order (nobs+npr), and

w is the weight matrix with dimensions (nobs+ npr)× (nobs+ npr).

The single objective function expressed by equation 2.9 is sometimes re-

placed by multiple objective functions (for example, see Vrugt et al., 2003).

This allows for instance considering hydraulic head observations and flow rate

observations separately using specific performance criteria. When using mul-

tiple objective functions, the improvement of one objective function causes

the deterioration of one or more others. Therefore, the principle of the mul-

tiobjective optimisation is to find the set of points in the parameter space

along which it is not possible to lower the objective functions simultaneously.

This set of points is called the Pareto front. The simplest way for estimating
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the Pareto front consists in weighing each performance criteria and then run-

ning a large number of independent optimisation using different values for the

weights. The study of Foglia et al. (2009) comes to the conclusion that single

objective optimisation is preferable for models with long execution times since

it requires less model runs, and that multiobjective optimisation is of interest

only when it is important to explore alternative observation weightings.

The objective of the optimisation is to find the optimal parameter values,

that is the parameter values that minimise the value of the objective function.

This implies solving the normal equations obtained by taking the derivative of

the objective function with respect to the parameters and setting the deriva-

tive equal to zero:

∂

∂b

�

[y− y(b)]T w [y− y(b)]
�

= 0 (2.14)

where 0 is a vector of npr elements equal to zero and npr is the number

of parameters.

If the system is linear of the form:

y(b) = Xb (2.15)

where X is a matrix with dimensions nobs × npr containing the set of ex-

citations of the system, b is a vector of order npr containing the system

parameters, and y(b) is a vector of order nobs containing the system re-

sponses to the set of excitations, the corresponding least-squares objective

function is:
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(b) = [y− y(b)]T [y− y(b)] (2.16)

= (y− Xb)T(y− Xb) (2.17)

where y is a vector of order nobs containing the observations measured in a

laboratory or in the field.

If the number of observations nobs is greater or equal to the number of pa-

rameters npr, the solution of the problem is unique and it can be shown

that the parameter values embodied in b that minimises the objective func-

tion (b) is given by:

b =
�

X
T
X
�−1

X
T
y (2.18)

Furthermore, it can be shown that the parameter variance–covariance matrix

V(b) is given by:

V(b) = s2
�

X
T
X
�−1

(2.19)

where s2 is the calculated error variance that represents the estimate of the

variance of the observation values embodied in vector y:

s2 =
(b)

nobs− npr
(2.20)

When the observations are weighted such as each weight is inversely propor-

tional to the standard deviation of the corresponding observation, the objec-

tive function equation 2.17 is modified into:
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(b) = [y− y(b)]T w [y− y(b)] (2.21)

= (y− Xb)Tw(y− Xb) (2.22)

where w is the weight matrix. This equation is equivalent to the equation

2.13.

The equation 2.18 for calculating the optimal set of parameter values is mod-

ified into:

b =
�

X
T
wX
�−1

X
T
wy (2.23)

while the equation 2.19 for calculating the parameter variance–covariance

matrix is modified into:

V(b) = s2
�

X
T
wX
�−1

(2.24)

However, most of the natural systems are nonlinear so linearisation is re-

quired in order to use these equations for finding the optimal set of parameter

values. This linearisation is performed using Taylor’s theorem:

y(b) ≈ y (b0) + J (b− b0) (2.25)

where b0 differs only slightly of b and J is the Jacobian matrix defined in equa-

tion 2.2. This approximation improves with proximity of b0 to b.

The corresponding weighted least-squares objective function is given by:
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(b) = [y− y(b)]T w [y− y(b)] (2.26)

= [y− y (b0)− J [b− b0]]
T
w [y− y (b0)− J [b− b0]] (2.27)

where y is the observation vector. The equations 2.22 and 2.27 are similar if

y and b of equation 2.22 are replaced by [y− y(b0)] and [b− b0] of equa-

tion 2.27, respectively. Therefore, the equations defined previously can be

used for calculating the parameter upgrade vector [b− b0] from the vector

[y− y(b0)] which defines the discrepancy between the observed values y

and their simulated equivalent y(b0). The parameter upgrade vector u is

thus calculated as:

u = [JTwJ]−1JTw [y− y (b0)] (2.28)

=
�

J
T
wJ
�−1

J
T
wr (2.29)

and the parameter variance–covariance matrix is modified into:

V(b) = s2
�

J
T
wJ
�−1

(2.30)

Equation 2.29 is used iteratively for calculating the set of optimal parameter

values from a set of initial parameter values estimated by the user (Figure

2.2). This iterative method is known as the Gauss–Newton gradient method.

The equation 2.30 indicates that the parameter variances depend on the sen-

sitivities (equation 2.1) as measures of the information provided by the obser-

vations on the parameters, the weights (2.4) as measures of the error in the

observations, and the calculated error variance (2.20) as a measure of model
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fit to the observations.

initial
parameter values

contours of equal
objective function value

parameter 1

parameter 2

Figure 2.2: The Gauss-Newton method calculates iteratively a parameter upgrade vector for

estimating the optimal parameter values, that is the parameter values that minimise the value

of the objective function (modified from Doherty, 2005).

The Gauss-Newton method is prone to difficulties such as oscillations due

to overshooting the optimal parameter values. Therefore, modifications have

been developed for fixing these issues. These modifications consists in scal-

ing the upgrade parameter vector u and modifying its direction and its mag-

nitude. The scaling is performed for improving the accuracy of u. This is

essential since observations, parameters, and thus sensitivities embodied in

J have often values that differ by many orders of magnitude which can lead to

roundoff error when calculating u. The scaling is implemented as:

S
−1

u = ((JS)TwJS)−1(JS)Twr (2.31)

where S is a diagonal scaling matrix with dimensions npr × npr whose

element equals:

S =
�

J
T
wJ
�−1/2


(2.32)
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The modification of the direction of u is performed in incorporating the Mar-

quardt parameter, developed by Levenberg (1944) and Marquardt (1963), in

its calculation:

S
−1

u =
�

(JS)TwJS+ αMS
T
S
�−1
(JS)Twr (2.33)

where αM is the Marquardt parameter. When α is equal to zero, equation

2.33 is equivalent to equation 2.29. When αM is very high, the direction of

the parameter upgrade vector gets close to the steepest descent direction

given by the negative of the gradient of the objective function in the pa-

rameter space. The value of αM is modified during the estimation process,

high values are preferable in the initial stages of the optimisation and low

values are preferable when the minimum value of the objective function is

approached (Doherty, 2005) (Figure 2.3). The magnitude of u is also modified

in order to estimate its optimum length and prevent overshooting problems.

This Gauss–Newton gradient method improved with scaling and incorporation

of the Marquardt parameter is termed Gauss–Netwon–Levenberg–Marquardt

method or modified Gauss–Newton gradient method. Further information

about this technique and its implementation in the inverse modelling codes

PEST and UCODE_2005 can be found in Doherty (2005) and in Poeter et al.

(2005) and Hill and Tiedeman (2007), respectively.
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contours of equal
objective function value

parameter 1

parameter 2

AB C

Figure 2.3: The direction of the upgrade parameter vector is optimised using the Marquardt

parameter. This is illustrated using a linearised objective function with two parameters. The

direction A points in the steepest descent direction. The direction B points in the direction esti-

mated using the Gauss–Newton method (2.29 or its scaled version 2.31). The direction C points

in the direction estimated using the Gauss–Newton–Levenberg–Marquardt with a nonzero Mar-

quardt parameter (2.33). When the value of the Marquardt parameter is increased, the direc-

tion of the upgrade parameter vector gets closer to the steepest descent direction (gradient

of the objective function with respect to the parameters) which is useful in the initial stages of

the estimation process (modified from Hill and Tiedeman, 2007).

The Gauss–Newton–Levenberg–Marquardt method is powerful. However,

in presence of local minima in the objective function, this method based on

local sensitivities does not always provide the set of parameter values corre-

sponding to the global minimum. The use of a temporary parameter immo-

bilisation strategy, termed automatic user intervention (AUI) in PEST, greatly

reduces this eventuality (Skahill and Doherty, 2006). This strategy consists in

selectively withdrawing the most insensitive parameters from the estimation

process when the objective function improvement during a particular itera-

tion is poor. When a parameter is withdrawn, the upgrade parameter vector

is recalculated and the model is rerun with the upgraded parameters to see

whether the objective function is lowered. If it is the case, this parameter

set constitutes the initial parameter set for the next iteration for which the

temporarily frozen parameter is reinjected. If it is not the case, a further pa-

rameter is withdrawn and the procedure is repeated. According to Skahill and

Doherty (2006), the heightened capacity of finding the global minimum of the

objective function with the temporary parameter immobilisation strategy is
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related to the large number of parameter upgrade vectors tested. Addition-

ally, the directions of these parameter upgrade vectors tends to be maximally

different. This is due to the fact that the upgrade parameter vector calcu-

lated with all the parameters is dominated by the most insensitive parame-

ters which have to be strongly modified to have an influence on the objective

function. When these insensitive parameters are frozen, the direction of the

upgrade parameter vector calculated with the remaining parameters varies

greatly (in fact, it tends to be orthogonal to the direction of the upgrade pa-

rameter vector calculated with all the parameters). Therefore, the temporary

parameter immobilisation strategy allows investigating a large spectrum of

the parameter space which is the key for finding the global optimum of the

objective function. According to Doherty (2005), optimisation using truncated

singular value decomposition (truncated SVD) gives similar results since this

method also has the capacity of withdrawing insensitive parameters from the

estimation process. The principle of this technique is to estimate only the

sensitive combinations of parameters, these combinations corresponding to

eigenvectors of the parameter variance–covariance matrix whose eigenval-

ues are significantly nonzero. Furthermore, this technique is stronger than

the temporary parameter immobilisation in case of high parameter correla-

tions (Doherty, 2005). An alternative for finding the global minimum of the

objective function consists in using global optimisation methods rather than

local optimisation methods such as the Gauss–Newton–Levenberg–Marquardt.

These methods, instead of using sensitivities, find the next set of parameters

using a long history of the model fit produced by previous set of parameters

(for example, see Zheng and Wang, 1996; Solomatine et al., 1999; Tsai et al.,

2003; Vrugt et al., 2003; Fazal et al., 2005; Moore et al., 2010; Keating et al.,

2010). They have the capacity of always finding the global minimum of the
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objective function. However, Hill and Tiedeman (2007) warn that global op-

timisation methods require a huge number of model runs inducing execution

times tens or hundreds of times longer than the execution times required by

local optimisation methods. This precludes using these methods with large-

scale physically-based and spatially-distributed models due to their long ex-

ecution times. Therefore, Gauss–Newton–Levenberg–Marquardt method en-

hanced with temporary parameter immobilisation is used in this work.

The Gauss–Newton–Levenberg–Marquardt method faces also issues when

the number of parameters to be estimated exceeds the number of observa-

tions. The solution, in this case, is non-unique. This is one of the reason why

Hill and Tiedeman (2007) plead to follow the principle of parsimony and to

limit the number of parameters for complex systems. However, Hunt et al.

(2007) say that this issue can be effectively circumvented using regularisa-

tion. This technique consists in introducing constraints on parameter values

or on relationships between these values (e.g. smoothness) for obtaining pa-

rameter uniqueness. Therefore, zonation is an implicit form of regularisation

since it imposes a constraint of parameter homogeneity in each zone. The

principle of regularisation is to penalise the objective function when the prede-

fined constraints are violated. This type of regularisation is termed Tikhonov

regularisation (Tikhonov and Arsenin, 1977). When using regularisation, the

objective function of equation 2.22 is modified into (Doherty, 2003):

tot = (y− Xb)Twobs(y− Xb) + (y′ − Rb)Twreg(y
′ − Rb) (2.34)

= γL × obs + reg (2.35)

where y′ is a vector containing the regularisation observations, R is the reg-
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ularisation matrix depending on the parameter vector b, wreg is a weight

matrix containing the weights relative to the regularisation observations, and

γL is a Lagrange multiplier used for formulating the constrained minimisation

problem as an unconstrained minimisation problem. The subscripts obs and

reg state for observation and regularisation, respectively.

The objective of the constrained optimisation is to minimise reg for preserv-

ing a preferred system state while keeping a suitable goodness of fit obs.

This suitable goodness of fit is verified when obs is less or equal to a cer-

tain value m
obs

specified by the user. Practically, obs will be equal to m
obs

since a decrease of reg will nearly always lead to an increase of obs when

parameter values are close to optimum. Therefore, with regularisation con-

straints, the optimisation consists in finding the parameter values b that min-

imise the total objective function tot while simultaneously finding the value

of γL which satisfies obs = m
obs

. This technique allows estimating a large

number of parameters and stabilising the optimisation process by introduc-

ing a preferred system state which increases the parameter sensitivities (Do-

herty, 2003). Tikhonov regularisation has been used successfully in ground-

water flow modelling (for example, see Skaggs and Kabala, 1994; Liu and

Ball, 1999; Doherty, 2003; van den Doel and Ascher, 2006). Furthermore, a

combination of Tikhonov regularisation and truncated singular value decom-

position is possible for accelerating the optimisation process by solving the

inverse problem in a parameter space reduced to the sensitive parameters

only (Tonkin and Doherty, 2005; Hunt et al., 2007).

The use of regularisation allows including many parameters like in a

stochastic framework (principle of complexity) while producing a single model

like in a deterministic framework (principle of parsimony). Therefore, Hunt

et al. (2007) say that regularisation is a middle ground between complexity
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and parsimony. However, they recognize that neither Tikhonov regularisa-

tion nor hybrid Tikhonov–truncated singular value decomposition reduces the

computational cost induced by a highly parameterised model because sen-

sitivities have to be calculated with respect to all parameters during each

iteration of the optimisation process. Therefore, these techniques are only

possible for models with short execution times.

2.2.3 Uncertainty analysis

The uncertainty analysis consists in quantifying prediction uncertainty.

The techniques developed for this purpose evaluate the magnitude of pre-

diction uncertainty depending on the uncertainty in model parameters and

the sensitivity of predictions to model parameters.

The inferential techniques are the simplest techniques for quantifying pre-

diction uncertainty. They produce linear or nonlinear confidence intervals on

predictions. The larger the interval, the greater the uncertainty. The calcula-

tion of linear confidence intervals involves calculating the prediction standard

deviations szsmk
(Hill and Tiedeman, 2007):

szsmk
=





npr
∑

=1

npr
∑

j=1

∂zsm
k

∂bj
× V(b)×

∂zsm
k

∂b





1/2

(2.36)
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(2.37)

where zsm
k

is the kth prediction, jzk is a vector containing the sensitivities

of prediction zsm
k

, and V(b) is the parameter variance–covariance matrix of

equation 2.30. Then, linear confidence intervals are calculated as:

�

zmn
k

; zm
k

�

= zsm
k
± [critical value]× szsmk

(2.38)
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For individual linear confidence interval, the critical value is calculated as:

[critical value] = tS(n,1.0+ α/2) (2.39)

where tS is the Student-t distribution, α is the significance level (typically 5

or 10 percent which results in 95- or 90-percent intervals, respectively), n is

the degrees of freedom equals to nobs+npr−npr. The linear confidence

intervals are easy to calculate. However, for nonlinear models, nonlinear con-

fidence intervals are often preferable. The method proposed by Vecchia and

Cooley (1987) for calculating nonlinear confidence intervals involves estimat-

ing a parameter confidence region. This parameter confidence region is com-

posed of the set of parameter values for which the objective function values

are only slightly greater than the minimum objective function value obtained

via optimisation (Hill and Tiedeman, 2007):

(b) ≤ (b′) + s2 × [critical value] +  (2.40)

where (b′) is the objective function for the vector of parameter values b′

and  is a term reflecting the accuracy of a measured observed equivalent of

the predictions. For individual linear confidence interval, the critical value is

calculated as:

[critical value] = cc × [tS(n,1.0+ α/2)]
2

(2.41)

where cc is a correction factor defined by Christensen and Cooley (2005).

Then, the method finds the minimum and maximum values of the prediction

on the boundaries of this parameter confidence region. These extreme values

are the lower and the upper limits of the nonlinear confidence interval on the

prediction. However, estimating the parameter confidence region requires a
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lot of model runs which prevents calculating nonlinear confidence intervals

for models with long execution times. The same reason prevents from using

Monte-Carlo techniques for quantifying prediction uncertainty since they re-

quire to run the model under calibration and then prediction conditions for a

large number of parameter sets randomly generated.

2.3 Performace criteria and model ranking

The quality of a model is quantified using performance criteria. These per-

formance criteria evaluate the level of agreement between model and reality

(Refsgaard and Henriksen, 2004). Typically, they are function of the discrep-

ancies between observed values and their simulated equivalent for a particu-

lar type of observations (e.g. flow rates or hydraulic heads).

The most widely used performance criterion for flow rates is the Nash–

Sutcliffe efficiency criterion NSEq (Nash and Sutcliffe, 1970):

NSEq = 1−

∑nt

t=1

�

qsm
t
− qobs

t

�2

∑nt

t=1

�

qobs
t
− μobs

�2
∈ ]−∞;1] (2.42)

where nt is the total number of timesteps, qsm
t

is the simulated flow rate at

timestep t, qobs
t

is the observed flow rate at timestep t, and μobs is the mean

of the observed values. If the simulated values match perfectly the observed

values, NSEq = 1. The lower the value of NSEq, the poorer the model,

negative values indicating that the mean observed value μobs gives a better

description of the data than the simulated values qsm
t

. According to Gupta

et al. (2009), this criteria is a convenient and popular indicator of model skill.

However, since it uses the observed mean as a baseline, they warn that it can
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lead to the overestimation of model skill for highly seasonal variables such as

runoff in snowmelt dominated basins.

The Nash-Sutcliffe efficiency criterion can be decomposed into different

components for facilitating its interpretation. A decomposition is proposed by

Weglarczyk (1998):

NSEq = r
2
n
−

�

rn −
σsm

σobs

�2

−

�

μsm − μobs

σobs

�2

(2.43)

where rn is the linear correlation coefficient between qsm and qobs, σsm

is the standard deviation of qsm, μsm is the mean of qsm, σobs is the stan-

dard deviation of qobs, and μobs is the mean of qobs. The first component

measures the strength of the linear relationships between the observed flow

rates and their simulated equivalent, the second component measures the

conditional bias, and the third component measures the unconditional bias

(Murphy, 1988).

An alternative decomposition is proposed by Gupta et al. (2009):

NSEq = 2×
σsm

σobs
× rn −

�

σsm

σobs

�2

−

�

μsm − μobs

σobs

�2

(2.44)

where the first component uses the linear correlation coefficient for measur-

ing the capacity of the model to reproduce timing and shape of the signal,

the second component measures the capacity of the model to reproduce the

standard deviation of the observations, and the third component measures

the capacity of the model to reproduce the mean of the observations. These

decompositions show that the Nash-Sutcliffe efficiency criterion takes implic-

itly into account the capacity of the model to reproduce the mean flow, the

spread of flows, and the timing and shape of the hydrograph. Therefore, it is
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a quite complete criterion.

The literature provides a lot of other perfomance criteria for evaluating

the capacity of the model to simulate flow rates (for example, see Loague

and Green, 1991; Chiew and McMahon, 1994; Yapo et al., 1996; Gupta et al.,

1998, 1999; Legates and McCabe, 1999; Beldring, 2002; Vázquez et al., 2002;

Henriksen et al., 2003; Smith et al., 2008; Das et al., 2008; Aricò et al., 2009).

Among others, the mass balance error, the peak error, and the time peak

error.

The mass balance errorMBEq, also known as bias, percent bias or relative

bias, is calculated as (Gupta et al., 1999):

MBEq =

∑nt

t=1

�

qsm
t
− qobs

t

�

∑nt

t=1
qobs
t

× 100 ∈ ]− 100;+∞[ (2.45)

An alternative formulation of this performance criterion is:

MBEq =
μsm − μobs

μobs
× 100 (2.46)

where μsm is the mean of the simulated values and μobs is the mean of the

observed values. This performance criterion measures the tendency of the

simulated values to be larger or smaller than their observed counterparts. If

the fit is perfect,MBEq = 0. IfMBEq > 0, simulated values are, on average,

greater than observed values, and vice versa.

The peak error PEq is calculated as (Aricò et al., 2009):

PEq =





hsm
pek

hobspek

− 1



× 100 ∈ ]− 100;+∞; [ (2.47)
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where hsm
pek

is the simulated peak value, and hobs
pek

is the observed peak

value. This performance criterion measures the capacity of the model to re-

produce the peak in the hydrograph. If the observed peak is equal to the

simulated peak, PEq = 0. If PEq > 0, the simulated peak is greater than the

observed peak, and vice versa.

The time peak error TPEq is calculated as (Aricò et al., 2009):

TPEq = t
sm
pek
− tobs

pek
∈ ]−∞;+∞[ (2.48)

where tsm
pek

is the simulated peak time value, and tobs
pek

is the observed peak

time value. This performance criterion measures the time lag between the

simulated peak and the observed peak. If there is no time lag, TPEq = 0. If

TPEq > 0, the simulated peak occurs later than the observed peak.

The most widely used performance criterion for hydraulic heads is the root

mean square error criterion RMSh:

RMSh =

√

√

√

√

1

nt
×

nt
∑

t=1

�

hsm
t
− hobs

t

�2
∈ [0;+∞[ (2.49)

where hsm
t

is the ith simulated hydraulic head value, and hobs
t

is the ith ob-

served hydraulic head value. This performance criterion measures the dis-

crepancies between observed hydraulic heads and their simulated equivalent

for a particular piezometer. If the simulated values match perfectly the ob-

served values, RMSh = 0. The greater the value of RMSh, the poorer the

model.

The other criteria typically used for hydraulic heads are the mean absolute

error MAEh:
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MAEh =
1

nt
×

nt
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and the maximum absolute error MAEh:

MAEh =mx

�

�

�hsm
t
− hobs

t

�

�

� ∈ [0;+∞[ (2.51)

A combined use of these performance criteria allows performing a thor-

ough evaluation of model perfomance with respect to both flow rates and hy-

draulic heads. A convenient way for performing such a multiple criteria analy-

sis is proposed by Henriksen et al. (2003). They develop an aggregated score

system based on performance intervals defined for each criterion used (e.g. if

NSEq > 0.85, then the model gets 5 points, if 0.65 < NSEq < 0.85, then

the model gets 4 points, etc.). However, special care should be taken with

multiple performance criteria since some of them are closely related to each

other and could lead to contradictory conclusions (Weglarczyk, 1998).

Performance criteria are sometimes used for comparing and ranking mod-

els. However, the growing tendency in the scientific community to develop

several alternative models for a single study has lead to the development of

other criteria specially dedicated to model ranking and model averaging (for

example, see Neuman, 2003; Neuman and Wierenga, 2003; Ye et al., 2004;

Poeter and Anderson, 2005; Ye et al., 2008; Singh et al., 2010; Ye et al., 2010).

These criteria are based on the Kullback–Leibler (K-L) information (ƒ , g) which

is the information  lost when full truth ƒ is approximated by a candidate model

g (Kullback and Leibler, 1951). Given a set of candidate models g, it is possi-

ble to calculate the K-L information for each of theNmodels and then to select

the one that minimises (ƒ , g) across models. However, for flow and trans-

port models of natural systems, K-L information cannot be calculated since
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the truth (e.g. boundary conditions and parameters) is not known (Anderson,

2003). Therefore, the solution consists in considering the change in K-L infor-

mation between pairs of models. The most widely used criteria for estimating

the expected K-L information loss are the Akaike Information Criterion AC

(Akaike, 1973, 1974), the modified Akaike Information Criterion ACc (Sugira,

1978; Hurvich and Tsai, 1989, 1994), the Bayesian Information Criterion BC

(Schwarz, 1978), and the Kashyap Information Criterion KC (Kashyap, 1982).

The AC criterion is an estimator of twice the expected K-L information

loss (Poeter and Hill, 2007):

AC = nobs× ln
�

σ2
�

+ 2× k (2.52)

where nobs is the number of observations, k = npr + 1 with npr equals

the number of parameters, and s2 is the residual variance estimated in these

equations based on maximum likelihood theory as:

σ2 ≈ s2
ML
=

(b)

nobs
(2.53)

where (b) is the objective function of equation 2.11.

The ACc criterion is a correction of AC required when nobs/k is lower than

40 (Burnham and Anderson, 2002; Poeter and Hill, 2007):

ACc = nobs× ln
�

σ2
�

+ 2× k +

�

2× k × (k + 1)

nobs− k − 1

�

(2.54)

The BC criterion is calculated as (Poeter and Hill, 2007):

BC = nobs× ln
�

σ2
�

+ k × ln(nobs) (2.55)
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The KC criterion is calculated as (Poeter and Hill, 2007):

KC = [nobs− (k − 1)]× ln
�

σ2
�

− (k− 1)× ln(2π) + ln
�

�J
T
wJ
�

� (2.56)

where J is the Jacobian matrix of equation 2.2 and w is the weight matrix of

equation 2.4.

