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Appendix A Model formulation

In this Appendix, the calculations within the different modules of the Impact
Pathway Approach as implemented in the WATSON model are described. First,
the mathematical formulation of the environmental fate model is presented in-
cluding the different types of temporal modes of operations (section A.1). Sec-
ondly, the processes constituting either the matrix or perturbation vector elements
are formulated (section A.3 through A.6). In section A.7, the equations used in the
exposure assessment are given. The equations used during the impact assessment
and the monetary valuation are given to the extent not yet documented in the main
text in sections A.8 and A.9, respectively.

A.1 Overall modelling approach of the environmental fate model

The water and soil environmental fate model is formulated as an inhomogeneous
system of ordinary linear first order differential equations. It is "inhomogeneous’
because there is a "perturbation’ term in the differential equations that neither con-
tains the dependent variable (here: concentration) nor its derivative(s) and that is
not zero. This perturbation term describes the exogenous inputs from outside the
model’s scope (i.e., emissions from technosphere, depositions from air, possibly
also import via advection from outside the model’s scope). The differential equa-
tions are called ’first order ordinary’ since they only have the first derivative in
one variable (here: time).35 The differential equations are ’linear’ as they are lin-
ear combinations of the dependent variable and its derivatives.

Note that in the following symbols will be employed that are only used in
this section (i.e., A.1 including sub-sections) and are not given in Appendix D.

Assuming that the perturbation term is independent of time one can write
the ordinary differential equation (ODE) system in matrix notation as follows:

33 If there were different derivatives with respect to more than one variable (e.g., time t

and space x, y and/or z) one would have to deal with partial differential equations.
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2 (A-1
PN )
dt

where

A - coefficient matrix of dimension n x n [m?/s]

; . . . . .

b : perturbation vector of dimension n with exogenous inputs
like atmospheric deposition or direct emissions to the com-
partments [kg/s]

¢ concentration vector of dimension n [kg/m3]

t : time {s]

d - volume vector of dimension n [m?3].

There are two solutions of this ODE system implemented: steady-state and
dynamic. For computational efficiency reasons, WATSON in both cases tries to
subdivide the overall environmental fate matrix in linearly independent sub-ma-
trices before further solving the set of differential equations. In case no air com-
partment and no marine environment are considered, the different river
catchments will constitute linearly independent sets of differential equations that
are treated one after the other.

Note that the volume vector only occurs on the left hand side of equation
(A-1). For the steady-state solution, it is irrelevant (see below). For the dynamic
solution, however, all volumes need to be known in order to solve for the concen-
tration vector. Within WATSON, the matrix 4 as well as the perturbation vector
b are, therefore, divided by the respective volume vector in any case.

A.1.1 Steady-state solution

In particular for sustainability questions, one may want to know what environ-
mental concentrations will occur if a society (or national economy) proceeds at a
certain emission level. For this, the steady-state solution can be computed.
Steady-state means that there is no concentration change in time (any more), giv-
en a constant and continuous emission into the modelled system. Eq. (A-1) hence
becomes:

> (A-2)
3-%:0:Ax2~+2:>2-=/4"x~3.
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Overall the matrix of a spatially-resolved environmental fate model is rath-
er sparse, i.e., contains many zero-elements. This is because not all compartments
are interconnected. Thus, only routines based on sparse linear algebra are imple-
mented for the matrix inversion. These make use of the coordinate storage
scheme. The routines for sparse matrix inversion are taken from the NAG C li-
brary (mark 6). These routines are iterative methods trying to determine the solu-
tion through a sequence of approximations until some user-specified termination
criterion is met or until some pre-defined maximum number of iterations has been
carried out. In order to decrease the number of iterations required for conver-
gence, a preconditioner is often used that is mandatory for the inversion routines
as used here. Preconditioning matrices are based on incomplete factorization, in
this case incomplete Lower-Upper (LU) factorization. In order to increase the ac-
curacy indicated by the number of pivot modifications, the preconditioning ma-
trices are allowed to become less sparse by increasing the level of fill
successively. For details, refer to the NAG C library (mark 6) documentation.
Due to the fact that the NAG C library (mark 6) does not contain a routine to in-
vert a sparse matrix as a whole in one step (so-called matrix-matrix operations or
Level-3 Basic Linear Algebra Subprograms (BLAS)), each row is successively
inverted in a matrix-vector operation (Level-2 BLAS). Due to the fact that one it-
erative method for the inversion of nonsymmetric linear systems cannot cope with
any matrix equally well, different methods and options are implemented that are
tried successively if the former try did not result (e.g., an infinite value or an in-
ternal error occurred). Without explaining these methods, it shall be stated here
that the following methods are tried one after the other while also varying be-
tween the inversion of the sparse matrix itself and its transpose for one method:
the stabilized bi-conjugate gradient method, the restarted generalized minimum
residual method, and the conjugate gradient squared method. The interested read-
er is referred to the NAG C library (mark 6) documentation and the references
given therein.

In some cases, the numerical stability of these methods is not assured if the
matrix is ill-conditioned. One way to address this issue is to rescale the matrix (cf.
Heijungs and Suh, 2002). Thus, before trying to invert the matrix the minimum
and maximum values per row are defined in absolute terms from which the geo-
metric mean is built. The different matrix elements of each row are then divided
by the respective resulting value prior to inverting this rescaled matrix. Before the
elements of the inverse are stored. the values are back transformed accordingly.

It depends on the removal rates from the system when a substance will
reach the steady-state situation. With very persistent substances like heavy met-
als, the steady-state situation will only be reached after some hundred or even
thousands and more years given the potentially very long residence times of these
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contaminants, for example, in soils (Alloway et al., 1996). Principally, possible
removal rates are degradation or ultimately mineralization, radioactive decay and
export to beyond the model’s scope.

For pulse emission situations (like in LCA), the steady-state solution may
also serve for assessing time-integrated exposures as shown by Heijungs (1995).
This, however, depends on the time after which the following key assumption/
condition becomes true:

lime ™ = 0. (A-3)
00

If it is really only after millennia or longer that this condition becomes true
(e.g of very persistent substances) it is questionable to what extent the calculated
time-integrated exposures and consequently impacts are valuable for decision-
making purposes.

A.1.2 Dynamic solution

There are principally two ways to arrive at a dynamic solution: analytic and nu-
meric. As was demonstrated for multimedia models (Brandes et al., 1996; Hei-
jungs, 2000; van Eijkeren, 2002), there is an analytical solution to Eq. (A-1)
containing a matrix exponential.

2= er-"IIXZ'0+~A' lx(laellllv)xl‘))' (A-4)

where

A . coefficient matrix A multiplied by the inverse of the volume
vector v, dimension n x n [1/s]

? . . .

b' : perturbation vector b multiplied by the inverse of the volume
vector v, dimension n [kg/m3/s]

¢ . vector containing the concentrations at a certain time ¢ [kg/
m?3]

2o . vector containing the initial concentrations [kg/m3]

{ . identity matrix of dimension n x n; diagonal elements are 1,

off-diagonal elements are zero

t . time for which concentrations are computed [s].
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In order to solve this matrix exponential, one would need to find the value
to which it converges for the following series:

A had 1 Meomergence | (A'S)

e 22 —-A'":Z ”—!~A‘".

]
n - oM n-0

This might be very resource-intensive for systems where the matrix A has
a dimension of several hundred or even thousands. Matrix 4 can be rewritten as
the product of its eigenvector matrix (£) times the diagonal matrix with eigenval-
ues A; (D) times the inverse of the eigenvector matrix (Ph:

A= PxDxpP . (A-6)
The matrix exponential hence becomes:
(A-7)
syt LT Lopsxptxp!
Zn = On! Zn ()"!
_ °° I n n -1 _ - D -1
= Px(zngomw -D)xP =Pxe "xP
and, thus, the overall analytical solution can be written as:
. _ B . 2 -
2= pPxe Pxpixlo-PxD 'xi-¢ Pyxp xb. (A-8)

The solution of the matrix exponential consequently simplifies to comput-
ing the eigenvalues and eigenvectors (and its inverse matrix) as well as the matrix
exponential of the diagonal matrix of the eigenvalues. The latter can be facilitated
according to:

(A-9)
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However, there might be two drawbacks to the analytic solution of the
ODE system. First it needs to be ensured that the matrix is *well conditioned’ so
that it is diagonalisable3¢ which might not always be the case. Second - and more
importantly - it should be made sure that the eigenvalues for the analytic solution
are calculated with a high degree of accuracy (i.e., preferably analytically as op-
posed to by means of numeric methods). Rounding and the tolerance allowed in
the numeric derivation of the eigenvalues may produce small but significant inac-
curacies in the eigenvalues which might have a major influence on the concentra-
tion computations.

In order to find out whether the accuracy of the analytic solution is suffi-
cient, the analytic solution of a two-compartment system was compared to the so-
lution given by a numeric method (Adams method, see below) with the highest
tolerance for which a computation could have been successfully performed. The
results were identical. Due to computation time reasons, the analytic solution is
preferred. For the case that the eigenvalues of the matrix are complex, however,
the numeric solution is also implemented. The way how the numeric solution is
implemented is described in the following.

When numerically solving an ODE system, one must be aware that these
systems could be ’stiff’. If a system is stiff and one wants to be computationally
efficient, one needs to adjust the step length to that process ruling ’at the mo-
ment’/working point. A system is stiff if the processes involved have substantially
different dynamics with respect to the different process rates. An indicator for this
is if the eigenvalues have very different negative real parts. In order to decide
whether an ODE system is stiff, the following stiffness measure is used:

ma_\'("RKj‘) (A-10)
_ :
B KA

min (
J

This stiffness measure can obtain values as big as 109. There are different
perceptions of what is the threshold for stiff systems. As a default a value of 500
is assumed here. This value can be changed by the user.

Depending on the stiffness of the ODE system, two different numeric solu-
tion methods37 are implemented (NAG C library, mark 6):

36 A matrix of dimension n is *well conditioned’ if the n eigenvectors are linearly inde-
pendent. Distinct eigenvalues will ensure linear independence of eigenvectors, but
there are cases when degenerate (repeated) eigenvalues give rise to linearly independ-
ent eigenvectors.



Overall modelling approach of the environmental fate model 389

+  for stiff systems: variable-order, variable-step method implementing the
Backward Differentiation Formulae (BDF) provided with the Jacobian of the
system which is identical to the coefficient matrix, and

»  for non-stiff systems: variable-order, variable-step Adams method.

In the NAG documentation of the two numeric methods, it is highly recom-
mended to vary the tolerance before accepting a result. Therefore, if the user has
specified to automatically adjust the tolerance for the methods then the computa-
tion is started with the default tolerance value (or the tolerance value of a former
computation for the scenario-pollutant computation if existent). If a solution was
successfully computed, the tolerance is tightened by one order of magnitude and
the computation is done again. This is done until an error condition occurs (errors:
“the tolerance value is too small for the function to take an initial step” or “the
tolerance value is too small for the function to make any further progress across
the integration range™). Without giving notice of this error to the user, the results
of the last run that was successfully completed are then saved. If the first tolerance
value is already too strict, it is loosened by four orders of magnitude and tightened
consecutively as described above.

Both methods also require to set the type of (local) error and hence step size
control. There are three types to choose from:

1. relative: error requirement is in terms of the number of correct significant
digits,

2. absolute: error requirement is in terms of the number of correct decimal plac-
es, or

3. mixed: error requirement is a mixture of the two types stated above.

The NAG C library recommends the relative option for the BDF whereas
it strongly suggests to use the mixed option for the Adams method. However, in
a comparison of the two methods for a system of two equations both methods only
yielded similar results when using the same type of step size control. Hence, it
was chosen to use the mixed option for both methods.

A.1.3 Dynamic solution until a certain fraction of the steady-state
solution

Some substances persist a very long time span in the environment. As was stated
above, the steady-state solution might serve as an indicator of whether a certain
emission level is sustainable. If such a condition will only occur in many thou-

37 For more details on the respective methods please refer to numeric method maths
books.
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sands of years or more, however, the steady-state solution - even if used for time-
integrated exposures - may not be as meaningful any more at least in the context
of policy decision-making. Therefore, WATSON allows the user to calculate the
time span until a certain percentage of the steady-state solution is reached. This
feature is implemented for the analytic as well as for the numeric solution.

One main distinction between the analytic and the numeric solution ap-
proaches is that the analytic solution is done in discrete steps. If the required per-
centage of the steady-state solution is reached or exceeded, the time is assessed
by linearly interpolating between the results of the latest and the previous time
step. This might lead to overestimations especially for the concentrations comput-
ed for the first time step if initial values are equal to zero. The time steps are dif-
ferent for the time span for which the dynamic solution is calculated and for the
time afterwards until the maximum time limit. For the first interval the time steps
are equal to the time steps specified by the user. For the second interval the time
steps are set according to the constraints set by the user ("default settings’): The
remaining time is divided into a number of time steps of between two (user-
changeable) default minimum and maximum values also taking a ’threshold time
step’ into account. If the remaining time divided by the minimum time step yields
a larger value than the ’threshold time step’ the time step is adjusted to have at
most the maximum allowed amount of time steps at a time span close to the
"threshold time step’ if possible.

In contrast to the analytic solution, the numeric methods implemented (see
section A.1.2) compute results continuously. Therefore, no interpolation between
results is necessary. With both numeric methods, apart from specifying the end of
the integration interval, the user can supply a function for setting another cut-off
criterion. This is used when computing the ’time to steady-state’ (or a fraction of
it) by checking whether the concentrations in all compartments have reached the
specified fraction (> 0-100 %) of the steady-state solution or whether the speci-
fied time limit has been reached.

If the time limit is reached for both the analytic and the numeric approach,
the percentage of the steady-state solution reached until this moment is saved
alongside with the time limit.

A.2 Partitioning of substances and equilibrium distribution
coefficients

The Mackay-type multimedia models rely to a rather large extent on the equilib-
rium partitioning of substances between different phases (Mackay, 1979, 1991).
In these box models, the world is separated into homogeneous compartments on
which the mass balance is based. A substance in either of the distinguished com-
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partments is assumed to be in equilibrium between the different phases present,
i.e., the solid phase which may consist of lipophilic (i.e., living or non-living or-
ganic matter) and non-lipophilic phases, the aqueous phase and potentially a gas
phase. Several processes will only involve one of these phases. In order to allow
processes only to involve a substance’s amount present in just one of these phases
within a compartment, the concept of the equilibrium distribution coefficient be-
tween the bulk compartment and the respective single phase may be used
(Brandes et al., 1996) which builds on the substance-dependent partitioning coef-
ficients (cf. section C.1).

In order to define the equilibrium distribution coefficient, the rule is fol-
lowed here to relate the concentration of a substance in the bulk compartment to
its concentration in the minority phases. Such minority phases are for example for
soils the aqueous and gas phases, and for water compartments the suspended mat-
ter phase. For sediments in particular, the definition of a minority phase is diffi-
cult due to the high vertical variability in the prevalence of its constituents. At
present, water is still the dominant phase according to the *volume fraction that is
solid phase’ used (cf. section B.5.4). Nevertheless, sediments are treated in the
same way as soils.

