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Development of a knowledge system for modelling 
fresh- and saline-groundwater flow 

ABSTRACT 

B.B. W. THORBORG* 
G. JOUSMA** 

Increasing demands on fresh-water resources during recent years on the one hand and the widespread 
availability of computer technology on the other have given a strong impulse to the development and 
application of modelling software for the simulation of groundwater-system behaviour. However, the 
knowledge of groundwater modelling and the expertise gained in its application is widely ctispersed 
throughout many institutions in many different countries, while the complexity of the subject requires 
optimal use of the knowledge available. This is also true for the field of fresh- and saline-groundwater 
flow. 

In this presentation the set-up of a knowledge system for modelling fresh/saline flow is discussed, which 
aims at : 

(1) providing a structure and the information for the analysis of problem data and the selection of 
solution methods or models in relation to the availability of data; 

(2) providing information on verification of model codes and their performance during tests and applica
tions, in as much as this information is relevant to a specific problem. 

In order to illustrate the suggested approach, a review is given of the validity of some commonly applied 
assumptions and simplifications for certain fresh-water/ salt-water problem types, by means of comparing 
test results. Thus criteria can be derived for the application of models based on these assumptions. 

The implementation of this knowledge system takes place at the International Ground Water Modeling 
Center in the Netherlands, where much of the required information is readily available. However, the 
project will benefit from any information on model applications or model code developments from other 
sources. 

1. INTRODUCTION 

The category of density-dependent flow problems, 
to which fresh-/salt-groundwater flow belongs, 
represents one of the more physically complex 
flow processes. Modelling of these problems 

* 

implicitly involves a number of essential choices 
with important consequences on the outcome of 
the study. These choices include the definition 
of the problem and its scale, the most appropriate 
schematizations, . the choice of solution methods 
and model codes, the scenarios for evaluation etc. 
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However, the knowledge involved in deciding 
upon these choices is dispersed over many re
search institutions, policy making agencies, water 
authorities in many different countries, and it is 
often incomplete. In order to improve on this 
situation the International Ground Water Modeling 
Center (IGWMC) initiated a project on creating a 
knowledge system for modelling fresh-/salt
groundwater flow. The aim of this knowledge 
system is to provide an integrated and structured 
guidance in the analysis of fresh-/ saline-ground
water flow problems and in selecting the proper 
tools in relation to the available data and the 
required quality of the outcome. The project is 
being carried out by IGWMC and Delft University 
of Technology. 

In this paper the authors analyse the process of 
modelling and the potential role the knowledge 
system can play (Section 2), and discuss in more 
detail the knowledge involved in modelling salt
water upconing (Section 3). 

2. THE MODELLING PROCESS AND THE ROLE 
OF THE KNOWLEDGE SYSTEM 

The first step in building a knowledge system for 
modelling fresh- and saline-groundwater flow is 
the analysis of the process of modelling. In this 

process the following stages can be recognized 
(fig. 1) : 

problem definition and data analysis, 

conceptualization, 
selection of solution methods, 
selection of model codes, 
simulation. 

Each of these stages require general information 
for that specific stage of the modelling process as 
well as information on the specific problem to be 
analysed. The knowledge system has the task of 
providing the general information for each stage 
and to help organize the problem-specific informa
tion , as given by the user. 

At the first stage the system has to assist the 
modeller to analyse and to check all the relevant 
information on his particular problem. It will 
have to provide rules for checking on comple
teness and consistency. The emphasis at this 
stage is on the problem-specific information. At 
later stages the system is utilized to determine 
suitable mathematical models and to select appro
priate solution methods and model codes for the 
problem. During each of these activities the user 
will need information on the features and conse
quences of the selected items. Whenever necessa
ry, he will have to provide additional information 
and his own preferences, but the emJ1hasis will be 
on the general knowledge on models and model 
techniques. 

The stages two, three and four are interdepen
dent with respect to the choices and decisions to 
be made. For instance, the choice of a certain 
hydrogeological concept at the conceptualization 
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Fig. 1. Stages in the modelling process. 
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stage may prove to be impractical, inefficient or 
impossible at a later stage due to lack of solution 
methods, codes or data. Therefore, the knowled
ge system will generally have to provide a range 
of concepts, solution methods and model codes 
and to include a qualitative weighting procedure. 
Also the option to loop back through the previous 
stages is essential. 

