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General Introduction 

Background and Aim 

Because of their widespread occurrence and potential chronic 
health effects, non-point source pollutants (e.g. fertilizers, pesti
cides, salts or heavy-metals) have become a focal point of at
tention world-wide (Duda, 1993). Non-point source pollutants 
refer to those contaminants in surface and subsurface soil and 
water resources that are diffuse, or rather are spread over large 
areas (Corwin, 1996). Non-point source pollutants cannot be 
directly traced to a single point location and are usually low in 
concentration. Despite these relatively low concentrations, non-
point sources of contamination pose, potentially, even greater 
environmental risks than those from point sources due to long-
term stresses imposed across thousands of hectares (Loague et 
al., 1996; RIVM, 1997a). Remediation of point sources of pollu
tion is expensive, but removal of non-point source pollutants 
may not be possible at all. 

Some non-point source pollutants are naturally occurring 
such as heavy-metals already present in soil, while other non-
point source pollutants such as pesticides are xenobiotics. Re
gardless of their source, the build-up of non-point source pol
lutants in soil and groundwater is usually the direct conse
quence of man's activities. Agriculture is considered the single 
greatest contributor of non-point source pollutants to surface 
water and subsurface waters, both world-wide (Humenik et a l , 
1987) and in the Netherlands (RIVM, 1997a). Problems that re
ceived particular attention are pesticide, nitrate and phosphate 
losses to surface and groundwater, and heavy-metal accumula
tion in soils. 

To prevent build-up of non-point source pollutants in soil 
and groundwater, policy makers need information on the cur
rent state of the environment and the response of environ
mental quality to reduced pollutant loads. As the fate of pollut
ants in soil is affected by various processes including transient-
state dispersive and convective transport, sorption, decay, up
take by plant roots and volatilization, dynamic simulation 
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CHAPTER 1 

models are indispensable tools in making quantitative predic
tions. 

Most models for simulating non-point source pollutants in 
soil have originally been developed for field-plots. The reason 
is that often at this particular scale direct measurements of 
model inputs and time-series to evaluate model performance 
are available (Loague et al., 1990; Petach et al., 1991; Bouten; 
1992; Vaughan and Corwin, 1994; De Vries, 1994b; Van Grins-
ven et al., 1995; Tiktak et al., 1997). Due to the ubiquitous nature 
of non-point source pollutants, decision makers are usually not 
satisfied with results from a model application at a specific plot, 
but rather are interested in regional-scale model applications. 
Due to the rapid emergence of Geographical Information Sys
tems (CIS) and the development of affordable computing 
power, such applications have become feasible (Burrough, 1996; 
Corwin and Loague, 1996). However, the application of plot-
scale developed models to larger scales is not without risk. 

It is the primary aim of this thesis to contribute to a justified 
application of plot-scale developed models of non-point source 
pollutants in soil on a regional-scale. It does so by focusing on 
the following questions: 

1. What is the logical sequence of research steps to be followed when 
applying or developing a regional-scale model of non-point source 
pollutants in soil? 

2. What is the relationship between the inherent nature of the system 
to be modeled and the modeling approach to be employed? 

3. What are the conceptual and practical issues that arise with the 
application of plot-scale developed models on larger scales? 

4. How can the validity of a model developed on a plot-scale be tested 
on a regional-scale using monitoring data? 

5. What are the major uncertainties associated with the application of 
plot-scale developed models of non-point source pollutants when 
applied to the regional-scale? 

This thesis focuses upon the modeling of two important ex
amples of non-point source pollution, i.e. the leaching of pesti
cides to the shallow groundwater and the accumulation and 
leaching of heavy-metals. Combining these two examples is 
interesting because they require entirely different model con-
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GENERAL INTRODUCTION 

cepts and model evaluation approaches. As shown later, this is 
partly due to the inherent nature of the system to be modeled, 
but practical issues like data-availability also play a role. The 
remainder of this chapter will discuss some aspects of modeling 
non-point source pollutants, particularly those that are men
tioned in the objectives. 

