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ABSTRACT

Crum S.J.H. and J.W. Deneer (ed.), 1995. Development of the TOXSWA model for predicting the
behaviour of pesticides in surface water; Proceedings of a workshop, held on November 8, 1994 ar
Wageningen, The Netherlands. DLO Winand Staring Centre. Report 105 86 pp.; 35 Figs; 8 Tables;
1 Annex.

In an international workshop the state of the art of the aquatic fate model TOXSWA was presented.
This report gives an account of the presentations and discussions of the workshop. Model concepts
of TOXSWA are explained and preliminary results of the sensitivity analysis are given. Next, the
TOXSW A model is compared with the existing SLOOT.BOX model. The leaching model TRANSOL
and the spray drift model IDEFICS are presented. They describe two possible entry routes and can
be used to generate input data for TOXSWA. Finally, future applications of the TOXSWA model are
discussed.
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Preface

This report gives an account of the international workshop on the TOXSWA fate
model, held at the DLO Winand Staring Centre, Wageningen, the Netherlands, on
8 November 1994, In seven lectures, presented by staff members of the DLLO Winand
Staring Centre (SC-DLO), the DLO Institute for Environmental and Agricultural
Technique (IMAG-DLO, Netherlands) and the National Institute of Public Health
and Environmental Protection (RIVM, Netherlands), attention was paid to aquatic
fate modelling and related pesticide regulation in the Netherlands. After each lecture
a lively discussion took place with the attendants (about 80 persons of about eight
different countries).

Within the framework of the Multi-Year Crop Protection Plan (MJP-G) of the Dutch
Government the aguatic fate model TOXSWA (TOXic substances in Surface WAters)
has been developed at the DLO Winand Staring Centre. The TOXSWA model
describes the behaviour of pesticides in small surface waters and its sediment as
a function of time and space. Hence it is a tool to make realistic calculations of the
Predicted Environmental Concentration for short-term and long-term exposure of
organisms in the aquatic environment.

The TOXSWA model is compared to the SLOOT.BOX model, actually in use by
the Dutch Board for the Authorization of Pesticides. The model concepts are
explained, first results of a sensitivity analysis are shown and a first comparison
of model results with experimental data is presented. Two important entry routes
of pesticides into surface waters, spray drift and subsurface drainage, are highlighted.
Finally future applications of the TOXSWA model are explained.



1 Aquatic fate models: concepts and restrictions

J.B.H.J. Linders
Toxicology Advisory Centre, National Institute for Public Health and Environmental
Protection, P.O. Box I, NI.-3720 BA Bilthoven, The Netherlands.

Abstract

Pesticides behaviour in aquatic systems is of increasing concern to governmental
agencies and industrial research has to be performed to answer questions on this item
in relation to the possible registration of substances in several countries. In the Neth-
erlands, also as part of the European Union, the item was considered of the utmost
importance and therefore The Netherlands had a lead role in the development of a
testing system and a decision tool for the aquatic compartment. In the Long-term
Crop Protection Plan (MJP-G) the policy of The Netherlands was presented. Some
remaining subjects, among which the chronic exposure of waterorganisms to pesti-
cides, were identified as problems to be solved. Shortly, this matter will be mention-
ed. Also, some basic elements in the modelling process will be discussed, although
briefly.

Mathematical modelling of fate and effects of substances in the aquatic environment
has become an important tool in the policy of water management. Starting with simple
the Biochemical Oxygen Demand and Dissolved Oxygen model of Streeter and Phelps
in 1925 to the very complicated computerized models of nowadays the possibilities
of models as part of the decision making process have increased enormously. An
overview of the historical perspective will be presented. Because a model is always
an abstraction of reality, the overlap between measurements in the environment and
the results of the model calculation can never match completely. In addition, assump-
tions are necessary to keep the model comprehensive and within computational limits.
This means directly that a model can only be used for the purpose it is developed
for.

As there is, thus, a wide variety in models and model concepts a clarification will
be presented about the choices leading to the present approach, in which first the
SLOOT.BOX model will be treated and from there, looking at the shortcomings of
this model, to the future approach: TOXSWA. A comparison of characteristics may
serve as an indication of the promises of a more realistic calculation of the Predicted
Environmental Concentration for long-term exposure of organisms in the aquatic
environment.
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2 The TOXSWA model concept

P.I. Adriaanse
DLO Winand Staring Centre for Integrated Land, Soil and Water Research,
P.O. Box 125, 6700 AC Wageningen, The Netherlands

2.1 Introduction

Since The Netherlands is a country that has many open-watercourses, water quality
was an important issue when, in 1975, the Dutch Pesticide Act was extended to
include an evaluation of the environmental hazards of pesticides.

