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Introduction 

The overall objective of the GeoTwinn work package 4 (WP4) is to develop comprehensive 

skills set that will enable the development of detailed conceptual models and 

understanding of Croatian geothermal systems and resources using field-based 

investigations, data analysis and numerical modelling techniques. While geothermal 

research and conceptualisation is already an integral part of HGI-CGS’ research portfolio, 

development of specialised skills in the application of hydrochemical and numerical tools 

for the interpretation of geothermal systems are required to advance HGI-CGS' capability in 

geothermal systems research. More specifically, the objective of WP4 is to upgrade skills 

and competencies in modelling fluid and heat flow using finite element solution techniques 

to characterise geothermal systems. The scope of work also includes comparison of 

different software packages used for numerical modelling of fluid and heat, i.e. FEFLOW, 

applied in BGS-UKRI, end ECLIPSE used for geothermal simulations in GEUS.  

The deliverable D4.2 focuses on the workflow of stochastic and numerical modelling. 

Workflow of stochastic and numerical modelling 

The overall workflow is divided in several steps: 

• Preliminary considerations 

• Conceptual model 

• Stochastic modelling 

• Flow and heat transport modelling 

• Reporting and storage of results and model meta data 

 

Preliminary considerations 

In the first step, it is necessary to define modelling objectives, i.e. what specific questions or 

set of questions will be addressed. This is the primary factor in deciding appropriate 

simplification and assumptions and thereby determines characteristics of the mathematical 

model and drives code selection for numerical modelling and model design. This step also 

includes data sources and data quality analyses, which influences and directs 

conceptualization and numerical modelling. Consequently, the model may be modified if 

the hydrogeological data is found to be inadequate to meet initial modelling objectives. 
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Once the data is collected and modelling objectives are defined, the next steps can be made, 

including the decision on whether the model will be one-, two-, or three-dimensional, as 

well as whether it will be steady state or transient. 

 

Conceptual model 

In order to solve any site-specific groundwater and/or geothermal problem, prior to 

simulation the modeller must assemble and analyse relevant field data and articulate 

important aspects of the system. The conceptual model is the synthesis of what is actually 

known about the site under consideration. Based on data availability and modelling 

purpose, they can be divided in several groups, ranging from simple models to high-level 

representations of hydrogeological complexity. Ideally, they are based on a sound 

geological reconstruction of the modelling area. With that in mind, the GeoTwinn work 

package 1 is dedicated to embedding state-of-the-art methods and techniques for 

development of advanced 3D geological models, which should easily be utilised and 

upgraded by other work packages for conceptualization purposes. 

Once the conceptual model is set up, the next steps include: 

1. System parametrisation, which involves taking in concern the following parameters: 

o Aquifer properties 

o Heat transport properties 

o Faults characterisation 

2. Defining boundary conditions 

3. Consideration of faults and/or dual porosity impacts on flow and heat transport processes 

4. Selection of modelling approach and numerical code based on data availability and modelling 

purpose: 

o Stochastic modelling; or 

o Finite difference/finite element codes 
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Deterministic and stochastic modelling 

Data modelling can be approached using two different concepts. Although the training in 

the scope of GeoTwinn WP4 was initially conceived as the one in stochastic modelling only, 

further communication between the members of WP4 led to a conclusion that the HGI-CGS 

team would benefit from training using both concepts. That is why the training included 

both deterministic and stochastic 3D data modelling. 

Deterministic model of the data represents a single conceptualisation using the unique 

expert insight in the phase of interpolation, i.e. it is partly based on the engineering 

judgement of the modeller. 

Stochastic model of the data involves the use of multiple equally probable realisations that 

are derived from the dataset of parameters, which can be considered random variables. 

Geological data in the modelling sense can be divided into hard and soft data. Hard data 

imply that there is a certainty involved, and they therefore encompass borehole core data, 

borehole logs, pumping tests and similar. However, it must be kept in mind that the 

certainty of such data depends on the quality of input data, e.g. core drilling technology or 

the quality of the pumping test data (possibility for reliable data acquisition depends on the 

number of wells, type of flow measurement, suitability of the employed calculation 

methodology, as well as the time when data was acquired). 

Soft data, on the other hand, are represented by information about the geological medium 

derived indirectly, e.g. from rock chips instead of the core or from surface geophysical 

surveys. These data can be assigned some probability. 

Using hard and/or soft data, it is possible to derive deterministic and stochastic models of 

the data using different software, and the training conducted in the scope of GeoTwinn 

project was directed toward using open source codes, which are also used by the scientists 

at the BGS-UKRI. 

