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Abstract

The simulation results from physically-based hydrology and erosion models contain uncer-
tainty. This is largely the result of uncertainty over the value of the model’s input parameters. If
such uncertainties are in the form of probability distributions of model output, it becomes apparent
that they are not inconsiderable. Such variation in model output may reduce the utility of the
simulations and it is therefore desirable for it to be reduced. Two methods are considered: one
which relies on improved parameter set selection, and a second which derives physical parameters
from observed hydrographs. Both methods are compared with a blind application of the model and
observed data. The results suggest that, while both methods may be successful in reducing the
variation in model output, the coincidence with the observed data deteriorates. © 1997 Elsevier
Science B.V.
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1. Introduction

One of the major difficulties faced by those wishing to use predictions from
physically-based erosion models is the level of uncertainty surrounding the model
output. This uncertainty arises from a variety of sources: difficulties during the parame-
terisation of such models; numerical errors; conceptual errors (Konikow and Bredehoeft,
1992); and those errors associated with the measurement of parameter values. In most

* Tel.: +44-0-1525-863294; fax: +44-0-1525-863300; e-mail: j.quinton@cranfield.ac.uk.

0341-8162 /97 /$17.00 © 1997 Elsevier Science B.V. All rights reserved.
PII S0341-8162(97)00022-2



102 J.N. Quinton / Catena 30 (1997) 101-117

model applications the primary source of uncertainty is likely to be due to error in the
conceptualisation and in the parameterisation of the model (Konikow and Bredehoeft,
1992). This paper will consider only the reduction of uncertainty arising from parameter-
isation errors.

Natural systems vary in time and space. This makes setting the initial conditions for
any model simulation difficult. In the case of hydrology and soil erosion models,
selecting values for initial parameters-values which vary temporally and spatially across
a hillside may be extremely difficult. For example, saturated hydraulic conductivity may
have coefficients of variation of 150% for a single soil map unit (Warrick and Nilesen,
1980); initial moisture content will vary temporally in response to climatic conditions.

The difficulties faced when trying to parameterise a physically-based model is a
function of the process descriptions incorporated within the model. These were often
developed to work at the point scale where initial and boundary conditions can be
obtained with relative ease. The incorporation of such equations into a distributed
framework has required single values to be used to represent a parameter over an entire
grid cell. The implicit assumption is that the grid cell represents a homogenous area in
terms of soils, vegetation, and topography. However, this is often not so, in which case
an effective parameter value is used (Bathurst and O’Connell, 1992). The output from
such models is usually presented in the form of a single line or value e.g. Laguna and
Giraldez (1993) and Koide and Wheater (1992), although some modellers are beginning
to present their simulation results in the form of banded output. Banded output
recognises the uncertainties present within the parameterisation of the model and
illustrates this in the model output by displaying either expected maximum and
minimum values e.g. DHI (1991), or, probability distributions e.g. Quinton (1994). The
display of output in the form of a probability distribution will be termed ‘output band’ in
this paper.

Results presented by Beven (1993) and Quinton (1994) from Monte Carlo simula-
tions, using TOPMODEL and EUROSEM respectively, suggest that such output uncer-
tainty bands are likely to be wide. Quinton (1994) attempted to evaluate EUROSEM, it
is suggested that the utility of a model simulation will depend not only upon the
coincidence of the simulated ranges with observed data, but also the width of the output
uncertainty bands: wide output uncertainty bands which encompass the observed data
may not be much improvement on not encompassing the observed data at all. Given that
the ideal situation for any user of model simulations is a model output which combines a
narrow output band width with a coincidence with the observed data, methods need to
be sought which both reduce uncertainty in the model output and increase coincidence
with the observed data. This paper investigates the use of two such methods for reducing
the uncertainty in simulation results from EUROSEM.

2. The European Soil Erosion Model (EUROSEM)
The European soil erosion model (EUROSEM) (Morgan et al., 1994, 1997a,b) is the

result of a collaborative research programme involving scientists from ten European
countries and the USA. Version 3.1 of the model (Morgan et al., 1992) was used
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Fig. 1. Flow chart of the European Soil Erosion Model (EUROSEM).

throughout this study. EUROSEM is an event-based model designed to operate for
successive short (e.g. one-minute) time steps within a storm. The model simulates
erosion on a single slope plane or segment and can therefore be used to predict soil loss
from individual fields. These segments can then be linked together in a cascade to
simulate hill slopes. By joining these with channel elements small catchments can be
represented. Each of the segments are assumed to have uniform properties.

