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Abstract 

An ensemble prediction scheme based on fast growing perturbations has been implemented 
for the CSIRO conformal-cubic and BMRC spectral general circulation models. The 
methodology uses an iterative procedure, based on an implicit linearization of the models, 
in which perturbations analogous to the leading Lyapunov vectors are obtained by a 
breeding method. Detailed comparisons of the skill of ensemble mean forecasts with 
control forecasts have been carried out for Northern Hemisphere initial conditions in 
October and November 1979. A particular focus has been the variability of forecast skill 
during the development, maturation and decay of the large-scale blocking dipoles that 
occurred in the major blocking regions over Europe, over the Gulf of Alaska, over the 
North Atlantic and as well over North America. On average, the ensemble mean forecast 
performs better than the control forecast for forecast times longer than 3 or 4 days. 
Average error growth curves in the two models are quite similar with the CSIRO 
conformal-cubic model ensemble generally performing slightly better than for the lower 
resolution BMRC spectral model. Both ensemble and control forecasts initiated twice daily 
exhibit considerable variability in forecast skill that is shown to be related to instability 
regimes of particular synoptic events. At a given forecast lead time, errors tend to be larger 
for forecasts validating when blocks are developing or decaying and smaller for mature 
blocks. The spread of ensemble member forecasts has been studied and related to likely 
forecast skill. Comparison of results from the CSIRO and BMRC models initialized with 
different analysis data sets (NCEP and ECMWF) has allowed the determination of the 
robustness of our findings. 
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1 Introduction 

The inescapable uncertainty in specifying atmospheric initial states, due to chaos, means that weather 
prediction should be regarded as the problem of forecasting the probability density function of states in 
phase space or equivalently of determining the hierarchy of moments or cumulants of meteorological 
variables. Leith (1974) employed a second-order closure model in the context of two-dimensional 
turbulence to examine the growth of error spectra and their convergence towards the climatological 
variance associated with a typical atmospheric spectrum. His study was for the idealized problem of 
isotropic turbulence with zero mean fields. More recently, computationally tractable closures have been 
derived for general inhomogeneous barotropic flows over topography; these closures describe the time 
evolution of the mean fields and covariance and response function matrices (Frederiksen 1999; O’Kane 
and Frederiksen 2002). Currently however, the only feasible way of predicting the statistics of future 
atmospheric states using multi-level primitive equation general circulation models is by running an 
ensemble of forecasts from perturbed initial conditions. 

It is generally agreed that the perturbed analyses should represent the fast growing errors that are 
present in initial conditions and that may be selectively bred by the data assimilation scheme (Toth and 
Kalnay 1993). There has been less agreement on how these perturbations should be characterised. At 
the European Centre for Medium Range Weather Forecasts (ECMWF) rotated singular vectors (SVs) 
in the total energy norm are used as the initial ensemble perturbations (Molteni et al. 1996; Palmer et 
al. 1998). At the National Centers for Environmental Prediction (NCEP), an iterative breeding method 
is used to generate ensemble perturbations that have been linked to leading Lyapunov vectors (LVs) 
(Toth and Kalnay 1993; 1997; Noone and Simmonds 1998; Kalnay 2002). Houtekamer et al. (1996) 
take the view that since the data assimilation scheme selectively breeds fast growing errors, one can use 
multiple analysis cycles to form ensemble perturbations.  

Frederiksen and Bell (1990) argued that superpositions of fast growing normal modes would 
approximately characterize the instability and error growth in atmospheric flows over several days. A 
successful ensemble prediction scheme based on normal modes was implemented by Anderson (1996) 
for a low order dynamical system. Frederiksen (2000) showed that initial errors converge over time 
towards structures that can be represented by low order expansions in terms of the leading finite-time 
normal modes (FTNMs), which are the norm-independent eigenvectors of the tangent linear 
propagator. He suggests that it would therefore seem natural to be able to efficiently represent analysis 
error fields by a superposition of the leading FTNMs. Szunyogh et al. (1997) and Palmer et al. (1998) 
have also discussed the likely roles of different dynamical vectors in representing analysis errors. 

In this report we describe the implementation and application of an iterative breeding method for 
ensemble prediction within two numerical weather prediction models viz., the CSIRO conformal-cubic 
model (McGregor and Dix 2001) and the BMRC spectral model (Hart et al. 1990; Frederiksen et al. 
1996). Our primary aim is to examine the variability of forecast skill in different synoptic situations, 
focussing on the differences in skill between strong zonal flow situations and when mature blocks are 
present and as well on variability associated with the growth and decay phases of blocking.  

In both hemispheres, numerical weather forecasts during the onset and decay of blocking frequently 
suffer from rapid loss of predictability (Bengtsson 1981; Noar 1983; Kimoto et al. 1992; Anderson 
1993; Tibaldi et al., 1995; Molteni et al. 1996). Forecast errors during blocking transitions are also 
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limiting factors in producing successful medium and extended range forecasts (Colucci and 
Baumhefner 1992). Thus, examining the ensemble predictability during blocking regime transitions is 
of considerable practical importance for both short term and extended range forecasts. 