The initial plan of the WP4, as stated in the Application Form, was to use D1.1: Initial 

structural-stratigraphic 3D model of greater Zagreb pilot area, conduct it’s hydrogeological 

and thermal parametrisation and in that way continue to increase the knowledge on the 

designated pilot area. However, since all required data was not available by the time of the 

training, it was necessary to use existing sample data instead. 
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The data we used were from MADE (Macro Dispersion Experiment) site in Mississippi. It is 

a well-studied site where stochastic assumptions about the hydraulic conductivity were 

tested by three large-scale and two small-scale tracer tests using Br-, tritium, benzene and 

BTEX in a 12 m thick sand and gravel aquifer. 

Stanford Geostatistical Modelling Software (SGeMS) was used for both deterministic 

and stochastic modelling. The software is user-friendly while offering a range of 

geostatistical tools and implementation of the most common geostatistical algorithms. The 

graphical user interface and the possibility to directly visualizeof direct visualisation of 

data sets and results in a full 3-D interactive environment are some of the characteristics of 

this freely available software. Also, new features can be added into SGeMS through a 

system of plug-ins, which can be used to add new tools. 

Data interpolation was firstly conducted using Kriging. Although it is a method for 

deterministic characterization, its use is widespread in geosciences and was therefore 

considered to be the best starting point for training in SGeMS. 

 

The methodology of kriging was introduced by Krige and hence the name itself. Due to its 

widespread use, a lot of literature on this geostatistical tool for all levels of expertise is 

available, so the detailed description is not needed. Suffice it to say that the method is used 

in treating the data which can be considered random regional variables, meaning they vary 

in space. Likewise, if there is no spatial correlation, the use of this tool is pointless. 

There are two assumptions inherent to the methodology which needs to be considered: 

1. STATIONARITY: The analysed property must be statistically stationary, i.e. variance is 

spatially static, and there is no trend in the data (e.g. it is not good for treating groundwater 

level data). 

2. ERGODIC ASSUMPTION: States that one realisation of the simulation is indeed sufficient to 

make reliable assumption about ensemble properties. This assumption, obviously, cannot be 

tested. 

Six main steps were identified in Kriging workflow in SGeMS: 

1. CREATE A GRID from data set. 

• Done in the tab Objects → New Cartesian Grid; 
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• It is needed to input grid dimensions, cell size and the origin coordinates (lower left 

point of the grid); 

• Obviously, the dimensions of the grid will be determined based on the scale of the data 

(support scale and data spacing); 

• If the goal is to implement the interpolated properties into numerical model, the 

number of cells should be considered. 

2. ASSESS THE DATA. Important questions that must always be posed:  

• Is the data stationary?; 

• Is the distribution normal? (check in Data Analysis → Histogram); 

• If the data dos not display normal distribution, it can be transformed to normal 

distribution, Kriging can be performed and afterwards the data must be transformed 

back (can be done in Utilities → trans); 

• If the distribution is log-normal, then the logarithmic Kriging should be used. 

3. CALCULATE EXPERIMENTAL SEMIVARIOGRAM 

• It can be done in Data Analysis → Variogram → Calculate variogram from; 

• Properties must be chosen. This is where the modellers knowledge of the data is 

cardinal; 

• In geology it is common to encounter situations where the properties are more or less 

isotropic in x and y directions (have the same / similar variogram), but anisotropy is 

present in z direction in layered subsurface (different variogram compared to x,y 

direction can and should be modelled). 

4. MODEL VARIOGRAM 

• It is needed to superimpose mathematical model to the experimental variogram and 

fit experimental variogram to some of the theoretical variograms  

• The most common theoretical variograms are: 

o EXPONENTIAL – never reaches the sill; appropriate for data with strong 

variability even at short distances; 

o GAUSSIAN - never reaches the sill; appropriate for data with strong spatial 

correlation; 

o SPHERICAL - reaches the sill; spatial correlation of the data is between the 

former two; once it reaches the sill the correlation becomes zero (i.e. after 

the range the variable is random). 

5. KRIGING 

• It is done in Estimation → kriging; 
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• It is important define a large-enough search ellipsoid so the algorithm finds and uses 

enough data. However, if the ellipsoid is too large the algorithm will calculate with all 

the data, which is not a desired situation (it is smoothing the data too much); 

• The accompanying output to the Kriging result is the one showing where in the model 

is the variance the highest. It is the highest the furthest from measured points. The 

areas with the highest variance are those where it might be needed to collect 

additional data (new borehole, sampling or data acquisition). 