Pesticides applied on agricultural fields can partly end up outside these fields. In
the Netherlands many of the relatively small agricultural fields are surrounded by
field ditches. Originally they have been dug to drain excess water, more recently
they are also used for infiltration of water or to prevent the rapid lowering of the
water table in the summer season. Next to these water management purposes the
watercourses may serve as drinking water reservoirs and as sites for sport fishing.
In addition, they host a variety of aquatic communities.

After 1975 preserving these aquatic communities became more important. Stricter
rules for admission of pesticides have been formulated in the course of the years.
One of the three actual environmental criteria that have to be met, concerns toxicity
to aquatic organisms. In the risk assessment procedure the estimated exposure concen-
tration in the field is compared to laboratory toxicity data. With the aid of laboratory
tests safe concentration levels have been defined; at these levels no harmful effects
can be observed for selected standard aquatic organisms. It is hoped that at these
concentration levels the aquatic ecosystems as a whole are protected.

At this moment the Dutch Board for the Authorization of Pesticides uses the relative-
ly simple SLOOT.BOX model to predict short-term exposure concentrations in field
ditches. To be able to predict chronic exposure concentrations (up to 28 days) or
to differentiate admission of pesticides according to regional characteristics, the Board
is interested in a more detailed model, incorporating all relevant processes and other
entry routes. So the goal of the TOXSWA model is to provide the Board for the
Authorization of Pesticides with an improved tool for the estimation of pesticide
concentrations in field ditches.

13



2.2 Main entry routes

Figure 2.1 shows which entry routes should be taken into account to make realistic
estimations of pesticide concentrations in field ditches. When pesticides are sprayed
on the crops, a certain proportion can, aided by wind, drift away and land on the
water surface of neighbouring ditches. Due to water flow and wind action they may
rapidly mix with the water.

Another part of the pesticide-dose applied falls on the soil surface and moves down-
wards with infiltrating rainwater. This can be capted by drain pipes or trenches that
end up in the ditch. The rainwater can also seep into somewhat deeper layers. Water
from these layers can be drained to the field ditch and in this way pesticides in the
upward flowing water enter the field ditch.

Another possible entry route is surface runoff due to heavy rainfall. By surface runoff
pesticides flow directly from the soil surface into the ditch. Generally speaking, this
entry route is not very important in the Netherlands. A potentially important entry
route may be atmospheric deposition. A considerable amount of pesticides escape
to the atmosphere during application and part of this could be deposited in ditches
elsewhere. Finally pesticides can also enter the ditch by flow from elsewhere. Input
of pesticides into the TOXSWA field ditch system can take place by all these
described entry routes. Kroes (Chapter 5) and Holterman (Chapter 6) described two
entry routes in more detail. These are transport through the soil to ditches and trans-
port by spray drift to ditches respectively. Both routes can be very important.
Although about 20% of the total pesticide consumption in the Netherlands ends up
in the atmosphere, this atmospheric entry route will not be treated in this report. Few
is known about the wet and dry deposition of pesticides.

volatilization

deposition

spray drift

e

i
=

. downward:

. seepage el b
S leaching
N i 3
e S 5

. e
G R

Fig. 2.1 Possible entry routes of pesticides to field ditches
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2.3 Structure of field ditch system

In TOXSWA a single field ditch, so without branch-ditches, is modelled (Fig. 2.2).
The dimensions of this ditch can be freely chosen as well as other characteristics
like amount of suspended solids or macrophytes in the ditch. Discharge and water
level can vary in time and space. Up to now calculations have been done for a con-
stant discharge and water level to keep the interpretation of results as simple as poss-
ible. The sediment at the ditch bottom has been characterised by porosity, bulk den-
sity and organic matter content. These properties vary considerably with depth and
therefore they can be introduced into the TOXSWA model as a function of depth
in the sediment.

The field ditch system of TOXSWA is been divided into two sub-systems, water

column and sediment respectively. In both sub-systems pesticide concentrations are

calculated as a function of time and space. The division in two sub-systems is done
for two reasons:

1. In each sub-system the pesticide behaviour can be described by a one-dimensional
model, so it is not necessary to make a much more complicated two-dimensional
model.

2. Partly different processes play a role in both sub-systems.

The sub-systems communicate with each other by exchanging water and pesticide
through the wetted perimeter P of the ditch.

