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1. INTRODUCTION

The possibility of deterministic numerica! forecasts for periods longer than the
typical synoptic time-scale was originally suggested as the major goal of the Giobal
Atmospheric Research Program (Panel on International Meteorclogical Cooperation,
1966; U.S. Committee for the GARP, 1969). This possibility was also optimistically
underscored by the leading scientists involved in the operational production of long
range forecasts at that time (Namias, 1968). Reliable estimates of predictability error
growth for daily time-scales (Lorenz, 1982; Baumhefner, 1985) which lead to potential
limits of forecast skill on the order of 10 days seem to preclude any chance of this goal
being realized. However, new estimates of error growth which utilize time averaging of
simulated atmospheric flows extend the limit of daily skill into the monthly time range
(Tribbia and Baumbhefner, 1988). This potential skill has been confirmed in a series
of landmark papers (Miyakoda et al., 1983; Miyakoda ef al., 1986; Miyakoda et al.,
1987) which showed conclusive evidence of forecast skill at extended range for certain
situations. Recently, various operational forecasting centers have tested the concept of
numerical extended range forecasting with similar success. The European Centre for
Medium Range Forecast (ECMWF) studies (Molteni et al., 1987, Brankovic et al., 1987)
have concentrated on the influence of horizontal resolution while the British Meteoro-
logical Office research (Murphy, 1988) has emphasized the importance of ensembling
forecasts. The National Meteorological Center experiments (Tracton and Kistier, 1988;
Kistler et al., 1988) illusirate the behavior of forecast skill from a very large sample
of contiguous forecasts in time. A consensus of opinion that can be drawn from the
previous experiments result in the following conclusions: 1) Accurate forecast skill at
the extended range is episodic in nature, 2) Unlike daily forecasting, systematic model
errors become a major component of the total error, and 3) Ensemble averaging of indi-
vidual forecasts is beneficial for verification and may be useful in predicting skill in an

a priori fashion.
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Baszd on these general conclusions, an alternabe approach to the extended range
prediction problem is suggested and tesied. Since the systematic component of the
forecast error at extended range is manifested by a drift of the model from the observed
state to the model climatology, the use of a low resolution climate model (GCM) which
is designed to minimize this drift is considered. If the climate model forecast skill
iz comparable to the higher resolution forecasts, then a relatively large ensemble of
forecasts can be integrated from similar initial states for the same cost as one high
resolution forecast. The primary benefits of such a large ensemble include a reasonable
estimate of the average forecast and an accurate assessment of the spread of the forecasts.

A set of forecast experiments was designed to test this hypothesis. Forecast
integrations to 30 days were made using the latest version of the National Center for At-
mospheric Research (NCAR) General Circulation Model at T31 resolution for a 12 case
sample of recent wintertime situations. An ensemble of forecasts was constructed for
each initial condition by adding perturbations to the existing operational analysis. This
procedure is referred to as a Monte Carlo forecasting scheme (Leith, 1974) in which a fi-
nite sample of equally likely initial states are determined for a given time. Therefore, the
amplitude, spectral distribution and vertical structure of the perturbations were care-
fully chosen to simnulate the current uncertainty present in current observation/analysis
techniques. The ensemble size was arbitrarily seiected to be 10, based on arguments
presented by Leith (1974). Preliminary results indicate that this sample describes the
spread of possible forecasts in a reasonable manner.

The actual forecast skiil was evaiuated for each member of each ensemble b
comparing it to the observed atmospheric behavior. The spread of the forecast skill and
the gkill of the average of each ensemble was compared as well. Cases were selected
from the verification statistics which typified accurate and inaccurate extended range
forecasts, and examined synoptically. The potential limit of predictability of the twelve
atmospheric states was estimated by calculating the evolving differences among the
individual! forecasts in each ensemble. Case to case variation of predictability as well as
the average behavior was studied. Finally the relationship of the dispersion of forecasts
within an ensemble to the actual skill of the ensemble average was investigated by
correlating the average skill to the ax mraged predictability estimates, and the average
skili and its spread to the spread of the forecasts. A summary of the experimental design,
data, and the model used is found in Section 2. The forecast skill evaluation is found in
Section 3 and the estimates of predictability error growth in Section 4. Sections 5 and 6

contain the discussion of predictability /skili relationships and some general conclusions,
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2. EXPERIMENTAL DESIGN