It has been shown in a number of theoretical and numerical studies that instability processes of the 
large-scale flow play major roles in the development of blocking anomalies and in the growth of errors 
during blocking transitions (Frederiksen 1982, 1983, 2000; Simmons et al. 1983; Borges and Hartmann 
1992; Anderson 1996; de Pondeca et al. 1998a, b; Li et al 1999). It has also been noted by Toth et al. 
(1997) that forecast errors arise primarily due to instabilities in the atmosphere rather than due to model 
deficiencies (Reynolds et al. 1994). In order to establish that the findings of our study are robust and 
are a reflection of the different instability regimes, depending on the synoptic situations, we compare 
results using two differently formulated models (CSIRO and BMRC GCMs) and with two different 
analysis data sets for the same times (NCEP and ECMWF). We focus on the sequence of dramatic 
blocking events that occurred over Scandinavia, over the Gulf of Alaska, over the North Atlantic and 
over North America during October and November 1979. 

The plan of this report is as follows. In Section 2, we present brief descriptions of the CSIRO 
conformal-cubic and BMRC spectral models which are used in the control and ensemble predictions. 
Section 3 presents a summary of the ensemble prediction methodology used and the relation between 
the breeding method and four-dimensional data assimilation schemes. In Section 4, we describe the 
synoptic situations associated with the major blocking events over Scandinavia, over the Gulf of 
Alaska, over the North Atlantic and over North America that occurred during October and November 
1979. The vertical and horizontal structures of the bred ensemble perturbations in the CSIRO and 
BMRC numerical weather prediction models are examined in Section 5. 

In Section 6, we examine the growth of ensemble and control 500 hPa Northern Hemisphere zonal 
velocity errors (averaged between 20° and 90°N). We study these errors for forecasts in the two models 
started each 12 hours between 0000 UTC on 11 October and 1200 UTC on 21 November 1979. We 
also calculate averages over this time interval and present similar diagnostics for 500 hPa geopotential 
heights. In Section 7, we focus on error growth of ensemble and control forecasts in the Atlantic sector 
between 0° and 60°W and relate the root-mean-square (RMS) errors to the synoptic situations in this 
region and in the regions upstream and downstream. In Section 8, we examine in more detail ensemble 
mean forecasts of 500 hPa geopotential heights, spread of the ensemble members and error growth 
during the development of the four major blocking events. Our conclusions are detailed in Section 9. 

2 General circulation model details 

The forecast experiments performed in this technical report have been carried out with two numerical 
weather forecast models developed at CSIRO and BMRC. The CSIRO GCM is a semi-Lagrangian 
model which uses a novel conformal-cubic grid; in all our simulations we use a C48 conformal-cubic 
grid, as in Fig.2 of McGregor and Dix (2001), with an average resolution of about 200 km, and employ 
18 vertical sigma levels. The model incorporates a comprehensive list of physical parameterizations as 
described by McGregor and Dix (2001) including representations for long and shortwave radiation, 
interactive cloud distributions, cumulus and shallow convection schemes and evaporation of rainfall. It 
includes a stability-dependent boundary layer and vertical diffusion, Smagorinsky deformation-based 
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horizontal diffusion (Smagorinsky et al. 1965) and a vegetation-canopy scheme with prognostics for 
soil temperatures and soil moisture. 

The BMRC GCM is a spectral model employing spherical harmonic basis functions. In all simulations 
we use an R31 resolution, in which the rhomboidal truncation wave number is 31, and use 9 vertical 
sigma levels. The R31 resolution corresponds approximately to a grid spacing of 330 km at 
midlatitudes. The BMRC model also includes a comprehensive list of physical parameterizations as 
described by Hart et al. (1990) and Frederiksen et al. (1996). These cover most of the processes 
described for the CSIRO GCM but are in general formulated somewhat differently. In particular, the 
BMRC model employs a Laplacian horizontal diffusion with a diffusion coefficient of 2.5 × 105 m2 s-1 
and is applied only to waves with a total wavenumber n ≥ 31. The current version of the BMRC model 
has fixed zonally averaged cloud amounts. 

3 Ensemble prediction methodology 

As discussed in the introduction, a number of successful methods of generating perturbations for 
ensemble predictions have been proposed and applied both in research and operational modes. 
Currently there is no agreement upon which method is preferable from theoretical and practical points 
of view. However, there appears to be consensus that in order to obtain improved forecasts with 
ensemble prediction methods it is necessary to use perturbations which have similar structures to the 
fast growing errors present in initial analyses. Toth and Kalnay (1993) argue that current four-
dimensional (space-time) data assimilation schemes, although far superior to using persistence or 
climatology to fill data-poor regions, cause the breeding of fast growing perturbations. Typically, in an 
operational data assimilation cycle, a six hour forecast is made from initial conditions determined by a 
previous analysis. The next analysis is then calculated as a weighted combination of the six-hour 
forecast and observations collected during a six-hour window centred on the analysis time, with the 
weighting determined geographically by the statistical reliability of the observations. Repetition of the 
process for subsequent analyses, four times every day, decreases the total error in the analysis but 
increases the ratio of the fast growing errors to the total error. 

