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Environmental modelling software with graphical user interfaces (GUIs) are user friendly and help to
focus on the aspects of modelling rather than on the technicality of the underlying code. This is a
fundamental advantage compared to codes without a GUI, as the absence of a GUI can prohibit the
widespread application of a software tool. However, there is a downside to GUIs, too. They commonly lag
behind the newest software development. We argue that tutorials are a flexible but undervalued

alternative to GUIs, and are convinced that tutorials can help to make complex software accessible to an

increased number of users. As an example to demonstrate our point, we have written a tutorial that

Iézylwords' illustrates the use of Pilot-Point based calibration made available through PEST in the HydroGeoSphere
Tutorial modelling environment. We hope that this example will encourage the modelling community to develop
Model calibration tutorials and make them available to the wider public.

Pilot Points © 2015 Elsevier Ltd. All rights reserved.
HydroGeoSphere

1. Introduction

Many environmental modelling software packages such as
FEFLOW (Diersch, 2005), GMS or Visual Modflow (Guiguer and
Franz, 1996) are equipped with graphical user interfaces (GUIs).
GUIs provide a user-friendly environment that helps to focus on the
aspects of modelling rather than on the technicality of the under-
lying code (Seibert and Vis, 2012). For example, FEFLOW provides
all required functions to elaborate and post-process an entire,
georeferenced flow and transport model within a GUI. In principal,
no additional software such as text-editors or GIS packages for the
manipulation of spatial data are required in the process (Trefry and
Muffels, 2007). On the other hand, the absence of a GUI leaves it to
the user to resolve all the technical challenges related to running
the software.

Given the user-friendliness of models equipped with a GUI,
software without a GUI are in a strategic disadvantage, independent
of their capabilities or level of sophistication. In fact, the absence of a
GUI might even prevent the wide-spread application of a code. A
good illustrative example is the model independent calibration
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software PEST (Doherty, 2010), that provides a large amount of
calibration tools, including Pilot Points calibration. A range of hy-
drological models with a GUI (e.g. MODFLOW (Harbaugh, 2005),
MT3DMS (Zheng, 1990), SEAWAT (Langevin et al., 2008), FEFLOW
(Diersch, 2005), MicroFEM (Hemker and de Boer, 2009) and RSM
(South Florida Water Management District, 2005)) provide an
interface to make easy use of PEST capabilities within the modelling
environment. Pilot Points calibration through PEST has been used
with all of these codes (e.g. Dausman et al.,, 2010, Doherty, 2003,
Wiese and Nutzmann, 2011). Other hydrological models such as
PARFLOW (Ashby and Falgout, 1996), InHM (VanderKwaak and
Loague, 2001), OpenGeoSys (Kolditz et al., 2012) or HydroGeo-
Sphere (Therrien et al., 2010) do not have a GUI or do not support
PEST or Pilot Points calibration in a GUI environment. The absence of
a GUI seems to preclude the application of the Pilot Points options
available in PEST. In fact, we are not aware of a single published Pilot
Points approach through PEST for a model without the GUI-support
for these functionalities. This example is in line with Yamamoto
(2008) who states that software without GUIs limit and hurdle
users to run sophisticated numerical simulation or calibration ap-
proaches. Despite all advantages of GUIs, however, there are draw-
backs. For example, the capabilities of GUIs often lag behind the
software development of the underlying code. Also, GUIs often do
not provide an interface to all the available capabilities. Moreover,
GUIs are a potential source of bugs and invite inexperienced mod-
ellers to run simulations without having a clear understanding of
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the underlying model concept. In addition, compatibly problems
might occur if the operating system of the computer is changed or
updated. Finally, the development of a GUI is expensive.

A flexible alternative to GUIs are tutorials. Tutorials guide be-
ginners on their first steps on model use (Heistermann et al., 2013)
and are part of a learning process. Compared to a GUI, tutorials are
far less time-consuming to develop and can be rapidly adapted to
changes and extensions of the software. However, despite the ad-
vantages, only a relatively small number of tutorials has been
published. For instance, Zambrano-Bigiarini and Rojas (2013) pro-
vide a model-independent R (R Development Core Team, 2011)
package (hydroPSO) used for model calibration. For the package
hydromad (Andrews et al., 2011), a modelling framework for water
balance accounting and flow routing in spatially aggregated
catchments, a tutorial as well as a web page are provided describing
theory and model use (http://hydromad.catchment.org/). Kaser
et al. (2014) provided tutorials for the interpolation of channel
cross-sectional data and the refinement of a mesh along a stream in
areas of high topographic variability.

