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Simulation studies have played an increasingly im-
portant role in planning for the First GARP Global
Experiment (FGGE) during the last two years by pro-
viding information on the meteorological impact of
various untested or incompletely tested elements of the
GARP observing system. The studies are not concerned
directly with the research objectives of GARP, but are
intended to provide information to FGGE planners on
the capabilities of alternative systems for meeting a
specific FGGE requirement. The simulation studies also
provide a valuable input to cost-effectiveness studies by
indicating tradeoffs of one possible type of observing
platform against another—such as constant-level bal-
loons vs. buoys. These tradeoffs can lead to major gains
in research yield per dollar of expenditure on the ob-
serving system.

1. The FGGE observing system

The observing system planned for FGGE is a mixture
of conventional observing systems that are already a
part of the World Weather Watch, and relatively new

satellite- and balloon-based systems for ‘the observation -

of winds, temperature, humidity, coud cover, and heat
budget. Some elements of the FGGE observing system,
and in particular the WWW network, have been tested
in years of operational use. These are standard systems
whose capabilities and costs can be considered as com-

1 Adapted from a report to the Joint Organizing Com-
mittee-7, Munich, June 28-July 4, 1972,
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pletely firm elements in FGGE planning. Other ele-
ments have been tested on a trial basis only, and in
some cases exist only as proposals.

Global satellite temperature data are an example of
an important element of the FGGE observing system
that has been put into limited operational use, but
have not yet been tested at the level of capability re-
quired for the FGGE data requirements. Another ex-
ample is the measurement of winds by tracking of clouds
in satellite photographs, which also has been used on a
limited basis operationally, but is still under develop-
ment with major improvements in prospect. Finally, a
potentially critical element, still in an early develop-
ment stage, is the Carrier Balloon System, designed to
satisfy the FGGE requirement for accurate vertical wind
profiles in the tropics.

2. Description of the method

Simulation studies aimed at the investigation of the
capability of an observing system proceed according to
the following sequence of steps: First, an artificial his-
tory of the atmosphere is created by numerical integra-
tion of a model. Second, simulated “data” are created
from the history by addition of random variations to
the history values for temperature, wind, and pressure;
these random variations represent errors in the data to
be yielded by the observing system under study.

Third, the numerical integration that created the
history is repeated, but with the meteorological vari
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ables in the model replaced by the simulated data at
locatiqps_ and times correspondingly to the assumed pat-
tern of observations.

For example, if the observing sub-system under study
is designed to produce wind data, the winds in the his-
tory are replaced by simulated wind “data” at locations,
heights, and times corresponding to the coverage ex-
pected from the observing system. If the study is di-
rected at the performance of an observing sub-system
designed to yield temperature or pressure information,
the temperature or pressure values in the history are
replaced by the respective simulated “data” in a similar
fashion.

If the inserted data had no errors, and therefore were
identical with the history values, the new integration
would be identical with the history. However, when
errors are present, the inserted data perturb the com-
puted circulation, causing it to depart from the history.
The difference between the history and the perturbed
circulation resulting from the data insertion is a mea-
sure of the effect of the errors in the simulated data.2

The effect of the errors usually is expressed in terms
of rms differences of the meteorological variables such as
wind components, averaged over all points of the com-
puting grid. These rms differences are considered to
represent the errors in the determination of the global
atmospheric states, resulting from the assumed errors in
the observing system.

3. Limitations on simulation studies

An examination of the underlying rationale for
FGGE simulation studies indicates important limita-
tions on the usefulness of these studies. The most im-
portant weakness of the studies stems from the fact that
the same numerical model generally is used both to
generate the simulated “observations” and to test the
effectiveness of these observations in a data-assimilation
scheme. As a consequence, the insertion of the data pro-
duces a minimum amount of shock, and unrealistically
small errors.