In the sediment sub-system the flow of water plus pesticides occurs in principle in
a direction perpendicular to the wetted perimeter P, the outline of the ditch. In case
of a draining ditch the flow is upward, when water infiltrates the flow is downward.
In fact transport takes place in two dimensions, the z-direction downwards, and the
y-direction, perpendicular to z. Moreover the transport takes place through a perimeter
P, that increases with depth. E.g. perimeter P, is larger than perimeter P, (Fig. 2.3).
In TOXSWA this two-dimensional transport is simplified as a one-dimensional trans-
port in z-direction. This implies that the ditch walls are straightened, so to say, and
the flow pattern is simplified to one-dimensional flow in a broadening sediment col-
umn (Fig. 2.4).

148F09

Fig. 2.2 Field ditch modelled in TOXSWA with water level h, wetted perimeter P and defined
coordinate system
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Fig. 2.3 Cross-section of a ditch and its sediment with the shape of stacked trapezia.

Next it is assumed that the exchanging perimeter does not change with a changing
water level, but remains constant. In this way the sediment sub-system has constant
and not varying dimensions. So water column and sediment are the two sub-systems.
In the water column concentration varies with distance and this means that sediment
at the beginning of the ditch is influenced by another concentration than sediment
located for example halfway. This phenomenon is accounted for by defining a sedi-
ment sub-system under each node in the ditch. For the solution of the differential
equation for the water column, nodes are defined in the ditch. Each node represents
a certain section of the ditch (Fig. 2.5).

A
Y

148F 11

Fig. 2.4 The sediment sub-system lying under an area of constant size P__, through which
exchange of pesticides between water column and sediment occurs

e
148F12

Fig. 2.5 TOXSWA field ditch system with one water column sub-system and many different
sediment sub-systems
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2.4 Modelled processes in water column

The diagram of Figure 2.6 displays the modelled processes for the water column
in a nutshell. Pesticides can enter the water column by spray drift deposition, surface
runoff or any other type of release. The site of input may be located at one point
or be evenly distributed along the ditch. The period of input may be instantaneous
or the input may happen during a certain period. The pesticides immediately dissolve
in the water phase and they are assumed to be ideally mixed over the depth and the
width of the ditch. They are also assumed to sorb instantaneously to the suspended
solids and to the macrophytes. Dissolved pesticides or pesticides sorbed to suspended
solids are subject to flow. This includes advection (simply straightforward flow) and
dispersion. Pesticides can escape to the air; for low concentrations this volatilization
is often negligible. The sorption to macrophytes has been described by a linear rela-
tionship (Fig. 2.7).

S finputeg
spray dritt
runoff :

( macrophytes

4 suspended S
: solids

Fig. 2.6 Diagram of modelled processes in the water column.

X

mp

148F14
(2]

Fig. 2.7 Linear equation describing sorption to macrophytes: Xpp = K c

mp
X, = ratio of the mass of pesticide sorbed divided by the mass of dry macrophytes;
Kmp = distribution coefficient for pesticide between macrophytes and water;
© = mass concentration of pesticide in the water column.
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In fact very few data exist on this process in the literature. Some first calculation
results show that the pesticide concentration in water may be heavily influenced by
this sorption process. Therefore, we started sorption experiments in our laboratory.
Deneer et al. (Chapter 3) give some preliminary results of these experiments.Sorption
in soil suspensions is well studied. When you consider wide ranges of concentrations,
it generally appears that, with increasing pesticide concentrations in the liquid phase,
the pesticide mass sorbed to suspended solids increases proportionally less.

A Freundlich equation with a Freundlich exponent smaller than 1 describes this pro-
cess (Fig. 2.8).

Finally pesticides will degrade. This is described by the equation -k.c”; the transform-
ation rate coefficient, k, is applied to the total mass concentration of pesticide in all
its different states in the water column, ¢” : dissolved or sorbed to suspended solids
or to macrophytes. Transformation includes hydrolysis, biodegradation and photolysis.
Metabolites, transformation products, are not considered in TOXSWA.

2.5 Modelled processes in sediment

Figure 2.9 shows the modelled processes in the sediment sub-system. Pesticides can
enter the sub-system by upward seeping drainage water. From the pore water pesti-
cides sorb to the solid bottom material. They undergo transformation and they are
transported.

Three transport processes occur in the sediment: advection, diffusion and dispersion.
The diffusion flux, J . is the pesticide mass transported through a unit area and
per unit time by diffusion. Diffusion is molecular transport due to the random move-
ment and difference in number of pesticide molecules. It is proportional to the con-
centration gradient and is directed in opposite direction. In the sediment this flux
occurs through the pore volume ¢ (Fig. 2.10).