6. VALIDATION 

• It is performed by conducting all the procedure for the same data set, but with 50% of 

the data removed; 

• The quality check is done by reviewing the QQ-PP-plot (Data Analysis – QQ-PP-plot); 

• The data should overlap to a satisfactory degree. If the Kriging results were identical, 

the data would fall on a line. 

As it was mentioned earlier, many data in geology and hydrogeology display some trends. 

Such data can also be modelled using the modified Kriging methodology in SGeMS 

software, using the following workflow: 

1. Data is transformed to Normal Score (Gaussian distribution); 

2. Data is fitted by some function (linear, polynomial…); 

3. Residuals (Re = V – V’) should have Normal Score distribution; 

4. Conduct variogram modelling and Kriging for both V’ and Re; 

5. Create a map of residuals plus the trend (Vkrig = V’ + Re). 

 

Simulation methods 

Sequential Gaussian Simulation is a procedure that uses the kriging mean and variance 

to generate a Gaussian field. It generates many equally probable realizations which can be 

post-processed to quantify and assess uncertainty. It generates multiple equiprobable 

realizations of a property, rather than simply estimating the mean, for example when using 

the Kriging algorithm. Essentially, it is adding back some variability to undo the smoothing 

effect of Kriging. This result enables a better representation of the natural variability of the 

property and provides a means for quantifying uncertainty. It is most commonly used for 

geostatistical simulation for reservoir modelling for continuous variables like porosity. The 

family of sequential simulation methods makes use of the same basic algorithm. There are 

following basic steps in the SGS process.  
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1. Transform the original data to normal-score data with zero mean and unit variance; 

2. Model the variogram; 

3. Conduct simulations using the function Simulate → sgsim; 

• the simulation can be conditional (meaning that the actual data are represented in the 

grid) or unconditional (the algorithm will simulate also at locations where we do have 

the data).  

• all of the simulated grids are equiprobable; 

• the simulated histograms are always similar to the original data histogram and less 

smooth than the Kriging estimation histogram; 

4. Back transform and determine which realisation is the most suitable one 

• it can be controlled  in the Utilities → Postsim; 

• it is possible to analyse variance, mean, interquartile of all simulation results; 

• variance is low next to observation points; 

• mean is similar to the observed values’ mean. 

One of the important decisions is how many realisations to produce, especially if the data 

sets are large and simulations require long running times and high computational power. 

Rule-of-the-thumb would be to always generate at least a hundred realisations. On the 

other hand, it is possible to decide to produce less using a small test, e.g. to produce 25 and 

50 realisations and compare their means. If the means are similar, even 25 realisations 

could be considered enough. 

It is important to change the seed of the random number generator for different simulation 

sets, otherwise the computer will run the same set of realisations. Therefore it is the rule if 

we wish new simulations it is necessary to input the new seed number. 

If the data is scarce unconditional simulation is usually used, and a large set of 

equiprobable realisations is generated. Also, if the data are very few, maybe it is not even 

needed to conduct transformation to normal score. 

Aside from the simulations of continuous variables, it is also possible to model categorised 

variables. The algorithms which serve this purpose are usually recognised by the term 

“indicator” simulations, with the indicator being 0 or 1 in the case of hard data, or element 

0-1 in the case of soft data (e.g. probability is 0.2). 

Modelling of categorised variables was presented in two different softwares in our 

training. One is by using the aforementioned SGeMS software (using Indicator Kriging for 

estimation and Sequential Indicator Simulations for stochastic modelling), while the other 
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one is by using the TPROGS open source code. The latter has the disadvantage of not having 

the graphical user interface. 

In case when hard data are used, the approach is to know that at location x, y, z we either 

have or do not have some category present (e.g. in some borehole with x, y coordinates, at a 

depth of z there either is (1) or is not (0) gravel). If sift data is used, then the probability is 

e.g. 0.15 is that at x, y, z coordinates gravel is present, 0.65 that clay is present and similar 

(different probabilities for different categories). 

The workflow using SGeMS is as follows: 

1. Frequencies of specific categories are calculated 

• it is calculated by dividing the number of times that the unit “X” appears by total 

number of sampled units; 

2. Variogram analysis is conducted for indicator data 

• it is necessary to check for the stationarity of the data (which is implicated by the 

method); 

• it is not necessary to check if the distribution is normal score (since we are dealing 

with data classes); 

• soft data is useful because it can minimise the non-stationarity in the data set; 

• variogram is created for each category (selected measure type is “Indicator 

variogram” in the variogram modelling window); 

• all experimental variograms should be calculated with the same settings; 

3. Indicator Kriging or Sequential Indicator Simulations are conducted 

• procedure is the same as the one described for Kriging / SGSIM in SGeMS. 