There is a lack of consensus on which criterion to use for model selection.

According to Burnham and Anderson (2004), BC and KC criteria assume

that the true (or quasi-true) model exists in the set of candidate models which

is not the case of AC and ACc criteria. Additionally, Poeter and Anderson

(2005) have found that BC and KC criteria tend to select models with a

lot of parameters regardless of the number of observations. Therefore, they

suggest to use in priority AC and ACc criteria since the theoretical under-

pinnings of BC and KC are philosophically weak. However, Ye et al. (2008)

have shown that the justifications of Burnham and Anderson (2004) and Po-

eter and Anderson (2005) are wrong and that BC and especially KC are

preferable for model selection. This is supported by others within the scien-

tific community (Carrera and Neuman, 1986a; Neuman, 2003; Neuman and

Wierenga, 2003; Ye et al., 2004). The question is still open and most of the

publications using K-L information for model selection include each of these

criteria (for example, see Ye et al., 2010). Whatever the criterion used, the

best model is the one with the smallest criterion value.

The criterion values are often used for calculating the delta values Δ of

each candidate model . Using the AC criterion, these delta values are cal-

culated as:
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Δ = AC − ACmn  = 1, N (2.57)

where N is the number of candidate models. These delta values represent the

K-L information loss of model  relative to the best model in the set. A simple

transformation yields posterior model probabilities:

p =
exp−Δ/2

∑N

j=1
exp−Δj/2

(2.58)

where p is the posterior model probability corresponding to the model can-

didate  and reflects the evidence in favor of model  being the best model in

the sense of minimum K-L information loss. This way of calculating posterior

model probabilities is based on information theory. However, it is possible to

calculate alternative posterior model probabilities using this general form:

p =
F

∑N

j=1
Fj

(2.59)

where F is a function of a model criterion. As an example, (Poeter and Hill,

2007) shows a way of calculating posterior model probabilities that increase

linearly from the model with the smallest value of the model criterion to the

model with the largest value of the model criterion:

F = 1+

�

crtmn − crt

crtm − crtmn

�

(2.60)

where crtmn is the smallest value of the chosen criterion, crtm is the

largest value of the chosen criterion, and crt is the criterion calculated

for the candidate model . However, this way of calculating posterior model

probabilities does not have any theoretical basis.

Additional statistics have been developed by Poeter and Anderson (2005)
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and Poeter and Hill (2007) for facilitating the interpretation of posterior model

probablities. These statistics are the evidence ratios and the inverted evi-

dence ratios as a percent. The evidence ratios ER are calculated as:

ER =
p

pj
(2.61)

When  is the best model, evidence ratios are used to make statement such as

“there is ER times more evidence supporting the best model relative to the

second best model”.

The inverted evidence ratios as a percent ER are calculated as:

ER =
pj

p
× 100 (2.62)

These statistics are used to make statement such as “the evidence supporting

model j is only ER percent of the evidence supporting the best model”.

The code MMA (Poeter and Hill, 2007) performs model ranking using clas-

sic information criteria (AC, ACc, BC, and KC) or others criteria specified

by the user. Additionaly, it calculates useful statistics such as the evidence

ratios ER and the inverted evidence ratios ER.
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Methodology

The assessment of the influence of some model technical and structure

uncertainties on model performance is undertaken using the concept of syn-

thetic case. When working with a synthetic case, the conceptual model, the

parameters, and the stress factors are exactly known since the system is en-

tirely generated with a computer program. Furthermore, there is no mea-

surement error on the observations produced. Therefore, with this “perfect

knowledge” of the system, it is possible to test specific model features such

as the impacts of spatial discretisation on model results. The concept of syn-

thetic case is commonly used in hydrogeology. Among others, this concept

has already been used for investigating the importance of combining hard

and soft data for reducing the uncertainty associated with groundwater flow

and transport predictions (Poeter and McKenna, 1995), for proving the effi-

ciency of nonlinear regression methods in groundwater model calibration (Hill

et al., 1998), and for testing the reliability of several monitoring techniques

used for the evaluation of natural attenuation, first-order degradation rate,

and plume length in contaminated aquifers (Schäfer et al., 2004; Bauer et al.,

2006; Beyer et al., 2006, respectively).
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The methodology developed in this work involves three main steps (Figure

3.1):

Generation of the synthetic caseSTEP 1

STEP 1 bis

STEP 2

STEP 3

Generation of the simplified models

Reference observations
(flow rates and hydraulic heads)

Simulated equivalents
(flow rates and hydraulic heads)

Calibration

Optimised simulated equivalents
(flow rates and hydraulic heads)

Calculation of performance criteria

Model ranking

forward model forward models

inverse models

Figure 3.1: The methodology consists in (step 1) generating the synthetic case for produc-

ing reference observations and the simplified models for obtaining their simulated equivalent,

(step 1 bis) performing optimisation for obtaining optimised simulated equivalent to the ref-

erence observations (for models with short execution times only), (step 2) calculating model

performance criteria for each simplified model, (step 3) ranking the simplified models depend-

ing on their performance.

STEP 1 - Generation of the synthetic case/Generation of the simplified mod-

els: When choosing the main characteristics of the synthetic case, the objec-

tive is to reproduce the key features of typical groundwater bodies of Wallonia

(Belgium). This is achieved by assigning to the synthetic case similar ele-

vation, surface materials, and subsurface materials than those known from

characterisation studies and hydrogeological maps covering typical ground-

water bodies of Wallonia. Additionally, parameter values and stress factors

are also specified depending on the values found in such studies. A 5-year

reference simulation is then run using refined time and space discretisations
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for producing reference observations (flow rates and hydraulic heads). The

simplified models are generated in parallel using the same elevation, materi-

als, and parameter values than in the reference simulation. These simplified

models differ by their horizontal spatial discretisation (element side length of

250m, 500m, 750m, or 1000m), their vertical spatial discretisation (8 layers,

6 layers, or 3 layers), and the saturation–pressure relations used in the unsat-

urated zone (van Genuchten or linear). A forward run with daily stress factors

and then a forward run with average monthly stress factors are performed

with each simplified model for obtaining simulated values equivalent to the

reference observations (flow rates and hydraulic heads). A graphical model

fit analysis is performed for qualitatively evaluating model performance.

STEP 1 bis - Calibration: The calibration includes a sensitivity analysis, an

optimisation, and an uncertainty analysis. However, using a synthetic case,

there is no prediction in the sense that the future state of the system is exactly

knowable. Consequently, the uncertainty analysis turns into model validation

which consists in testing model performance against independent field data

(i.e. calculating model perfomance criteria with observations not used dur-

ing the optimisation) (Refsgaard and Henriksen, 2004; Refsgaard et al., 2006,

2007). This is the subject of the next step. The current step involves only

sensitivity analysis and optimisation. The sensitivity analysis is performed to

evaluate the influence of spatial discretisation and saturation–pressure rela-

tions used in the unsaturated zone on parameter sensitivities. The optimisa-

tion is performed for evaluating how far parameter values can compensate for

model technical and structure uncertainties. However, this step is only pos-

sible for models with short execution times. Therefore, optimisation is only

performed for the simplified models with average monthly stress factors. As
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for the forward models, a graphical model fit analysis is performed for quali-

tatively evaluating model performance.

STEP 2 - Calculation of performance criteria: The most widely used perfor-

mance criteria for flow rates and hydraulic heads are calculated for each sim-

plified model. This allows comparing the simplified models and evaluating the

impacts of some model technical and structure uncertainties on model per-

formance. The observed values and the simulated values in the performance

criterion equations correspond to the reference observations and their simu-

lated equivalent, respectively.

STEP 3 - Model ranking: The model ranking is performed based on informa-

tion theory. Additionally, a ranking based on performance criteria is proposed.

The results obtained with both methods are discussed.

All models in this work are developed with the fully-integrated and

physically-based surface and subsurface flow model HydroGeoSphere (Ther-

rien et al., 2005). The sensitivity analyses and the optimisations are per-

formed using UCODE_2005 (Poeter et al., 2005) and PEST with AUI (Doherty,

2005), respectively. The model ranking using information criteria is performed

using MMA (Poeter and Hill, 2007).

The simulations performed in this work are run on NIC3, the super com-

puter for intensive calculation of the University of Liege, whose calculation

blades Dell PEM600 are equipped with 2 quadcore processors Intel Xeon

L5420 2.50Ghz with 16 or 32 GB RAM.

Chapter 4 presents the governing equations and the main outputs of Hy-

droGeoSphere. Chapter 5 presents the synthetic case and the 5-year refer-
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ence simulation. The simplified models are presented in Chapter 6. Forward

models, sensitivity analyses, and inverse models performed for the simpli-

fied models are also presented in this chapter. Chapter 7 discusses the val-

ues of performance criteria calculated for each simplified model. Chapter 8

discusses the model rankings obtained using the information theory and the

performance criteria.
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Chapter 4

Governing equations and

main outputs of

HydroGeoSphere

4.1 Governing equations of HydroGeoSphere

4.1.1 Groundwater flow

Three-dimensional groundwater flow in both the saturated and the unsat-

urated zone is represented using the Richard’s equation:

− ∇ · q+
∑

±Q = S × SS ×
∂ψ

∂t
+
∂ (ϕ× S)

∂t
(4.1)

where e is the volumetric fluid exchange rate between the subsurface do-

main and the other domains within the model [L3L3T-1], Q is a source/sink

term [L3L3T-1], SS is the specific storage [L-1], ψ is the pressure head [L], ϕ is

the porosity [-], and S is the water saturation [-]. The fluid flux q [LT-1] is

calculated as:
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q = −K · kr × ∇h (4.2)

where K is the hydraulic conductivity tensor [LT-1], kr is the relative perme-

ability of the medium [-], and h = ψ + z is the hydraulic head [L], and z is

the elevation head [L]. The relations linking water saturation, pressure head,

and relative permeability are most often expressed using the model of van

Genuchten (1980). Given that the water saturation S [-] is calculated as:

S =
θ

θs
(4.3)

where θ is the water content [-] and given that the effective saturation Se [-]

is calculated as:

Se =
S − Sr

1− Sr
(4.4)

where Sr is the residual water saturation [-], the saturation–pressure rela-

tion proposed by van Genuchten (1980) is written:







S = Sr + (1− Sr)
�

1+ |αG × ψ|
βG
�−γG

for ψ < 0

S = 1 for ψ ≥ 0

(4.5)

with the relative permeability kr given by:

kr = S
1/2
e

h

1−
�

1− S1/γG
e

�γG
i2

(4.6)

where αG [L-1], βG [-], and γG [-] are the van Genuchten parameters.
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4.1.2 Surface water flow

Two-dimensional surface water flow is represented using the two-

dimensional depth-averaged diffusion-wave approximation to the Saint-

Venant equation:

− ∇ · (ds × qs)− ds × s ±Qs =
∂ (ϕs × hs)

∂t
(4.7)

where ds is the depth of the surface water flow [L], hs = ds + zs is the water

surface elevation [L] and zs is the river bed elevation [L], s is the volumetric

fluid exchange rate between the surface domain and the other domains within

the model [L3L3T-1], ϕs is the surface water domain “porosity” [-] which varies

from unity in a river to zero over rills, Qs is a source/sink term [L3T-1]. The

fluid flux qs [LT
-1] is calculated as:

qs = −Ks · krs × ∇ (ds + zs) (4.8)

where krs is the relative permeability of the surface water domain. The con-

ductivity Ks is derived using Manning’s formula:















Ks =
d2/3
s

n
×

1

(∂hs/∂s)
1/2

Ksyy =
d2/3
s

nyy
×

1

(∂hs/∂s)
1/2

Ksy = Ksy = 0

(4.9)

where s is the length along the direction of maximum slope [L], and n and

nyy are the Manning roughness coefficients [L-1/3T].

When using the dual node approach, the interactions between groundwa-

ter and surface water are simulated using a physically-based exchange flux

relation:
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ds × s =
kr × Kzz

Lc
× (h− hs) (4.10)

where Kzz is the vertical saturated hydraulic conductivity of the underlying

porous medium and Lc is a coupling length [L]. When water flows from subsur-

face to surface, kr is the relative permeability of the porous medium. When

water flows from surface to subsurface, it is given by the ratio of the water

depth in the surface to the total obstruction height Hs [L] such that:

kr =







S
2×(1−Sech)

ech when ds < Hs

1 when ds > Hs

(4.11)

with Sech given by:

Sech =
ds

Hs

(4.12)

4.1.3 Evapotranspiration and interception

The processes of interception and evapotranspiration are simulated using

physically-based equations taking into account potential evapotranspiration

measurements, plant characteristics, and soil moisture content in the unsat-

urated zone obtained using the subsurface component of the model.

Actual evapotranspiration is calculated using a combination of plant tran-

spiration Tp and evaporation from the surface and subsurface domain Es.

Plant transpiration Tp [LT-1] is estimated using the model of Kristensen and

Jensen (1975):

Tp = ƒ1 (LA)× ƒ2 (θ)× RDF (Lr)×
�

Ep − Ecn
�

(4.13)

where Ep is the potential evapotranspiration [LT-1] and Ecn is the canopy
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evaporation of water stored via interception [LT-1].

The vegetation term ƒ1 (LA) [-] is a function of the leaf area index LA

calculated as:

ƒ1 (LA) =mx [0,min (1, C2 + C1 × LA)] (4.14)

The function ƒ1 relates the plant transpiration rate in a linear manner to the

leaf area index LA.

The water content term ƒ2 (θ) [-] is calculated as:

ƒ2 (θ) =















0 for 0 ≤ θ ≤ θt2

1−
�

θt1−θ

θt1−θt2

�C3
for θt2 ≤ θ ≤ θt1

1 for θt1 ≤ θ

(4.15)

where C1 [-], C2 [-], and C3 [-] are fitting parameters, and θt1 [-] and θt2

are the transpiration limiting saturations. The function ƒ2 relates plant tran-

spiration to the water content of the subsurface surrounding the root zone.

Full transpiration can occur when the water content is greater than θt1. Con-

versely, no transpiration can occur when water content is lower than θt2.

When water content is greater than θt2 and lower than θt1, transpiration de-

creases following a law governed by C3.

The role of the root distribution function RDF (Lr) [-] is to distribute the

water extracted from the root zone over the entire root depth Lr following a

quadratic law. The quantity of water extracted is greater near the ground sur-

face where the density of roots is greatest. The function ƒ2 and RDF couple

the plant transpiration rate to the water content θ in a nonlinear manner.

When plant transpiration and canopy evaporation have not met the poten-

tial evapotranspiration, extra evaporation of water from the surface and sub-

surface domains occur. This extra evaporation occurs along with transpiration
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due to extraterrestrial radiation energy penetrating the vegetation cover and

evaporation of water from the soil surface and subsurface soil layers. This

process is modelled as:

Es = α
∗ ×

�

Ep − Ecn
�

× [1− ƒ1 (LA)]× EDF (Le) (4.16)

with the wetness factor α∗ given by:

α∗ =















0 for θ < θe2

θ−θe2
θe1−θe2

for θe2 ≤ θ ≤ θe1

1 for θ > θe1

(4.17)

where Le is the evaporation depth [L] and θe1 [-] and θe2 [-] are the evapora-

tion limiting saturations. Full evaporation can occur when the water content is

greater than θe1. Conversely, no evaporation can occur when water content

is lower than θe2. When water content is greater than θt2 and lower than

θt1, transpiration decreases following a law governed by C3.

The role of the evaporation distribution function EDF (Le) [-] is to dis-

tribute the water extracted from the evaporative zone over the entire evapo-

ration depth Le following a quadratic law.

The interception of water by the canopy is simulated with the bucket

model where precipitations in excess of interception storage and evapotran-

spiration reach the ground surface. The interception storage capacity Sm
nt

is calculated as:

Sm
nt

= Cnt × LA (4.18)

where Cnt is the canopy storage parameter [L]. The interception storage ca-

pacity is the maximum quantity of water that the canopy can intercept.
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4.2 Main outputs of HydroGeoSphere

The control volume finite element method is used to solve simultaneously

the equations describing surface water flow and groundwater flow. At each

time step, HydroGeosphere calculates simultaneously water depth and fluid

flux at each node of the surface domain, and hydraulic head, saturation, and

Darcy flux at each node of the subsurface domain. A thorough description of

HydroGeosphere including verification examples is proposed by Therrien et al.

(2005).
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Chapter 5

Generation of the synthetic

case

5.1 Groundwater body template for the synthetic

case

The synthetic case is inspired by a typical groundwater body of Wallonia

(Belgium). This groundwater body, consisting in Famennian sandstone and

Carboniferous limestone aquifers, is known as RWM0211 (Figure 5.1). The

objective is to reproduce its hydrodynamic functioning by taking into account

its key features. This is performed using the characterisation studies of this

groundwater body proposed by Brouyère et al. (2009).

1Calcaires et grès du Condroz
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Figure 5.1: Groundwater body RWM021 is located in the Condroz region of Wallonia (Bel-

gium).

5.2 Key features of groundwater body RWM021

5.2.1 Geology

Groundwater body RWM021 is located in the Condroz region. This region

is characterised by a succession of limestone synclines and sandstone anti-

clines oriented West-East to South-West-North-East. This structure is due to

the Variscan orogeny and to the differential erosion of limestones and sand-

stones. Limestones, easily eroded, are found in the centre of the valleys, while

sandstones, hardly eroded, outcrop on the crests. The main rivers are located

in the centre of the limestone synclines and are fed by tributaries flowing from

the sandstone crests.
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5.2.2 Hydrogeology

5.2.2.1 Aquifers and aquicludes

Geological formations are grouped together into hydrogeological units

depending on their hydrodynamic properties (Figure 5.2). The main hydro-

geological units of groundwater body RMW021 are (from the oldest to the

youngest geological formations):

• Famennian sandstone aquifers,

• Hastarian aquifer with aquiclude formations,

• Carboniferous limestone aquifer,

• Upper Carboniferous aquiclude with aquifer levels.

Groundwater is essentially withdrawn from Hastarian and Carboniferous

limestones whose hydrogeological potential is closely related to their fissur-

ation. When altered and fissured, Famennian sandstones can also have a

relatively high hydrogeological potential. This is not the case of Upper Car-

boniferous shales whose hydrogeological potential is poor due to low hydraulic

conductivity values.
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Figure 5.2: Grounwater body RWM021 is characterised by a succession of limestone syn-

clines and sandstone anticlines typical of the Condroz region. When fissured, limestones are

intensively exploited for groundwater.

5.2.2.2 Groundwater balance

Annual precipitations measured in meteorological stations located in

groundwater body RWM021 from 1970 to 2008 range from 550 mm to

1,050 mm. According to the groundwater balances calculated for 15 hydroge-

ological catchments of this groundwater body, evapotranspiration, infiltration,

and runoff represent 60%, 10% to 25%, and 15% to 30% of precipitations,

respectively. Aquifer recharge and surface runoff occur almost exclusively

from October to April. Baseflow recession is usually observed from May to

September.
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5.2.2.3 Hydraulic head variations

According to hydraulic head measurements performed regularly in 141

piezometers located in groundwater body RMW021, seasonal variations of the

piezometry are observed. The largest variations occur in piezometers located

far from the gaining rivers that constrain the hydraulic heads in their neigh-

bourhood. Variations are most often limited to a few meters but they can

reach locally up to 10 m in the Famennian sandstones and up to 25 m in the

Carboniferous limestones.

5.2.2.4 Hydrodynamic parameters

According to pumping tests performed in 24 piezometers located in

groundwater body RWM021, hydraulic conductivity of the Famennian sand-

stones range from 7.40 × 10−7 m/s to 4.80 × 10−4 m/s with a geometric

mean of 2.29 × 10−5 m/s. Concerning Carboniferous limestones, hydraulic

conductivity estimated from pumping tests in 100 piezometers of RWM021

range from 4.00 × 10−10 m/s to 2.55 × 10−3 m/s with a geometric mean

of 1.74 × 10−5 m/s. This very large range of hydraulic conductivity for the

limestones is typical of fissured and karstified hard rocks.

5.2.2.5 Typical hydrodynamic functioning

Groundwater flow in the Famennian sandstone anticlines is mostly

topography-driven. Groundwater flow in the Carboniferous limestone syn-

clines is more complex and influenced by the topography, the orientation of

the geological layers, and preferential flowpaths in fissure networks. Lime-

stones are fed by infiltration through the loess formations covering the entire

zone. Additionally, they can be fed laterally by groundwater flowing through

the sandstones. Lines of springs occur in the hillslopes at the contact between
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sandstones and low permeable horizons underlying the limestones. These

springs feed a lot of streams, with possible losing portions, that constitute the

tributaries of a gaining river located in the centre of the synclines (Figure 5.3).

Springs

Figure 5.3: While groundwater flow in the Famennian sandstones is mostly topography-

driven, groundwater flow in the Carboniferous limestones is influenced by the topography,

the orientation of the geological layers, and preferential flowpaths in fissure networks.

5.3 Key features of the reference model and refer-

ence simulation

5.3.1 Elevation

The objective is to generate a hydrological catchment with a syncline

structure typical of groundwater body RWM021. This is performed using ordi-

nary kriging with SGeMs (Remy et al., 2009). The set of experimental points is

obtained by randomly extracting 50,000 elevation points from the Digital Ele-

vation Model (DEM) of RWM021. The omnidirectional experimental variogram

is calculated using 25 lags with a nominal lag spacing of 500 m and a lag tol-

erance of 100 m. At the scale of groundwater body RWM021, the directional

experimental variograms at 0, 45, 90, and 135 degrees do not indicate any

significant anistropy, so the omnidirectional experimental variogram is used.
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This omnidirectional experimental variogram is then fitted using an exponen-

tial model without nugget effect. This exponential model is in turn used for

kriging elevation data using a set of constraining points on the crests and in

the valley, and a circular search ellipsoid with a radius of 15,000 m, requiring

a minimum of 5 data points to be found within 15,000 m of each grid point

and using no more than 15 nearest neighbouring points in the estimation for

each grid point. The elevation grid obtained (30,000 m by 15,000 m with 30 m

by 30 m cells) is used for delineating the hydrological catchment (364 km2)

constituting the reference model (Figure 5.4).
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Figure 5.4: The elevation of the reference model is simulated using ordinary kriging with an

omnidirectional experimental variogram derived from the DEM of groundwater body RWM021

and an exponential model. The hydrological catchment delineated from the kriged elevation

data covers 364 km2.
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5.3.2 Materials

5.3.2.1 Surface materials

According to a study outlining the land use in Wallonia (Grandjean et al.,

2006), groundwater body RWM021 are characterised by rural (crops and

grasslands) and forest land use. Crops and grasslands are found preferably

in low elevation zones (<300 m) with gentle slopes (< 7%) while forests are

rather located in high elevation zones (>300 m) with steep slopes (> 7%).

Typically, urbanised zones are found in very low elevation zones (<200 m).

A similar criterion depending on elevation and slope constraints is considered

for defining the surface materials of the reference model (Figure 5.5).
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Figure 5.5: The surfacematerials of the referencemodel are assigned depending on elevation

and slope constraints: Mat 1 - Urban in very low elevation zones, Mat 2 - Rural in low elevation

zones with gentle slopes, Mat 3 - Forest in high elevation zones with steep slopes, and Mat 4 -

Water in the valleys.

5.3.2.2 Subsurface materials

According to the geology of groundwater body RWM021, Famennian sand-

stones, Hastarian limestones, Carboniferous limestones, and Upper Carbonif-

erous shales constitute, from the crests to the centre of the valley, the sub-
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surface materials of the reference model (Figure 5.6). Additionally, these for-

mations are covered by alluvial deposits and loess.
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Figure 5.6: The subsurface materials of the reference model are assigned following the typ-

ical syncline structure of groundwater body RWM021: Mat IV - Carboniferous limestones is

found in the centre of the valley and Mat VI - Famennian sandstones is found on the crests.

5.3.3 Parameters

5.3.3.1 Surface parameters

All surface materials involved in the interception and evapotranspiration

processes are assigned a series of interception and evapotranspiration pa-

rameters listed in Table 5.1.
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Table 5.1: List of interception and evapotranspiration parameters required by HydroGeo-

Sphere.