Xss

c

148F 15

Fig. 2.8 Freundlich equation describing sorption to suspended solids: X, = Ky .. . s
X,, = ratio of the mass of pesticide sorbed divided by the mass of dry suspended solids;

Ky, = Freundlich coefficient for sorption to suspended solids;
c = mass concentration of pesticide in the water column;
n,, = Freundlich exponent for sorption to suspended solids

18



material

Fig. 2.9 Diagram of modelled processes in sediment

.

. .
»
148F17

Acy,

Fig. 2.10 The diffusion process: Jyz= - €D ~

Jayp = mass flux of pesticide by diffusion;

€ = volume fraction of pore water;
D = diffusion coefficient of the pesticide in the liquid phase of the sediment;
cy = mass concentration of pesticide in the liquid phase of the sediment;

z coordinate indicating depth in the sediment

Dispersion is a process of mixing of substance caused by the advection flow. Due
to different flow velocities of the pore water in small and larger pores, sharp concen-
tration fronts become blurred. Although the process is different, the result is compar-
able to that of diffusion and therefore the mathematical description is analogous to
the one for diffusion (Fig. 2.11). E stands for the dispersion coefficient, a measure
for proportionality.

There is an instantaneous sorption equilibrinm with the solid bottom material. Again
this process is described with a Freundlich equation, relating the pesticide mass
sorbed to the bottom material to the pesticide concentration in the pore water, the
liquid phase of the ditch bottom (Fig. 2.12).
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Fig. 2.11 The dispersion process: J ;. = - €E ——

mass flux of pesticide by dispersion;

volume fraction of pore water;

dispersion coefficient in the direction of flow;

mass concentration of pesticide in the liquid phase of the sediment;
coordinate indicating depth in the sediment

Jdisp
€
E

Cip
z

X,

Cip

146719

Fig. 2.12 Freundlich equation describing sorption to solid bottom material: x, = kg, . C::Jb

X, = ratio of the mass of pesticide sorbed divided by the mass of dry bottom material;
Ky, = Freundlich coefficient for sorption to bottom material;

¢y, = mass concentration of pesticide in the liquid phase of the sediment;

n, = Freundlich exponent for sorption to bottom material

Transformation is again described by the equation -k;.c, ", a transformation rate coef-
. . ' . . *
ficient, k;, times the total mass concentration in the ditch bottom, c;, .

Finally the transport across the interface between water column and sediment is con-
sidered. Pesticides can be transported across the interface by means of advection,
(upward or downward seepage) and by diffusion, due to the different concentrations
of pesticide in the liquid phase of the sediment and the water in the ditch.

In the TOXSWA model it is assumed that the concentration of suspended solids is
constant in time and space. So it is assumed that resuspension or sedimentation of
suspended solids with pesticides sorbed to them is negligibly small. In turbid, rela-
tively fast-flowing ditches in windy places, which are quite common in the Nether-
lands, this surely does not hold true. Although, at a first sight, the constant concentra-
tion of suspended solids seems a questionable simplification, it will be shown that
this assumption is quite acceptable. In fact in field ditches sorption to macrophytes
is much more important. This phenomenon will be clarified with a quantified calcula-
tion example in Section 2.9.

20



2.6 Mass balances

With the aid of mass balances all mentioned processes are linked into one formula.
Separate mass balances, in one dimension, are made for the sediment and for the
water column, resulting in two differential equations. These need to be solved to
obtain the total pesticide concentration as a function of time and space. Unfortunately
the differential equations are too complicated to be solved analytically. Therefore,
they have been solved numerically (by approximations).

2.7 Numerical solution

In the TOXSWA model a simple numerical method, the finite difference method,
has been selected (Fig. 2.13). This is based on the principle that a derivative of a
function, for example the concentration of pesticide as a function of location, can
be approximated with the aid of two function values lying Ax meters apart. With
respect to location x this can be done with a forward differential or with a backward
differential.

When this principle is applied to the differential equation for the pesticide concentra-
tion in the ditch, this implies that the ditch is to be divided in sections of length Ax.
In the middle of each section a node is situated, where the concentration is calculated.
This concentration represents the concentration in the section.

Finite differences: %
d_C =C_(’ﬂ._£(x_) forward
dx Ax
do _ofx) - obeAX) o ckward
x Ax
x=0 x= end value
i AX Ax
=0 o (oo o ®
1i)2]3]a
t=0+At |@ {® (@ |® ele
1 2 3 4
t=2At |®@i®|@|® ele
1 2131 4
t=3At (e |® (@@ ele
1 21314

etc.

Fig. 2.13 Principles of the finite difference solution method with the approximations of function
derivatives and the partitioning into small time and space steps At and Ax.
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The conservation equation of the ditch contains also derivatives according to time,
s0 this means that the time period also must be divided into small steps, the time
steps At. Next the initial condition and the boundary conditions need to be known.