There is less agreement about what types of perturbations are most likely to efficiently represent 
analysis error (Szunyogh et al. 1997; Palmer et al. 1998; Frederiksen 1997, 2000). Superpositions of 
rotated singular vectors (SVs) in the total energy norm are used to perturb the control analyses and 
form the initial ensembles at the ECMWF (Molteni et al. 1996; Palmer et al. 1998). At NCEP a 
‘breeding’ method is used to generate the initial ensembles and the bred perturbations have been linked 
to the leading Lyapunov vectors (LVs) (Toth and Kalnay 1993; 1997). Houtekamer et al. (1996) use 
multiple analysis cycles to generate their initial ensembles. Frederiksen (2000) has shown that initial 
errors contract onto a low dimensional phase space spanned by the leading FTNM, which are the norm-
independent eigenvectors of the tangent linear propagator. Indeed, after a few days, different fast 
growing perturbations, such as leading singular vectors, Lyapunov vectors or FTNMs, tend to evolve 
towards very similar structures (Frederiksen 2000). 
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Figure 1 Schematic showing the breeding cycle for generating perturbations followed by ensemble forecasts which 
maintain their own breeding cycle, known as self-breeding. See text for a detailed explanation. 

 

Figure 2 Northern Hemisphere 500 hPa geopotential heights (m) based on NCEP analyses for 0000 UTC on (a) 27 
October, (b) 8 November, (c) 16 November and (d) 23 November 1979. 
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The theoretical advantages of using different dynamical vectors (SVs, LVs or FTNMs) as ensemble 
perturbations have been discussed in some detail by Szunyogh et al. (1997), Palmer et al. (1998) and 
Frederiksen (1997, 2000). In this study we shall employ an iterative breeding method (Toth and Kalnay 
1993, 1997) primarily because it is a successful method which is relatively easy to implement and 
computationally relatively cheap. The version of this method that we employ is summarized in the 
schematic in Fig.1. It consists of a period of 10 days of breeding of perturbations starting at the 
beginning of October 1979 followed by a period of self-breeding and 10 day ensemble forecasts 
starting at 0000 UTC on 11 October and finishing at 1200 UTC on 21 November 1979. 

During the breeding period a specified small perturbation is added to the analysis and 12-hour forecasts 
are performed from both the perturbed and unperturbed (control) initial conditions. The difference 
between the 12-hour perturbed and control forecasts is then scaled to have the same root-mean-square 
(RMS) magnitude as the initial perturbation and is added to the subsequent 12-hour analysis. Again 12-
hour forecasts are performed from both the new perturbed and unperturbed analysis and the process is 
repeated until the end of the 10-day breeding period. The breeding methodology corresponds 
essentially to an implicit linearization of the nonlinear dynamics about the time-dependent analyses and 
would with time result in the bred perturbation converging to the leading Lyapunov vector were it not 
for stochastic effects associated with the convective parameterizations in the numerical weather 
prediction models. 

After the 10-day breeding period 10-day forecasts are performed from both the perturbed and control 
analyses, as indicated in the schematic. As well 10-day forecasts are performed from the control 
analyses perturbed by bred perturbations with opposite signs. Twelve hours into the 10-day forecasts, 
the difference between the 12-hour perturbed and control forecast is scaled to the standard RMS 
magnitude and added to the subsequent 12-hour analysis. Again 10-day forecasts are performed from 
both the new perturbed and unperturbed analyses (and from the analysis perturbed by the bred 
perturbation with opposite sign) and the process is repeated until 1200 UTC on 21 November. 

In practice, we perform eight separate breeding cycles starting from 8 different perturbations over the 
first 10 days. The self-breeding is also performed for 8 different perturbations with the ensemble 
forecast consisting of 16 forecasts employing the 8 initial bred perturbations and 8 initial identical 
perturbations with opposite signs. This ensures that the ensemble mean forecast starts from the same 
initial condition as the control. This method of using 2n paired perturbations of opposite signs from n 
independent breeding cycles appears to be superior to using 2n independent bred perturbations (with 
their mean subtracted from each perturbation) (Toth and Kalnay 1997). 

4 Synoptic situations 

We examine the performance of the ensemble prediction method described in Section 3 for initial 
conditions taken from the period between 0000 UTC on 11 October 1979 and 1200 UTC on 21 
November 1979. We have focussed on this interval because it was a time of large-scale Northern 
Hemisphere blocking in the major blocking regions over Europe, over the Gulf of Alaska, over the 
North Atlantic Ocean and as well over North America. As this time interval coincides with the First 
Global Atmospheric Research Program Global Experiment (FGGE), observations are of the highest 
quality. Ensemble and control forecasts have been commenced every 12 hours during this time interval. 
This sequence of developing, mature and decaying blocks alternating with times of strong zonal flows 
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seems an interesting period for studying the variability of predictability and for examining the 
differences between ensemble and control forecasts. 