The model computes soil loss as a sediment discharge, defined as the product of the
volume of runoff and the sediment concentration in the flow, to give a volume of
sediment passing a given point in a given time. The computation is based on the
dynamic mass balance equation (Eq. 18, Table 1).

EUROSEM describes the erosion process in detail with each box in the model’s flow
chart (Fig. 1) representing a series of algorithms. The key equations are given in Table
1. EUROSEM deals in turn with the interception of rainfall by the plant cover; the
volume and kinetic energy of the rainfall reaching the ground surface as direct
throughfall and leaf drainage; the volume of stemflow; the volume of surface depression
storage; the detachment of soil particles by raindrop impact; detachment and deposition
of soil particles by runoff; and the transport capacity of the runoff. Runoff is generated
using the Smith—Parlange equation (Smith and Parlange, 1978) and is routed over the
soil surface using the kinematic wave equation.

EUROSEM differs from most other process-based soil erosion models in its treatment
of the effects of soil, concentrated overland flow and vegetation. Soil erodibility is
represented through the use of soil cohesion and an index expressing its detachability by
raindrop impact. Rill and interrill processes are modelled explicitly with water and
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sediment routed from the interrill to the rill area. Vegetation or crop cover is modelled
through its effects on the volume and energy of the rain reaching the ground surface,
infiltration, roughness imparted to the flow, and reinforcement of soil cohesion by the
root system. Soil conservation measures can therefore be simulated by describing the
soil, micro topography and vegetation conditions associated with each practice.

This approach requires a considerable number of parameters — over 30 per model
element in the current version of EUROSEM (7 /96) — many of which are difficult to
determine over field areas, for example saturated hydraulic conductivity. Each element
is assumed to have uniform properties.

3. Collection of observed data

The data used for the study was that collected from the Woburn Erosion Reference
Experiment (Catt et al., 1994). The experiment is located on Rothamsted Experimental
Station’s Woburn Experimental Farm, Bedfordshire, UK (National grid reference: SP
969358) and consists of eight erosion plots. The plots had a Brown Sand soil formed
over Lower Greensand (Cottenham series) with some patches of Stackyard series, a
Brown Earth on sandy colluvium, both as defined by Avery (1980) (Udipsamment and
Dystrochrept respectively, Soil Survey Staff, 1975).

Each plot measured 25 m X 35 m and was bordered on all sides by an earth bund. At
the down-slope end of the plot, the bund was graded at 1 in 200 towards a sediment trap.
The sediment trap was connected by pipe to two 2000 litre capacity tanks, holding an
equivalent of 4.57 mm of water running off the plot. Total runoff and soil loss for each
event were evaluated by determining the amounts held in the tanks.

To provide a minute-by-minute record of discharge and sediment discharge from
three of the plots, pressure transducers and sediment samplers were installed. Two types
of record were obtained from the Woburn data. The first, termed low resolution data,
consisted of measurements of total runoff and soil loss, together with a daily chart
record of the rainfall. This is available for all of the plot events. In the second, termed
high resolution data, this information was supplemented by detailed information on
rainfall, runoff and sediment discharge. High resolution data are available for the events
after January 1992. This data set comprised 28 plot events for 19 of which a complete
set of rainfall, runoff and sediment discharge existed. For the purposes of this study it

Table 2
Storms selected for use in the uncertainty reduction trials

Event Plot

9 May 1992

29 May 1992a

29 May 1992b

4 June 1992

20 July 1992

17 September 1992

B N R
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was decided to reduce the number of plot events to be simulated to six of the events
(Table 2) where the runoff was generated as mechanism thought to be Hortonian
overland flow; as is simulated in EUROSEM.

4. Model parameterisation

To produce banded output rather than single value output, multiple parameter sets
where required for each event. Firstly, a single set of parameter values was selected for
each event (basic parameterisation), and secondly, parameters to which the model output
was sensitive were given multiple parameter values. The model could then be run for
every combination of the multiple parameter values allowing output bands to be defined.

4.1. Basic parameterisation

EUROSEM was parameterised using data from a number of sources: field measure-
ments; values from the literature; and estimates made using knowledge of the site’s
behaviour. The values used for those parameters which describe the size of the plot were
determined from the interpretation of aerial photographs.