The construction of the Monte Carlo sample of initial states is a crucial element
in this experimental design. Following the guidelines of Leith (1974), each state in the
sample should reflect a possible initial condition of the atmosphere at a given time. This
restriction is quite different from a lagged average approach in which the perturbations
include both model and initial data error and do not necessarily represent a possible
initial state of the atmosphere. An attempt is made to simulate the current observational
and analyses errors by imposing three general constraints, which were obtained from
an analyses error diagnosis paper by Daley and Mayer (1986) and a Global Weather
Experiment analysis comparison by Baumhefner (1985). The first constraint limits the
amplitude of the perturbation in a global RMS sense to the currently estimated analysis
errors for various atmospheric variables. The second constraint orders the spectral
distribution of the perturbation such that only the smallest scales beyond wave 30 are
totally in error (¢.e., the difference variance equals the total variance of that scale). The
third constraint vertically filters the perturbation by projecting onto the normal modes
of the model retaining only the first four components. This process builds in a vertical
coherence to the perturbation.

The global analyses, in this case the National Meteorological Center (NMC)
operational global optimal interpolation system, was used without modification as the
first member of the ensemble. Nine perturbations were generated from the anc(yses using
a geographically random distribution and imposing the previously discussed ccastraints.
A perturbation was applied to all the independent variables of the model. Typical values
of hemispheric Root Mean Square (RMS) difference among members of the ensemble
are about 1.2° for the temperature fields, 1.5 m sec™! for the velocity fields and .3 g
kg™! for the moisture fields. These values produce height differences at 500 mb of the
order of 20 m RMS. Each vertical level in the model was perturbed with a different
random distribution but with the previ;)usly mentioned amplitude and spectral limits.
The resulting difference fields, when mapped geographically, resemble a forecast error
field very early in an integration with many maxima near the scale of the Gaussian grid.
The typical value for the maxima range from three to four times the RMS value for the
specific field in question.

Twelve different wintertime initial states were chosen from the NMC global anal-
ysis archive in order to sample as many flow regimes as possible. The forecasts begin
on the first of December and the first of January for the winters of 1981-82 through
1986-87. The forecasts were integrated using a long term climatological monthly aver-

age of the global sea surface temperature (SST) derived from the Comprehensive Ocean
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Atmospheric Data Set (COADS), which was then interpolated daily during the forecast.
A subset of forecasts have also been made using the observed monthly mean SST (as an-
alyzed by Climate Analysis Center, NMC) and interpolated to daily values (Baumhefner
et al., 1988). This paper will discuss only the climatological SST results. The original
and perturbed analyses were initialized with a non-linear normal mode scheme (Errico
and Eaton, 1987). Ounly the first six vertical modes and frequencies shorter than 30
hours were iniitialized. The initialization produces only mincr changes the perturba-
tion structure, except for the geopotential height fields. The amplitudes of the height
perturbations are reduced by a factor of two or three in some cases.

All forecasts were produced from a T31-12 layer version of the NCAR general
circulation model (CCM1), documented by Williamson et al. (1987). The new model,
when compared to the previous version, includes increased vertical resolution in the
stratosphere, improvements in the radiation code, refinements in the cloud parameter-
ization and numerics, and changes in the boundary layer formulation. A long—term,
annual cycle control run with this model produced a much improved climate simulation
compared to the previous R15 climate model (CCMO), especially in the Tropics and
Southern Hemisphere (M. Blackmon, personal communication). The Northern Hemi-
sphere wintertime simulation of the stationary waves has also improved, although at the
expense of losing some variance in the lower frequency variability.