Even if different models are used to generate the data
and subsequently to assimilate these data, the simula-
tion study still is likely to underestimate the amount
of shock produced by the data insertion, because all the
models currently used in simulation studies parameterize
the physics of the atmosphere in approximately the
same way. :

In real life, the observations are derived from the
actual atmosphere, whose physics is certain to be con-
siderably different from the physics of the models cur-
rently employed in the data assimilation program. Even
if the observing system were perfect, and the observa-
tions had zero errors, the insertion of these perfect ob-

2In the actual experiments, the run with the simulated
data is sometimes started from a different initial state, creat-
ing transient initial errors. The asymptotic error level after
several days of integration seems to be independent of the
initial state.
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servations into the model would generate a significant
level of disturbances, because of the incompatibility of
the model physics with the properties of the real at-
mosphere. .
~ These “incompatibility” disturbances are a measure
of the defects of the model, rather than the imperfec-
tions of the observing system. However, they are just as
damaging as if they were the result of observational
errors. They add to the effect of the observational er-
rors, degrading the quality of the atmospheric states
yielded by the data assimilation schemes and lowering
the quality of the resultant forecasts.

Thus, simulation studies on the hypothetical per-

. formance of an observing system always lead to a more

favorable result than can be expected from the real
observing system. Preliminary experiments with real
data insertion, described below, suggest that the “in-
compatibility” effect contributes several meters per sec-
ond to the global mean wind error. It is possible that
when the data-assimilation schemes are refined, this
effect will emerge as the major source of error in the
global atmospheric states yielded by FGGE.

Another weakness in simulation studies relates to the
problem of model-dependence. As noted above, in these
studies the effectiveness of a set of observations is
measured by the difference between two numerical solu-
tions to the model, one representing the true history
of the atmosphere, and the other constituting a per-
turbed state obtained by inserting the simulated data.
The effect of minor defects in the physics of the model
should cancel in forming this difference of two circula-
tions. However, if the model has serious deficiences, and
the computed circulation is severely distorted as a re-
sult, the information on errors obtained from the simu-
lation study may be misleading. For example, regard-
less of the observing system under study, a model gen-
erating a sluggish circulation would produce unrealisti-
cally small wind errors.

4. Objectives of the FGGE simulation studies

The general objective of an observing system simula-
tion study is to determine how the accuracy of global
atmospheric states depends on the error limits, spacing
and frequency of observations, types of variables to be
measured, and other properties of the proposed sys-
tem. In the FGGE studies, certain specific areas of in-
vestigation have received emphasis because they relate
to the most innovative and least tested aspects of the
FGGE observing system. The stressed areas are: 1) four-
dimensional data assimilation schemes, aimed particu-
larly at the use of asynoptic satellite data; 2) the relative
effectiveness of various proposed systems for determining
tropical winds; and 3) the importance of reference level
measurements, and the optimum location of the refer-
ence level.

The report that follows is directed mainly to a review
of work in these areas. The report was prepared at the
request of the Working Group on Numerical Experi-
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mentation of the Joint Organizing Committee of GARP,
and summarizes the results obtained by groups conduct-
ing simulation studies at the request of the Joint Or-
ganizing Committee from 1969 through mid-1972.

5. Insertion of simulated satellite temperature data

Numerical experiments [I, 2, 3, 4] suggests that con-
tinued insertion of global temperature profiles in- an
atmospheric model uniquely determines winds and
pressures through the relationships among meteoro-
logical variables contained in the equations of the
model. As the temperature data are inserted the wind
and pressure errors drop steadily, and level off at an
asymptotic value after a period of time which is gener-
ally between 10 and 25 days depending on the mean
magnitude of the errors in the initial state. According
to Jastrow and Halem [2] the wind error decreases in
proportion to the volume of temperature data assimi-
lated daily, i.e., insertion of data every six hours pro-
duces twice as good results as insertion every twelve
hours, hence two satellites with temperature sounders
are twice as useful as one [2]. According to Williamson
and Kasahara [3] and Williamson and Dickinson [5],
however, the asymptotic level of errérs is less strongly
dependent on the volume of temperature data assimi-
lated daily.

