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ABSTRACT

An extremely simple chaotic model, the three-variable Lorenz convective model, is used in a perfect model
setting to study the selection of initial conditions for ensemble forecasts. Observations with a known distribution
of error are sampled from the ‘‘climate’’ of the simple model. Initial condition distributions that use only
information about the observation and the observational error distribution (i.e., traditional Monte Carlo methods)
are shown to differ from the correct initial condition distributions, which make use of additional information
about the local structure of the model’s attractor. Three relatively inexpensive algorithms for finding the local
attractor structure in a simple model are examined; these make use of singular vectors, normal modes, and
perturbed integrations. All of these are related to heuristic algorithms that have been applied to select ensemble
members in operational forecast models. The method of perturbed integrations, which is somewhat similar to
the ‘‘breeding’’ method used at the National Meteorological Center, is shown to be the most effective in this
context. Validating the extension of such methods to realistic models is expected to be extremely difficult;
however, it seems reasonable that utilizing all available information about the attractor structure of real forecast
models when selecting ensemble initial conditions could improve the success of operational ensemble forecasts.

1. Intreduction

For many years, the vast majority of operational
forecasts of the atmosphere have used a single integra-
tion of a numerical weather prediction model started
from a discrete observed state. However, because only
sparse, inaccurate observations of the state of the at-
mosphere are available, the initial state of a prediction
model is more appropriately represented as a probabil-
ity distribution. A numerical forecast of the state of the
atmosphere then entails estimating the probability dis-
tribution of the model variables at some ensuing time.

One possible approach to this problem of stochastic
dynamic prediction was discussed by Epstein (1969).
In this case the forecast model is based on stochastic
differential equations, and the probability distribution
of the initial and ensuing states are explicitly repre-
sented in the model. In general, this method involves
such great expense that it is not practical for even the
simplest of forecast models.

A second approach to stochastic-dynamic prediction,
ensemble prediction, is now beginning to be used at
operational prediction centers around the world. In en-
semble prediction a number of discrete initial condi-
tions are sampled from the observed probability distri-
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bution for the forecast model variables. Each of these
initial conditions is then integrated as a separate fore-
cast in a traditional ‘‘discrete’” model. The distribution
of the model variables in this ensemble of forecasts can
then be viewed as a sample of the continuous proba-
bility distribution at some later time. Ensemble predic-
tion was pioneered by a number of researchers includ-
ing Gleeson (1970) and Leith (1974).

A number of problems remain in using ensembles of
discrete forecasts to approximate the evolution of an
initial probability distribution in a model. One funda-
mental problem is the interpretation of the ensemble
forecast, especially when the ensemble size is very
small compared to the number of dynamical degrees of
freedom in the forecast model (Tracton and Kalnay
1993; Murphy 1990). A second problem is the selec-
tion of the initial ensemble members. In other words,
how should the initial observed probability distribution
be sampled in order to provide the most meaningful
information from the ensemble forecast (Schubert et
al. 1992).

Numerous approaches to selecting the initial ensem-
ble members have been proposed. The oldest is Monte
Carlo forecasting (Epstein 1969; Leith 1974). In
Monte Carlo forecasts, the initial ensemble members
are randomly selected from the best available approx-
imation of the initial observed probability distribution.
It can be demonstrated that this approach is generally
a good way to sample a probability distribution (Lewis
1975) and that one must know a great deal about the