Some of the major blocks which occurred in October and November 1979 are shown in Figure 2. The 
500 hPa heights taken from NCEP analyses at 0000 UTC depict the mature phase of the large-scale 
Scandinavian block on 27 October (Fig.2a), the Gulf of Alaska block on 8 November (Fig.2b), the 
North Atlantic block on 16 November (Fig.2c) and the North American block on 23 November 
(Fig.2d). The European block started developing around 21 and 22 October over the UK and intensified 
to form the large-scale high-low dipole block on 27 October with the high centred over Scandinavia 
and the low over Spain as depicted in Fig.2a. These centres subsequently decayed and moved 
downstream in late October. In early November, the flow over the Gulf of Alaska became more 
diffluent with the blocking ridge developing rapidly around 5 November and forming the cut-off high-
low dipole pair on 8 November shown in Fig.2b. The Gulf of Alaska block weakened between 10 and 
12 November and was followed by downstream development of a blocking high over the Atlantic 
Ocean around 13 and 14 November. The high-low dipole shown in Fig.2c on 16 November 
subsequently decayed around 17 and 18 November. Around 20 November ridging again occurred over 
the Gulf of Alaska leading to diffluent flow around a large-scale high-low dipole block over North 
America on 23 November (Fig.2d). This block persisted until 26 November and then decayed. 

5 Bred perturbations 
The ensemble prediction methodology described in section 3 results in the convergence of fairly 
arbitrary initial perturbations towards bred vectors, which have fairly similar large-scale features after 
about 10 days. This has been tested by computing pattern correlations between the different bred 
vectors, for both the CSIRO and BMRC models, all finishing on a given day. Bred vectors generated 
within different models, however, do differ somewhat as discussed in detail below. Within a given 
model the main difference between bred vectors for breeding times longer than about 10 days is due to 
the stochastic element introduced by the convection schemes in the models as discussed by Toth and 
Kalnay (1993, 1997). 

The vertical and horizontal structures of geopotential heights for typical bred perturbations on days of 
particular interest in this study (27 October, 8 November and 16 November) are summarized in Figs 3 
and 4. Figure 3 shows that for both the CSIRO and BMRC models the bred perturbations have fairly 
constant magnitudes throughout the troposphere with in some cases larger amplitudes at the surface. 
The structures of the perturbations are in fact largely equivalent barotropic throughout the upper 
troposphere and more baroclinic near the surface. Throughout this study the Northern Hemisphere 
geopotential height bred perturbations are normalized to 15 m at 500 hPa. This has been found 
empirically to be nearly optimal for increasing the skill with ensemble forecasts (see also Toth and 
Kalnay 1997). Figures 4a and b show the 500 hPa bred perturbations in the CSIRO and BMRC models 
on 27 October. We note the pair of low-high and high-low dipoles stretching across Europe for both 
models with different structures in the rest of the hemisphere. 

On 8 November the 500 hPa bred perturbations in Figs 4c and d have wave trains extending across the 
North Pacific and into the Gulf of Alaska and across America. For the BMRC model in particular, the 
wave train shown in Fig.4d has some qualitative similarities to the finite-time normal mode on 8 
November shown in Fig.4d of Frederiksen (1997) (but with opposite arbitrary sign). This latter 
structure was obtained as the leading finite-time normal mode for the period 31 October to 16 
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November within a two-level quasi-geostrophic tangent linear model. By 8 November the FTNM 
would be close to converging towards the leading Lyapunov vector (Frederiksen 2000). These results 
are consistent with the ideas of Toth and Kalnay (1993, 1997) that the bred vectors are the nonlinear 
analogues of the leading Lyapunov vector, modified somewhat in their smaller scales by the stochastic 
effects of the convection parameterizations. 

Figs 4e and f show the CSIRO and BMRC model bred perturbations on 16 November. Both 
perturbations, but in particular the CSIRO model perturbations, have high low-dipoles near the 
Greenwich meridian similar to the leading evolved singular vector (SV) and leading FTNM shown in 
Figs 8a and b of Frederiksen (2000) (but with opposite arbitrary sign). As discussed there, these 
structures in turn have essentially converged to the leading Lyapunov vector for the period 16 October 
to 16 November. Outside the key region of the North Atlantic where the large scale blocking occurs on 
16 November (Fig.2c) there are, however, differences in the structures of the bred perturbations in the 
two GCMs and in comparison with the dynamical vectors shown in Figs 8a and b of Frederiksen 
(2000). 

It is clear that the bred perturbations in both GCMs have major centres in the regions of dominant 
instability (as determined in the studies of Frederiksen 1997, 1998 and 2000) but also appear to mix in 
some of the nonleading modal structures, presumably due to nonlinearity and the presence of stochastic 
effects due to convection. 

6 Hemispheric ensemble mean forecast results 
As discussed in Section 3, in all our ensemble forecasts we use 16 paired perturbations obtained by the 
breeding method with the two perturbations in each of the eight pairs having opposite signs. Toth and 
Kalnay (1997) have discussed the advantages of the perturbations having opposite signs so that when 
added to the analysis, the initial ensemble mean is identical to the analysis. In our experiments, we have 
examined error growth in terms of 500 hPa geopotential height, zonal velocity, meridional velocity and 
temperature. We have also examined some surface fields including surface pressure and temperature. 
In order to minimize differences in model forecast results and analyses, which have been derived based 
on other data assimilation systems and models viz., NCEP or ECMWF, we find it most useful to do 
some of our comparisons using fields such as the 500 hPa zonal wind. This field is directly carried in 
the prognostic equations of both the CSIRO and BMRC models. Derived fields such as geopotential 
heights that involve an integration from the surface, may be more influenced by differences in 
topography and surface processes between the models used here and the NCEP or ECMWF models. 