The forecasts were integrated using the seasonal cycle version of the model
and were evaluated directly without any post processing, adjustments, or removal of

systematic components of error.

3. FORECAST SKILL

Each member of the twelve ensembles was evaluated for forecast accuracy using
several measures of skill and for various time-means. In this paper only the 500 mb
height anomaly correlation (AC) for 30 day time-means is presented. The AC is calcu-
lated by deriving a forecast anomaly from an eight year (1980-1987) climatclogy of the
month being forecast and correlating that pattern with the observed anomaly for the
same period. Figures 1-2 present a summary of skill for each ensemble and an average
of the ensembles for two geographical areas.

Examination of the hemispheric scores reveals several interesting characteris-
tics. The score of the average forecast (the sum of the individual members) from each
ensemble is in all cases except DEC83 better than the mean value of the individual

members. In over half the sample the increase in skill is equal to half the standard

deviation of the ensemble skill range. This result clearly highlights one advantage of the
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ensemble approach to extended range forecasting. The case by case scatter of skill is
quite large; in agreement with previously cited work. It is remarkable, however, that six
cases exhibit correlations above .5 for the average forecast, with only two cases, DEC83
and DEC84, completely useless with AC values below .2. The rest of the cases are only
of marginal use in a hemispheric sense; however, in some local areas, there is still some
skill.
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Fig. 1. Anomaly correlations of forecast skill 30 day time-mean 500 mb height field with
observed state for latitude band 20-90N. Dates along abscissa indicate starting times of en-
semble forecasts. D equals DEC 1 00Z, J equals JAN 1 00Z, 81 equals 1981, AVERAGE equals
arithmetic mean of 12 ensembles. Open circle equals mean skill score of ensemble. Open bar
equals standard deviation of scores within ensemble. Vertical solid line equals range of scoré
within ensemble. Solid circle equals skill of average forecast of ensemble (sum of individual

members).
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The spread or range of skill within each ensemble is quite large, typically cover-
ing 20-30 correlation points. Fortunately, there is still considerable coherence between
the skill of the average forecasts and that of the individual members. For example, none
of the individual member forecasts have skill below .5 in JANS2, JAN84, or DECS85.
Particularly large ranges of skill occur for the marginally useful cases of DEC82 and
JANS86. The relatively large spread of skill from realistic analysis error estimates illus-
trated here should inject a note of caution when interpreting skill for a single or small
sample of forecasts for a given date.

The average skill for the 12 case sample for the average forecast is a respectable
.47. This value confirms the usefulness of the low resolution model in making extended
range forecasts. For the sum of the 12 cases the average forecast is seven points better
than the average skill of all the forecasts. The average standard deviation and range

cover 11 and 33 peints of skill respectively. These ranges indicate that, on the average
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Fig. 2. Same as Fig. 1, except for limited region of 150-60W and 25-70N.
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for a ten rmember ensemble using realistic analysis errors, one should expect several
skillful forecasts and several mediocre ones.

When skill is evaluated over regional domains the size of North America, as
in Figure 2, the results are by and large similar, with considerable correlation of skill
between the two verification areas. Because the area averaging is less and typically only
a single flow pattern is measured, the skill and spread of skill are much more variable.
This characteristic produces spectacular successes (JAN84) and dismal failures (DEC84)
yielding a mean skill that is slightly less accurate than the hemispheric value. The high
variability of skill strongly points out the need to discriminate the skillful forecasts
before they verify. Note that averaging individual members becomes much less effective
when all the forecasts in the ensemblie are already unskillful.