Note that in this document the term *water’ is normally used for the water
compartment whereas "aqueous’ is used for the water phase in a compartment.
Notable exceptions are the established names of parameters such as air-water par-
titioning coefficient K, octanol-water partitioning coefficient Ky, or the solid-
water partitioning coefficient Ky,

A.2.1 Bulk compartment-aqueous phase or solid phase equilibrium
distribution coefficients

Following the rule as stated above, the equilibrium distribution coefficients for
the compartments with a significant solid phase relate the bulk phase concentra-
tion to the aqueous phase or potentially gas phase concentration according to:

C-“'/thlk (A_l 1)

EDbqu/aqueous.p = C wiv
— aqueous phase
-Cowlv,

aqueous phase

Uﬁr—vaqueous phase
+/’ - VS()lid phasc’bulk C_wh solid phase

+ —Vgas phase’bulk ’ Cowh gas phase 17C_wh aqueous phase

where
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C_w/v : concentration in the bulk compartment or in one of its phas-
es [kg per m?]
ED : equilibrium distribution coefficient relating the bulk com-

partment concentration to that of the aqueous phase [-]

fr vV : vo}lume fraction of soil that is solid or gas phase [m3p}lase per
M7 pylk companment]~

Note that in the following the volume fraction of aqueous phase is ex-
pressed as the complement of the sum of those of the solid and gas phase.

For surface compartments with a substantial gas phase, i.e., soils, the bulk
compartment-water phase equilibrium distribution coefficient, thus, becomes:

, _ (A-12)
EDbqu/aqucous.p = (1-fr_ Vsolid phase bulk -Ir Vgas phasc'bu[k)

+ IV golid phase bulk * K

I Vgas phase bulk * Ka\\‘_p

swp  Psolid phase

where

ED : equilibrium distribution coefficient relating the bulk com-
partment concentration to that of the aqueous phase [-]

fr v . volume fraction of soil that is solid or gas phase [m3p}1ase per
m3bulk compartment]

Kaw . air-water partitioning coefficient or dimensionless Henry’s
law constant of substance p [-] (defined by Eq. (C-3))

Kgw . solid-water partitioning coefficient of substance p that may
depend on pH or the organic carbon content of the respective
compartment [Kg/Kgsolid phase PET K&/M o] (defined in
section C.1.1)

p . density of the solid phase [Kgqjid phase PET m3oig phasel-

For sediment and ground water (if distinguished), principally only the vol-
ume fraction of the gas phase becomes zero. Eq. (A-12) thus reduces to:

(A-13)

EDbulk/aqucous.p = (I-fr_ Vsohd phase bulk) +

-V . .
ﬁ _ solid phase bulk Ks“‘_p Psolid phase
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The respective bulk-solid phase equilibrium distribution coefficient of sed-
iments and ground water can be derived based on the corresponding bulk-aqueous
phase equilibrium distribution coefficient:

(L—fr ¥ (A-14)

ED o U Voolia phaserbuik) v
bulk/solid, Jr—

wsende sz,p " Psolid phase

solid phase-bulk

. EDbulk’agueou&Q

sz.p " Psolid phase

The parameter pygjig phase May be chosen by the user to differ for the land
uses arable soil, pasture, semi-natural ecosystems, non-vegetated land and sedi-
ment based on data derived from a GIS dataset (Batjes, 1996) and the differenti-
ation into streams and large lakes (cf. Eq. (B-10)).

A.2.2 Bulk water-suspended matter or aqueous phase equilibrium
distribution coefficients

As discussed in section 6.1, the freshwater compartment only consists of water
and suspended solids. The concentration in the bulk water compartment is defined
accordingly:

B . (A-15)
Cwivyuy waterp CoW/vgong phase.p SV phase-bulk +
C—W/Vaqucous phase.p * (1-fr_ Vsolid phase"bulk)

where

C_wiv : concentration in the bulk compartment or in one of its phas-
es [kg per m3]

ED : equilibrium distribution coefficient relating the bulk com-
partment concentration to that of the aqueous phase [-]

fr_ vV . volume fraction of soil that is solid phase [m3siq phase PEr

M3,k compartment] (defined in section 5.1.3).

Relating the bulk concentration to the solid phase concentration yields the
respective equilibrium distribution coefficient:
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(A-16)
EDb Wsolid — C—W/vbulk waler.p
wHsehdp C_w/ Vsolid phase.p
= fr V.. + C—W/Vaqueous phase.p (I-fr_ Vsolid phase/bulk)
—" solid phase/bulk C——“V/vsolid phase.p
(1 =fr_V1id phase/bulk)
:fr—V(l'd hase, + - solid phase/bu
solid phase bulk sz.p ' psuspcnded matter
_ 1
EDsuspcnded matter-bulk water.p
where
ED : equilibrium distribution coefficient relating the bulk com-
partment concentration to that of the solid phase (or relating
the suspended matter phase to the bulk water compartment
concentration) [-]
fr_V : volume fraction of freshwater that is solid phase
[m3solid phase PET m3bu]k compartmem] (computed according to
Eq. (A-17))
Kw . solid-water partitioning coefficient of substance p
[kg/kgsolid phase PE€T kg/m3water]
. . . 3
p : density of the solid phase [kgqig phase PET M’ slid phasel-
C_wiv (A-17)

suspended matter

fr_ Vsolid phase/bulk
p suspended matter

The bulk water-aqueous phase equilibrium distribution coefficient (for dif-
fusive intermedia exchange between water compartment and sediment compart-
ment) can be computed analogously. Here, it is defined based on the bulk water-
solid phase equilibrium distribution coefficient according to:

(A-18)

EDhulk/aqueous,p = EDyy solidp sz.p * Psuspended matter *

A.3 Environmental fate process formulations

In the following, the different environmental fate processes are described for
which formulae are provided by WATSON. These can be combined in different
ways as a so-called process ser (cf. section 5.1).
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A.3.1 Degradation

Degradation or rather chemical transformation may occur principally via biotic or
abiotic processes (e.g., Schnoor, 1996; European Commission, 2003b). Such
processes comprise hydrolysis, photolysis, biodegradation and co-metabolism.

A better notion for *degradation” which might imply that a substance has
been fully mineralised and does not pose any harm any longer could be "chemical
transformation’ or ’inactivation’. In particular the latter notion might well be suit-
ed to comprise all processes that keep toxic substances from becoming effective
(again).

Except for photolysis at the interface between air and the ground, degrada-
tion in the terrestrial and aquatic environment is assumed to occur in all compart-
ments with liquid water, i.e., freshwater body (i: w), freshwater sediment (i: ws),
impervious surface (i: u), non-vegetated land (i: b), (semi-)natural ecosystems (i:
n), pasture/grassland (i: p) and arable land (i: ag), and is formulated according to:

i 7)) = Y. fy A ‘7._1.[\_(2—) (A-19)
ki aegpr 2) = A@)fr Al 2) - dU2) =2

where

A . area of zone z [m?] (defined in section B.2)

d . depth of the compartment i in zone z [m] (defined in
sections 5.1 and B.4.3)

fr A . area fraction of compartment i in zone z [-] (defined in sec-
tion B.3)

k . process rate for degradation [m3 per s]

t . degradation half-life of substance p in compartment { [s].

Note that the degradation half-life aggregates the different chemical trans-
formation processes occurring simultaneously in one compartment.

A.3.2 Radioactive decay

Another process which leads to the disappearance of a modelled substance may
be radioactive decay. In this case, single isotopes are addressed since the radioac-
tive decay may indeed lead to a change in the nuclear composition of an atom but
the number of protons might stay the same.

Radioactive decay is formulated equivalently to degradation but is not con-
fined to compartments in which liquid water occurs, thus, i may correspond to any
compartment distinguished:



396 Model formulation

i 2) = Az) - fr AL z) - d(i,z) - —EL (A-20)
Ki_decay(Pr 1 2) = A(2) - fr_A(i, 2) G R

where

A . area of zone z [m?] (defined in section B.2)

d : depth of the compartment / in zone z [m] (defined in
sections 5.1 and B.4.3)

fi_A . area fraction of compartment i in zone z [-] (defined in
section B.3)

k : process rate for radioactive decay [m3 per s]

tin . decay half-life of radionuclide p in compartment i [s!].

A.3.3 Water soil erosion

Generally, erosion may be defined as “wearing away and transport of the soil by
running water, glaciers, wind or waves” (Deutsches Nationalkomitee fiir das in-
ternationale Hydrologische Programm (IHP) der UNESCO und das Operationelle
Hydrologische Programm (OHP) der WMO, 1998, p. 54). Here, only the erosion
by water is modelled which is in line with all of the reviewed multimedia models
(cf. sections 3.1 and 4.2.2).

Principally one needs to distinguish between different types of water soil
erosion (e.g., sheet, rill, inter-rill, gully erosion, Shen and Julien, 1993; Morgan,
1999). However, models usually only try to estimate one to few types of erosion.
For instance, the empirical Universal Soil Loss Equation (USLE, Wischmeier and
Smith, 1978) or its revised version (RUSLE, Renard et al., 1997) have experi-
enced a wide range of applications because of their simplicity (least data demand-
ing, van der Knijff et al., 2000). They are used for on-site soil losses and have
been developed for sheet and rill erosion (Wischmeier and Smith, 1978). Most
erosion models are usually developed only for being applied to a certain site so
that absolute values of these models at the regional scale are not reliable (van der
Knijff et al., 2000). Erosion models for the regional scale itself that provide quan-
titative data are, however, lacking (Wickenkamp et al., 2000; Bach et al., 2001).
Even simple models that only predict potential erosion rates require at least infor-
mation on soil texture (Hennings, 1994), a soil property for which hardly any in-
formation is available in publicly available GIS datasets that would support
regionally differentiated erosion assessments.

As indicated above, when assessing soil erosion from a soil or agricultural
science perspective, usually only the loss at a given site is of interest which leads
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especially to a reduced soil fertility or production capacity (Morgan, 1999). Asa
consequence, very few of the erosion models predict how much of the soil arrives
at adjacent areas or compartments. Attempts have been made to relate the results
of the RUSLE to inputs into streams for example by means of the sediment deliv-
ery ratio concept (Umweltbundesamt, 1999). However, the RUSLE is still too
data demanding at the regional scale and the sediment delivery ratio concept is
highly questioned (Walling, 1983).

No transport of eroded soil from one terrestrial compartment to another is
considered in WATSON for two reasons: (a) the compartments distinguished are
assumed to be homogeneous implying that re-distribution of eroded soil within
one compartment is irrelevant and (b) there is a lack of information about the sit-
uation of one compartment relative to another (cf. section 4.2.2). Rather, only the
transport from the terrestrial environment into surface freshwater bodies is as-
sessed. Zaslavsky (1979) quoted by Golubev (1982) estimated that only 10 % of
the gross erosion is transported to the larger rivers, the remainder mostly being
only re-distributed in the terrestrial environment (e.g., deposited on the lower
parts of slopes). Walling (1983) estimates that only about 0.1 % to 38 % of the
gross soil loss reach the rivers’ outlets and are represented in the so-called sedi-
ment yield (see section B.5.3).

Although noting that the erosion process is selective with respect to parti-
cles of different size (e.g., Walling, 1983), it is assumed here to affect the bulk
soil even including pore waters. One may argue that the process overland flow is
responsible for the transport of pore waters. However, overland flow is perceived
here to entrain that amount of a substance contained in soils that is in equilibrium
with water that flows at the surface or near the surface ("interflow’) as described
in section A.3.4.

Due to the potentially low erosion rate on permanently vegetated areas like
pastures/grassland and semi-natural ecosystems, water soil erosion is substantial-
ly reduced for these compartments (cf. section B.5.3). It is clear that this assump-
tion is not appropriate in any situation. It is considered a justified first
approximation, however, as this distinction is in line with both the considerably
lower crop management factor of the Universal Soil Loss Equation (USLE) for
forest and pasture soils (e.g., Golubev, 1982; Morgan, 1999; Umweltbundesamt,
1999) as well as with existing forest soil models (e.g., Reinds et al., 1995). Allow-
ing the water soil erosion rate only to vary by compartments is, furthermore, sup-
ported by the present paucity or rather absence of regional erosion estimates or
modelling capabilities at the regional scale (Bach et al., 2001) for the whole of Eu-
rope.

The process of water soil erosion which is allowed to occur on arable land
(i: ag), pastures (i: p), semi-natural ecosystems (i: n) and non-vegetated land (i: b)
is calculated according to:
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ki-w. erosion(Z> 1) = A(2) - Jr_A(L 2) - Vo0 (7) (A-21)
where
A . area of zone z [m?] (defined in section B.2)
fr A : area fraction of compartment / in zone z [-] (defined in
section B.3)
k : process rate for water soil erosion [m? per s]
v : erosion velocity of compartment / [m per s] (defined in
Table 5-7).

A.3.4 Overland flow

Overland flow or rather saturated overland flow (Mosley and McKerchar, 1993)
may be defined as “(f)low of water over the ground before it enters a definite
channel” (Deutsches Nationalkomitee fiir das internationale Hydrologische Pro-
gramm (IHP) der UNESCO und das Operationelle Hydrologische Programm
(OHP) der WMO, 1998, p. 109). This process is contained in many multimedia
models (cf. Table 5-4).

There are different causes why water does not penetrate the ground but
flows over it instead (Rawls et al., 1993). The probably most important example
is the so-called Hortonian overland flow (Rodhe and Killingtveit, 1997) which
occurs when the infiltration capacity of a soil is exceeded by the rain intensity.

From a runoff formation point of view, i.e., the formation of that “part of
the precipitation that appears as streamflow” (Deutsches Nationalkomitee fiir das
internationale Hydrologische Programm (IHP) der UNESCO und das Opera-
tionelle Hydrologische Programm (OHP) der WMO, 1998, p. 109), one may want
to distinguish between the three components (a)saturated overland flow,
(b) interflow and (c) baseflow or return flow from ground water (Mosley and
McKerchar, 1993). While vertical percolation of water through a soil column is
mostly responsible for ground water recharge and, thus, contributes or sustains
the baseflow, interflow passes through the subsurface similar to the baseflow but
is quicker resembling more the dynamics of the saturated overland flow. This is
also why interflow together with saturated overland flow are also referred to as
"quickflow’ (Mosley and McKerchar, 1993).

The data available for the water balance within WATSON allow the dis-
tinction of ground water recharge from the overall runoff (cf. section B.5.2). As a
result, the process of overland flow is extended to comprise the whole water un-
dergoing ’quickflow’, i.e., including interflow. Although interflow water may
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pass the subsurface at depth below 30 ¢m (corresponding to the default soil com-
partment depth; cf. section 5.1.2), it is assumed here that it does not leave the top-
soil towards the deeper subsurface.

One may argue that the extended overland flow process is responsible for
the transport of pore waters. However, overland flow is perceived here to lead to
an equilibration of substances contained in soils with water flowing at the surface
or near the surface (‘interflow’) whereas the process of water soil erosion is re-
sponsible for soil pore water displacements (cf. section A.3.3). Due to the fact that
the compartments are rather large in this regional scale environmental fate mod-
elling approach, the contact time of the waters undergoing quickflow is assumed
to be sufficiently long for the substances to reach equilibrium, noting that this will
not be the case for any substance.