Despite these examples we believe that the value of tutorials is
underestimated in the environmental modelling community. How-
ever, tutorials have the potential to bring non-supported software
without a GUI environment easily accesable to the wider community.
To demonstrate our point, we have written a tutorial that illustrates
the use of Pilot-Point based calibration made available through PEST
in the HydroGeoSphere (HGS) modelling environment. Linking the
Pilot Points method with HGS is especially important because HGS is
a powerful state of the art tool used to reproduce many environ-
mental processes. As stated by Brunner and Simmons (2012), the
model has been applied to a wide range of hydrological subjects such
as groundwater — surface water interaction (Irvine et al., 2012;
Partington et al., 2012, 2013; Bartsch et al., 2014), flow in fractured
rocks (Vujevic and Graf, 2012; Graf and Therrien, 2008), ground-
water response to climate change (Goderniaux et al., 2011, 2009) and
hydrological processes at catchment scale (Li et al., 2008; Sciuto and
Diekkrueger, 2010). Representation of spatial heterogeneity is highly
important for all of the above mentioned application of HGS. Pilot
Points provide the means to account for spatial heterogeneity during
model development and calibration.

We discuss the application of the PEST Pilot Points capabilities in
a general way, in order to ensure that our tutorial is also useful in
modelling environments other than HydroGeoSphere. We also
demonstrate the advanced capabilities of PEST for Cross-validation
(CV) and Linear Uncertainty Analysis (LUA). CV and LUA is applied
tovalidate alternative calibrated hydraulic conductivity fields and to
identify the importance of observations to parameter estimates and
predictions. These powerful features of PEST are not supported by
GUIs and have not been employed in the context of Pilot Point
calibration.

Our paper is organized as follows: In Section 2, we provide some
background information on model calibration and Pilot Points. In
Section 3, we explain how the pilot point method implemented in
PEST can be linked to a code without GUI (in our case HydroGeo-
Sphere) according to our tutorial. Also, the theory of CV and LUA is
briefly discussed. In Section 4 an example is presented. Results and
conclusions of both, Pilot Points calibration and CV as well as LUA
are presented in Sections 5 and 6. Beside results and conclusions,
the value and philosophy of tutorials are discussed. The appendix
contains a detailed step-by-step tutorial to reproduce the example.

2. Context: model calibration, Pilot Points and Uncertianty
analysis

Spatial variations of hydraulic properties play an important role
in controlling flow and solute movement in the subsurface (e.g.

Sudicky and Huyakorn, 1991; Sudicky et al., 2010; Zheng and
Gorelick, 2003). Virtually every hydrogeological investigation re-
quires estimates of hydraulic conductivity (Butler, 2005). However,
heterogeneity can typically not be investigated in all details.
Nevertheless, model parameters must be provided to the employed
models and therefore, calibration is required.

During model calibration, parameters are adjusted until the
model output fits historical field measurements (Moore and
Doherty, 2006; 2005). The classical calibration approach is based
on the principle of parsimony. It consists of subdividing the model
domain into zones of piecewise constancy of the hydraulic prop-
erties that are then calibrated. The strengths and weaknesses of this
approach have been described by Hill and Tiedeman (2006) and are
subject to an ongoing debate in the scientific community (Doherty,
2010, 2009, Doherty and Hunt, 2009; Hill, 2010). Pilot Points are an
alternative to the zonation approach. Pilot Points introduce great
flexibility to calibrate heterogeneous systems without neglecting
expert knowledge (Doherty, 2003). Renard (2007) provided a brief
history of Pilot Points methods, which was proposed first by de
Marsily (1978). The method was further developed by de Marsily
et al. (1984), Lavenue, et al. (1995) and Ramarao et al. (1995) and
has been implemented into the automatic parameter estimation
software PEST (Doherty, 2010).