The sample of 12 cases allows for a few direct comparisons of skill with other
models of higher resolution. The skill of four cases for DEC81, JAN82, DEC82, JANS3,
can be compared with the T21-T42 results of Molteni et al. (1987). In all cases the
NCAR T31 skill was equivalent to or better than the T42 skill. Surprisingly, the range
of skill from the T31 forecast ensembles did not even overlap the relatively poor skill
of the T21 results in three of the four cases. A comparison of a single case of JAN87
found in Tracton and Kistler (1988) also showed equivalent skill compared to their R40
forecast. Further direct comparisons of low resolution monthly forecasts with higher
resolution experiments (Baumhefner, 1988) show superior skill from a R15 model in six
of the eight cases used by Miyakoda (1986). Indirect evidence also suggesis that low
resolution climate models can be quite successful in extended range forecasiing. The
108 day average skill of .39 for an R40 model (Tracton and Kistler, 1988) is equivalent
to this 12 case sample of .40 for the mean skill.

It is important to validate the impressions given by the AC scores by examin-
ing the actual forecast and observed anomalies synoptically. The JAN82 and DECS83
cases were selected for this inspection because they represent typical examples of skillful
and unskiliful forecasts. Figure 3 shows the observed anomaly for JAN82 along with
the average forecast from the ten member ensemble and the best and the worst indi-
vidual members. The observed pattern features a strong negative center over North
America downstream from a broad positive anomaly covering the entire Pacific. The
Atlantic-European area exhibits a train of anomalies with positive values over Western
Europe. The average forecast accurately predicts the Pacific/North American couplet.
The European sector patterns are less accurate; however, all the major features are still
identifiable. The average forecast does not suffer from smoothing normally associated
with averaging; instead the forecast amplitude of the anomalies are too strong. The AC

score of .71 indicates the excellent correlation of phase in this forecast. The same basic
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features are present in both the best and the worst forecast, indicating not much change
of phase; hiowever, there are considerable changes in amplitude. This characteristic of
the forecasts resulits in a rather tight range of AC from .76 to .55. Note the worst

forecast is particularly poor over Europe where negative values are found in place of
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Fig. 3. Observed and forecast anomalies from 1980-1987 climatology of 30 day time-mean
500 mb height field for JAN 1982 over Northern Hemisphere. Upper left equals observed
anomaly, lower left equals ten-member average forecast anomaly, upper right equals best fore-
cast anomaly of ensemble (case 9), lower right equals worst forecast anomaly of ensemble

(case 2), contours interval equals 40 m. First contour equal to & 20 m.
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positive values. Clearly, from a synoptic point of view, this 30 day integration contains
a great deal of useful information.

The forecasts for DECB83 illustrate an entirely different story. The observed
patterns are quite different from JAN82 with a strong ridge over Alaska and negative
values over the Pacific. The Atlantic pattern is also reversed in sign; however, the
negative anomalies in North America and Eastern Furope are similar to JAN82. The

average ensemble forecast has little correspondence to the observed anomalies with the
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Fig. 4. Same as Fig. 3 except for DEC 1983 with worst forecast anomalies (case 5) in upper

right and best forecast anomalies (case 1) in lower right.
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exception of eastern North America and Eastern Europe. In fact, most features are out
of phase by more than 90° which confirms the AC calculation of .01. The large blocking
anomaly over Alaska is out of phase by nearly 180°. The best forecast member in this
case, with only a meager AC score of .11, shows significant differences over the Pacific
compared with the worst member. However, in general the range of patierns in the
ensemble do not depart radically from the average forecast. As indicated by the skill

score there is virtually no useful information contained in this forecast.

4. PREDICTABILITY ESTIMATES

A highly beneficial by-product of the Monte Carlo approach of forecast ensem-
bling is the implicit estimate of predictability error growth. Using the classical method
of twin forecasts (Panel on International Cooperation, 1966; Baumhefner, 1985; Trib-
bia and Baumhefner, 1988j, which assumes that the model can realistically replace the
atmosphere, an estimate of predictability is derived from the ten—-member forecast en-
sembles. Forty-five pairs of forecasis were differenced for each ensemble and the average
difference, its standard deviation, and range were calculated in a manner analogous to
evaluating forecast skill. These scores then represent estimates of the best possible fore-
casts that can be achieved (:.e., the upper limit of skill) because they assume that the
“model” that replaced the observed atmosphere has no error. Therefore, by definition,
the only errors present in this predictability estimate calculation are those due to initial
state deficiencies.