The extended overland flow process for the pervious compartments, i.e.,
arable land (i: ag), pastures (i: p), semi-natural ecosystems (i: n) and non-vegetat-
ed land (i: b), is defined as:

_ _ (A-22)
ki»w. overland ﬂow.pll|('“'g(pv iz)y= A(z)-fr_AG,z)-
vrunoﬂ'(z )-f1 "V quick ﬂow/runoﬂ'(z )
EDbulk aqueous .pll[(‘w(p’ i.2)

where

A . area of zone z [m?] (defined in section B.2)

ED : equilibrium distribution coefficient of a substance p of the
respective compartment i of zone z that may depend on a
compartment’s pH or organic carbon content [-] (defined in
section A.2)

fr_ A . area fraction of compartment / in zone z [-] (defined in
section B.3)

fr vV . fraction of runoff being quickflow in zone z [-] (defined in
section B.5.2)

k . process rate for the extended overland flow [m3 per s]

v : runoff in zone z [m per s] (defined in section B.5.2).

For the impervious terrestrial compartments, one has to further distinguish
between glaciers and sealed areas. Whereas precipitation to glaciers is assumed
to be solid (’snow’) which only start to flow substantially upon melting (cf. sec-
tion A.3.5), saturated overland flow (in its strict sense) is modelled for impervious
surfaces according to:



400 Model formulation

(A-23)
ku w, overland flow, pH| (‘“rg(l)’ uz) = Az)-fr_A(u.z)-
Vrunoﬁ‘(z)
EDbulk’aqucous. pll{(‘"rg (pu. 2)

where

A . area of zone z [m?] (defined in section B.2)

ED : equilibrium distribution coefficient of a substance p of the
respective compartment § of zone z that may depend on a
compartment’s pH or organic carbon content [-] (defined in
section A.2)

fr A : area fraction of compartment / in zone z [-] (defined in
section B.3)

I's . process rate for overland flow from impervious surfaces [m3
per s]

\Y : runoff in zone z [m per s] (defined in section B.5.2).

A3.5 Ice melt

As with soils, the assumption of homogeneity is unlikely to be true for glaciers
(Baumgartner and Liebscher, 1990). As it seems that so far nobody has ever ad-
dressed the influence of glaciers on the overall fate of persistent pollutants in a
multimedia context, a simple formulation has been adopted to start with. For the
reasoning why glaciers are distinguished at all, refer to section 5.1.11.

The process ice melt leads to the release of flowing water by glaciers and
consequently of substances contained in the ice which are delivered to the fresh-
water compartment:

‘ l(gl, = (A-24)
kgl~w. ice ment {2 gl)y = A(z) fr_A(gl.z)- ’R:;;n_‘w(—()gl)
where
A . area of zone z [m?] (defined in section B.2)
d : depth of glaciers gl [m] (defined in section 5.1.11)
fr_ A . area fraction of compartment i in zone z [-] (defined in

section B.3)
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k : process rate for ice melt [m3 per s]
tresidence . Pesidence time of water in glaciers g/ [s).

The rate by which this process takes place is defined according to the resi-
dence time. The residence of water in Alpine glaciers amounts to 100 years ac-
cording to Table 9.1 in Baumgartner and Liebscher (1990) which is adopted here
and which is assumed to be also valid for the other glaciers occurring in the mod-
elled area.

A.3.6 Matrix leaching

The process matrix leaching transports substances dissolved (at equilibrium) in
soil pore water flowing towards the subsurface. This flowing water constitutes the
ground water recharge and finally the baseflow in the runoff formation process
(Mosley and McKerchar, 1993, cf. section A.3.4). The matrix leaching process is
defined for pervious soils, i.c., arable land (i: ag), pastures (i: p), semi-natural ec-
osystems (i: n) and non-vegetated land (i: b):

, _ (A-25)
ki-gw. leaching, PH|CUrg(Z’ Lpy= Alz) fr Al z)-
(l 7frvvquick ﬂow«"mnuff(z)) ! vmnot‘f(z)
EDbulk"aqucous. pH!(‘mg(p' i.z)

where

A . area of zone z [m?] (defined in section B.2)

ED . equilibrium distribution coefficient of a substance p of the
respective compartment i of zone z that may depend on a
compartment’s pH or organic carbon content [-] (defined in
section A.2)

fr A . area fraction of compartment / in zone z [-] (defined in
section B.3)

fr_ Vv . fraction of runoff being quickflow in zone z {-] (defined in
section B.5.2)

k . process rate for matrix leaching [m? per s]

\% . runoff in zone z [m per s] (defined in section B.5.2).

An example of water percolating through soil that is not at equilibrium with
the soil matrix is presented in section A.3.7.
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If a ground water compartment was distinguished, the process ’ground wa-
ter exfiltration with sorption’ would be formulated correspondingly connecting
the ground water compartment to the surface freshwater compartment of the same
zone.

A.3.7 Considering vertical substance transport in soils due to
stochastic processes

Many soil parameters are conceived as the realization of a random spatial field
(e.g., Richter et al., 1996) which is due to the rather stochastic soil behaviour with
respect to water and substance transport. A prominent example for a stochastic
transport process within soils is preferential flow (Gish and Shirmohammadi,
1991). This is a non-equilibrium process in terms of both water flow (Beven,
1991; "preferential flow” strictly speaking) and solutes entrained therein (Helling
and Gish, 1991; Luxmoore, 1991; Stagnitti et al., 1995; Schwarz and Kaupenjo-
hann, 2000; "preferential transport’). This process is more the rule than the excep-
tion (Flury, 1996) and may have different causes (Wittig et al., 1985; Helling and
Gish, 1991; Steenhuis and Parlange, 1991; Schwarz and Kaupenjohann, 2000). It
even also applies to atmospheric deposition to forests (Wittig et al., 1985; Chang
and Matzner, 2000).

As stated in Steenhuis and Parlange (1991), the amount of water percolat-
ing through the top soil layer may be distinguished into preferential and matrix
flow which is adopted here.

Another stochastic process is colloidal transport (Jarvis et al., 1999; Noack
et al., 2000) which can be considered to be part of the process "preferential trans-
port’ defined by Eq. (A-27). This is also relevant especially for those trace ele-
ments which bind to organic matter such as lead and cadmium (Bergkvist et al.,
1989).

Reduced matrix leaching due to preferential flow

This process is introduced in order to take into account that a portion of the wet
atmospheric deposition is directly transferred to the subsurface soil layers for per-
meable terrestrial land uses (cf. section A.6.4). The amount of water undergoing
this process does not have the time to fully equilibrate with the soil matrix (’non-
equilibrium transport’, Schwarz and Kaupenjohann, 2000) allowing to distin-
guish the rain water from the soil pore water in equilibrium with the soil matrix
(Luxmoore, 1991). As a consequence, it is assumed here that the preferential flow
portion of the wet precipitation is not available to matrix leaching. The equation
is, therefore, introduced to subtract the amount of water undergoing preferential
flow.
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The reduced matrix leaching process is defined for pervious compartments,
i.c., arable land (i: ag), pastures (i: p), semi-natural ecosystems (i: n) and non-veg-
etated land (i: b), as follows:

‘Vrain(z) '-/‘r—vprct' flow rain(z) (A‘26)

EDbulk dqueous. pHI('Mg(p' i.z2)

k,‘.ng pref flow, p}”(‘mg(;’, i,p)y = —A(z) fr A(i.z)

where

A : area of zone z [m?] (defined in section B.2)

ED . equilibrium distribution coefficient of a substance p of the
respective compartment i of zone z that may depend on a
compartment’s pH or organic carbon content [-] (defined in
section A.2)

fr A : area fraction of compartment / in zone z [-] (defined in
section B.3)

fr_V . fraction of precipitation undergoing preferential flow in
zone z [-] (defined in section B.5.2)

k . process rate for reduced matrix leaching [m3 per s]

v : precipitation in zone z [m per s] (defined in section B.5.2).

Assuming that preferential flow does not lead to an accelerated movement
of a substance already contained in a soil to the subsurface is rather conservative
in the sense that preferential flow will carry away some of the dissolved (*dis-
placement of matrix water’, cf. Helling and Gish, 1991) and adsorbed phases of
substances in soils. Therefore, another process is introduced which is described
next.

Preferential transport

Preferential flow may displace part of matrix water (cf. Helling and Gish, 1991).
Thus, only subtracting the amount of rainwater immediately undergoing prefer-
ential flow may not be sufficient to account for this process (cf. equation (A-26))
as parts of the substance contained in the soil will also be affected. For instance,
the amounts of pesticides lost due to this process normally lie in the range of
smaller than 0.1 % and 1 % and may reach up to 5 % under worst case conditions
(Flury, 1996). When aiso including colloidal transport, a value for the amount to
bypass the top soil layers of 0.1 %, thus, appears to be a reasonable first (conserv-
ative) estimate. In order to convert this overall mass balance into a rate, the 0.1 %
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are assumed to apply to an annual mass balance meaning that 0.1 % of the annual
amount of substances present in the soil reaches the subsurface by preferential
transport. The respective rate is, thus, 0.001 per year. One has to note, however,
that this rate may be substantially higher for non-degrading substances such as
trace elements. However, different volatilisation and adsorption behaviours, for
instance, play a role here so that the value is adopted for the time being for any
substance until more specific information becomes available.

The preferential transport process is defined for pervious compartments,
i.e., arable land (i: ag), pastures (i: p), semi-natural ecosystems (i: n) and non-veg-
etated land (i: b), as follows:

ki-gw. preferential transpon(z’ Lp) = A@2) Jr AGLz) rprc‘lkrenlial lmnspon(p’ ) (A'27)
where
A . area of zone z [m?] (defined in section B.2)
fr_A . area fraction of compartment / in zone z [-] (defined in
section B.3)
k . process rate for the extended overland flow [m3 per s]
r . rate of preferential transport of substance p in compartment

i [s'1] (defined in the text above).

A.3.8 Uptake by biota and removal

As described in section 5.2 on plants and 6.2 on freshwater fish, living organisms
do not constitute separate compartments in the environmental fate model. In reg-
ulatory risk assessments when following rather conservative assessment princi-
ples, removal of substances from the environment due to intake by organisms and
subsequent consumption by (other) animals or humans is often not considered
(e.g., European Commission, 1996a). This causes the environmental media con-
centrations to be larger due to lower removal rates. In spite of not distinguishing
biotic compartments in the environmental fate modelling, a substance’s removal
across the model’s boundary due to uptake by biota followed by harvest or catch-
es, respectively, may still be considered.

The harvest and catch rates are set equivalent to the amounts produced per
year. This is because the root uptake by plants as well as bioconcentration by fish
are assumed to be in equilibrium with the medium on which the organisms thrive.
When assessing the amount removed due to intercepting a part of the atmospheric
deposition, the actual time the produce is exposed is also considered (see
section A.6.5).
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Root uptake by and harvest of belowground produce

As argued in section 5.2, belowground produce can be considered in equilibrium
with soil for both organic substances and metals while receiving negligible
amounts from aboveground plant parts. In order not to distinguish a separate be-
lowground plant compartment for computational efficiency reasons but still allow
for removal of the amount of substances that is contained in the harvested plant
parts, a combined process is, thus, formulated here.

Based on the bioconcentration factor for root produce relating bulk dry
weight root concentration to bulk dry weight soil concentration (equation 5-20B
from United States - Environmental Protection Agency (1998), modified) and the
production rate of the root produce, the root uptake by and harvest of below-
ground produce can be described. Additionally converting the bulk soil (volumet-
ric) concentration into a dry soil (mass-based) concentration the combined
process can be written as:

(A-28)
k _ 1
i, uptake+harvest oot crops 7. o N
P Jr Vsolid phasc bulk( i) Psolid phasc(l' )

eml}B('F. root cmps([)' r.e) .-/’.—WSOH‘J phase hu'k(r’ €

BCF _dw/dw p.r.e)- P(r.n)

root sml(

where

BCF_dw/dw: bioconcentration factor of substance p due to root crop » up-
take from soil [kgey DW per kgpy DW] (defined in
section C.2)

emp : empirical correction factor for equilibrium uptake of sub-
stance p by belowground produce r dependent on the sub-
stance’s octanol-water partitioning coefficient (K,,,) [-]

fr_ vV . volume fraction of soil that is solid phase [m3 ;4 phase PET
m3puk compartment] (defined in section 5.1.3)

fr_w . mass fraction of food (r) dry matter (kg DW per kg FW] (de-
fined in Table B-22)

k : process rate of root uptake by and harvest of root crops with
respect to compartment i [m?3 per s]

P : production rate of crop r in administrative unit » kg FW per
s] (defined as described in section B.6.1)3%8
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p . density of the solid phase [Kg,iq phase PEr m3g.id phase) (de-
fined by Eq. (B-10)).

The empirical correction factor assumes values between 1 and 0.01. Ac-
cording to the recommendations given by United States - Environmental Protec-
tion Agency (1998), a value of 1 should be used if log K, is less than 4 and 0.01
otherwise. As argued in section 5.2.2, an intermediate value of 0.1 for log K,
range from 2 to 4 could additionally be introduced based on the findings by Rie-
derer (1995) and Trapp (2002).

Note that the k-value is representative only for one type of root crop. If
there are different types of root crops produced on one agricultural soil compart-
ment and if any of the parameters "production rate’, 'mass fraction of food dry
matter’, or 'BCF’ differs, a sum over the respectively resulting k-values needs to
be computed according to (for the explanation of the symbols refer to the equation
above):

| (A-29)

r_V gotid phaseduik (1) * Psotid phase &> 2)

EMP B, root crops(p’ r.e):

ki, uptake+harvest root crops =

Z _ [/r—wsnlld phasc'bulk(x’ e):

R SR S

BCF_dw/dw g ou(p- X-€) - P(x,n) ]

Note that the empirical factor at present does not distinguish between dif-
ferent belowground crops and is, therefore, not contained in the sum. Further note
that the production rate needs to be distributed from administrative units (denoted
by n here) to zones. This is done on an area-weighted basis.

Root uptake by and harvest of aboveground produce for non-volatile
substances

As phloem flow for non-essential heavy metals can be disregarded, the concen-
trations found in aboveground protected produce solely depend on soil concentra-
tions and corresponding uptake. For aboveground exposed produce, the

38 The removal will be underestimated based on the amounts produced per year provided
by the Food Balance Sheets (FBSs, Food and Agriculture Organization of the United
Nations - Statistics Division, 2002a). This is because losses for example between the
harvest and the sale are not included in the production data.
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contribution by atmospheric deposition needs to be considered additionally (see
section A.6.5).3? Its exposure via root uptake is formulated in the same way as for
aboveground protected produce. Note that this process is not formulated for for-
age taken in for example by cattle. This is mainly because there is no statistical
production data available in the FAO statistical database presumably due to the
fact that forage is not traded across national borders.

