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Summary

This report describes the development and the implementation of groundwater indicators. A
meta-model of GeoPEARL is used to calculate leaching of pesticides to the groundwater. The
metamodel is based on an analytical expression that describes the mass fraction of pesticide
leached and calibrated on datasets for three different scales. The calibration datasets were
generated with GeoPEARL and consisted each of several thousand simulations with PEARL
done for 56 pesticides with different half-lives and partitioning coefficients. The metamodel
explains 80% - 98% of the variation of the original model with only four independent spatial
attributes. These parameters are available in soil- and climate databases, so that the calibrated
metamodel can be applied to generate maps of leaching concentrations and risk at different
scales, region up to the European scale. Maps generated with the metamodel showed a good
similarity with the maps obtained with GeoPEARL which was confirmed by means of
quantitative performance indicators.
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1 Introduction

The abjective of work package 8, Groundwater Indicators, was to establish indicators in the
form of formulae, algorithms and submodels which describe risks for groundwater caused by
the agricultural use of pesticides, considering drinking water norms as well as potential toxic
effects towards organisms inhabiting the subsoil. Risk here is defined as the ratio between
exposure — a yearly average concentration of a substance in leaching water at the depth of one
metre below soil surface — and a threshold value which indicates an acceptable level. This
principle has been agreed upon in the kick-off meeting of the HAIR project. Usuadly the
threshold level of 0.1 g/, the drinking water limit, is used.

The indicator outputs will be available on different scales, providing high resolution results at
the catchment/regional level, taking account of local conditions of soil, climate etc; and also
aggregated and integrated results at the European level.



2  Estimating exposure

2.1 Themetamode

A number of measurements on pesticides in groundwater exist, but these are not
representative of the broad range of pesticides and do not cover the total agricultural land use
of the EU member states and associated countries. Therefore, it is impossible to build a
groundwater indicator on the basis of pesticide measurements. The existing databases,
however, can be used to check results as calculated by the indicators which are being
developed.

Because of the lack of measurement data, the adopted approach is to develop indicators on a
database generated with an advanced deterministic and process based pesticide fate and
transport model, at high spatial resolution. The GeoPEARL (Tiktak et a., 2002a, 2002b)
model was chosen for this purpose. ALTERRA and RIVM completed the GeoPEARL model
in the beginning of the project period. Databases on potentia leaching were generated for
many hypothetical substances with the GeoPEARL modd for three different scales: the
regional scale, the national scale and the European scae, and two application periods. spring
and autumn. These databases were used to develop derived model s (meta-models) which were
tested for use in the indicators.

Different meta-modelling approaches exist. UCL developed a procedure for devel oping meta-
models for pesticide emission to groundwater using neural networks (Pineros-Garcet et a.,
2004; Van der Linden et a., 2005). The meta-model was based on GeoPEARL. A prototype
of the metaemodel was calibrated and tested for the Netherlands. The metamodel is a
combination of a logistic discriminant and a radial basis functions neural network. The
logigtic discriminant distinguishes situations with negligible leaching based on the organic
matter content of the soil. The neural network calculates leaching for the complementary
situations, using various soil, climate and substance properties.

Based on this experience, a second type of meta-modelling for the GeoPEARL model was
constructed. In contrast to the statistical meta-modelling approach proposed previously, a
physically based meta-modelling approach was preferred. Out of possible approaches, an
analytical expression of the convection-dispersion process was chosen as the basis for the
development of the meta-model:

INC, =a,- a, X, - a,X,-a;X,

in which o, 1 ,and j;are the regression coefficients and X; (-), X, (-) and X; (-) are
independent regression variables, which are defined as follows:



With:

C. theleaching concentration at depth L, ( g dm™®)
thefirst order rate coefficient as influenced by local temperature, (d™)
the soil water content, (dm® dm’®)
depth a which the leaching is evaluated, (m)
the volume flux of water at depth L, (m d™)
the soil dry bulk density, (kg dm?)
n thefraction organic matter in the soil, (kg kg™)
om theorganic matter water partitioning coefficient, (dm® kg™)
the transpiration stream concentration factor, (-)
the water uptake by plants, (d™)

o

nae xXa*°

The metamodd was fitted to the GeoPEARL results for various scales and application
seasons using robust regression anaysis. The development of the physicaly based meta-
model is described in Appendix 1. For all scales and application periods, the resulting model
explained 80% - 98% of the observed variability. The physicaly based metamodel was
further compared to the statistica based metamodel. Notwithstanding that the modeling
efficiency of the statistical meta-model was dlightly superior to the physicaly based meta
model, preference is given to the latter because the physically based metamodel s outperforms
in terms of simplicity. In addition, it is easier to communicate the results of the physicaly
based meta-model with non-technical stakeholders.

The previous meta-modelling approaches ignore however the temporal dynamics of the
groundwater contamination. As such, in addition to the approaches as described above, other
modeling approaches were explored alowing to include the temporal dynamics of the flow
events in meta-models (Sulmon et al., 2006). Unfortunately, this work was not sufficiently
conclusive and robust enough for pesticide emission assessment to be included in the final
groundwater HAIR indicator (Van der Linden et al., 2006).

The remainder of this chapter gives some details on the parameterization and the operation of
the groundwater indicators. Example caculations and are given in Appendix 1 (Tiktak et d.,
2006).

2.2 Meta-model input

The HAIR software package contains example sets of input data. The user may use an
appropriate selection of these example datasets or provide the software with his own datasets.
Relevant parameters for the groundwater indicators are described below.

2.2.1 Pesticide parameters

The metaemodel requires standardized parameters for degradation and sorption. For the
degradation the DegTs, for reference conditions of 20 °C and optimum soil moisture



conditions (pF = 2) isrequired. Thisvalue usually can be obtained from authorization dossiers.
Like the original model, the metamodel assumes single first order transformation kinetics.
The meta-model requires the organic matter normalized sorption constant Ko, for the sorption
process. This value also might be obtained from authorization dossiers, sometimes after
recalculation from K values. Ko and K are related to each other according to the formula:

Kom =Ko/ 1.724

For dightly acidic substances, four parameters are required instead of one: the sorption
constant for the acidic component, the sorption constant for the conjugate base, the pK, of the
substance and the molar mass of the substance (see below).

If the leaching of metabolites has to be calculated, in addition, the molar mass of both parent
and metabolite and the formation fraction of the metabolite, relative to the parent (active)
substance, are required. Also these values might be obtained from registration dossiers.

2.2.2 Environmental parameters

The finally chosen meta-model uses four environmental parametersfor the leaching
calculation of non-ionisable substances and five for ionisable substances. These parameters
are (see Appendix 1):

the long term average soil moisture content (mm d'%);
the long term average preci pitation excess (mm d™);
the soil dry bulk density (kg dm®);

the fraction soil organic matter (kg kg™);

the pH of the soil (-).

These data are available in the database of the HAIR software package for al grid cells e the
European scale. If the user wantsto calculate for other scales, the data have to be provided.