Pilot Points have been combined with various numerical models
of different conceptual complexity to simulate a wide range of
environmental problems. For instance, Dausman et al. (2010) used
SEAWAT (Langevin and Guo, 2006) to simulate the effect of variable
density flow and transport and developed an optimization
approach for efficient data acquisition. MODFLOW (Harbaugh,
2005) was used for an investigation of the potential error in pre-
dictions made by highly parameterized models calibrated using
regularized inversion (Tonkin et al., 2007). Herckenrath et al. (2011)
used a “Null-Space-Monte-Carlo” approach to quantify predictive
uncertainty for a saltwater intrusion problem. The impact of Pilot
Points positions on inversions results was investigated by Kowalsky
et al. (2012) and the importance of intraborehole flow in solute
transport by Ma et al. (2011). However, using the Pilot Points ca-
pabilities of PEST is not straightforward because the numerical
model and the calibration software have to interact throughout the
calibration process, and further Pilot Points have to be assigned to
specific mesh-locations while the interpolation between the Pilot
Points has to be mapped to the model mesh.

3. Pilot Points calibration and Uncertainty analysis using
PEST

Calibration of a model using Pilot Points involves the following
steps. First, Pilot Points are distributed over the model domain. The
distribution can be both regularly spaced or denser for locations of
interest. Note that any distributed model parameter can be cali-
brated with Pilot Points. Once the Pilot Points have been defined,
PEST interpolates the model parameters (starting from initial
values based on the expert knowledge) between the Pilot Points
based on a user defined method (e.g. Kriging). PEST offers the op-
tion to define multiple geostatistical models that can be assigned to
predefined zones in the model domain. The model is then run with
the given parameter field, and an objective function is calculated by
comparing measured and simulated observations. In the subse-
quent calibration, Pilot Points values are varied and the corre-
sponding objective functions calculated. PEST modifies the Pilot
Points values to minimize the objective function. All options of PEST
to minimize the objective function can be used for this task,
including mathematical regularisation approaches (e.g. Tikhonov
regularization and/or Singular value decomposition (SVD)). An
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extensive description of the Pilot Points theory can be found in
Christensen and Doherty (2008), Doherty (2009, and 2003).

3.1. Pilot Points calibration in PEST to the HydroGeoSphere
environment

The following workflow guides users through the aforemen-
tioned calibration process in HGS according to our tutorial. The
application of Pilot Points requires coordinate transformations
between the model and PEST. In the “PEST domain” values for Pilot
Points are estimated through the inverse process and the interpo-
lation between them is carried out through “ppk2facg” and “fac2g”.
These two programs are part of the PEST suite (Doherty, 2010). Are-
transformation into the model specific file structure has to be car-
ried out previous to the model run. Fig. 1 and the following points
illustrates this workflow for HGS in greater detail.

[1] In afirst step, the HGS mesh must be written to a file by using
the HGS command “Mesh to Tecplot”, which causes the pre-
processor of HGS (grok) to write all available mesh
information.

[2] The program “R2Cord” (available as supplementary material)
makes this information readable to the PEST program
“ppk2facg” (Doherty, 2010).

[3] Then, executing “ppk2facg” generates a set of kriging factors
through which the interpolation can take place from a set of
Pilot Points. To run “ppk2facg”, two additional files are
required. The first file (Pilot Points file) provides name,
easting and northing of every Pilot Point as well as the pre-
defined zone and the assigned value. These values are used
for the spatial interpolation to the elements of the model
mesh. The second file contains the geostatistical structure
defined through a variogram. This information is required for
kriging between the Pilot Points. In addition to generating a

set of kriging factors, “ppk2facg” writes regularization in-
formation, which can optionally be used by “ppkreg” to add
prior information to the PEST control file. Prior information
used for regularization can help to avoid overfitting and
numerical instability caused by the heterogeneity of the
generated model parameters. All tasks outlined in this
paragraph have to be carried out only once for a Pilot Points
calibration approach (see top panel of Fig. 1).

[4] After completing the preparation of the input files, the pro-

gram “fac2g” (Doherty, 2010) undertakes the interpolation
from Pilot Points to elements of the HGS mesh. This inter-
polation tends to generate smoothed projections of the true
hydraulic conductivity. If the number of Pilot Points or ob-
servations is too small, the degree of heterogeneity is likely
to be underestimated.

[5] The interpolated field is mapped on the elements of the HGS-

6

mesh by using the program “K2HGS” (available as supple-
ment). The pre-processor of HGS (grok) is then initialized by
PEST, followed by the model run itself. After achieving the
predefined convergence criteria, HGS generates all model
specific output data.

PEST reads these data and calculates the objective function.
Based on the updated objective function, PEST generates a new
set of values for the Pilot Points. This procedure is repeated
until PEST aborts the calibration process following the pre-
defined convergence criteria. The sequential calling of the
executables as described above must be defined in a batch file.