 

TPROGS is software for work with transiograms. Transiogram is similar to variogram, and 

it shows what is the probability that one category will be neighboured by another category 

using Markov-chain Simulations. It makes it possible to input a lot of soft geological data. 

The simulations are conditional and there is no need to give an estimate of initial 

probability. Transitional probability is being modelled, i.e. juxtapositional tendency of 

some category (e.g. lithology: what is the probability that gravel will be followed by clay in 

directions x, y, z in the studied area?). Markov chain characteristic is that it considers only 

the nearest data: exactly opposite to the Kriging which takes many surrounding points into 

account. The software calculates the experimental transiogram which is then modelled in a 

similar fashion to modelling a variogram. 
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The workflow using TPROGS is as follows: 

1. GAMEAS program 

• the code has .exe extension; 

• two input files are used - one for the horizontal and the other for the vertical 

(extension .par); 

• GAMEAS.exe is run with the name of the input file (once per direction); 

• the result are two files: out. (useful file in ASCII format) and .dbg  (diagnostic info) 

files. 

2. MCMOD program 

• volumetric proportions are copied from GAMEAS file (categories 1, 2….); 

• background category fills the space where none of the categories are registered; 

• the program is trying to fit Markov chain model to the transient probability model 

that we have imported; 

• this can be done manually (Option1) and automatically (Option2) - we have exercised 

Option2 

3. TSIM program 

• using it we convert the data to the “real” data which then can be plotted in e.g. SGeMS. 

The data can also be visualised using the GRAFXX program. 

 

All of the presented methodologies can be commonly described as two-point geostatistical 

methods. However, recently a whole new group of mathematical conceptualisations are 

being developed, called training image methods. It is a very powerful tool with a potential 

to revolutionise the geostatistics. Training image contains patterns, and the algorithms 

then search for them in the data. If the pattern is found, it is replicated in the simulations. 

Obviously, the problem is how to create the adequate training images. Training image 

methods are able to replicate well the curvilinear features so the image seems to be in 

accordance with geological reality. However, the question remains if the simulation 

realisations made by training image methodologies are more accurate (have lower error) 

than the point statistic realisations, which has not been sufficiently tested so far. 
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Groundwater flow and heat transport modelling 

The general workflow on groundwater and heat transport modelling consists of following 

steps: 

• Code selection 

• Conceptual to numerical model conversion 

o Feflow 

▪ Supermesh design 

▪ Finite-element mesh generation 

• Parametrization 

o Fracture flow characterization 

• Boundary conditions 

• Model calibration 

• Sensitivity analysis 

 

Description of individual steps is given in the following chapters. 

Code selection 

There are a number of modelling packages for numerical simulations of groundwater flow 

and heat transport. They are based on either finite differences or finite elements methods. 

The set of equations generated by one of the numerical methods is programmed into a 

computer code. The code selection for particular modelling application depends on many 

factors, including problem to be solved, options available in the code for representation of 

different features, preference of the user, etc. The most popular finite differences code is 

MODFLOW, which is used in a variety of modelling software packages (GUIs), including 

GMS, VisualMODFLOW, Groundwater Vistas, etc. On the other hand, FEFLOW is widely-

used simulation system that solves the governing flow, mass and heat transport equations 

in porous and fractured media by a multidimensional finite elements method. 

Conceptual to numerical model conversion 

Regardless of which code will be applied, it is always necessary to convert conceptual 

model into numerical groundwater flow and heat transport model. It is comprised of set of 

steps which include grid/mesh design, setting boundaries, parametrization, and, for 

transient models, setting initial conditions and time steps. The general rule is to start 

simple and build up complexity gradually. 
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Modelling workflow for Feflow 

Supermesh design 

The supermesh defines the geometry of the model. In the simplest case in 2D, a supermesh 

consists of only one polygon that defines the outer boundary. On the other hand, 3D 

supermeshes are intended for using existing geometrical information in order to build a 3D 

finite-element mesh. For this purpose, a geological model can be taken as a initial point for 

the construction of the 3D supermesh and subsequently finite-element mesh. 