2.2.3 Interaction of pesticide parameters and scenario parameters

In case of dlightly acidic substances, there is an interaction between pesticide parameters and
scenario parameters. The sorption of the molecule is then dependent on afurther correction
for the pH of the grid cell. Firstly, a combined sorption constant for the acidic molecule and
its conjugated base is calculated:

(molarmass- 1)

K >{LopH,gridcell— pPK, ><K

om,acid om,base
Koo = molarmass
’ 1+ (rmlarrnass' 1) ><:I_OpH,gridceII- pKy
molarmass
with
K om,com the combined sorption congtant, (dm® kg™
K om,acid the sorption constant of the acidic molecule, (dm? kg™)
K ombese the sorption constant of the conjugated base, (dm® kg™)
molarmass molar mass of the acidic molecule, (g mol™)
PHgridcel the pH of the top soil of the grid cell, (-)
pKa the dissociation constant of the substance, (-)

The Kom,com IS then used to cal cul ate the leaching for each grid cell, it replaces the K, in the
meta-model given in Appendix 1. In general, considering the range of pH’s occurring in soils,
the leaching might be influenced if the pK, of the substance (parent or metabolite) is between
2and 8.



2.2.4 Application parameters

The results as shown in Appendix 1 were obtained by assuming a net loading of the soil with
1 kg active substance (parent) per ha. The loading of the soil is not necessarily identical to the
(nominal) application rate. The (nominal) application rate has to be corrected for the part not
reaching the soil or volatilizing from the soil due to amongst other (net) interception by the
crop, the volatilization from the soil surface and the volatilization from the bulk soil. The
HAIR software package contains example application parameters. The user may however
provide his own application parameters. Nominal application rates usually are obtained via
questionnaires or interviews with farmers. Also registration dossiers may be a source for
obtaining application rates. Interception values may be obtained from FOCUS (2000).
Volatilization of the plant protection products from the crop canopy and / or from the soil may
be calculated according to Smit et al. (1997, 1998).

2.3 Meta-model output

The meta-model caculates predicted annua average leaching concentrations of plant
protection products at the depth of 1 m below soil surface. In the meta-model the annual
average leaching concentration is dependent on the substance parameters and the
environmental conditions as described in the preceding paragraph and on the regression
parameters of the fit of the meta-model on the GeoPEARL results. Tables 2.1 — 2.10 give a-
coefficients for various scales and application seasons. Note that the a3- parameters were
obtained assuming the default value of 0.5 for the transpiration stream concentration factor.
The vaues obtained in Appendix 1 were obtained assuming a value of 1. In al cases, the
a3- parameter value was negative and highly correlated with a0. The third term of the
regression equation was therefore omitted from the metamodel .

As shown in Appendix 1, the regression improves if the dataset is divided into subsets based
on environmental parameters. For the EU, it was appropriate to divide into 4 subsets based on
the long term average temperature and the long term average precipitation. Temperature
differences and/or precipitation differences may be small for smaler areas. A division into
two subsets, based on the amount of precipitation only, seems appropriate for the Netherlands.
For a part of the Dyle catchment area — an area of approximately 600 km? in the Walloon
region of Belgium — both temperature and precipitation differences are small. It is not
necessary to distinguish subsets for such asmall and rather homogenous area.

Table 2.1 Coefficients for the set: EU, spring application, 50" percentile leaching
concentrations.

Area percentile season subset® a0 al a2 a3 R?
Eu 50 spring 3.50 0.61 0.58 -7.38 0.98
Eu 50  spring 476 044 060 093
Eu 50 spring P<0.8 5.09 0.45 0.55 0.91
Eu 50 spring P>0.8 4.75 0.56 0.60 0.97
Eu 50 spring  T<125 4.76 0.46 0.59 0.95
Eu 50 spring  T>125 4.74 0.34 0.62 0.86
Eu 50  sring TD 519 053 053 093
Eu 50 sring TW 475 055 058 0.96
Eu 50  sring WD 474 033 035 091
Eu 50  sring WW 484 070 059 0.97

* P precipitation (m yr'"), T temperature (°C), TD temperate and dry (T<12.5, P<0.8), TW temperate
and wet (T<12.5, P>0.8), WD warm and dry (T>12.5, P<0.8), WW warm and wet (T>12.5, P>0.8)



Table 2.2 Coefficients for the set: EU, autumn application, 50" percentile leaching
concentrations.

Area percentile season subset” a0 al a2 a3 R’
Eu 50 autumn 3.93 0.25 0.60 -5.81 0.98
Eu 50 autumn 491 0.13 0.61 0.95
Eu 50 autumn  P>0.8 4.87 0.21 0.61 0.98
Eu 50 autumn  P<0.8 5.24 0.16 0.55 0.95
Eu 50 autumn  T<125 491 0.14 0.61 0.96
Eu 50 autumn  T>125 4.88 0.12 0.59 0.92
Eu 50 autumn TD 5.30 0.19 0.57 0.97
Eu 50 autumn T™W 4.88 0.19 0.62 0.98
Eu 50 autumn WD 5.01 0.14 0.38 0.95
Eu 50 autumn WW 4.92 0.29 0.60 0.98

P precipitation (m yr'%), T temperature (°C), TD temperate and dry (T<12.5, P<0.8), TW temperate
and wet (T<12.5, P>0.8), WD warm and dry (T>12.5, P<0.8), WW warm and wet (T>12.5, P>0.8)

Table 2.3 Coefficients for the set: EU, spring application, 80" percentile leaching
concentrations (see also Appendix 1).

Area  percentile season  subset” a0 al a2 a3 R®
Eu 80 spring 3.80 0.48 0.53 -4.74 0.97
Eu 80 spring 476 039 051 0.90
Eu 80 spring TD 5.09 0.44 0.46 0.95
Eu 80 sring TW 472 039 058 0.96
Eu 80 sring WD 507 028 030 091
Eu 80 sring WW 481 058 046 0.97

* TD temperate and dry (T<12.5, P<0.8), TW temperate and wet (T<12.5, P>0.8), WD warm and dry
(T>12.5, P<0.8), WW warm and wet (T>12.5, P>0.8)

Table 2.4 Coefficients for the set: EU, autumn application, 80" percentile leaching
concentrations.

Area percentile season subset” a0 al a2 a3 R?
Eu 80 autumn 4.10 0.21 0.58 -5.29 0.97
Eu 80 autumn 4.95 0.07 0.57 0.94
Eu 80 autumn TD 5.30 0.16 0.46 0.97
Eu 80 autumn T™W 4.95 0.16 0.60 0.97
Eu 80 autumn WD 5.20 0.07 0.37 0.95
Eu 80 autumn ~ WW 5.02 0.23 0.57 0.98

" TD temperate and dry (T<12.5, P<0.8), TW temperate and wet (T<12.5, P>0.8), WD warm and dry
(T>12.5, P<0.8), WW warm and wet (T>12.5, P>0.8)

Table 2.5 Coefficients for the set: NL, spring application, 50" percentile leaching
concentrations.

Area  percentile season subset” a0 al a2 a3 R?
NI 50 spring 426 064 053 -176 0.96
NI 50 spring 4.77 0.65 0.50 0.95
NI 50 spring P>0.8 4.70 0.61 0.50 0.95
NI 50 spring P<0.8 5.05 0.67 0.57 0.96

P precipitation (m yr™)



Table 2.6 Coefficients for the set: NL, autumn application, 50" percentile leaching
concentrations.

