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Abstract
Results from a 3 1/2-yr experimental program of extended-range
integrations of the European Centre for Medium-Range Weather
Forecasts (ECMWF) numerical weather prediction model are
summarized. The topics discussed include
1) The evolution of extended-range systematic error and skill
in forecasting large-scale weather regime transitions;
2) The dependence of extended-range systematic error and
skill on model horizontal resolution;
3) Monthly mean forecasts of tropical rainfall;
4) Tropical/extratropical interaction, and the influence of tropical
low-frequency variability on extratropical forecast skill;
5) Ensemble forecasting, including the impact of ensemble
averaging on forecast skill, and ensemble dispersion as a
measure of forecast reliability; and
6) Probabilistic forecasting using phase-space cluster analysis.
Our results are broadly consistent with those from other major
centers evaluating the feasibility of dynamical extended-range
prediction. We believe that operational extended-range forecasting
using the ECMWF model may be viable to day 20—and possibly
beyond—following further research on techniques for Monte Carlo
forecasting, and when model systematic error in the tropics has
been reduced significantly.

1. Introduction
This paper summarizes results from an experimental
program of extended-range (30-day) forecasts of the
European Centre for Medium-Range Weather
Forecasts (ECMWF). Motivation for the program came
partially from studies, such as that by Shukla (1981),
which showed that there was a physical basis for the
prediction of monthly mean quantities by considering
the amplification of initial errors in a so-called perfect
model environment; motivation also came from the
results, such as those of Miyakoda et al. (1983), which
showed that practical prediction of extreme monthly
mean anomalies was possible using complex
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numerical weather prediction (NWP) models. The
project is part of an international attempt to assess the
level of extended-range skill achievable using current
operational NWP systems.
The program commenced in April 1985, and near
the middle of every month the operational 10-day
forecast was continued to 30 days, from two
consecutive 24-h analyses. In addition to the
operational forecasts, each integration was repeated
at coarser horizontal resolution during the first year of
the program. This multiresolution dataset is used to
assess the influence of horizontal model resolution on
the model climate drift and extended-range skill.
Moreover, approximately every 3 months, a lowerresolution version of the operational model was
integrated for 30 days from nine consecutive analyses
separated by 6 hours. The purpose of these so-called
time-lagged ensembles of forecasts is to assess the
potential of estimating forecast skill, and to develop
techniques for dynamical probabilistic forecasting.
Finally, recognizing that tropical systematic errors in
the ECMWF model are substantial, a study was made
of the impact of these errors on extended-range
prediction in the extratropics.
The account below is a precis of a three-part
paper (Brankovic et al. 1990; Palmer et al. 1990; and
Tibaldi et al. 1990) describing this program of
experimental extended-range integrations, together
with relevant results from a companion paper (Ferranti
et al. 1990), which describes tropical/extratropical
interaction associated with the 30-60-day oscillation,
and its impact on medium- and extended-range
prediction. Early results from the program have been
published by Hollingsworth et al. (1987).
In the next section, we describe the ECMWF
model systematic errors in the extended range.
Forecast skill is discussed in section 3. In section 4, we
describe the possible impact of the tropics on extendedrange extratropical errors and skill, and prediction of
monthly mean tropical rainfall is presented in section
5. Section 6 is devoted to time-lagged forecasting
technique and conclusions are given in section 7.
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2. Extended range systematic errors
a. Interannual variability of operational
systematic errors