3.2. Implementation of Pilot Points for codes without GUI support

The provided workflow can be applied to other models by

changing two steps. Firstly, coordinates of each mesh element must
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Fig. 1. Flowchart of the methodology to combine Pilot Points calibration using PEST with HGS. In the top panel, the pre-processing and the preparation of the input files are shown.
The lower panel illustrates the calibration procedure. The rectangles in gray colour show the specific HGS software.
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be provided in a text file. Secondly, the “R2Cord” program (source
code available as supplement) must be modified to ensure that the
mesh structure can be imported by PEST. From this point on, the
steps of step [3] are carried out until the execution of “K2HGS".
“K2HGS” has to be modified (source code available as supplement)
to import and create a file readable by the numerical model.

3.3. Model performance criteria, Cross-Validation and Linear
Uncertainty Analysis

We use a scatter and residual plot to evaluate the model per-
formance as well as the Percent of bias (Pbias), Root Mean Square
Error (RMSE), Nash-Sutcliffe efficiency coefficient (NSE) and Kling-
Gupta efficiency (KGE). The theoretical background to these per-
formance criteria are given in the tutorial. The application of such
multiple performance criteria are generally recommended because
a single criterion evaluates only specific aspects of model perfor-
mance (e.g. Krause et al.,, 2005). As mentioned in Bennett et al.
(2013) model performance criteria which are applicable for one
specific model application may not be sufficient for another. The
performance evaluation is, however, just one iterative step of
model development (Jakeman et al., 2006). Although it is impos-
sible to give standard techniques for model evaluation, a practical
general five step procedure to characterise model performance can
be found in Bennett et al. (2013).

Here, Cross-Validation (CV) and Linear Uncertainty Analysis
(LUA) are applied. The target of CV and LUA is to identify the
dependence of the model fit and estimated parameter values on
each observation (Foglia et al., 2007; Hill and Tiedeman, 2006). CV
is a computationally demanding method, which accounts for model
nonlinearity due to the model re-calibration. For each re-
calibration one observation after the other observations is omitted.

Using LUA, parameter identifiability of each parameter
depending on the information content of the available observations
can be calculated. The contribution to the pre- and post-calibration
error variance and uncertainty of the different parameters can be
computed. Also the worth of different observations in lowering the
error variance and uncertainty by selectively removing observa-
tions can be quantified. A quite important factor, which demon-
strates the attractiveness of the present Linear Uncertainty
Analysis, is that parameter or observation values are not required
and the analysis can be carried out even before model calibration.
Detailed descriptions about the concepts can be found in the
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Fig. 2. (a) Distribution of reference hydraulic conductivity [m day~'] within the finite element model domain. (b) Simulated heads within the model domain.

tutorial or in the listed references (CV: e.g. Brunner et al. (2012),
James et al. (2009), Moore and Doherty (2006, 2005) and LUA:
e.g. Foglia et al. (2007), Hill and Tiedeman (2006)).

4. Example

In the following example the hydraulic conductivity field of a
finite element 2-D HGS model will be calibrated with Pilot Points
using regularization to illustrate the application of the tutorial.
Observations for the calibration were taken from a reference
model and the two hydraulic conductivity fields (reference and
calibrated) are compared. After the calibration, we apply CV by
omitting single or groups of observations and re-calibrate the
model. Subsequently, we apply different types of statistics
following Cook and Weisberg (1982). We rate how much the
estimated parameter and the simulated values vary during the
calibration when observations are omitted. The influences of each
observation on the Pilot Points values and on model predictions
are calculated. Then the LUA analysis is carried out. We use the
PEST utility “genlinpred” (Doherty, 2010), a batch program
running the PEST utilities required for the linear uncertainty
analysis to LUA.

4.1. Reference model

A synthetic reference model of a unconfined porous aquifer was
created. The 2-D steady state model has a stationary, spatially
variable hydraulic conductivity field throughout the entire model
domain and is described by a log exponential variogram with a
range of 200 m and a sill of 0.29. The mean hydraulic conductivity is
58 E4m s~ (Fig. 2).

Steady state groundwater flow is induced with constant head
boundaries of 1 m at the southern border and 5 m at the northern
border. “No flow” boundaries are imposed on the remaining bor-
ders. A total of 12 observation wells for head measurements are
distributed in the model domain (Fig. 3). No random noise was
added to the head observations in order to simplify the data
estimation.