Modeling Non-Point Source Pollutants in Soils 

The research chain 
A generic procedure that is suggested for the development of a 
model involves seven steps (Bouma et al, 1998), i.e. problem 
definition, selection of modeling approach including spatial 
and temporal scales to be considered, model development, data 
collection, model application, quality assessment (validation 
and uncertainty analysis), and presentation of results. Modeling 
non-point source pollutants in soil requires the simulation of 
various processes, including solute transport, sorption, decay, 
cycling through the biotic system components (referred to here
after as bio-cycling) and volatilization. Data to evaluate these 
processes and their relationships are only usually available for 
the plot-scale. Regional-scale modeling of non-point source 
pollutants therefore often follows an approach as shown in Fig
ure 1. 

In Figure 1 five major stages are distinguished: (i) problem 
definition, selection of model approach and model building, (ii) 
application of the model to a number of field-plots, (iii) change 
in scale, including upscaling, data-aggregation and process-
aggregation, (iv) regional-scale model application, and (v) pres
entation of results. Note that most of the steps mentioned by 
Bouma et al. (1998) are also part of this diagram. The backward 
lines show that modeling is an on-going process: Model-
adaptation, data-collection or even basic research may be re
quired if the final model is judged insufficient. 

In the sequel, some aspects of the research chain will be fur
ther elaborated, particularly the selection of a proper modeling 
approach, scale-transfer, and quality assessment (model vali
dation and uncertainty analysis). 
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CHAPTER 1 

Figure 1 
Diagram showing the 
sequence of research 
steps ('research chain') 
to be followed when 
calculating non-point 
source pollution on a 
regional-scale. 
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Modeling approach 
The modeling process starts with the selection of an appropri
ate modeling approach. Models have been categorized in sev
eral ways (Addiscott and Wagenet, 1985). The initial separation 
is between deterministic models that assume a system operates 
such that the occurrence of a given set of events leads to a 
uniquely definable outcome, and stochastic models that recog
nize that the natural system is variable in space and time, lead
ing to a model output that represents the uncertainty that de-
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GENERAL INTRODUCTION 

rives from the variability. Despite their limitations, determinis
tic models offer an attractive starting point for the description 
of non-point source pollutants. They consist of a clear repre
sentation of their assumptions regarding underlying processes, 
which allows independent studies of the underlying processes 
to be carried out. Historically, models were further separated 
into those that are mechanistic and those that are empirical 
(Addiscott and Wagenet, 1985). Today, it is felt that most mod
els are hybrids, in which part of the processes are lumped while 
others are described in detail. 

The modeling approach that one should choose is largely 
determined by the inherent nature of the system that one in
tends to describe. An important aspect of a system is temporal 
variability. The leaching of mobile (weakly sorbing) substances 
such as pesticides is known to be strongly affected by the vari
ability of weather conditions, so averaging of weather data 
leads to erroneous predictions. On the contrary, the leaching of 
strongly sorbing chemicals such as heavy-metals is known to be 
virtually unaffected by variability of these weather conditions. 

Practical issues such as the goals and objectives of the model 
application also play a role in selecting the proper modeling 
strategy (De Vries, 1994b). An important practical aspect is 
whether appropriate data are available to feed and evaluate the 
model. Maloszweski and Zuber (1992) state that models with a 
large number of parameters generally provide greater concep
tual resolution of complex coupled processes than models with 
few parameters; however, the most complex model may not be 
the best model in terms of accuracy and precision due to poor 
parameter identifiability in a data scarce environment (Van 
Grinsven et al., 1995; Van der Perk, 1997). The availability of 
data to feed and evaluate the model usually decreases when 
going to larger scales. For this reason, the degree in which pro
cesses are lumped usually increases with scale (Figure 2, De 
Vries, 1994b), but even a plot-scale model such as a model of 
transient-state water flow based upon Darcy's law contains 
empirical relationships (Bouten, 1992; Wagenet and Hutson, 
1996). 