model

The study of interannual variability in the operational
model's climate drift is an important aspect of research
at ECMWF. This enables one to exercise a critical
view of the model's performance as a result of changes
in model formulation. Over the period of the extendedrange experimental program, the ECMWF model has
been revised a number of times. In May 1986, the 16level version of the model was replaced by a 19-level
model (Simmons et al. 1989). In July 1986, the
parameterization of orographic gravity wave drag was
introduced (Miller et al. 1989). In April 1987, the
parameterization of land surface processes was
revised (Blondin and Bottger 1987), and a revised
vertical diffusion scheme (Miller 1989) was, as far as
extended-range integrations are concerned,
introduced in October 1987.
In Palmer et al. (1990), a detailed study of the
impact of model reformulations on systematic error
was given. In general it was found that systematic
error in the extratropics has decreased significantly
over the period of the program. To give an example of
this, we describe below the ability of the model to
simulate blocking activity, a crucial consideration when
determining the suitability of a numerical model for
extended-range predictions.
As documented by Tibaldi and Molteni (1990),
prediction of blocking in the ECMWF operational
medium-range forecasts has been poor. Figure 1
shows frequency of blocking events in the
extendedrange forecasts during the three winters
considered. The dashed lines in figure 1 show analyzed
(observed) blocking frequency, and the solid lines
show simulated blocking frequency between days
11 -30 of the the forecasts. For the winter 1985/86, it
can be seen that the model fails to reproduce the
observed blocking frequency at all longitudes. During
the winter 1986/87, there is a small improvement.
However, in 1987/88, the model's predicted blocking
frequency is dramatically improved and, for some
longitudes, it exceeds the observed frequency. These
results indicate that changes in model formulation
over the period of the extended-range forecast program
have improved the model's ability to realistically
simulate atmospheric low-frequency variability.
In addition, zonally averaged cross sections of
most mean and eddy flux fields showed a significant
decrease in extended-range systematic error between
the first, second, and third winters. This decrease in
error was consistent with expectations because of
model improvements. In the tropics, on the other
hand, it had been found that systematic errors dominate
1318

FIG. 1. Frequency of blocking (%) at 500-mb height in the
northern hemisphere extratropic between forecast days 11 and 30.
Top: winter 1985/86; middle: winter 1986/87; bottom: winter 1987/
88. Analyzed frequency dashed, forecast frequency solid.

forecast skill throughout the entire period of the
program.
b. Dependence of model systematic errors on
horizontal resoution

In view of the computer resources required for routine
extended-range prediction, and because extendedrange skill is only likely to be associated with timemean and spatially smoothed fields, it could be argued
that integration at (a relatively high) operational
medium-range model resolution is unnecessary, and
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FIG. 2. Time evolution of zonally averaged temperature errors in the season October 1985 through March 1986 at four model horizontal
resolutions. Left: averaged for the slab 1000-300 mb; right: averaged for the slab 150-30 mb. Contours every 1 °K; negative errors dashed.
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that a lower-resolution model may be more adequate.
In order to study this, the operational model 30-day
forecasts were repeated at three lower horizontal
resolutions in the first year of the program.
The evolution equations in the ECMWF model are
projected onto a spherical harmonic basis, and
dynamical variables are represented by a truncated
set of spherical harmonic coefficients. In the operational
model, the (triangular) truncation retains all waves
with total (zonal and meridional) wavenumber less
than 106 (referred to as T106). This gives an effective
spatial resolution of about 180 km. The reduced
resolution versions of the model have spectral
truncations which allow 63, 42, and 21 total
wavenumbers (referred to as T63, T42, and T21
respectively).
Figure 2 shows the time evolution of
zonallyaveraged temperature errors at all four
resolutions in the season October 1985 to March
1986, averaged for a vertical slab in the troposphere,
and for a vertical slab in the stratosphere. In the
troposphere the T21 model behaves markedly
differently from the other resolutions. It has a significant
warm bias in high latitudes of both hemispheres. At
T42 resolution and higher, this bias is much less
prominent; however, a warm bias remains in the
subtropics, which arguably increases with increasing
resolution. This subtropical warm bias is consistent
with the models in the tropics having a significant
upper-tropospheric zonal wind (easterly) error.
In the stratosphere, there is a marked warm bias
in tropical and subtropical latitudes, largely
independent of resolution (this has subsequently been
largely eradicated in a recent revision of the model's
radiation scheme [see Morcrette 1989]). In the
extratropics, there is a cold bias in all models, though
this cold bias is more severe in the T21 and T42
models than in the higher-resolution models. In Tibaldi
et al. (1990), it is shown that the cold bias in the low
resolution models is associated with inadequate
dynamical heating from the upward-propagating
Rossby waves.
Not all aspects of systematic error improve with
increasing horizontal resolution. In particular, while
tropical upper divergence is underestimated at all
resolutions, the magnitude of the error is smallest at
T21.