The supermesh consists of polygons, lines and points. It is important to include all relevant 

features for a particular problem to be solved, because the design of supermesh influences 

the generation of the finite-element mesh. More complex supermeshes contain several 

polygons and a number of lines and points.  

Finite-element mesh generation 

During mesh generation each node of a supermesh, no matter whether in a polygon edge, a 

line, or as a single point, will be made a node of finite-element mesh. However, additional 

nodes may be inserted between the supermesh nodes according to the current 2D meshing 

settings during mesh generation. 

Feflow offers a variety of options for generating a mesh. The meshing panel contains all the 

necessary tools to create a 2D (triangles or quadrilaterals) or 3D finite-element mesh 

(tetrahedrons, hexahedrons, or prisms) from the supermesh view. It makes possible to 

choose among different mesh generators, propose the number of elements, refinement 

along supermesh elements, gradation, etc. 

Once the mesh is generated, it is important to test mesh convergence in order to eliminate 

discretisation effects on process simulation results. Theoretically, the smaller the nodal 

spacing the more accurate solution. The effect of nodal spacing on the solution is tested by 

sensitivity test whereby nodal spacing is reduced in sequential runs of the model until 

there is an acceptably small difference in computed heads and flows.  

Parametrization 

The governing equation for groundwater flow and transport consists of dependent 

variables (head, concentration and temperature), independent variables and parameters 

(hydraulic conductivity, specific yield, storativity, porosity, heat conductivity, heat 

capacity). In order to solve it, system parametrization is necessary. Initial parameter values 
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assigned to the model are based on field or laboratory measurements. After adjusting for 

scale effects, parameters are assigned to mesh. It can be done either by zonation or 

interpolation techniques. Once the initial parameters are assigned, some or all of them will 

subsequently be adjusted during model calibration. 

In zonation, spatial changes in parameter values occur only among individual zones. The 

number of zones and their delineation depend on information contained in conceptual 

model. 

Interpolation technique uses parameter values at specified locations to calculate values at 

every nodal point of mesh. It allows for gradation in properties. There are two main types 

of interpolation methods: deterministic and geostatistical. The main difference is that 

deterministic approach uses point values directly while geostatistical interpolation, 

described in detail in previous chapters, uses point values and statistical properties of the 

parameter such as spatial autocorrelation among measured points to generate a contour 

map of the parameter distribution in space. Inverse distance and polynomial fitting are two 

most commonly used deterministic interpolators. 

Fracture flow characterization 

There are several approaches for characterization of flow in dual-porosity or fractured 

medium. The selection of the most appropriate method depends on scale, modelling 

purpose, geometry of faults/fractures, simulation code. Fracture flow in Feflow 

environment can be represented: 

• Implicitly by equivalent porous mediu approach  

• Explicitly by application of discrite feature elements  

Equivalent porous medium (EPM) is a convenient way of implicit representation of 

groundwater flow through matrix and fracture network when rocks have a dense network 

of well-connected fractures so that in large -scale models the hydrogeological unit 

effectively functions as a continuous porous medium and groundwater flow can be 

simulated using a standard groundwater flow code. It is best suited for regional flow 

system, but can fail in reproducing local groundwater flow, leading to the conclusion that 

different approaches and special options and codes may be needed to simulate fracture 

flow if fractures do not form a well-connected network or scale of model domain is not 

appropriate for EPM application. 
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Discrete feature elements (DFE) option allows for simulation of geological and engineered 

features that are smaller than nodal spacing of the mesh and have a higher transmissivity 

than the surrounding porous media. 2D discrete feature elements are used for 

representation of flow through fractures and faults and enable control on flux exchanges 

between DFE and matrix element. For each DFE, geometry, flow and mass-, age-, and heat-

transport related properties need to be assigned. Three types of flow laws can be chosen: 

• Darcy 

• Hagen-Poiseuille 

• Manning-Strickler 

Boundary conditions 

In order to determine mathematical boundary conditions of numerical model it is 

necessary to identify hydrological conditions along the boundaries of the conceptual 

model. Boundary conditions are important part of mathematical model because they 

strongly influence simulation results of numerical models.  

Boundaries include both physical features, such as rivers, lakes, relatively impermeable 

rocks, and hydraulic features such as groundwater divides. The upper boundary of the 3D 

model is usually represented by water table while lateral and bottom boundaries are 

aligned with physical or hydraulic features. 

In numerical models, perimeter boundary conditions and internal boundaries can be 

represented as: 

• specified head 

• specified flow or 

• head-dependant boundary. 