Parameter Symbol Unit

Leaf area index LA [-]

Root depth Lr [L]

Evaporation depth Le [L]

Evaporation & transpiration limiting saturations θe2 & θt2 [-]

θe1 & θt1 [-]

Transpiration fitting parameters C1 [-]

C2 [-]

C3 [-]

Canopy storage parameter Cnt [L]

Initial interception storage S0nt [L]

Appropriate values for leaf area index and root depth are available in the

global syntheses for the major species and terrestrial biomes proposed by As-

ner et al. (2003) and Canadell et al. (1996), respectively. Typical values for

the other parameters can be found in publications about evapotranspiration

models (Kristensen and Jensen, 1975; Dickinson et al., 1991) and hydrological

models including evapotranspiration processes (Schroeder et al., 1994; Ander-

sen et al., 2002; Graham and Kilde, 2002; Vázquez et al., 2002; Vázquez and

Feyen, 2003; Islam, 2004; Panday and Huyakorn, 2004; Therrien et al., 2005;

Li et al., 2008; Goderniaux, 2010). The set of evapotranspiration parameter

values extracted from these sources for use in the reference simulation is

given in Table 5.2.
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Table 5.2: Values of interception and evapotranspiration parameters used in the reference

simulation.

Mat 1 Mat 2 Mat 3

LA [-] 0.40 3.53 5.12

Lr [m] 0 2.30 2.90

Le [m] 2.00

θe2 & θt2 [-] 0.60

θe1 & θt1 [-] 0.96

C1 [-] 0.31

C2 [-] 0.15

C3 [-] 10.00

Cnt [m] 5.00× 10−5

S0nt [m] 0

The LA values presented in Table 5.2 are reduced by 50% for fall and winter

months since the cover of leaves is lower during these seasons.

A series of surface flow parameters, listed in Table 5.3, is also prescribed

for each surface material.

Table 5.3: List of surface flow parameters required by HydroGeoSphere.

Parameter Symbol Unit

Manning roughness coefficients n & nyy [L-1/3T]

Rill storage height Hsto [L]

Coupling length Lc [L]

Typical values of Manning roughness coefficients for common land use

categories are presented in McCuen (1989), Hornberger et al. (1998), Fet-

ter (2001), and Brutsaert (2005). As the values proposed by McCuen (1989)

were used successfully in complex hydrological models (Jones, 2005; Li et al.,

2008), they are also used in the reference model. The set of surface flow

parameter values used in the reference simulation is given in Table 5.4.
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Table 5.4: Values of surface flow parameters used in the reference simulation.

Mat 1 Mat 2 Mat 3 Mat 4

n & nyy [m-1/3s] 0.012 0.200 0.600 0.025

Hsto [m] 0.002 0.002 0.002 0.002

Lc [m] 1.00× 10−1

5.3.3.2 Subsurface parameters

All subsurface materials are assigned a series of subsurface flow parame-

ters listed in Table 5.5.

Table 5.5: List of subsurface flow parameters required by HydroGeoSphere.

Parameter Symbol Unit

Saturated hydraulic conductivity K [LT-1]

Specific storage SS [L-1]

Saturated water content θs [-]

Residual water saturation Sr [-]

van Genuchten parameters αG [L-1]

βG [-]

γG [-]

The covering sediment materials, namely Mat I - Loess and Mat II - Al-

luvial deposits, are assigned typical parameter values of sediment materi-

als found in Jones (2005) who had extracted them from Freeze and Cherry

(1979) and Radcliffe (2000). Parameter values for the fissured hard rock ma-

terials, namely Mat III - Upper Carboniferous shales, Mat IV - Carboniferous

limestones, Mat V - Hastarian limestones, and Mat VI - Famennian sandstones,

come from several sources. Saturated hydraulic conductivity values are ex-

tracted from the characterisation studies of groundwater body RWM021 in the

context of which pumping tests were performed (Brouyère et al., 2009) . Van

Genuchten parameter values for shales and limestones are taken from studies
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focusing on the unsaturated rock mechanics of an Upper Carboniferous shale

extracted from a coal mine in Beringen (Belgium) (Ramos da Silva et al., 2008)

and on the leaching of a contaminant through an unsaturated fractured lime-

stone in Brévilles (France) (Roulier et al., 2006), respectively. Van Genuchten

parameter values for the fissured limestones are also used for the fissured

sandstones due to the lack of studies about the unsaturated properties of this

type of rocks. The set of subsurface flow parameter values used in the refer-

ence model are given in Table 5.6 for the sediment materials, and in Table 5.7

for the fissured hard rock materials.

Table 5.6: Values of subsurface flow parameters for the covering sediment materials used in

the reference simulation.

Mat I Mat II

K [m/s] 5.00 × 10−7 1.00× 10−6

SS [1/m] 1.00× 10−4 1.00× 10−4

θs [-] 4.10× 10−1 4.10× 10−1

Sr [-] 9.76× 10−2

αG [m-1] 2.67× 100

βG 1.45× 100

γG [-] 1−
1
βG

Table 5.7: Values of subsurface flow parameters for the fissured hard rock materials used in

the reference simulation.

Mat III Mat IV Mat V Mat VI

K [m/s] 1.00× 10−5 1.00× 10−4 2.50× 10−4 5.00× 10−5

SS [1/m] 1.00× 10−4 1.00× 10−4 1.00× 10−4 1.00× 10−4

θs [-] 2.50× 10−2 1.00× 10−1 1.00× 10−1 7.50× 10−2

Sr [-] 0

αG [m-1] 6.08× 10−12 3.65× 10−2

βG [-] 0.62 1.83

γG [-] 38671.00 1−
1
βG
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5.3.4 Observation points and stress factors

A set of observation points, including one gauging station (G1) and twelve

piezometers (Pz1 to Pz12), is used to follow the time evolution of flow rates

and hydraulic heads in the synthetic case (Figure 5.7). The gauging station is

located at the outlet of the catchment. The piezometers are located evenly

over the synthetic case.

Precipitations, potential evapotranspiration, and groundwater with-

drawals, constitute the stress factors of the reference model. Precipitations

and potential evapotranspiration measured daily in a meteorological station

close to groundwater body RWM021 are prescribed on faces using specified

fluxes. These fluxes are distributed nodally using the contributing area normal

to the face. Groundwater is withdrawn using two galleries (GAL1 and GAL2)

and four wells (W1 to W4) (Figure 5.7). Galleries GAL1 and GAL2, of 320 m

and 180 m long respectively, are located in the Carboniferous limestones.

The induced drainage is simulated using drain nodes with a conductance of

1.00×10−3 m2/s. Well W1 is located in the Carboniferous limestones. Wells

W2 and W3 are both located in the Hastarian limestones. Well W4 is located in

the Famennian sandstones. They are simulated in prescribing volumetric flow

rate at the corresponding node. These volumetric flow rates are 1000 m3/h

for W1, W2, and W3, and 500 m3/h for W4.
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Figure 5.7: A gauging station (G1) and twelve piezometers (Pz1 to Pz12) are used to obtain

reference observations in terms of flow rates and hydraulic heads, respectively. Additionally,

two galleries (GAL1 and GAL2) and four wells (W1 to W4) are used to simulate groundwater

withdrawals.

5.3.5 5-year reference simulation

A 5-year integrated surface and subsurface flow simulation with daily stress

factors is performed with the reference model for producing reference flow

rate and hydraulic head observations. This reference simulation is performed

using a refined mesh with 8 layers, 153,027 nodes, and 269,872 elements

(Figure 5.8). The element side length increases progressively from 25 m near

the surface water network to 250 m far from the surface water network. The

layer thickness increases progressively from 1 m for the top layers corre-

sponding to the unsaturated zone to 30 m for the bottom layers corresponding

to the saturated zone (i.e. 5 layers of 1 m, 1 layer of 5 m, 1 layer of 10 m, and

1 layer of 30 m). These horizontal and vertical mesh refinements are per-

formed for simulating accurately surface water–groundwater interactions as
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well as recharge processes at the interface between surface and subsurface

domains.

30 000 m
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vertical exaggeration: x25

30
0

m

Figure 5.8: The mesh for the 5-year reference simulation is refined horizontally (element side

length from 25 m to 250 m) and vertically (layer thickness from 1 m to 30 m). The total number

of nodes is 153,027.

Critical-depth boundary conditions are assigned to boundary nodes of the

surface domain. This is quite usual for this kind of model (for example, see

Li et al., 2008; Goderniaux et al., 2009). This type of boundary condition

forces the water elevation at the boundary to be equal to the water eleva-

tion for which the energy of the flowing water relatively to the stream bottom

is minimum (Therrien et al., 2005). No-flow boundary conditions are applied

to boundary nodes of the subsurface domain. Water depth and hydraulic head

extracted from preliminary tests performed with the reference model are used

as initial conditions for the surface domain and the subsurface domain, re-

spectively.

Flow rates and hydraulic heads produced each day of the 5-year reference
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simulation constitute the set of reference observations to calculate perfor-

mance criteria for the simplified models with daily stress factors (Figure 5.9

and Figure A.1 to Figure A.2 in Appendix A). The set of reference observations

for the simplified models with average monthly stress factors is obtained by

monthly averaging the daily observations (arithmetic mean). This procedure

is required for ensuring time-consistency, that is working with observations

that are consistent with the simulated transient processes (Hill and Tiedeman,

2007).
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Figure 5.9: A set of transient reference flow rate and hydraulic head observations is produced

with the 5-year reference simulation.

The reference simulation is subdivided into warm-up, calibration, and val-
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idation periods. The warm-up period is necessary for obtaining simulated val-

ues independent of the initial conditions. Flow rates and hydraulic heads pro-

duced during this warm-up period are not included in the set of reference

observations. Perfomance criteria are calculated only for flow rates and hy-

draulic heads produced during calibration and validation periods.

The average water balance calculated for the reference simulation (warm-

up period excluded) is presented in Table 5.8. The values obtained are consis-

tent with those obtained for several hydrogeological catchments of ground-

water body RWM021 (see Section 5.2.2.2). The hydraulic head variations sim-

ulated with the reference simulation range between 0.75 m and 6.97 m for the

piezometers located in the Carboniferous limestones and between 1.76 m and

6.92 m for piezometers located in the Famennian sandstones. The smallest

variations occur in piezometers close to the gaining river located in the centre

of the synthetic case. The highest variations occur in piezometers far from the

gaining river. This is consistent with the hydraulic head variations observed in

piezometers of groundwater body RWM021 (see Section 5.2.2.3). Therefore,

with regards to water balance and hydraulic head variations, the synthetic

case fairly reproduces the typical hydrodynamic functioning of groundwater

body RWM021.

Table 5.8: Average water balance calculated for the reference simulation (warm-up period

excluded).

Flux [mm/yr] Flux [% precipitation]

Precipitations 644.4 100.0

Actual evapotranspiration -336.4 -52.2

Outlet -270.7 -42.0

Groundwater withdrawals -18.0 -2.8

Error -19.3 -3.0



Chapter 6

Generation and qualitative

evaluation of the simplified

models

6.1 Key features of the simplified models

A series of simplified models is generated for evaluating the impacts of

somemodel technical and structure uncertainties on model performance. The

models developed for testing technical uncertainties focus on horizontal (ele-

ment size) and vertical (number of layers) spatial discretisations. The models

developed for testing structure uncertainties focus on the representation of

the unsaturated zone (saturation–pressure relations). Additionally, each sim-

plified model is executed with daily and average monthly stress factors (pre-

cipitations and potential evapotranspiration) for testing the influence of time

resolution on model results. The average monthly stress factors are obtained

by monthly averaging the daily stress factors. The simplified models and their

key characteristics are listed in Table 6.1.
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Table 6.1: List of the simplified models with their key characteristics.

Element size Number of layers Saturation–pressure relation

250 m 250 m 8 van Genuchten

500 m 500 m 8 van Genuchten

750 m 750 m 8 van Genuchten

1000 m 1000 m 8 van Genuchten

6 layers 250 m 6 van Genuchten

3 layers 250 m 3 van Genuchten

linear 250 m 8 linear

A forward model is executed with each simplified model using the same

elevation, materials, boundary conditions and parameter values than in the

reference model (see Section 5.3). A sensitivity analysis is then performed

on the calibration period for evaluating whether model technical and struc-

ture uncertainties modify parameter sensitivities. As reference observations

are produced by a synthetic case, there is no measurement error. Therefore,

heavy weights are specified to reference observations. These weights are cal-

culated using coefficient of variation values of 5×10−3 and 1×10−3 for flow

rates and hydraulic heads, respectively (Equation 2.5). Additionally, an in-

verse model is executed on the calibration period to see how parameters can

possibly compensate for model technical and structure uncertainties. How-

ever, for execution time issues, optimisation is only performed for simplified

models with average monthly stress factors.

6.2 Graphs selected for qualitative evaluation of

model performance

A qualitative evaluation of both forward and inverse models is performed

using a graph comparing reference observations with their simulated equiv-



Graphs selected for qualitative evaluation of model performance 73

alent together with a graph of unweighted simulated values versus weighted

residuals. This graphical model fit analysis is somewhat subjective. However,

it is good practice to perform such a visual inspection prior to use performance

criteria for objective evaluation of model quality (Legates and McCabe, 1999;

Hill and Tiedeman, 2007; Moriasi et al., 2007). Furthermore, the graph of

unweighted simulated values versus weighted residuals is particularly useful

for detecting model bias (Hill and Tiedeman, 2007). Given that the weighted

residualsr are calculated as:

r =
1/2

×
�

yobs

− ysm



�

(6.1)

=1/2

× r (6.2)

where  is the weight of the th observation, yobs


is the th observed value,

ysm


is the th simulated value, and r is the th residual, a cluster of nega-

tive values of r indicate that simulated values are systematically overes-

timated, and vice versa. Furthermore, with weights calculated using a con-

stant coefficient of variation, residuals are emphasised proportionally to their

observed value. Therefore, similarr values indicate similar relative errors.

This is illustrated in Table 6.2.

Table 6.2: A simple numerical example illustrating that similar weighted residual values cor-

respond to similar relative errors when using a constant coefficient of variation for calculating

the weights.

yobs ysm r relative error c  r

1.0 0.9 0.1 10% 0.10 100 1

10.0 9.0 1.0 10% 0.10 1 1
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6.3 Qualitative evaluation of models with daily

stress factors

6.3.1 Influence of horizontal spatial discretisation

The simplified models focusing on horizontal spatial discretisation are the

250 m, 500 m, 750 m, and 1000 m models. They are characterised by an

element side length of 250 m, 500 m, 750 m, and 1000 m, respectively. They

each have 8 layers (5 layers of 1 m for the unsaturated zone, 1 layer of 5 m,

1 layer of 10 m, and 1 layer of 30 m for the saturated zone) and they each use

van Genuchten saturation–pressure relations in the unsaturated zone. The

number of nodes, number of elements, and execution time of each model for

a 5-year simulation are given in Table 6.3.

Table 6.3: Comparison of the number of nodes, number of elements, and execution time of

the 250 m, 500 m, 750 m, and 1000 mmodels for a 5-year simulation with daily stress factors.

Number of nodes Number of elements Execution time

250 m 61,884 107,536 34.88 h

500 m 16,200 27,544 5.93 h

750 m 7,245 12,040 2.21 h

1000 m 4,302 7,016 1.27 h

6.3.1.1 Forward model

Whatever the horizontal spatial discretisation, the graphs comparing ref-

erence observations with their simulated equivalent indicate that flow rates

are underestimated during low flow periods and overestimated during high

flow periods (Figure 6.1). The underestimation is almost equivalent for each

model. The overestimation is higher for models with a coarse horizontal spa-

tial discretisation. This is clearly visible on peak flow rates. These graphs

shows also that hydraulic heads are more likely to be systematically underes-
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timated or overestimated (observed and simulated values shifted) by models

with a coarse horizontal spatial discretisation (see also Figure B.1 to Figure B.5

in Appendix B). The graphs of unweighted simulated values versus weighted

residuals plotted for the calibration period support these findings (Figure 6.2).

Furthermore, these graphs highlight that the relative errors on high flow rates

are minor relative to the relative errors on low flow rates for models with a

fine horizontal spatial discretisation. These flow rate issues induce mass bal-

ance errors which increase progressively from -8% for the 250 mmodel to 7%

for the 1000 m model (Figure 6.3). This transition from negative to positive

values is related to the fact that the systematic underestimation of low flow

rates is progressively compensated and then exceeded by the overestimation

of high flow rates when the horizontal spatial discretisation gets coarser. The

compensation of the underestimated low flow rates by the overestimated high

flow rates is almost perfect for the 500 m model which leads to a very small

mass balance of -1%. The overall graphical model fit analysis suggests that

flow rates are more sensitive to horizontal spatial discretisation than hydraulic

heads.
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Figure 6.1: Flow rates and hydraulic heads simulated with the 250 m, 500 m, 750 m, and

1000 mmodels with daily stress factors are compared with flow rate and hydraulic head obser-

vations produced with the 5-year reference simulation. These graphs indicate that flow rates

are poorly simulated by models with a coarse horizontal spatial discretisation.
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Figure 6.2: The graphs of unweighted simulated values versus weighted residuals shows that

the major issues of models with a coarse horizontal spatial discretisation is the underestimation

of flow rates during low flow periods and the overestimation of flow rates during high flow

periods.
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Figure 6.3: The mass balance errors calculated for the 250 m, 500 m, 750 m, and 1000 m

models with daily stress factors are -8%, -1%, 4%, and 7%, respectively.

6.3.1.2 Sensitivity analysis

The set of observations is composed of 731 flow rates (i.e. 1 per day for

2 years) and 8,772 hydraulic heads (i.e. 1 per day and per piezometer for

2 years) (see Section 5.3.4). The set of parameters includes 44 parameters

(each parameter with a non-zero value) (see section 5.3.3).

Composite scaled sensitivities are quite similar for each model (Figure

6.4). The most sensitive parameters are the van Genuchten parameter βG

of Mat I and Mat II and the evapotranspiration fitting parameters θe2 & t2 of

Mat 1, Mat 2, and Mat 3. This suggests that physically-based and spatially-

distributed models are particularly sensitive to parameters governing flow in

the unsaturated zone and evapotranspiration processes. The saturated hy-

draulic conductivity K of Mat IV is also slightly more sensitive than the other
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parameters. This is probably related to the fact that most of the piezome-

ters are located in the Carboniferous limestones (Figure 5.7). However, no

parameter is significantly less sensitive than the others since the ratios be-

tween maximum and minimum css values for the 250 m, 500 m, 750 m, and

1000 mmodels are 13%, 8%, 11%, and 17%, respectively. This is far greater

than the critical value of 1%.

C
int-1,2,3

s-III

e1 & t1-1,2,3

S
S-I

n
x-3

K
II

n
x-4

K
V

LAI
1

C
1-1,2,3

S
S-III

L
c-1,2,3,4

LAI
2

vG-IV,V,VI

vG-I,II

K
I

L
r,2

s-I

vG-IV,V,VI

K
IV

e2 & t2-1,2,3

vG-I,II

0 50 100 150

 250 m  500 m  750 m  1000 m

 

css [-]

n
x-1

C
3-1,2,3

S
wr-I,II

S
S-IV

H
sto-2

H
sto-4

H
sto-3

s-V

H
sto-1

S
S-VI

s-IV

K
III

L
e-1,23

s-VI

K
VI

L
r,3

S
S-II

S
S-V

LAI
3

C
2-1,2,3

n
x-2

s-II

0 50 100 150

 

css [-]

0 50 100 150

 

0 50 100 150

 

Figure 6.4: Composite scaled sensitivities calculated for the 250 m, 500 m, 750 m, and

1000 m with daily stress factors indicate that the most sensitive parameters are related to

flow in the unsaturated zone (βG−,) and evapotranspiration processes (θe2 & t2−1,2,3).

However, the other parameters are also relatively sensitive.

Parameter correlation coefficient values are slightly greater for models

with a coarse horizontal spatial discretisation. However, the maximum abso-
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lute value of pcc is lower than the critical value of 0.95 for each model.

6.3.2 Influence of vertical spatial discretisation

The simplified models focusing on vertical spatial discretisation are the

8 layers, 6 layers, and 3 layers models. The 8 layers model is identical to the

250 m model of the previous section. They are characterised by the number

and the thickness of their layers, so, the way of discretising the unsaturated

zone (top layers) and the saturated zone (bottom layers). The 8 layers model

is composed of 5 layers of 1 m, 1 layer of 5 m, 1 layer of 10 m, and 1 layer of

30 m. The 6 layers model is composed 5 layers of 1 m and 1 layer of 45 m.

The 3 layers model is composed of 1 layer of 3 m, 1 layer of 2 m, and 1 layer

of 45 m. The other features of these models are an element side length of

250 m and van Genuchten saturation–pressure relations in the unsaturated

zone. The number of nodes, number of elements, and execution time of each

model for a 5-year simulation are given in Table 6.4.

Table 6.4: Comparison of the number of nodes, number of elements, and execution time of

the 8 layers, 6 layers, and 3 layers models for a 5-year simulation with daily stress factors.

Number of nodes Number of elements Execution time

8 layers 61,884 107,536 34.88 h

6 layers 48,132 80,652 24.22 h

3 layers 27,504 40,326 15.03 h

6.3.2.1 Forward model

As for the horizontal spatial discretisation, the graphs comparing refer-

ence observations with their simulated equivalent indicate that flow rates are

underestimated during low flow periods and overestimated during high flow

periods irrespective of the vertical spatial discretisation (Figure 6.5). How-

ever, compared to models with a coarse horizontal spatial discretisation, the
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overestimation of high flow rates is slightly lower. These graphs show also that

hydraulic heads are poorly simulated (observed and simulated values shifted

and wrong hydraulic head variations) by models with a coarse vertical spatial

discretisation (see also Figure B.6 to Figure B.10 in Appendix B). The graphs

of unweighted simulated values versus weighted residuals plotted for the cal-

ibration period support these findings (Figure 6.6). The mass balance errors

for the 8 layers, 6 layers, and 3 layers models are -8%, -11%, and 10%, re-

spectively (Figure 6.7). As the 8 layers and 6 layersmodels hardly overstimate

high flow rates, the underestimation of low flow rates is not compensated and

the mass balance error is negative. Conversely, since the 3 layersmodel over-

estimates significantly high flow rates, the underestimation of low flow rates is

exceeded and the mass balance error is positive. The overall graphical model

fit analysis suggests that hydraulic heads are more sensitive to vertical spatial

discretisation than flow rates.
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Figure 6.5: Flow rates and hydraulic heads simulated with the 8 layers, 6 layers, and 3 layers

models with daily stress factors are compared with flow rate and hydraulic head observations

produced with the 5-year reference simulation. These graphs indicate that hydraulic heads are

poorly simulated by models with a coarse vertical spatial discretisation.
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Figure 6.6: The graphs of unweighted simulated values versus weighted residuals for the

8 layers, 6 layers, and 3 layers models with daily stress factors show that the major issue of

models with a coarse vertical spatial discretisation is the simulation of hydraulic heads.
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Figure 6.7: The mass balance errors calculated for the 8 layers, 6 layers, and 3 layersmodels

with daily stress factors are -8%, -11%, and 10%, respectively.

6.3.2.2 Sensitivity analysis

The sets of observations and parameters are identical to those used for

the models with different horizontal spatial discretisations (731 flow rate ob-

servations, 8,772 hydraulic head observations, and 44 parameters).

As for the models differing by their horizontal spatial discretisation, the

most sensitive parameters are the van Genuchten parameter βG of Mat I and

Mat II, the evapotranspiration fitting parameters θe2 & t2 of Mat 1, Mat 2, and

Mat 3, and, to a lesser extent, the saturated hydraulic conductivity K of Mat IV

(Figure 6.8). However, the values of css for βG−− and θe2 & t2−1,2,3 are

far higher for the 3 layersmodel. This indicates that the coarse representation

of the unsaturated zone increases the relative sensitivity of parameters gov-

erning flow in the unsaturated zone and evapotranspiration processes. The
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ratios between maximum and minimum css values for the 8 layers, 6 layers,

and 3 layers models are 13%, 10%, and lower than 1%, respectively. This

suggests that some parameters are insensitive relative to the most sensitive

parameter for the 3 layers model.
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Figure 6.8: Composite scaled sensitivities calculated for the 8 layers, 6 layers, and 3 layers

with daily stress factors indicate that the most sensitive parameters are related to flow in the

unsaturated zone (βG−,) and evapotranspiration processes θe2 & t2−1,2,3.

As for the models with different horizontal spatial discretisations, parame-

ter correlation coefficient values are slightly greater for models with a coarse

vertical spatial discretisation. However, the maximum absolute value of pcc

is lower than the critical value of 0.95 for each model.
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6.3.3 Influence of the representation of the unsaturated zone

The simplified models focusing on the representation of the unsaturated

zone are the van Genuchten and linear models. The van Genuchten model is

similar to the 250m and 8 layersmodels of the previous sections. As proposed

by Lehmann et al. (2008), the linearisation of the van Genuchten saturation–

pressure curve is performed by taking the tangent at the inflection point. The

pressure heads h and hb corresponding respectively to Se = 0 and Se = 1

constitute the parameters of the linear saturation–pressure relation (Figure

6.9). The values of h and hb estimated for the covering sediment materials

(Mat I and Mat II) and the fissured hard rock materials (Mat IV, Mat V, and

Mat VI) of the synthetic case are presented in Table 6.5. The other features

of the van Genuchten and linear models are an element side length of 250 m

and 8 layers (5 layers of 1 m for the unsaturated zone, 1 layer of 5 m, 1 layer

of 10 m, and 1 layer of 30 m for the saturated zone). Their number of nodes,

number of elements, and execution time for a 5-year simulation are given in

Table 6.6. The execution time of the linear model is longer than the execution

time of the van Genuchtenmodel which suggests that simplifying saturation–

pressure relations in the unsaturated zone is not an effective way to save

time.