In Figs 5a and b we show for the CSIRO and BMRC models the 500 hPa Northern Hemisphere RMS 
zonal wind errors (between 20° and 90°N) for the ensemble mean and control forecasts averaged 
between 0000 UTC on 11 October and 1200 UTC on 21 November 1979. We note that for forecasts 
longer than about 3 days the average errors of the ensemble mean forecasts are lower than for the 
control forecasts. Quite similar results are obtained in terms of the 500 hPa geopotential height as 
shown for the BMRC model in Fig.6. For both BMRC and CSIRO models 500 hPa geopotential height 
errors in m are typically ten times 500 hPa zonal velocity errors in m s-1 for forecast times longer than 4 
days. This relationship which is evident from Figs 5 and 6 for average forecast errors also applies in 
good measure for errors on a particular day. Our results for average forecast errors are broadly 
comparable with the results of Molteni et al. (1996) for winter (their Fig.13a) in which they used 
ensemble perturbations based on rotated singular vectors in the total energy norm. 
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Figure 3 Vertical structures of Northern Hemisphere RMS geopotential height (m) between 20° and 90°N for bred 
perturbations at 0000 UTC on 27 October, 8 November and 16 November 1979 for (a) CSIRO and (b) 
BMRC models. 
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Figure 4 Horizontal structures of Northern Hemisphere 500 hPa geopotential height (m) for bred perturbations at 
0000 UTC on 27 October, 8 November and 16 November 1979 for CSIRO (left column) and BMRC (right 
column) models. 
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Figure 5 Northern Hemisphere RMS errors of 500 hPa zonal wind (m s-1), averaged between 0000 
UTC on 11 October and 1200 UTC on 21 November 1979, for ensemble mean and control 
forecasts with the CSIRO and BMRC models. 
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The average error growth results shown in Figs 5a and b for the CSIRO and BMRC models have been 
determined from the twice daily 10 day forecast error results shown in Figs 7 and 8 respectively. From 
Figs 7 and 8 for the CSIRO and BMRC GCMs we see that although the average of the ensemble mean 
forecasts is superior to the average of the control forecasts after a few days, there is considerable 
variability in the skill with the control forecast occasionally beating the ensemble mean as expected. 
We also note from Figs 7a and b and 8a and b that there is also considerable variability in the skill of 
both the ensemble mean and control forecasts. We shall find that this variability can be related to 
particular synoptic events, particularly the development, maturation and decay of blocks, and that it is 
more distinct when the RMS errors are calculated over smaller 60° longitude sectors (as in section 6) 
that are particularly affected by the synoptic events. Even in the hemispherically (20°-90°N) averaged 
RMS results shown in Figs 7a and b and 8a and b we see some evidence of higher control and 
ensemble errors for forecasts ending around 25 October when the European block is forming and lower 
errors for forecast ending around 30 October which covers the mature period of the European block. 
Similarly errors tend to be larger when the Gulf of Alaska block is developing around 5 November and 
smaller when it is in the mature phase around 8 November. Again errors tend to be smaller when the 
North Atlantic block is mature, around 16 November, and when the North American block is mature, 
around 23 November, and are larger a few days earlier when these blocks are developing. 

 

Figure 6 As in Figure 5 for RMS errors of 500 hPa geopotential height (m) in the BMRC model. 
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Despite the fact that the results in Figs 7 and 8 have been obtained with different models (CSIRO and 
BMRC) initialized and validated against different data sets (NCEP and ECMWF), the Hovmoeller 
diagrams of 10-day forecast errors against analysis time show many similarities for the respective 
ensemble, control and control-ensemble. This similarity may be quantified by pattern correlations of 
the CSIRO and BMRC model Hovmoeller diagrams. These pattern correlations have the values of 
0.996 for the ensemble errors, 0.994 for the control errors and 0.650 for the control-ensemble. If one 
subtracts the time mean errors (between 0000 UTC on 11 October and 1200 UTC on 21 November) 
from Figs 7 and 8 then pattern correlations between the time mean anomalies are 0.628 for ensemble 
errors and 0.455 for control errors. These results indicate that not only is the average growth of errors 
similar in the CSIRO and BMRC models but so is the variability of error growth depending on the 
synoptic situation particularly for ensemble forecasts. 