A specified head boundary is implemented by fixing head values at the nodes along the 

head boundary. Consequently, specified head boundary heads do not change in response to 

hydrologic stresses. 

A specified flow boundary is specified by setting the flow along the boundary. The heads at 

the boundary are calculated by Feflow and can change as the simulation progress in time. 

With head-dependant boundary, Feflow calculates flow across the boundary using the 

hydraulic gradient between a user-specified boundary head and the model-calculated head 

at a boundary node. 
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Model calibration 

Model calibration is a process where model performance is evaluated using field 

observation that can be compared with model output (hard data) as well as everything else 

we know about the system (soft data). Calibration of groundwater models is an inverse 

problem, which is typically solved by history matching, i.e. by matching model outputs to a 

historical time series of measured values by adjusting model inputs. The objective is to 

identify a set of parameters that produces a satisfactory match to the field observations – 

head and fluxes. Fig 1 displays typical workflow of history matching. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1: General workflow for manual trial and error (Anderson et al., 2015) 
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There are two phases of history matching:  

• manual trial-and-error (Fig 1) and 

• automated parameter optimization 

Manual trial-end-error history matching is a process where the parameter values are 

manually modified and output is evaluated after each forward run in order to improve 

model fit. Assessment of the fit is made by using both qualitative and quantitative methods, 

such as tools for visual comparisons of simulated values and targets, quantitative summary 

statistics (ME, MAE, RMSE). Although remains a basic first step for history matching, 

because it gives the modeller much insight about the site modelled and how parameter 

changes affect different areas of the model, manual trial-and-error history matching is an 

imperfect process because feedbacks between sources and sinks and other correlated 

parameters and processes in most systems are complex. Consequently, it is impossible to 

track effects of all changes in calibration parameters to system-wide effects on all 

observations. 

In order to overcome drawbacks of manual trial-and-error history matching, 

mathematically rigorous automated trial-and error methodologies were developed. 

Parameter estimation is an indirect solution of the inverse problem that is effectively 

automated trial-and-error calibration because algorithms perform the same general steps 

as shown in Fig 1. A workflow for automated parameter estimation is shown in Fig 2. 

Activity 2.1.1 in GeoTwinn WP2 is dedicated to automated calibration of groundwater flow 

models. 
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Fig 2: A schematic diagram of a general workflow for parameter estimation. Shaded box 
contains steps automated by the parameter estimation code (Anderson et al., 2015) 
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Model sensitivities and error calculation 

There are two types of model sensitivity analysis: 

• manual sensitivity analysis 

• automated sensitivity analysis 

Manual sensitivity analysis was assessed prior to widespread availability of automated 

parameter estimation methods and techniques. The sensitivity of individual parameter is 

performed by fixing parameters to their calibrated values except for the selected 

parameter, which is varied in sequential forward run by incrementally decreasing and 

increasing its value by certain amount from its calibrated value. Then, comparison is made 

in order to find out how much the model moved out from calibration by changes in 

individual parameters. 

Codes for automated parameter estimation, such as PEST calculate sensitivity coefficients 

automatically for all calibration targets and include them in the Jacobian matrix. 

Parameters are ranked by sensitivities and parameter correlation coefficients between 

calibration parameters are calculated. 

 

Error quantification 

Model error is a way of assessing model performance. It is evaluated by quantitative 

techniques for comparing model results with field observations. The workflow consists of 

the following steps: 

• Calculating residuals 

o Residual mean 

o The weighted residual mean 

o Standard deviation of residuals 

• Assessing correlation among the residuals 

• Plotting residuals on maps and graphs 

Systematic trends or bias in the model can be indicated by spatial or temporal correlation 

among residuals. It is identified using: 

• Scattergrams 

• Spatial plots 

• Temporal plots 
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Scenario modelling 

Once the model is calibrated for both steady-state and transient conditions it can be used 

for predictions. The general workflow consists of the following steps: 

1. Modification of base model for a set of future conditions 

2. Forward run execution of the scenario 

3. Iteration of the steps 1 and 2 with different assumed values for future conditions 

4. Uncertainty analysis of the forecast 

 

The modelling report 

The report is the final phase of the modelling effort. Generally, it contains the following 

chapters: 

• Title 

• Introduction 

• Hydrogeological setting and conceptual model 

• Numerical model 

• Forecasting simulations and uncertainty analysis 

• Conclusions 

 

 

 

 

 

 

 

 

 

 

 

This report reflects only the author’s view and the Agency is not responsible for any use that 
may be made of the information it contains. 