Table 6.5: Values of h and hb parameters for the materials of the synthetic case.

h [m] hb [m]

Mat I and Mat II -12.00 -0.21

Mat IV, Mat V, and Mat VI -220.00 -12.95



Qualitative evaluation of models with daily stress factors 87

0.0 0.5 1.0
10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

105

106

linear

ha

effective water saturation [-]

hb

van Genuchten

pressure
head
[m]

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

104

105

106

 

Figure 6.9: The linearisation of the van Genuchten saturation–pressure curve is performed

by taking the tangent at the inflection point for obtaining the pressure heads h and hb corre-

sponding to Se = 0 and Se = 1, respectively.

Table 6.6: Comparison of the number of nodes, number of elements, and execution time of

the van Genuchten and linear models for a 5-year simulation with daily stress factors.

Number of nodes Number of elements Execution time

van Genuchten 61,884 107,536 34.88 h

linear 61,884 107,536 47.69 h

6.3.3.1 Forward model

The graphs comparing reference observations with their simulated equiv-

alent indicate that the simulation of both flow rates and hydraulic heads is

severely impaired with the linear model (Figure 6.10 and Figure B.11 to Figure

B.15 in Appendix B). Flow rates are in general overestimated and hydraulic

heads suffer from systematic errors and wrong variations. This is also visible

on the graphs of unweighted simulated values versus weighted residuals plot-

ted for the calibration period (Figure 6.11). Furthermore, with a mass balance

error of 36%, the linear model presents a severe problem of mass (Figure
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6.12). The overall graphical model fit analysis suggests that simplifications

of saturation–pressure relations in the unsaturated zone can severely impair

model results in terms of both flow rates and hydraulic heads.
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Figure 6.10: Flow rates and hydraulic heads simulated with the van Genuchten and linear

models with daily stress factors are compared with flow rate and hydraulic head observations

produced with the 5-year reference simulation. These graphs indicates that both flow rates and

hydraulic heads are poorly simulated by the model with linear saturation–pressure relations in

the unsaturated zone.
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Figure 6.11: The graphs of unweighted simulated values versus weighted residuals of the

van Genuchten and linear models with daily stress factors show that both flow rates and hy-

draulic heads are poorly simulated by the model with linear saturation–pressure relations in

the unsaturated zone.
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Figure 6.12: The mass balance errors calculated for the van Genuchten and linear models

with daily stress factors are -8% and 36%, respectively.
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6.3.3.2 Sensitivity analysis

The sets of parameters and observations are identical to those used for

the models with different horizontal spatial discretisations, excepting van

Genuchten parameters (αG and βG) that are replaced by their linear equiv-

alent (h and hb) for the linear model (731 flow rate observations, 8,772 hy-

draulic head observations, and 44 parameters).

Although the highest composite scaled sensitivities of the van Genuchten

and linear models are in the same range of values, their distribution is quite

different (Figure 6.13). The css values for the van Genuchten model indicate

that the van Genuchten parameter βG of Mat I and Mat II, the evapotranspi-

ration fitting parameters θe2 & t2 of Mat 1, Mat 2, and Mat 3, and, to a lesser

extent, the saturated hydraulic conductivity K of Mat IV are comparatively

more sensitive. This is not the case of the linear model for which no param-

eter is significantly more sensitive than the others. This is supported by the

ratios of 13% and 32% between maximum and minimum css values calcu-

lated for the van Genuchten and linear, respectively. The higher value of this

ratio for the linear model suggests that no parameter is predominant in terms

of sensitivity.
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Figure 6.13: Composite scaled sensitivities calculated for the van Genuchtenmodel with daily

stress factors indicate that the most sensitive parameters are related to flow in the unsaturated

zone (βG−,) and evapotranspiration processes θe2 & t2−1,2,3. This is not the case of the

linear model whose parameters have almost the same composite scaled sensitivity.

Whatever the representation of the unsaturated zone, van Genuchten or

linear saturation–pressure relations, the maximum absolute value of pcc is

lower than the critical value of 0.95.
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6.4 Qualitative evaluation of models with average

monthly stress factors

6.4.1 Influence of horizontal spatial discretisation

The execution times of the 250 m, 500 m, 750 m, and 1000 mmodels for a

5-year simulation with daily and average monthly stress factors are compared

in Table 6.7. The mean relative gain in execution time for these models is

88%. This is tremendous. Therefore, for problems which are satisfied with

model results at such a time resolution, such a simplification constitutes an

efficient way of saving time.

Table 6.7: Comparison of the execution times of the 250 m, 500 m, 750 m, and 1000 m

models for a 5-year simulation with average monthly stress factors and daily stress factors.

Execution time

Daily stress factors Average monthly stress factors

250 m 34.88 h 6.08 h

500 m 5.93 h 0.71 h

750 m 2.21 h 0.20 h

1000 m 1.27 h 0.13 h

6.4.1.1 Forward model

The graphs comparing reference observations with their simulated equiv-

alent indicate that flow rates are most often underestimated during low flow

periods and overestimated during high flow periods (Figure 6.14). The under-

estimation is almost equivalent for each model. The overestimation is sligthly

higher for models with a coarse horizontal spatial discretisation. This is vis-

ible on peak flow rates. These graphs show also that hydraulic heads are

more likely to be systematically underestimated or overestimated (observed

and simulated values shifted) by models with a coarse horizontal spatial dis-
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cretisation (see also Figure B.16 to Figure B.20 in Appendix B). These findings,

supported by the graphs of unweighted simulated values versus weighted

residuals plotted for the calibration period (Figure 6.15), are identical to those

obtained for the samemodels with daily stress factors. Furthermore, the same

problems of mass conservation occur (Figure 6.16). However, with monthly

stress factors, the lowest mass conservation error is obtained for the 1000 m

model and not the 500 m model. This suggests that the underestimation of

low flow rates is compensated by the overestimation of high flow rates only

for the model with the coarsest horizontal spatial discretisation.
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Figure 6.14: Flow rates and hydraulic heads simulated with the 250 m, 500 m, 750 m, and

1000 mmodels with average monthly stress factors are compared with flow rate and hydraulic

head observations produced with the 5-year reference simulation. These graphs indicate that

flow rate simulation is progressively impaired when horizontal spatial discretisation is coars-

ened.
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Figure 6.15: The graphs of unweighted simulated values versus weighted residuals for the

250 m, 500 m, 750 m, and 1000 m models with average monthly stress factors show that the

major issue of models with a coarse horizontal spatial discretisation is the underestimation of

flow rates during low flow periods.
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Figure 6.16: The mass conservation errors calculated for the 250 m, 500 m, 750 m, and

1000 m models with monthly stress factors are -15%, -8%, -3%, and -1%, respectively.

6.4.1.2 Sensitivity analysis

The sensitivity analysis is performed on the calibration period. The set of

observations is composed of 24 flow rates (i.e. 1 per month for 2 years) and

288 hydraulic heads (i.e. 1 per month and per piezometer for 2 years). These

monthly observations are obtained by monthly averaging the daily observa-

tions (arithmetic mean). The set of parameters includes 44 parameters (each

parameter with a non-zero value).

The most sensitive parameters are the van Genuchten parameter βG of

Mat I and Mat II, the evapotranspiration fitting parameters θe2 & t2 of Mat 1,

Mat 2, and Mat 3, and, to a lesser extent, the saturated hydraulic conductivity

K of Mat IV (Figure 6.17). These results are similar to those obtained for the

samemodels with daily stress factors. However, the ratios betweenmaximum
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and minimum css values are quite different since the values obtained for the

250 m, 500 m, 750 m, and 1000 m with average monthly stress factors are

3%, 3%, 2%, and lower than 1%, respectively. This is up to 16% lower than

the ratio values obtained with daily stress factors which indicates a significant

loss of sensitivity for the less sensitive parameters of models with average

monthly stress factors.
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Figure 6.17: As for their equivalent with daily stress factors, composite scaled sensitivities

calculated for the 250 m, 500 m, 750 m, and 1000 m models with average monthly stress

factors indicate that the most sensitive parameters are related to flow in the unsaturated zone

(βG−,) and evapotranspiration processes (θe2 & t2−1,2,3).

The maximum absolute value of pcc is lower than the critical value of
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0.95 for each model.

6.4.1.3 Inverse model

The optimisation is performed on the calibration period with lower and up-

per constraints on parameters in order to prevent them from taking unrealistic

values. Compared to sensitivity analysis, the set of observations is identical

(24 flow rates and 288 hydraulic heads) but the set of parameters is slightly

reduced (32 parameters instead of 44) since interception and evapotranspi-

ration parameters are withdrawn. This choice is made for saving time and

focusing only on surface and subsurface flow parameters familiar to hydroge-

ologists.

The graphs of model fit indicate that optimisation significantly improves

the simulation of flow rates and, to a lesser extent, hydraulic heads for each

model (Figure 6.18 and Figure B.31 to Figure B.35 in Appendix B). Additionally,

the distributions of weighted residuals look closer from randomness (Figure

6.19), which suggests that models are less biased, and mass conservation

errors are lower (Figure 6.20). This shows that optimisation is capable of mod-

ifying parameter values in order to compensate for coarse horizontal discreti-

sations. However, model fit is not perfect. Furthermore, though most of them

are still plausible, several optimised parameter values are far from their refer-

ence values (Figure 6.21). This is especially the case for the coarsest models

whose improvement requires more significant changes in parameter values

(Table B.1 in Appendix B). The highest relative changes are calculated for fric-

tion (n) and unsaturated zone parameters (θs and αG). The calculation of

the relative changes in parameter is unfortunately possible only for synthetic

cases for which reference parameter values are known. The only verification

possible for real cases consists in making sure that optimised parameter val-
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ues are plausible with regards to field data.
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Figure 6.18: The optimisation significantly improves the simulation of flow rates for the

250 m, 500 m, 750 m, and 1000 m models with average monthly stress factors, even for

models with a coarse horizontal spatial discretisation.
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Figure 6.19: The weighted residuals of the optimised 250 m, 500 m, 750 m, and 1000 m

models with average monthly stress factors are almost randomly distributed. This indicates

that optimisation reduces model bias.
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Figure 6.20: The mass conservation errors calculated for the optimised 250 m, 500 m, 750 m,
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Figure 6.21: When horizontal spatial discretisation gets coarser, optimised parameter values

are in general further from their reference values.

6.4.2 Influence of vertical spatial discretisation

The execution times of the 8 layers, 6 layers, and 3 layers models for a 5-

year simulation with daily and average monthly stress factors are compared

in Table 6.8. The mean relative gain in execution time for these models is

85% which higlights once more the tremendous time saved when working

with average monthly stress factors instead of daily stress factors.
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Table 6.8: Comparison of the execution times of the 8 layers, 6 layers, and 3 layers models

for a 5-year simulation with average monthly stress factors and daily stress factors.

Execution time

Daily stress factors Average monthly stress factors

8 layers 34.88 h 6.08 h

6 layers 24.22 h 3.68 h

3 layers 15.03 h 1.81 h

6.4.2.1 Forward model

The graphs comparing reference observations with their simulated equiv-

alent indicate that flow rates are most often underestimated during low

flow periods. Additionally, the model with the coarsest spatial discretisa-

tion sligthly overestimates flow rates during high flow period (Figure 6.22).

These graph show also that hydraulic heads are poorly simulated (observed

and simulated values shifted and false hydraulic head variations) by models

with a coarse vertical spatial discretisation (see also Figure B.21 to Figure

B.25 in Appendix B). These results, supported by the graph of unweighted

simulated values versus weighted residuals plotted for the calibration period

(Figure 6.23), are quite similar to those obtained for the same models with

daily stress factors. Furthermore, the same mass conservation issues are ob-

served (Figure 6.24).
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Figure 6.22: Flow rates and hydraulic heads simulated with the 8 layers, 6 layers, and 3 layers

models with average monthly stress factors are compared with flow rate and hydraulic head

observations produced with the 5-year reference simulation. These graphs indicate that hy-

draulic head simulation is progressively impaired when vertical spatial discretisation is coars-

ened.
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Figure 6.23: The graphs of unweighted simulated values versus weighted residuals for the

8 layers, 6 layers, and 3 layersmodels with average monthly stress factors show that the major

issue of models with a coarse vertical spatial discretisation is the systematic overestimation of

hydraulic heads.
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Figure 6.24: The mass conservation errors calculated for the 8 layers, 6 layers, and 3 layers

models with monthly stress factors are -15%, -17%, and 8%, respectively.

6.4.2.2 Sensitivity analysis

The sensitivity analysis is performed on the calibration period. The sets of

observations and parameters are identical to those used for the models with

different horizontal spatial discretisations and average monthly stress factors

(24 flow rate observations, 288 hydraulic head observations, and 44 parame-

ters).

The most sensitive parameters are the van Genuchten parameter βG of

Mat I and Mat II, the evapotranspiration fitting parameters θe2 & t2 of Mat 1,

Mat 2, and Mat 3, and, to a lesser extent, the saturated hydraulic conductiv-

ity K of Mat IV (Figure 6.25). However, the values of css for βG−− and

θe2 & t2−1,2,3 are far higher for the 3 layers model. This suggests that the

coarse representation of the unsaturated zone increases the relative sensitiv-
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ity of parameters related to flow in the unsaturated zone and evapotranspira-

tion processes. These results are similar to those obtained with daily stress

factors. The ratios between maximum and minimum css values for the 8 lay-

ers, 6 layers, and 3 layers are 3%, 3%, and 2%, respectively. Apart from the

3 layers model, this is lower than the values obtained with daily stress fac-

tors which suggests a loss of sensitivity for the less sensitive parameters of

models with average monthly stress factors.
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Figure 6.25: As for their equivalent with daily stress factors, composite scaled sensitivities

calculated for the 8 layers, 6 layers, and 3 layers models with average monthly stress fac-

tors indicate that the most sensitive parameters are related to flow in the unsaturated zone

(βG−,) and evapotranspiration processes (θe2 & t2−1,2,3).
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The pairs of parameters C1−1,2,3–LA2 for the 6 layers model and

βG−,–θe2 & t2−1,2,3 for the 3 layers model have parameter correlation co-

efficient values of -0.97 and -0.96, respectively. This suggests that these pa-

rameters could be too correlated to be uniquely estimated.

6.4.2.3 Inverse model

The optimisation is performed on the calibration period. The sets of ob-

servations and parameters are identical to those used for models with differ-

ent horizontal spatial discretisations (24 flow rate observations, 288 hydraulic

head observations, and 32 parameters).

The graphical model fit analysis shows once more that optimisation sig-

nificantly reduces misfit, model bias, and mass conservation errors, including

for models with a coarse vertical spatial discretisation (Figures 6.26, 6.27, and

6.28 and Figure B.36 to Figure B.40 in Appendix B). However, model fit is not

perfect and optimised parameter values are sometimes far from their refer-

ence values (Figure 6.29 and Table B.2 in Appendix B). This is especially the

case for the coarsest models . The highest relative changes in parameters are

calculated for friction (n) and unsaturated zone parameters (θs and αG).
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Figure 6.26: The optimisation significantly improves the simulation of hydraulic heads for the

8 layers, 6 layers, and 3 layers models with average monthly stress factors.
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Figure 6.27: The weighted residuals of the 8 layers, 6 layers, and 3 layers models with av-

erage monthly stress factors are almost randomly distributed. This indicates that optimisation

reduces model bias.
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Figure 6.29: When vertical spatial discretisation gets coarser, optimised parameter values

are in general further from their reference values.

6.4.3 Influence of the representation of the unsaturated zone

The execution times of the van Genuchten and linear models for a 5-year

simulation with daily and average monthly stress factors are compared in Ta-

ble 6.9. The mean relative gain in execution time for these models is 82%

which higlights once more the tremendous time saved when working with av-

erage monthly stress factors instead of daily stress factors.

Table 6.9: Comparison of the execution times of the van Genuchten and linear models for a

5-year simulation with average monthly stress factors and daily stress factors.

Execution time

Daily stress factors Average monthly stress factors

van Genuchten 34.88 h 6.08 h

linear 47.69 h 9.06 h
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6.4.3.1 Forward model

The graphs comparing reference observations with their simulated equiv-

alent indicate that both flow rates and hydraulic heads are poorly simulated

by the linear model (Figure 6.30 and Figure B.26 to Figure B.30 in Appendix

B). Flow rates are in general overestimated and hydraulic heads suffer from

systematic errors and wrong variations. This is also visible on the graph of

unweighted simulated values versus weighted residuals plotted for the cali-

bration period (Figure 6.31). These findings are identical to those obtained

for the same model with daily stress factors. Furthermore, the same severe

problem of mass conservation occurs (Figure 6.32).
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Figure 6.30: Flow rates and hydraulic heads simulated with the van Genuchten and linear

models with monthly stress factors are compared with flow rate and hydraulic head obser-

vations produced with the 5-year reference simulation. These graphs indicate that both flow

rates and hydraulic heads are poorly simulated by the model with linear saturation–pressure

relations in the unsaturated zone.
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Figure 6.31: The graphs of unweighted simulated values versus weighted residuals for the

van Genuchten and linear models with monthly stress factors show that both flow rates and

hydraulic heads are poorly simulated by the model with linear saturation–pressure relations in

the unsaturated zone.
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Figure 6.32: The mass conservation errors calculated for the van Genuchten and linear mod-

els with monthly stress factors are -15% and 40%, respectively.
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6.4.3.2 Sensitivity analysis

The sensitivity analysis is performed on the calibration period. The sets of

observations and parameters are identical to those used for the models with

different horizontal spatial discretisations and average monthly stress factors,

excepting van Genuchten parameters (αG and βG) which are replaced by

their linear equivalent (h and hb) for the linear model (24 flow rate observa-

tions, 288 hydraulic head observations, and 44 parameters).

The highest composite scaled sensitivities of the van Genuchten and linear

models are in the same range of values, yet, their distribution is quite differ-

ent (Figure 6.33). The css values for the van Genuchtenmodel indicates that

the van Genuchten parameter βG of Mat I and Mat II, the evapotranspiration

fitting parameters θe2 & t2 of Mat 1, Mat 2, and Mat 3, and, to a lesser ex-

tent, the saturated hydraulic conductivity K of Mat IV are comparatively more

sensitive. The css values for the linear model suggests that no parameter is

significantly more sensitive than the others. This is supported by the ratios

of 3% and 22% between maximum and minimum css values calculated for

the van Genuchten and linear models, respectively. The higher value of this

ratio for the linear model suggests that no parameter is predominant in terms

of sensitivity. These results are similar to those obtained for the same models

with daily stress factors.
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Figure 6.33: As for their equivalent with daily stress factors, composite scaled sensitivities

calculated for the van Genuchtenmodel with monthly stress factors indicate that the most sen-

sitive parameters are related to flow in the unsaturated zone (βG−,) and evapotranspiration

processes θe2 & t2−1,2,3. This is not the case of the linear model for which no parameter is

predominant in terms of sensitivity.

Whatever the representation of the unsaturated zone, van Genuchten or

linear saturation–pressure relations, the maximum absolute value of pcc is

lower than the critical value of 0.95.

6.4.3.3 Inverse model

The optimisation is performed on the calibration period. The sets of ob-

servations and parameters are identical to those used for the models with dif-
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ferent horizontal spatial discretisations and average monthly stress factors,

excepting once more van Genuchten parameters (αG and βG) which are

replaced by their linear equivalent (h and hb) for the linear model (24 flow

rate observations, 288 hydraulic head observations, and 32 parameters).

The graphical model fit analysis indicates that optimisation significantly

improves the simulation of flow rates and, to a lesser extent, hydraulic heads

(Figures 6.34, 6.35, and 6.36 and Figure B.41 to Figure B.45 in Appendix B).

However, flow rates and hydraulic heads are still poorly simulated by the lin-

ear model. Furthermore, given its very poor initial model fit, this model is

improved uniquely through a significant modification of almost each parame-

ter value (Figure 6.37 and Table B.3 in Appendix B).
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Figure 6.34: The optimisation significantly improves the simulation of flow rates and, to a

lesser extent, hydraulic heads for the van Genuchten and linear models with monthly stress

factors. However, the linear model is still poor.
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Figure 6.35: The optimisation strongly reduces model bias. This is higlighted by weighted

residuals almost randomly distributed. However, the spread of weighted residuals for the linear

model is still wide.
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Figure 6.36: The mass conservation errors calculated for the optimised van Genuchten and

linear models with monthly stress factors are reduced to -4% and 15%, respectively.
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Figure 6.37: The optimisation of the linear model induces a significant modification of almost

each parameter value.

6.5 Conclusions

A series of interesting findings concerning the influence of some model

technical and structure uncertainties on model results is gained from this

chapter. These findings also concern parameter sensitivities and execution

times. When horizontal spatial discretisation gets coarser, flow rates are

poorly simulated. This is highlighted in this work by the underestimation of

low flow rates and the overestimation of high flow rates. Additionally, the

likelihood that simulated hydraulic heads are shifted with respect to observed

hydraulic heads is higher. When vertical spatial discretisation gets coarser,

hydraulic heads are poorly simulated. This is visible in this work to the shift

between observed and simulated hydraulic heads and to the wrong hydraulic
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head variations simulated. Additionally, the overestimation of high flow rates

is higher. When linear saturation–pressure relations are used instead of van

Genuchten functions in the unsaturated zone, both flow rates and hydraulic

heads are poorly simulated. These errors induced by model technical and

structure uncertainties are partially compensated via optimisation. However,

especially for the coarsest models, the improvement of model fit is limited

and requires a significant modification of parameter values leading to unplau-

sible parameter values. This shows the importance of systematically checking

optimised parameter values against field data for making sure that they are

plausible. All these findings are common to models with daily and average

monthly stress factors.

Given the values of composite scaled sensitivity obtained, neither hori-

zontal spatial discretisation nor vertical spatial discretisation influence sig-

nificantly parameter sensititivies. The most sensitive parameters are always

related to flow in the unsaturated zone and evapotranspiration processes. Ad-

ditionally, excepting higher values for the most sensitive parameters of the

3 layers model, composite scaled sensitivities are almost identical for each

model. Furthermore, parameter correlation coefficient values obtained for

each of model of this type are lower than the critical value of 0.95. The sit-

uation is quite different with linear saturation–pressure relations in the un-

saturated zone. The linearisation of van Genuchten functions induces indeed

an increase of sensitivity for the less sensitive parameters and a decrease of

sensitivity for the most sensitive parameters. Consequently, there is no more

predominant parameters in terms of sensitivity. However, parameter correla-

tion coefficient values obtained for this model are still lower than the critical

value of 0.95. All these observations, excepting higher parameter correlation

coefficient for the 3 layers model with monthly stress factors, are once more
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common to models with daily and average monthly stress factors.

Whatever the time resolution of stress factors, similar observations are

made concerning model results, sensitivity analysis, and optimisation perfor-

mance. However, the gain in execution time is tremendous when working with

average monthly stress factors instead of daily stress factors. Consequently,

for studies which are satisfied with model results at such a time resolution,

this is an efficient way of saving time.
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Chapter 7

Quantitative evaluation of the

simplified models

7.1 Key performance criteria selected for quantita-

tive evaluation of model performance

A quantitative evaluation of model fit is essential for objectivising any

qualitative evaluation performed with graphs. This quantitative evaluation

requires to select key performance criteria for each variable of interest. The

key performance criteria selected in this work are the Nash-Sutcliffe efficiency

NSEq for flow rates (Equation 2.42) and the root mean square error RMSh

for hydraulic heads (Equation 2.49). They are selected for their capacity of

providing a global quantification of model performance for flow rates and hy-

draulic heads, respectively. These criteria are in fact closely related (Weglar-

czyk, 1998; Gupta et al., 2009):

NSEy = 1−

∑nt

t=1

�

ysm
t
− yobs

t

�2

∑nt

t=1

�

yobs
t
− μobs

�2
= 1−

�

RMSy

σobs

�2

(7.1)
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where nt is the total number of timesteps, ysm
t

is the simulated variable at

timestep t, yobs
t

is the observed variable at timestep t, μobs is the mean

of the observed values, RMSy is the root mean square error calculated for

the variable y, and σobs is the standard deviation of the observed values.