The fifth stage concerns the actual simulation of 
system behaviour. During this stage various 
scenarios may be evaluated, depending on the 
objectives of and the resources available to the 
modelling project. The specific knowledge requi
red involves the actual problem under investiga
tion and the model code involved. The general 
knowledge required concerns sensitivity analysis 
and interpretation of results. 

What follows in this paragraph is a description of 
each of the stages of the modelling process. 
These descriptions focus on the function of the 
stages and on the types and sources of informa
tion required for each stage. 

2.1. Stage 1: Problem formulation 
and data analysis 

The first stage concerns the description, as 
complete as possible, of the problem dealt with, 
and the determination of the relevant features. A 
first characterization of the physical problem 
includes a description of the scales. (geometric 
and time scales) , the geometry of the problem 
situation, the properties of the physical system, 
the chemicals involved and the stresses upon the 
system (natural and artificial). 

Defining the scale of a problem in direct relation 
to the objectives of the investigation is a tremen
dously important step to take at this stage, as 
there are consequences for data collection as well 
as for selection and evaluation of solution me
thods. With respect to geometric scale, regional 
and local scale problems can be discerned : 

(a) Regional scale fresh-water/ salt-water pro
blems. 

General features of the regional scale pro
blems are a dominating horizontal component 
of the flow velocity, and a large time scale 
for the processes to be modelled. Typical 
regional scale problems are : 
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- intrusion of salt water in coastal aquifers, 
- displacement of deep salt-water bodies 

under influence of water-level control 
(polders), 

- large scale inversion, where water of 
relatively high density (concentration) lies 
over water with lower density, 

- dissolving of large saline formations. 

Also irrigation and infiltration may lead to 
fresh/saline problems. However, the pro
blems involved with these processes are more 
of a chemical nature than of a hydrological 
nature. 

A general feature of intrusion problems and 
polder problems is a narrow transition zone 
between fresh and saline water. With inver
sion, dissolving and irrigation the transition 
zone is likely to be wider. 

(b) Local scale fresh-water/salt-water problems. 

With local scale problems the vertical compo
nent of the flow velocity may be significant, 
depending on the stresses on the flow sys
tem. Time scales are usually relatively 
short. Typical local scale problems are : 

- displacement of salt water underneath 
discharging wells (upconing), 

- injection of fresh water in saline aquifers, 
- local scale inversion, 
- local scale dissolving. 

With local scale problems, the transition zone 
is likely to be relatively wide. 

A more detailed problem description requires the 
analysis of the specific problem data. The a
mount of data and the degree of detail required 
depend heavily on the problem scale and on the 
objectives of the modelling project. The data will 
have to describe (see fig. 2) : 

- hydrogeological set-up, 
- fluid characteristics (quantity and quality), 
- natural and artificial stresses. 
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Fig. 2. Data for problem analysis. 

The role of the knowledge system in problem 
definition and data analysis 

At this stage the knowledge system will have to 
assist in the analysis of the problem characte
ristics. It will have to check the user supplied 
data for consistency and completeness. If neces
sary, the system will ask for additional data. 
The degree of detail in the simulation required by 
the user and the available resources are decisive 
here. The general knowledge contained in the 
system takes the form of definitions of problem 
types and rules for checking consistency and 
completeness. 
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2.2. Stage 2: Conceptualization 

The second stage concerns the definition of 
mathematical concepts that may serve to represent 
the real problem situation. These concepts 
include the geometry of the problem, the repre
sentation of the aquifer, the fluid, and the 
processes to be simulated. The conceptualization 
procedure may yield a number of combinations of 
concepts that more or less closely represent the 
real situation. The following items are involved 

(a) geometric concept of the problem 
- dimensionality, 
- scales. 

(b) aquifer concepts/hydrogeological set-up 
- gemometry and layering, 
- heterogeneity, 

anisotropy. 

(c) fluid concepts 
- number of phases, 
- variability of properties within phases, 
- miscibility of phases. 

