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1. Introduction

Until recently the main emphasis in the development of
NWP models has been with grid-point models. Consequent-
1y such models have been tested extensively as to their
forecasting capabilities. Indeed several studies have
been published dealing with the medium range weather
forecasting potentiality of such models (Miyakoda et al
(1971); Druyan et al (1975); Somerville et al (1974)).
Lately extensive comparative studies were published by
ECMWF (Arpe et al (1976); Gauntlett et al (1977).

Less study has been devoted to spectral models although
from a numerical point of view such models seem fully
competitive to grid-point models. Bourke (1974)
published results of a series of short range forecasts
with a rhomboidal (J = 15) low resolution multi-level
spectral model for the southern hemisphere. Little
physical parameterization was included and only RMS
difference scores were presented. Later a more extensive
study was undertaken by Bourke et al (1977). Their
southern hemisphere 24 h and 48 h forecasts with a semi-
implicit 7-level rhomboidal J = 15 model were compared.
with a filtered baroclinic grid-point model and found to
have superior BRMS and S1 skill scores both at 500 mb and
mean sea level pressure, although shortcomings were
noticed consistent with the low horizontal resolution
and the data problems in the southern hemisphere. A
comparable study was published by Daley et al (1976A and
1976B), based on over a year operational experience with
a semi-implicit model with moist processes included.
This 5-level model had a horizontal rhomboidal J = 20
resolution, although occasionally a J = 30 integration
was performed. A comparison with 36 h grid-point

model forecasts on the basis of some objective skill
scores led them to the conclusion that the spectral
model is highly competitive in terms of both accuracy
and computational efficiency.

In order to study the climatology of their spectral
model and to evaluate the parameterization of physical
processes, Bourke et al (1977) undertook a simulation of
the January climatology using again a rhomboidal

(J = 15) truncation and the GFDL levels (Miyakoda(1973))
in the vertical. The physical parameterizations were
close to those used by GFDL and by us in this study.

A horizontal V? diffusion in the top half of the
rhomboid was applied. In spite of the relatively low
resolution a fair simulation of the January climatology
was obtained. This study also showed the suitability of
the semi-implicit technique for such studies, although
no comparison was made with an explicit integration.
These studies showed that spectral models, even with low
resolution and with semi-implicit time integration



compare favourably with grid-point models as far as short
range numerical weather forecasting or climate
simulations are concerned. However,no studies have been
published on the problem of extended range forecasting
with relatively high horizontal resolution. It was
decided to undertake a study in this area within the
framework of the sequence of studies at ECMWF on the
frequently used data set of 1st March 1965. Preliminary
studies of different aspects of low resolution inte-
grations are discussed elsewhere (Hansen and Baede, 1977).
In this report we discuss a semi-implicit integration
with maximum attainable resolution (triangular M = 40),
limited by ECMWF's present computer resources. Similar
work is undertaken at present at GFDL (T.Gordon,

private communication).

Section 2 presents a very brief description of the model
for the rest referring to a previous report (Hansen and
Baede (1977)). .

In Section 3 the results are discussed and compared with
both the NMC analyses and the results of other grid-
point integrations. The main emphasis is put on a
comparison with an integration with the N48 GFDL model.
A synoptic comparison as well as conventional objective
scores are applied. Moreover the energetics of the inte-
gration are examined, including the heat balance of the
atmosphere, subject to the physical parameterizations,
Some attention is given to a comparison of the precipit-
ation forecasts of the different models.

Finally in Section 4 the conclusions of this study are
summarised.

After completion of this report, preliminary results
became available of of 10-day integration of ECMWF's
grid-point model with GFDL physics and a horizontal
resolution corresponding to N48. In an annex to this
report we present a preliminary comparison of this
integration with T40.

2. The Model

The model, used in this study was the same as the T21
model described in Hansen and Baede (1977). A
comprehensive description of its adiabatic part can be
found in Hoskins and Simmons (1975). We limit the
discussion here to a brief description of the spectral
representation and the finite difference approximations
in the vertical and in time.