Area  percentile season subset” a0 al a2 a3 R?
NI 50 autumn 4.66 0.26 0.57 -1.37 0.97
NI 50 autumn 514 0.27 0.57 0.96
NI 50 autumn  P>0.8 5.12 0.27 0.57 0.96
NI 50 autumn  P<0.8 5.29 0.27 0.59 0.97

P precipitation (m yr™)

Table 2.7 Coefficients for the set: NL, spring application, 80" percentile leaching
concentrations.

Area  percentile season subset” a0 al a2 a3 R?
NI 80 spring 4.13 0.90 0.67 -1.75 0.84
NI 80  spring 476 091 066 0.82
NI 80 spring P>0.8 4.78 0.97 0.68 0.80
NI 80 spring P<0.8 4.93 0.87 0.66 0.91

P precipitation (m yr'?)

Table 2.8 Coefficients for the set: NL, autumn application, 80" percentile leaching
concentrations.

Area  percentile season subset” a0 al a2 a3 R?
NI 80 autumn 4.69 0.22 0.55 -1.48 0.97
NI 80 autumn 5.30 0.23 0.58 0.96
NI 80 autumn  P>0.8 511 0.21 0.52 0.96
NI 80 autumn  P<0.8 5.50 0.25 0.61 0.96

P precipitation (m yr™)

Table 2.9 Coefficients for the set: Dyle, spring and autumn applications, 50" percentile
leaching concentrations.

Area  percentile season a0 al a2 a3 R?
Dyle 50 sring 473 1.07 035  -117 0.99
Dyle 50 spring 4.98 1.07 0.35 0.99
Dyle 50 autumn 4.32 0.24 0.47 -4.23 0.98
Dyle 50 autumn 522 0.24 0.47 0.98

Table 2.10 Coefficients for the set: Dyle, spring and autumn applications, 80" percentile
leaching concentrations.

Area percentile season a0 al a2 a3 R?
Dyle 80 sring 480 092 035  -126 0.99
Dyle 80 sring 507 092 035 0.99
Dyle 80 autumn 4.26 0.19 0.45 -4.86 0.98
Dyle 80 autumn 5.30 0.19 0.45 0.98

The Tables 2.1 — 2.10 show consistent sets of a-parameters, for different scale levels. It is

possible to derive a-parameters for other areas as well as soon as GeoPEARL schematizations
are developed for those areas.



3 Estimating effects and prediction of risk.

Leaching to groundwater is, compared to other compartments, a relatively slow process.
Therefore it is warranted to consider only long term risks and compare predicted
environmental concentrations with chronic toxicity data and/or standards set for chronic
exposure.

At the moment, no generally accepted methods exist for deriving ecotoxicologically based
threshold values for groundwater. Therefore, in the HAIR groundwater indicator the drinking
water limit of 0.1 g/l isused for estimating the risk. If an ecotoxicologica value is available
for a given substance, it is possible to take this value into account. One of the possibilitiesis
rescaling of the risk map for the substance.

Therisk is calculated from the equation:

Risk groundwater = leaching concentration / 0.1
The leaching concentration can be obtained by running the meta-model with the appropriate
set a-parameters. In general the median leaching concentration (50" percentile) is chosen to

calculate the expected risk. The 80™ percentiles can be chosen if a conservative estimate is
required.
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Appendix 1 Development of the leaching meta-model

This appendix contains the paper:

A. Tiktak!, JJ.T.I. Boesten, A.M.A. van der Linden and M. Vanclooster. 2006. Mapping the
Vulnerability of European Groundwater to the Leaching of Pesticides with a process-based
Metamodel of EuroPEARL. J. Environm. Qual. 35:1213-1226.

ADbstract

A metamodel of the spatially distributed Pan-European pesticide leaching model
EuroPEARL was developed. EuroPEARL considerstransient flow and solute transport
and assumes Freundlich adsorption, first-order degradation and passive plant-uptake of
pesticides. Physical parameters are depth dependent while (bio)-chemical parameters
are depth, temperature and moisture dependent. The metamodel is based on an
analytical expression that describes the mass fraction of pesticide leached. The
metamodel ignores vertical parameter variations and assumes steady flow. The
calibration dataset was generated with EuroPEARL and consisted of 60,000 simulations
of PEARL done for 56 pesticides with different half-lives and partitioning coefficients.
Thetarget variable was the 80" percentile of the annual average leaching concentration
from a time-series of 20 years. The metamodd explains over 90% of the variation of the
original model with only four independent spatial attributes. These parameters are
available in European soil- and climate databases, so that the calibrated metamodel
could be applied to generate maps of leaching concentrations in the European Union.
Maps generated with the metamodel showed a good similarity with the maps obtained
with EuroPEARL which was confirmed by means of quantitative performance
indicators.

I ntroduction

he 6™ Environment Action Programme, as adopted by the European Parliament and the

European Council, provides for the development of a Thematic Strategy on the

Sustainable Use of Pesticides. The principle objective of this programme is the
reduction of the impact of pesticides on human headth and the environment and, hence, a
sustainable use of pesticides. To report and monitor the progress made in achieving the
objectives of this strategy, pesticide impact indicators are needed which alows to measure
how the Action Programme objectives are met at the scale of the EU (COM, 2002b).

Leaching to the groundwater is one of the aspects considered in the Thematic
Strategy, because groundwater is a mgjor source of drinking water in Europe and because
pressures exerted by pesticides on European groundwater bodies are high. The leaching
potential of pesticides can be calculated with dynamic, multi-layer, mechanistic models at
different spatial scaes, including the field scale (Boesten and van der Linden, 1991;
Vanclooster et a., 2000), the regional scale (Capri et d., 2000) and the national scale (Tiktak
et d., 1996; Tiktak et a., 2002). These model s take into account transient flow, hydrodynamic

L A. Tiktak. Netherlands Environmental Assessment Agency (MNP). PO BOX 303, 3720 AH
Bilthoven, the Netherlands; JJ.T.I. Boesten, Alterra, PO BOX 47, 6700 AA Wageningen, the
Netherlands; and A.M.A. van der Linden, RIVM, PO BOX 1, 3720 BA Bilthoven, the Netherlands, M.
Vanclooster, Université Catholique de Louvain, Croix du Sud 2, 1348 Louvain-la-Neuve, Belgium. *
Corresponding author, e-mail: aaldrik.tiktak@mnp.nl



dispersion, non-linear adsorption, degradation and uptake of pesticides by plant roots. The
disadvantages of process-based pesticide-leaching models are that they contain a large
number of parameters, which may be difficult to identify directly or which may not be
available a larger scales and that they are complex in nature which make them hard to
understand by non-expert stakeholders but also laboriousto use.

To mitigate to the above mentioned problems, simpler |eaching models could be used.
As an alternative to transient leaching models, anaytical models may be proposed to assess
leaching (Loague et a., 1989; 1996). These models try to describe the most important
processes with minimal effort and data requirements (Rao et a., 1985; Jury et d., 1983, 1987;
Van der Zee and Boesten, 1991). Analytical models do not account for vertical heterogeneity
and assume steady-state conditions, leading to an underestimation of the fraction leached
(Van der Zee and Boesten, 1991).