4.2. Model calibration

130 Pilot Points were distributed in the model domain, regularly
spaced. This number was chosen to ensure that sufficient Pilot
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Fig. 3. Model domain with locations of 12 observation wells (red points), regularly distributed 130 Pilot Points (small green points). Constant head boundary conditions are imposed
at the northern and southern border whereas the lateral border consist of no flow boundaries. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Points exist to reproduce the reference hydraulic conductivity field. good identification of the heterogeneity, good geostatistical char-
Typically this number is uncertain due to the unknown degree of acterization (Doherty, 2003) and less sensitivity to the location of
subsurface heterogeneity and therefore as many Pilot Points as the Pilot Points (LaVenue and Pickens, 1992). Observations of hy-
possible should be used. A high number of Pilot Points leads to a draulic head of the reference wells are used for the calibration
(Fig. 3).
In the calibration process, initial log transformed hydraulic
- conductivity of 1.4 E=> m s~ are assigned to all Pilot Points as well
< 7 as the lower and upper bounds of 1.0 E~'° and 1.0 E'® m sec™ . This
large parameter range was chosen to demonstrate how well PEST
o estimates realistic parameter values using mathematical regulari-
< 7 zation. In our synthetic example all observations were equally
. reliable without any assumed measurement errors and therefore
E v | equal weights were applied to all observations. Singular value
& @ decomposition (SVD) as well as Tikhonov regularization are applied
5 in the calibration process.
£ o |
E ©
) 5. Results and discussion
g © |
» < ¥ A very good fit was obtained between model output heads and
. 4504 * * head observations from the synthetic reference model through six
2 — g 2e-04 ¥x ¥ iteration steps in the calibration process (Fig. 4). In the residual plot
E 0e+00 —[ =" g7 ;ﬂ; “““ (Fig. 4, smaller panel) a uniform spread of residuals can be observed
© -2e-04 —f s - which indicates that no systematic model bias is introduced during
~ 7 -4e-04 — = the conceptual model formulation and calibration. The calculated
values for Pbias, RMSE, NSE and KGE show that model performance
! I ! I ! I ! is very good under all criteria (calculated values are given in the
15 20 25 30 35 40 45 tutorial).
Observed heads (m) Comparing the hydraulic conductivity fields between reference

and calibrated model shows large differences in their structure

Fig. 4. Simulated versus observed heads. Residuals of all observation wells are dis- (Fig. 5). The calibrated hydraulic conductivity field shows only a
played in the panel in the lower right. fraction of the real heterogeneity of the reference model. This can
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Fig. 5. (a) Reference and (b) calibrated hydraulic conductivity field [m day~'].

result in considerable predictive uncertainties, espically in
contaminant transport, as demonstrated by Moore and Doherty
(2006, 2005). Post-processing allows to quantify the uncertainty
of the head predictions.

To subsequently calculate the influence of each observation on
predicted heads, CV is used. This analysis indicates that the head
observations close to the southern border (well 9 to 12) contain the
highest information content for the calibration from all observa-
tions (Fig. 6, see left axis). In this particular area, the head change
(gradient) is highest compared to the other areas in the model
domain. The strongest effect from omitting an observation occurs
at observation well 9. Reproducing the piezometric head field
without observation well 9 increases the uncertainty. Omitting an
observation in the northern part of the model domain (see for
instance piezometric head in Fig. 2) has no or only a small effect on
the head predictions. The horizontal head differences are small
between the observation wells in the northern part (e.g. the 4 wells
close to the northern border).

Similar results can also be obtained with the LUA (Fig. 6, see
right axis). Omitting observation well 9 in the calibration would
increase the predictive uncertainty variance in the calibration
process for reproducing the reference piezometric head field.
Omitting any other observation only has a small effect for the head
predictions based on the LUA. Although both methods indicate
similarity in the results, the computation time is different (Only 131
model runs were needed for LUA whereas for CV 1180 runs carried
out). For CV a re-calibration is required for each omitted parameter
or parameter group whereas for the LUA it is not required. In
addition, calibrated parameter values are also not required. The LUA
is only based on parameter and observation sensitivities. Therefore,
LUA can be already applied albeit the model is not yet calibrated.
However, it should be noted that CV shows the actual effect of
omitted observations for the calibration in contrast to LUA.

