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Abstract

Key issues involved in converting MTB ensemble forecasts of rainfall into ensemble forecasts of runoff are addressed. The
physically-based distributed modelling system, SHETRAN, is parameterised for the Brue catchment, and used to assess the impact
of averaging spatially variable MTB rainfall inputs on the accuracy of simulated runoff response. Averaging is found to have little
impact for wet antecedent conditions and to lead to some underestimation of peak discharge under dry catchment conditions. The
simpler ARNO modelling system is also parameterised for the Brue and SHETRAN and ARNO calibration and validation results
are found to be similar. Ensemble forecasts of runoff generated using both SHETRAN and the simpler ARNO modelling system are
compared. The ensemble is more spread out with the SHETRAN model, and a likely explanation is that the ARNO model
introduces too much smoothing. Nevertheless, the forecasting performance of the simpler model could be adequate for flood

warning purposes.
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Introduction

OBJECTIVE

The primary objective of the work described in this second
paper is to develop a catchment runoff forecasting system
which provides an ensemble of hydrograph scenarios rather
than a single uncertain estimate. For example, the additional
information could be used in a flood warning scheme, by
allowing operational decisions to be made on the basis of a
probability distribution of possible flood losses. The
predicted rainfall field is by far the most significant
component of the uncertainty. A method for generating
an ensemble of rainfall fields, consistent with radar
observations at the time of the forecast, was presented in
Mellor et al. (2000). This paper is concerned with rainfall-
runoff modelling and flow forecasting, and with optimizing
the forecasting technique with respect to forecasted runoff.
The SHETRAN physically-based distributed modelling
system has been employed to address a number of key issues
in this regard: firstly, what impact is the spatial averaging of
rainfall likely to have on the accuracy of runoff forecasts,
and, secondly, how useful are ensemble forecasts of runoff
generated from the MTB ensemble forecasts of rainfall?
The answers to these questions are the key to finding the

optimal trade-off between accuracy and computation time
for the MTB system in a real-time environment. The
ARNO modelling system, widely used for real-time flow
forecasting, has also been employed to generate ensemble
forecasts of runoff, which, when compared with SHE-
TRAN ensemble forecasts, allow the impact of a simpler
model and a lumped rainfall input on the ensemble forecast
to be assessed.

REVIEW OF RELATED WORK

Spatial variability occupies a central role in understanding
how catchments respond to rainfall. Spatially and tempo-
rally varying rainfall inputs interact with spatially varying
catchment characteristics (topography, soils, vegetation,
geology) to produce spatially and temporally varying soil
moisture and runoff fields. Rainfall varies across a range of
scales (local convective storms to large scale frontal
systems), and so attempts to understand the influence of
spatial variability in rainfall on catchment response must
recognise the interaction between the scale of rainfail
variability and the catchment scale. In an analytical study,
Milly and Eagleson (1988) investigated cases where the
storm size is similar to the modelled area. They concluded
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that, in general, spatially variable rainfall produces increased
surface runoff in comparison with spatially uniform rainfall
of the same value. Several studies of the effects of spatial
sampling and averaging have employed observations from
dense networks and/or simulated rainfall fields. Bras ez al.
(1988) carried out an extensive simulation study and
provided guidelines for the optimum number of raingauges
and sampling intervals for rainfall and streamflow records,
for a given cost, as a function of catchment parameters.
Krajewski ez al (1991) used a rainfall field model in
conjunction with a distributed rainfall-runoff model to
investigate rainfall sampling strategies for a small catchment
(7.5 km?) in Iowa. Results were assessed by comparison with
‘ground truth’, which was chosen to be the response
obtained from the distributed model with a rainfall input
‘sampled’ from the rainfall field model at 87 ‘gauges’. A
rainfall input based on a single gauge was found to give a
good approximation to the response but would occasionally,
even in this small catchment, miss a storm altogether. Shah
et al. (1996) carried out a similar study in a 10.55 km®
catchment subjected to frontal rainfall storms. The results
suggested that, under ‘wet’ conditions, good predictions of
runoff can be obtained with a spatially averaged rainfall
input, provided at least one raingauge is available in the
10.55 km? catchment. However, for ‘dry’ catchment condi-
tions, the runoff prediction errors were considerably larger
than for the wet case, suggesting that there is interaction
between the spatial variability in rainfall and the spatial
distribution of soil moisture which controls runoff produc-
tion.