3. Skill of extended-range integrations
a. Forecast skill of large-scale
weather regime transitions

The principal objective of extended-range forecasting
is the prediction of weather regimes rather than
instantaneous weather. In a recent paper by Molteni et
1320

al. (1990), regimes of the Northern Hemisphere
extratropical wintertime circulation were identified as
local density maxima, or clusters, of atmospheric
states in a three-dimensional phase space. We have
studied the verification of the wintertime extendedrange forecasts in terms of 5- and 10-day mean skill
scores projected onto this phase space. The results of
5- and 10-day mean anomaly correlation coefficients
(ACC) of 500-mb height field for the three individual
winters (1985/86, 1986/87, and 1987/88) are
summarized in tables 1 and 2. For 5-day averages
(table 1), in the first five days, the height pattern is
TABLE 1. 5-day mean anomaly correlations
ACC
1-5

6-10

11 - 15

16-20

21 - 2 5

0.91
0.94
0.97

0.82
0.32
0.61

0.26
0.48
0.33

0.04
-0.15
-0.22

0.05
0.17
0.29

26-30

Winter
85/86
86/87
87/88

0.08
-0.04
-0.10

Table 2. 10-day mean anomaly correlations
ACC
1 - 10

11-20

21 - 3 0

Winter
85/86

0.90

0.32

86/87

0.44

0.05

0.05

87/88

0.81

-0.05

-0.12

0.14

predicted with ACC > 0.9 for all winters. For days 6-10,
there is already considerable interannual variability,
with the first winter being the most skillful, and the
second winter being the least skillful. In this sense,
these filtered ACC scores are consistent with the
conventional ACC estimates of skill for the first 10-day
mean. Beyond day 10, the ACC for the first winter
remains positive throughout the forecast period; on
the other hand, for the second and third winter, the
ACC for days 16-20 are negative.
The ACC skill scores of 10-day mean height fields
are summarized in table 2. As above, it can be seen
that forecasts are most skillful for the first winter,
where ACC > 0.0 for all three 10-day mean height
fields. The additional experiments indicate that the
above variation in skill is mainly related to variation in
the large-scale flow rather than to the changes in the
model formulation. Taking the three winters together,
it would appear that skill is lost between days 10 and
20, though over a significant fraction of forecasts, skill
is maintained to the end of this period.
We compare these figures with skill scores from
other dynamical extended-range forecast (DERF)
programs. For example, for the National Meteorological
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Center (NMC) program, 108 30-day forecasts were
made covering the period 14 December 1986 to 1 April
1987 (Tracton et al. 1989). The average ACC scores
from the NMC DERF program for days 1-10, 11-20,
and 21 -30 were 72,18, and 12, respectively. For days
1 -10 and 11 -20, these values lie between the ECMWF
three-winter mean and the values for the winter 1986/
87 (see table 2). In this sense the two sets of scores
are quite consistent. For days 21 -30, the NMC scores
are a little higher than those for ECMWF, both in terms
of the three-winter mean and the winter 1986/87.
However, it is unlikely that ECMWF scores are
significantly lower, since the overall level of skill is poor
at this range. These results are also broadly consistent
with those from the UK Meteorological Office extendedrange forecast program. Murphy (1989), for example,
reports that forecast skill was consistently positive at
days 6-15, but very small on average beyond 20 days.
The correlation between the ACC skill score for
days 11-20 and the Pacific/North American (PNA)
index in the verifying analysis was found to be 44%,
with the most skillful forecasts being associated with
transitions to, or persistence of, positive PNA index.
(The PNA index is determined by the type of upper-air,
large-scale flow over the Pacific/North American region
[see Wallace and Gutzler 1981].) Thus, this result is
consistent with those of other studies for both medium
and extended ranges (Palmer 1988; Palmer et al.
1990; Tracton et al. 1989; O'Lenic and Livezey 1989;
Molteni and Tibaldi 1990).
b. Impact of horizontal resolution on
extended-range skill