Based on the bioconcentration factor for aboveground produce relating
bulk dry weight aboveground protected produce concentration to bulk dry weight
soil concentration (equation 5-20B United States - Environmental Protection
Agency (1998), modified) and the production rate, the root uptake by and harvest
of aboveground produce can be described. Additionally converting the bulk soil
(volumetric) concentration into a dry soil (mass-based) concentration, the com-
bined process can be written as:

| (A-30)

IV i phase«bulk(i) “Psolid phase(i’ z)

k i, uptake+ harvest aboveground crops =

J7_W olid phasebulk (7> €) -
BCF_dw/dwp[am,soil(p, r.e)-P(r,n)

where

BCF_dw/dw: bioconcentration factor of substance p due to aboveground
produce r uptake from soil [kggoi) DW per kgpjan DW] (de-
fined in section C.2)

fr. v : volume fraction of soil that is solid phase [m3 ;4 phase PET
m3y compartment] (defined in section 5.1.3)

fr w . mass fraction of food () dry matter (kg DW per kg FW] (de-
fined in Table B-22)

k . process rate of root uptake by and harvest of aboveground
crops with respect to compartment i [m3 per s}

P : production rate of crop » in administrative unit n [kg FW per
s] (defined as described in section B.6.1)

39 In the case of (semi-) volatile substances, diffusive air-plant exchanges may need to
be included for exposed produce. In order to consider this process, it is preferred to
follow an approach that allows for kinetic, i.e., non-equilibrium transfer at the plant
surface. This would make it necessary that a plant compartment is introduced in the
environmental fate model.
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P : density of the solid phase [kgqojid phase PET M>solid phase] (de-
fined by Eq. (B-10)).

Again note that the k-value is representative only for one type of above-
ground produce. If there are different types of aboveground produce produced on
one agricultural soil compartment and if any of the parameters "production rate’,
"mass fraction of food dry matter’, or 'BCF’ differs, a sum over the respectively
resulting k-values needs to be computed according to (for the explanation of the
symbols refer to the equation above):

1 (A-31)

Jr_V sutid phase butk(F) ~ Psolid phase{E 2)

Z [BCF_dwldw j,nson(Ps X- €) -

X =

ki, uptake+harvest aboveground crops —

JT_Wglid phasebulk (% €) -
P(x,n)]

Note that r stands for protected and exposed aboveground produce equally.
Further note that the production rate needs to be distributed from administrative
units (denoted by n here) to zones. This is done on an area-weighted basis.

Uptake by and catch of freshwater fish for non-volatile substances

Similar to the removal by plant harvest, a removal by fish catches is proposed.
Based on the bioconcentration factor for fish relating bulk fish concentration to
aqueous phase water concentration (equation 5-48, United States - Environmental
Protection Agency, 1998) and the production rate, the uptake by and catch of
freshwater fish can be described. Additionally converting the bulk water concen-
tration into the aqueous phase concentration of the water compartment, the com-
bined process can be written as:

| (A-32)

Ksw - EDbulk.‘solid ' psuspundcnd matlcr( w,2)
BCF_Vifw (p,r.e) P(r,n)

k

w, uptake rcatch fish =

fish‘water

where

BCF_V/fw : bioconcentration factor of substance p due to fish r uptake
from water [m3,queous phase PET Kgpisn FW] (defined in
section C.2)
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m3 g phase] (defined in section A.2)

k . process rate of uptake by and catch of fish in freshwater w
[m3 pers]
Ksw . solid-water partitioning coefficient [m3aqueous phase PeT

kgsolid phase] (defined in section C.2)

P : production rate of freshwater fish » in administrative unit »n
[kg FW per s] (defined as described in section B.6.1)

p : density of the solid phase in the freshwater compartment of
zone z [kgolid phase PET m3iq phase] (defined as described
in section B.5.4).

The k-value is representative only for one type of freshwater fish. If there
are different types of freshwater fish caught in one freshwater compartment and
if any of the parameters production rate’ or ’BCF’ differs, a sum over the respec-
tively resulting k-values needs to be computed according to (for the explanation
of the symbols refer to the equation above):

| (A-33)

Ksw - EDbulk/sohd ' psuspcndcnd maucr( w, 2}

> {BCF_VIfW g waterP- 7 €) - P(r,n) }

X - . oy et

k

w, uptake+catch fish -

Note that the production rate needs to be distributed from administrative
units (denoted by # here) to zones. This is done on an area-weighted basis.

A.3.9 Discharge

Discharge or rate of flow is defined as “volume of water flowing through a river
(or channel) cross section in unit time” (Deutsches Nationalkomitee fiir das inter-
nationale Hydrologische Programm (IHP) der UNESCO und das Operationelle
Hydrologische Programm (OHP) der WMO, 1998, p. 45). It is simply modelled
by employing the value for discharge:

k (A-34)

w.zl-22, dischargc(z) = Qdischargc(z)
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where
k : process rate for discharge [m? per s]
Q . discharge occurring in zone z [m3 per s] (defined in

section B.5.2).

A.3.10 Water circulation in large lakes

In section B.2.1, reasons are given why some larger lakes are distinguished as
separate zones. Following the Pfafstetter code system (section 4.3), only cascade-
like downstream orientated flows can be determined. Due to the rather unnatural
herringbone-like differentiation of larger lakes (cf. Fig. 6-2), the additional proc-
ess “water circulation in large lakes” has been introduced in order to also allow for
an "upstream’ flow between zones of larger lakes. It is formulated analogously to
the downstream flow process "discharge’ (section A.3.9) while adding the factor

fr_Q:

k“'~ Zgown” Zupa- lake cicu]ation(z' w) = Qdischarge(zdm\'n’ w) ’fr—Qlakc circulation( w) (A-35)

where

k : process rate for water circulation in large lakes [m3 per s]

fr Q . fraction of the discharge flowing out of zone z,,,, that is al-
lowed to undergo "upstream’ flow into zone z,, ; where the
count of i may range from 0 to 2 depending on how many
‘upstream’ lake zones exist [-]; set to unity

Q : discharge occurring in zone zgy,, [m? per s] (defined in

section B.5.2).

In order for the water mass balance to result, the same amount of water is
set to flow from the potentially two upstream lake zones Zyp,j into the one down-
stream zy,,,, according to:

k“'~ Zupi * Zdowns 18keE ciculation{Z> W) = Qdischarge(zdown‘ w) 'ﬁ.~Qlake circula!ion(w) : (A_36)
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A.3.11 Sedimentation (or sediment deposition) in freshwater
compartments

Sedimentation is defined as the “(p)rocess of settling and depositing by gravity of
suspended matter in water” (Deutsches Nationalkomitee fiir das internationale
Hydrologische Programm (IHP) der UNESCO und das Operationelle Hydrolo-
gische Programm (OHP) der WMO, 1998, p. 133). It is, thus, a process involved
in the particle mass turn-over in an aquatic ecosystem.

As discussed in sections 6.1, B.4 and B.5.4, the behaviour of streams is
treated differently from that of large lakes. The overall process of sediment dep-
osition is calculated according to:

kw-ws. sedimentation, pH|pH inv|(‘“rg(p’ w,z) = (A-37)
A(z) - fr_A(w.2) _
EDbulk ‘aqueous. pH|pH in\‘;(“,rg(p' w,z)
[vsedimcnmnnn. lakc( w) '-ﬁ‘—vslagnam( w,z)+
¥ sedimentation. slrcam(w) (1 _ﬁ'—vslagnam(w‘ Z))]

where

A . area of zone z [m2] (defined in section B.2)

ED . equilibrium distribution coefficient of a substance p of the
respective compartment i/ of zone z that may depend on a
compartment’s pH or organic carbon content [-] (defined in
section A.2)

fr A - area fraction of the freshwater compartment in zone z [-] (de-
fined in section B.3)

fr v . volume fraction of the freshwater compartment in zone z
that is stagnant water [-] (defined in section B.5.4)

k . process rate for sedimentation [m3 per s]

v . suspended matter deposition velocity in stagnant or flowing

waters [m per s] (defined in section B.5.4).

For evaluative purposes, an additional formulation is implemented in
WATSON which is in line with state-of-the-art multimedia models and does not
take into account the weighting by the stagnant water volume. Instead an overall
sedimentation rate is assumed for all water bodies. The rate corresponds to the
pure lake condition as given in Table 6-4.



412 Model formulation

A.3.12 Resuspension of bottom sediment matter

Resuspension may be defined as the process that causes solids in the bottom sed-
iment of a water body to become suspended again in the water column. Thus, re-
suspension is a process involved in the particle mass turn-over in an aquatic
ecosystem. It is, therefore, mostly concerned with the translocation of particles.
In most of the multimedia models which focus on the fate of lipophilic organic
compounds which are hardly encountered in solution, it is reasonable to concen-
trate on the fraction of the substances that are bound to particles. However, parti-
cles are set into motion by eddies or currents in the water which will also entrain
the surrounding aqueous phase of the sediments. This is especially important for
more hydrophilic compounds like several metals and their compounds. As a re-
sult, the process "resuspension’ is considered here to not only set a part of the sed-
iment compartment into motion so that the sediment particles become suspended
again but also to drag along the sediment pore water formerly surrounding those
re-suspended particles. The rate is assumed to be the same for both of these phas-
es. Thus, no equilibrium distribution coefficient is considered in Eq. (A-38) de-
scribing this process.

As discussed in sections 6.1, B.4 and B.5.4, the behaviour of streams is
treated differently from that of large lakes. The overall process of resuspension is
calculated according to:

) (A-38)
wy-w, resuspcnsion(ws’ )= A@)-frA(w,z)-
[Vresuspcnsion. lakc( ws) 'ﬁ‘—Aslagnanl waler( ws,z) +
Vrcsuspcnsion. slream( ws) - (1 _fr—Aslagnant watcr( ws, z)) I
where
A . area of zone z [m?] (defined in section B.2)
fr A : fr_A: area fraction of the freshwater compartment in zone z
[-]1 (defined in section B.3)
fr_Agtagnane: area fraction of the freshwater sediment com-
partment in zone z that is located below stagnant water [-]
(defined in section B.5.4)
k : process rate for resuspension [m?3 per s]
v : resuspension velocity in stagnant or flowing waters [m per

s] (defined in section B.5.4).
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For evaluative purposes, an additional formulation is implemented in
WATSON which is in line with state-of-the-art multimedia models. It reads for
pH-dependent partitioning:

k

. (A-39)
Ws-w, resuspension, p“(WS, z)= A(z)-fr_A(w,z}- vscdlmcmation(w) '
fr‘"rcsuspended'Sedimen!alion(w‘y) '
Ksw(p, pH(z, ws)) - pso“dphasc(ws, z)
EDbulk aqueous, pH (. ws, )
and for organic carbon-dependent partitioning:
(A-40)

kn's—w. resuspension, Corg(ws’ )= A(2) '-/"—A(W’ ) Vscdimenla!ion(w) :

where

ED

fr A

fr v

SwW

fr—Vresuspended'scdlmcmation( ws) -
Ks w(»“m(p, WS, 2)  Peolid phasc(ws, )

EDbqu aqueous, (‘"rg(p’ ws,z)

. area of zone z [m?] (defined in section B.2)

equilibrium distribution coefficient of a substance p of the
sediment compartment of zone z relating the bulk concentra-
tion to the aqueous phase concentration [-] (defined in
section A.2)

area fraction of the freshwater compartment in zone z [-] (de-
fined in section B.3)

fraction of sedimentation rate being resuspended [-] (defined
as described in Table 6-4 for pure lake conditions)

solid-water partitioning coefficient of substance p that may
depend on organic carbon or pH [m3,qcous phase Per
Kgsolid phase] (defined in section C.1.1)

: process rate for resuspension [m? per s]

density of the solid phase [kgo}id phase PET m3g i phase] (de-
fined as described in section B.5.4)

sedimentation velocity [m per s] (defined as described in
Table 6-4 for pure lake conditions).
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A.3.13 Sediment burial

Burial refers to the rate at which contaminants move from the active to the inac-
tive sediment layer. In contrast to resuspension in which both the solid and the
aqueous phase are involved, only the particles are assumed to undergo this proc-
ess. This is because the volume fraction of water decreases substantially with sed-
iment depth so that the water is thought to ’stay’ whereas the solids settle and
become compacted.

As discussed in sections 6.1, B.4 and B.5.4, the behaviour of streams is
treated differently from that of large lakes. The overall process of sediment burial
for substances whose partitioning behaviour is dependent on the sediment’s pH is
calculated according to:

A-41
kwx, burial, pH[pH, | (p’ ws,z) = A(z) -fl'_A(W, z)- ( )

Psolid phase(ws‘ z)- sz(p’ pH(WS, 7)) )

EDbulkr'aqucous, pHpH, (p.ws,z
["1bunal. lake(ws) 'ﬁ‘—Astagnam watcr(ws’ 2+

Yburial. slream(ws) (1 -ﬁ.—Astagnam watcr( ws, z))]

For partitioning dependent on the sediment’s organic carbon content, the
calculation reads:

. (A-42)
Ky butial, C("g(p, ws, z) = A(z)-fr_A4(w,z)-
Psotid phasc(ws, z)- sz(‘“ri(p, ws, )
EDbulk/aqueous. (‘Ng(P, ws, z
[‘Yburial. lake(ws) '«frwAs(agnant wattr(w’\" )
Vhurial, stream(#$) (1 7ﬁ'—Astagnam water( WS )1

where

A . area of zone z [m?] (defined in section B.2)

ED : equilibrium distribution coefficient of a substance p of the
respective compartment i of zone z relating the bulk concen-
tration to the aqueous phase concentration [-] (defined in
section A.2)

fr A : fr_A: area fraction of the freshwater compartment in zone z

[-] (defined in section B.3)
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fr_Agiagnane: area fraction of the freshwater sediment com-
partment in zone z that is located below stagnant water [-]
(defined in section B.5.4)

Kow . solid-water partitioning coefficient of substance p that may
depend on organic carbon or pH [m3aqueous phase PET K&olid
phase] (defined in section C.1.1)

k : process rate for sediment burial [m3 per s]

p : density of the solid phase [kgojid phase PET M sojid phase] (de-
fined as described in section B.5.4)

v . sediment burial velocity in stagnant or flowing waters [m

per s] (defined in section B.5.4).

For evaluative purposes, an additional formulation is implemented in
WATSON which is in line with state-of-the-art multimedia models. It reads for
pH-dependent partitioning:

_ (A-43)
kws, burial, pH(p’ ws,2) = A(2)- froA(w,z)- vscdimcmation(w) '
«ﬁ.—*vburialr’sedimemation(ws) ’
Ksw(p, pH(z. ws)) - Psolid phasc(ws, z)
EDbu]k aqueous, p!l(p7 ws, 2)
and for organic carbon-dependent partitioning:
(A-44)
K, burial, C P WS 2) = AG)fr_AW.2)  Vogimentation (W) -
fr—vburiaI!scdimcmatmn(ws )-
Ks W(-M ([7. ws, 2) : psolid phasc(ws‘ z)
EDhulkr’aqucous. ('(,,&,(p’ WS, 2
where
A . area of zone z [m?] (defined in section B.2)
ED : equilibrium distribution coefficient of a substance p of the

respective compartment / of zone z relating the bulk concen-
tration to the aqueous phase concentration [-] (defined in
section A.2)
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fr A : area fraction of the freshwater compartment in zone z [-] (de-
fined in section B.3)

fr v . fraction of sedimentation rate finally buried [-] (defined as
described in Table 6-4 for pure lake conditions)

Kgw . solid-water partitioning coefficient of substance p that may
depend on organic carbon or pH [m3aqu,:ous phase Per
kgolid phase] (defined in section C.1.1)

k : process rate for resuspension [m?3 per s]

Y © density of the solid phase [kgliq phase PET m3solid phase] (de-
fined as described in section B.5.4)

v . sedimentation velocity [m per s] (defined as described in
Table 6-4 for pure lake conditions).