Field survey was used to determine those parameters which describe the geometry of
the rill and interrill areas. The two slope parameters, rill slope and interrill slope, were
estimated from a topographic survey of the plot. The interrill slope was assumed to be
the average of the across-slope measurements taken perpendicular to the slope, i.e. at
right angles to the rills, while the rill slope was assumed to be the average of the
down-slope determinations taken parallel to the slope. Rill widths and depths were
estimated in the field by taking the average width and depth of the drill lines and tractor
tracks within the plots. The slope of the rill side-wall was an average value obtained
from field measurements of the side slope of tractor tracks and drill lines. The number of
flow paths was obtained by summing the number of drill lines and the number of tractor
tracks on each plot. The flow paths were assumed to be of equal width for the entire
slope.

The surface roughness of the plot was obtained from field measurements using the
chain method (Morgan et al., 1993). The hydraulic roughness for the interrill areas was
estimated using the table presented in Morgan et al. (1993). A Manning’s ‘n’ value of
0.04 was chosen as it was between the values suggested for cropped soils and those for
bare soil.

Of the hydraulic parameters, capillary drive was given the value of 147 mm
suggested for a loamy sand by Morgan et al. (1993). The value of saturated moisture
content was determined by using the moisture characteristic curve for the Woburn soil,
and porosity was also determined in the laboratory. The recession factor was estimated
from the surface roughness determinations and set to 10 mm.

The median particle size of the soil was obtained from a particle size analysis. The
splash erodibility parameter was set to a high value because of the weak surface
structure. Both the parameters which describe the effect of rock fragments on splash
erosion processes were set to zero as there are no large stones in the soil at Woburn.
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The vegetation parameters — percentage canopy cover, the angle of the plant stems,
the plant basal area, the canopy height and whether or not the plant was a grass or
broad-leaved crop — were all determined from field observations by making measure-
ments on three random 1 m? areas within each plot.

Computationally, the plot was set up as a single plane with the Govers (1990)
transport capacity equations in operation on the interrill areas.

4.2. Multiple value parameters

Four parameters were given five values each, from which 625 parameter files were
generated to run the initial simulations i.e. one file for each combination of parameter
values. The parameters used in this part of the study were chosen due to the sensitive
response of the model to changes in their input value (Quinton, 1994). Manning’s ‘n’
and cohesion were selected because of their effect on soil loss; saturated hydraulic
conductivity and initial moisture content were selected due to their influence on runoff
generation.

The values of Manning’s ‘n’ and initial moisture content were decided using physical
reasoning. The Manning’s ‘n’ values for the rill area were based on those determined by
Moore and Burch (1986) from Moseley (1972) rill data and those suggested by the
EUROSEM user guide (Morgan et al., 1993). Moore and Burch give a range of values
between 0.025 and 0.035, while Morgan et al., 1993 quoting the work of Petryk and
Bosmajian (1975), Temple (1982) and Engman (1986) suggest values of between 0.01
and 0.03 for soils of low roughness. Using these figures as the basis, the values in Table
3 where chosen to reflect a range of hydraulic states toward the rougher end of these
ranges, but becoming smoother as the cropping season progressed.

Table 3
Multiple parameter values used in the simulations. For the constant saturated hydraulic conductivity simula-
tions, saturated hydraulic conductivity was held constant at 2.7 mm h!

Date Manning’s Cohesion Initial Saturated
‘n (kPa) moisture hydraulic
content conductivity
(mmh™1)
29 May 1992a 0.015, 0.02, 3.0,3.5, 0.275, 0.28, 3.61,5.02,
0.025, 0.03, 3.7,3.9, 0.28, 0.285, 5.38, 6.9,
0.035 4.0 0.29 18.25
4 June 1992 0.015, 0.02, 3.0,35, 0.265, 0.265, 3.61, 5.02,
0.025, 0.03, 37,39, 0.27, 0.27, 5.38, 6.9,
0.035 4.0 0.275 18.25
20 July 1992 0.015, 0.02, 3.0, 35, 0.265, 0.27, 3.61, 5.02,
0.02, 0.025, 37,39, 0.275, 0.275, 5.38, 6.9,
0.03 4.0 0.28 18.25
17 Sept 1992 0.02, 0.025, 3.0,35, 0.25,0.25, 3.61, 5.02,
0.03, 0.03, 37,39, 0.26, 0.26, 5.38,6.9,

0.035 4.0 0.26 18.25
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In the case of initial moisture content the weather conditions before the storm were
taken into account and a suitable set of values chosen.

The values of saturated hydraulic conductivity and cohesion were determined by
randomly sampling the distribution of values measured in the field.