6. Synoptic vs asynoptic insertion

According to Goddard Institute for Space Studies
(GISS) experiments, it does not matter whether the
data are inserted synoptically at fixed intervals, or in
an asynoptic four-dimensional scheme following the
space-time track of the satellite which acquires the
data [6]. The effect of the temperature data on winds
and pressures seem to depend mainly on the amount
of temperature information inserted each day, and
not on the way in which the insertions are spread
throughout the twenty-four hour interval. Fig. 1 com-
pares results achieved by synoptic and asynoptic inser-
tion of simulated temperature profiles. The asynoptic
insertions followed the track of an imaginary polar-
orbiting satellite. Other conditions in the two experi-
ments were identical. No difference can be seen in the
wind errors yielded by the two assimilation procedures.

However, Smagorinsky [7] suggests that asynoptic 4-D
assimilation should be superior to synoptic assimilation
because it reduces the shock and therefore the mean
error resulting from direct data insertion. Confirmation
of this suggestion is found in work reported by Morel
et al. [8], using simulated balloon wind data rather
than temperature data. In simulated forecast studies
using. a onelayer barotropic, incompressible, hemi-
spheric model, they obtained a2 lower mean error with
asynoptic assimilation than with balanced synoptic as-
simjlation. Fig. 2 shows their results for the error in
geopotential heights.

On the other hand, a summary of very recent work
by Morel, submitted for the purpose of compiling this

report, indicates no difference between synoptic and
asynoptic assimilation [9]. Further experiments are de-
sirable to clarify the situation. A subjective guess is that
synoptic and asynoptic assimilation will yield roughly
the same results if raw data are inserted directly, but
more sophisticated assimilation techniques may tip the
balance in favor of the asynoptic method.

7. Need for global coverage

The coverage of data must be global or nearly global.
Experiments performed by GISS and NCAR indicate
that roughly 859, or more of the globe must be in-
cluded in the mean daily coverage, if the temperature
data are to be effective in controlling winds and pres-
sures. In the GISS experiments, in which temperatures
were inserted in an equatorial belt, the coverage had to
be extended up to latitudes of 70° or more to obtain
reductions in wind and pressure errors [2]. In the
NCAR experiments various combinations of tempera-
ture, pressure and wind data were inserted either in the
tropics or in the extra-tropics, but not in both. No
error reductions were found outside the immediate re-
gion of insertion in these NCAR experiments on lim-
ited-area coverage [10].
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Fic. 1. Insertion of simulated VTPR sounding data
(ITOS-D): -comparison of synoptic versus asynoptic data as-
similation results. In this case the experiments were started
from unperturbed zero-error initial states; hence the wind
errors rise toward their asymptotic levels, rather than de-
cline toward the asymptotic levels from initially large values,
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8. Insertion of other types of data

Similar results to those from temperature insertion
are obtained if winds or pressures are inserted instead
[3]. It appears that insertion of an extended time his-
tory of any single meteorological variable will deter-
mine the values of the other variable within finite error
limits. It is also possible to insert redundant data—two
or more fields—with similar results [6, 10].

9. The JOC tropical wind experiments

Simulation studies designed to evaluate the import-
ance of tropical wind measurements were proposed by
JOC5 and performed between May and October of
1971 by -the Geophysical Fluid Dynamics Laboratory
(GFDL), GISS, and NCAR.

The studies were planned to answer the specific ques-
tion: What is the minimum observing system necessary
to satisfy the GARP requirement for a wind error of
+2 m sec-! in the tropics? To this end, a sequence of
three basic experiments was laid out, with major ele-
ments of the FGGE observing system successively added
from one experiment to the next:

1) Insertion of simulated temperature profiles, repre-
senting global coverage with random and systematic
errors as expected from the satellite sounding radiome-
ters planned for FGGE.

2) Same as (1) plus insertion of two-level wind data
in the tropical zone, simulating wind vectors derived
from geostationary cloud images.

3) Same as (2) plus insertion of detailed vertical wind
profiles within the equatorial zone, simulating drop-
sonde data from the Carrier Balloon System.

