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We address an aspect of the role that ensemble forecasting may play in
five-day forecasts both globally and over the Australian region. A cen-
tral question that arises in this topic is how to choose the most useful
perturbations from which to run the ensemble.

The philosophy adopted here is that the ‘best’ perturbations
are those that are representative of the analysis errors and that project
onto growing synoptic modes. Such perturbation modes are found
using a method designed to ‘breed’ a perturbation that is representa-
tive of errors introduced in an analysis cycle. These fast-growing modes
(FGMs) are discussed in terms of both synoptic variability and within
a theoretical framework of the dynamics of initial uncertainty. The use
of pattern correlation and empirical orthogonal function (EOF) analy-
sis to compare FGMs in an ensemble is seen to give an indication of the
number of regional modes sampled in the FGM ensemble. In this paper
we also wish to quantify the sensitivity of the structure of the FGMs to
the nature of the ‘seeding perturbations’ and to the synoptic patterns
obtained during the period of their generation. Statistically significant
improvements have been seen as a reduction in root mean squared
forecast error of three per cent globally and four per cent in the
Australian region by using an averaged, ensemble ‘forecast’ with only
two FGMs as member perturbations.

Introduction

In a simple numerical convection model with three
degrees of freedom, Lorenz (1963) observed evolution
that was highly dependent on the initial conditions. He
found that if two runs are started with only tiny initial
differences, the solutions will eventually diverge and
will bear no more resemblance to each other than if they
had been randomly selected. Vastly more complex
atmospheric models, in particular general circulation
models (GCMs), display such chaotic behaviour.
Behaviour of this nature is of obvious concern in mete-
orological prognosis, as the observed initial state for
numerical weather prediction (NWP) (i.e. ‘today’s’
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atmosphere around the globe) can never be determined
with infinite certainty. Hence, the range of atmospheric
predictability is limited.

In view of such a limitation on deterministic fore-
casting, it is believed that forecast skill can be improved
by use of ensemble forecasting techniques to allow con-
sideration of possible initial uncertainties (e.g. Leith
1974). A decision must be made in ensemble forecasting
as to what statistical properties should be prescribed for
such uncertainties. In models with a small number of
equations (e.g. Lorenz 1965), ensembles can be created
with each model variable being perturbed separately to
represent the error variance in the initial conditions. In
modern weather prediction, such an ensemble would be
impractical as NWP models can ‘have more than 106
degrees of freedom. It is thought, however, that most of
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the variance of the synoptic-scale flow can be explained
by the order of 100 empirical orthogonal functions
(EOFs) (Rinne and Karhila 1979; Rinne and Jérvenoja
1979). One may therefore hope that the distribution of
the most critical analysis errors is relatively low-dimen-
sional as compared to the initially 106 dimensional
space. Various methods to generate perturbations have
been suggested in the past. These include the Monte
Carlo method and singular vector analysis (Molteni and
Palmer (1993), and references therein). For the study
reported here, the ‘method of breeding fastest growing
mode’ (Toth and Kalnay 1993, 1997) was adopted. This
method was designed to create perturbations that repre-
sent the actual errors that develop in the daily analysis
cycle. The fact that this method finds (or ‘breeds’) the
most active modes suggests that they are likely to be a
good choice for perturbations.

In this paper we address the extent to which ensem-
ble mean forecasts undertaken by perturbing the initial
conditions of a full non-linear GCM with the fastest
growing mode (FGM) can lead to lower forecast errors.
Much of this work in the past has focussed on the north-
ern hemisphere winter. Here we are particularly inter-
ested in the Australian region in winter and the different
synoptic types encountered there. We also wish to quan-
tify the sensitivity of the structure of the FGMs to (a) the
nature of the ‘seeding perturbations’ and (b) the synop-
tic patterns obtained during the period of their genera-
tion. We will also discuss the extent to which the simi-
larity of the FGMs produced depends upon the particu-
lar measures used for comparison.

The breeding method

Let us consider the wave structure of the atmosphere to
comprise well-organised meteorologically important
modes and high-frequency gravity waves. The errors in
any analysis are considered to be either of the well-
organised fast-growing type or the non-growing type in
either a high (gravity waves) or low (Rossby waves) fre-
quency form. In this study, the fast-growing errors are of
most interest. These are the modes that tend to grow
because of small initial perturbations and are sympto-
matic of the intrinsic errors associated with the analysis
of the synoptic situation. Because they are balanced syn-
optic solutions to the governing equations, their evolu-
tion represented in phase space will show a desirable
divergence of different initial uncertainties immediately
after model integration has begun.

In the analysis (and assimilation) procedure, obser-
vational data are added to an initial state. The resulting
imperfect state is balanced and consequently the analy-
sis error (which was partly caused by observational
error) will project onto the synoptic degrees of freedom.

Ideal choices for ensemble perturbations are therefore
those which are representative of the analysis errors and
that project onto the growing synoptic modes.