An important question with respect to model resolution is to 
what extent mechanistic understanding of processes occurring 
at a small scale is necessary for understanding or predicting a 
particular phenomenon at a larger scale (O'Neill, 1988). Sensi-
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Figure 2 
Diagram showing the 
trade-off between 
model complexity and 
regional applicability 
(after De Vries, 1994b). 

tivity analysis plays an important role in answering this ques
tion. Comparison of models in which the processes are either 
described in detail, or are lumped into a simple empirical 
model is another possibility. In this approach, one can use 
complete (existing) models. However, very few models exist 
that are documented and available to others than the model de
veloper (Tiktak and Van Grinsven, 1995). Moreover, it is often 
difficult to feed entirely different models with the same input 
data, although methodologies like input-mapping (Rose et al., 
1991; Van der Salm et al., 1995) may be helpful. An attractive 
alternative to build models with different degrees of complexity 
of the included process description is to use a framework for 
building modular models in combination with a library of 
modules with different complexity of the included process de
scriptions (Tiktak et al., 1994a). 

Regional applicability 

Empirical models 

Mixed mechanistic/ 
empirical models 

Mechanistic models V 
Information detail 

In view of the above mentioned points, in the regional-scale 
models employed in this thesis a deterministic, mixed mecha
nistic/empirical modeling approach is followed. However, the 
complexity of the included process descriptions differs between 
the two modeling studies described (Table 1). 

Switching spatial scales 
Most models of non-point source pollutants are one-
dimensional, partly because of the increased complexity and 
execution time of multi-dimensional models and partly because 
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Table 1 
Major characteristics 
of the regional-scale 
models employed in 
this thesis. 

GENERAL INTRODUCTION 

fluxes in the unsaturated zone are regarded as predominantly 
vertical (Bouten et a l , 1993). There are a number of conceptual 
and practical issues that arise with the application of these 
models to scales larger than the pedon scale for which they 
were originally developed. 

Pesticides Heavy-metals 

Model Name 
Primary soil quality 
indicator 
Process descriptions 
Solution technology 
Vertical resolution 
Spatial resolution 
Presentation resolution 
Temporal resolution 
Processes included 

PESTRAS t 

Concentration in shallow 
groundwater 
Detailed 
Numerical 
Multi-layer 
Intermediate 
500x500 m2 

Day 
Transient-state water-flow, convec
tion-dispersion, sorption, biodégra
dation, plant-uptake, volatilization, 
plouging, application 

SOACAS t 

Content in topsoil (0-20 cm) 

Intermediate 
Analytical 
One-layer 
High 
500x500 m2 

Year 
Steady-state waterflow, convec
tion, sorption, complexation, plant-
uptake, atmospheric deposition. 

t Pesticide Transport Assessment model 
$ Soil Accumulation Assessment model 

The first has to do with data availability. The most common 
approach that is followed to tackle this problem is the use of 
pedotransfer functions (PTFs), which relate generally available 
soil survey data (e.g. profile descriptions, texture, organic mat
ter content and pH) to parameters and input-data needed for 
models (Breeuwsma et al., 1986; Bouma and Van Lanen, 1987; 
Van Genuchten and Leij, 1992; Schaap et al., 1998). Relations 
may be expressed in terms of regression equations (continuous 
PTFs) or horizon designations, which implies that well-defined 
soil horizons act as 'carriers' of measured soil parameters and 
data (class PTFs). Such estimated parameters are, however, 
bound to be less precise and accurate than values measured di
rectly at the site. What is the effect on the precision and accu
racy of predictions when a plot-scale developed model is run 
with data generated by PTFs? Few studies exist that provide an 
answer to this question (Finke et al., 1996; Bouma et al., 1996). 

There is also an issue of scale with respect to the measure
ments used to develop PTFs. These measurements have usually 
been carried out with small soil samples in the laboratory 
(Wosten and Van Genuchten, 1988; Elzinga et al., 1999). The 
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physical size of the soil samples (the support) may not be suffi
cient to represent the processes that are important at the plot-
scale. Also, the temporal scale may not be applicable to field 
conditions. The lack of appreciation of scale-dependency of 
measurements has led to the ignorance of some key processes, 
in particular the occurrence of chemical non-equilibrium con
ditions (kinetic sorption; Hinz and Selim, 1994) and physical 
non-equilibrium conditions such as preferential flow (Raats, 
1973; Ritsema, 1998) and diffusion (Ma and Uren, 1998). 