In Tibaldi et al. (1990), it was found that some model
systematic errors were smaller at the lowest resolution
(T21) than at higher resolutions. However, the forecast
skill exhibits statistically significant increase, at least
up to day 20, between the T21 and higher-resolution
models. On the other hand, there is no statistically
significant difference between the T63 and T106
resolutions.

4. Impact of the tropics on extended-range
extratropical forecast errors
In Ferranti et al. (1990), an observational and modeling
study of large-scale tropical/extratropical interaction
has been made. A principal objective of this paper was
to assess the impact of tropical errors on extratropical
forecast skill during periods when tropical lowfrequency variability was known to be significant. In
view of the large-scale systematic errors in the tropics,
it is possible that the potential of the high-resolution
models is not being realized in the extratropics.
Four sets of 20-day integrations were made, initial

Bulletin American Meteorological Society

dates being chosen corresponding to periods when
the 30-60 day oscillation (Madden and Julian 1971)
was active. Within each set a control experiment was
integrated at T42 resolution from the given initial date.
Four additional integrations were made from the same
initial date, but included the addition of a term -a(X-X*)
in the model equations for vorticity, divergence, and
temperature. This term relaxed the model variable X
towards some prescribed value X*. Two choices for X*
were made: the verifying analysis and the initial
conditions. The value of a, the relaxation coefficient, is
spatially dependent. In the tropical relaxation
experiments it varied from a value of 1/(8 h) between
15°N and 15°S, decreasing to a value of 0.0 poleward
of 25°. In the extratropical relaxation experiments, a
varied from a value of 1/(8 h) poleward of 35°,
decreasing to a value of 0.0 equatorward of 25°.
In order to compare directly scores in the tropics
and extratropics, it was decided to verify the forecasts
in terms of the ACC of 5-day mean 200-mb vorticity,
and in addition, in the tropics, 200-mb divergence.
These are shown in figure 3 forthe PNA region (150°E90°W, 20°N-90°N), where the impact of relaxation was
largest, averaged over all four sets of experiments.
For the extratropics (left) beyond day 10, the ACC is
about 0.3 for the control integration. With the tropics
relaxed to the verifying analyses, the extratropical
Pacific scores increase to about 0.5, while with the
tropics relaxed to the initial analysis, the Pacific scores
decrease to about 0.1. On average, the impact of
relaxation over the extratropical Asian region is less
pronounced than over the PNA region, and the impact
of relaxation over the Atlantic region appears to be
smallest of all three areas considered. The relatively
large impact over the PNA region is to be expected,
both from observational data analyses (see Ferranti et
al. 1990), and from the results of Simmons et al.
(1983), where it was shown that the maximum response
to a tropical forcing was over the Pacific.
In the tropics, it can be seen from the center and
right panels of figure 3 that the impact of relaxation in
midlatitudes is more pronounced on the nondivergent
flow than on the divergent flow. As far as other regions
are concerned, the impact of relaxation on 200-mb
vorticity scores is equally large in the tropical Pacific
and Asian regions.