(d) processes and stresses 
- infiltration I evapotranspiration, 

pumpage and other artificial stresses, 
- convective, dispersive, diffusive transport 

of salt, 
- convective, dispersive, diffusive transport 

of contaminant, 
- storage, 

(e) boundary conditions. 

Choices to be made at this stage are, for exam
ple, whether the water-bearing layers will be 
considered as a single heterogeneous aquifer, or 
as a layered system of aquifers, and whether the 
fluid body will be considered as a two-phase 
system with homogeneous fresh- and saline-water 
zones separated by a sharp interface, or as a 
heterogeneous system with a wide transition zone 
of varying density. 

The quality of mathematical concept depends on 
the degree of accuracy by which it describes the 
relevant aspects of the real situation. The 
suitability of a concept depends on the quality of 
that concept as well as on the availability of 
solution methods, model codes, parameter values 
and other data, as well as on the objectives and 
constraints of the modelling project. 
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The role of the knowledge system in conceptuali
zation 

The function of the knowledge system here is to 
determine whether a concept is an acceptable 
description of reality. Characteristic numbers 
like the Reynolds or the Peclet number can be 
helpful to justify schematizations. Other know
ledge on this subject is contained in literature 
describing comparative studies of concepts and 
numerical experiments. Also heuristic knowledge 
from experts should be codified in heuristic 
rules. In section 3 it is demonstrated how in-

formation on conceptualization can be analysed. 

The reasoning done at this stage results in a 
hierarchy of more or less applicable (combinations 
of) concepts. Each concept combination (or 
mathematical model) implies a set of equations to 
be solved, and includes a set of assumptions and 
simplifications that will have to be made explicit. 
The selection of a concept has a great bearing on 
the financial, personnel and computational de
mands of the modelling project. 

In order to establish the parameters for the 
mathematical model the knowledge base will have 
to contain checklists of these parameters for each 
concept, rules that express the interdependency 
of parameters and rules to extract these parame
ters from physical data. 

2.3. Stage 3: Selection of solution methods 

A mathematical model as conceived at stage 2 
implies a set of differential equations describing 
the situation and processes involved, and a set of 
initial and boundary conditions. The two main 
categories of solution methods are the analytical 
methods and the . numerical methods. 

(a) Analytical methods for groundwater flow are 
most often based on potential flow or stream
line analysis, conformal mapping, analytical 
elements or convolution methods. Advanta
ges of analytical methods are the high flexi
bility of scale and the high computational 
efficiency. On the other hand they require 
many simplifying assumptions. 
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(b) Numerical methods are employed to find 
approximate solutions for small subareas of 
the problem area, and to constitute from 
these an approximate solution for the comple
te area. In general, they are geometrically 
more flexible, can cover heterogeneous sets 
of parameters and problem data and are less 
restrictive with respect to the required 
assumptions and simplifications. The price 
paid for using such more generally applicable 
methods is that restrictions have to be met 
on grid size, time steps etc. in order to 
achieve stable solutions. These restrictions 
greatly influence the computation time. 

Many methods have been developed, that 
differ with respect to the discretization 
method, the resulting equations, the trans
formation of these into matrix equations, the 
time-stepping scheme and the solving of the 
equations. 

In modelling fresh- and saline-groundwater flow 
the demands upon a solution method are relatively 
high : the equations to be solved are mostly of 
the time nonlinear. Therefore analytical solutions 
employing superposition can seldom be applied. 
Furthermore, the flow and transport equations, or 
the flow equations for the different phases, 
cannot be decoupled and have to be solved simul
taneously. This implies that the numerical algo
rithms perform many iterations even within a 
single time step. 

Other constraints on numerical solution methods 
apply to flow and transport modelling in general. 
These constraints are related to numerical disper
sion, instability due to a steep contrast in hy
draulic conductivity, inaccuracy in determining 
velocity, etc. 

The role of the knowledge system in the selection 
of solution methods 

For many mathematical models solution methods 
have been found in the past (fig. 3), each with 
its scope of applicability (e. g. KINZELBACH, 1987 
or ESSAID, 1986). 

At this stage, the knowledge system will have to 
provide the following guidance and information. 
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Fig. 3. Solution methods. 