The initial condition gives the concentration at all nodes at time t=0. The boundary
conditions describe the concentrations at the first and last node for all the time steps.
The edges of the system are now known and it is now possible to calculate the pesti-
cide concentration at all internal nodes. So this means that the differential equation,
the conservation equation, has been solved.

Solving the differential equation by approximations means that deviations from the
correct solution have been introduced. These errors depend on two points:

1. The size of the steps in time and space. Smaller Ax and At give smaller errors,
but this means that the calculation time on the computer can become very high.

2. The type of finite difference scheme selected, this will be clarified with an
example (Fig. 2.14). In case of a flow uniquely in one direction, calculation of
the pesticide concentration by backward difference is executed with smaller errors
than by forward difference. So it is more appropriate to calculate the concentra-
tion in node 3 with the concentration in node 2 instead of the one of node 4.
When flow might take place in both directions a calculation scheme based on
central differences, might be the best. That scheme is in fact a combination of
a forward and backward difference scheme.

To which extent the introduced errors are still acceptable depends on the situation.
In any case the errors should not accumulate; then the deviation of the true solution
will become so large that unrealistic concentrations will be calculated. In general
this is easily recognized. Whether smaller, not-accumulating, errors are acceptable
depends on the situation (Fig. 2.15}. In some cases the introduced errors might be
more worrying than in other cases. The upper curves of Figure 2.15 show the concen-
tration profile in a ditch, just after a point-type input of pesticide. Due to small

flow ]

—_— g
[ AE 2K 2N e|le
1|23l a

flow

i

——
o|o|e|e [ AN )
1|2 |34

Fig. 2.14 Examples of different water flows in a ditch divided into sections with nodes 1, 2, 3,
etc.

22



1=0: later:
concentration concentration

14BF24

nodes nodes

t=0: later:
concentration concentration

nodes nodes

Fig. 2.15 Graphs for concentration against distance (nodes). The upper curves represent a
situation with a point-type input, the lower curves with uniform spray drift deposition

flow turbulences the concentration peak will flatten in the course of time. Of course
the peak may not flatten too much because of the calculation errors. This situation
is represented by the dotted line. In the lower curves, a situation of uniform spray
drift deposition, the tendency of the selected calculation scheme to ‘mix’ concentra-
tions from neighbouring nodes, would not easily lead to wrong concentrations.

So the conclusion concerning numerical solutions is that errors are introduced by
solving the two conservation equations numerically. The magnitude of the errors
depends on the size of applied time and space steps as well as on the type of calcula-
tion scheme selected. In TOXSWA these factors can be freely selected. The size of
time and space steps needs to be defined in the input for the model and it is possible
to select calculation schemes varying over the entire range from completely backward
via somewhere in between, to a completely forward scheme, or from an entirely
explicit to an entirely implicit scheme. In this way TOXSWA can handle a variety
of situations.

23



2.8 Verification

A final point in the development of the TOXSWA simulation model concerns the
verification. With the aid of the mentioned generalised finite-difference calculation
scheme the solution of the two conservation equations has been implemented as the
computer program of TOXSWA. After having programmed the computer code it
is necessary to verify that the computer program adequately represents the mathemat-
ical model, this means the mass balances. For instance checks can be made that
the solution obtained with the same numerical solution scheme but halved time and
space steps correspond with the solution obtained with the original titme and space
steps. Also the solution obtained with the numerical solution scheme, so the computer
program, should correspend to an analytical solution. For some simplified situations
an analytical solution of the conservation equations is possible and both solutions
can then be compared.

2.9 Calculation examples

Although the verification of the computer program of TOXSWA is not yet entirely
finished some preliminary calculation results are presented. Pesticide concentrations
have been calculated for the following situation (Table 2.1). The field ditch is 200 m
long and water flows at 10 m.d"l. The water depth is 50 cm and there is an amount
of 250 grams of dry macrophytes per m? ditch bottom, this corresponds to a moder-
ately-grown ditch in summertime. The suspended solids concentration is 50 g.m™,
a value regularly encountered in the field.

A sediment sub-system halfway the ditch, at about 110 m, has been selected. At this
location the pesticide concentrations in the sediment are regarded. The sediment layer
in the model is 10 cm thick and the porosity varies from 80% in the upper nodes
to 40% in the lower nodes. The organic matter content varies from 8% to 0.5%. There
is no seepage, so in the sediment, and across the interface between water column
and sediment, pesticides are only transported by means of diffusion.

