Hydrology and Earth System Sciences, 4, 895-904 (1997) © EGS
Hydrology & Earth

System Sciences

Translating environmental xenobiotic fate models across
scales

O. Richter! and B. Diekkriiger?

! Institut fir Geovkologie und Sonderforschungsbereich 179, Technische Universitit Braunschweig, Langer Kamp 19c, D 38104 Braunschweig,
Germany '
2 Geographische Institute der Universitit Bonn, Meckenheimer Allee 155, D 53115 Bonn, Germany

[

Abstract

The classical models developed for degradation and transport of xenobiotics have been derived with the assumption of homo-
geneous environments. Unfortunately, deterministic models function well in the laboratory under homogeneous conditions but
such homogeneous conditions often do not prevail in the field. A possible solution is the incorporation of the statistical varia-
tion of soil parameters into deterministic process models. This demands the development of stochastic models of spatial vari-
ability. To this end, spatial soil parameter fields are conceived as the realisation of a random spatial process.

Extrapolation of local fine scale models to large heterogeneous fields is achieved by coupling deterministic process models with

random spatial field models.

Notation:

: volumetric water flux density [cm/d]

: O(u,x,y,2,t) = source and sink term for water-
transport [cm3/cm3/d]

: hydraulic potential

: bulk density [g/cm?]

: water content [cm3/cm3]

: residual water content [cm3/cm?]

: saturated water content [cm3/cm?]

: normalized water content (cf. text)

: saturated hydraulic conductivity [cm/d]

: = K/K; normalized hydraulic conductivity

: liquid phase concentration [ug/ml]

: solid phase concentration [ug/g soil]

: equilibrium sorption constant [ml/g]

: kinetic constant [1/day]

: shape parameters of Van Genuchten and
Mualem retention and conductivity curves

v : velocity of microbial degradation [pg/ml/day]

: maximum velocity [ug/ml/day]

Ku : Michaelis constant [ug/ml]

Corg : organic matter content

K, : octanol water partition coefficient

/ : correlation length of a gaussian variogram func-
tion

. parameter vector

: sampling space of the parameter vector

D, : coefficient of hydrodynamic dispersion [cm?/s]
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ay, ar : longitudinal and transversal dispersivity coeffi-
cient [cm]

Introduction

Experience with reactive transport processes at the labora-
tory scale i.e. in continuously stirred reactors, soil columns
and lysimeters shows that, in spite of the apparent com-
plexity of transport and degradation processes, decay
curves and breakthrough curves can be described well by
deterministic mathematical models in the form of differ-
ential equations. However, physical properties and the
chemical composition of real soils are inhomogeneous.
Frequently, this inhomogeneity is not simply a noise,
which can be dealt with by averaging, but it is essential for
the transport properties of a given soil. Consider water
flow through a medium with a large range of water con-~
ductivities. If conductivities are spatially correlated, it is
highly probable that interconnected regions of low and
high conductivities occur. These are giving rise to a
random flow pattern with preferential flow zones.
Deterministic models function well in the laboratory under
homogeneous conditions. However, homogeneous condi-
tions do not prevail in the field. Upscaling is hence neces-
sarily connected with the spatial variability of model
parameters such as the hydraulic conductivity or the shape
parameters of the water retention curve. Model parameters
are therefore treated as multivariate random variates. In
this paper, stochastic models of various degrees of
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complexity (ranging from simple distribution functions to
random field models) are incorporated in deterministic
process models thus allowing the extrapolation of local
fine-scale models across heterogeneous areas.

Short Review of Model Equations

Water transport is modelled by the Richards-equation
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which is specified by the water retention curve and the
hydraulic conductivity curve. The conductivity function is
written in the form K = K K,, where K denotes the sat-
urated conductivity (which is a parameter) and K,
describes the functional relationship. K; is referred to as
normalized hydraulic conductivity. The normalized water
content is defined by

6-6,

e =
93—0,.