A review of analytical solution methods 
applicable to the mathematical models distin
guished at stage 2. This part will include a 
description of the solution principles as well 
as the main assumptions and limitations 
pertaining to them. 
Information on the applicability of different 
numerical methods for solving the mathemati
cal models distinguished at stage 2, with the 
emphasis on the differences in approach. 
Advantages and disadvantages of the various 
approaches. 
Information on and references to different 
studies on comparison of methods. 
Information on and references to well docu
mented case studies with the emphasis on the 
analytical or numerical approach to the 
problem solving. 

2.4. Stage 4: Selection of model codes 

The fourth stage concerns the selection of model 
codes capable of simulating the hydrological 
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behaviour of the area under study. At the 
previous stages the user has been urged to 
define or specify the objectives and the con
straints of the project, the most suitable concepts 
constituting the mathematical model and the hier
archy of these models, and the best suited solu
tion methods. These specifications may serve as 
evaluation targets for the selection of suitable 
model codes from the codes that may be or become 
available to the user. Thus, the following checks 
will have to be performed : 

(a) whether the model code is suited to repre
sent the geometry, the hydrological set-up 
and the required processes of the initial 
problem; many codes have been developed 
for a specific type of problem. Performance 
tests and case-studies can provide the 
necessary information; 

(b) whether the solution method applied in the 
model is generally suited for solving the 
equations resulting from the mathematical 
model adopted (see paragraph 2. 3) ; 

(c) whether the implementation of . .the solution 
method in the model code is such that the 
mathematical model is adequately represented 
(verification); how the drawbacks of the 
applied methods are dealt with; 

(d) which experiences are known from earlier 
applications of the model code; 

(e) whether the model can be expected to simu
late the problem adequately within the re
striction of the resources available for the 
project. 

The role of the knowledge system in the selection 
of model codes 

A basic requirement for the knowledge system at 
this stage is that the necessary information on 
model codes is available in a well-organized way. 
This information will have to include relevant data 
on the type and purpose of the code, the proces
ses that can be simulated, the underlying mathe
matical and numerical principles, methods and 
techniques applied and data requirements as well 
as data on computer requirements, necessary 
facilities, user friendliness, availability and costs 
etc. IGWMC's data bases on model codes can be 
used in principle here. 
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In addition, the user will have to know what the 
consequences are of the specific implementation of 
these methods in the code, and, in general, how 
satisfactory the performance of a code is. This 
requires that information will become available on 
test results and on actual applications of model 
codes. The aspect of model performance during 
tests and case studies as a criterion for model
code selection will require a considerable exten
sion of the existing databases with information on 
these subjects. The system will have to give 
guidance for the interpretation of this informa
tion. 

This selection stage should result in a hierarchy 
of models. The preferential order depends large
ly on the results of the evaluation items a. to e.; 
ultimately, the user makes his choice from this 
hierarchy, using the information obtained from 
the knowledge system as well as his own prefe
rences. 

2.5. Stage 5: Simulation 

The fifth stage concerns the actual simulation, 
and the activities during this stage depend heavi-
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ly on the objectives and constraints of the model
ling project. The following items are involved : 

model calibration and ultimate evaluation of 
the selected model concept and model code, 
evaluation of various scenarios, 
sensitivity analysis, 
interpretation of results. 

Up till now the authors have not yet extensively 
investigated the role that a knowledge system can 
play at this stage. In its minimal form, the 
knowledge system may consist of a set of general 
guidelines for performing the above activities, 
similar to existing quality-assurance guidelines. 