Next, we examine in more detail the skill and spread of ensemble forecasts focusing on periods 
relevant to the European and Gulf of Alaska blocks. The three panels in Fig.9a show the error growth 
of the control and ensemble simulations for the 10-day period starting on 17 October for the CSIRO 
model, the corresponding error growth of the individual ensemble members, which provides a measure 
of the spread of the forecasts, and the error growth of the control and ensemble simulations for the 
BMRC model. The BMRC model tends to have slightly less spread than the CSIRO model (not 
shown). For this particular case there is good agreement between the CSIRO and BMRC errors for both 
the controls and ensembles. It tends to be the case that there is a general similarity in the improvement 
in forecasts with the ensemble methodology for both models although, as seen from Figs 7 and 8, on 
occasions the two models produce qualitatively different results. One particular example is for the 10-
day period starting on 22 October for which the ensemble forecast in the CSIRO model is significantly 
better than the control after 25 October, while in the BMRC model there is little difference between the 
two with the control actually being slightly better than the ensemble in the last few days of the forecast 
(not shown). 

Fig.9b shows the same panels as in Fig.9a but for the 10-day period starting on 31 October and 
covering the development and maturation of the Gulf of Alaska block. The panels in Fig.9c are again 
for the same period as in Fig.9b but with the RMS error calculations restricted to the sector 20°-90°N 
and 0°-60°W covering the North Atlantic region where the major storm track occurs. In both Figs 9b 
and 9c, we see relatively rapid error growth as the Gulf of Alaska block starts to form and this occurs in 
both the control and ensemble results, with the ensembles superior to the controls after 4 November. 
Particularly evident in the results for the North Atlantic sector is the recovery of the forecast accuracy 
once the block has formed and is maturing. 
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Figure 7  Northern Hemisphere RMS errors of 500 hPa zonal wind (m s-1) in 10 day forecasts 
initiated every 12 hours between 0000 UTC on 11 November and 1200 UTC on 21 
November 1979 and for ensemble, control and control-ensemble in the CSIRO model. The 
tick marks on both axes denote a day. 
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Figure 8 As in Figure 7 for the BMRC model. 
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Figure 9 Northern Hemisphere RMS errors of 500 hPa zonal wind (m s-1) in 10 day ensemble mean 
and control forecasts in CSIRO and BMRC models initiated at 0000 UTC on (a) 17 October 
and (b) 31 October. Also shown are the corresponding errors associated with the 16 
ensemble members. Shown in (c) are the same results as in (b) but for the North Atlantic 
sector. 
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7 Forecast results for the Atlantic sector 

As noted in Fig.9c, examining the error growth of ensemble and control forecasts in particular sectors 
can highlight aspects of the relationship between developing and mature blocks and error growth. We 
have therefore carried out studies like those described in Section 5 but focusing on 60° longitude 
sectors of the Northern Hemisphere extratropics (20°-90°N) where the different blocks form. In fact , 
the development of a block or the presence of a mature block in a given sector affects not only the error 
growth in the sector but tends to have a similar effect on sectors both upstream and downstream. For 
this reason, and because the Atlantic sector is a region for a major Northern Hemisphere storm track, 
we focus here on the sector 20°-90°N, 0°-60°W. 

Figs 10 and 11 show the RMS zonal wind errors of CSIRO and BMRC ensemble, control and control-
ensemble 10 day forecasts started every 12 hours for the Atlantic sector. These results should be 
compared with the corresponding hemispherically averaged results shown in Figs 7 and 8. We note that 
in the Atlantic sector the variability of error amplitudes depending on the synoptic situation is 
considerably larger than for the hemispherically averaged results, as might be expected. The signatures 
of the life cycle of the four blocks summarized in Section 3 are particularly clear in the control and 
especially ensemble errors shown in Figs 10 and 11. Forecasts on diagonals ending on 25 October, 5 
November, 13 November and 19 November, when the blocks in the respective European, Gulf of 
Alaska, Atlantic and North American regions are rapidly developing, tend to have relatively large 
errors for a given forecast time. In contrast, when the blocks have reached their mature phase, on the 30 
October, 8 November and 23 November, forecast errors are relatively smaller than average for a given 
forecast time. This is consistent with the notion that errors grow rapidly when dynamical development 
is rapid (Frederiksen and Bell 1990) and are suppressed in the presence of large-scale equivalent 
barotropic waves (Frederiksen 1978; Colucci and Baumhefner 1992). The less intense block on 16 
November appears to have a less systematic effect. 

Again, we may quantify the similarities of the error growth shown in the Hovmoeller diagrams for the 
Atlantic sector in the CSIRO and BMRC models. These pattern correlations are 0.983 for ensemble 
errors, 0.980 for control errors and 0.412 for control-ensemble. The pattern correlations between time 
mean anomalies are 0.611 for ensemble errors and 0.540 for control errors. These results are quite 
comparable with the findings for the whole Northern Hemisphere extratropics discussed in section 7. 