Several parametrizations of empirical relationships are in
use. The retention and conductivity curves according to
van Genuchten (1980) and Mualem (1976), which are
widely used, are flexible, i.e. they can be applied to many
soil types. Where m = 1-1/n. The conductivity curves are
parameterized as a function of the water content
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or as a function of the matric potential.

k. = =@y '1+ @)™y
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Potential and actual evaporation are calculated by the
Penman-Monteith equation and by the approach of
Feddes (1978) respectively (cf. also Diekkriiger and Arning
1995).

Transport and reaction is modelled by the convection
dispersion equation, which is coupled to the above water
transport equation

%(90 +pS)=V.[6D,Vc —Gcl = ke

In this equation, a linear decay law is assumed, which
applies well to the examples considered below. It should
be kept in mind, however, that many xenobiotics such as
pesticides are degraded by microbial processes with non-
linear degradation kinetics such as

_ Wt

c+ Ky

In the case of linear equilibrium binding, the solid phase
concentration § is related to the liquid concentration ¢ via
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where K is the equilibrium sorption constant. All model
parameters are strongly related to soil properties, e.g. the
maximum degradation rate and the strength of adsorption
of many chemicals depend on the organic matter content
of soil. The above equations together with appropriate
boundary values and initial conditions constitute a bound-
ary value problem.

Concept of Random Soil Columns

The concept of random seil columns is based on the notion
of an ensemble (in the statistical sense) of uncorrelated soil
columns. This means that lateral flow is neglected. For
each soil column, a deterministic model is valid. The sta-
tistical model consists of the probability density function
of the parameter vector, which is conceived as random.
Given this function, it is possible to compute the expecta-
tion and other statistical moments of the solution of the
initial boundary value problem. Extrapolation from local
homogeneous scale to large heterogeneous areas is carried
out via the expectation operation. The solution of the ini-
tial boundary value problem, which depends on the sto-
chastic parameters, simply acts as a transformation of
probability density functions. In other words, the random
parameter vector is mapped via the deterministic model
into a random scalar concentration field ¢(x,?).

6,
6,
K.
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The mathematical problem involves the derivation of the
density function f*(¢) from the probability density function
S?(&) of the parameter ¢. In the one-dimensional case,
the density transformation is achieved via

£ =4 00
with ¢ = g(¢). Gustavson and Holden (1990) solved this
problem for a mono-exponential decay with a Gamma dis-
tributed decay rate.
In the general case the problem is stated as follows:
Given:

1) a deterministic dynamical model in form of a boundary
value problem with parameter vector ®
ii) the density function of the parameter vector ®, (D)

the mathematical problem is then to find estimators for the
moments of the distribution of the state variables of the
dynamical model.
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Table 1. Statistical distributions of the parameters used in the Latin Hypercube simulations.
Notations: # = normal distribution, / = lognormal distribution, ¢ = upper soil layer, # = lower soil layer

Parameter Mo T, Mu Ty

0; (n) 0.371607 0.027761 0.299843 0.031529
0; (n) 0.041713 0.023728 0.024300 0.013460
K (1) 197.9930 107.1420 260.1290 218.1420
a () 0.035921 0.015304 0.052566 0.032650
n—1 () 0.409752 0.141652 0.587983 0.325315
p (n) 1.526470 0.087350 1.517870 0.091856
Corg (n) 1.081160 0.193570 0.316326 0.158269

When no analytical solutions are obtainable, which is the
case in nearly all practical applications, this problem is
addressed by stochastic simulation methods referred to as
Stratified random sampling and Latin Hypercube
sampling. An intuitively appealing method is to generate
a random sample of the parameter vector and to derive
estimators from the sampling statistics of the model out-
put. This approach is referred to as the Monte Carlo
method. In many practical situations, the number of repli-
cations is limited by the running time of the numerical
code. Therefore, sampling techniques have been devel-
oped, which are more efficient than simple random sam-
pling (McKay et al., 1979). These are stratified random
sampling and Latin Hypercube sampling. Let {2 denote
the sampling space of the parameter vector ®. Stratified
sampling is performed by partitioning {2 into disjoint sub-
sets and obtaining random samples from each subset. Latin
Hypercube sampling is an extension of stratified sampling.