5. Uncertainty reduction methodology

Two methods were used to attempt both reduce the output uncertainty band width and
to improve the coincidence of model simulations with observed data. These were based
on an improved selection of parameter sets (IPSS) and the redefinition of the value of
hydraulic conductivity using information from measured hydrographs. Both methods
rely on the assumption that by improving the simulation of the measured hydrograph the
simulation of the sedigraph would also improve. This is the basis upon which process-
based erosion models are constructed and evaluated: a good hydrological simulation
should be essential for a good erosion simulation.

S5.1. Improved parameter set selection (IPSS)

The IPSS methodology (Quinton, 1994) selects those parameter sets, from the 625
used, which simulate a training event to a given level, and then applies them to
subsequent events. If no parameter set performed well with the training event, then the
original parameter sets can be modified and the procedure repeated until the desired
performance level is reached. The IPSS method therefore has features in common with
the calibration of models: in the IPSS method multiple best parameter sets are selected
compared with the single set selected in a traditional calibration. However, acknowledg-
ing the fact that different parameter sets can produce similar results, the IPSS method
allows the variation in model output caused by the parameter uncertainty to be
illustrated in the output of the model.

To improve the selection of the parameter sets used for the simulations, one event
was chosen from those in Table 2 to act as a training event. The event selected was that
of 29 May 1992b (the b represents the second storm on that day). This was because
EUROSEM had performed best on this event during blind testing (Quinton, 1994). The
values of the multiple parameters used are given in Table 3.

The coefficient of efficiency ( E) (Nash and Sutcliffe, 1970) for the simulation of the
observed hydrograph was used as a performance indicator. The coefficient of efficiency
was preferred to other performance indicators, such as the sum of squares of errors, as it
gives a dimensionless measure of model performance which approaches unity as the
difference between observed and simulated values becomes smaller. This allows a
comparison of model performance between events to be made which is difficult when
using a statistic with dimensions. The coefficient of efficiency is also similar in many
respects to the coefficient of determination, but instead of comparing data with a best fit
regression line it compares it with a 1:1 line making the statistic easy for model users to
relate to. A value of 0.5 was chosen as the performance level which model simulations
had to reach to be accepted and used for the IPSS runs with the other events in the data
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Fig. 2. Distribution of the performance of the blind simulations carried out for the storm of 29 May 1992b.

set. The choice of this particular value was arbitrary, representing an adequate (in the
author’s opinion) performance level for the model simulations.

Fig. 2 illustrates the performance of all 625 simulations for the training event, 28% of
the simulations have a coefficient of efficiency greater than zero, the point at which the
mean value of the observed data would have given the same result, and only 14.4%
reach the performance level of E = 0.5.

5.2. Constant saturated hydraulic conductivity determined from plot hydrographs

The use of the hydrograph to define saturated hydraulic conductivity is based on the
assumption that the infiltration rate during the recession of the hydrograph is equal to
the saturated hydraulic conductivity of the soil. By using a single value of saturated
hydraulic conductivity, a parameter to which EUROSEM is highly sensitive (Quinton,
1994), a considerable reduction in the output band width uncertainty should be observed.

To derive a single value of saturated hydraulic conductivity the measured hydrograph
for the storm of 9 May 1992 was selected. The hydrograph for this event had a sharp
peak with a recession limb which declines in a linear fashion, in response to an almost
uniform rainfall intensity. It was assumed that during the recession the soil surface was
saturated and that the mean difference between runoff and rainfall was equal to an
effective value of saturated hydraulic conductivity (2.7 mm h™") for the plot.

The effect of using a single value of saturated hydraulic conductivity for simulating
the hydrograph and sedigraph for the event of 9 May 1992 are illustrated in Fig. 3(a) and
(b). Fig. 3a shows that the width of the 95% confidence interval has been reduced and
that the peak discharge is better simulated. However, the falling limb of the observed
hydrograph now falls outside the lower 95% confidence limit. In the case of the
sedigraph, all points which where previously within the 95% confidence interval are
now outside it.
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Fig. 3. Comparison of the 95% confidence interval computed using a hydrograph derived value of saturated
hydraulic conductivity and the blind simulations for the hydrograph (a) and sedigraph (b) of the event of the 9
May 1992 (where the lower confidence interval is not illustrated it lies on the abscissa).

5.3. Describing model performance

The results of the simulations reported in this paper are evaluated visually and by the
comparison of the coefficient of efficiency, described above, and the mean width of the
95% confidence interval of the model output. The coefficient of efficiency for the