An alternative to the direct use of simpler models and away to maintain the dominant
behavior of the more complex process-based model is to reduce the complex process-based
leaching model into the mathematical form of the smple model in a modelling step referred
to as metamodelling. In metamodelling, the model reduction is obtained by considering only
those processes and parameters for which the considered simulation output is sensitive or for
which input data are available. As such, a smpler code can be obtained which respects the
behavior of the complex model, which is more compatible with available databases and which
can be easier incorporated in policy evauation and decision making tools. The simplification
of the model structure in a metamodel improves also the transparency of the model and is
therefore easier to use within the communication process with non-technical stakeholders, in
particular if a process-based metamodel is proposed. Metamodelling theory and applications
to emission modelling have recently be reviewed by Pifieros-Garcet et a. (2005).

Tiktak et a. (2004) implemented a spatially-distributed version of the transient
process-based pesticide leaching model PEARL (Tiktak et a., 2002) at the Pan-European
scale, thereby using climate, soil and land-use data which were available at the Pan-European
level. They showed that the applicability of the spatialy-distributed leaching model was
limited to 75% of the total agricultural area of the former EU-15 (i.e. the EU without the new
Member States). The most important reason was that the first version of the Soil Profile
Analytical Database of Europe (Madsen-Breuning and Jones, 1995) covered only part of the
European Union.

Van der Zee and Boesten (1991) developed a simple process-based metamodel of a
transent leaching model similar to PEARL but for the pesticide fraction leached. The
metamodel was based on the anaytical solution for piston flow. They showed that the
dependency of the leached fraction on pesticide properties as revealed with the metamodel
was in good general agreement with the leaching patterns obtained with a dynamic numerical
model based on the convection-dispersion equation.

In this paper, we present the metamodel of Van der Zee and Boesten (1991) in such a
way that it describes concentrations instead of leached fractions and show how this
metamodel can be used to assess Pan-European leaching risk. Risk indicators for pesticide
leaching in the EU should preferably be based on the leaching concentration instead of the
leached fraction, because the legal criterion for EU-registration isaconcentration (0.1 g L™).
The process-based metamodel was fitted to leaching concentrations that were obtained with a
spatialy-distributed, dynamic, multi-layer, mechanistic model of pesticide leaching, referred
to as EuroPEARL (Tiktak et al., 2004). We intend to show that, if parameterized in this way,
the metamodel gives comparable results as the origina EuroPEARL model. The cdibrated
metamodel can be applied to assess the vulnerability of European groundwater bodies at the
entire agricultural area of the European Union. Based on this assessment, we will show how
pesticide degradation and sorption parameters affect the spatial pattern of pesticide leaching at
the Pan-European scale.



Materials and methods

The EuroPEARL modéd

The EuroPEARL model (Tiktak et al., 2004) was used to generate the leaching data,
which are required to calibrate the metamodel. EuroPEARL consists of a link between the
one-dimensional, multi-layer, mechanistic pesticide leaching model PEARL (Tiktak et d.,
2000) and a Geographica Information System (GIS). Caculations are performed for 1062
unique combinations of soil and climate, which together represent 75% of the total
agricultura area of the former EU-15. Basic soil-data, including horizon designations, were
taken from the Soil Profile Anaytica Database of Europe (Madsen-Breuning and Jones,
1995). Time-series of temperature and precipitation were obtained from the Pan-European
Climate database (Vossen and Meyer-Roux, 1995). Results are presented with a resolution of
10x10 km?, which is the maximum judtifiable resolution that can be derived from the
1:1,000,000 soil map of Europe. Fig. 1 shows maps of the most important soil and climatic
parameters.

Fig. 1. Basic maps for EuroPEARL. Areas without agricultural land-use and areas where insufficient
soil information was available, are not shown. (a) Organic matter content of the upper meter as
derived from the SPADE database; (b) soil texture from the 1:1,000,000 Soil Map of Europe; ()
mean annual rainfall, and (d) mean annual temperature. Temperature and rainfall were taken from
the Pan-European climate database.

Weater flow is described with a submodel (Van Dam, 2000), which uses the Richard’s
equation to describe soil-water flow. The upper boundary of the modd is situated at the top of
the crop canopy. Daily rainfal fluxes are input to the model; the reference evapotranspiration



is cdculated with the FAO modified Penman-Monteith approach (Allen et a., 1998). The
actual soil evaporation is calculated according to Black et a. (1969). Potential transpiration is
distributed over the root zone using the root density distribution as a weighing factor. Water
uptakeis reduced for layers with low pressure heads or anaerobic conditions. In EuroPEARL,
the groundwater level is fixed a 2 m depth. This simplification is considered acceptable,
because sensitivity analyses showed that the groundwater depth had little influence on the
leaching concentration at a given depth as long as the groundwater level is below the
biologically active layer (Diels et a, 1996; Tiktak et al., 2004).

Pesticide transport is described with the convection-dispersion equation. Sorption
onto the soil-solid phase is described with a Freundlich isotherm. The Freundlich coefficient
is assumed to be directly proportional to organic matter. The degradation of pesticides is
described with a first-order rate equation and a number of reduction factors, which account
for the influence of temperature, soil moisture and depth in soil (Boesten and van der Linden,
1991). The uptake of pesticides by plant roots is taken proportional to the water uptake by
plant roots and an empirica transpiration stream concentration factor. In this study, an
initially pesticide-free soil was assumed. The pesticides were annually applied to the soil
surface, one day after crop emergence. The annual dose was 1 kg ha™.

We sdlected the leaching concentration a 1 m depth as the target variable. The
selection of this variable results from European legidation procedures (FOCUS, 2000), which
aso require that the 80™ percentile of the leaching concentration due to weather conditions is
used. This percentile is calculated from a time-series of 20 years using a two-step approach.
First, for each year, the mass flux of pesticide leached was divided by the annua precipitation
surplus. Secondly, from the so-obtained 20 leaching concentrations, the 80™ percentile was
chosen.

The metamodel

The aim of the metamodel is to predict the 80" percentile of the leaching
concentration at 1 m depth. Let usfirst consider the analytical solution of the mass fraction of
a pesticide dose that leaches below a certain depth in a homogeneous system, based on (i) the
convection-dispersion equation (ignoring diffusion), (ii) steady-state water flow, (iii) alinear
adsorption isotherm, and (iv) first-order degradation kinetics. Jury and Gruber (1989) derived
this solution and their equation can be rewritten as:

L \/1_'_ 4n|Ldis(q+ rfomKom) -1
is q

F=exp - [1]

di

in which F (-) is the mass fraction leached, L (m) is the depth considered, Lgs (M) is the
dispersion length, (d™) is the first-order degradation rate coefficient (= In(2)/half-life),
(m*m?) is the volume fraction of water, (kgdm?®) is the dry bulk density of the soil,
fom (kg kg™) is the organic matter content, Kon (dm?®kg™) is the coefficient for distribution
over organic matter and water and g (m d™) is the volume flux of water.