3. EXAMPLE OF THE USE OF AVAILABLE 
KNOWLEDGE IN THE CONCEPTUALIZATION 
PROCESS 

As an example of how knowledge of the modelling 
process can be generated and used for guidance 
in the construction of the best suited tool, part 
of the conceptualization stage is elaborated here. 
An important step in the selection of a model code 
is to judge whether the applied conceptualization 
is valid for representation of the given problem 
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Comparison of sharp· interface and variable-density approaches for an upconing 
problem (after REILLY 1: GOODMAN, 1987). 
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during the whole simulation period. An absolute 
answer to that question can only be given if one 
considers measurement data from the real system 
as it behaves under the actual stresses, and 
judges whether the assumptions pertaining to that 
conceptualization are still reasonable. This 
approach leads · to the conclusion that the more 
data can be used to check to model results, the 
more the concepts chosen can be trusted to be 
justifiable. In a sense, this is what happens 
when complex processes with time-dependent 
parameters are studied long-time series are 
required to calibrate the model and extrapolation 
in time is only done fo;r- relatively short periods 
(see for instance KOOIMAN,. PETERS a. VAN DER 
EEM, 1986). For a general a priori judgement of 
the suitability of concepts, as is required in the 
early stages of the model-construction process, 
this approach is not practicable. 

Examination of the model results itself is an 
alternative possibility to judge the suitability of a 
model concept. An advantage is that the judge
ment can be given a priori. However, these 
results rely on the applied concepts itself, and 
there is an imminent danger of concepts confir
ming their own validity. One way to circumvent 
this danger is to apply various concepts to a 
specific pro~lem, and to compare the results. 

An approach that is more generally applicable, 
and therefore better suited to be incorporated in 
a knowledge system, would be to make an estima
tion of the systems behaviour, based on the 
combination of available data, general knowledge 
of hydrological systems and experience, or more 
specific knowledge and experience about the type 
of problem at hand. Representation of this 
knowledge would have the form of closed form 
relationships of parameters, characteristic num
bers, nomograms or rules of thumb. As an 
example, in this paragraph a summary is given of 
the knowledge as presented in literature on the 
topic of salt-water upconing underneath a parti
ally penetrating well. 

3.1. Upconing concepts 

A major decision to be made in modelling fresh
water/ salt-water problems is whether to assume a 

sharp interface between the fresh-water and 
salt-water zones, with a constant density assigned 
to each zone, or to simulate a solute transport 
process with the fluid density depending on the 
salt concentration. An interesting 'Study compa
ring these two concepts for modelling steady-state 
upconing underneath a partially penetrating well 
was published recently by REILLY & GOODMAN 
(1987). The question they tried to answer is to 
what extent a sharp interface approach to this 
type of problem renders results that, after inter
pretation, are comparable to those obtained 
through use of a physically more complete, but 
also more complex, variable density approach. 
Their numerical experiments indicate that the 
location of the interface corresponds fairly well to 
that of the 50 % isochlor, as long as the dischar
ge of the pumping well is smaller than 0, 6 times 
the critical discharge, at which the interface 
would become instable (see fig. 4). 

At a higher discharge, the 50 % isochlor seems to 
accelerate towards the well, while the concentra
tion of the discharged water increases gradually. 
REILLY & GOODMAN (1987) conclude that the 
concentration of the discharged water varies 
linearly with the discharge relative to the critical 
discharge (fig. 5), The different lines in fig. 5 
refer to different aquifer characteristics. This 
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Fig. 5. Concentration of discharged water versus 
relative discharge rate (after REILLY a. GOOD
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linear relationship was also assumed by SCHMO
RAK & MERCADO (1969) and WIROJANAGUD & 

CHARBENEAU (1985). Both teams base their 
assumption on an error function concentration 
distribution around the interface, with the displa
cement of the interface from its initial position 
and the dispersivity as its parameters. This 
approximation to the shape of the transition zone 
was introduced by BEAR & TODD (1960). The 
existence of such a relationship between discharge 
and concentration offers the opportunity to ex
tend the applicability of a sharp interface model 
to gain insight in the development of water quali
ty, if concentration data from an existing well are 
available. 

3.2. Relevant quantities 

A first factor that has a bearing on the selection 
of a either a sharp-interface concept or a varia
ble-density concept is obviously the initial width 
of the transition zone. A general criterion is 
hard to give, but REILLY & GOODMAN (1987) 
choose arbitrarily a width of 0, 3 times the height 
of the fresh-water zone as the boundary between 
a narrow and a wide initial transition zone. 