A.3.14 Diffusion from water body to sediment

Apart from advective processes, substances may also migrate from one compart-
ment into another due to diffusion. This migration is usually described based on
the stagnant two-film model or two-resistance theory (Mackay, 1985; Schwarzen-
bach et al.,, 1993; Cowan et al., 1995b; Brandes et al., 1996; Wania et al., 2000).
The inverse of the mass transfer coefficients or velocities can be interpreted as a
transfer resistance. This also applies to diffusion taking place at the sediment-wa-
ter interface. In contrast to the soil-air interface, there are only two resistances
which are connected in series. The overall mass transfer coefficients vgigrsion T€-
sults accordingly:

] ] 1 (A-45)
= +

Ydiffusion Vdiffusion. sediment-side  "diffusion, water-side

Vdiffusion. sediment-side * Y diffusion, water-side

= Vdiffusion —

Vdiffusion. sediment-side " ¥ diffusion, water-side

The respective sediment-side and water-side partial mass transfer coeffi-
cients can generally be computed by dividing the respective effective diffusivities
by their corresponding diffusion path lengths (Schwarzenbach et al., 1993). How-
ever, a generic value for the overall mass transfer coefficient will be employed
here (see section B.4.4),

The overall process of diffusion from water body into sediment for sub-
stances whose partitioning behaviour is dependent on the sediment’s pH is calcu-
lated according to:
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kw-ws. diffusion, pH[pHm\(p! w,z) = (A(z)-frA(w.z)- vdil‘fusion(w))/

(A-46)

IEDl’)ulk solid. pngH‘m([?. w,z)-

Kswip, pH(w.z)|pH(w)) -

psuspcndcd mzmcr( w,2)]

For partitioning dependent on the sediment’s organic carbon content, the

calculation reads:

kw-ws, diffusion. (‘Mg(p’ w,z) = (A(2) 'fl'_A (w,z)- vdit‘fusion( W))/

where

ED

fr A

(A-47)

LEDpyissotia. ¢, (P> W2 2) -

KSWCW(p' w,2) psuspcnded mattcr( w. Z) l

. area of zone z [m?] (defined in section B.2)

. equilibrium distribution coefficient of a substance p of the

respective compartment / of zone z relating the bulk concen-
tration to the solid phase concentration [-] (defined in
section A.2)

. area fraction of the freshwater compartment in zone z [-] (de-

fined in section B.3)

solid-water partitioning coefficient of substance p that may
depend on organic carbon or pH [m3aqueous phase PET
Kgsolid phase] (defined in section C.1.1)

: process rate for diffusion from water body into sediment [m3

per s]

: density of the solid phase in the freshwater compartment of

zone z [KEsolid phase PET m3o1ia phase] (defined as described in
section B.5.4)

. overall mass transfer coefficient for diffusion at the sedi-

ment-water interface [m per s] (defined in section B.4.4).

Note that the denominator corresponds to the equilibrium distribution co-
efficient that relates the bulk concentration to the aqueous phase concentration in
the water compartment {(cf. Eq. (A-18)).
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A.3.15 Diffusion from sediment to water body

The process *diffusion from sediment to water body’ is described in analogy to
that of the reverse process presented in section A.3.14 where also a discussion on
the overall mass transfer coefficient is provided:

(A-48)
kw.v-w, diffusion, pH|pH inv\Cmg([}’ ws,z) = A(z) 'ﬁ‘—A(W* z):
vdiffusnon( ws)
EDbulk"aqucous. pU[pH inv|C, (p. ws, z)

where

A : area of zone z [m?] (defined in section B.2)

ED . equilibrium distribution coefficient of a substance p of the
respective compartment / of zone z relating the bulk concen-
tration to the aqueous phase concentration [-] (defined in
section A.2)

fr_A . area fraction of the freshwater compartment in zone z [-] (de-
fined in section B.3)

k . process rate for diffusion from water body into sediment [m>
per s]

v . overall mass transfer coefficient for diffusion at the sedi-

ment-water interface [m per s] (defined in section B.4.4).

A.4 Volume calculations

In order to compute the dynamic solution (cf. section A.1), it is necessary to know
the volumes of each of the compartments. Three different equations are employed
taking account of the different ways the volumes are determined:

1. terrestrial compartments other than impervious surfaces are assumed to have
an invariant depth throughout the entire model’s scope (cf. section 5.1.2),

2. impervious surfaces such as pavements are by definition impervious and do,
thus, not have a real depth. On the other hand, they are not expected to con-
stitute compartments that show long retention times. Therefore, their volume
is set to the total annual amount of precipitation occurring at a given site (cf.
section 5.1.10), and

3. the freshwater compartments have variable volumes depending on whether
large lakes are present in a zone and also depending on the location within a
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larger catchment (freshwater volume increases towards the river mouth, cf.
section B.4). The volumes are at present determined externally and are di-
rectly provided. The same applies to freshwater sediments although having
a constant depth.

The determination of the volumes is described in the following.

A.4.1 Volume calculation: non-urban terrestrial compartments

Volumes of terrestrial compartments with constant depths, i.e., arable land (i: ag),
pastures (i: p), semi-natural ecosystems (i: n), non-vegetated land (i: b), glaciers
(i: gl), are calculated according to:

V(i,z) = A(z) fr_A(i, z) - d(i) (A-49)
where
A . area of zone z [m?] (defined in section B.2)
fr A : area fraction of compartment j in zone z [-] (defined in
section B.3)
d : depth of compartment i [m] (defined in section 5.1)
\Y% : volume of compartment i in zone z [m?].

A.4.2 Volume calculation: urban/built-up area

The depth of the impervious compartment varies between zones (cf.
section 5.1.10). The volume is calculated according to:

Viu,z) = A(z)- fr_A(u, z) - d(u, 2) (A-50)
where
A . area of zone z [m?] (defined in section B.2)
fr A : area fraction of the impervious land compartment in zone z
[-] (defined in section B.3)
d . depth of the impervious land compartment [m] (defined in

section 5.1.10)

A% : volume of the impervious land compartment in zone z [m3].
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A.4.3 Volume calculation: water and sediment

The volumes of the freshwater (i: w) and sediment compartments (i: ws) are cal-
culated externally and provided in the database. The volume calculation simpli-
fies to:

Vi, z) = V(i,z) (A-51)

where
\Y% : volume of compartment i in zone z [m3].

A.S Background concentration calculation

When calculating dynamically in the followed mathematical approach (cf.
Eq. (A-1)), an initial concentration needs to be specified. 1f a ’pristine’ environ-
ment is assumed, these background concentrations are set to zero. However, if
emission takes places into an environment in which appreciable substance
amounts are already present, it can be set to non-zero values for any compartment
i distinguished:

. A-52
b eolls 2) =0 when no background is assumed ( )
b8 onero(Pr 65 2) = C_w/vhackgmund(p, i)  when background is considered
where
bg . background concentration of substance p in compartment i
of zone z [kg per m3]
C_w/v : background concentration of substance p in compartment ;

[kg per m3].

Note that the non-zero background concentrations are at present only al-
lowed to vary by compartments and not by zones.

A.6 Exogenous input formulations

Any model that is confined to a part of a system that is not entirely closed needs
to set boundary conditions. According to the followed math)ematical approach,
the boundary conditions consist of the perturbation vector (4 in Eq. (A-1)) that
defines exogenous inputs into the modelled system. Results from air quality mod-
els or releases directly into the media soil or water may constitute such exogenous
inputs. The way these are formulated is described in the following sections.
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A.6.1 Direct emissions into soil or water

Direct emissions may principally occur into any compartment distinguished al-
though substantial releases of substances directly into sediments or glaciers are
rather unlikely to occur. At present only releases into arable land (i: ag) and fresh-
water (i: w) are distinguished which may be due to soil amendments or sewer ef-
fluents for instance (note that similar to the exposure assessment the specification
of direct releases into water and soil is according to administrative units, cf.
Fig. B-4):

S}, directimput(5: P .2} = S(s.p.i.2) (A-53)

where
S . source strength of substance p into compartment ; of zone z
according to scenario s due to direct releases [kg per s].

A.6.2 Atmospheric deposition - wet

Atmospheric deposition is usually distinguished into wet and dry (e.g., Seinfeld,
1986). During wet atmospheric deposition, substances in air are absorbed by
droplets which in turn are removed from the atmosphere by precipitation. Any
compartment in contact with the atmosphere, i.e., arable land (i: ag), pastures (i:
p), semi-natural ecosystems (i: n), non-vegetated land (i: b), glaciers (i gl), im-
pervious surfaces (i: u) and freshwater (i: w), may receive inputs by this process:

Su-i. wet atmospheric dcposi!i()n(z’ s, pi) = A(z) - fr Ai,z) - A4 T/WDEP“ﬂ(S. p.z) (A‘54)

where
A . area of zone z [m?] (defined in section B.2)

ATMDEP : wet atmospheric deposition of substance p in zone z for sce-
nario s [kg per m? per s]*0

fr_A : area fraction of compartment / in zone z [-] (defined in
section B.3)

40" Note that the atmospheric deposition may stem from different sources. These may be
reported depositions or those estimated by means of air quality models. Presently, the
results from the Windrose Trajectory Model (WTM) as described in section 4.1 are
used.
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S . source strength of substance p into compartment i of zone z
according to scenario s due to wet atmospheric deposition

{kg per s].

A.6.3 Atmospheric deposition - dry

Atmospheric deposition is usually distinguished into wet and dry (e.g., Seinfeld,
1986). During dry atmospheric deposition, substances in air are taken up by the
earth’s surface which may constitute of soil, water, or vegetation. Any compart-
ment in contact with the atmosphere, i.e., arable land (i: ag), pastures (i: p), semi-
natural ecosystems (i: n), non-vegetated land (i: b), glaciers (i: gl), impervious
surfaces (i: u) and freshwater (i: w), may receive inputs by this process:

Sa—i, dry atmospheric dcposilion(z’ P, i) = A(:) 'fr—A(’.’ 3) -4 TMDEPdry(S’ ps z) (A-SS)
where
A . area of zone z [m?] (defined in section B.2)

ATMDEP : dry atmospheric deposition of substance p in zone z for sce-
nario s [kg per m? per s}49

fr_A : area fraction of compartment / in zone z [-] (defined in
section B.3)

S : source strength of substance p into compartment i of zone z
according to scenario s due to dry atmospheric deposition
(kg per s].

A.6.4 Wet atmospheric deposition considering preferential flow/
leaching

When considering preferential flow which is discussed in section A.3.7, the wet
atmospheric deposition needs to be treated differently from what was presented
in section A.6.2. In general, one needs to distinguish permeable from impermea-
ble surfaces. This is because the process formulation for impermeable compart-
ments follows that of the *ordinary’ case.
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Wet atmospheric deposition to permeable soils (preferential flow dis-
tinguished)

When allowing preferential flow to be active (cf. section A.3.7), it is assumed that
a certain fraction of the precipitation instantly passes the top soil which is repre-
sented by the soil compartment (cf. section 5.1.2). Thus, this portion of the pre-
cipitation and the corresponding substances contained therein are directly moved
to below the top soil. As a result, this portion of the wet atmospheric deposition
needs to be disregarded in terms of input to the top soil. The process affects any
compartment that may receive inputs from the atmosphere and is permeable, i.e.,

arable land (i: ag), pastures (i: p), semi-natural ecosystems (i: n) and non-vegetat-
ed land (i: b):

, . (A-56)
Sa~i. wet atmospheric deposition/prefilow(z‘ s, pi)y= Alz)-fr Al z)-

ATMDEP . (s, D, z)-

(1 7.[’.~“pref flow/rain ()

where
A . area of zone z [m?] (defined in section B.2)

ATMDEP : wet atmospheric deposition of substance p in zone z for sce-
nario s [kg per m2 per s]40

fr A . area fraction of compartment i in zone z [-] (defined in
section B.3)
fr VvV : fraction of precipitation undergoing preferential flow in

zone z [-] {(defined in section B.5.2)

S . source strength of substance p into compartment i of zone z
according to scenario s due to wet atmospheric deposition
allowing for preferential flow [kg per s].

Wet atmospheric deposition to compartments other than permeable
soils (preferential flow distinguished)

The process formulation for impermeable compartments including freshwater
follows that as presented in section A.6.2. The only difference that exists con-
cerns the compartments to which it applies. These are freshwater (i: w), glacier (i:
gl) and urban/built-up area/impervious surface (i: u).
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Wet atmospheric deposition to the subsurface through preferential
flow/leaching

If the subsurface of the top soil was distinguished (e.g., ground water), the direct
input from the atmosphere to this part of the environment via preferential flow
would need to be described explicitly. Preferential flow can of course only occur
if the ground that receives atmospheric inputs is permeable at all, i.e., covered by
the compartments arable land (i: ag), pastures (i: p), semi-natural ecosystems (i:
n) and non-vegetated land (i: b). In order to define the permeable share of the zon-
al area, the area shares of freshwater (i: w), glacier (i: gl) and urban/built-up area/
impervious surface (i: u) are subtracted from the total area share of 100 % if these
compartments exist:

(A-57)

Sa-j. wet atmospheric dcposition(z’ s,py= A(2) 'f"—‘yprcf ﬂow/ram(z) ’
(1 =fr_A(w,z) = fr_A(glz) - fr_A(u,2)) -
A TMDEP“,e,(s, p.z)

where
A . area of zone z [m?] (defined in section B.2)

ATMDEP : wetatmospheric deposition of substance p in zone z for sce-
nario s [kg per m? per s]40

fr_A . area fraction of the compartments freshwater (i: w), glacier
(i: gl) and/or urban/built-up area/impervious surface (i: u) in
zone z [-] (defined in section B.3)

fri_V : fraction of precipitation undergoing preferential flow in
zone z [-] (defined in section B.5.2)

S . source strength of substance p into compartment j of zone z
according to scenario s due to preferential flow [kg per s].

A.6.5 Removal of atmospheric deposition due to harvest of exposed
aboveground produce

In general, aboveground plant parts intercept a portion of the dry and wet atmos-
pheric deposition. In the case of exposed aboveground produce, i.e., produce that
is in direct contact with the atmosphere, the intercepted portion of the substance
may contribute directly or indirectly to human exposure. In order to allow for re-
moval of substances which are intercepted due to harvest, two process formula-
tions are suggested here.
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Table A-1: Parameter needs for the assessment of particle deposition to aboveground
produce that are neither related to substance nor to plant characteristics
(like plant biomass, time until harvest)

Reference Parameter required Remarks
TRIM.FaTE Interception fraction  used in equations TF 7-1 and TF 7-2
(United States  for dry deposition [-]  (ibid.); can be derived if vegetation attenu-
- Env1r0mpen- ation factor [m2/kg], wet aboveground
tal Protection non-woody vegetation biomass inventory
Agency, : 2

er unit area [kg/m~] and water content of
2002b) D [ke/m ]

Interception fraction
for wet deposition [-]

leaves [-] are known

used in equations TF 7-3 and TF 7-4a
(ibid.); can be derived by the LAI [-], veg-
etation-dependent leaf-wetting factor {m]
and amount of rainfall of a rainfall event
[m] are known or use the default value of
0.2

Equation 5-13
in (United
States - Envi-
ronmental Pro-
tection
Agency, 1998)

Fraction of wet dep-
osition that adheres
to plant surfaces [-]

Interception fraction
of the edible portion
of plant tissue [-]

Plant surface loss
coefficient [time!]

recommended value (Table B-2-7, ibid.):
0.2 for anions

0.6 for cations and organics and insoluble
particles

can either be derived with the help of an
empirical constant and the standing crop
biomass [kg/m?] or a recommended value
can be used which is 0.39 (see section
5.3.1.1, 1bid.)

recommended value (section 5.3.1.2,
ibid.): 18 [year!]~ 0.05 [day-!]; the
parameter allows for wind removal, water
removal and growth dilution and is stated
to be conservative as it does not include
degradation

There are only two models given in Table 5-8 describing particulate depo-
sition to plant surfaces (United States - Environmental Protection Agency, 1998,
2002b). Both methods are fairly data-intensive, requiring data for the parameters
described in Table A-1 that are neither related to substance nor to plant character-
istics (like plant biomass, time until harvest).
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A closer look at the definition of the parameters in Table A-1 reveals that
the parameter ’Interception fraction of the edible portion of plant tissue’ and ’In-
terception fraction for dry deposition’ are identical (defined by the same formula
of the same reference). The recommended value for Interception fraction of the
edible portion of plant tissue’ in United States - Environmental Protection Agency
(1998) could, thus, also be used as a default value for ’Interception fraction for
dry deposition’ used by TRIM.FaTE (United States - Environmental Protection
Agency, 2002b).