According to its definition, the 80" percentile leaching concentration is a flux
concentration. Jury and Roth (1990) describe the solution for the flux concentration, on which
equation [1] is based. Their equations 2.17, 2.51 and 4.68 indicate that this solution is given
by:
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in which C_ (kgm®) is the flux concentration at the lower boundary, M (kgm?) is the
pesticide dose, t (d) isthetime, and R (-) is the retardation factor, which is defined by:
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For pesticide leaching, one may expect that the percentile flux concentration
evaluated at a certain depth in soil is more or less proportiona to the fraction of the dose that
leaches beyond that depth: low fractions leached can only be achieved by low leaching
concentrations and similarly high fractions leached can only be achieved by high leaching
concentrations. We made Monte Carlo simulations with Eg.2 and assumed uniform
digtributionsfor , R, g and the half-life of the pesticide. Therange of was 0.1-0.3; the range
of Rwas 1-11; the range of qwas 0.25-2.5 mm d* and the range of the half-life was 10-100 d.
The pesticide dose was 1 kg ha®, the depth in soil was 1 m and the dispersion length was
0.05m. For each combination of the stochastic variables the maximum in time of the
concentration was calculated and it was compared with the fraction leached from Egn 1.
Figure 2 shows that the maximum concentration is indeed more or less directly proportiona
to the fraction leached. This suggest that the metamodel for the 80" percentile concentration
can be based on the simpler equation for the fraction leached.

Van der Zee and Boesten (1991) adapted Eq. [1] dightly to include also pedticide
uptake by plant roots:

F=exp - -1

L \/1+ 4ntdis(q+ rfomKom) + 4gS—dis
is q

i
where g (-) is the transpiration stream concentration factor, and S (d™) is the water uptake by
plant roots. Van der Zee and Boesten (1991) made caculations with a model similar to
EuroPEARL for a single Dutch soil (Lgs = 0.05 m), but for a range of degradation half-lives
and K,n-values. They fitted the fraction leached to Eq. [4] with , S and q as regression
parameters. They found that Eqgn. [4] was a suitable metamodel to describe the output of the
simulation model. Moreover, they found that the fitted values of , Sand g were physicaly
redistic.

(3]

[4]



Fig. 2. The maximum in time of the flux concentration at 1 m depth ( g L™) as calculated with Eq. 2 as
a function of the leached fraction (-) as calculated with Eq 1. The points are Monte Carlo
calculations based on random values for the volume fraction of water, retardation factor, water flux
and half-life of the pesticide. The lines are at arbitrary concentration levels but have a slope of 1
implying that the concentration is proportional to the leached fraction.

Van der Zee and Boesten (1991) used also the fraction leached for the same system,
but now assuming piston flow instead of the convection-dispersion equation:

Foexp - 79* ffom';om)L +9SL 5]

They fitted the cal culated fractions leached also to Eq. [5] using again , Sand q as adjustable
parameters. Eq. [5] appeared to describe the calculated fractions equaly well as Eq. [4], but
the fitted value of q was less realistic. Van der Zee and Boesten (1991) attributed this to the
fact that Eq. [5] ignores dispersion and thus the fitted values of g include the effect of the
dispersion process.

For our metamodel we prefer an equation of the type of Eq. 5 over an equation of the
type of EQ. 4 because EQq. 4 described the calculated fractions equally well with less
parameters (a metamodel should be as simple as possible by its nature). So we combine Eq. 4
with the phenomenon that the flux concentration is approximately directly proportional to the
fraction leached (Fig. 2). This gives the following metamodel for the 80" percentile leaching
concentration:

maq+rf K, )L+gSL
q

where C, ( g L™) isthe concentration at the upper boundary of the column.

One cannot expect that Eq. 6 gives accurate predictions of leaching concentrations of
amodel such as EuroPEARL, which accounts for vertical heterogeneity of soil physical and
chemical properties, non-linearity in sorption, daily variations of water fluxes, etcetera

C.=C,exp - (6]



Therefore, we rewrote Eq. 6 as a multiple linear regression model and fitted the leaching
concentration to the leaching concentration obtained by EuroPEARL:

InNC_ =a,- a;X;- a,X,-a,X, [7]

inwhich o, 1 »and jzaretheregression coefficients and where X, (-), Xz (-) and X3 (-) are
independent regression variables, which are defined as follows:

xlzﬂ
q

(8]

[9]

3 -3 [10]

q

Rewritten in thisway, a process-based metamodel of EuroPEARL results. The proposed
methodology for model reduction (combination of process-knowledge and regression) has
much in common with the data-based mechanistic models of Y oung (1998) and the transfer
function model s of Stewart and Loague (2003; 2004).

Par ameterization of the metamodel

EuroPEARL was used to generate the leaching data required to caibrate the
metamodel. The time of application has an important effect on pesticide leaching. To
investigate the effect of the time of application on the metamodel parameterization, we
generated two leaching datasets, namely one resulting from an annual surface application in
winter wheat and one resulting from an annual surface application in maize. Because the
pesticides are applied after crop emergence, we have one leaching dataset with autumn
applications and one leaching set with spring applications. For each of the two leaching
datasets, EUroPEARL runs were done for 56 different pesticides. The degradation haf-life
(DTsp) ranged from 10 to 200 days and the organic matter-water partition coefficient (Kom)
was between 0 and 200 dm® kg‘l. The 56 combinations of DTsy and K cover the full range of
relevant pesticides as described by Boesten and van der Linden (1991). For each leaching
dataset, the total number of points for calibration amounted to 1062x56=59,808. Because
EuroPEARL is rather demanding with respect to computer resources, we used a computer
cluster consisting of 256 loosely coupled CPU' s to perform the ssimulations.

For each of the 59,808 points, the independent regression variables X;..X; in Eq. [8],
[9] and [10] were calculated as well. These eguations contain two substance parameters (
and K,), two soil parameters ( and f,y,), three dynamic parameters ( , S and q), and two
constants (L and g). All parameters were inferred from the EuroPEARL database, so that a
consistent dataset was created. In the case of dynamic properties, 20-years averages were
taken. In the case of depth-dependent soil properties, we toke the average over the top 1 m,
using the horizon thickness as a weighing factor. The degradation rate coefficient, , is not
directly available in the EuroPEARL database, because it is temperature dependent. The
Arrhenius equation was applied to account for this effect:

m=exp —= Ea (T'l - Tr'l) —IIS'(I'Z) [11]
50

where DTs, (d) is the degradation half-life at reference temperature, E,(Jmol™) is the molar
activation energy, R (Jmol™ K™) is the molar gas constant, T (K) is the 20-years average air
temperature and T, (K) isthe temperature at reference conditions, which was set to 20 °C. The
molar activation energy was fixed to 54 kJ mol™ (FOCUS, 2000), which is the same value as
used in the EuroPEARL model.



The organic matter content, f,n, was averaged over the top 1 m, using the horizon
thickness as a weighing factor. Both parameters were taken from the EuroPEARL input files.
A continuous pedotransfer approach was used to relate the bulk density, (kg dm®), to the
organic matter content (Tiktak et al., 1996):

=1.80+1.24f, - 291/, (R* =0.91) [12]

Dynamic properties ( and S) were taken from the EuroPEARL output files. These parameters
were first averaged over the top 1 m of the soil and than averaged over the 20-years
simulation period. The water flux, g, was represented by the excess rainfal over
evapotranspiration.

The actua fitting was done in SPlus, using the robust MM-regression agorithm
(Yoha and Zamar, 1997). Robust regression techniques generate answers similar to the
classical least-squares regression when the data are linear with normally distributed errors, but
differ significantly from the least-squares fit when the data contain significant outliers.

For each of the two leaching sets (autumn and spring applications), the metamodel
was calibrated. The calibrated metamodel was used to generate maps of the predicted leaching
concentration at the agricultural area of the EU-15. These maps were compared with the
leaching concentration obtained with the reference model (EuroPEARL).