A very important quantity to determine is the 
critical discharge of the pumping well, at which a 
sharp interface would become instable. REILLY & 

GOODMAN refer to the electric analog experiments 
performed by BENNETT, MUNDORFF & AMJAD 
HUSSAIN (1968) to obtain values for this critical 
discharge. WIROJANAGUD & CHARBENEAU 
(1985) performed more extensive, numerical 
simulations, resulting in nomograms for small
diameter as well as large-diameter wells. Another 
way to describe the critical state of the interface 
is to define a critical rise of the interface under
neath the well. Both SCHMORAK & MERCADO 
(1969) and WIROJANAGUD & CHARBENEAU (1985) 
state that the apex of the salt-water cone may 
rise over 0, 5-0,7 times the initial distance be
tween interface and bottom of the well screen. 
Then the remaining problem is to determine the 
rise of the interface as a function of the dischar
ge, not necessarily at steady state. By BEN
NETT et al. (1968) as well as by WIROJANAGUD 
& CHARBENEAU (1985) nomograms have been 
published, while BEAR & DAGAN (1964) sugges
ted a closed-form relation. The linearization used 
to obtain this closed-form solution is supposed to 
be valid for a rise of the interface· smaller than 
0, 5 times the original clearance of the well screen 
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(BEAR & DAGAN, 1964). STRACK (1973) deve
loped a closed-form solution for upconing under a 
drain. This latter solution can be used for a 
qualitative study to the displacement and the 
stability of an interface. 

For the estimation of the development of a tran
sition zone, information is required on the dis
persivity. The error-function approach (BEAR & 

DAGAN, 1964; SCHMORAK & MERCADO, 1969; 
WIROJANAGUD & CHARBENEAU, 1985) is based 
on the longitudinal dispersivity. The numerical 
experiments of REILLY & GOODMAN (1987) indica
te that the transverse dispersivity is the main 
factor of influence here, as is more reasonable 
from a mechanical point of view. These latter 
results complicate the a priori estimation of the 
dispersive zone, as the transverse dispersi~ty is 
a quantity with a very weak relation to the 
physical reality. A minor complication that can 
be deduced from their work, is that in general 
the transition zone is not symmetric with respect 
to the 50 % isochlor, but wider on the lower 
concentration side (REILLY & GOODMAN, 1987). 
This is plausible if one considers the velocity 
distribution. When discharge is · relatively high, 
this effect is counteracted in the vicinity of the 
well, due to capturing of salt water by the well. 

3.3. Concluding remarks on conceptualizatiOn 

The above approach of extracting information from 
various sources can also be applied to other 
aspects of conceptualization, for instance the 
validity of the Dupuit-Forchheimer assumption 
(e.g. KEMBLOWSKI, 1987), or the relevance of 
layering (e.g. RUSHTON & SPINK, 1986). Along 
these lines a compilation of knowledge on concep
tualization can be established, that can be used 
to analyse a certain specific problem and to obtain 
an a priori impression of the applicability of 
various modelling concepts, using first estimates 
of physical parameters. Of course it is necessary 
to judge whether additionally available information 
enhances or contradicts this first impression. 
Other aspects that have not been addressed, but 
have great bearing on the conceptualization have 
an operational character : the feasibility of ela
borating a concept in view of the data needs, the 
time and financial resources available to the 
modelling project, the expertise of the modelling 
staff, etc. 
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4. CONCLUSIONS 

Modelling of hydrological systems is a complex 
process, the more so when both fresh and salt 
water are contained in the system. Selection and 
optimal application of a model code to construct 
the model requires many choices to be made, of 
which the consequences cannot always be estima
ted in advance. This complexity may well lead to 
suboptimal choices and misdirection of effort, in 
data collection as well as in the modelling effort 
itself. To minimize this threat, it is essential 
that all the general information required to make 
these choice is readily available, while the avail
able problem-specific information is used at early 
stages of the analysis to control the process. A 
knowledge system that provides the general 
information for problem and data analysis, con
ceptualization and evaluation of solution method 
and model codes, and that structurizes the pro
cess of model construction is likely to fulfill these 
needs, thus improving the efficiency and the 
quality of modelling. 

The knowledge required to build such a system 
on can be derived from theoretical considerations, 
from comparative studies using benchmark pro
blems and from evaluation of test results, field 
studies and mo.del applications. 
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