Curves I and II in Fig. 8 show the rms vector wind
errors after 12 days as computed by Gordon, Umscheid,
and Miyakoda [11] in the first experiment (temperature
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Fic. 2. Comparison of forecasts starting from (I) synoptic
wind data at time ¢ (full line) or (II) asynoptic wind data
and dynamic assimiliation (dashed line). -
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Fic. 3. Results of the GFDL tropical wind experiment,
showing mean vector wind error after 12 days with the fol-
lowing cases of (simulated) data insertions. (1) Data inserted
consist of temperature profiles with errors specified within
the GARP data requirements and surface pressure. (II) In
addition to I, two-level wind field (850 mb and 200 mb) with
rms vector error +2 m sec? in the lower and upper tropo-
sphere is added in the 26°N-26°S band. (III) In addition to
11, complete wind profiles with rms vector error *1 m sec™
are added in the equatorial belt 10°N-10°S.

only) and the second experiment (temperatures plus
two-level winds). The important qualitative features of
these results as reported by Gordon in Toronto, are:

i) The wind errors obtained from temperature inser-
tion alone exceed the GARP error limits.

ii) Addition of two-level wind data in the tropics
significantly improves the “wind determination at all
latitudes; i.e., the wind information propagates from
the tropics to extratropical latitudes.

iif) With two-level tropical wind data added, the wind
errors in the tropics still exceed the GARP error limits.

With dropsonde wind data added in the equatorial
zone, the wind errors in the tropics are reduced below
the GARP limit of =2 m sec! for tropical winds.
GFDL results for this experiment are shown in curve
I1Y of the chart.

10. Model-dependent effects in the tropical wind
experiments

Groups conducting observing system simulation stud-
ies have always been concerned with the possibility of a
strong model-dependence in ‘their results, This concern:
seemed to be justified when the GFDL, GISS, and
NCAR groups reported their results to the JOC in
Toronto in October 1971, because substantial differences
were apparent between the GISS and NCAR results on
the one hand and the GFDL results on the other. GISS
and NCAR differed from GFDL with respect to two of
the three majn conclusions regarding tropical winds
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that were listed in Section 9. Since all groups followed
similar prescriptions in constructing their simulated
data sets, their contradictory results were assumed to be
the result of model-dependence.

Subsequent GISS experiments indicate that the dis-
agreement may be primarily the result of varying ver-
tical resolution in the three models, and not the result
- of differences in the physics of the models. When the
GISS experiments were repeated later with a model
possessing nine vertical levels—the same number as in
the GFDL model—results were essentially the same as
reported by GFDL, although the models were quite
different in their treatments of radiative transfer and
moist convection.

The agreement between the GFDL and GISS results
is shown in Fig. 4 for the experiments in which simu-
lated temperature data are compared with temperature
data plus two-level wind data. The horizontal grid
resolution is approximately the same (~400 km) in both
models. Both models are seen to yield the basic results
that i) extratropical wind errors are reduced by the
addition of two-level wind data in the tropics and ii)
the wind errors after addition of the two-level wind
- data still exceed the GARP error limits. The earlier
GISS study performed with a two-level model had
yielded contrary results on both points.

These experiments suggest that the simulation studies
performed by various groups depend strongly on the
grid resolutions in €ach model but may not depend
significantly on other features of the models. However,
Miyakoda [12] indicates that differences in model phys-
ics can have an important influence on results of simu-
lation studies performed with different models. The
number of model comparisons available thus far seems
too limited to settle this important question of model-
dependence on Observing System Simulation Studies.
This area of disagreement will be resolved gradually, as
a larger body of experience accumulates in the compari-
son of similar experiments performed by the groups
working with different models.

11. Reference level experiments

The question of reference-level measurements is con-
nected with decisions on potentially expensive elements
of the GARP Observing System, in particular, southern-
hemisphere buoys and constant-level balloons. Two
points are of primary interest in this regard: 1) If a
reference level is needed, where should it be located?
Must it be at the surface, or will 200 mb—the planned
height of the constantlevel balloons—be equally effec-
tive? 2) How impertant are reference level measure-
ments in general?

Regarding the first question—the relative value of
surface pressures vs 200-mb heights—the reports on the
relevant simulation studies reach divergent conclusions.
Baumhefner and Julian [I13] state that the location of
the reference level has little effect, while Williamson
and Kasahara [3] conclude that the use of correct sur-

face pressure seems to produce a better determination
of the wind field than the use of correct 12-km pressure.