Results

Calibration of the metamode

Fitting of EQ. 7 to the two leaching sets yielded positive values for ; and , and
negative values for 3 (table 1; model 1). A negative value for 3 would imply that the
leaching concentration increases with increasing uptake by plant roots (Eg. 10), which is
physically incorrect. Further analyses aso showed that 3 was strongly correlated with
(r =0.84). Apparently, a leaching set based on simulations for a large range of pesticides
cannot be used to distinguish between the effect of plant uptake and the effect of other
processes. The explanation might be that the uptake of pesticides by plant roots is an
important process only when Ko, fom @pproaches zero (Boesten, 1991). In al other cases, the
pesticide will become retarded and therefore reside in the soil column for a longer time.
Whereas alonger residence time favors losses by degradation, the actua concentrationsin the
soil solution will be smaller than for unretarded cases. This affects mainly the uptake, which
isreduced considerably.



Table 1. Coefficients resulting from calibration of the metamodel to the two leaching sets.

Modelt Leaching set  Regioni o 1 ) 3 R*"
Model | Autumn EU-15 4.10 0.21 0.58 -2.64 0.97
Spring EU-15 3.80 0.48 0.53 -2.37 0.97

Model Il Autumn EU-15 4,95 0.07 0.58 NAS 0.94
Spring EU-15 476 039 051  NA 0.90

Model 111 Autumn TD 5.30 0.16 0.46 NA 0.97
T™W 4,95 0.16 0.60 NA 0.97

WD 5.20 0.07 0.37 NA 0.95

ww 5.02 0.23 0.57 NA 0.98

Spring D 509 044 046  NA 0.95

T™W 4,72 0.39 0.58 NA 0.96

WD 5.07 0.28 0.30 NA 0.91

ww 481 0.58 0.46 NA 0.97

T Model I: model based on Eq. 7; Model Il: model based on Eq. 7 with 3 fixed to zero; Model
Ill: model based on Eqg. 7 with 3 fixed to zero and with dataset split into climate zones. See
further text.

T See table 2 for description of climate zones.

8 Not applicable

* Robust version of R? as described by Yohai and Zamar (1997).

Because we don't want a process-based metamodel with physicaly unredistic
regression coefficients, the regressons were repeated for a model with two regression
variables, namely X; and X,. Results are also shown in table 1 (model I1). All coefficients of
model Il are physically redistic, while the proportion of variation explained by the metamodel
is gill high. The most important difference between the two leaching setsisin 1, which is
lower in the case of autumn applied pesticides. The X; term of Eq. 7 reflects the retardation of
solute resulting from the volume fraction of water in soil (it isthe -term of the retardation
factor), while the X, term reflects the retardation resulting from sorption. Apparently, sorption
is the key factor for the leaching concentration in the case of autumn applied pesticides. A
possible explanation is that autumn applied pesticides become only subject to degradation if
the residence time in the topsoil is long enough: directly after application, the temperature is
low and degradation rates are small.

Mode 1l was used to construct figures 2a and 2b. These figures show the leaching
concentration predicted by EuroPEARL as a function of the leaching concentration predicted
by the metamodel. The number of leaching points in each figure equas 59,808. The
concentrations were plotted on alogl0-scale and the lines represent the fit. The figure shows
that, despite the high proportion of variation explained by the metamodel (table 1), there is
large scatter around the 1:1line. Further inspection of the leaching sets suggests that the
deviation from the 1:1 line is related to the annua precipitation: under dry conditions, the
metamodel tends to underestimate the leaching concentration, whereas the leaching
concentration is overestimated in those cases where the mean annual precipitation is high.
Figures 2a and 2b aso shows that the error is particularly large in the case of warm and dry
climates.

To reduce the systematic differences due to climate, the leaching sets were split into
four subsets, namely one for each climate zone in table 2. The underlying assumption is that
the climate zones are more homogeneous with respect to seasona dynamics of weather than
Europe as awhole. Figures 3c and 3d show that the systematic errors are indeed reduced. The
regression coefficients as shown in table 1 (model 111) are generally low in dry climate zones
and high in wet climate zones. ; increases in the order WD < TD TW < WW, while



coefficient , increasesinthe order WD < TD < TW  WW. This suggests that in the case of
dry climates, the effective model parameters deviate more from redlistic values than in the
case of wet climates. Averaging causes bias in the results of the anaytica mode, which is
reflected in the coefficients of the metamodel. It may be expected that the effect of averaging
is more pronounced in the case of dry climates, because the seasona variability of the water
flow pattern is generally higher in those climates. Van der Zee and Boesten (1991) found that
the bias between redlistic and effective model parameters appears most in the water flow
velocity. They attributed thisto the fact that Eq. 5 ignores dispersion and thus the fitted values
of g include the effect of the dispersion process. Using their findings, one can make an
estimation of the ratio between the true water flow velocity and the apparent water flow
velocity for the four climate zones by substituting ; and , into Eq. 7-9. The calculated
ratio's (approximately two for wet climates and four for dry climates) confirm that the effect
of averaging is most pronounced in the dry climate zones. Notice that the above exercise
yields only a crude estimate of the apparent flow velocity, because the averaging of the
degradation rate ( ) and the non-linearity of the sorption process affects the leaching as well.
Thisis particularly truein dry and warm (Mediterranean) climates, where the soil may dry for
prolonged periods, resulting in a considerable reduction of pesticide degradation (Walker,
1974). This mechanism is accounted for in EuroPEARL, but not in the metamodel, which
only considers long-term averages and thus overestimates the degradation.

Table 2. Major climate zones of the European Union, based on mean annual rainfall and
mean annual temperature. Zones are a reclassification of the zones described in FOCUS
(2000).

Zone ID Mean annual rainfall (m yr") ~ Mean annual temperature ( C)
Temperate, dry (TD) <0.8 <125
Temperate, wet (TW) >0.8 <125
Warm, dry (WD) <0.8 >12.5
Warm, wet (WW) >0.8 >125

Summarizing, one can state that the time of application mainly affectsthe ratio
between ;and ,, whilethe absolute values are affected mainly by the seasonal dynamics of
water flow (represented here by the climate zone). We can conclude that model 111 explains a
high proportion of variation of the original model, while a so adequately describing the
dependency of the leaching concentration on the main processes, i.e. retardation, degradation
and hydrology. Hence, we can use model 111 to map the leaching concentration at the Pan-
European level.



Fig. 3. Leaching concentration ( g L™) at 1 m depth as calculated with the EuroPEARL model plotted
againgt leaching concentrations predicted with the metamodel (Eq. 5). The points are leaching
concentrations and the line represents a 1:1 correspondence. Colors refer to the climate zones as
defined in table 2. Model Il: one regression for the EU-15 as a whole. Model 111: regressions for
individual climate zones as described in table 2.

Validation of the meta-model

EuroPEARL and metamodel 1l were used to generate maps of the leaching
concentration at 1 m depth, which is the compliance depth for European registration (FOCUS,
2000). As described before, we mapped the 80" percentile of the leaching concentration due
to weather conditions. To avoid possible bias that might result from using different datasets,
we applied the metamodel to the same dataset as used for the parameterization of
EuroPEARL; the most important soil and climate properties are shown in Fig. 1. The
comparison was done for three example substances as described in FOCUS (2000). A
summary of the most important pesticide propertiesis givenin table 3.