The calculations have been executed for an imaginary pesticide; an amount correspon-
ding to 0.03 kg.ha'l, for instance due to 3% drift of an application of 1 kg.ha'l, is
deposited on the water surface. The pesticide is characterised by a degradation time
of 100 days in the water column and 75 days in the sediment. Sorption to suspended
solids, macrophytes and the solid bottom material is moderately strong. In a next
example the pesticide sorbs very strongly to the suspended solids, macrophytes and
sediment material. This example corresponds to the insecticide chlorpyrifos. For this
pesticide measurements have been executed at the DLO Winand Staring Centre. The
measured values are indicated between brackets in Table 2.1.
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Table 2.1 Calculation example for the TOXSWA model for a pesticide with a moderate and high

(between brackets) sorption capacity

Parameter Value
General:

length field ditch 200 m

flow rate water 10 m.a?!
water depth 0.5 m
biomass macrophytes 250 g.rn'2
biomass suspended solids 50 g.m
spray drift deposition 0.03 kg.ha'l
Sediment:

sub system located at 110 m in the ditch
thickness 10 cm
porosity 0.80 - 0.40
organic matter content 10 - 0.5 %

transport process no seepage, only diffusion

Pesticide characteristics:

haiflife (DTy,) in water 100 days

halftife (DT,,) in sediment 75 days

sorption coefficient macrophyte (Kmp) 100 dm3.kg'1 (2000)
sorption coefficient organic matter in water and 10 dm’ kg'! (250)

sediment (K)

Figure 2.16 shows the pesticide concentration in the water column and in the
sediment at various points of time. In the upper part the distance in the ditch has
been set out against the pesticide concentration in the water phase. Due to the
deposition of 0.03 kg.ha™' on the water surface between 20 and 200 m there is a
pesticide concentration of 80 pg.1l. This corresponds to 96% of the total pesticide
concentration in the water column; about 4% has been sorbed to the macrophytes
and less than 0.01% has been sorbed to the suspended solids. The flow of 10 m.d
pushes the pesticide slowly out of the ditch and, because of dispersion, the
concentration front flattens.In the mean time pesticide enters the sediment. This is
shown in the lower graph. Here the total pesticide concentration in the sediment has
been set out against depth, for sediment located at a distance of 110 m from the
beginning of the ditch. At the starting time there is no pesticide in the sediment,
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Fig. 2.16 Pesticide concentration curves calculated by TOXSWA for the example of Table 2.1 -
Spray drift deposition as input

but forced by the high concentration in the water phase it diffuses inside the sediment
and a concentration of about 70 pg.dm'3 has been reached there. The next graphs
of Figure 2.17 show how the situation is for a point-type input. The same initial
deposition took place, but now over 7 m length at 50 m in the ditch. The peak
diminishes very quickly due to dispersion and very few pesticide, only up to
4 ;.tg.dm'3 diffuses in sediment. The third and last graphs (Fig. 2.18) correspond to
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Fig. 2.17 Pesticide concentration curves calculated by TOXSWA for the example of Table 2.1 -
Paint type input.

the first situation of spray drift deposition between 20 and 200 m, but here it concerns
the strongly sorbing pesticide chlorpyrifos. The resulting pesticide concentration in
the water phase is much lower than the 80 pug.1"! of the first example. Here it reaches
about 46 pg.l!. Indeed only about 56% of the total pesticide concentration is
dissolved in the water. About 44% is sorbed to the macrophytes here and about 0.1%
to the suspended solids.
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Due to the high sorption capacity of chlorpyrifos the total pesticide concentration
in the sediment is high and it penetrates more slowly inside. The total pesticide con-

centration becomes up to about 400 pg.dm™ here.

Table 2.2 compares the calculation results for the pesticide with the moderate and
with the high sorption capacity. Of the moderately sorbing pesticide, 96% of the total
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amount dissolved in the water and only 4% sorbed to the macrophytes. A negligible
part sorbed to the suspended solids. The situation changed for the pesticide with the
high sorption capacity. Just after the application, 56% of the amount was dissolved
in the water phase and 44% was sorbed to the macrophytes. Only (.1% sorbed to
the suspended solids. So, as stated before, it is indeed justified to maintain a constant
concentration of suspended solids in the ditch. Even for this strongly-sorbing sub-
stance the amount sorbed to suspended solids is negligible compared to the amount
sorbed to macrophytes.

Table 2.2 Comparison of resuits obtained with TOXSWA for the pesticides of the calculation
example of Table 2.1.

Sorption capacity Pesticide (% of dose) in water column
dissolved macrophytes suspended solids
Moderate 96 4 <0.01

K= 100 dm*kg!
K,p= 10 dm® kg’

High 56 44 0.1
Kp= 2000 dm’ kg
Kom= 250 dm*kg!