8 Ensemble forecasts and error growth during block development 

Next, we examine how forecast errors and forecast spread become structurally organized in particular 
geographical regions, focussing on cases of block development. Figs 12a and b show the ensemble 
mean forecast of 500 hPa geopotential height in the CSIRO GCM for forecasts starting on 26 and 24 
October respectively and valid for 27 October 1979. Both the 3-day and 1-day forecasts capture the 
block formation over Scandinavia but in the 3-day forecast it is somewhat too weak. This may be seen 
from a comparison of Fig. 12b with Fig.2a or from the error field of the 3-day CSIRO model ensemble 
forecast shown in Fig.13a. The corresponding 1-day error field (not shown) is of smaller scale and 
about a third the magnitude. This is also the case for 1-day error fields corresponding to the 3-day 
CSIRO model error fields in Figs 13c and 13e. Again the low over Spain is captured in the 1-day 
forecast but is too weak in the 3-day forecast. The 1-day forecast provides a better prediction of the 
structure and amplitude of the associated low over Asia Minor. These features of the 1- and 3-day 
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forecasts, as seen by comparing Figs 12a and b with the NCEP analyses in Fig.2a, and from Fig.13a, 
are reflected in the 1- and 3-day standard deviations of the 16 CSIRO model forecasts making up the 
ensembles. 

The standard deviations measuring the spread of the individual forecasts in the ensembles are depicted 
by the shading in Figs 12a and b. We note the considerably large standard deviations associated with 
the 3-day forecast compared with the 1-day forecast, with considerable spread in the region of the low 
over Asia Minor in the 3-day forecast and also evident in the 1-day forecast. Again, there is significant 
spread in the blocking region over Scandinavia, particularly in the 3-day forecast, and in the region of 
the low over Spain. As well we notice the wave train of variable standard deviations extending across 
the major storm track in the Pacific and across North America. This variability in the forecasts appears 
to be associated with the development of baroclinic transients in the major storm track. As expected, 
the spread associated with baroclinic transients is larger in the 3-day forecast but still quite distinct in 
the 1-day forecast. We also note the variability in the forecasts associated with the development of the 
lows in the Arctic region. These features of the spread of ensemble member forecasts are also seen in 
the error field in Fig.13a indicating the close connection between the two. 

We note from Figs 13a and 13b that the 3-day error fields for the CSIRO model ensemble and the 
BMRC model ensemble have quite similar structures, particularly in the regions of large amplitude. 
This is also the case for the other time periods (Figs 13c and 13d and Figs 13e and 13f) shown in 
Fig.13. Here the BMRC model 3-day error fields are the differences between the BMRC ensembles and 
the ECMWF analysis. Again the general relationships between ensemble spread and error structure 
found for the CSIRO model forecasts apply to the BMRC model forecasts for each of the three periods 
in Fig.13. 
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Figure 10 As in Figure 7 but for the North Atlantic sector. 
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Figure 11 As in Figure 8 but for the North Atlantic sector. 
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Figure 12 One and three day ensemble mean forecasts in the CSIRO model of Northern Hemisphere 
500 hPa geopotential height (m) valid on 27 October, 8 November and 16 November 1979. 
Also shown in shading is the spread of the 16 ensemble members measured by the standard 
deviation about the ensemble mean. 
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Figure 13 Horizontal structures of Northern Hemisphere 500 hPa geopotential height errors (m) in 3-
day ensemble forecasts for the periods 24-27 October, 5-8 November and 13-16 November 
1979 and for the CSIRO (left column) and BMRC (right column) models. 
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Figs 12c and d show 1 and 3-day ensemble mean forecasts respectively of 500 hPa geopotential height 
in the CSIRO GCM valid on 8 November 1979. We note that the 1-day forecast, in comparison with 
Fig.2a, is quite accurate in determining the high low blocking dipole structure in the Gulf of Alaska 
region. In contrast, in the 3-day forecast the dipole is of smaller scale and not yet fully cut-off from the 
westerly circulation. The standard deviations measuring the spread of the individual forecasts making 
up the ensemble are shown by the shading in Figs 12c and d. For the 3-day forecast, the peak spread 
occurs just downstream of the blocking region in the Gulf of Alaska, with subsidiary maxima both 
upstream and downstream. The errors, shown in Fig.13c at 3 days, and spread in the blocking region 
are consistent with the fact that the flow field over the Gulf of Alaska is a major region of fast growing 
instabilities as discussed in detail by Frederiksen (1997; Figs 1 and 2). We note from Fig.12d, and also 
evident in Fig.12c, that there is also a wave train of forecast variability associated with the Pacific jet 
stream; this again appears to be associated with baroclinic transients. There is also a region of 
significant spread associated with low intensification over Asia Minor and this is evident in both the 1- 
and 3-day forecasts. Here too there is a close correspondence between spread and error structure. 

Figs 12e and f show 1- and 3-day ensemble mean forecasts respectively valid on 16 November 1979; 
again the 500 hPa heights are depicted and the results are based on the CSIRO GCM forecasts. The 
Atlantic block between Greenland and Scandinavia and the associated low over western Europe is 
captured by the 1-day forecast but more poorly represented in the 3-day forecast as seen from Figs 12e, 
f, 2c and the 3 day errors in Fig.13e. The spread of individual forecasts has maxima in the region of the 
Atlantic high-low blocking dipole. These results for errors and spread are also consistent with the 
instability calculations of Frederiksen (1997; Fig.3) which showed that fast growing instabilities were 
associated with the development of Atlantic block. Figs 12e and f show wave trains of forecast 
variability from the east coast of Asia across the Pacific which are associated with baroclinic transients 
in the major Pacific storm track. The close correspondence between spread and error structure is also 
evident for this period (Figs 12f and 13e). 