As previously explained (see Section 2.3), NSEy is a quite complete criterion

often recommended for evaluating model performance in terms of flow rate

simulation (Legates and McCabe, 1999; Moriasi et al., 2007). Consequently,

some might want to use it for hydraulic heads. However, since hydraulic head

variances are far lower than flow rate variances, normalising RMSy by the

variances of the observed values like in NSEy could lead to the underesti-

mation of model skill for hydraulic heads. Furthermore, calculating the mean

value of RMSy from the individual values obtained for each piezometer is a

convenient and straightforward way of evaluating global model performance

in terms of hydraulic head simulation. Therefore, NSEq is preserved for flow

rates and RMSh is preferred for hydraulic heads. These key criteria are used

in conjunction with other criteria for a thorough evaluation of the model per-

formance. For flow rates, the other chosen criteria are the mass balance er-

ror MBEq (Equation 2.45), the peak error PEq (Equation 2.47), and the time

peak error TPEq (Equation 2.48). For hydraulic heads, the other criteria are

the biasMBEh and the hydraulic head variation error HHVEh. Calculation of

MBEh is similar to the calculation of MBEq, except that q is replaced by h.

The calculation of HHVEh is based on the calculation of PEq:

HHVEh =

 

hsm
m
− hsm

mn

hobs
m
− hobsmn

− 1

!

× 100 (7.2)

where hsm
m

is the maximum simulated hydraulic head value, hsm
mn

is the min-

imum simulated hydraulic head value, hobs
m

is the maximum observed hy-
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draulic head value, and hobs
mn

is the minimum observed hydraulic head value.

This criterion is the counterpart of the peak error criterion since it measures

the capacity of the model to reproduce the magnitude of hydraulic head vari-

ations instead of measuring the capacity of the model to reproduce the peak

in the hydrograph.

The key criteria NSEq and RMSh give a global evaluation of model per-

formance in terms of flow rates and hydraulic heads, respectively. The other

criteria are used for further investigating model issues in terms of mass bal-

ance/bias (MBEq and MBEh) and reproduction of peak flow rates (PEq and

TPEq) and hydraulic head variations (HHVEh). These criteria are calculated

on the calibration period for the forward models. They are also calculated on

the validation period for the inverse models in order to evaluate the perfor-

mance of the models outside their calibration period.

7.2 Quantitative evaluation of models with daily

stress factors

7.2.1 Influence of horizontal spatial discretisation

As horizontal spatial discretisation gets coarser, NSEq values decrease

and RMSh values slightly increase (Figure 7.1). This indicates that simula-

tion of both flow rates and hydraulic heads is impaired when using large ele-

ments. However, flow rate deterioration looks progressively increasing while

hydraulic head deterioration looks rather stabilising when horizontal spatial

discretisation is coarsened.
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Figure 7.1: When horizontal spatial discretisation gets coarser, NSEq values are lower and

RMSh values are slighlty higher. This indicates that flow rate and, to a lesser extent, hydraulic

head simulation is progressively impaired when horizontal spatial discretisation is coarsened.

Thanks to Gupta’s decomposition of NSEq (Equation 2.44), it is possible

to know which component of the hydrograph is poorly simulated (see Section

2.3). The progressive increase of Gupta’s second term values for models with

a coarse horizontal spatial discretisation suggests that they overestimate the

standard deviation of flow rates (Table 7.1). This is supported by the increas-

ing values of PE1
q
and PE2

q
indicating that models with large elements overes-

timates peak flow rates, so, the standard deviation of the hydrograph (Table

7.2). This is particularly the case for the 1000 mmodel whose simulated peak

flow rate is almost 100% greater than the observed peak flow rate in the first

year of the calibration period. The values of TPE1
q
and TPE2

q
show that ob-

served and simulated peak flow rates are not shifted by more than one day.

Although the absolute values of MBEq are quite low, the transition from neg-
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ative values to positive values suggests that the average magnitude of flow

rates is underestimated by models with a fine horizontal spatial discretisation

and overestimated by models with a coarse horizontal spatial discretisation.

This is related to the fact that the underestimation of low flow rates is pro-

gressively compensated by the overestimation of high flow rates when the

horizontal spatial discretisation gets coarser.

Table 7.1: Gupta’s term of NSEq calculated for the 250 m, 500 m, 750 m, and 1000 mmodels

with daily stress factors.

250 m 500 m 750 m 1000 m

NSEq [-] 0.97 0.98 0.84 0.74

Gupta’s 1st term [-] 2.15 2.26 2.61 2.70

Gupta’s 2nd term [-] 1.17 1.28 1.77 1.95

Gupta’s 3rd term [-] 0.01 0.00 0.00 0.01

Table 7.2: Values of MBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the 250 m, 500 m,

750 m, and 1000 m models with daily stress factors. PE1
q
and TPE1

q
correspond to PEq and

TPEq for the 1st year of the calibration period. PE2
q
and TPE2

q
correspond to PEq and TPEq

for the 2nd year of the calibration period.

250 m 500 m 750 m 1000 m

MBEq [%] -7.87 -0.78 5.14 8.12

PE1
q
[%] -2.87 10.65 54.69 98.13

TPE1
q
[day] 0 0 -1 -1

PE2
q
[%] 12.26 11.26 36.34 39.76

TPE2
q
[day] -1 -1 -1 -1

Whatever the horizontal spatial discretisation, the absolute values of

MBEh are in general quite low (Table 7.3 and Table C.1 in Appendix C). This

indicates that the models are not so biased in terms of hydraulic heads. How-

ever, the ranges ofMBEh values are in general wider for models with a coarse

horizontal spatial discretisation. This suggests that the magnitudes of hy-

draulic heads are more likely to be poorly simulated when horizontal spatial
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discretisation gets coarser. The absolute values of HHVE1
h
and HHVE2

h
are

also in general quite low. This indicates that hydraulic head variations are

fairly simulated.

Table 7.3: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the 250 m, 500 m, 750 m,

and 1000 m models with daily stress factors. HHVE1h corresponds to HHVEh for the 1st year

of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the calibration

period.

250 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.23 -0.03 0.41 -0.41 0.13 0.72

HHVE1h [%] 3.36 19.69 -15.41 -45.26 -4.36 19.69

HHVE2h [%] -0.39 7.27 4.04 -43.33 -3.99 7.27

500 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.24 -0.67 0.01 -1.32 0.15 1.57

HHVE1h [%] 28.57 21.26 -7.89 -47.37 -0.22 28.57

HHVE2h [%] 29.34 9.55 10.43 -48.33 29.34 -2.27

750 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] -1.78 -1.43 0.22 -1.78 -0.10 0.90

HHVE1h [%] 0.84 15.75 -12.90 -29.41 -6.53 15.75

HHVE2h [%] -12.74 5.91 5.74 -36.36 -5.15 16.67

1000 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.43 0.17 -0.20 -2.26 -0.37 0.94

HHVE1h [%] 6.72 12.60 -3.23 -58.06 -9.17 12.84

HHVE2h [%] 9.65 8.64 2.34 -63.07 -8.35 9.65

According to the quantitative evaluation performed, flow rates are more

sensitive to horizontal spatial discretisation than hydraulic heads. This con-

firms the qualitative evaluation of model fit performed with graphs. While the

underestimation of low flow rates is common to each model, the overestima-
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tion of high flow rates is only a problem for the coarsest models. The under-

estimation of flow rates during low flow periods is probably related to a poor

representation of the surface water network. This poor representation pre-

vents from simulating properly groundwater–surface water interactions which

constitute the key component of the hydrograph during dry seasons. This

is already the case for the 250 m model which suggests that refining the

mesh along the surface water network is necessary for simulating accurately

groundwater–surface water interactions. This problem of poor representation

of the surface water network was previously mentioned by Refsgaard (1997)

and Vázquez et al. (2002). The overestimation of flow rates during high flow

periods is rather related to the smoothing of surface slopes when horizontal

spatial discretisation gets coarser. This smoothing facilitates runoff during

wet seasons. Additionally, surface and subsurface heterogeneities are poorly

represented by the coarsest models which also influence runoff and infiltra-

tion.

7.2.2 Influence of vertical spatial discretisation

As vertical spatial discretisation gets coarser, RMSh values strongly in-

crease and NSEq values slightly decrease (Figure 7.2). This indicates that

hydraulic heads and, to a lesser extent, flow rates are impaired when the

number of layers representing the unsaturated zone decreases.
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Figure 7.2: When vertical spatial discretisation gets coarser, NSEq values are slightly lower

and RMSh values are significantly higher. This indicates that hydraulic head and, to a lesser

extent, flow rate simulation is progressively impaired when vertical spatial discretisation is

coarsened.

Gupta’s decomposition of NSEq indicates that the standard deviation of

flow rates is slightly overestimated by the model with the coarsest vertical

spatial discretisation (Table 7.4). This is visible to the greater value of Gupta’s

second term. This is also supported by the greater and positive values of

PE1
q
and PE2

q
calculated for this model which suggests that peak flow rates,

and so the standard deviation of the hydrograph, are overestimated (Table

7.5). However, NSEq, PE
1
q
, and PE2

q
values calculated for the model with

the coarsest vertical spatial discretisation are far better than those obtained

for models with a coarse horizontal spatial discretisation. The values of TPE1
q

and TPE2
q
show that observed and simulated peak flow rates are not shifted

by more than one day, except for the second year of the calibration period

for the model with the coarsest vertical spatial discretisation. This is just a



Quantitative evaluation of models with daily stress factors 131

minor issue since the global timing of the hydrograph is fairly reproduced

(Figure 6.5). The absolute values of MBEq are quite low. The transition from

negative values to positive values is consistent with the fact that each model

underestimates low flow rates while only the coarsest model overestimates

high flow rates.

Table 7.4: Gupta’s term of NSEq calculated for the 8 layers, 6 layers, and 3 layers models

with daily stress factors.

8 layers 6 layers 3 layers

NSEq [-] 0.97 0.97 0.91

Gupta’s 1st term [-] 2.15 2.10 2.33

Gupta’s 2nd term [-] 1.17 1.12 1.40

Gupta’s 3rd term [-] 0.01 0.02 0.02

Table 7.5: Values ofMBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the 8 layers, 6 layers,

and 3 layers models with daily stress factors.

8 layers 6 layers 3 layers

MBEq [%] -7.87 -10.84 11.60

PE1
q
[%] -2.87 -4.97 33.84

TPE1
q
[day] 0 0 -1

PE2
q
[%] 12.26 9.70 19.46

TPE2
q
[day] -1 -1 -344

When vertical spatial discretisation gets coarser, the absolute values of

MBEh and the ranges of MBEh values significantly increase (Table 7.6 and

Table C.2 in Appendix C). This indicates that the magnitudes of hydraulic

heads are poorly simulated by models with a few number of thick layers in

the unsaturated zone. The same observations are made for the absolute

values of HHVE1
h
and HHVE2

h
and the ranges of HHVE1

h
and HHVE2

h
val-

ues. This suggests that hydraulic head variations are also poorly simulated by

models representing the unsaturated zone by a few number of thick layers.
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Compared to the values of MBEh, HHVE
1
h
, and HHVE2

h
calculated for mod-

els with a coarse horizontal spatial discretisation, the values obtained for the

model with the coarsest vertical spatial discretisation are far worse.

Table 7.6: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the 8 layers, 6 layers, and

3 layers models with daily stress factors.

8 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.23 -0.03 0.41 -0.41 0.13 0.72

HHVE1h [%] 3.36 19.69 -15.41 -45.26 -4.36 19.69

HHVE2h [%] -0.39 7.27 4.04 -43.33 -3.99 7.27

6 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.96 -0.49 0.77 -0.96 0.14 1.28

HHVE1h [%] 10.92 43.31 -46.24 -46.24 0.77 43.31

HHVE2h [%] -8.11 48.18 -33.19 -33.19 2.23 48.18

3 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] 3.91 4.21 1.69 -0.12 2.68 6.49

HHVE1h [%] 139.50 114.17 -38.35 -87.37 20.98 139.50

HHVE2h [%] 51.35 79.09 -35.96 -85.00 5.80 82.35

Contrary to the horizontal spatial discretisation, the quantitative evalua-

tion indicates that hydraulic heads are more sensitive to vertical spatial dis-

cretisation than flow rates. This is supported by the qualitative evaluation

of model fit performed with graphs. When the unsaturated zone is coarsely

discretised, both magnitudes and variations of hydraulic heads are poorly

represented. This suggests that a fine vertical discretisation is required for

simulating accurately infiltration through the unsaturated zone. Additionally,

simulation of groundwater–surface water interactions is also impaired when

the unsaturated zone is coarsely discretised.
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7.2.3 Influence of the representation of the unsaturated zone

When linear saturation–pressure relations are used instead of van

Genuchten relations in the unsaturated zone, the value of NSEq decreases

and the value of RMSh increases significantly (Figure 7.3). This indicates that

simulation of both flow rates and hydraulic heads is severely impaired.
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Figure 7.3: When linear saturation–pressure relations are used, NSEq values are low and

RMSh values are high. This indicates that both flow rates and hydraulic heads are poorly

simulated by models with linear saturation–pressure relations in the unsaturated zone.

Gupta’s decomposition of NSEq indicates that both the mean and the

standard deviation of flow rates are overestimated by the linear model (Table

7.7). This is visible to the greater values of Gupta’s second and third terms.

This is also supported by the greater and positive values of MBEq, PE
1
q
and

PE2
q
calculated for this model which suggests that both the mean and the

peak flow rates are overestimated by this model (Table 7.8). The values of

MBEq is particularly high and shows that the average magnitude of flow rates
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is overestimated by almost 50%. The values of TPE1
q
and TPE2

q
show that

observed and simulated peak flow rates are not shifted by more than one

day, except for the second year of the calibration period for the linear model.

However, once more, this is just a local issue since the global timing of the

hydrograph is fairly reproduced by this model (Figure 6.10).

Table 7.7: Gupta’s term of NSEq calculated for the van Genuchten and linear models with

daily stress factors.

van Genuchten linear

NSEq [-] 0.97 0.32

Gupta’s 1st term [-] 2.15 3.15

Gupta’s 2nd term [-] 1.17 2.57

Gupta’s 3rd term [-] 0.01 0.25

Table 7.8: Values of MBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the van Genuchten

and linear models with daily stress factors.

van Genuchten linear

MBEq [%] -7.87 42.00

PE1
q
[%] -2.87 66.88

TPE1
q
[day] 0 -1

PE2
q
[%] 12.26 57.67

TPE2
q
[day] -1 -344

According to the values of MBEh and the ranges of MBEh values, the

linear model poorly simulates the magnitudes of hydraulic heads (Table 7.9

and Table C.3 in Appendix C). Additionally, the values of HHVE1
h
and HHVE2

h

and the ranges of HHVE1
h
and HHVE2

h
values indicates that hydraulic head

variations are most often significantly overestimated by the linear model.



Quantitative evaluation of models with average monthly stress factors 135

Table 7.9: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the van Genuchten and

linear models with daily stress factors.

van Genuchten

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.23 -0.03 0.41 -0.41 0.13 0.72

HHVE1h [%] 3.36 19.69 -15.41 -45.26 -4.36 19.69

HHVE2h [%] -0.39 7.27 4.04 -43.33 -3.99 7.27

linear

Pz1 Pz4 Pz10 min mean max

MBEh [%] 1.54 3.23 2.85 -0.58 2.69 6.65

HHVE1h [%] 635.29 579.53 -29.75 -29.75 261.31 635.29

HHVE2h [%] 348.65 415.91 -43.40 -43.40 189.02 417.65

The quantitative evaluation indicates that both flow rates and hydraulic

heads are poorly simulated when linear saturation–pressure relations are used

instead of van Genuchten relations in the unsaturated zone. This is sup-

ported by the qualitative evaluation of model fit performed with graphs. This

suggests that (over)simplifying saturation–pressure relations in the unsatu-

rated zones can severely impair model results. Therefore, such simplifications

should be taken with caution.

7.3 Quantitative evaluation of models with average

monthly stress factors

7.3.1 Influence of horizontal spatial discretisation

7.3.1.1 Forward model

As horizontal spatial discretisation gets coarser, NSEq values tend to de-

crease and RMSh values tend to increase (Figure 7.4). This indicates that

simulation of both flow rates and hydraulic heads is impaired when using large
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elements. These findings are identical to those obtained for the same models

with daily stress factors. However, monthly NSEq values are lower than daily

NSEq values. This is probably inherent to the use of average monthly stress

factors together with average monthly observations. Another explanation is

proposed by Moriasi et al. (2007) who suppose that this is related to increased

sample sizes for daily observations. The same reasons explain why monthly

RMSh values are slightly greater than daily RMSh values.
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Figure 7.4: As for daily stress factors, NSEq values are in general lower and RMSh values

are in general higher when horizontal spatial discretisation gets coarser. This indicates that the

simulation of both flow rates and hydraulic heads is progressively deteriorated when horizontal

spatial discretisation gets coarser.

Gupta’s decomposition of NSEq indicates that the standard deviation of

flow rates is overestimated by models with a coarse horizontal spatial dis-

cretisation (Table 7.10). This is visible to the greater values of Gupta’s second

terms. This is also supported by the increasing positive values of PE1
q
and

PE2
q
showing that models with large elements overestimate peak flow rates,
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and so the standard deviation of the hydrograph (Table 7.11). The values of

TPE1
q
and TPE2

q
indicate that observed and simulated peak flow rates are not

shifted by more than two months. Gupta’s decomposition shows also that the

250 m model lacks to simulate properly the mean of flow rates. This is why

NSEq values for this model is lower than NSEq values for the 500 m model.

This is confirmed by the values of MBEq which shows that the 250 m model

underestimates the average magnitude of flow rates by almost 15%. This is

related to the fact that the underestimation of low flow rates is not compen-

sated by the overestimation of high flow rates as it is the case for the other

models.

Table 7.10: Gupta’s term of NSEq calculated for the 250 m, 500 m, 750 m, and 1000 m

models with average monthly stress factors.

250 m 500 m 750 m 1000 m

NSEq [-] 0.77 0.83 0.76 0.72

Gupta’s 1st term [-] 2.26 2.33 2.53 2.59

Gupta’s 2nd term [-] 1.37 1.47 1.77 1.87

Gupta’s 3rd term [-] 0.11 0.03 0.00 0.00

Table 7.11: Values of MBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the 250 m, 500 m,

750 m, and 1000 m models with average monthly stress factors.

250 m 500 m 750 m 1000 m

MBEq [%] -14.32 -7.00 -1.32 1.23

PE1
q
[%] -8.65 -2.01 8.27 11.66

TPE1
q
[month] -2 -2 -2 -2

PE2
q
[%] 5.04 11.82 20.27 21.83

TPE2
q
[month] 0 0 0 0

Whatever the horizontal spatial discretisation, the absolute values of

MBEh are in general quite low (Table 7.12 and Table C.4 in Appendix C). This

indicates that the models are not significantly biased in terms of hydraulic
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heads. However, the ranges of MBEh values are in general wider for models

with a coarse horizontal spatial discretisation. This suggests that the magni-

tudes of hydraulic heads are more likely to be poorly simulated when horizon-

tal spatial discretisation gets coarser. Although the absolute values ofHHVE1
h

and HHVE2
h
are in general greater for models with a coarse horizontal spatial

discretisation, the ranges of HHVE1
h
and HHVE2

h
values are similar for each

model.

Table 7.12: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the 250 m, 500 m, 750 m,

and 1000 m models with average monthly stress factors.

250 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.21 -0.54 0.01 -1.03 -0.17 0.50

HHVE1h [%] 19.82 24.39 5.18 -91.67 -9.40 24.39

HHVE2h [%] -8.91 -2.35 -7.63 -89.96 -17.69 3.66

500 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.66 -1.18 -0.36 -1.96 -0.15 1.18

HHVE1h [%] 51.35 26.83 13.47 -91.67 -4.22 51.35

HHVE2h [%] 24.70 -3.76 -0.22 -86.96 -12.62 24.70

750 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] -2.18 -1.89 -0.15 -2.18 -0.36 0.49

HHVE1h [%] 12.16 19.51 3.63 -91.67 -12.46 19.51

HHVE2h [%] -19.84 -3.29 -3.92 -78.26 -19.83 2.76

1000 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.04 -0.31 -0.49 -2.86 -0.62 0.96

HHVE1h [%] 21.62 16.26 3.63 -98.04 -21.46 21.62

HHVE2h [%] 0.00 -6.57 -1.53 -94.41 -24.97 10.98

All these observations are consistent with those made for the same mod-
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els with daily stress factors. They are also consistent with the qualitative eval-

uation of model fit performed with graphs. However, particularly for NSEq,

the rate of deterioration when models gets coarser is greater for models with

daily stress factors than for models with average monthly stress factors (Fig-

ure 7.5). This suggests that models with daily stress factors are more sensitive

to horizontal spatial discretisation than models with average monthly stress

factors.
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Figure 7.5: The rate of deterioration of NSEq is greater for models with daily stress factors

than for models with average monthly stress factors.

7.3.1.2 Inverse model

The optimisation significantly improves the simulation of both flow rates

and hydraulic heads. This is visible to the greater values of NSEq and the

lower values of RMSh (Figure 7.6). This indicates that optimisation can par-

tially compensate for coarse horizontal spatial discretisation.
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Figure 7.6: The higher values of NSEq and the lower values of RMSh indicate that the

optimisation improves significantly the simulation of both flow rates and hydraulic heads.

The values of Gupta’s terms together with the values of MBEq, PE
1
q
, and

PE2
q
(Tables 7.13 and 7.14) indicate that both the mean and the standard

deviation of flow rates are better simulated.

Table 7.13: Gupta’s term of NSEq calculated for the optimised 250 m, 500 m, 750 m, and

1000 m models with average monthly stress factors.

250 m 500 m 750 m 1000 m

NSEq [-] 0.93 0.93 0.93 0.91

Gupta’s 1st term [-] 1.87 2.01 1.87 1.91

Gupta’s 2nd term [-] 0.94 1.08 0.94 1.00

Gupta’s 3rd term [-] 0.01 0.00 0.00 0.00
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Table 7.14: Values ofMBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the optimised 250m,

500 m, 750 m, and 1000 m models with average monthly stress factors.

250 m 500 m 750 m 1000 m

MBEq [%] -3.44 -0.28 -1.82 0.26

PE1
q
[%] -4.81 -2.49 0.28 4.62

TPE1
q
[month] -1 -2 -1 -1

PE2
q
[%] -2.44 1.71 -2.42 -4.25

TPE2
q
[month] 0 0 0 0

When observed and simulated hydraulic heads are shifted, the optimisa-

tion process strives for reducing this systematic error. This improvement of

hydraulic head magnitudes is sometimes obtained to the detriment of the

improvement of hydraulic head variations. This is why the absolute values

of MBEh and the range of MBEh values are most often lower than those

obtained with the forward models while the absolute values of HHVE1
h
and

HHVE2
h
and the ranges of HHVE1

h
and HHVE2

h
values are most identical or

even greater than those obtained with the forward models (Table 7.15 and

Table C.7 in Appendix C). This highlights the limitations of the optimisation.
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Table 7.15: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the optimised 250 m,

500 m, 750 m, and 1000 m models with average monthly stress factors.

250 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.05 -0.20 0.00 -0.48 0.06 0.90

HHVE1h [%] 3.60 20.33 -9.33 -95.24 -15.08 49.62

HHVE2h [%] 8.91 17.37 -10.89 -88.46 -7.57 38.43

500 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.38 0.29 0.00 -1.09 0.31 1.47

HHVE1h [%] 98.20 16.26 -19.69 -85.71 -7.83 98.20

HHVE2h [%] 93.93 -11.27 -23.75 -80.77 -3.78 93.93

750 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.68 -0.62 0.25 -0.96 -0.04 0.79

HHVE1h [%] -5.41 49.59 -10.88 -36.11 5.14 52.74

HHVE2h [%] -23.08 35.21 -14.38 -28.45 18.92 96.15

1000 m

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.05 0.39 -0.38 -1.72 -0.16 0.93

HHVE1h [%] 61.26 14.63 -24.35 -98.04 -21.40 61.26

HHVE2h [%] 63.16 -6.10 -19.83 -96.50 -16.89 63.16

As expected, NSEq and RMSh values calculated for the validation period

are slightly lower and greater, respectively, than those obtained for the cali-

bration period (Figure 7.7 and Table C.10 in Appendix C). This indicates that

model performances are poorer outside their calibration period even when

stress factors are almost identical. However, without optimisation, NSEq and

RMSh values calculated for the validation period are even poorer. This sug-

gests that optimisation also improves model performances outside their cali-

bration period.
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Figure 7.7: The values of NSEq and RMSh calculated for the validation period are slightly

poorer than those obtained for the calibration period.