The experimental results on which the last evalu-
ation was based are shown in Fig. 5. In this figure, ex-
periment “7” shows the results of insertion of tempera-
ture data only, experiment “6” shows the results of in-
sertion of temperatures plus 200-mb heights, and ex-
periment “3” shows the results of insertion of tempera-
tures plus surface pressures. The surface pressure data
improve global wind errors by about 1 m sec-1, but the
200-mb heights have no effect except for an apparent
slight worsening of the results.

Recent GISS experiments related to the question of
the 200-mb heights differ somewhat from the NCAR
experiments reported by Kasahara and Williamson, but
lead to a similar conclusion. In the first GISS experi-
ment, temperatures were inserted globally and surface
pressures were inserted over land areas only, simulating
the WWW network of surface stations. In the second
experiment the same data as above were inserted, and
in addition, 200-mb heights were inserted in the South-
ern Hemisphere, simulating the coverage of the con-
stant-level balloon system planned for FGGE. The results
are shown in the table below. They indicate no appre-
ciable effect of 200-mb heights except for a slight worsen-
ing of the wind error. These experiments also support
the conclusion of Kasahara and Williamson.

Land plus
Land 200-mb
only heights
Global average (m sec-1) 4.7 4.8
Zonal average (m sec-1)
8°s 5.3 5.7
24°8 3.6 3.9
38°S 3.3 3.7

Regarding the second question—the need for refer-
ence pressures in addition to those provided by the
augmented WWW network—the literature is again con-
tradictory. Smagorinsky et al. [14] report evidence that
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surface pressure data “are not essential for short range
forecasts in the extratropics.” Kasahara states, in re-
porting on studies using real data, that *results of our
* numerical experiments under realizable observational
conditions seem to suggest that the reference pressure is
indeed needed” [4]. In the report by Kasahara and Wil-
liamson [10] on studies using simulated data, this state-
ment is modified to extend to the Southern Hemisphere
only:

Thus, a system of buoys over the extratropical
southern oceans capable of measuring surface pres-
sure would provide useful information for updating
in the NCAR GCM. However, the observations of
surface pressure over land only are sufficient for up-
dating in the tropics and Northern Hemisphere when
compared to observations of surface pressure every-
where.

Fig. 6 shows the results on which the NCAR con-
clusion is based. In this chart, experiment ““7” shows
the results of inserting temperature data only, and ex-
periment “3” shows the results of inserting tempera-
tures plus surface pressures globally. The dashed line
shows the results of inserting temperatures globally
and surface pressures over land areas only. The effect
of global insertion of surface pressures, as distinct from
insertion over land areas only, is seen to be small in
the northern hemisphere but somewhat larger in the
Southern Hemisphere. At 60°S latitude the effect is very
large.

In contrast to the NCAR group, Morel finds no sig-
nificant effect of surface pressure on results achieved by
insertion of temperature data [9].

GISS experiments on this question were similar to the
NCAR experiments and led to corresponding results.
As in the NCAR results, the global mean wind error is
about 1 m sec? larger in the “land only” case than in
the case of global surface pressure insertion.

Our interpretation of the NCAR and GISS experi-
ments that have been performed thus far on the refer-
ence-level question is the following:

1) A major augmentation of the WWW surface sta-
tions by a dense network of buoys with a spacing of
400 to 500 km could improve global mean wind errors
by as much as 1 m sec-2. ’

il) Augmentation of the surface stations by a dense
network of 200-mb balloons would have little effect.

12. The effect of inserting real data.

Morel has emphasized that simulation studies which
test a model against itself will lead to unduly favorable
results. In the simulation studies, the simulated “data”
are obtained from a model with the same physics as
the model into which these “data” are to be inserted,
hence the insertion does not produce as violent a shock
as results from insertion of real data. Thus the simula-
tion studies are unrealistically optimistic.

This is the so-called “incompatibility” or “rejection”

- effect. In order to test it, GISS conducted a hemispheric

experiment using the currently available National Me-
teorological Center (NMC) analyses for the Northern
Hemisphere for the month of February. These provide
temperatures, heights and winds down to an average
latitude of about 13°. Hemispheric states were obtained
by extrapolating the NMC value to the equator, using a
linear extrapolation to zero for wind components, a
linear extrapolation to 1010 mb for sea-level pressures,
and a constant extrapolation for temperatures.
Hemispheric NMC temperatures obtained as de-
scribed were inserted into the model every 12 hr, and
winds derived from this data assimilation scheme were

" verified against the NMC winds. The rms difference in

the two wind fields averaged over all vertical levels was
~10 m sec™ (upper curve, Fig. 7).