The influence of omitting individual or groups of observations
for the Pilot Points hydraulic conductivity values obtained by CV are
shown in Fig. 7 (Equation 21, see tutorial). For most omitted ob-
servations only a small change in the parameter values can be
observed (blue to light yellow colours (in web version)). Only for
the omitted observation well 9 and observation group lower (which
in fact includes observation well 9) large changes in the Pilot Points
values occur (dark yellow to red colours).

In summary, observation well 9 provides the highest informa-
tion content for the calibration of the hydraulic conductivity field.
Omitting this observation increases the predictive uncertainty.
Parameter identifiability for each Pilot Point (Figure 9 in the
tutorial) indicates that the data worth of the hydraulic heads is
insufficient to constrain the hydraulic conductivity field, even if
head observation 9 is included in the calibration. To reduce
uncertainty and increase the parameter identifiability additional
types of observation, such as contaminant concentration could be
used. Additional methodologies to explore the predictive uncer-
tainty have been developed and applied (e.g. Brunner et al., 2012;
Moore and Doherty, 2006; 2005; Christensen and Doherty, 2008;
Dausman et al., 2010; Doherty and Christensen, 2011; M
Gallagher and Doherty, 2007; MR Gallagher and Doherty, 2007;
Herckenrath et al, 2011; Tonkin et al., 2007; Schilling et al.,
2014). These approaches are readily applicable to models cali-
brated through Pilot Points methods. For instance, the contribution
of the parameter null space can be investigated by using Pilot Points
(Hunt et al., 2007) and/or in combination with stochastic field
generation to apply a Monte Carlo analysis (Tonkin and Doherty,
2009). Especially the combination of Pilot Points calibration with
a stochastic field generator gives the possibility to generate many
different stochastic realizations of, for instance hydraulic conduc-
tivity fields. Subsequently running the model on all generated fields
provides an additional approach to represent uncertainty of pre-
dictions. Starting PEST from a succession of different starting values
helps to overcome local minima as demonstrated by Skahill and
Doherty (2006). Combing these approaches equips modellers
with a powerful means to explore uncertainty within satisfying
stochastic calibration constrains and can avoid that only local
minima are found during the calibration process.

6. Summary and conclusions

In our example we illustrated the application of Pilot Points
calibration using the program PEST in combination with the
physically based finite element model HGS. Additionally CV and
LUA were used for post-processing. Both CV and LUA show similar
results, but the latter with much lower computational cost. The
fact that the model does not have to be calibrated before an
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Fig. 6. Left axis: Influence of observations on model predictions (Equation (2), see tutorial) by CV. On the x-axis the omitted observation is shown. The predictions are the simulated
head if the chosen observation is omitted. Right axis: The increase of predictive uncertainty variance for each head due to the loss of observation is shown (Equation (3), see
tutorial).
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Fig. 7. Parameter influence statistics (Equation (1), see tutorial) from the CV experiment. Omitted individual observations are labeled as observation 1 to 12. Omitted groups of
observations are labeled upper (the 4 observations close to the northern border), lower (the 4 observations close to the southern border) and middle (the 4 observations between
down and top). All 130 Pilot Points used in the calibration are displayed along the x-axis. The statistic shows the differences between a calibration with all observation and the re-
calibration with omitted observation(s) for the Pilot Points hydraulic conductivity values.
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uncertainty analysis can be applied makes LUA very attractive tool
in a modelling process.

The presented workflow and comprehensive tutorial guides
users through the advanced calibration process and helps to over-
come the technical challenges associated with employing the Pilot
Points method using PEST without a GUI. Although the Pilot Points
method is an attractive tool in model calibration, often only a
fraction of the actual subsurface heterogeneity can be represented
and the risk of over-fitting due to over-parameterisation of the
inverse problem exists. Therefore, we have explored the capability
of PEST to evaluate model results. However, it is important to know
that many other model evaluation criteria exist and generally
multiple performance criteria should be applied (Bennett et al.,
2013).

Additionally to the tutorial we provided two executable files
(source code available as supplement) that are required to use PEST
with HGS. The program “R2Cord” transfers mesh coordinates and
makes the information readable for further steps using the PEST
programs. The mapping of the undertaken interpolation from Pilot
Points to elements of the HGS mesh is done by the program
“K2HGS"”. The provided workflow and tutorial can be easily applied
to any other numerical models by adjusting the two executable
files.

We hope that our provided example will encourage the
modelling community to develop tutorials and make them avail-
able in order to make the latest software developments and model
features more accessible to the wider public.
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