The identification of the fastest growing error
modes in the analysis cycle is analogous to choosing
ensemble members perturbed along the longest axis of
the ellipsoid of uncertainty in phase space described
by Lorenz (1965). Thus, adding and subtracting the
fast-growing perturbations from a best-guess state
would represent the ellipsoid with a minimum number
of ensemble members (i.e. two). Further, a reasonably
large divergence of members immediately after the
commencement of model integration could be expect-
ed. This is in fact a necessary condition to be consid-
ered in designing a method for perturbation genera-
tion. The method for breeding fastest growing modes
as described by Toth and Kalnay (1993) .finds such
perturbations.

Briefly stated, the method involves adding a small
multivariate random perturbation field to the atmos-
pheric analysis. The forecast model being used is then
integrated from both the perturbed and unperturbed
(control) state until the next time for which an atmos-
pheric state is known (12 hours in our case). The dif-
ference between these two forecasts is found and
scaled to have the same (spatial) root mean square
(rms) value as the initial random perturbation. This
new, scaled perturbation is added to the following
analysis and again a control and a perturbed forecast
are made for 12 hours. The process is repeated until the
rate of error growth has reached saturation. Typically,
this is at around three to four days after breeding has
commenced. The mode can then be considered fully
developed. Any initial projection of analysis errors
onto non-growing modes can be regarded as having a
negligible contribution to expected forecast errors
assuming the growing modes in the model match those
of the atmosphere. It had been thought that the precise
nature of the initial perturbation is of little conse-
quence to the properties of the FGM. Through use of
the GCM, this perturbation can be assumed dynami-
cally balanced, suggesting that an ensemble will
diverge immediately when the model forecast is start-
ed. Scaling the perturbation repetitively at each step of
the breeding causes the ratio between the non-growing
and growing errors to become smaller and therefore
makes the perturbation strongly biased toward the fast-
growing meteorologically important modes. Thus, the
final bred perturbation contains, by definition, the
modes that have grown fastest during the analysis
cycle and are most unstable. The error growth in the
forecast, both during the breeding cycle and during
model integration, will therefore cause a divergence
from the evolution of the true atmosphere associated
with physically growing waves.
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Discussion of various aspects of the breeding method
has been presented in the literature. These include simi-
larities with singular vector analysis (Palmer 1996) and
the role of the breeding method in identifying the glob-
al and local Lyapunov vectors into the non-linear
domain (Toth and Kalnay 1997).

Atmospheric model

The model used in this study (the Melbourne University
GCM) is a full non-linear physically based primitive
equation spectral GCM. The four main prognostic vari-
ables (vorticity, divergence, temperature and moisture)
are represented in the vertical at nine discrete levels (L9)
in the terrain-following ‘sigma’ coordinate. The spectral
series is truncated rhomboidally at wave number 21
(R21) to give a gridded horizontal resolution equivalent
to 5.6°x3.3°.

Many physical processes not represented in the prim-
itive equations are included in the model via appropriate
parametrisations. The radiation scheme follows that of
Fels and Schwarzkopf (1975) and Schwarzkopf and Fels
(1991). Clouds are generated interactively (Argete and
Simmonds 1996) as either a convective or non-convec-
tive type and are formed in three discrete layers. The
convection is considered via the moist convective
adjustment scheme suggested by Manabe et al. (1965).
A two-layer soil hydrology is included following the
Deardorff (1977) model. Surface and boundary fluxes
follow Monin-Obukhov theory as discussed in detail by
Simmonds (1985). Heat fluxes over sea-ice are para-
metrised to allow for leads as described by Simmonds
and Budd (1990). The topography used originated from
continental heights of Smith et al. (1966) on a 1°x1°
grid. Snow cover is prescribed by climatology from pas-
sive microwave observations from the Nimbus 7 satellite
and there is forcing from the sea-surface temperatures of
Reynolds (1988) at the lower boundary. Further discus-
sion of the GCM can be found in Simmonds (1985),
Simmonds et al. (1988), Simmonds and Lynch (1992)
and Simmonds and Law (1995).

The initial and verifying analyses used here were
obtained from the Australian Bureau of Meteorology.
These were the twice-daily ‘GASP’ operational analyses
produced by a model of similar architecture (Seaman et
al. 1995; Bourke et al. 1995). As the models are not
identical, it can be expected that the data will not com-
pletely project onto the normal modes of the Melbourne
University GCM. These will show up as high-frequency
gravity waves in the forecasts undertaken by the
Melbourne model. A frequency filter (Asselin 1972) is
used to efficiently damp the undesirable and meteoro-
logically unimportant waves efficiently throughout the
forecast range considered. )