It appears that there are two options for the inclusion of the particulate dep-
osition process for non-volatile substances:

1. relying on net adsorption rates as provided by United States - Environmental
Protection Agency (1998) which can be combined with a harvest rate with-
out distinguishing a separate "particles on plant/leaves’ compartment or

2. modelling deposition and additionally removal either due to blow off or
wash off in the environmental fate model according to TRIM.FaTE (United
States - Environmental Protection Agency, 2002b) by introducing a separate
*particles on plant/leaves’ compartment.

In either case, the use of quite a few default values seems to be necessary.
Also it must be taken account of the fact that the soil below the vegetation com-
partment receives less input directly from air.

The net adsorption approach under number 1) is adopted for the following
reasons. In TRIM.FaTE the processes wash off and blow off of particles from
leaves only occur when there is or there is no rain, respectively. This would bring
about the need to distinguish between rain and non-rain episodes being accom-
plished by a meteorological (on/off) toggle in TRIM.FaTE which is not available
in the air quality model WTM (described in section 4.1) based on which the
present environmental fate and exposure assessment is performed. A second rea-
son is that it is tried here not to introduce too many compartments into the envi-
ronmental fate model. A third reason might be that the formulation of exchange
processes with the plant interior poses difficulties (Riederer, 1995; and note in
Maddalena et al., 2002) although these are not so much relevant for non-volatile
metals for which the question whether these penetrate the plant cuticle or not is
unresolved (see section 5.2.1).

United States - Environmental Protection Agency (1998) recommends
equation 5-14 (given therein) for the assessment of concentrations in exposed
aboveground produce. This equation relates emissions to plant concentrations.
However, interception concerns depositions of particles or droplets which is why
equation 5-13 (ibid.) relating depositions to plant concentrations is made use of
here. This also complies to the mathematical formulation of multimedia models
in general and WATSON specifically.
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The Leaf Area Index (LAI) is implicitly taken into account by the two cor-
rection factors for the adhering fraction of wet deposition and the interception
fraction of edible parts. In the "1 minus exponent’ term the time duration of the
actual exposure of the edible parts needs to be specified. Unlike for leafy produce,
the exposure time of fruits that only appear after impregnation of the blossom will
be shorter than the full growing season of the respective plant. Fruits are not ex-
plicitly mentioned here but can be treated equivalently.

Removal processes need to be formulated for dry and wet atmospheric dep-
osition separately in order to allow for subtraction from the respective ’'pure’ at-
mospheric deposition process. Note that this process is not formulated for forage
taken in for example by cattle. This is mainly because there is no statistical pro-
duction data available in the FAO statistical database presumably due to the fact
that forage is not traded (across national borders).

Removal from dry atmospheric deposition due to harvest of exposed
aboveground produce

The removal from the dry atmospheric deposition is formulated as:

S = —ATMDEP (5.p.7) - (A-38)

a-ag, dry deposition+harvest exposed crops
empplanl surface loss (r.e)-

. P(r, n)
j"—wmtcrcc /i tion{ 7> €) - Y
plideposition Y _fw(r, n,e)

where
ATMDEP : dry atmospheric deposition of substance p in zone z for sce-
nario s [kg per m?2 per s]4°

emp . empirical correction factor for physical surface loss from
plant r [s] (defined below)

fr_w : mass fraction of a substance that is intercepted by above-
ground exposed produce r during atmospheric deposition
[kg per kg]; 0.39 (United States - Environmental Protection
Agency, 1998, p. 5-28)

P : annual production rate of crop r in administrative unit n
[kg FW per s] (defined as described in section B.6.1)

S : source of substances [kg per s]; note that this is negative here
as this part of the atmospheric deposition is directly redirect-
ed into the exposure assessment
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Y_fw . yield of aboveground exposed produce r in administrative
unit n [kg FW per m?] (defined as described in
section B.6.1).

The empirical correction factor is pre-calculated according to:

l _ l 0—(rp[am surface ]0\\('“ e)- 'c\posurc dum\luu(’" k‘)) (A_59)

empplant surface loss("’ e) = . .
4 plant surface Ioss(’ * e)

where

emp : Empirical correction factor for physical surface loss from
plant r [s]

r : Physical surface loss rate for plant r [per s]; 5.7 - 1077 (Unit-
ed States - Environmental Protection Agency, 1998, p. 5-29)

t . Exposure duration of exposed produce 7 [s]; 5184000 (Unit-
ed States - Environmental Protection Agency, 1998, p. 5-
30).

The S-value is representative only for one type of crop. If there are different
types of aboveground exposed crops produced on one agricultural soil compart-
ment and if any of the parameters *production rate’, ’yield of aboveground ex-
posed produce’, *mass fraction of a substance that is intercepted’, or *empirical
correction factor’ differs, a sum over the respectively resulting S-values needs to
be computed according to (for the explanation of the symbols refer to Eq. (A-58)):

(A-60)
Sa. dry deposition+harvest exposed crops = A TMDEPdry(S’ p.z)
€MP plant surface loss(7> € *
Z l:»ﬁ.—wmtercepl/deposilion (X, e)
X =P
P(x, n) }
Y_fw(x,n,e)

Note that the empirical factor at present does not distinguish between dif-
ferent aboveground exposed crops and is, therefore, not contained in the sum.
Further note that the production rate needs to be distributed from administrative
units to zones, denoted by n and z respectively (cf. sections B.6 and B.2 on the
respective spatial differentiation). This is done on an area-weighted basis.
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Removal from wet atmospheric deposition due to harvest of exposed
aboveground produce

The removal from wet atmospheric deposition due to harvest of exposed above-
ground produce is formulated as:

~ATMDEP,(5,p.z) - (A-61)

Sa-ag. wet deposition+harvest exposed crops =
-fr—wadherc wet deposmon(p‘ re)
empp]anl surface Ioss(r’ €)-

P(r,n
ﬁ;winlercc ition{ 7+ €) - Y ( )
E pt-deposition Y_jM‘(I', n, €)

where
ATMDEP : dry atmospheric deposition of substance p in zone z for sce-
nario s [kg per m? per s]40

emp . empirical correction factor for physical surface loss from
plant r [s] (for its computation see above)

fr_w : ff_W,dhere/wet deposition: Mass fraction of a substance’s p wet
deposition that adheres to aboveground exposed produce r
[kg per kg] (defined in Table C-7)

fr_Wintercepuideposition: mass fraction of a substance. that is in-
tercepted by aboveground exposed produce r during atmos-
pheric deposition [kg per kg]; 0.39 (United States -

Environmental Protection Agency, 1998, p. 5-28)

P . annual production rate of crop # in administrative unit n
[kg FW per s] (defined as described in section B.6.1)

S . source of substances [kg per s]; note that this is negative here
as this part of the atmospheric deposition is directly redirect-
ed into the exposure assessment

Y_fw : yield of aboveground exposed produce » in administrative
unit » [kg FW per m?] (defined as described in
section B.6.1).

The S-value is representative only for one type of crop. If there are different
types of aboveground exposed crops produced on one agricultural soil compart-
ment and if any of the parameters ’production rate’, ’yield of aboveground ex-
posed produce’, *mass fraction of a substance that is intercepted’, “mass fraction
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of a substance’s wet deposition that adheres to aboveground exposed produce’, or
’empirical correction factor’ differs a sum over the respectively resulting S-values
needs to be computed according to (for the explanation of the symbols refer to the
equation above):

(A-62)

S -ATMDEP , (s,p,z) -

emp

a, wet deposition+harvest exposed crops =

plant surface loss (T €) -
X Y_fw(x.n e)

ﬁ'*Wlnlercepl/dcpositiun(x’ e)

/r—wadhcrcr'wet deposition (p,x,e) ]

Note that the empirical factor at present does not distinguish between dif-
ferent aboveground exposed crops and is, therefore, not contained in the sum.
Further note that the production rate needs to be distributed from administrative
units to zones, denoted by n and z respectively (cf. sections B.6 and B.2 on the
respective spatial differentiation). This is done on an area-weighted basis.

Remaining atmospheric deposition to agricultural soil

The combined root uptake and harvest process can be regarded as an additional
removal process. In the case of atmospheric deposition and harvest, however, one
takes out a portion of processes that connects two compartments (air and soil),
i.e., wet and dry atmospheric deposition. In order not to violate the mass conser-
vation principle by taking out portions of the atmospheric wet and dry deposition
due to harvest of aboveground exposed plant parts, the remaining input from air
to soil due to atmospheric deposition needs to be defined. It shall, furthermore, be
challenged whether it could possibly assume non-realistic values, i.e., become
negative. The amount of atmospheric dry deposition that reaches the soil
Sa-j.effective dry atmospheric deposition 1S given according to Eq. (A-63). The respec-
tive amount of atmospheric wet deposition that reaches the soil
Sa—j,effective wet atmospheric deposition is defined accordingly (Eq. (A-64)). For the
meaning of the symbols, refer to the previous sections.
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S (A-63)

=5 . . L+
‘Sa-l. dry atmospheric deposition
Sa4 dry deposition * harvest exposed crops

ATMDEP (s, p,z2) -

a-j, effective dry atmospheric deposition

H]

{ A(z) - fr_Adi.z) ~ EMPoian surface loss{7 €) I

—Wimerccptdcposinnn(x‘ e) Px. n)] }

fr
Z\ [ Y_fw(x.n, e)

S (A-64)

a-j, effective wet atmospheric deposition 2 4-j. wet atmospheric deposition

Sa. wet deposition+ harvest exposed crops

= ATMDEP (5, p. z)

{ A(z) - fr Al z) - E€MP lant surface Josst e)-

P{x, n) .
Z ‘_Y_fw(r n, e) Jrow imcrccpb’dcpositmn(x’ e)

X

fr—wadhcrc ‘wet dep()sili(m(p’ X, e) ] }

The mass conservation principle would be violated if the term in braces be-
came smaller than zero. This situation would occur if the area of the compartment
was smaller than the product of the empirical plant surface loss factor and the sum
in the equations above, i.e.:

7 3 fr—w' tercept-depositi n(".’ e)- Plx, n) (A'65)
A(z) - fr_Ali, z) < €MP plant surface Josst 75 €) - Z‘[ inter py__/;p":.(_‘l.t)n. > ]

o (A-66)
AQ) S AGD < eMP o wasetos? ) Y [

jr*“‘imerccpt depmitiurx(“" ey fr. Wadhere wet dep(»sitiun(p’ x.e) _\
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It shall be explored when this would be the case by a worst case approach
in which the right hand side assumes values as large as possible. The parameters
‘mass fraction of a substance that is intercepted’ and ’mass fraction of a sub-
stance’s wet deposition that adheres to aboveground exposed produce’ can at
most become equal to one and are, hence, disregarded in this discussion. Both in-
equations become identical in this case. The following equation, therefore, needs
to be fulfilled in order to obey the mass conservation principle:

Px, n) (A-67)

A@) - fr Al z)> EMPplant surface loss (1> €) - Z Y_fw(x, n.e)
X X, n,

AG) Jr Ali.z) (A-68)

Z P(x, n) > empplam surface Ioss(r' e)
Y _fw(x,n,e)

o7+ €0 Tesposure duraon (7€)

1 l 0 (r[\lm\l surface

rplanl surface loss (r,e)

If the exposure duration was zero, the numerator of the empirical factor
would become zero which would not constitute a problem. The other extreme
would be that the numerator assumes a value close to one. In order to guarantee
that in any case not more of a substance is removed than is actually deposited on
the crops, this upper boundary limit of the numerator is considered:

Az) - fr A, z . ] (A-69)

Z Px, ﬂ) I'plam surface loss('.' e) )
Y _fwlx, n, e)

The parameters ’annual production rate’, ’cropland area’ and ’yield of
aboveground exposed produce’ are interlinked in that only a certain cropland area
(A4 - fr_A) can sustain an annual production rate (P) given the crop and location-
specific yield (Y). A side-condition is that a crop is only once produced on a given
area within the balancing period. If this was not the case the yield would need to
be increased to obtain a yield integrated over a one year period. The annual pro-
duction rate and the yield can be rewritten as:
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. (A-70)

crop x Ihalance

Y_'f“’ — MCTO“X
4

crop x

Assuming that only aboveground exposed produce was grown on the avail-
able agricultural area (i.e., A(z} - fr_A(i,z} = Acrop ) which is again an upper bound
estimate, rarely the case at municipal levels or higher for which the production
data are given (cf. section B.6.1), the left hand side assumes its smallest value
which corresponds to the time over which the production balance is performed,
i.e., the duration of one year:

1 (A-71)
t >
balance -

rplant surface Ioss(' . €)

1 1 1
> = -
(r-) balance 1 year 31536000 seconds

4 plant surface loss

Thus, as long as the plant surface loss rate is larger than the inverse of a one
year period (here: in seconds), the removal of parts of the atmospheric deposition
can be formulated in the way presented without violating the mass conservation
principle. United States - Environmental Protection Agency (1998) suggests to
use a value of 18 per year which fulfils this condition.

A.7 Exposure assessment

Two exposure assessment frameworks are presently implemented in WATSON.
One is from the health physics (radionuclides) context (International Atomic En-
ergy Agency, 2001) and the other concerned with hazardous air contaminants
(United States - Environmental Protection Agency, 1998). Equations for both ex-
posure assessment frameworks are given below as far as they are implemented.
Some parameter values may depend on the exposure assessment employed which
is denoted by an e in the brackets after the parameter’s symbol in the equations to
come.

Different exposure pathways are considered. Here, exposure pathway (or
food chain) means any combination of (a) an environmental medium concentra-
tion as predicted by the fate model (e.g., agricultural soil concentration) based on
which (b) different interrelated intermediate food concentrations are derived
(e.g., wheat consumed by cow, milk) finally being (c) taken in by humans. This
brings about that human exposure for example to milk is composed of the expo-
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sure pathways based on the ingestion of soil particles, forage, silage and grains by
milk cattle. Each of the linkages or steps of an exposure pathway is termed an ex-
posure transfer, i.€., a transfer from one medium, substrate, or receptor to another.