7.3.2 Influence of vertical spatial discretisation

7.3.2.1 Forward model

As vertical spatial discretisation gets coarser, RMSh values strongly in-

crease and NSEq values slightly decrease (Figure 7.8). This indicates that

hydraulic heads and, to a lesser extent, flow rates are impaired when the

number of layers representing the unsaturated zone decreases. These find-

ings are identical to those obtained for the same models with daily stress

factors.
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Figure 7.8: As for daily stress factors, when vertical spatial discretisation gets coarser, NSEq
values are slightly lower and RMSh values are significantly higher when vertical spatial dis-

cretisation gets coarser. This indicates that the simulation of hydraulic heads, to a lesser ex-

tent, flow rates is progressively deteriorated when vertical spatial discretisation gets coarser.

Gupta’s decomposition of NSEq indicates that the standard deviation of

flow rates is slightly overestimated by the model with the coarsest verti-

cal spatial discretisation (Table 7.16). This is visible to the greater value of

Gupta’s second term. This is also supported by the greater and positive val-

ues of PE1
q
and PE2

q
calculated for this model which suggests that peak flow

rates, and so the standard deviation of the hydrograph are overestimated (Ta-

ble 7.17). The values of TPE1
q
and TPE2

q
show that observed and simulated

peak flow rates are not shifted by more than two months. The absolute val-

ues of MBEq are quite low. The transition from negative values to positive

values is consistent with the fact that each model underestimates low flow

rates while only the coarsest model overestimates high flow rates.
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Table 7.16: Gupta’s term of NSEq calculated for the 8 layers, 6 layers, and 3 layers models

with average monthly stress factors.

8 layers 6 layers 3 layers

NSEq [-] 0.77 0.75 0.74

Gupta’s 1st term [-] 2.26 2.23 2.60

Gupta’s 2nd term [-] 1.37 1.34 1.81

Gupta’s 3rd term [-] 0.11 0.13 0.05

Table 7.17: Values ofMBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the 8 layers, 6 layers,

and 3 layers models with average monthly stress factors.

8 layers 6 layers 3 layers

MBEq [%] -14.32 -16.04 9.31

PE1
q
[%] -8.65 -9.34 12.04

TPE1
q
[month] -2 -2 -2

PE2
q
[%] 5.04 2.88 22.33

TPE2
q
[month] 0 0 0

When vertical spatial discretisation gets coarser, the absolute values of

MBEh and the ranges of MBEh values significantly increase (Table 7.18 and

Table C.5 in Appendix C). This indicates that the magnitudes of hydraulic

heads are poorly simulated by models with a few number of thick layers in

the unsaturated zone. The same observations are made for the ranges of

HHVE1
h
and HHVE2

h
values. This suggests that hydraulic head variations

are also poorly simulated by models with a few number of thick layers in the

unsaturated zone.
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Table 7.18: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the 8 layers, 6 layers, and

3 layers models with average monthly stress factors.

8 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.21 -0.54 0.01 -1.03 -0.17 0.50

HHVE1h [%] 19.82 24.39 5.18 -91.67 -9.40 24.39

HHVE2h [%] -8.91 -2.35 -7.63 -89.96 -17.69 3.66

6 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] -1.32 -0.92 0.52 -1.32 -0.13 0.99

HHVE1h [%] 15.32 41.46 -34.20 -88.89 -9.52 41.46

HHVE2h [%] -10.53 37.09 -39.43 -82.61 -12.14 37.09

3 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] 4.06 4.23 1.61 -0.13 2.68 6.57

HHVE1h [%] 66.67 43.09 -37.31 -97.22 -10.93 66.67

HHVE2h [%] 25.51 49.30 -38.56 -92.31 -6.67 49.30

All these observations are once more consistent with those made for the

same models with daily stress factors. They are also consistent with the qual-

itative evaluation of model fit performed with graphs. However, the rates of

deterioration of both NSEq and RMSh when models gets coarser is greater

for models with daily stress factors than for models with average monthly

stress factors (Figure 7.9). This suggests that models with daily stress factors

are more sensitive to vertical spatial discretisation than models with average

monthly stress factors.
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Figure 7.9: The rate of deterioration of both NSEq and RMSh is greater for models with daily

stress factors than for models with average monthly stress factors.

7.3.2.2 Inverse model

The optimisation increases NSEq values and decreases RMSh values sig-

nificantly (Figure 7.10). This indicates that optimisation can partially compen-

sate for coarse vertical discretisation.
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Figure 7.10: The higher values of NSEq and the lower values of RMSh indicate that the

optimisation improves significantly the simulation of both flow rates and hydraulic heads.

Compared to those obtained with the forward models, the values of

Gupta’s terms together with the absolute values of MBEq, PE
1
q
, and PE2

q

(Tables 7.19 and 7.20) are lower. This indicates that simulation of both the

mean and the standard deviation are improved through optimisation.

Table 7.19: Gupta’s term of NSEq calculated for the optimised 8 layers, 6 layers, and 3 layers

models with average monthly stress factors.

8 layers 6 layers 3 layers

NSEq [-] 0.93 0.92 0.91

Gupta’s 1st term [-] 1.87 1.83 1.76

Gupta’s 2nd term [-] 0.94 0.90 0.85

Gupta’s 3rd term [-] 0.01 0.01 0.00
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Table 7.20: Values of MBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the optimised 8 lay-

ers, 6 layers, and emph3 layers models with average monthly stress factors.

8 layers 6 layers 3 layers

MBEq [%] -3.44 -4.20 -2.23

PE1
q
[%] -4.81 -6.02 -2.04

TPE1
q
[month] -1 -1 -1

PE2
q
[%] -2.44 -3.83 -9.97

TPE2
q
[month] 0 0 0

Compared to the those obtained with the forward models, the values of

MBEh, HHVE
1
h
and HHVE2

h
show that the improvement of hydraulic head

magnitudes is obtained to the detriment of the improvement of hydraulic head

variations (Table 7.21 and Table C.8 in Appendix C). This highlights the limita-

tions of the optimisation.

Table 7.21: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the 8 layers, 6 layers, and

3 layers models with average monthly stress factors.

8 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.05 -0.20 0.00 -0.48 0.06 0.90

HHVE1h [%] 3.60 20.33 -9.33 -95.24 -15.08 49.62

HHVE2h [%] 8.91 17.37 -10.89 -88.46 -7.57 38.43

6 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.28 -0.02 0.06 -0.67 -0.02 0.56

HHVE1h [%] 29.73 45.53 -52.85 -80.56 -19.07 51.37

HHVE2h [%] 12.15 64.32 -71.02 -71.02 -13.48 79.34

3 layers

Pz1 Pz4 Pz10 min mean max

MBEh [%] 0.15 -0.06 -0.25 -0.25 0.09 0.67

HHVE1h [%] -36.04 43.09 -48.19 -94.44 -24.99 43.09

HHVE2h [%] -23.89 61.03 -54.03 -91.30 -22.15 61.03
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The values of NSEq and RMSh calculated for the validation period are

slightly lower and greater, respectively, than the values obtained for the cali-

bration period (Figure 7.11 and Table C.11 in Appendix C)). This indicates that

model performances are poorer outside their calibration period. However,

NSEq and RMSh values calculated for the validation period are even poorer

without optimisation. This suggests that optimisation also improves model

performances outside their calibration period.
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Figure 7.11: The values of NSEq and RMSh values calculated for the validation period are

slightly poorer than those obtained for the calibration period.

7.3.3 Influence of the representation of the unsaturated zone

7.3.3.1 Forward model

When linear saturation–pressure relations are used instead of van

Genuchten relations in the unsaturated zone, the value of NSEq decreases

and the value of RMSh increases significantly (Figure 7.12). This indicates
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that simulation of both flow rates and hydraulic heads is severely impaired.

Furthermore, the negative NSEq value for the linear model indicates that the

mean of the observed values is a better predictor than the simulated values.

These findings are identical to those obtained for the same model with daily

stress factors.
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Figure 7.12: As for daily stress factors, NSEq values are low and RMSh values are high when

linear saturation–pressure relations are used. This indicates that both flow rates and hydraulic

heads are poorly simulated by models with linear relations in the unsaturated zone.

Gupta’s decomposition of NSEq indicates that both the mean and the

standard deviation of flow rates are overestimated by the linear model (Table

7.22). This is visible to the greater values of Gupta’s second and third terms.

This is also supported by the greater and positive values of MBEq, PE
1
q
and

PE2
q
calculated for this model which suggests that both the mean and the

peak flow rates are overestimated by this model (Table 7.23). The values of

TPE1
q
and TPE2

q
show that observed and simulated peak flow rates are not
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shifted by more than two months.

Table 7.22: Gupta’s term of NSEq calculated for the van Genuchten and linear models with

average monthly stress factors.

van Genuchten linear

NSEq [-] 0.77 -1.25

Gupta’s 1st term [-] 2.26 3.78

Gupta’s 2nd term [-] 1.37 3.88

Gupta’s 3rd term [-] 0.11 1.11

Table 7.23: Values of MBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the van Genuchten

and linear models with average monthly stress factors.

van Genuchten linear

MBEq [%] -14.32 46.07

PE1
q
[%] -8.65 66.54

TPE1
q
[day] -2 -2

PE2
q
[%] 5.04 70.04

TPE2
q
[day] 0 0

According to the values of MBEh and the ranges of MBEh values, the

linear model poorly simulates the magnitudes of hydraulic heads (Table 7.24

and Table C.6 in Appendix C). Additionally, the values of HHVE1
h
and HHVE2

h

and the ranges of HHVE1
h
and HHVE2

h
values indicate that hydraulic head

variations are most often significantly overestimated by the linear model.
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Table 7.24: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the van Genuchten and

linear models with average monthly stress factors.

van Genuchten

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.21 -0.54 0.01 -1.03 -0.17 0.50

HHVE1h [%] 19.82 24.39 5.18 -91.67 -9.40 24.39

HHVE2h [%] -8.91 -2.35 -7.63 -89.96 -17.69 3.66

linear

Pz1 Pz4 Pz10 min mean max

MBEh [%] 2.77 4.18 2.95 -0.57 3.21 7.65

HHVE1h [%] 600.90 593.50 -14.51 -94.44 215.44 600.90

HHVE2h [%] 302.02 350.23 -45.10 -91.30 127.05 359.26

All these observations are once more consistent with those made for the

same model with daily stress factors. They are also consistent with the qual-

itative evaluation of model fit performed with graphs. However, while the

rate of deterioration of RMSh is greater for models with daily stress factors,

the rate of deterioration of NSEq is greater for models with average monthly

stress factors (Figure 7.13).
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Figure 7.13: Contrarily to the rate of deterioration of RMSh, the rate of deterioration of

NSEq is greater for models with average monthly stress factors than for models with monthly

stress factors.

7.3.3.2 Inverse model

Although the optimisation significantly improves the simulation of both

flow rates and hydraulic heads, the values of NSEq and RMSh values cal-

culated for the linear model are still far worse than those obtained for the

van Genuchten model (Figure 7.14). This indicates that optimisation can only

compensate to a limited extent for this kind of simplification.
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Figure 7.14: The simulation of both flow rates and hydraulic heads is significantly improved

through optimisation. However, NSEq and RMSh values calculated for the linear model are

still worse than those obtained for the van Genuchten model.

Compared to those obtained with the forward models, the values of

Gupta’s terms together with the absolute values of MBEq, PE
1
q
, and PE2

q

(Tables 7.25 and 7.26) are lower. This indicates that simulation of both the

mean and the standard deviation are improved through optimisation. How-

ever, the improvement is not sufficient for the linear model to equal the van

Genuchten model.

Table 7.25: Gupta’s term of NSEq calculated for the optimised van Genuchten and linear

models with average monthly stress factors.

van Genuchten linear

NSEq [-] 0.93 0.39

Gupta’s 1st term [-] 1.87 2.91

Gupta’s 2nd term [-] 0.94 2.31

Gupta’s 3rd term [-] 0.01 0.20
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Table 7.26: Values of MBEq, PE
1
q
, TPE1

q
, PE2

q
, and TPE2

q
calculated for the optimised van

Genuchten and linear models with average monthly stress factors.

van Genuchten linear

MBEq [%] -3.44 19.68

PE1
q
[%] -4.81 31.42

TPE1
q
[day] -1 -1

PE2
q
[%] -2.44 32.53

TPE2
q
[day] 0 0

Compared to those obtained with the forward models, the values of

MBEh, HHVE
1
h
and HHVE2

h
show that the improvement of hydraulic head

magnitudes is obtained to the detriment of the improvement of hydraulic head

variations (Table 7.27 and Table C.9 in Appendix C). Furthermore, like for flow

rates, the improvement of hydraulic heads is not sufficient for the linearmodel

to equal the van Genuchten model.

Table 7.27: Values of MBEh, HHVE
1
h, and HHVE2h calculated for the optimised van

Genuchten and linear models with average monthly stress factors.

van Genuchten

Pz1 Pz4 Pz10 min mean max

MBEh [%] -0.05 -0.20 0.00 -0.48 0.06 0.90

HHVE1h [%] 3.60 20.33 -9.33 -95.24 -15.08 49.62

HHVE2h [%] 8.91 17.37 -10.89 -88.46 -7.57 38.43

linear

Pz1 Pz4 Pz10 min mean max

MBEh [%] 1.66 -0.35 -1.61 -1.61 0.31 2.55

HHVE1h [%] 420.72 204.47 -10.45 -65.86 156.63 546.82

HHVE2h [%] 190.69 214.08 6.32 -60.87 162.16 546.15

Contrary to the van Genuchten model, the linear model obtained greater

values of NSEq and lower values of RMSh for the validation period than for

the calibration period (Figure 7.15 and Table C.12 in Appendix C). This is prob-
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ably related to the fact that stress factors of the validation period are more

suited to the linear model than those of the validation period. However, with-

out optimisation, NSEq and RMSh values calculated for the validation period

are poorer for both the van Genuchten and the linear models.
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Figure 7.15: Contrary to the other models tested, NSEq and RMSh values calculated for

the validation period with the linear model are better than those obtained for the calibration

period. This is probably related to the fact that stress factors of the validation period are more

suited to the linear model than those of the validation period.

7.4 Conclusions

As expected, the quantitative evaluation carried out in this chapter con-

firms the findings of the qualitative evaluation previously performed. Further-

more, in spite of slightly poorer performance for models with average monthly

stress factors, observations made for models with daily stress factors are once

more identical to those made for models with average monthly stress factors.

However, the rate of deterioration of model performance when model gets
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coarser is in general greater for models with daily stress factors than for mod-

els with average monthly stress factors. This suggests that models with daily

stress factors are more sensitive to technical and structure uncertainties than

models with average monthly stress factors.

When horizontal spatial discretisation is coarsened, the deterioration of

flow rate simulation is predominant over the deterioration of hydraulic head

simulation. Low flow rates are underestimated and high flow rates are overes-

timated. This leads to a poor representation of the variance of the hydrograph.

Common to each model tested, the underestimation of low flow rates is proba-

bly due to a poor representation of the surface water network which prevents

from simulating properly groundwater–surface water interactions. Proper to

the coarsest models tested, the overestimation of high flow rates is rather

related to the smoothing of surface slopes which facilitates runoff.

When vertical spatial discretisation is coarsened, the deterioration of hy-

draulic head simulation is predominant over the deterioration of flow rate sim-

ulation. Both magnitudes and variations of hydraulic heads are poorly simu-

lated. This is probably due to the coarse discretisation of the unsaturated zone

which prevents from simulating properly infiltration and groundwater–surface

water interactions.

When linear saturation–pressure relations are used instead of van

Genuchten functions in the unsaturated zone, the simulation of both flow rates

and hydraulic heads is significantly deteriorated.

All the errors due to model technical and structure uncertainties are par-

tially compensated via optimisation. However, in addition to the risk of un-

plausible optimised parameter values, performance criteria values obtained

for the optimised models highlight that the improvement of simulated hy-

draulic head magnitudes potentially induce a deterioration of simulated hy-
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draulic head variations. This is especially the case for models whose simu-

lated hydraulic heads are significantly shifted with respect to observed hy-

draulic heads. This points out the limitations of the optimisation. Addition-

ally, in spite of quite similar ranges of stress factors, performance criteria

calculated for the validation period are in general slightly poorer than those

calculated for the calibration period. This proves the necessity of calibrating

models with ad hoc stress factors with respect to the objective of the study.

However, without optimisation, model performances for the validation period

are even poorer. Therefore, in spite of its limitations, optimisation is essen-

tial for improving model performance, either inside or outside the calibration

period.
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Chapter 8

Model ranking

8.1 Model ranking based on information theory

8.1.1 Posterior model probability issue

According to the information theory, posterior model probabilities p de-

crease exponentially with delta values Δ (Equation 2.58). This way of cal-

culating posterior model probabilities quickly produces extremely low values

and potentially leads to reject models that were looking quite good. This is

quite usual with groundwater models (Poeter E.P., personal communication).

Therefore, given this issue, linear posterior model probabilities are preferred

in this work (Equation 2.60). This way of calculating posterior model proba-

bilities produces inverted evidence ratios increasing linearly from 0% for the

worst model to 100% for the best model in the set. Additionally, given that

the number of observations nobs and the number of parameters npr are

the same for each model, the objective function  is used instead of AC

or other criteria for calculating posterior model probabilities and associated

statistics. This is supported by the fact that these criteria are only useful for

models with different number of observations and/or number of parameters.
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Therefore, the inverted evidence ratio ER is calculated as:

ER =
m − j

m − 
(8.1)

As previously mentioned and provided that  is the best model in the set, this

statistic is used to make statement such as “the evidence supporting model j

is only ER percent of the evidence supporting the best model”.

8.1.2 Ranking of models with daily stress factors

Based on linear posterior model probabilities and the values of the objec-

tive function, the best model is the 500 mmodel and the poorest model is the

linear model (Figure 8.1). However, with evidence ratios greater than 95%,

the 250 m, 750 m, and 6 layersmodels are almost equivalent in term of model

fit since the evidence supporting these models are greater than 95% of the

evidence supporting the 500 m model.

linear

3 layers

1000 m

6 layers

750 m

250 m

500 m

0 25 50 75 100

0 %

40 %

86 %

95 %

96 %

98 %

 Inverted Evidence Ratio [%]

 

100 %

Figure 8.1: According to linear posterior model probabilities, the best model with daily stress

factors is the 500 m model and the poorest model is the linear model.
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8.1.3 Ranking of models with average monthly stress factors

Compared to the ranking of models with daily stress factors, the ranking

of models with average monthly stress factors is almost identical. The best

model is the 250 m model and the poorest model is the linear model (Fig-

ure 8.2). However, excepting the linear and the 3 layers, the other models

have inverted evidence ratios greater than 95% which suggests that they are

almost equivalent to the 250 m model in term of model fit.

linear

3 layers

1000 m

6 layers

750 m

500 m

250 m

0 25 50 75 100

0 %

52 %

96 %

98 %

99 %

99 %

 Inverted Evidence Ratio [%]

 

100 %

Figure 8.2: According to linear posterior model probabilities, the best model with average

monthly stress factors is the 250 m model and the poorest model is the linear model.

When optimised models are included in the ranking, the best models are

the optimised 250 m, 6 layers, and 3 layers models (Figure 8.3). Given the

inverted evidence ratios, the other optimised models are almost equivalent

in term of model fit, except the linear model which remains comparatively

worse. This is quite surprising since some optimised models are clearly poorer

than others when examining graphs of model fit and values of perfomance cri-

teria. This is related to the sole use of the objective function for establishing

this ranking. The strength of the objective function lies in its capacity of tak-
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ing into account measurement error through weighting. The weakness of the

objective function is related to its measure of the overall model fit regardless

of the reproduction of key features such as measured by performance crite-

ria. Therefore, a ranking system based on performance criteria is proposed

for determining which models are capable of reproducing satisfactorily flow

rates and hydraulic heads.

linear
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linear
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1000 m
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750 m
500 m
250 m
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100 %

100 %

 Inverted Evidence Ratio [%]

 

100 %

Figure 8.3: When optimised models are included in the ranking, they are the best ones.

Furthermore, the inverted evidence ratios suggest that they are almost equivalent in term of

model fit.

8.2 Model ranking based on performance criteria

8.2.1 Performance intervals and ranking system

Considering the shortcomings of model ranking based on information the-

ory, a combined use of flow rate and hydraulic head performance criteria is

proposed for ranking models. This ranking implies to define performance in-

tervals for each criterion. A total of five intervals, from very poor to very

good, is used in this work and scores, from 1 to 5 points, are associated with
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each of them. These intervals are defined based on ranges of values found

in the literature and typical expectations of large-scale models (for example,

see Henriksen et al., 2003; Moriasi et al., 2007; Foglia et al., 2009) (Table 8.1).

For flow rates, model simulation is judged as satisfactory if NSEq is greater

than 0.50,
�

�MBEq
�

� is less than 20%,
�

�PEq
�

� is less than 25%, and
�

�TPEq
�

� is

less than 5 days for daily stress factors and 2 months for average monthly

stress factors. For hydraulic heads, model simulation is judged as satisfac-

tory if RMSh is less than 1 m, |MBEh| is less than 0.50%, and |HHVEh| is

less than 25%. This system results in scores from 1 to 5 points for each per-

formance criteria and for each observation point (1 gauging station and 12

piezometers). These scores are averaged by type of observations for evaluat-

ing separately model performance in terms of flow rates and hydraulic heads.

A number of stars, from 1 to 5, is used for symbolising the performance of

each model obtained in this way. When a model obtains 3 stars for flow rates

and 3 stars for hydraulic heads, it means that it simulates satisfactorily both

flow rates and hydraulic heads.

Table 8.1: Performance intervals defined for ranking models from very poor to very good.

Very poor Poor Satisfactory Good Very good

1 point 2 points 3 points 4 points 5 points

NSEq [-] <0.20 0.20-0.50 0.50-0.65 0.65-0.85 >0.85

MBEq [%] >40 20-40 10-20 5-10 <5

PEq [%] >50 25-50 10-25 5-10 <5

TPEq [day] or [month] >10 or >3 5-10 or 3 3-5 or 2 1-3 or 1 <1 or 0

RMSh [m] >1.50 1.00-1.50 0.50-1.00 0.25-0.50 <0.25

MBEh [%] >1.00 0.50-1.00 0.25-0.50 0.10-0.25 <0.10

HHVEh [%] >50 25-50 10-25 5-10 <5
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8.2.2 Ranking of models with daily stress factors

According to the performance intervals defined, only the linear model

fails to simulate flow rates satisfactorily (Table 8.2). The other models get

scores ranging from satisfactory for the 3 layers model to very good for the

250 m and the 6 layers models. This ranking is consistent with the quali-

tative and quantitative analyses performed which highlighted a progressive

deterioration of flow rate simulation when spatial discretisation gets coarser.

The scores are slightly worse for hydraulic heads. This is probably related to

more stringent performance thresholds. However, the ranking is quite simi-

lar. The linear and the 3 layers models fail to simulate hydraulic heads sat-

isfactorily. The other models obtain scores ranging from satisfactory for the

500 m, 750 m, 1000 m and 6 layers models to good for the 250 m model.

Once more, this is consistent with the progressive deterioration of hydraulic

head simulation highlighted by the qualitative and quantitative analyses per-

formed. Considering both flow rates and hydraulic heads, only the linear and

the 3 layers models are incapable of satisfying the performance levels de-

fined. This indicates that horizontal spatial discretisation is less important

than vertical spatial discretisation for obtaining satisfying results in terms of

both flow rates and hydraulic heads. Although the scores obtained are highly

dependent on the performance intervals defined, the fact that flow rates ob-

tain in general slightly higher scores than hydraulic heads could suggest that

variables representative of the integrated response of a model (e.g. flow rate

at the outlet) are less sensitive to technical and structure uncertainties than

variables representative of the distributed response of a model (e.g. hydraulic

heads in several points).
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Table 8.2: Ranking of models with daily stress factors based on performance intervals.

Flow rates Hydraulic heads

250 m ÆÆÆÆÆ ÆÆÆÆ

500 m ÆÆÆÆ ÆÆÆ

750 m ÆÆÆÆ ÆÆÆ

1000 m ÆÆÆÆ ÆÆÆ

6 layers ÆÆÆÆÆ ÆÆÆ

3 layers ÆÆÆ ÆÆ

linear ÆÆ Æ

Considering simultaneously the number of stars obtained for flow rates

and hydraulic heads, model performance is good for the 250 mmodel and sat-

isfactory for the 500 m, 750 m, and 1000 mmodels. This indicates that model

results are not significantly deteriorated from the 500 m to the 1000 m mod-

els. Converting these element sizes into a number of elements per square

kilometer, this suggests that model results are not especially poorer with 2

elements per square kilometer than with 10 elements per square kilometer

and that model results are only significantly improved from 40 elements per

square kilometer. Vertical spatial discretisation require more caution since

model performance are poor for the 3 layers model and only satisfactory for

the 6 layersmodel. This indicates that model results are severely deteriorated

when the unsaturated zone is coarsely discretised. The same severe deterio-

ration of model results is obtained when (over)simplifying saturation–pressure

relations in the unsaturated zone.