5. Prediction of tropical rainfall
during the northern summer
As suggested by Charney and Shukla (1981), the
internal dynamics of the tropical atmosphere can only
explain a fraction of monthly time-scale interannual
variability of the atmospheric flow, and therefore an
important component of the tropical atmospheric
1321
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prediction problem on time scales of a month or more
is associated with an ability to predict the effects of
boundary forcing.
In Palmer et al. (1990), the prediction of interannual
variability in wind fields over the African/Asian monsoon
region during the summer periods from 1985 to 1988
was assessed, focusing on India and the African
Sahel to study the regional prediction of monthly mean
rain. It was shown that interannual variability in the
monthly mean analyzed tropical easterly jet was
predicted with some degree of skill during the summer
months, despite the serious systematic error in tropical
flow outlined above.
Below we show some forecasts of monthly mean
rainfall over the Sahel. In order to attempt to verify
these rainfall amounts, we have taken from the
operational ECMWF forecast archive accumulated
day-1 rainfall amounts averaged over the 30 days of
the forecasts. According to Datta and Hatwar (1988)
(see also Molteni and Tibaldi 1985), these day-1
rainfall amounts give a reasonable assessment of
monthly mean rainfall over India, and values compare
reasonably well with observed station data over the
Sahel region (Freie Universitat Berlin 1985-88).
Figure 4 shows the monthly mean day-1 rainfall
anomalies from mid-July to mid-August. The
corresponding 30-day mean predictions are shown in
figure 5. In 1985, the day-1 "verification" rainfall showed
positive values in the intertropical convergence zone
(ITCZ) over Africa during the period mid-July to midAugust. In 1986, rainfall anomalies became negative
over West Africa, but remained positive in the east.
The year 1987 was a drought year across the Sahel,
where rainfall anomalies were negative over most of
the region. In 1988, anomalies were positive in the
west, and in the extreme east, where the excess
rainfall in the Ethiopian highlands was associated with
the well-publicized flooding in Sudan.
The 30-day mean forecast rainfall anomalies from
both integrations show anomaly fields that agree
reasonably well with the mean day 1 field over Africa.
Note also the consistency between forecasts initialized
24 hours apart, an indication of the relative importance
of boundary forcing compared with internal instability.
Each of the "twin" forecasts indicates a band of positive
rainfall anomaly extending across the whole region in
1985. During 1986, forecast anomalies generally show
negative values on the west coast and over the Gulf of
Guinea, and generally positive over East Africa. During
1987, both integrations correctly predict negative
rainfall anomalies over much of the ITCZ from the west
coast to the east. For 1988, the integrations show a
partial (though probably insufficient) return to more
normal conditions. Note in particular, however, the
positive forecast rainfall anomalies over the Ethiopian
1322

FIG. 3. Anomaly correlation coefficient of 5-day mean 200-mb
extratropical vorticity (left), tropical vorticity (middle) and tropical
divergence (right) fields averaged over four experiments and over
the Pacific/ North American region (150°E - 90°W, 20°N - 90°N).
Scores for the control forecast are shown as solid lines, for the
experiments with relaxation towards the analysis as dotted lines,
and for the experiments with relaxation towards initial conditions as
dashed lines.
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highlands.
Predictions of Indian monsoon rainfall anomalies
are not as reliable as for the African monsoon.
Nevertheless, some of the more important features do
appear to have been forecast for the early summer
period.

6. Time-lagged ensembles

A simple and convenient way (in an operational
environment) of effectively obtaining an ensemble of
balanced initial states is through the time-lagged
technique advocated by Hoffman and Kalnay (1983).
In the current operational analysis/forecast system at
ECMWF, where analyses are produced at 6-h intervals,
an n-member ensemble at time t=0 would be composed
of the operational analysis at t=0, the 6-h forecast

FIG. 4. Mean day 1 accumulated rainfall anomaly for each 30-day verifying period from mid-July.
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FIG. 5. 30-day mean forecast rainfall anomaly for each T106 forecast from mid-July.