The calculation of the different exposure pathways principally may start
with a unit conversion of the environmental fate results (section A.7.1). The dif-
ferent steps or exposure transfers of each of the exposure pathways are not shown
separately below. Rather, these are aggregated into an overall equation that relates
the concentration in the media as assessed by the environmental fate model to
those in the different food items for each of the exposure pathways considered
(section A.7.4 and following). These concentrations in the different food items
are converted by a human consumption rate into the effective personal intake rate
(section A.7.14) after taking trade of the respective food or potentially feed items
into account (section A.7.13).

Note that when calculating dynamically, the initialization of the environ-
mental fate concentrations needs special treatment which is presented in
section A.7.3.

Further note that the intake rates provided in the following sections need to
be multiplied by the population at the respective administrative unit in order to
yield the overall mass taken up which is used for the computation of the (effec-
tive) Intake Fraction (cf. Eq. (7-3)).

A.7.1 Concentration conversion

The environmental fate model results in bulk concentrations that are given in
weight of a substance per volume of a medium (kg per m3). However, many of
the equations in the exposure assessment of terrestrial food chains are based on
concentrations that are given in weight of a substance per (dry or fresh) weight of
the medium (kg per kg FW or kg per kg DW) according to United States - Envi-
ronmental Protection Agency (1998). The food chains in the aquatic environment,
in contrast, are based on the dissolved fraction of the substance. Consequently,
different unit conversions need to be performed.

Conversion bulk soil to solid phase concentration

In the terrestrial environment, especially the transfer from soils into aboveground
plant parts but also the ingestion of sotl particles is based on bulk solid phase con-
centrations of the dried soil. The conversion from bulk concentrations (kg per m3)
into dry weight concentrations (kg per kg DW) for the compartments arable land
(i: ag) and pastures (i: p) is performed according to:
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C_wldw(i,z) = ~ l_ — - C_w/v(i, 2) (A-72)
"V olid phase bulk (1 * Potid phase i+ 2)

where

C_w/dw  : concentration of a substance in compartment i of zone z
[k8chemical PeT K&solid phase DW]

C_wiv : volumetric concentration of a substance in compartment i of
zone z [kg nemical PET rrl3bu|k compartment] (result from the en-
vironmental fate model)

fr_ vV . volume fraction of compartment / that is solid phase
[m3bulk compartment ~ P€T m3solid phase] (defined  in
section 5.1.3)

p . density of the solid phase in compartment i of zone z [kggg}iqg

per m3 ;4] (defined by Eq. (B-10)).

Conversion bulk soil to solid phase concentration divided by solid-wa-
ter partitioning coefficient

In the terrestrial environment, the transfer from soils into belowground produce
is modelled based on the Root Concentration Factor (RCF). It relates the concen-
tration of a substance in roots to its concentration in soil pore water. In order to
use the concept of the RCF for substances that are not metals, the bulk concentra-
tion needs to be converted into the dissolved phase concentration according to
United States - Environmental Protection Agency (1998) (cf. section A3.4.1).
Note that for metals the so-called ’Plant-Soil Bioconcentration Factor in Root
Vegetables’ is used and consequently requires a different concentration conver-
sion (see above). The conversion from bulk concentrations (kg per m3) into aque-
ous phase weight concentrations (kg per kg of aqueous phase) for non-metals
present in the compartments arable land (i: ag) and pastures (i: p) is, thus, per-
formed according to:

C*W/wi aqueous = % 1 ’ C—W/Vi (A-73)
’ Jr solid phasefbulk((') Psolid phasc(c’ 7} K\nxp *Puater(€)
where
C_w/dw  : concentration of a substance in compartment i of zone z

[KEchemicat Per Kggolid phase DW]
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C_wiv

fr v

SwW

Model formulation

: volumetric concentration of a substance in compartment i of

zone z (K&chemical PET m3bulk Conr,panmm] (result from the en-
vironmental fate model)

volume fraction of compartment / that is solid phase

3 3 .
[m bulk compartment per M~ solid phase] (defined n
section 5.1.3)

solid-water partitioning coefficient of substance p that may
depend on pH or the organic carbon content of the respective
compartment [kg/Kggolid phase DI K&/Myqer] (defined in
section C.1.1)

. density of the solid phase in compartment i of zone z [kgig

per m3 ;4] (defined by Eq. (B-10)).

Conversion bulk water to dissolved phase concentrations

Transfer of substances from water into freshwater fish depends exclusively on the
dissolved fraction of the substance according to the equations 5-48 and 5-49 given
in United States - Environmental Protection Agency (1998). The conversion from
bulk concentrations (kg per m3 of bulk compartment) into concentrations in the
dissolved phase (kg per m3 of aqueous phase of the compartment) for non-metals
in freshwater bodies is, thus, performed according to:

C_wlv

where
C_wlv

ED

I (A-74)

w.aqueous

K

ED w) . C—W/vw.bulk

swop bulk/solid * Psuspendend matter{

C_W/V,aqueous: CONcentration of a substance in the aqueous
phase of compartment i in zone z [KE€pemical PeT

3
M aquecus phase of compartment]

C_w/vyx: concentration of a substance in compartment / of
zone z [KZchemical PET M3p1k compartment] (result from the en-
vironmental fate model)

. equilibrium distribution coefficient of a substance p of the

respective compartment i of zone z that may depend on a
compartment’s pH or organic carbon content [-] (defined in
section A.2)



Exposure assessment 437

Kow : solid-water partitioning coefficient of substance p that may
depend on pH or the organic carbon content of the respective
compartment [Kg/Kgsolid phase PET K&/M>\0e,] (defined in
section C.1.1)

fi_V . volume fraction of compartment / that is solid phase

3 3 .
[m bulk compartment per M~ solid phase] (defined n
section 5.1.3)

p : density of suspended matter [kgg,jiq per m3ojiq] (defined in
section B.5.4).

A.7.2 Assessment of inhalation exposures

Unlike ingestion, inhalation exposures are assessed with the help of the EcoSense
model (European Commission, 1999a). In the case of trace elements, the relevant
results are the concentrations in air that are given in microgram per cubic metre
which need to be converted into kilogram per cubic metre. These concentrations
are multiplied by the affected population in order to yield the accumulated inha-
lation exposure.

In order to apply the cancer and non-cancer slope factors as given in
Tables 7-6 and 7-7, respectively, one needs to convert the accumulated inhalation
exposure into an amount taken up. For this, the inhalation rate of the affected peo-
ple 1s needed which principally depends on age, gender and body weight (United
States - Environmental Protection Agency, 1997¢, 1998). Values given in the lit-
erature range from 4.5 (United States - Environmental Protection Agency, 1997¢)
to 23 cubic metres per day (value quoted in Table 9.5 in European Commission,
1999a) for babies and male adults, respectively. Average rates of 20 and 20.6 cu-
bic metres of inhaled air per day are used by United States - Environmental Pro-
tection Agency (1998) and Spadaro and Rabl (2004), respectively. The value of
20 cubic metres per day is adopted here although noting that average personal in-
halation rates from about 14 to 23 cubic metres per day may be obtained for in-
stance when following the approach taken in section 9.3.2 of European
Commission (1999a) and using either the values provided therein or those by
United States - Environmental Protection Agency (1997¢).

The accumulated exposure as provided by the EcoSense tool is translated
into the (effective) Intake Fraction due to inhalation at steady-state by taking the
effective portion of the trace element into account according to:

INH (A-75)

1000°

inhalation ~ S

J7Wettectivenotal () Z C_wiV, npa - Population,
n

IF
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where:

10003 : conversion factor [ug per kg]

C_wiv : concentration of a substance in the air compartment of ad-
ministrative unit n [Lg.pemical PET M°)

fr_w : mass fraction of substance p in air leading to an effect [kg
per kg] (defined in Table C-2)

IF . (effective) Intake Fraction of a substance due to inhalation
[kgeffective exposure PET kgre[eased]

INH : inhalation rate [m> per capita and s]; 2.32 - 10"* ~ 20 m? per

capita and day according to United States - Environmental
Protection Agency (1998)

Population : population at administrative unit n [capita]
S : source strength of a substance [kg per s].

Note that the accumulated exposure yielded by the sum in the above equa-
tion is calculated with the help of the EcoSense software tool.

As for ingestion exposures, the Intake Fraction for inhalation in the dynam-
ic case at time ¢ (in full years) is given as:

. INH : C(A-76)
ST Wetrectivertoral (P) '1;00—1 ’ Z Z C WM bk Population,
n =

PI

IF.

inhalation,t —

A.7.3 Performing dynamic exposure assessment when removal due
to harvest is included in the environmental fate model

In previous sections, processes leading to exposure were described that remove a
substance at a certain rate from the environmental fate model. At steady-state and
when the removal only affects the exogenous input (cf. sections A.6.5 and A.7.4
related to atmospheric interception), the exposure assessment can be based on the
predicted environmental concentrations since the continuous release of a sub-
stance to the environment is balanced by all removals. When computing dynam-
ically while considering harvest removals, in contrast, one needs to know how
much of a substance has been removed in order to know the ’original’ concentra-
tion without removal for example by plants. This is because “original’ concentra-
tion without removal is actually the concentration to which the process rate
applied leading to the (reduced) predicted environmental concentration.
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Fig. A-1: Masses with respect to removal due to harvest resulting in the environmental
fate and exposure model in the dynamic case

Thus, in order not to assume a transfer rate based on a lower concentration
when performing the exposure assessment, one needs to correct the depleted con-
centrations by the respective removal according to the following equation (cf.
Fig. A-1):

_ (A-77)
Mi. without removal - Mi. after removal * Mrcmoved
C—W/Vi. without removal Vi = C—W/Vi‘ after removal Vi * Mrcmoved
where
C_wlv : C_W/V;_ without removal: concentration that would have oc-

curred in compartment i if no removal due to harvest of food
had taken place [kg per m3]
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C_W/V{_ after removal’ CONCentration that was predicted by the
environmental fate model in compartment / [kg per m3]

M : Mremoveq: mass of substance removed [kg]

M; after removal: Mass that was predicted by the environmen-
tal fate model in compartment / [kg]

M;  without removal: Mass that would have been contained in
compartment / if no removal due to harvest of food had tak-
en place [kg]

V; . volume of compartment i [m3] (defined in section A.4).

The *mass of substance removed’ can be calculated according to:

Ml'emOWd = C*W/Vi. without removal ~ ki, harvest ~ At (A-78)

where

C_w/v : concentration that would have occurred in compartment i if
no removal due to harvest of food had taken place [kg per
m3]

k . process rate of combined uptake by and harvest of the organ-
ism [m3 per s]

Micmoved : mMmass of substance removed [kg]

At : time step of the iteration [s].

The concentration without removal can, thus, be computed as:

(A-79)
C—W/Vi, without removal = C«W/vi. atter removal
C wi ki. harvest At
—WIV| without removal * V.
1
=C wiv _ C-—W/Vi. after removal
~WIV, without removal k At

1— t. harvest

14

i

The computation of the k-values differs for root uptake by belowground

and aboveground produce as well as for bioconcentration by freshwater fish (cf.
section A.3.8).
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Note that the denominator might become zero or negative especially if the
volume of the compartment is rather small. WATSON, therefore, checks internal-
ly whether the compartment’s area share of the respective zone is smaller than the
internally set cut-off criterion of 0.5 %. If so, the volume is considered almost
negligible and the denominator is set to 0.5 by default.

A.7.4 Food concentration for the exposure pathway ’atmospheric
deposition - aboveground exposed produce - humans’ for the example
of spinach

Although there is little evidence that the amount of substance deposited onto
aboveground exposed produce contributes substantially to the overall load con-
tained in a plant (e.g., World Health Organisation, 1992a; Gebel, 1999), this does
not mean that exposure due to anthropogenically released substances is not sig-
nificant via this exposure route. In fact, in EUSES this exposure pathway is not
included, at the same time it is noted that “this route may be important for some
chemicals” (European Commission, 1996a, p. 11-44).

When selecting a crop for an exemplary food chain of this kind, it needs to
be borne in mind that

»  the produce is grown on open-land and not in a greenhouse (€.g., tomatoes to
some extent),

+  agricultural practice allows for significant exposure (e.g., cauliflower is pro-
tected for a certain amount of time in order not to change its colour to yel-
low), and

«  most of the aboveground plant parts that are eaten are exposed; this is not the
case for instance for lettuces and round cabbage.

Spinach appears to comply with all these aspects and has, therefore, been
included in the assessment.

The removal from atmospheric deposition builds on the equations present-
ed in section A.6.5 and can be formulated for one type of aboveground exposed
produce such as spinach as:
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C_wifw(r,n,p,e) =

where:
ATMDEP

emp

C_w/fw

fr w

Y_fw

Model formulation

s (A-80)

a. dry deposition f harvest exposed crops +

1

a, wet deposition ¢ harvest exposed crops I P(r,n)

S

_ Empilam surface loss(r‘ e) 'ﬁ_—wintercept/deposilion(r’ e) )

Y _fw(r,n. e)
[4 TMDEPdry(s, p.z)+

4 TMDEchl(S’ p.z) 'fr—“‘adhere'wct deposilion(p’ re)l

dry or wet atmospheric deposition of substance p in zone z
for scenario s [kg per m? per s]4!

empirical correction factor for physical surface loss from
plant r [s]

concentration of substance p in food item r at the adminis-
trative unit # (K€ pemical PET KEfood F W]

ff_Wadh;re/wer deposition: Mass fraction of a substance’s p wet
deposition that adheres to aboveground exposed produce r

(kg per kg]

fr_Wintercept/deposition: mass fraction of substance p that is in-
tercepted by aboveground exposed produce r during atmos-

pheric deposition [kg per kg]

production rate of crop » in administrative unit n kg FW per
s] (defined as described in section B.6.1)

removal of parts of the source of substances (i.e., dry or wet
atmospheric deposition) due harvest of exposed above-
ground crops [kg per s]; note that the values are negative in-
dicating removal and need, therefore, be subtracted here

yield of aboveground exposed produce » in administrative
unit n [kg FW per m?] (defined as described in
section B.6.1).

In contrast to many other exposure pathways, there is no need to convert
units of concentrations. However, when calculating dynamically, interception
might only occur in specific time periods. In any case, at time zero no emission

41" See footnote 40 on page 421.
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has as yet occurred. Therefore, the atmospheric deposition is set to zero. When
assessing a pulse emission, the atmospheric deposition will cease after the pulse
emission has terminated plus the length of the residence time of the respective
substance in air. As a consequence, the atmospheric deposition after this time pe-
riod also needs to be set to zero. The trace elements considered here occur in the
atmosphere usually attached to particles. Particles of intermediate size show the
longest residence times that are typically in the order of days (Jaenicke, 1998).
Thus, the residence times in air can be neglected as pulse emissions of a one year
period are usually considered (cf. Chapters 10 and 11).

A.7.5 Food concentration for the exposure pathway ’atmospheric
deposition - forage/silage - cattle - humans’

Potentially, forage and silage like any other exposed aboveground produce may
be exposed due to atmospheric deposition as well. However, the exposure path-
ways related to silage and/or forage exposure followed by transfer into dairy milk
and beef/veal are not included into the assessment. This is due to the fact that (spa-
tially-resolved) information especially on production data are not readily availa-
ble for silage and forage which is necessary to compute this exposure pathway (cf.
section A.7.4).