8.2.3 Ranking of models with average monthly stress factors

Compared to the ranking of models with daily stress factors, the ranking

of models with average monthly stress factors is almost identical though less

marked (Table 8.3). Flow rates are poorly simulated by the linear model. All



168 Model ranking

the other models get a score of good. Hydraulic heads are poorly simulated

by the 3 layers model and very poorly simulated by the linear model. The

other models obtain a score of satisfactory. These scores indicate that mod-

els with monthly stress factors are closer from each others in term of model

performance than models with daily stress factors. However, considering both

flow rates and hydraulic heads, the linear and the 3 layers models still fail to

satisfy the performance levels defined.

Table 8.3: Ranking of models with monthly stress factors based on performance intervals.

Flow rates Hydraulic heads

250 m ÆÆÆÆ ÆÆÆ

500 m ÆÆÆÆ ÆÆÆ

750 m ÆÆÆÆ ÆÆÆ

1000 m ÆÆÆÆ ÆÆÆ

6 layers ÆÆÆÆ ÆÆÆ

3 layers ÆÆÆÆ ÆÆ

linear ÆÆ Æ

Considering simultaneously the number of stars obtained for flow rates

and hydraulic heads, model performance is satisfactory for the 250 m, 500 m,

750m, and 1000mmodels. Therefore, contrary to results obtained for models

with daily stress factors, model results are not significantly improved when in-

creasing the number of elements per square kilometer from 2 to 40. However,

a fine discretisation of the unsaturated zone and representative saturation–

pressure relations are still required for expecting satisfactory model perfor-

mance.

As expected, optimisation increases model scores (Table 8.4). All the opti-

mised models gain one star in terms of flow rates. The scores obtained range

from satisfactory for the linear model to very good for the other models. This

indicates that every optimised model satisfies the performance levels defined
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in terms of flow rates. Apart for the 3 layers model, the improvement of hy-

draulic head simulation is not sufficient for the other models to gain one star.

Furthermore, the 6 layers model loses one rank. This is due to the fact that

the improvement of hydraulic head magnitudes is sometimes obtained to the

detriment of the improvement of hydraulic head variations. The scores ob-

tained ranges from very poor for the linear model and poor for the 6 layers

model to satisfactory for the other models. This highlights the limitations of

optimisation which is capable of compensating for technical and structure un-

certainties only to some extent. This is particularly the case for hydraulic

heads.

Table 8.4: Ratings of optimised models with monthly stress factors based on performance

intervals.

Flow rates Hydraulic heads

250 m ÆÆÆÆÆ ÆÆÆ

500 m ÆÆÆÆÆ ÆÆÆ

750 m ÆÆÆÆÆ ÆÆÆ

1000 m ÆÆÆÆÆ ÆÆÆ

6 layers ÆÆÆÆÆ ÆÆ

3 layers ÆÆÆÆÆ ÆÆÆ

linear ÆÆÆ Æ

8.3 Conclusions

According to linear posterior model probabilities, only the 3 layers and

the linear models are significantly poorer than the other models. The same

ranking is obtained for models with daily stress factors and for models with

monthly stress factors. When the optimised models are included, they take

the first places. However, with the sole use of the objective function, specific

model weaknesses highlighted by performance criteria are easily overlooked.
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Therefore, a ranking system based on performance criteria is proposed as a

complement to this ranking based on information theory.

The ranking system based on performance criteria highlights that hori-

zontal spatial discretisation is less important than vertical spatial discretisa-

tion and saturation–pressure relations in the unsaturated zone for obtaining

satisfactory model results. Considering simultaneously the number of stars

obtained for flow rates and hydraulic heads, satisfactory model results are

expected until an element size of 1000 m which is equivalent to 2 elements

per square kilometer. The model results are more sensitive to vertical spatial

discretisation and representation of the unsaturated zone since poor model

results are obtained when the unsaturated zone is coarsely discretised and

when (over)simplified saturation–pressure relations are used in the unsatu-

rated zone. The optimisation can partially compensate for such model techni-

cal and structure uncertainties. However, the improvement is limited, espe-

cially for hydraulic heads. All these findings are common to models with daily

and average monthly stress factors.

All together, for gaining time while ensuring satisfactory model results,

these findings suggest that coarsening horizontal spatial discretisation is

preferable than coarsening vertical spatial discretisation or (over)simplifying

saturation–pressure relations in the unsaturated zone. Given the complexity

of the synthetic case, these findings are likely to be powerful in practice for

similar type of large-scale physically-based and spatially-distributed ground-

water flow model (i.e. several hundreds of square kilometers).



Chapter 9

General conclusions and

perspectives

9.1 Key findings on the influence of model technical

and structure uncertainties

According to the qualitative and quantitative analyses performed, models

with daily stress factors and models with average monthly stress factors are

influenced identically by model technical and structure uncertainties. How-

ever, the rate of deterioration of model performance when model gets coarser

is in general slower for models with average monthly stress factors. Addi-

tionally, execution times of models with daily stress factors are far longer.

Therefore, provided that the objectives of the study are met at such a time

resolution, working with average monthly stress factors is an efficient way of

saving time.

The investigations performed indicate that flow rates are more sensitive

to horizontal spatial discretisation than hydraulic heads. Common to each

model tested, the underestimation of low flow rates is due to a poor represen-
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tation of the surface water network. This prevents from simulating properly

groundwater–surface water interactions which constitute the key component

of the hydrograph during dry seasons. Proper to the coarsest models tested,

the overestimation of high flow rates is rather related to the smoothing of

surface slopes. This facilitates runoff during wet periods. Furthermore, sur-

face and subsurface heterogeneities are poorly represented when horizontal

spatial discretisation gets coarser. This also influences model results.

Conversely, hydraulic heads are more sensitive to vertical spatial discreti-

sation than flow rates. The coarsest model tested poorly simulates both hy-

draulic head magnitudes and hydraulic head variations. This is due to the

coarse discretisation of the unsaturated zone which prevents from simulating

properly infiltration and groundwater–surface water interactions.

Considering the poor simulation of both flow rates and hydraulic heads

obtained with linear saturation–pressure relations instead of van Genuchten

functions in the unsaturated zone, it is clear that (over)simplifying saturation–

pressure relations in the unsaturated zone can significantly deteriorate model

results. Furthermore, this increases the execution times.

Optimisation can partially compensate for errors induced by model tech-

nical and model structure uncertainties. However, the improvement of model

fit is limited and potentially obtained at the cost of unplausible parameter val-

ues, especially for the coarsest models. This highlights the necessity of sys-

tematically checking optimised parameter values against field data. Further-

more, in spite of quite similar ranges of stress factors, model fit is in general

slightly poorer outside the calibration period. This highlights the necessity

of calibrating model with ad hoc stress factors with respect to the objectives

of the study. However, compared to non-optimised models, performance of

optimised models outside the calibration period is greater. This shows the
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importance of optimisation in spite of its limitations.

Whatever the spatial discretisation, composite scaled parameter sensitiv-

ities are almost identical. The most sensitive parameters are always related

to flow in the unsaturated zone and evapotranspiration processes. This is not

the case of models with linear saturation–pressure relations. These models

show no predominant parameter in terms of sensitivity.

All together, considering simultaneously flow rates and hydraulic heads,

model performance is less sensitive to horizontal spatial discretisation than

to vertical spatial discretisation and saturation–pressure relations in the un-

saturated zone. Therefore, for gaining time while ensuring satisfactory model

results, coarsening horizontal spatial discretisation is preferable to coarsen-

ing vertical spatial discretisation or (over)simplifying saturation–pressure re-

lations in the unsaturated zone. Given the model ranking obtained, satisfac-

tory model results are expected until an element size of 1000 m.

9.2 Guidelines for large-scale groundwater flowmo-

del development

A series of guidelines is proposed in order to further orient large-

scale groundwater flow model development towards end-users’ expectations.

Given the investigation of performance criteria carried out, it is clear that

some of them are better suited than others for evaluating model performance

with respect to the specific objectives of a study. Typically, end-users are

interested in one or some of these model outputs:

• average magnitude, maximum value, or general evolution of baseflow

rates,
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• average magnitude, seasonal variations, or general evolution of hy-

draulic heads,

• hydraulic head maps.

Given these typical end-users’ expectations, it is possible to specify which per-

formance criteria to privilege for evaluating model performance with respect

to the specific objective(s) of the study.

If the study focuses on the general evolution of baseflow rates without

any particular interest for a specific feature of the hydrograph, the Nash-

Sutcliffe efficiency criterion NSEq is to be privileged for evaluating model

performance. This criterion takes implicitly into account the capacity of the

model to reproduce the mean flow, the spread of flows, and the timing and

shape of the hydrograph. Therefore, it does not focus on a specific feature

of the hydrograph. Conversely, given its formulation, the peak error crite-

rion PEq is to be privileged for studies focusing on the maximum values of

baseflow rates. When the objective of the study is only to estimate the av-

erage magnitude of baseflow rates, the mass balance error criterion MBEq

is sufficient. The same kind of observations are made for hydraulic heads. If

the study focuses on the general evolution of hydraulic heads, the root mean

square error criterion RMSh is to be privileged for evaluating model perfor-

mance since it provides a quantification of overall model fit by measuring the

discrepancies between observed values and their simulated equivalent. This

criterion is also suited for studies whose objective is to produce hydraulic head

maps. When the study focuses on hydraulic head variations, the hydraulic

head variations error criterion HHVEh is to be privileged. If the objective of

the study is only to estimate the average magnitude of hydraulic heads, the

bias criterionMBEh is sufficient. These observations are summarised in Table
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9.1.

Table 9.1: List of performance criteria to privilege with respect to typical end-users’ expecta-

tions from large-scale groundwater flow models.

Objective of the study Performance criteria to privilege

General evolution of baseflow rates NSEq=1−

∑nt
t=1(q

sm
t
−qobs

t )
2

∑nt
t=1(q

obs
t
−μobs)

2

Average magnitude of baseflow rates MBEq=

∑nt
t=1(q

sm
t
−qobs

t )
∑nt
t=1

qobs
t

×100

Maximum value of baseflow rates PEq=

�

hsm
pek

hobs
pek

−1

�

×100

General evolution of hydraulic heads RMSh=

q

1

nt
×
∑nt

t=1

�

hsm
t
−hobs

t

�2

Average magnitude of hydraulic heads MBEh=

∑nt
t=1(h

sm
t
−hobs

t )
∑nt
t=1

hobs
t

×100

Hydraulic head variations HHVEh=

�

hsmm−h
sm
mn

hobsm−h
obs
mn

−1

�

×100

Hydraulic head maps RMSh=

q

1

nt
×
∑nt

t=1

�

hsm
t
−hobs

t

�2

Considering the striking capacity of such performance criteria to provide a

specific quantification of model performance, they should be calculated sys-

tematically depending on the objective(s) of the study and values to reach

for each of them should be discussed with end-users prior to model develop-

ment. The ideal would be to include these performance criteria into the opti-

misation process via an end-users objective function. Furthermore, for saving

time, optimisation could be stopped once performance criteria included in this

end-users objective function would have reached the values specified by the

end-users with respect to the objectives of the study. The general form of this

end-users objective function could be:

end−sers =

nobj
∑

=1

ω ×Ω (9.1)

where ω would be the weight corresponding to the performance criteria Ω

and nobj would depend on the number of objective(s) of the study. There-

fore, this end-users objective function would include from 1 to nobj perfor-

mance criteria. This end-users objective function end−sers could constitute
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a substitute to the weighted least-squares objective function . However, for

problems focusing on NSEq and/or RMSh, optimising end−sers instead of

 should lead to the same results since these performance criteria are closely

related to the weighted least-squares objective function through their formu-

lation. Therefore, under certain circumstances, using end−sers instead of

 would be equivalent.

Given the influence of model technical and structure uncertainties on

model results, choices relative to spatial discretisation should also be made in

function of the objectives of the study. When focusing on baseflow rates, hori-

zontal spatial discretisation should be refined along the surface water network

for simulating properly groundwater–surface water interactions. Conversely,

when focusing on hydraulic heads, vertical spatial discretisation should be

refined in the unsaturated zone for simulating properly infiltration.

9.3 Perspectives for future works

Future works could consist in implementing the end-users objective func-

tion together with a specific optimisation method in an inverse modelling code

such as PEST or UCODE_2005. If successful on a set of simple cases, the im-

plementation could be further tested on real cases.

Future works could also consist in performing further tests with the syn-

thetic case. These tests could focus on the influence on model results of sim-

ulating subsurface flow instead of integrated surface/subsurface flow. These

tests could also focus on the influence of model technical and structure un-

certainties on transport simulation.
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Figure A.1: Transient reference hydraulic head observations for Pz1 to Pz8.
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Figure B.1: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 produced

with the 250 m, 500 m, 750 m, and 1000 m models with daily stress factors.
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Figure B.2: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 produced

with the 250 m, 500 m, 750 m, and 1000 m models with daily stress factors.
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Figure B.3: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 produced

with the 250 m, 500 m, 750 m, and 1000 m models with daily stress factors.
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Figure B.4: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the 250 m, 500 m, 750 m, and 1000 m models with daily stress factors.
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Figure B.5: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the 250 m, 500 m, 750 m, and 1000 m models with daily stress factors.
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Figure B.6: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 produced

with the 8 layers, 6 layers, and 3 layers models with daily stress factors.
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Figure B.7: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 produced

with the 8 layers, 6 layers, and 3 layers models with daily stress factors.
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Figure B.8: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 produced

with the 8 layers, 6 layers, and 3 layers models with daily stress factors.
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Figure B.9: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the 8 layers, 6 layers, and 3 layers models with daily stress factors.
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Figure B.10: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the 8 layers, 6 layers, and 3 layers models with daily stress factors.
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Figure B.11: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 pro-

duced with the van Genuchten and linear models with daily stress factors.

0 1 2 3 4 5
125

150

175

200

225

250

275

0 1 2 3 4 5
125

150

175

200

225

250

275

0 1 2 3 4 5
125

150

175

200

225

250

275

0 1 2 3 4 5
125

150

175

200

225

250

275

observed

value 

linear model
hydraulic
head
[m]

hydraulic
head
[m]

hydraulic
head
[m]

hydraulic
head
[m]

validationcalibration

year

warm-up validationcalibrationwarm-up
van Genuchten model

observed

value

simulated

value

simulated

value

Pz5

Pz6
Pz5  

year

Pz6

year

validationcalibrationwarm-up

year

validationcalibrationwarm-up

Figure B.12: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 pro-

duced with the van Genuchten and linear models with daily stress factors.
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Figure B.13: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 pro-

duced with the van Genuchten and linear models with daily stress factors.
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Figure B.14: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the van Genuchten and linear models with daily stress factors.
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Figure B.15: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the van Genuchten and linear models with daily stress factors.
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Figure B.16: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 pro-

duced with the 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors.
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Figure B.17: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 pro-

duced with the 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors.
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Figure B.18: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 pro-

duced with the 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors.
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Figure B.19: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors.
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Figure B.20: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors.
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Figure B.21: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 pro-

duced with the 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.22: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 pro-

duced with the 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.23: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 pro-

duced with the 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.24: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.25: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.26: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 pro-

duced with the van Genuchten and linear models with monthly stress factors.
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Figure B.27: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 pro-

duced with the van Genuchten and linear models with monthly stress factors.
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Figure B.28: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 pro-

duced with the van Genuchten and linear models with monthly stress factors.
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Figure B.29: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the van Genuchten and linear models with monthly stress factors.
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Figure B.30: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the van Genuchten and linear models with monthly stress factors.
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Figure B.31: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 pro-

duced with the optimised 250 m, 500 m, 750 m, and 1000 m models with monthly stress

factors.
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Figure B.32: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 pro-

duced with the optimised 250 m, 500 m, 750 m, and 1000 m models with monthly stress

factors.
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Figure B.33: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 pro-

duced with the optimised 250 m, 500 m, 750 m, and 1000 m models with monthly stress

factors.
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Figure B.34: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the optimised 250 m, 500 m, 750 m, and 1000 m models with monthly stress

factors.
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Figure B.35: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the optimised 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors.
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Table B.1: Comparison of reference and optimised parameter values for the 250 m, 500 m,

750 m, and 1000 m models with average monthly stress factors.

Optimised value
Parameter Reference value

250 m 500 m 750 m 1000 m

K 5.00× 10−7 1.00× 10−6 1.66× 10−6 1.92× 10−7 7.38× 10−7

K 1.00× 10−6 8.48× 10−7 2.87× 10−6 1.01× 10−6 6.34× 10−7

K 1.00× 10−5 5.88× 10−5 5.49× 10−5 5.46× 10−5 6.15× 10−5

KV 1.00× 10−4 9.91× 10−5 1.04× 10−4 9.75× 10−5 8.05× 10−5

KV 2.50× 10−4 4.47× 10−4 1.28× 10−4 1.66× 10−4 4.36× 10−4

KV 5.00× 10−5 6.17× 10−5 4.67× 10−5 4.71× 10−5 5.07× 10−5

SS− 1.00× 10−4 9.20× 10−5 1.08× 10−4 1.68× 10−5 1.02× 10−4

SS− 1.00× 10−4 1.04× 10−4 3.52× 10−4 5.12× 10−5 1.47× 10−4

SS− 1.00× 10−4 2.47× 10−4 2.43× 10−4 5.27× 10−4 9.87× 10−5

SS−V 1.00× 10−4 9.50× 10−5 2.72× 10−4 3.45× 10−5 1.95× 10−4

SS−V 1.00× 10−4 1.80× 10−4 1.08× 10−4 1.81× 10−5 3.93× 10−5

SS−V 1.00× 10−4 7.42× 10−5 1.82× 10−4 1.03× 10−6 1.02× 10−4

θs− 4.10× 10−1 5.00× 10−1 4.50× 10−1 4.58× 10−1 5.00× 10−1

θs− 4.10× 10−1 2.50× 10−1 3.43× 10−1 5.00× 10−1 5.00× 10−1

θs− 2.50× 10−2 3.61× 10−2 1.87× 10−2 5.46× 10−2 2.29× 10−2

θs−V 1.00× 10−1 7.62× 10−2 1.50× 10−1 5.66× 10−2 1.49× 10−1

θs−V 1.00× 10−1 3.70× 10−2 1.43× 10−1 1.95× 10−2 1.50× 10−1

θs−V 7.50× 10−2 5.86× 10−2 2.23× 10−2 1.34× 10−1 4.65× 10−2

Sr−, 9.76× 10−2 1.50× 10−1 6.59× 10−2 2.73× 10−2 7.98× 10−2

αG−, 2.67× 100 2.29× 100 1.83× 100 6.61× 10−1 1.10× 100

αG−V,V,V 3.65× 10−2 4.98× 10−2 4.56× 10−2 5.04× 10−2 3.04× 10−2

βG−, 1.45× 100 1.47× 100 1.32× 100 1.53× 100 1.39× 100

βG−V,V,V 1.83× 100 2.21× 100 2.42× 100 2.18× 100 1.77× 100

n−1 1.20× 10−2 1.84× 10−2 1.40× 10−2 3.06× 10−1 2.27× 10−2

n−2 2.00× 10−1 3.80× 10−1 5.27× 10−1 1.03× 10−1 7.50× 10−1

n−3 6.00× 10−1 5.30× 10−1 5.11× 10−1 7.50× 10−1 7.50× 10−1

n−4 2.50× 10−2 5.13× 10−1 4.05× 10−2 5.04× 10−1 6.12× 10−1

Hsto−1 2.00× 10−3 1.49× 10−3 7.94× 10−4 8.19× 10−4 9.46× 10−3

Hsto−2 2.00× 10−3 1.16× 10−3 2.80× 10−3 6.83× 10−4 4.53× 10−3

Hsto−3 2.00× 10−3 3.49× 10−3 1.67× 10−3 1.89× 10−3 2.86× 10−3

Hsto−4 2.00× 10−3 9.56× 10−4 1.56× 10−3 1.00× 10−2 3.76× 10−3

Lc−1,2,3,4 1.00× 10−1 2.00× 10−2 3.18× 10−1 2.00× 10−1 1.12× 10−1
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Figure B.36: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 pro-

duced with the optimised 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.37: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 pro-

duced with the optimised 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.38: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 pro-

duced with the optimised 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.39: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the optimised 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Figure B.40: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the optimised 8 layers, 6 layers, and 3 layers models with monthly stress factors.
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Table B.2: Comparison of reference and optimised parameter values for the 8 layers, 6 layers,

and 3 layers models with average monthly stress factors.

Optimised value
Parameter Reference value

8 layers 6 layers 3 layers

K 5.00× 10−7 1.00× 10−6 2.53× 10−7 2.66× 10−7

K 1.00× 10−6 8.48× 10−7 4.32× 10−5 1.93× 10−7

K 1.00× 10−5 5.88× 10−5 2.75× 10−5 7.41× 10−6

KV 1.00× 10−4 9.91× 10−5 1.44× 10−4 1.52× 10−4

KV 2.50× 10−4 4.47× 10−4 9.30× 10−5 1.37× 10−4

KV 5.00× 10−5 6.17× 10−5 1.10× 10−4 3.80× 10−5

SS− 1.00× 10−4 9.20× 10−5 1.08× 10−4 2.70× 10−5

SS− 1.00× 10−4 1.04× 10−4 1.89× 10−4 1.36× 10−3

SS− 1.00× 10−4 2.47× 10−4 3.68× 10−4 2.19× 10−4

SS−V 1.00× 10−4 9.50× 10−5 3.57× 10−4 3.68× 10−4

SS−V 1.00× 10−4 1.80× 10−4 1.63× 10−3 8.62× 10−6

SS−V 1.00× 10−4 7.42× 10−5 9.30× 10−5 5.54× 10−5

θs− 4.10× 10−1 5.00× 10−1 5.00× 10−1 5.00× 10−1

θs− 4.10× 10−1 2.50× 10−1 2.50× 10−1 5.00× 10−1

θs− 2.50× 10−2 3.61× 10−2 2.01× 10−2 4.61× 10−1

θs−V 1.00× 10−1 7.62× 10−2 2.25× 10−2 7.48× 10−2

θs−V 1.00× 10−1 3.70× 10−2 2.28× 10−2 1.50× 10−1

θs−V 7.50× 10−2 5.86× 10−2 1.22× 10−2 7.14× 10−2

Sr−, 9.76× 10−2 1.50× 10−1 2.09× 10−1 2.44× 10−1

αG−, 2.67× 100 2.29× 100 1.39× 100 1.08× 101

αG−V,V,V 3.65× 10−2 4.98× 10−2 8.08× 10−2 4.57× 10−2

βG−, 1.45× 100 1.47× 100 1.85× 100 1.54× 100

βG−V,V,V 1.83× 100 2.21× 100 2.52× 100 2.49× 100

n−1 1.20× 10−2 1.84× 10−2 5.34× 10−2 1.36× 10−2

n−2 2.00× 10−1 3.80× 10−1 5.02× 10−1 7.50× 10−1

n−3 6.00× 10−1 5.30× 10−1 1.53× 10−1 7.50× 10−1

n−4 2.50× 10−2 5.13× 10−1 3.94× 10−1 7.50× 10−1

Hsto−1 2.00× 10−3 1.49× 10−3 2.45× 10−3 9.70× 10−3

Hsto−2 2.00× 10−3 1.16× 10−3 3.92× 10−3 3.68× 10−3

Hsto−3 2.00× 10−3 3.49× 10−3 1.00× 10−2 2.52× 10−3

Hsto−4 2.00× 10−3 9.56× 10−4 1.05× 10−3 3.84× 10−3

Lc−1,2,3,4 1.00× 10−1 2.00× 10−2 1.70× 10−1 5.25× 10−2
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Figure B.41: Comparison of observed and simulated hydraulic heads for Pz2 and Pz3 pro-

duced with the optimised van Genuchten and linear models with monthly stress factors.
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Figure B.42: Comparison of observed and simulated hydraulic heads for Pz5 and Pz6 pro-

duced with the optimised van Genuchten and linear models with monthly stress factors.
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Figure B.43: Comparison of observed and simulated hydraulic heads for Pz7 and Pz8 pro-

duced with the optimised van Genuchten and linear models with monthly stress factors.
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Figure B.44: Comparison of observed and simulated hydraulic heads for Pz9 and Pz11 pro-

duced with the optimised van Genuchten and linear models with monthly stress factors.
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Figure B.45: Comparison of observed and simulated hydraulic heads for Pz12 produced with

the optimised van Genuchten and linear models with monthly stress factors.
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Table B.3: Comparison of reference and optimised parameter values for the van Genuchten

and linear models with average monthly stress factors.