initialized from the analysis at t=-6 hours, and so on to
the 6(n-1)-h forecast from the analysis at t=-6(n-1)
hours. The effective perturbations at t=0 are the
forecast errors at t=0.
In this section (and in Brankovic et al. 1990) we
discuss the problem of predicting extended-range
forecast skill using the time-lagged technique over the
entire annual cycle. Following earlier studies (Leith
1974; Hoffman and Kalnay 1983) we recognize that at
least 10 integrations are necessary to form a
reasonably sized ensemble. This would cause practical
computing problems if it was necessary to integrate at
the operational T106 resolution of the ECMWF model.
However, results from T indicate that the extratropical
extended-range performance of the ECMWF model is
not significantly worse at T63 resolution than at T106
resolution. The time-lagged ensembles have therefore
been integrated at T63 resolution.
a. Ensemble-mean skill vs. the
skill of the control forecast

As is well known, the rms error of the ensemble-mean
forecast is trivially lower than the mean rms error of the
individual forecasts. However, from a practical point of
view, it is more important to consider whether the
ensemble-mean forecast is superior to the latest
member of the ensemble, the control forecast. When
compared against a single forecast, it is no longer
inevitable that the ensemble-mean forecast will be
superior, even in terms of rms error.
Figure 6 gives a summary of 10-day mean
ensemble-mean forecast skill for 500-mb height (figure
1324

6a), and 850-mb temperature (figure 6b), compared
with the skills of the control, persistence, and climate
forecasts. For the sake of argument we suppose that
ensemble extended-range prediction becomes viable
when 50% of ensemble-mean forecasts are more
skillful than their control integration, and, in addition,
are more skillful than both persistence and the climate.
In the medium range, all ensemble-mean forecasts
are superior to their controls. This does not mean that
there is no benefit to ensemble forecasting in the first
ten days; it means that, using the time-lagged
technique, some weighting to reduce the impact of
earlier members of the ensemble should be made
(Hoffman and Kalnay 1983).
The maximum skill of the ensemble mean (in
terms of quantities defined above) occurs at days 6-15
for 500-mb height, and days 16-25 for 850-mb
temperature. For these time ranges, the percentages
are around 30%-50%, and hence fail to consistently
achieve our supposed "break-even" line.
b. Relationship between spread and skill

A principal motivation to use the ensemble technique
is that the dispersion of individual forecasts from the
ensemble mean could a priori indicate the reliability of
the forecasts. Large dispersion would mean less
consistency between individual members of an
ensemble and therefore less reliability. In our study
(see Brankovic et al. 1990) in the extended range,
there is a positive correlation between (rms) spread
and skill, taking forecasts of 500-mb height from all
seasons into account. However, this merely reflects
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the continued existence of systematic model errors,
and partially indicate sampling problems associated
with the time-lagged ensemble technique.
c. Phase space trajectories of forecast