A.7.6 Food concentration for the exposure pathway ’arable land -
aboveground protected produce - humans’ for the example of cereals

The exposure pathway ’arable land - aboveground protected produce - humans’
is based on the unit-converted concentration in the arable land compartment. At
present only the cereals wheat, barley, rye and oats are considered. The related
equation when following the exposure assessment provided by United States -
Environmental Protection Agency (1998) reads:

(A-81)
C_w/fw(r,n,p, e} = BCF—dW/dwplanL soil{P- 7. €) 'ﬁ.—wsolld phasc/bulk("’ e)-

C_wid Wag.solid

and the one according to International Atomic Energy Agency (2001) 1s:

Cwifw(r,n,p,e) = BCF_dwlfw o on(p 1 €) - Cowldwy, (g (A-82)

where
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BCF_dw/dw: bioconcentration factor of substance p due to crop » uptake
from soil [kge DW per kgpja DW] (defined in
section C.2)

BCF_dw/fw: bioconcentration factor of substance p due to crop r uptake
from soil [kgg DW per Kgpjan FW]  (defined in
section C.2)

C_w/fw  : concentration of substance p in food item r at the adminis-
trative unit # [Kg.pemical PET K8food FW]

C_w/dw  : concentration of substance p in arable land ag of zone z
[Kgchemical PeT Kgsolid phase DW] (unit-converted result of
the environmental fate model)

fr w : mass fraction of dry weight per fresh weight of food item r
[kgood DW per kge,oq FW] (defined in Table B-22).

A.7.7 Food concentration for the exposure pathway ’arable land -
aboveground exposed produce - humans’

As stated in section A.7.4, the only aboveground exposed produce considered is
spinach. The assessment of root uptake follows that for aboveground protected
produce given by Eq. (A-81).

A.7.8 Food concentration for the exposure pathway ’arable land -
belowground produce - humans’ for the example of potato

The exposure pathway arable land - belowground produce - humans’ is based on
the unit-converted concentration in the arable land compartment. Presently only
potatoes are considered. The related equation when following the exposure as-
sessment for metals provided by United States - Environmental Protection Agen-
cy (1998) reads:

. (A-83
C—W/fw(r’ n, p, e) = empBCF, root cmps(p’ r, 6) - BCF —dW/dwrom/soil(p’ 7, 6‘) : )

fr—wsolid phasc/bu]k(r‘ e) C—W/dwag. solid

and the one according to International Atomic Energy Agency (2001):

C_wifw(r,n,p,e) = BCF_dw/_/wplam,so”(p, r,e)- C_w/dwag_ solid (A-84)
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where

BCF_dw/dw: bioconcentration factor of substance p due to crop r uptake
from soil [kgsy DW per kgpjan DW] (defined in
section C.2)

BCF_dw/fw: bioconcentration factor of substance p due to crop r uptake
from soil [kgg, DW  per kgpjan FW]  (defined in
section C.2)

C_w/dw  : concentration of substance p in arable land ag of zone z
[kEchemical PET Kgsolid phase DW] (unit-converted result of
the environmental fate model)

C_w/fw  : concentration of substance p in food item r at the adminis-
trative unit # [Kg.pemical PET KEooq FW]

fr_w : mass fraction of dry weight per fresh weight of food item r
[kErood DW per kggyoq FW] (defined in Table B-22)

emp . empirical correction factor for equilibrium uptake of sub-
stance p by belowground produce » dependent on the sub-
stance’s octanol-water partitioning coefficient (K,,) [-]
(defined in Table C-6).

A.7.9 Food concentration for the exposure pathways ’pasture/arable
land - feed - milk cattle - humans’

The exposure pathways ’pasture/arable land - feed - milk cattle - humans’ are
based on the unit-converted concentration in the pasture and arable land compart-
ment, respectively. To be more specific, ’feed’ could mean forage, silage, or
grains. These either grow on pastures (forage) or on arable land (silage and
grains).

When following the exposure assessment provided by United States - En-
vironmental Protection Agency (1998), the related equation for silage and forage
reads:

A-85
Cowlfwir,n,p,e) = {INGgoy(Fopimar € BTF_1/Witfeed (P> Fanimar €)1 ( )

BCF_dw/dw ey C_w/dw

plant/soil (p, T plant’ plag.solid

The one for grains for which only wheat is presently considered is formu-
lated as:
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C_wifw(r,n,p,e) = (A-86)

fr—wwhcax/toml grain("animal’ e):
NG e (Panimat €) - BTF_1W ninieed (P T animar» €)1

BCF_dw/dwplanUm“(p, ¥ plan €) C_widw

ag,solid

Note that the ’soil bioavailability factor’ and the "metabolism factor’ are
not considered in Eqs. (A-85) and (A-86) as the recommended values are 1 (ibid.,
sections 5.4.4.6 and 5.4.4.7).

Only the exposure pathway ’pasture - forage - milk cattle - humans’ is pres-
ently implemented for the IAEA exposure assessment (International Atomic En-
ergy Agency, 2001):

(A-87)

BTF-t/vmilk/fced(p’ ”animab €)- INGfogge(ranimal’ €) i
pfood(r’ e)
e)- C_wldw

C_wifw(r,n,p,e) =

BCF_dw/dw

plant/soil (P, rp]am’ p. solid

where

BCF_dw/dw: bioconcentration factor of substance p due to crop r uptake
from soil [kgyy DW per kgpja DW] (defined in
section C.2)

BTF_t/v  : biotransfer factor relating the amount of substance p con-
tained the feed’s volume taken in by animal r [s - capita per
m3] (defined in section C.2)

BTF_t/w : biotransfer factor relating the amount of substance p con-
tained the feed’s mass taken in by animal r [s - capita per
kg FW] (defined in section C.2)

C_w/dw  : concentration of substance p in arable land ag of zone z
[kEchemical Per Kgsolid phase DW] (unit-converted result of
the environmental fate mode!)

C_w/fw  : concentration of substance p in food item r at the adminis-
trative unit # [Kg pemical PET K8go0d FW]

fr_w : mass fraction of grains fed to farm animals » consisting of
wheat [-] (defined in Table B-23)

ING : ingestion rate of feed taken in by animal r [kg DW/capita/s]
(defined in section B.6.3)

p . density of food (milk) [kg per m3]; here: 1030.
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Unlike the other exposure pathways, trade may not only be considered for
the animal product that is finally consumed by the human population. Rather, also
feed may be traded prior to consumption by the farm animals. This is especially
the case for grains. Trade of grains is considered analogously to the trade of food
items (cf. section A.7.13).

A.7.10 Food concentration for the exposure pathways ’pasture/arable
land - feed - beef and veal cattle - humans’

The exposure pathways ’pasture/arable land - feed - beef cattle - humans’ are
computed analogously to the equations given in section A.7.9. The only adapta-
tion that needs to be made is to choose the adequate BCF, BTF and feed ingestion
values for beef cattle instead of milk cattle.

A.7.11 Food concentration for the different exposure pathways
’pasture (soil particles) - animal products - humans’

The exposure pathways ’pasture (soil particle) - animal products - humans’ are
based on the unit-converted concentration in the pasture compartment. To be
more specific, ’animal products’ could mean cattle milk, beef and veal, pouitry
meat, eggs from laying hens as well as pork.

The related equation when following the exposure assessment provided by
United States - Environmental Protection Agency (1998) reads:

A-
CﬁM’/fw(’.’ np 6’) = -ﬁ‘—wt‘rcc-range'lolal(’.' ne)- C,M‘/’deA solid ( 88)
[BTF—I/Wanimal product l'ecd(p’ re): [NGsoil(r’ e)]

where

C_w/dw  : concentration of substance p in arable land ag of zone z
[KZchemical PET Kgsolid phase DW] (unit-converted result of
the environmental fate model)

BTF_t/w : biotransfer factor relating the amount of substance p en-
trained by soil particles (or any other mass like feed) taken
in by animal r [s - capita per kg FW] (defined in Table C-5
of section C.2)

fr w : mass fraction of produce stemming from animals » kept in

the free-range at administrative unit n [kg per kg] (defined
in section 7.1.1)
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ING : ingestion of soil by the animal r [kg DW/capita/s] (defined
in section B.6.3).

Note that the ’soil bioavailability factor’ and the 'metabolism factor’ are
not considered in Eq.(A-88) as the recommended values are 1 (ibid.,
sections 5.4.4.6 and 5.4.4.7).

A.7.12 Food concentration for the exposure pathway ’freshwater -
fish - humans’

The exposure pathway ’freshwater - fish - humans’ is based on the unit-converted
concentration in the arable land compartment.

The related equation when following the exposure assessment provided by
United States - Environmental Protection Agency (1998) reads:

Cwifw(r,n,p,e) = BCF_Vifwgg caerPo 1. €) CoWNViieons (A-89)

where

C_w/fw  : concentration of substance p in food item r at the adminis-
trative unit 1 (Kgcpemical PT Kefood FW]

C_wlv : concentration of a substance in the aqueous phase of com-

partment / in zone z

[kgchemical per m3aqueous phase of compartment] (unit-converted
result of the environmental fate model)

BCF_V/fw : bioconcentration factor of substance p due to fish » uptake
from water [m3aqueous phase Per k&g fresh weight] (defined
in section C.2).

For non-lipophilic substances, only uptake from the water body into fresh-
water fish is relevant according to United States - Environmental Protection
Agency (1998) (cf. section 5.7.5.3). The fish concentration of metals other than
mercury consequently only results from the transfer from the dissolved phase of
the substance in the water body.

A.7.13 Consideration of trade

From trade statistics (Food and Agriculture Organization of the United Nations -
Statistics Division, 2002a), it is obvious that the net trade of certain food products
differs between countries. This may lead on the one hand to higher exposures
even at the society level if the food items produced in a country show a higher
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contaminant load while at the same being exported to a small extent. On the other
hand, rather active trade relationships between countries will lead to exposures of
people that may live at quite some distance from the contaminated environment
in case of more localised sources.

In order to consider trade in an exposure pathway, it may be specified for
each of the respective exposure transfers whether it involves trade. At present,
trade is assumed to lead to homogeneous concentrations in food in general and
also in certain types of feed across the geographical scope of WATSON. This *ho-
mogenisation’ may occur even more than once for an exposure pathway (e.g.,
both the wheat and the milk from the exposure pathway ’arable land - wheat - cat-
tle milk - humans’ is allowed to be traded). In future developments, a more de-
tailed approach may be realized in which the amounts that are eaten nationally are
distinguished from those transported across national borders. An aggregation at
least at the national level is suggested as food consumption/supply data are only
provided at this level within WATSON (see below and section B.6.2). There may
be produces, however, that are not produced in one country but may as well be
eaten in the respective country. This is the case for spinach for example. One can-
not do without trade between countries in such instances unless one takes the risk
to underestimate the overall exposure. The consideration of trade is, therefore,
strongly recommended albeit its present initial status of consideration.

The transfer from an environmental compartment into an organism and
from organism to organism is based on an equilibrium approach according to
United States - Environmental Protection Agency (1998). When trade is assumed
to occur, the predicted concentrations in the different food items are first multi-
plied by the production (or stock) occurring in the respective region. This produc-
tion may be zero which is why the concentration predicted to this end is termed
"theoretical’. Then, the resulting substance masses given for the different admin-
istrative units are added and divided by the production of the reference area. This
reference area could possibly be a country, but is at present the entire area covered
by WATSON as given in Fig. B-1. Eq. (A-90) shows the involved calculation
when trade is considered:

A-90
tycar ) Z C*W/fw(r’ m, p- e)theorclical P(r.m) ( )
C_wifw(r, Europe, p, ), orge = -
lyear” Z P(r,n)
n
where
C_w/ifw : C_witw : average concentration of substance p in food

. .average'
item r in the geographical scope of the assessment ('Eu-
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rope’) as a result of considering production data [Kg hemical
per kgfood FW]

C_W/fWipeoretical: CONCentration of substance p in food item
r at the administrative unit n which is theoretical as this con-
centration may be assessed to occur in an administrative unit
in which no respective food item is produced [Kg pemical PET
Kgfood FW] (defined in sections A.7.4 through A.7.12)

. production rate of crop r in administrative unit n [kg FW per

s] (defined as described in section B.6.1)

time for which the production rate is given [s], l.e., corre-
sponding to one year.

This production-based weighting scheme leads to homogeneous concentra-
tions of the food and feed items across the reference area. The human consump-
tion of the respective food items is calculated according to nationally provided
consumption data (cf. section B.6.2).

A.7.14 Computation of the effective personal intake rate from food

concentrations

In order to arrive at the effective personal intake rate related to a respective expo-
sure pathway, the corresponding fresh weight concentration in a food item is mul-
tiplied by the human consumption rate. As is discussed in more detail in
sections 7.2 and B.6.2, furthermore, the amount of the food supply not consumed,
the degree of the European food self-supply, and the portion of the substance po-
tentially leading to an effect are taken account of:

(A-91)

IR_p(r, n,p, €)= fr—weﬂ‘ective/’total(p’ re} INGhuman supply(r’ ny:

where
C_w/fw

ﬁ.—wself—supply(’.’ e)-(l *-/r—wnm consumed; food supply(r’ e)):
C_wifw(r,n, p,e)

: concentration of substance p in food item r at the adminis-

trative unit 7 [Kgcpemical PET K8food FW] (defined in
sections A.7.4 through A.7.12, note the comments in
sectton A.7.13)
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fr w

ING

IR_p
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fT_Weffectiverioral: Mass fraction of substance p contained in
food r leading to an effect [kg per kg] (defined in Table C-2)

fr_Weelfsupply: mass fraction of produce r produced in the
geographical scope of the assessment [kg per kg] (defined in
section B.6.2)

fr_Wnot consumed/food supply: mass fraction of (fresh) food that
is produced and traded but not consumed [kg per kg] (de-
fined in section B.6.2)

ingestion of food item » by humans according to food supply
information for the administrative unit n [kg FW/capita/s]

effective personal intake rate of substance p contained in
food item r by humans at the administrative unit »n [kg/capi-
ta/s].

Trade is considered by averaging the food concentration across Europe pri-
or to consumption according to the produced amounts of foods in the different
countries, states, districts and/or municipalities (cf. section A.7.13).

It shall be noted that when the impact assessment is performed in a risk
group-specific way (i.e., the dose-response function is given for only a sensitive
portion of the population such as asthmatics, children, elderly people) particularly
the respective food consumption behaviours also need to be given accordingly
(for the explanation of most of the symbols refer to the equation above):

[R—priSk EYOUP(r([)’ n.p,e)= [NGhuman suPPl)’("(i)’ n:

where
frr

(A-92)

-/rArrisk group: population("(’)' n) '-/r—wsclllsupply(r’ e)
(1 vﬁ'—wnm consumed/ food supp]y(r’ e)):

TP troctive toral (P 1 €) - Cowifw(r.n, p, e)

fraction of the population r that belongs to a certain risk
group / in country # [-].

In order to compute the effective Intake Fraction, the sum of the effective
personal intake rates of all risk groups need to be performed:

IR_p(r,n,p,e) = Z IR _pLy group("(i)* np,e.
i

(A-93)
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A.8 Impact assessment

The equations used for the impact assessment are already fully contained in the
main text. The reader is referred to Egs. (7-16) through (7-19) in section 7.3.

A.9 Monetary valuation

The equations used for the monetary valuation have already been fully described
in the main text. The reader is referred to Chapter 8.