Generating fast-growing modes

Although choice of the initial perturbation in the
breeding cycle has been in the past considered arbi-
trary, care must be taken. The random errors added ini-
tially should be representative of uncertainty in the
analysis. If, for example, the spherical harmonics of
the initial state are perturbed randomly, a model could
be forced into a regime of altered climate that is sub-
stantially different from any other state on the attract-
ing set. In particular, perturbing all spherical harmon-
ics will alter those that define the climate onto which
the synoptic state is superimposed. In essence, this will
alter the climate in the initial state and the model will
react to return it to the attractor. One choice for the ran-
dom errors is to use a field whose variance in the wave
number spectrum reflects the amount of uncertainty
expected for a given wave number. Another choice is to
perturb only the transient part of the flow. Houtekamer
and Derome (1994) scale the magnitude of their FGMs
to be ten per cent the magnitude of the transient com-
ponent of the flow. This is thought to represent the typ-
ical magnitude of the analysis error (Toth and Kalnay
1993). Further, it allows the perturbations to be closer
to the attractor initially and remain close after a rela-
tively small number of breeding steps. The expected
analysis errors in the southern mid-latitudes are large
compared to the northern mid-latitudes, thus scaling
the transient component by ten per cent may not be
appropriate for approximating the analysis errors in the
southern regions. Notwithstanding this uncertainty,
this method is adopted for this study. After scaling the
transient component to ten per cent of its initial size,
the amplitude of spherical harmonics coefficients were
perturbed by normally distributed random numbers
with a mean of zero and unit standard deviation. The
resulting field was introduced as the perturbation at the
start of the breeding cycle.

It must be remembered that a perturbation that is ran-
dom will project on both growing and non-growing
error modes. This implies that in the first few cycles of
the breeding process, there will be an apparent reduction
in total error as the non-growing modes are filtered out
of the flow. By the end of the breeding period, however,
the FGM will be balanced, by definition, with respect to
the governing equations.

Once the FGM has been generated, a choice must be
made as to how strongly the initial state should be per-
turbed, or specifically, what value the coefficient o
should take if we represent states (y, at the initial time
15 and dependent on all model variables X ) perturbed
with the bred perturbation (as a function, FGM) as:

\Vperturbed (iufo) = VYeontrol (x, tO) +Qa FGMGC) .
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Houtekamer and Derome (1994) show, in studying
the three-dimensional system of Lorenz (1963), that the
best choice for the amplitude, o, is dependent on the
measure of forecast skill that is required to be minimised
by using an ensemble technique. They state that mea-
sures of skill that are sensitive to large errors can be
minimised by using a large value of a. They argue that
a small o will produce mostly linear evolution causing
the sphere of uncertainty to evolve in a mostly symmet-
rical manner and hence the ensemble forecast will be
very similar to the control forecast. Houtekamer and
Derome show that the FGM ensemble forecast will be
superior to the control forecast when the analysis errors
are larger than those for which linear theory is applica-
ble. They reason that for large analysis errors, a large
amplitude perturbation is optimal. Thus, to force non-
linear error growth early in the forecast period a larger
amplitude perturbation would be more appropriate.

In this study, the chosen rms size of the initial perturba-
tion in the breeding cycle is ten per cent of the average tran-
sient component of the flow on the day under considera-
tion. As this is considered representative of the size of the
errors present in the analysis cycle, o was taken to be unity.

A period of five days prior to forecast integration of
the model was chosen over which the FGMs were bred.

Dependence of FGMs on initial -
perturbation

We firstly examine the influence of different random per-
turbations on the final bred mode for a number of arbi-

trarily chosen days. We have taken day 6 July in 1990,
1991 and 1992, analysed for 1100 UTC with the breeding
commencing five days prior on | July at 1100 UTC. As
the results from these three individual cases are very sim-
ilar, the 6 July 1990 example is examined in detail to facil-
itate discussion. The mean sea-level pressure (MSLP) for
6 July 1990 is displayed in Fig. | and shows a dominant
three Rossby wave pattern in the southern hemisphere. A
dipolar system consisting of a high pressure cell is centred
over the Australian continent with the associated cyclone
south of the Bight. A storm near the Antarctic Peninsula
is coupled with two anticyclones on either side of the
South American continent. There is a third major storm to
the south of Africa. For convenience, these three systems
are referred to as 1, 2 and 3 respectively.

To examine the extent to which different choices for
the random initial perturbations affect the structure of
the FGM bred, a sample of 18 bred modes was generat-
ed for each of the three days under examination. The
only difference in the breeding cycle of the 18 cases was
the initial random perturbation. Figure 2 shows the
streamfunction at the 0.5 sigma level for three of the 18
FGMs bred for the 1990 case; these three examples are
sufficient to establish the points we wish to make below.
It is perhaps surprising that these three patterns show
rather different structures as one would expect the FGM
to be related to the analysis error (Toth and Kalnay
1993). As they appear different, it must be concluded
that each FGM captures slightly different aspects of the
analysis error. This observation is also true for fields
other than streamfunction (not shown) and the other
days considered.

Fig. 1 MSLP at 1100 UTC 6 July 1990. Contour interval is 8 hPa.