Spectral expansions were truncated in a triangular way
as follows

™ M m imA
x(h,u) =) ) X3 PN (u) e
m=-M n=m

where Pg (p) is an associated Legendre polynomial of the
first kind, With the computer resources, available at
present at ECMWF a maximum resolution of M = 40 could
be achieved. This model will be referred to as T40,

The vertical g-coordinate grid was defined as follows
(Miyakoda, 1973):

- Q2 — -
op = SZ (3-28,), S, = Tg—, k=1,2,...., 9

giving nine levels.

Vertical advection terms are approximated by the follow-
.ing scheme
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The integration of the hydrostatic equation is carried
out as follows
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The lowest half layer is assumed to be isothermal and
therefore

1
99 ~0x = agTy, ag = 1“8;

in which ¢, is the geopotential at the surface. This
procedure 1is different from the one used in GFDL's
model (N48) and ECMWF's models (D24,D48) in that in
these models the integration proceeds from half level
to half level, followed by an averaging to calculate
the geopotential at the full levels.

The conversion term kT2 in the thermodynamic equation
is computed such as toPconserve the total energy in
combination with the above described integration of the
hydrostatic equation.

The semi-implicit time stepping technique described by
Hoskins and Simmons was used, allowing a time step
length of 20 minutes. No attempt was made to integrate
the model explicitly, because the available computer
time was prohibitive. TFor the reference temperature
profile around which the gravity wave terms are linearis-
ed we chose the horizontal g-surface mean temperature.
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That the choice of the reference temperature field is
by no means trivial, was discussed recently by

Simmons et al (1977). They showed that the semi-
implicit scheme may become unconditionally unstable

if the local static stability differs significantly
from the reference static stability. We however did
not encounter such problems, perhaps because our
vertical resolution is insufficient for this effect to
become apparent.

A linear V" horizontal diffusion was applied to all
prognostic quantities except the surface pressure with
a diffusion coefficient K = 4.8 x 10!'°m"“sec~!. This
number was chosen as to produce the same e-folding time
of 36 h for the shortest waves as in the T21 inte-
grations, described in Hansen and Baede (1977).

For a description of the GFDL physical parameterization
package, which was applied unchanged in this study, we
refer to Miyakoda (1973) and to previous reports in this
series (Arpe et al, 1976; Gauntlett et al, 1977;

Hansen and Baede, 1977). Suffice it to give a summary
here in Table I.



Physical Parameterization

Radiation

Vertical Diffusion

Surface Fluxes

Convection (moist and dry)

Type and Comments

Manabe and Strickler (1964)
/ Manabe and Wetherald
(1967).
Radiation calculation is
dependent on:
(i) Climatological
distribution of
absorbers (HﬁO,COZ,

0,)

3

(ii) Climatological sur-
face temperature for
sea and sea ice
points.
(iii) Specified zonal mean
cloudiness.
(iv) Specified limits of
sea ice extent.
(v) Time dependent
surface albedo in-
fluenced by snow,
soil moisture, ice.
(vi) Specified
absorptivity,
reflectivity and
height of zonal mean
clouds.

Mixing length hypothesis.
2= 0 at 2.5 km.

No vertical diffusion of
temperature.

Bulk aerodynamic formulae.
Cq = 0.002.

Energy conserving convect-
ive adjustment type.
Critical relative humidity
for onset of moist

adjustment = 0.8,
Hydrology Account taken of rainfall,
evaporation, snow
accumulation, snow melt
and run-off.
TABLE I : Summary of physical parameterization included

in all models discussed in this report.




In this report the T40 integrations will be compared
with other integrations, which are indicated by

symbols.

Table II explains the meaning and refers to the

description of these models and integrations.

It should

be stressed that, apart from the horizontal numerical
schemes, the differences between these models are found
in the horizontal diffusion and the integration of the

hydrostatic equation.

in all integrations are identical.

The physical parameterizations

For this reason

Table II represents also information about the applied
horizontal diffusion scheme.