The predictability results for 30 day time-means at 500 mb are presented in a
similar fashion as the forecast skill for easy comparison in Figures 5-6. Concentrating
first on the average behavior of the 12 ensembles, the average difference AC score for the
predictability estimate is .75, which is 30 percentage points better than the measured
forecast skill. It is noted here that this value of predictability for 30 day time-means
is more optimistic than that found in Tribbia and Baumhefner (1988). The reasons for
this discrepancy are linked to differences in initial data sets, formulation of models, and
sampling strategy. The differences between these predictability estimates underscore the
relative uncertainty in these calculations and point to the need for additional research
on the subject. The average range of predictability is also quite large and comparable to
the forecast skill range. This implies a strong sensitivity of the initial state to the type
and size of the perturbation used in the Monte Carlo ensemble. Therefore the sample
size must be large enough to detect this range of uncertainty otherwise the predictability
(spread) estimates will be severely biased. Clearly, if these predictability estimates are

correct, then considerable skill can be gained at extended range by reducing model error.
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There is a wide variation in average predictability and its scatter depending on
the initial state. For example, DEC82 shows the lowest average AC and also the largest
spread about the mean. Whereas DEC85 predictability is very high with virtually no
spread at all. The causes for this case dependent variability are unclear; however, its
presence may signal possible relationships with forecast skill.

The regional behavior of the predictability estimates (Figure 6) is similar to
the previously analyzed forecast skill with larger uncertainty and lower average values
of AC. The characteristics of the individual cases of DEC82 and DEC85 are similar to
the hemispheric estimate and three other cases also show the large scatter of DEC82.

The rapid dispersion among forecasts for regional areas is somewhat discouraging and
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Fig. 5. Anomaly correlations of forecast predictability for 30 day time-mean 500 mb height
fields for latitude band 20-90N. Solid dot equals average of 45 pairs of forecasts for each
ensemble. Vertical bar equals range of scores. Open circle equals Score of average forecast

from Fig. 1. Abscissa values same as Fig. 1.
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probably plays a large part in the wide range of forecast skill as well. This uncertainty
factor or de facto signal to noise ratio will play an important role in the accuracy of a

prior: estimates of forecast skill.

5. PREDICTABILITY-FORECAST SKILL RELATIONSHIPS

The primary function of a Monte Carlo ensemble of extended range forecasts
would be to link the characteristics of the predictability estimates previously described
to the actual forecast skill in some fashion. This kind of calculation was the original goal
of stochastic-dynamic prediction first outlined by Epstein (1969). In this experimental
design, however, the uncertainty relationships are not directly calculated, but must be
derived. A detailed examination of Figures 1-2 and 5-6 together suggest several possible

relationships.

(N. AMER)
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Fig. 6. Same as Fig. 5 but for limited region of 150-60W and 25-70N.
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First, the average value of forecast skill appears related to the average value of
predictability. A correlation of these values would indicate a relation between slower
predictability error growth and accurate forecast skill. Secondly, the average forecast
skill may be correlated to the spread of the predictability estimates. This relationship
would imply that highly dispersive situations are more difficult to forecast. And finally,

the spread of forecast skill looks similar to the spread of predictability which may
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Fig. 7. Scatter Plot of the average anomaly correlation of 500 mb height 30 day time-means for
each 10-member ensemble. Abscissa equals average of the differences between forecasts (pre-
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in turn be related to average skill. For this relationship to hold, the errors caused by
initial condition uncertainty would have to be of the same order as the modeling error.