The following example is based on a soil survey based
on 86 sample points. From each sample, the parameters for
the water transport model were determined in two soil lay-
ers. As an example, Fig. 1 shows the histogram of the sat-
urated hydraulic water conductivity, which can be
modelled well by a lognormal distribution, as is frequently
the case. Other parameters such as the saturated: water
content rather follow a normal density function (cf; Fig. 2).
Table 1 summarises the type of distribution and their
parameters. Since the sample points are georeferenced,
geostatistical analyses could be performed and maps were
generated by kriging. Fig. 3 shows the map of the silt plus

clay content. This data base was used for the simulation of
" the transport of a tracer, bromide, and of the transport,
sorption and degradation of the herbicide chlorotoluron.
The K- value of chlorotoluron was computed via the rela-
tion K;= K,, C,y,. Although the kinetic constant k was
kept fixed, the effective kinetic constant rate ke is ran-
dom, since it is related to the K~ value which is in turn
related to the random soil property C,,,. !

k

by = —-—
1+£K,,
0

Simulations were performed for the time period from 28
March 1994 to 15 October 1994 using precipitation and
temperature data from the meteorological station. Initial
herbicide and bromide loads were 5kg/ha. Simulations
were performed a) for each of the 86 sampling points and
b) for 100 Latin Hypercube realisations based on distrib-
utions and parameters as given in Table 1. Appropriate
criteria are the total residues of chlorotoluron and the
depth of the peak of the soil profiles of bromide at the end
of the study. Figures 4 and 5 show the distribution of these
measures for the two types of simulations performed. The
histograms of both simulations (sample points and Latin
Hypercube sampling) are similar, Furthermore, the his-
tograms are skewed and exhibit a large range due to the
spatial variability. Note that chlorotoluron residues lie in
the range from 0.01 to 1.2 kg/ha for the Latin Hypercube
histogram. For the simulations based on the sample points,
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Fig. 1. Histogram of the saturated hydraulic water conductivity,
upper sotl layer. Note that the form of the histogram is well matched
by a lognormal density function.
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Fig. 2. Histogram of the saturated water content, upper soil layer.
The form of this histogram is best described by a normal density func-
tion.

contour maps can be constructed (interpolation by kriging)
as is shown in Fig. 6 and Fig. 7.

Note that the spatial aspects of these simulations are
solely due to the georeferenced sampling points of the soil
properties. The concept of uncorrelated soil columns with-
out lateral flow is still valid. From the point of view of
mathematics, the contour maps are the results of the trans-
formation of a random vector, the parameter vector of the
model. This random vector is assumed to be generated by
a random spatial process with spatial correlations. The
transformation is achieved by solving an initial boundary
value problem for each sampling point. The random para-

%0.00

meter vector is thus transformed into the variables ‘total
chlortoluron residues’ and ‘depth of bromide peak’. This
example is continued in section 5.

Three Dimensional Transport
Proceses over Realisations of
Random Fields

WATER TRANSPORT

The concept of uncorrelated soil columns is based on the
assumption that lateral flow can be neglected. This
assumption is valid if the soil properties are homogeneous
within a soil column. If the soil consists of different lay-
ers, this assumption is made for each layer. Each soil col-
umn is then described by a one-dimensional transport
model. But what if microscale variation creates a hetero-
geneous soil structure within a column ? Parameter fields
can be modelled as realisations of spatially correlated ran-
dom processes. Consider for instance the hydraulic con-
ductivity. If this parameter is the realisation of a second
order stationary stochastic process with a Gaussian shape
variogram, a realisation creates connected zones of differ-

* ent conductivities. If the correlation length is in the order

of magnitude of the column under study then it is most
likely that connected regions of high conductivity exist. In
these regions, water flow and hence transport are facili-
tated. Obviously one-dimensional models are not capable
of simulating these effects. How can one handle this kind
of heterogeneity? A possible procedure involves the fol-
lowing steps:

1. Identification of the spatial random process and its
parameters, e.g. the correlation length.

2. Generation of realisations of the process.

3. Three dimensional simulation of water and matter
transport over realisations of the random parameter

- field.

4. Assessment of the statistical properties from a large
number of realisations,
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Fig. 3. Contour map of silt and clay content [% by weight] of the investigation site (coordinates in m).

898