Most plot-scale developed models generate point data. The 
question how to translate this point information to areas of land 
is nontrivial (Burrough, 1996). The most commonly used ap
proach is to pronounce a particular soil profile to be 'represen
tative' for a model block. This methodology has in fact been 
used for decades in more qualitative soil surveys (Bouma et al., 
1996). A first point of concern is whether replacing point data 
by aerial averages introduces systematic bias. Fisher et al. 
(1995) showed that the leaching of pesticides was indeed un
derestimated when aerial averages were used. A second point 
of consideration is how to deal with spatial variability within 
mapping units. Ignoring spatial variability may result in erro
neous conclusions if the model is compared with field-
observations. 

Model performance of regional-scale models has often been 
evaluated by comparing summary statistics of model outputs 
and observations, such as the cumulative frequency distribu
tions (De Vries et al., 1994b). A drawback of this methodology 
is that information about the underlying spatial pattern is ig
nored. By comparing the model results directly with the obser
vations, spatial patterns become an explicit part of the analysis. 
Such a comparison, however, is only possible if the scales of 
the observations and the model results are compatible. Ad
vanced (geo)statistical methodologies such as Generalized Ad
ditive Modeling (Hastie and Tibshirani, 1990) and block-kriging 
(Journel and Huijbregts, 1978; Pebesma, 1996) are appropriate 
tools to translate the point-observations to the model scale. 

Temporal variability is an often overlooked aspect of the 
scale problem. In many long-term simulations, annual precipi
tation records are used; however, the use of average weather 
conditions cannot always be justified. In a study of soil-water 
dynamics Tiktak and Bouten (1992) not only found that meas-
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ured soil water contents were poorly reproduced by the model 
when weekly rainfall data were used instead of daily rainfall 
data, they also found that the simulated annual fluxes were af
fected. This example demonstrates that the effect of temporal 
averaging should be considered as seriously as the effect of 
spatial averaging. 

Model validation 
The models presented in this thesis are aimed at supporting de
cision makers by predicting non-point source pollution as a 
function of different socio-economic scenarios (RIVM, 1997a) or 
by predicting non-point source pollution at geographical loca
tions lacking observations (RIVM, 1997b). Before a model can be 
used for prediction, it is necessary to evaluate its performance 
using an independent data set. Leijnse and Hassanizadeh (1994) 
defined two stages of model validation. These two stages of 
model validation coincide with the two major stages of the re
search chain, as shown in Figure 1. 

During the first stage of the validation process, which Leijnse 
and Hassanizadeh (1994) called 'validation in a weak sense', the 
hypothesized relationships and assumptions are tested. Plot-
scale experiments, where most model-inputs can be derived 
from direct measurements, and where data to evaluate the 
model are available as a function of time, play an important 
role during this stage. Laboratory experiments and basic re
search on mechanistic processes may be essential, as shown by, 
for example, Van der Salm (1999). 

For a model to have predictive abilities, however, it is not 
enough to show the validity of the conceptual part of the 
model. It is also required to have a good knowledge of the 
boundary conditions, parameter values and their spatial and 
temporal variation for the system to be modeled. This is the 
subject of the second stage of the model validation process, 
which Leijnse and Hassanizadeh (1994) called 'validation in a 
strong sense'. This stage of the validation process is strongly 
connected to the actual model application, so it should be car
ried out at the regional-scale for the models under considera
tion. 

Validation of regional-scale models is an important scientific 
challenge, and the success of such exercises has widespread 
consequences for the credibility of the models to be used in the 
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policy arena. Model testing is therefore one of the focal points 
of this thesis. 