Table 3. Overview of the most important properties of the pesticides considered in this study.

Property’ A B D

M (g mol™) 300 300 300

Py (Pa) 0 o* 0

Sw (Mg L™ 90 90 90

Kom (dm® kg™ 60 10 35

DTso (d) 60 (20 °C) 20 (20 °C) 20 (20 °C)

Tt M is molar mass, P, s is the saturated vapor pressure, S, is the solubility in water, K, is the
coefficient of equilibrium sorption on organic matter, and DTsg is the degradation half-life
under reference conditions.

T Parameter value differs slightly from value given in FOCUS (2000).

The comparison was done with a combination of qualitative (visua) methods and
guantitative methods. Quantitative methods try to express the agreement in performance
criteria, while qualitative methods are based on subjective visual methods. The performance
criteriawere selected in order to reflect the objectives of the metamodel, namely the ability to
predict the leaching concentration at multiple sites and the ability of the metamodel to predict
the target variable for European registration procedures. The target variable is defined as the
leaching concentration a an 80™ percentile vulnerable grid cell (i.e. 80% of the area of the
European Union has a lower leaching concentration than the grid cell). The three selected
indicators are the Normalized Average Error (NAE), the Normalized Root Mean Square Error
(NRMSE) and the Model Efficiency (ME). The NAE measures the bias in the target variable,
which is the difference between the metamodel predictions and the EuroPEARL
‘Observations . The NRMSE measures the deviation between the predicted and ‘ observed'
leaching concentrations. The Modelling Efficiency quantifies the improvement of the
metamodel over the mean of the EuroPEARL ‘observations . Any positive value of ME can
beinterpreted as an improvement. A value of 1 is best. Theindicators are defined as:

NAE — P On [13]
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where P; and O; denote the predicted and observed value in grid cdl i, Pand Oare the mean

values, Pg, and Og, are the 80" percentiles of the leaching concentrationsin the maps, and N is
the number of grid cells.

Maps of the predicted leaching concentration are shown in figures 4 (autumn
applications) and 5 (spring applications). The maps generated by EuroPEARL and the maps
generated by metamodel I11 show a striking similarity. Both models simulate in a consi stent
way higher leaching concentrations in response to autumn applications, which was expected.
Differences between autumn applications and spring applications are aso generaly higher in
Southern Europe, where there is adistinct dry and hot season (see explanation in the previous
section). The two models also consistently predict that the leaching concentration increasesin
the order substance D < substance A < substance B. Despite the similarity between the maps,



there are aso regions where there are significant differences. In Denmark and North-Eastern
Germany, for example, the metamode predicts lower leaching concentrations than
EuroPEARL, while the opposite is true for the Netherlands. Analysis of the SPADE database
showed that the soil profiles in Denmark and Germany are more heterogeneous with respect
to the vertical distribution of organic matter than the average profile, while the oppositeistrue
for the Netherlands. The phenomenon that the leaching concentration is underestimated when
vertical heterogeneity is underestimated is line with earlier findings as reported by Tiktak et al.
(2002).

The performance criteria are listed in table 4. Using the classification proposed by
Henriksen et a. (2003), the Modelling Efficiency scores ‘excellent' for substances A and D,
and ‘good' for substance B. Table 3 shows that substance B has a lower sorption coefficient
than substances A and D. Apparently, the metamodel scores better for retarding substances.
This was expected because short-term variations due to weather conditions are attenuated in
the case of substances with a high Ky The NRMSE is generdly lower than 10%. Highest
values are found for substance D. This was dso expected: substance D has the lowest
leaching potential, and the scatter around the 1:1 line increases a low concentration ranges
(Fig. 1). The 80™ percentile of the leaching concentration is best predicted for substance A.
The largest error is found for substance D applied in spring, which confirms results shown in
the maps (Fig. 5).

Table 4. Summary of metamodel Ill performance indicators (-).

Spring application Autumn application
Substance  ME NRMSE NAE ME NRMSE NAE
A 0.892 0.022 -0.023 0.917 0.016 -0.035
B 0.643 0.039 0.047 0.676 0.017 -0.181

D 0.875 0.085 -0.409 0.934 0.040 0.172




Fig. 4. Predicted leaching concentration in response to annual applications in autumn, as calculated
with EuroPEARL (left) and the metamodel (right). Areas without agricultural land-use and areas
where EuroPEARL could not be parameterized are not shown. See further text.



Fig. 5. Predicted leaching concentration in response to annual applications in spring as calculated
with EuroPEARL (left) and the metamodel (right). Areas without agricultural land-use and areas
where EuroPEARL could not be parameterized are not shown. See further text.

Both the visua inspection of the leaching maps and the quantitative indicators revea
that the performance of the metamodel is generally good. The performance indicators a so
show, however, that the application of the metamodel should be done with due care.



L eaching assessments for the entire EU-25

So far, we applied the metamodel to the same dataset as EuroPEARL, which is
limited to 75% of the former EU-15. In this section, we will apply the metamodel to generate
leaching maps (resolution 10x10 km?) for the entire area of the EU. The metamodel inputs are
obtained as follows:

- The transformation rate coefficient, , is caculated using Eq. 11. The temperature is
taken from the MARS database, which contains a map of the long-term average
temperature based on data from 1500 wesather stations (V ossen and Meyer-Roux, 1995);

- The flux a 100 cm depth, q, is calculated from the mean annua precipitation using the
regression in Fig. 6a. The regression was carried out on data in the EuroPEARL output
files. There appeared to be a strong correlation between mean annua precipitation and the
flux at 100 cm depth. This strong correlation was expected, because mean actua
evapotranspiration rates show limited variability throughout Europe (Roberts, 1983). The
mean annual precipitation is taken from the MARS database (see above);

Fig. 6. Relation between mean annual precipitation and the mean annual flux at 100 cm depth (a) and
relationship between water content at field capacity and long-term average water content (b). Both
relationships were obtained from EuroPEARL simulations.

- The long-term average soil water content is approximated by the water content at field
capacity ( ), which is obtained from soil texture using pedotransfer rules (Jamagne et a.,
1995). Analysis of the EuroPEARL output files revealed that the long-term average soil
water content was generally within 5% of the water content at field capacity, so thisis a
realistic approximation (Figure 6b);

- The organic matter content is taken from a Pan-European organic matter map (Jones et a.,
2003);

- Thebulk-density is calculated from the organic matter content using Eq. 12.

Parameterized in this way, the metamodel uses only four independent spatially-distributed

model inputs (organic matter, texture, annual precipitation and mean annua temperature).

These four parameters are available in georeferenced databases that cover the entire

agricultural areaof the EU-25 (Jamagne et a., 1995; Vossen et al., 1995; Jones et al., 2003).

With the above described dataset, leaching concentrations were calculated for the
entire area of the EU-25 for substances A and B. Maps of the leaching assessment are shown



in Fig. 7. To facilitate the interpretation of the predicted spatia patterns, maps of organic
matter and precipitation surplus are presented as well. The predicted leaching concentrations
generally increase with precipitation and decreases with increasing organic matter content
(Fig. 7c and 7d), which was expected. The leaching maps also show that the variability of the
leaching concentration at short distances is considerable. This is caused by the strong
sensitivity of pesticide leaching to the organic matter content, which shows a strong
variability at short distances. The leaching maps adso show that the predicted leaching
concentrations in certain areas of Southern Europe are relatively high. This was not expected,
because in these countries degradation rates are generaly high and precipitation surplus low.
The explanation is found in the extremely low organic matter contents in Mediterranean
countries, which can be lower than 1% (Fig. 7a). The EU considers decline of organic matter
as one of the most important threats to soil quality, particularly in Southern Europe (COM,
2002a).