2.10 Conclusions

The TOXSW A model concept and the type of results it can deliver have been clar-
ified here. The TOXSWA model includes the main processes that affect pesticides
in field ditches and it can handle a variety of different situations. It is necessary to
finalise its development now and to compare model results with field data. Van der
Kolk and Adriaanse (Chapter 4) will give some first results of such a comparison,
but a proper validation still has to take place. Only then it has been demonstrated
that TOXSWA is a sound tool to predict pesticide concentrations in field ditches.
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Comments and questions
Question (Allen, Hoechst Schering AgrEvo): Many environmental fate-models con-

cerning fate in soil take into account climatic variations that occur following pesticide
application, the effective temperature in particular. Does TOXSWA take account of
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such variations of temperature with time? If it does not, do you think that this is
of concern or is this not an issue for pesticide fate in sediment-water systems?

Answer: I think, generally speaking, it is an issue. When considering for instance
degradation, temperature is not necessarily the main environmental parameter since
pH and the amount of light may often be more important. At the moment we have
chosen to keep things simple, and we have put all of the environmental influences
into one degradation rate coefficient. Its value can be freely chosen, which leaves
room to incorporate environmental factors.

Question (Allen): So it would be possible in the future to develop more rate
constants?

Answer: The interpretation of results becomes more complicated when using more
rate constants, since the model in effect gets more complicated. Adding more detail
to the model may become important when considering actual field data.

Question (Allen): With soil models much work has been done looking at the actual
effect of ambient air temperature on soil temperature. Is such data available for
comparing air temperature with actual ditch water temperatures? Are they affected
in the same way as soil temperatures are, e.g. on a daily basis?

Answer: An appreciable difference between the effect of air temperature on soil and
water temperatures is that soil is immobile, whereas water is moving all the time.
Therefore in the water much more mixing will occur. At this moment not very many
data are available concerning this phenomenon. According to Leeuwangh (SC-DLO),
an appreciable amount of data is available about the relationship between the ambient
air temperature and the water temperature in the experimental ditches of the the DLO
Winand Staring Centre. The water temperature is influenced heavily by the ambient
temperature. Modelling this on the basis of available data should be straightforward.
The problem is, however, how to use such data. The half-life of a compound will
probably be influenced, but we have only very limited information how the
breakdown of a pesticide is affected by temperature. If we actually do have this
information it can be used in the model.

Question (De Heer, Dutch Ministry of Agriculture, Nature Management and
Fisheries): The model contains separate descriptions of the processes in the water
and sediment compartments. Is it possible to use different time-steps for the water
and sediment compartments when running the computer program?

Answer: This is possible, although it was not yet fully implemented in the computer

program when we carried out the calculations I presented today. Implementation of
this feature should not present any great difficulties.
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Question (Leecuwangh, SC-DLO): You have shown us two main routes of entry for
a chemical: leaching and input by spraydrift. You mentioned that a large amount
of the chemical may evaporate into the atmosphere. There is of course the possibility
of chemical entering the ditches through wet or dry deposition at a later time. Will
it be possible to use that route of entry in the TOXSWA model as well?

Answer: For TOXSWA deposition from the atmosphere into the water compartment
can be considered as a distributed input, and it is therefore no problem to include
this route of entry. It is treated mathematically very similar to spraydrift. The main
problem is to quantify the amount of chemical which enters the system through
deposition. Only very limited data are available about this aspect of the environmental
fate of pesticides.

Question (Linders, National Institute of Public Health and Environmental Protection):
You showed distributions of the chemical in the sediment and in the water column.
I noticed that the distribution in the water phase was quite smooth, but there were
some irregularities in the sediment profile. Do you have an explanation for this?

Answer: These irregularities correspond to the way that organic matter was distributed
in the sediment. We have experimental data on the change of the organic matter
content of the sediment with depth, for slices of approximately one centimetre
thickness. In the model the organic matter content of the sediment is input on a per
millimetre basis. Therefore the organic matter content of intermediate layers was
calculated by linear interpolation. Similarly, the porosity and density of intermediate
layers of sediment was estimated by interpolation. This interpolation is the cause
of the irregularities in the calculated curves.

Question (Hollis, Soil Survey and Land Research Centre): Did I understand correctly
that it is not possible to add suspended solids as an input with drainage or run-off?

Answer: At this moment we perform calculations assuming a constant concentration
of suspended solids. This implies that a rise of the water level, caused by for example
run-off or drain, will automatically be accompanied by an increase of the amount
of suspended solids, since the concentration has to remain constant.