Michaud and Sorooshian (1994) investigated the effects
of spatial averaging of thunderstorms over a semi-arid
catchment at Walnut Gulch in Arizona. They found that the
effect of averaging data from a very dense network of
raingauges (1 per km?) over 4km x 4 km squares was to
reduce the peak flow, simulated with the KINEROS
rainfall-runoff model (Goodrich, 1990), by an average of
34%. The current spatial resolution of radar precipitation
estimates in the South-Western United States, then used in
the ALERT real time flash flood forecasting system, was
4km by 4km squares. Michaud and Sorooshian (1994)
concluded that this resolution may not be sufficient to
produce reliable rainfall-runoff forecasts in midsized catch-
ments subject to localised thunderstorms and large infil-
tration losses. Obled et al. (1994) investigated the sensitivity
to spatial rainfall patterns of a rainfall-runoff model
(TOPMODEL) for a catchment of 71 km?, and found that
knowledge of spatial pattern, in addition to the total volume
of rainfall, did not improve noticeably runoff predictions.

From the results summarized above, it is apparent that
unanimous agreement does not exist concerning the
importance of spatial variability of rainfall in controlling
catchment response. Clearly, each set of results is condi-
tional on a particular rainfall regime, a particular catchment
and a particular rainfall-runoff model. Different conclusions
can be expected to apply for convective rainfall as compared
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to frontal rainfall, and to models where different degrees of
spatial lumping are adopted.

Application of SHETRAN to the
Brue catchment

THE SHETRAN MODEL STRUCTURE

SHETRAN is a physically-based spatially distributed
modelling system for water flow, sediment transport and
contaminant migration, applicable at the catchment scale. It
is based on an enhanced version of the Systéme Hydro-
logique Europeén (SHE) hydrological modelling system
(Abbott et al., 1986), which provides an integrated surface
and subsurface representation of water movement through a
river basin, incorporating the major elements of the land
phase of the hydrological cycle (interception, evapotran-
spiration, snowmelt, overland and channel flow, unsaturated
and saturated zone flow) (Fig. 1). Each of the hydrological
processes is modelled either by finite difference representa-
tions of the partial differential equations of mass and energy
conservation or by empirical equations derived from
independent experimental research. The spatial distribution
of catchment parameters, rainfall input and hydrological
response is achieved in the horizontal direction through the
representation of the catchment by an orthogonal grid
network and in the vertical direction by a column of
horizontal layers at each grid square.

Meteorological inputs to the catchment are determined as
a function of precipitation falling as rain or snow, measured
or calculated potential evapotranspiration and heat budgets
used in calculating rates of snowmelt. Net precipitation to
the ground surface is calculated from incoming precipitation
and snowmelt, with allowance for interception, evaporation
and drainage from a vegetation canopy. Actual rates of
evapotranspiration are calculated as a function of dynamic
soil moisture conditions. Evaporation rates from leaf
surfaces of the vegetation, from the soil surface, and from
free water surfaces are calculated. Infiltration into the
ground surface occurs either from a net precipitation flux or
from surface water. Distribution of soil moisture content
and tension in the unsaturated zone, and recharge to the
saturated zone, are calculated. Saturated zone flows are
calculated for a heterogeneous, anisotropic, unconfined
aquifer. Exchange flows between the aquifer and a partly
penetrating channel are computed, with or without a low
permeability channel lining.

Surface water is generated by either infiltration excess or
saturation excess mechanisms, and is routed into the
channel as sheet overland flow. Channel routing takes place
through the channel network, through variable cross-
section channel reaches, connected in any topology
(distributaries as well as tributaries can be included,
allowing looped networks). Backwater effects and overbank
flooding can be modelled, but at a level relevant to