The first relationship is tested by constructing a scatter—plot of the average
values of forecast skill and predictability for all 12 cases and both the hemispheric and
regional domains (Figure 7). Four windows, 90° of longitude wide, were used to calculate

the regional scores. The hemispheric domain scores show the greatest correlation with
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a value of .59, but the sample size of 12 is quite small. The regional score sample of
48 shows less correlation (.49) and larger scatter. Overall, there appears to be some
relationship between skill and predictability in an average sense. Further subdivision
and/or expansion of the sample size may be necessary to sharpen this relationship.
The second possible connection between forecast skill and predictability relates
the dispersion of forecasts to skill. This relationship is referred to as forecast agreement
in Kistler et al. (1988). In this case the average standard deviation (forecast skill) of each

ensemble is correlated against the spread of the ensemble as measured by the standard
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spread of the skill for 12 cases. Abscissa equals average forecast skill of ensemble measured
by standard deviation of difference between forecast and observed condition. Ordinate equals
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deviation of the range. The scatter plot locks very similar to Figure 9 and is not shown.

The hemispheric values exhibit very little correlation whereas the regional values show

»

only a slightly stronger relationship. The dispersion of forecasts is greater in the regional

i

domains which may account for the better correlation. The correlation with forecast

may
by Kistler et gl (1988) was much better than these results indicate.
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agreement found
Again thers appears to be a connection between these variables, but it is very weak and
needs further study.

The final relationship that was investigated compared the spread of skill to
the spread of the predic

correlation of these two parameters in terms of the standard deviation of each respective
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range of values. The results show the best relationship between variables that has been
tested with the regional scores having a correlation of .61, Unfortunately this connection
between the ranges of the ensemble skill and predictability is not very useful as a direct
prediction of skill but only how dispersive the forecast sample will be. The relation of
average skill to the range of skill is shown in Figure 9. The correlasion is weak at best
and therefore puts the good relationship between spreads at a disadvantage in predicting

forecast skili.

6. CONCLUSIONS

In general the use of a low resolution general circulation model coupled with
Monte Carlo Ensembles proved to be highly successful for extended range forecasting.
The following conclusions briefly summarize specific aspects of the experiment.

Evaluation of forecast skill, in an average sense, showed that the low resolution
results were as skillful as higher resolution forecasts at the 30 day time range. On a
case by case basis, there was considerable variation in skill as seen in earlier studies.
The spread of skill within each ensemble caused by initial condition uncertainties was
uncomfortably large. If scéres were evaluated regionally, the average skill was similar

.

to the hemispheric values

]

put the case by case variation and ensemble spread of skill

became even larger. The forecast skill, as measured by the verification scores, agreed

1,
H

with synoptic impressions of the differences between forecast and observed anomalies.
The average predictability estimate, obtained from the forecast dispersion
within the ensembles, was much higher than the current levels of forecast skill. As
in the case of forecast skill there was large sensitivity of these estimates to different
perturbations in each ensemble, different initial conditions, and geographical location of
verification. Direct relationships between case forecast skill and case forecast dispersion
were somewhat weak but on the whole still positive. The strongest correlation compared

the dispersion of skill and the dispersion among the forecasts themselves.



Several comments regarding these conclusions are in order. On the optimistic
side the large difference between current forecast skill and the upper limit of skill esti-
mated by the predictability calculations imply that considerable improvement in skill
can be achieved by reducing model error. On the pessimistic side the case to case vari-
ability of skill exhibited in this sample requires that a method must be developed to
forecast forecast skill. The first cut at deriving such a method was not very encouraging.
The large spreads within the ensembles represent a two—edged sword. They hopefully
can be usad in a more intelligent manner to determine an a priori forecast skill measure.
However, they also imply a large uncertainty exists in the final estimate of skill which
cannot be removed. The ultimate reality of numerical extended range forecasts will
most likely balance between these two facts.

Future research on extended range prediction should concentrate on three areas;
expansion of the sample size of initial states, determination of regime structure and their
relationship to skill, and examination of the initial perturbation methodology and the
accuracy of the resulting dispersion distribution. The current sample sizes are not nearly
large enough to statistically relate the previously discussed parameters or to determine
regime dependencies on forecast skill. Many of the future methods of forecasting the
skill of extended range integrations will undoubtedly depend on the accuracy of the

dispersion estimates, therefore extensive testing of Monte Carlo techniques are required.
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