ensemble

As discussed in section 6b, the rms spread of the
winter ensembles was not well correlated with their
skill. In this section, we discuss the evolution of
ensemble dispersion for two particular ensemble
forecasts.
The technique we use in this section is discussed
in more detail in Brankovic et al. (1990). Specifically,
we show the time evolution of an ensemble as
trajectories of 5-day mean forecast, 500-mb height
field on a low-dimensional phase-space cross section.
These cross sections can be thought of as optimal in
the sense that, of all two-dimensional cuts through the
phase space of the ensemble-mean forecast, they
capture the most variability of 5-day mean, 500-mb
height within each forecast ensemble.
The trajectories of the January and February 1986
ensemble forecasts are shown in figures 7 and 8,
respectively. The January forecast was the poorest of
the whole set of forecast ensembles. From a synoptic
point of view, intense Euro/Atlantic blocking developed
halfway through the forecast period. By contrast, the
February forecast ensemble was the most skillful of
the set.
The scatter of the phase-space trajectories
towards the end of the two 30-day forecasts does, in
FIG. 6.10-day mean ensemble mean forecast skill for 500 mb
fact, give an indication of the relative skill of the two
height (a), and 850 mb temperature (b). The dashed line shows the
forecasts. However, this is not the case in the first half
percentage of ensemble mean forecasts which are more skillful than
of the forecast range. It could be argued that this
their controls in terms of both rms error and anomaly correlation
failure reflects a fundamental inability of the model to
coefficient (ACC). The dotted line gives the percentage of ensemble
simulate blocking activity. On the other hand, it is
mean forecasts which beat a persistence forecast (rms error and
ACC) and also beat a forecast of climate. The solid line gives the
possible that none of the initial perturbations introduced
percentage of forecasts which beat both their controls, and
by the time-lagged forecasting technique was sufficient
persistence and climate. For reference, a 50% "break-even" line is
to cause at least some of the members of the ensemble
also shown. Mean day 5 corresponds to days 1 -10 averaged; mean
to develop into blocking patterns.
day 10 corresponds to days 6-15 averaged, and so on.
In order to investigate possible reasons for the
consistency of the poor January 1986 ensemble, we
the impact of the annual cycle on spread and skill.
Within the winter season in particular, there is no conducted two additional experiments. In the first, we
apparent positive correlation between rms spread and reran the control integration with a later (cycle 30)
skill at any time within the forecast period. For example, version of the ECMWF operational model (which has
in one case (January 1986; see section 6c), the spread higher vertical resolution than the earlier model, a
of the ensemble was quite small but so was the skill. parameterization of orographic gravity wave drag, and
This means that most of the forecasts consistently a revision of the vertical-diffusion scheme in the free
failed to predict the correct development. Hence, we atmosphere). In the second experiment, we ran an
conclude that in our imperfect model environment, integration in which the model's tropical fields were
hemispheric-scale spread was not a good predictor of relaxed towards the verifying analysis (as in section
hemispheric-scale skill. These results are not improved 4). This was motivated by the suggestion of Hoskins
by focusing on more regional areas. In this sense, our and Sardeshmukh (1987) that the development of
results are perhaps somewhat less encouraging than anomalous upper convergence over the Caribbean
those of Tracton et al. (1989) and Murphy (1989), for region provided a catalyst for the block, and the fact
example. We believe that these results partially reflect that the large-scale divergent flow in the tropics is
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FIG. 7. Phase space trajectories of the 5-day average Northern
Hemisphere 500-mb heights in the plane defined by the first two
EOFS of the January 1986 ensemble. One to nine denote individual
forecasts. Zero and open arrow denote verifying analysis.
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FIG. 8. As figure 7, but for February 1986 ensemble.
EOF 1 COEF. (METRES)
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TABLE 3. Northern Hemisphere 500-mb height anomaly correlation coefficients for three clusters and ensemble mean: Days 11-20
Cluster
Date
851116

851215

860119

860216

860316

860914

861214

871213

A

B

C

Ensemble mean

(2,3,4,6,9)
.51

(5,7,8)
.76

(1)
.09

.66

-.15

(1,2,3,4)
-.16

(5,6,8)
-.24

(7,9)
.06

(1,3,5,6,8,9)
-.28

(2,4)
-.43

-.44

-.36

(1,3,4,5)
.58

(7,8,9)
.60

(2,6)
.62

.64

(1,3,6,7,8)
.46

(2,5)
.55

(4,9)
.27

.49

(1,3,4,5,6)
.29

(2,7,8)
.58

-.10

(2,4,5,8,9)
.18

(1,6,7)
.23

.19

.22

(3,6,7,8,9)
.35

(2,4,5)
.31

(1)
.04

.32

poorly simulated in the model.
The cycle 30 integration has had more impact in
the medium range, relative to the ensemble mean,
than the tropical relaxation experiment. Despite the
fact that the direction of the cycle 30 experiment
trajectory was incorrect, it followed a path not traced
out by any of the January 1986 ensemble forecasts. In
other words, it would appear that the dispersion of
trajectories associated with a "perturbation" in model
formulation is not simulated by the time-lagged
perturbations of initial conditions.
Between days 6-10 and 11-15, the relaxation
experiment trajectory completely reverses its direction,
and between days 11-15 and 16-20 follows
approximately the direction of the analysis. This
experiment does capture some of the development of
the Euro/Atlantic block, though underestimates its
intensity. There is also an improvement in the relaxed
forecast over the North Pacific.
d. Cluster analysis of ensemble

forecasts

From a practical point of view, one potentially important
advantage of the ensemble technique is the ability to
give probabilities of possible alternative developments.
If an extreme event is predicted in just one member of
the ensemble, it would be associated with a small
probability. Nevertheless, this may be valuable
information for a user. Information about possible
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(7)