Uncertainty 
Awareness has grown that environmental model assessments 
contain considerable uncertainty (Freeze, 1975; Summers et al., 
1993; Zhang et al., 1993; Loague, 1996). There are several po
tential sources of uncertainty. Uncertainty can be due to model 
errors resulting from simplification of the complexities of the 
actual processes being described by the model. Uncertainty 
may arise because the model does not capture the natural vari
ability in a parameter or variable, both in space and in time. 
Uncertainty may also result because the techniques for esti
mating model inputs are inexact. The latter is an important con
cern in regional-scale model assessments, where many model 
inputs are derived from generally available data sources using 
pedotransfer functions (Bouma and van Lanen, 1987; Elzinga et 
al., 1999). It is obvious that the accuracy of so derived model 
inputs is less when compared to direct measurements (Finke et 
al. 1996). 

Ignoring the uncertainty associated with model predictions 
may result in misleading interpretations when the model is 
compared with field data (Shaffer, 1988). It also imposes a risk 
to the decision maker, who may draw a wrong conclusion from 
a single model prediction (Loague et al., 1996). If, for example, a 
conservative decision requires that the predicted value always 
be less than some limit, the lower boundary of the prediction 
interval may be more relevant than the mean of the predictions. 
The fact that map makers have recently worked towards pro
viding quantitative information on the spatial variation within 
soil mapping units (Loague et al., 1990; De Vries, 1993, 1994a) 
has been an important step forward in the ability to map pre
diction uncertainties. 

The two most commonly used methods for estimating the 
uncertainty in model predictions are Monte Carlo simulation 
(Janssen et al., 1994) and First-Order Uncertainty Analysis 
(Cornell, 1972). Monte Carlo simulation involves the repeated 
sampling of the probability distribution for various model in
puts, and the use of each generated set of samples to produce a 
probability distribution. Monte Carlo simulations are computa
tionally expensive. Therefore, in regional-scale model assess-
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ments, First-Order Uncertainty Analysis offers an attractive al
ternative. This method involves the linearization of the model 
about one or some predetermined points, and the computation 
of the first and second moments (i.e. means and variances) of 
the estimated output distributions at those points. Both meth
ods are applied in this thesis. 

Outline of This Thesis 

This thesis is a compilation of articles (to be) published in peer-
reviewed international journals and special publications. The 
articles are grouped into three chapters, reflecting the general 
methodology of developing models employed in this thesis. 
Each chapter gives results of the two cases studied, i.e. pesticide 
leaching and the leaching and accumulation of heavy-metals. 

Chapter 2 consists of three papers dealing with plot-scale 
model applications. There are two central issues. First, the per
formance of the models is evaluated using on-site measured 
monitoring data. Second, the effects of various model simplifi
cations required when going from the plot-scale to the regional-
scale are studied. Section 2.1 and 2.2 deal with pesticide leach
ing, and section 2.3 deals with the leaching and accumulation of 
cadmium. 

Chapter 3 describes regional-scale model applications. Sec
tion 3.1 describes the incorporation of a model of pesticide 
leaching into a GIS environment. A general methodology for re
ducing the number of model runs is presented, and remarks on 
the uncertainty in the obtained model predictions are made. 
Section 3.2 introduces hind-cast simulation as a methodology to 
evaluate a regional-scale model of heavy-metal accumulation. 
The observations were scaled to the modeling scale before 
comparison using Generalized Additive Modeling. 

Chapter 4 deals with sensitivity and uncertainty analyses. In 
section 4.1, Monte Carlo simulations were used to gain insight 
into the sensitivity of an early version of a model of pesticide 
leaching to changes of its model parameters. Also the relevance 
of major processes was evaluated for a number of pesticides 
with contrasting properties. It will be shown that sensitivity 
analyses play an important role in further model development. 
Section 4.2 introduces First Order Uncertainty Analysis as a tool 
for mapping model uncertainties with respect to cadmium ac-
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cumulation in soils. The uncertainty resulting from the use of 
pedotransfer functions and spatial variability within mapping 
units will explicitly be dealt with. 

A general discussion is given in chapter 5. 
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