In Fig. 7e and 7f, the leaching concentration is normalized: the grid-cell with the
highest leaching scores 100%, while the grid-cell with the lowest leaching scores 0% (the
normalized vulnerability score). As expected, the vulnerability score is generally high where
precipitation surplus is high and organic matter is low. There are, however, important
differences between the two substances. The vulnerability score of the very mobile substance
B shows much more resemblance with the precipitation surplus map than the vulnerability
score of substance A. The vulnerability score of substance A is strongly correlated with the
organic matter content map. These differences are in line with results obtained with
EuroPEARL (Tiktak et al., 2004), which suggests that the metamodel captures the main
features with respect to the dependency of the leaching concentration on the various processes.
This analysis further shows that mapping the vulnerability to pesticide leaching without
considering pesticide properties, as is done in procedures where the vulnerability is
considered to be only a function of weather and climate properties (for example FOCUS,
2000), may be subjected to bias.

Discussion

A process-based metamodel of the leaching model EuroPEARL has been devel oped,
which was succesfully used to obtain quantitative leaching assessments for the entire area of
the EU-25. Based on common knowledge of the leaching process, the behaviour of the model
can be judged ‘plausible’ . Nevertheless, the model predictions are subject to a high degree of
uncertainty. Errors result from the way how the system is conceived in the selected model and
from the way how the model inputs and parameters have been generated (Loague and Corwin,
1996).



Fig. 7. Results of the metamodel application at the entire EU-25. Leaching set autumn application was
used. (a) Organic matter content of the upper meter of the soil profile; (b) annual mean
precipitation surplus; (c) predicted leaching concentration for substance A, (d) predicted leaching
concentration for substance B; (€) normalized vulnerability score for substance A; (f) normalized
vulnerability score for substance B.

Model errors a the conceptual level arise when processes are inappropriately
described by the model or when process descriptions are forced to be used in an application
for which they were not initialy intended. The metamodel inherits all the uncertainties
associated with the original EuroPEARL model (Tiktak et al., 2004). A conceptua limitation



of thismodel isfor example related to the spatial -schematisation of the system. The properties
of the environmental system vary extremely in space and time and this variability is now
encoded by spatially distributing the environmental propertiesin adiscrete way. Thereby, it is
considered that the transport of pesticides from the land surface to the compliance depth
passes through a set of 10x10 km? paralel soil columns. Variability of fate and transport
processes a the surface and within these columns is completely ignored. Techniques for
assessing the small-scale variability are till poorly developed and cannot be implemented at
the Pan-European scale. An extreme example of this small scale variability is the ignorance of
preferential flow, a process for which consensus exists that is extremely important for
correctly describing pesticide transport in soils (Flihler et a., 2001). Basic soil information
for preferentia flow models such as quantitative soil structure information (Rawls et al., 1996)
is not yet available at the Pan-European scale, so it remains questionable whether a regional-
scae version of preferential flow models will become available shortly.

Input and parameter generation errors depend on the quality of the underlying
databases and the quality of the parameter generation techniques, such as the quality of the
applied pedotransfer functions (Tiktak et a., 1999). For characterizing the spatia patterns of
soil properties throughout Europe, the European Soil Map at the scale 1:1,000,000 was used
in combination with the Soil Profile Analytica Database (Jamagne et a., 1995). The Soil
Profile database has serious limitations. The most serious limitation is that soil profile datais
available for only 75% of the agricultural area of the EU-15 only. The metamodel was
successfully used to extend the simulations towards the entire EU-25, but errors might results
when extrapolating the metamodel beyond the range of values in the origina database.
Analysis of the EuroPEARL database, however, revealed that only 6% of the total agricultura
area of the EU-25 was outside the range of model inputs of the orgind model. The missing
areais mainly in cold climates, where the mean annual temperature is below 5 °C. The effect
of important processes for these regions, like snow accumulation and the effect of frost on
waterflow, may therefore be underestimated. Predictions for the Nordic and Baltic countries
should therefore be treated with extra care.

The metamodel validation in this study pertains only to the comparison of the
metamodel with the original model; no comparison with field-observations was made in this
study. So far, leaching models have primarily been validated at the field-scale (for example
Vanclooster et d., 2000; Trevisan et d., 2003) and very few studies, if any, have looked at the
validity of the spatid leaching patterns simulated by spatially-distributed leaching models.
Anayzing the validity of the predicted spatia patterns needs detailed information on the
occurrence of pesticides within groundwater bodies. Unfortunately, high quality regiona data
sets which allow to make such an assessment are only available for some limited cases (for
example Leterme et a., 2004; Tiktak et a., 2005) and only alows to assess the validity a
posteriori. It is expected that the EU-Waterframe Directive will call for monitoring data on
pesticide concentrations in the groundwater, yet it should still be analysed how data of such
monitoring programmes could be used to assess the validity of spatial predictions of pesticide
leaching.

When applying the metamodel, an additional error is added on top of the model error
of the orgina model. Although the performance of the metamodel is generaly good, the
predicted concentration can deviate significantly in specific cases, particularly in the low
concentration range. Recently, a study started to quantify the error propagation in the chain
EuroPEARL * metamodel.

Conclusions

A process-based metamodel of the recently developed Pan-European leaching model
EuroPEARL has been developed, which explains more than 90% of the variation of the
orginal model using only four independent spatialy-distributed parameters, which are
available from genera soil- and climate databases. The calibrated metamodel was applied to
generate maps of the leaching concentration in the European Union. Maps generated with the
metamodel showed a striking similarity with the maps obtained with EuroPEARL. The



predicted leaching concentration generaly increases with precipitation and decreases with
increasing organic matter content. The short-distance variability of the leaching concentration
due to organic matter overruled the North-South gradient caused by climatic differences, a
leaching pattern that is also simulated by the origina model. Quantitative performance
indicators confirmed that the metamodel gives comparable results as the origina model.

The work presented in this paper can be seen as the first quantitative and process-
based leaching assessment at the Pan-European level. Based on common knowledge of the
pesticide leaching process, the behavior of the model can be judged plausible. Nevertheless,
the model predictions are subject to a high degree of uncertainty. An important reason is that
the metamodel inherits all the uncertainties associated with the original model. Given these
uncertainties, we stress that the predicted concentrations should be considered as proxy
variables of the actual concentrations, which might be found back in the groundwater and
should be confronted to or assimilated with results generated through monitoring of the
groundwater system. Notwithstanding this intrinsic high uncertainty with the predicted
concentrations, we believe that the presented methodology allows to make a major step
forward in modelling groundwater contamination by the use of pesticides, in particular in
view of Pan-European harmonized risk-assessment procedures. In contrast to current
European procedures, where the vulnerability is considered to be only a function of weather
and climate properties, the proposed methodology captures the main features with respect to
the dependency of the leaching concentration on the various processes and allows to predict
the dependency of predicted spatial patterns of pesticide leaching on pesticide properties.
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