We have also examined the structural organization of forecast variability and errors associated with the 
American blocking dipole (Fig.2d) that develops and matures around 22 to 23 November. Again 1- and 
3-day ensemble forecasts with the CSIRO GCM have maxima of forecast spread in and around the 
region of formation of the high-low dipole with generally larger values for the 3-day forecasts (not 
shown). 

The general relationships between errors, forecast variability and the formation of blocking dipoles 
shown in this section for the CSIRO GCM have also been found to be valid for forecasts based on the 
BMRC GCM using the ECMWF data set. 

9 Conclusions 

We have implemented and applied ensemble prediction methods based on fast growing perturbations 
within the CSIRO conformal-cubic and BMRC spectral general circulation models. The methodology 
employs an iterative procedure in which perturbations analogous to the leading (fastest growing) 
Lyapunov vector are obtained by a breeding method. We have used a procedure in which bred 
perturbations are generated over a 10-day period and thereafter ensemble (and control) forecasts are 
performed based on the bred perturbations and a subsequent self-breeding method. For the ensemble 
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forecasts, which have been performed every 12 hours and for 10 days ahead, we have used 16 paired 
perturbations of opposite signs generated from 8 independent breeding cycles. 

In this study we have studied the performance of the ensemble prediction method, in comparison with 
single control forecasts, for initial conditions taken from the period between 0000 UTC on 11 October 
1979 and 1200 UTC on 21 November 1979. We have focused on Northern Hemisphere flow during 
this period since it was a time of development, maturation and decay of large-scale blocks in the major 
blocking regions over Europe, over the Gulf of Alaska, over the North Atlantic Ocean and as well over 
North America. A major aim of our work has been to examine the variability of predictability 
depending on the particular synoptic situations, contrasting the growth, maturation and decay of blocks 
and alternating times of strong zonal flows. In order to establish that our findings are robust, and that 
large-scale forecast errors arise primarily from atmospheric instabilities rather than due to model 
deficiencies (Reynolds et al. 1994; Toth et al. 1997), we have compared results from the two different 
CSIRO and BMRC models and employing two different analysis data sets from NCEP and ECMWF. 

Within a given model, the eight pairs of bred perturbations have been found to have similar large-scale 
features, while the stochasticity associated with the convection schemes introduce some differences 
from the expected leading Lyapunov vector structure. The bred perturbations are found to have large 
amplitudes in the regions of major instabilities. In particular during the growth of the Gulf of Alaska 
and North Atlantic blocks there are close similarities in the structures of the bred perturbations and the 
instabilities of Frederiksen (1997, 2000) in the blocking regions. 

For both the CSIRO and BMRC models, on average the ensemble mean forecast is better than the 
control forecast for forecast times longer than 3 or 4 days. We have found that 500 hPa Northern 
Hemisphere RMS errors of zonal wind and geopotential height (and meridional velocity and 
temperature), averaged between 0000 UTC on 11 October and 1200 UTC on 21 November 1979, are 
lower for the ensemble forecasts than for the control forecasts. Despite the different model 
formulations, the average error growth curves in the two models are quite similar with the CSIRO 
model ensemble generally performing slightly better than for the lower resolution BMRC model. 

We have found that there is considerably variability in the skill of both ensemble and control forecasts 
initiated twice daily and that this variability is related to particular synoptic events. In particular, at a 
given forecast lead time, errors tend to be larger for forecasts validating when blocks are developing or 
decaying and smaller for mature blocks. We have found that this is true both for Northern Hemisphere 
average errors and for errors averaged over 60° longitude sectors of the particular blocking regions. 
Similar results are also found for 60° longitude sectors upstream and downstream of the blocking 
regions and, in particular, we have focused on the Atlantic sector between 0° - 60°W. We note that 
these results are consistent with the notion that errors grow rapidly when dynamical development is 
rapid (Frederiksen and Bell 1990) and are suppressed in the presence of large-scale equivalent 
barotropic waves such as mature blocks (Frederiksen 1978; Colucci and Baumhefner 1992). 

We have also studied the spread of ensemble member forecasts which provides a measure of their 
consistency and likely skill. We have examined the variability of error growth associated with different 
ensemble members. This has been done for errors averaged over the Northern Hemisphere extratropics 
and averaged over the Atlantic sector and as well the geographical distribution of the spread has been 
analysed for the major blocking events. We have found that forecast variability is particularly 
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associated with rapidly developing systems such as baroclinic transients in the storm tracks and 
developing blocks. The rapidly growing errors and forecast spread in the regions of block development 
are consistent with the fast growing instabilities that occur there (Frederiksen and Bell 1990; 
Frederiksen 1997, 2000). 

We have found that the use of an ensemble forecasting approach, based on an iterative breeding 
method, generally improves forecast skill including during blocking events. Furthermore, at timescales 
beyond 4 days, it is possible to extend the range of ensemble mean forecasts by an extra half or one day 
beyond control forecasts with the same skill. 
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