A similar experiment was then performed using sim-
ulated temperature data generated by the model, in-
stead of the NMC temperatures. Rms errors were intro-
duced into the simulated data to match the random
errors in the NMC temperatures. The NMC errors were
estimated by comparing the NMC analyses to radiosonde
measurements at the standard net of 70 stations for the
same period. The coverage of the simulated data imi-
tated the NMC coverage; the simulated data being ex-
trapolated to the equator according to the same scheme
used to extrapolate the NMC fields.

In the run with simulated data, the rms difference be-
tween the “correct” wind field and the temperature-
derived wind field was found to be ~8 m sec as com-
pared with ~10 m sec™ in the first experiment (Fig. 7).
The improvement in results with the simulated data
presumably is due to the fact that the model used for
the data assimilation is identical to the model that was
used to generate the “data.” '

The conclusion is that in this particular case the in-
compatibility effect amounted to 2 m sec?. Additional
experiments will be needed to test the magnitude of
the effect in a variety of conditions closer to those an-
ticipated for FGGE.

13. Future studies

Experience over the past two years indicates two
problem areas in the field of simulation studies related
to FGGE. One problem area relates to the need for a
better definition of certain critical elements of the
FGGE Observing System, in particular, the sub-systems
planned for tropical wind measurement. Another prob-
lem area relates to the inherent weaknesses in the sim-
ulation studies themselves, as an input to firm planning.

The FGGE requirement for measurement of winds
in the tropics at seven vertical levels, with an accuracy
of 2 m sec-! has emerged as the GARP data require-
ment most difficult to satisfy, in the sense that tropical
wind measurements of this quality are farthest re-
moved from the current capabilities of conventional or
satellite observing systems. Several systems have been
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proposed to meet the tropical wind requirement either
completely or in part. These systems include the car-
rier balloon with multiple dropsondes, refinement of
existing .techniques for wind determination by cloud-
tracking, and establishment of a picket line of ocean-
stationed vessels for launch of rawinsondes.

The definition of the optimum system, or combina-
tion of systems, among these is one of the major tasks
confronting FGGE planning in the immediate future.
At an ad hoc meeting of the modeling groups concerned
with GARP simulation studies, convened in New York
by the Working Group on Numerical Experimentation
on 12 October 1972, first priority was placed on a pro-
gram of numerical experiments designed to evaluate
the relative effectiveness of the above system.

Another problem that received extensive discussion at
the October 12th meeting related to inherent weak-
‘nesses in the simulation studies themselves, as inputs to
firm planning. It has been noted that the results ob-
tained by NCAR, GFDL, and GISS, in response to the
first JOC call for tropical wind experiments, revealed
discrepancies which seemed to have been the result of
differences in grid resolution but may also have re-
flected differences in more physical properties of the
models. The question of model-dependence, and other
factors affecting the comparison of simulation study re-
sults obtained by the various groups, received consider-
able attention at the October meeting. Closer coopera-
tion is planned among simulation study groups to mini-
mize the effect of the above factors in the future.

Toward this end, participants in the October 12th
meeting established a standard horizontal grid resolu-
tion of 5° (latitude and longitude) and 2 minimum of 6

vertical levels, for subsequent numerical experiments.
A hypothetical standard FGGE observing system was
also established, with specified error limits on all firm
elements of the observing system. This standard observ-
ing system will provide a common baseline for measur-
ing the effect of adding or subtracting individual sub-
systems being considered for FGGE.

It is hoped that as a result of the establishment of
uniform specifications in grid resolution and hypotheti-
cal FGGE systems, the effect of model dependence (al-
though not the incompatibility or rejection effect) will
be clearly exhibited when results from different model-
ing groups are compared. The resultant indication of
the magnitude of one important variety of model-de-
pendence in the simulation studies should be useful in
the evaluation of these studies in future planning
exercises.
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