Question (Hollis): But it is not possible to add more suspended solids in the input
than would be present in the original drain system, thereby effectively increasing
the concentration of suspended solids?

Answer: No, this is indeed not possible. If we were to allow this to happen, a mass
balance for suspended solids would be necessary, similar to the mass balances for
the water column and for the sediment. This would mean that a third differential
equation has to be solved, and coupled to the rest of the model.
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3 Sensitivity Analysis of TOXSWA

J.W. Deneer, P.I. Adriganse and S.J.H. Crum
DLO Winand Staring Centre for Integrated Land, Soil and Water Research,
P.O.Box 125, 6700 AC Wageningen, the Netherlands

3.1 Introduction

Developing a model like TOXSWA, one is confronted with the fact that each process
takes one or more parameters to describe it. So relatively complicated models, like
TOXSWA, will contain many parameters. Not all processes are always of the same
importance. Therefore, it is not necessary to know all values for all parameters to
the same degree of accuracy. The aim of sensitivity analysis is to provide information
about the importance of involved parameters under given circumstances. This may
direct the development of estimation and measurement techniques for the model
parameters if they are not yet available. In this paper the current state of affairs
concerning the sensitivity analysis of the TOXSWA fate model will be presented.

3.2 Methods for sensitivity analysis

There are several techniques to conduct a sensitivity analysis, which all have their
advantages and their drawbacks. In this Chapter two examples of quite straightforward
methods of analysis are given and compared.

The first method of discussion is the differential sensitivity analysis (DSA) technique.
DSA identifies the sensitivity of a model for each parameter in the neighbourhood
of some default or median value. All parameters are fixed at their default values,
except the parameter to be investigated, whose value is varied slightly around the
default. The sensitivity of the output of the model, the target value calculated, is
given by the partial differential of this target value and the parameter. The name
of the method originates from the fact that differential values or siopes are calculated
and used as a measure of sensitivity. An often used related measure of sensitivity
is the so called relative sensitivity. The percentage change in the output variable is
related to the percentage change in the input variable. This makes it possible to
compare the sensitivity of two parameters of which one has a small value while the
other takes much larger values. The main advantage of DSA is that it is very simple
to carry out. Its main drawback is that it provides information only about the
sensitivity of the model in the immediate vicinity of default values.

A less simple method is the response surface analysis (RSA) technique. Within RSA

each parameter is assumed to span a certain frequention distribution, and may be
more or less characterized by picking some values from this frequention distribution,
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for example a minimum, a maximum and a median value. We picked three values
for each parameter and the model output was calculated for all possible combinations
of these values. All of these output values together span a surface in space, the
response-surface, hence the name of the method. Further a simpler model is
constructed by which the same response-surface is described. In its simplest form
this simpler meta-model consists of a linear model in all parameters, for which the
coefficients can be estimated by simple linear regression. These slopes are, of course,
the mean sensitivity for that parameter over its entire operating range. Less simple
quadratic regression schemes can be used, which account for non-linearity and
interactions between parameters. But the basic technique stays the same: least-squares
regression.

The main advantage of the RSA method is that it is not limited to the vicinity of
some default values. It is aimed towards obtaining a best overall sensitivity for the
entire operating range of the variable. Moreover, the study of interactions between
parameters is possible. Drawbacks are that a lot of simulation runs are needed to
get all possible combinations of parameter values. If for each of the N parameters
3 values are adopted, 3 to the power N simulations are needed. Another drawback
is that the output value studied may be time or position dependent. For TOXSWA
this would mean that a time and a position in the ditch have to be chosen for which
some output variable will be calculated, for example the concentration of the pesticide
in the water at that location. Summarising, the response-surface analysis has
somewhat more capabilities, but it is also somewhat more complex than differential
sensitivity analysis.

3.3 Results of sensitivity analysis

Starting sensitivity analysis, it is always a good idea to start simple, and this is
exactly what has been done. In this section some results are given of a relatively
simple differential analysis in a very simple ditch. These results are limited but useful
to select parameters which can be more fully investigated in a response-surface
analysis which will be carried out at a later stage.

The hypothetical ditch we use is very similar to the ditch described by Adriaanse
(Chapter 2). This ditch had a length of 200 meters, a width of 1.65 meters and a
depth of half a meter. All default values for the remaining parameters are given in
Table 3.1. At the time these first calculations were carried out, the implementation
of processes occurring in the sediment had not been finished yet. We therefore
assumed that no exchange of the pesticide between water and the sediment would
occur. Moreover, it has been assumed that no seepage takes place. Water flowing
into the ditch at the upper side does not contain pesticides.
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