(9)

(3)

.44

extreme events would not be available from the
ensemble-mean forecast. The technique we use is the
application of a Ward hierarchical clustering algorithm
to the empirical orthogonal functions (EOFs)
coefficients of each forecast ensemble (see Anderberg
1973; Brankovic et al. 1990).
In table 3, we give the anomaly correlation scores
at days 11 -20, of forecast Northern Hemisphere 500mb heights for the centroids of three clusters obtained
with the clustering analysis technique. We show the
set of five winter ensemble forecasts, supplemented
by the forecasts from November 1985, March 1986,
and September 1986, deemed to be skillful. The first
three columns give the scores calculated for three
forecast clusters; the most populated cluster always
being in column A, and the individual forecasts
comprising each cluster are shown in brackets.
For days 11-20, in seven out of eight ensembles
studied, at least one of the three clusters is superior to
the ensemble mean. However, in only two of the cases
considered in table 3, is the most skillful cluster also
the most densely populated cluster. For days 21-30
(not shown) in five cases, the most skillful cluster was
the most dense; but in three of these, the density was
equal to at least one other cluster (November 1985,
December 1986, and December 1987). Consistent
with earlier results above, this suggests a problem of
sampling.
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7. Conclusions
We have studied a large number of 30-day integrations
of the ECMWF model over a period of 3 1/2 years. A
significant fraction (about one-third) of these
integrations show some skill in the range between
days 11 -20. The evidence for this can be summarized
as follows:
a) For 5-day mean fields of operational T106 forecasts
filtered onto large-scale flow patterns representative
of weather regimes, the anomaly correlation
coefficients (ACC) of 500-mb height for days 11-15
was positive in all three winters considered. For 10day mean fields, the ACC was significantly positive for
the first winter.
b) The 10-day mean fields from days 11-20 with the
T106 and T63 models were significantly more skillful
(in terms of the ACC) in the Northern Hemisphere
extratropics during winter 1985/86 than with the T21
model, despite the fact that the climate drift of the T106
and T63 Northern Hemisphere extratropical flow was
larger than that of the T21 model during that winter.
c) Monthly-mean forecasts of rainfall over the summer
monsoon region (particularly in Africa) were shown to
have some skill over the four summer periods.
However, tropical systematic errors are still large, and
detailed examination of these results suggested that
most of the tropical extended-range skill came from
the first 20 forecast days.
d) For 10-day mean 500-mb height from days 11 -20,
approximately one-third of the ensemble mean
forecasts were more skillful than their controls (in both
ACC and rms error), and in addition were more skillful
than forecasts of climate and persistence. Slightly
more than 40% of forecasts were similarly skillful in
terms of 850-mb temperature.
e) For days 11 -20, it was generally possible to find a
posteriori a forecast cluster more skillful than the
ensemble mean.
We believe that operational extended-range
forecasting to day 20, and possibly beyond this range,
can be considered viable using the ECMWF model,
subject to further research on two aspects of the
problem:
a) Systematic errors in the tropics are still large and
dominant over random error. As well as influencing
the skill of our predictions of monthly-mean monsoon
rainfall, our studies indicate that these errors have a
significant impact on extratropical forecast skill in the
range days 11-20.
b) Techniques for Monte Carlo forecasting need further
study. It is important to develop techniques by which
perturbations to the analysis can be made in regions
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of maximum dynamic instability, since it is in these
regions that the analysis is most sensitive to
uncertainties in initial data. Preliminary studies indicate
that correlations between ensemble spread and skill
can be improved using such techniques.
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