Parameter Reference value Optimised value

van Genuchten linear

K 5.00× 10−7 1.00× 10−6 7.44× 10−8

K 1.00× 10−6 8.48× 10−7 6.38× 10−7

K 1.00× 10−5 5.88× 10−5 2.43× 10−6

KV 1.00× 10−4 9.91× 10−5 1.87× 10−4

KV 2.50× 10−4 4.47× 10−4 5.34× 10−5

KV 5.00× 10−5 6.17× 10−5 1.40× 10−5

SS− 1.00× 10−4 9.20× 10−5 1.92× 10−4

SS− 1.00× 10−4 1.04× 10−4 1.29× 10−4

SS− 1.00× 10−4 2.47× 10−4 2.02× 10−3

SS−V 1.00× 10−4 9.50× 10−5 1.63× 10−4

SS−V 1.00× 10−4 1.80× 10−4 9.59× 10−5

SS−V 1.00× 10−4 7.42× 10−5 1.56× 10−4

θs− 4.10× 10−1 5.00× 10−1 5.00× 10−1

θs− 4.10× 10−1 2.50× 10−1 3.68× 10−1

θs− 2.50× 10−2 3.61× 10−2 4.72× 10−2

θs−V 1.00× 10−1 7.62× 10−2 1.50× 10−1

θs−V 1.00× 10−1 3.70× 10−2 1.50× 10−1

θs−V 7.50× 10−2 5.86× 10−2 1.50× 10−1

Sr−, 9.76× 10−2 1.50× 10−1 2.44× 10−1

αG/h−, 2.67× 100 / −1.20× 101 2.29× 100 −3.18× 101

αG/h−V,V,V 3.65× 10−2 / −2.20× 102 4.98× 10−2 −3.01× 102

βG/hb−, 1.45× 100 / −2.07× 10−1 1.47× 100 −5.07× 10−3

βG/hb−V,V,V 1.83× 100 / −1.30× 101 2.21× 100 −1.88× 101

n−1 1.20× 10−2 1.84× 10−2 3.10× 10−2

n−2 2.00× 10−1 3.80× 10−1 1.16× 10−1

n−3 6.00× 10−1 5.30× 10−1 3.24× 10−1

n−4 2.50× 10−2 5.13× 10−1 4.25× 10−3

Hsto−1 2.00× 10−3 1.49× 10−3 7.59× 10−4

Hsto−2 2.00× 10−3 1.16× 10−3 1.00× 10−2

Hsto−3 2.00× 10−3 3.49× 10−3 1.94× 10−4

Hsto−4 2.00× 10−3 9.56× 10−4 2.74× 10−4

Lc−1,2,3,4 1.00× 10−1 2.00× 10−2 7.78× 10−2
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Table C.1: Values ofMBEh, HHVE
1
h, and HHVE

2
h calculated for the 250 m, 500 m, 750 m, and 1000 mmodels with daily stress factors (calibration period).

HHVE1h corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the calibration period.

250 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.46 0.09 0.33 0.19 0.79 0.40 1.58 0.76 0.43 0.99 0.23 0.73

MBEh [%] 0.23 -0.01 -0.15 -0.03 0.40 -0.20 0.72 -0.41 0.24 0.41 -0.10 0.50

HHVE1h [%] 3.36 -5.93 -6.34 19.69 5.19 8.70 -9.46 1.99 -13.73 -15.41 4.84 -45.26

HHVE2h [%] -0.39 -1.15 5.64 7.27 1.36 2.47 0.33 1.23 -23.64 4.04 -1.70 -43.33

500 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.58 0.40 0.17 1.57 1.59 2.94 1.44 2.46 2.06 0.18 0.84 1.27

MBEh [%] -0.24 0.15 0.00 -0.67 -0.82 1.57 0.65 -1.32 1.18 0.01 0.37 0.87

HHVE1h [%] 28.57 -4.44 -2.42 21.26 -0.74 26.96 -8.11 6.62 -21.57 -7.89 6.45 -47.37

HHVE2h [%] 29.34 2.30 -1.04 9.55 -0.45 8.64 0.66 4.92 -38.18 10.43 -5.11 -48.33

750 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 3.59 0.94 1.11 3.33 0.78 0.67 1.09 1.68 0.84 0.54 0.49 1.69

MBEh [%] -1.78 -0.36 0.53 -1.43 0.40 0.35 0.50 0.90 0.48 0.22 0.20 -1.16

HHVE1h [%] 0.84 -24.44 5.44 15.75 -9.63 4.35 -8.78 1.32 -29.41 -12.90 -17.74 -3.16

HHVE2h [%] -12.74 -32.18 8.56 5.91 -0.45 3.70 -0.33 6.97 -36.36 5.74 -27.27 16.67

1000 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.87 0.52 0.83 0.41 1.13 0.85 1.32 4.20 1.66 0.52 1.38 2.66

MBEh [%] 0.43 0.21 0.33 0.17 -0.58 -0.45 -0.59 -2.26 0.94 -0.20 -0.59 -1.82

HHVE1h [%] 6.72 -6.67 -20.24 12.60 0.00 6.96 12.84 6.62 -39.22 -3.23 -58.06 -28.42

HHVE2h [%] 9.65 3.45 -22.96 8.64 9.50 -0.82 -0.66 0.82 -45.45 2.34 -63.07 -1.67
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Table C.2: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the 8 layers, 6 layers, and 3 layers models with daily stress factors (calibration period).

HHVE1h corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the calibration period.

8 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.46 0.09 0.33 0.19 0.79 0.40 1.58 0.76 0.43 0.99 0.23 0.73

MBEh [%] 0.23 -0.01 -0.15 -0.03 0.40 -0.20 0.72 -0.41 0.24 0.41 -0.10 0.50

HHVE1h [%] 3.36 -5.93 -6.34 19.69 5.19 8.70 -9.46 1.99 -13.73 -15.41 4.84 -45.26

HHVE2h [%] -0.39 -1.15 5.64 7.27 1.36 2.47 0.33 1.23 -23.64 4.04 -1.70 -43.33

6 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 1.94 0.29 0.72 1.18 0.88 1.24 2.82 0.34 0.41 1.92 0.42 0.70

MBEh [%] -0.96 -0.11 0.29 -0.49 -0.44 0.66 1.28 0.13 0.23 0.77 -0.18 0.48

HHVE1h [%] 10.92 7.41 -38.67 43.31 16.30 20.87 -5.41 25.17 -7.84 -46.24 2.42 -18.95

HHVE2h [%] -8.11 10.92 -18.79 48.18 14.03 12.35 -6.25 31.15 -10.91 -33.19 5.68 -18.33

3 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 7.96 0.27 3.32 9.82 12.67 8.18 7.92 10.90 0.46 4.15 0.29 0.74

MBEh [%] 3.91 -0.06 1.55 4.21 6.49 4.35 3.59 5.83 0.26 1.69 -0.12 0.50

HHVE1h [%] 139.50 17.04 -35.65 114.17 106.67 64.35 16.89 38.41 -68.63 -38.35 -15.32 -87.37

HHVE2h [%] 51.35 20.11 -24.22 79.09 82.35 23.87 -2.30 40.16 -78.18 -35.96 -1.70 -85.00
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Table C.3: Values ofMBEh, HHVE
1
h, andHHVE

2
h calculated for the van Genuchten and linear models with daily stress factors (calibration period). HHVE1h

corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the calibration period.

van Genuchten

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.46 0.09 0.33 0.19 0.79 0.40 1.58 0.76 0.43 0.99 0.23 0.73

MBEh [%] 0.23 -0.01 -0.15 -0.03 0.40 -0.20 0.72 -0.41 0.24 0.41 -0.10 0.50

HHVE1h [%] 3.36 -5.93 -6.34 19.69 5.19 8.70 -9.46 1.99 -13.73 -15.41 4.84 -45.26

HHVE2h [%] -0.39 -1.15 5.64 7.27 1.36 2.47 0.33 1.23 -23.64 4.04 -1.70 -43.33

linear

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 4.81 1.61 5.49 8.39 11.08 10.19 10.94 12.80 0.41 6.95 0.99 0.70

MBEh [%] 1.54 -0.58 2.55 3.23 5.38 5.30 4.89 6.65 0.22 2.85 -0.28 0.48

HHVE1h [%] 635.29 132.59 -14.50 579.53 537.04 372.17 214.19 390.07 162.75 -29.75 112.10 44.21

HHVE2h [%] 348.65 155.17 -7.31 415.91 417.65 197.94 112.50 298.36 141.82 -43.40 119.32 111.67
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Table C.4: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors (calibration

period). HHVE1h corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the calibration period.

250 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.45 0.24 1.01 1.26 0.36 1.12 0.85 1.93 0.45 0.28 0.30 0.74

MBEh [%] -0.21 -0.08 -0.47 -0.54 -0.17 -0.59 0.38 -1.03 0.26 0.01 -0.13 0.50

HHVE1h [%] 19.82 -14.29 4.12 24.39 9.02 14.55 13.45 6.16 -80.95 5.18 -22.55 -91.67

HHVE2h [%] -8.91 3.66 -3.82 -2.35 -7.41 -5.65 -12.24 -6.20 -76.92 -7.63 2.10 -86.96

500 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 1.36 0.26 0.55 2.75 2.58 2.05 0.79 3.65 2.08 0.89 0.80 1.28

MBEh [%] -0.66 0.09 -0.25 -1.18 -1.33 1.09 0.35 -1.96 1.18 -0.36 0.35 0.88

HHVE1h [%] 51.35 -5.88 0.52 26.83 5.26 30.91 9.24 13.70 -85.71 13.47 -18.63 -91.67

HHVE2h [%] 24.70 7.93 -5.52 -3.76 -9.26 5.65 -7.48 0.41 -76.92 -0.22 0.00 -86.96

750 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 4.38 0.99 0.56 4.37 0.16 0.13 0.46 0.58 0.86 0.42 0.46 1.64

MBEh [%] -2.18 -0.38 0.26 -1.89 -0.07 0.04 0.20 0.31 0.49 -0.15 0.19 -1.12

HHVE1h [%] 12.61 -18.49 0.00 19.51 -1.50 6.36 1.68 6.16 -80.95 3.63 -6.86 -91.67

HHVE2h [%] -19.84 -28.05 2.76 -3.29 -8.80 -1.30 -8.16 -2.07 -73.08 -3.92 -13.99 -78.26

1000 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.12 0.37 0.54 0.73 2.05 1.52 1.85 5.32 1.68 1.18 1.33 2.61

MBEh [%] 0.04 0.14 0.13 -0.31 -1.05 -0.81 -0.84 -2.86 0.96 -0.49 -0.57 -1.79

HHVE1h [%] 21.62 -12.61 -29.90 16.26 6.02 13.64 -4.20 6.16 -85.71 3.63 -98.04 -94.44

HHVE2h [%] 0.00 10.98 -29.30 -6.57 -0.93 -8.26 -4.42 -6.20 -80.77 -1.53 -94.41 -78.26
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Table C.5: Values ofMBEh, HHVE
1
h, and HHVE

2
h calculated for the 8 layers, 6 layers, and 3 layersmodels with monthly stress factors (calibration period).

HHVE1h corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the calibration period.

8 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.45 0.24 1.01 1.26 0.36 1.12 0.85 1.93 0.45 0.28 0.30 0.74

MBEh [%] -0.21 -0.08 -0.47 -0.54 -0.17 -0.59 0.38 -1.03 0.26 0.01 -0.13 0.50

HHVE1h [%] 19.82 -14.29 4.12 24.39 9.02 14.55 13.45 6.16 -80.95 5.18 -22.55 -91.67

HHVE2h [%] -8.91 3.66 -3.82 -2.35 -7.41 -5.65 -12.24 -6.20 -76.92 -7.63 2.10 -86.96

6 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 2.66 0.51 0.53 2.15 1.85 0.52 2.19 0.88 0.44 1.38 0.49 0.72

MBEh [%] -1.32 -0.20 0.02 -0.92 -0.95 0.26 0.99 -0.46 0.25 0.52 -0.22 0.49

HHVE1h [%] 15.32 -19.33 -13.40 41.46 9.77 24.55 14.29 28.08 -76.19 -34.20 -15.69 -88.89

HHVE2h [%] -10.53 10.98 -25.27 37.09 5.09 7.83 -10.54 21.90 -69.23 -39.43 9.09 -82.61

3 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 8.24 0.29 3.16 9.84 12.82 8.20 7.78 10.87 0.46 3.96 0.31 0.74

MBEh [%] 4.06 -0.08 1.47 4.23 6.57 4.36 3.53 5.82 0.26 1.61 -0.13 0.50

HHVE1h [%] 66.67 8.40 -22.68 43.09 33.83 7.27 -2.52 -13.70 -90.48 -37.31 -26.47 -97.22

HHVE2h [%] 25.51 25.00 -27.39 49.30 47.69 12.17 -8.16 17.36 -92.31 -38.56 0.70 -91.30
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Table C.6: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the van Genuchten and linear models with monthly stress factors (calibration period).

HHVE1h corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the calibration period.

van Genuchten

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.45 0.24 1.01 1.26 0.36 1.12 0.85 1.93 0.45 0.28 0.30 0.74

MBEh [%] -0.21 -0.08 -0.47 -0.54 -0.17 -0.59 0.38 -1.03 0.26 0.01 -0.13 0.50

HHVE1h [%] 19.82 -14.29 4.12 24.39 9.02 14.55 13.45 6.16 -80.95 5.18 -22.55 -91.67

HHVE2h [%] -8.91 3.66 -3.82 -2.35 -7.41 -5.65 -12.24 -6.20 -76.92 -7.63 2.10 -86.96

linear

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 6.58 1.57 6.30 10.35 13.27 11.47 12.11 14.56 0.46 7.18 0.92 0.74

MBEh [%] 2.77 -0.57 2.98 4.18 6.57 6.02 5.45 7.65 0.26 2.95 -0.23 0.51

HHVE1h [%] 600.90 99.16 22.16 593.50 517.29 311.82 205.88 332.19 -85.71 -14.51 97.06 -94.44

HHVE2h [%] 302.02 158.54 -33.97 350.23 359.26 157.83 71.77 224.38 -73.08 -45.10 144.06 -91.30



2
3
2

C
o
m
p
le
m
e
n
t
to

C
h
a
p
te
r
7

Table C.7: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the optimised 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors

(calibration period). HHVE1h corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the

calibration period.

250 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.26 0.42 0.33 0.53 0.68 0.36 1.99 1.00 0.42 0.41 0.22 0.74

MBEh [%] -0.05 -0.16 0.01 -0.20 0.26 -0.15 0.90 -0.48 0.24 0.00 -0.09 0.51

HHVE1h [%] 3.60 -40.34 -19.59 20.33 49.62 4.55 -4.20 10.96 -95.24 -9.33 -23.53 -77.78

HHVE2h [%] 8.91 -9.15 -15.29 17.37 38.43 -9.57 -19.73 -11.16 -88.46 -10.89 0.00 8.70

500 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 1.21 0.20 0.49 0.91 0.55 2.83 1.78 2.20 2.00 0.42 0.57 1.26

MBEh [%] 0.38 -0.02 -0.23 0.29 -0.09 1.47 0.77 -1.09 1.14 0.00 0.25 0.86

HHVE1h [%] 98.20 5.04 -4.64 16.26 5.26 -4.55 -18.49 0.68 -85.71 -19.69 -2.94 -83.33

HHVE2h [%] 93.93 40.24 6.79 -11.27 -4.63 -49.13 -37.41 -42.98 -80.77 -23.75 24.48 39.13

750 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 1.41 1.47 0.90 1.49 1.58 0.27 1.07 0.84 0.97 0.73 0.40 1.41

MBEh [%] -0.68 -0.58 0.37 -0.62 0.79 0.09 0.48 -0.32 0.55 0.25 0.12 -0.96

HHVE1h [%] -5.41 7.56 -21.13 49.59 8.27 7.27 -7.56 52.74 9.52 -10.88 7.84 -36.11

HHVE2h [%] -23.08 28.66 -28.45 35.21 -10.19 11.30 -15.65 40.08 96.15 -14.38 16.08 91.30

1000 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.47 0.46 0.68 0.94 0.83 1.43 0.36 1.95 1.63 1.01 1.32 2.51

MBEh [%] 0.05 -0.13 0.09 0.39 -0.34 0.74 0.01 -0.98 0.93 -0.38 -0.56 -1.72

HHVE1h [%] 61.26 -29.41 -30.93 14.63 27.82 10.00 -26.89 15.75 -90.48 -24.35 -98.04 -86.11

HHVE2h [%] 63.16 46.95 -35.03 -6.10 4.63 -7.83 -15.65 -21.90 -88.46 -19.83 -96.50 -26.09
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Table C.8: Values of MBEh, HHVE
1
h, and HHVE2h calculated for the optimised 8 layers, 6 layers, and 3 layers models with monthly stress factors

(calibration period). HHVE1h corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the

calibration period.

8 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.26 0.42 0.33 0.53 0.68 0.36 1.99 1.00 0.42 0.41 0.22 0.74

MBEh [%] -0.05 -0.16 0.01 -0.20 0.26 -0.15 0.90 -0.48 0.24 0.00 -0.09 0.51

HHVE1h [%] 3.60 -40.34 -19.59 20.33 49.62 4.55 -4.20 10.96 -95.24 -9.33 -23.53 -77.78

HHVE2h [%] 8.91 -9.15 -15.29 17.37 38.43 -9.57 -19.73 -11.16 -88.46 -10.89 0.00 8.70

6 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.59 1.71 0.53 0.51 0.67 1.07 1.25 0.81 0.59 1.11 0.80 0.82

MBEh [%] 0.28 -0.67 0.06 -0.02 -0.28 -0.56 0.56 -0.18 0.34 0.06 -0.35 0.56

HHVE1h [%] 29.73 -57.14 -28.35 45.53 -52.63 0.91 18.49 51.37 -52.38 -52.85 -50.98 -80.56

HHVE2h [%] 12.15 -51.83 -30.57 64.32 -28.70 -7.39 -5.10 79.34 -34.62 -71.02 -23.08 -65.22

3 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.60 0.32 0.77 0.91 0.68 0.69 1.62 0.90 0.63 1.10 0.61 0.76

MBEh [%] 0.15 -0.10 0.01 -0.06 -0.14 0.21 0.67 -0.05 0.36 -0.25 -0.25 0.52

HHVE1h [%] -36.04 4.20 -30.93 43.09 9.77 -6.36 -3.36 18.49 -90.48 -48.19 -65.69 -94.44

HHVE2h [%] -23.89 23.17 -39.70 61.03 1.85 -10.00 -23.13 13.64 -80.77 -54.03 -42.66 -91.30
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Table C.9: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the optimised van Genuchten and linear models with monthly stress factors (calibration

period). HHVE1h corresponds to HHVEh for the 1st year of the calibration period. HHVE2h corresponds to HHVEh for the 2nd year of the calibration period.

van Genuchten

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.26 0.42 0.33 0.53 0.68 0.36 1.99 1.00 0.42 0.41 0.22 0.74

MBEh [%] -0.05 -0.16 0.01 -0.20 0.26 -0.15 0.90 -0.48 0.24 0.00 -0.09 0.51

HHVE1h [%] 3.60 -40.34 -19.59 20.33 49.62 4.55 -4.20 10.96 -95.24 -9.33 -23.53 -77.78

HHVE2h [%] 8.91 -9.15 -15.29 17.37 38.43 -9.57 -19.73 -11.16 -88.46 -10.89 0.00 8.70

linear

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 4.14 2.75 2.73 2.59 2.47 5.04 2.02 2.34 1.14 4.12 2.06 0.75

MBEh [%] 1.66 -0.93 1.20 -0.35 -0.16 2.55 0.56 0.57 0.61 -1.61 -0.84 0.51

HHVE1h [%] 420.72 221.01 26.29 339.02 304.51 188.18 193.28 194.52 157.14 38.86 118.63 -75.00

HHVE2h [%] 190.69 317.07 0.00 214.08 212.04 110.87 71.09 141.32 546.15 6.32 197.20 -60.87
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Table C.10: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the optimised 250 m, 500 m, 750 m, and 1000 m models with monthly stress factors

(calibration period). HHVE1h corresponds to HHVEh for the 1st year of the validation period.

250 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.66 0.28 0.40 0.90 0.47 0.54 1.70 1.71 0.45 0.37 0.24 0.75

MBEh [%] -0.28 -0.11 -0.13 -0.35 0.03 -0.28 0.76 -0.90 0.24 -0.14 -0.10 0.51

HHVE1h [%] 7.34 1.88 -11.65 18.52 34.04 -5.84 -15.95 -14.93 -96.08 -4.17 1.27 -52.94

500 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 1.57 0.27 0.47 0.97 1.87 1.63 0.83 4.35 2.01 0.38 0.56 1.25

MBEh [%] 0.00 -0.01 -0.21 -0.40 -0.93 0.79 0.29 -2.29 1.15 -0.09 0.24 0.85

HHVE1h [%] 102.10 36.25 4.14 -20.16 -7.23 -57.30 -40.74 -53.73 -92.16 -15.67 24.68 -35.29

750 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 2.18 1.55 0.83 1.97 0.68 0.35 0.82 1.25 0.97 0.26 0.32 1.41

MBEh [%] -1.07 -0.62 0.17 -0.83 0.34 -0.16 0.36 -0.63 0.55 0.03 0.05 -0.97

HHVE1h [%] -19.23 29.38 -26.88 39.51 -5.96 17.88 -9.97 40.30 0.00 -10.52 6.33 -17.65

1000 m

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.83 0.42 1.01 0.37 1.78 0.68 0.70 3.22 1.65 1.47 1.48 2.49

MBEh [%] -0.11 -0.04 -0.32 0.16 -0.90 0.34 -0.29 -1.70 0.94 -0.59 -0.62 -1.70

HHVE1h [%] 66.78 48.75 -32.52 -2.88 0.85 -18.98 -20.80 -23.88 -96.08 -18.85 -96.20 -80.88
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Table C.11: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the optimised 8 layers, 6 layers, and 3 layers models with monthly stress factors

(calibration period). HHVE1h corresponds to HHVEh for the 1st year of the validation period.

8 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.66 0.28 0.40 0.90 0.47 0.54 1.70 1.71 0.45 0.37 0.24 0.75

MBEh [%] -0.28 -0.11 -0.13 -0.35 0.03 -0.28 0.76 -0.90 0.24 -0.14 -0.10 0.51

HHVE1h [%] 7.34 1.88 -11.65 18.52 34.04 -5.84 -15.95 -14.93 -96.08 -4.17 1.27 -52.94

6 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.42 1.50 0.67 1.37 0.89 0.59 1.41 1.20 0.62 1.69 0.75 0.86

MBEh [%] -0.03 -0.58 0.02 0.39 -0.42 -0.26 0.62 -0.01 0.35 -0.39 -0.33 0.58

HHVE1h [%] 19.93 -51.25 -28.01 122.63 9.79 9.49 -1.99 65.67 -68.63 -68.25 -26.58 -85.29

3 layers

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.81 0.31 0.89 1.62 1.68 0.67 0.76 1.86 0.66 1.86 0.51 0.81

MBEh [%] -0.36 -0.08 -0.16 -0.55 -0.84 -0.23 0.22 -0.86 0.37 -0.65 -0.19 0.54

HHVE1h [%] -30.42 18.12 -39.66 40.74 -12.34 -24.45 -35.04 -4.10 -92.16 -51.79 -48.73 -97.06
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Table C.12: Values of MBEh, HHVE
1
h, and HHVE

2
h calculated for the optimised van Genuchten and linear models with monthly stress factors (calibration

period). HHVE1h corresponds to HHVEh for the 1st year of the validation period.

van Genuchten

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 0.66 0.28 0.40 0.90 0.47 0.54 1.70 1.71 0.45 0.37 0.24 0.75

MBEh [%] -0.28 -0.11 -0.13 -0.35 0.03 -0.28 0.76 -0.90 0.24 -0.14 -0.10 0.51

HHVE1h [%] 7.34 1.88 -11.65 18.52 34.04 -5.84 -15.95 -14.93 -96.08 -4.17 1.27 -52.94

linear

Pz1 Pz2 Pz3 Pz4 Pz5 Pz6 Pz7 Pz8 Pz9 Pz10 Pz11 Pz12

RMSh [m] 1.85 2.97 1.92 3.60 2.81 3.26 1.29 2.11 1.10 5.75 2.34 0.79

MBEh [%] 0.50 -0.94 0.77 -1.33 -1.08 1.55 -0.18 -0.54 0.56 -2.30 -0.95 0.53

HHVE1h [%] 92.66 301.88 -4.14 126.75 138.72 70.07 31.34 94.03 254.90 1.79 189.87 -86.76
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