Horizontal Diffusion

Reference

'Symbol * Meaning

i
i

T40 This integration |[K.V" X,K=4.8x10'%"*s™! This report

T21 Low resolution K. V*X,K=6.0x10 f*s™ 1 Hansen and
spectral inte- Baede, 1977
gration

T48 GFDL N48 9-layer |Non-linear diffusion Arpe et al,
model - (Smagorinsky) 1976, Miya-

koda, 1973.
. 2 — 5 2 =1

D24 EC¥WF grid K.V X,K=2.5x10"m"s Cauntlett
point model 9-

. et al,1977
layer N24 version

NL2 ECMWF grid-point |[Nen-linear diffusion Gauntlett
model. 9-layer |K.|V? X |[. V2X et al, 1977
N24 version (K is variable-dependent)

D438 ECMWF grid-point |Non-linear diffusion Gauntlett
model. 9-layer K.|V2§§ I.VZX et al,unpubl
N48 version (K is variable-dependent)

NMC Set of NMC - Arpe et al,
analyses of -1976.
forecast
period

Z

TABLE IT: The models referred to in this report



3. Results

As already stated in the introduction, the main emphasis
in the discussion of the results will be put on a
comparison with the N48 GFDL grid-point model. This is
done by using the comprehensive diagnostic package,

used also in previous studies (re. for example Arpe et
al, 1976). TFollowing roughly the same plan as used by
Gauntlett et al (1977) in their study of an extended
range integration with ECMWF's grid-point model, we
start with a synoptic comparison on the basis of 500 mb
and 1000 mb maps and supported by some Hovm8ller diagrams.
Next RMS errors and anomally correlation coefficients
will be compared followed by an examination of the
energetics of the integrations. Some attention will be
paid to a comparison of precipitation forecasts of
different models.

The experiment is based on the 1st March 1965 00Z data
set, which was obtained from GFDL. This case has been
studied extensively, both by groups at GFDL (Miyakoda
et al, 1970, 1971, 1974) and at ECMWF (Arpe et al, 1976;
Gauntlett et al, 1977). For a synoptic description of
the development on the northern hemisphere during the
ten days following this date we refer to these
publications.

Rather than comparing the maps in detail, we shall
select some striking extra-tropical features in both the
500 mb and the 1000 mb maps (see figs. 3.1.1 - 3.1.21).

Al

The development of this anticyclone and its degeneration
to a ridge at 30° W during the first three days 1is
rather well predicted. As in the N40 run, the position
of the high at day 2 is too far to the West. At day 3
the ridge is at the correct position and the intensity,
although weaker than reality, is predicted better than
by any other model.

b.) The Trough-Ridge System over E. Atlantic and W.

The further development of the ridge described in the
previous section, together with the trough over W.
Europe is vital for the synoptic evolution over W.
Europe later on in the forecast period. 1In reality this
system moves slowly to the east, the ridge maintaining



its identity and developing into a high at the end of
the period. 1In the N48 run the ridge is much too weak
already by day 3 and indeed over the whole period. This
seems related to the general failure to maintain the
double frontal structure over the Atlantic and Europe.

Although the intensity of the trough-ridge system is
slightly better in the T40 integration than in the
others, the displacement is much too fast. At day 5 the
phase difference is about 20°, with T40 forecasting the
ridge over W. Europe, where in reality the trough is
found. This can also be observed in the Hovm8ller
diagrams of wavenumbers 4 - 9 at 50°N ( fig. 3.1.24 ).

Referring to the maps, we observe that T40 predicts

a weakening of the ridge after day 6 and the appearance
of a new eastward moving ridge, which by day 9 is :

slightly west of the British Isles. Note that this is

not the ridge which is found there in reality.

____._—_._-._—..___....._._...._.___.____—-.__—_~___.q__

The T40 prediction of the development of this system
during the first three days is comparable to the N48
forecast. The eastward shift is well predicted. As
in all other forecasts the intensity of the most
westerly ridge is overestimated, whereas the opposite
is true for the most easterly one.

d.) The Lows over the United States

Initially the analysis shows the formation of an intense
cut off low at 110° W due to an outbreak of cold air on
the east flank of a ridge along the east coast. This
low moves slowly to the east to join an already existing
low at the west coast by day 6, together intensifying
the Canadian trough. Neither of the models is able to
simulate this development properly, particularly after
day 2. The T40 integration is no exception.

At day 3 a new low is formed off coast by another
outbreak of cold air. This low remains fairly stationary.
In the N48 run the development of the second low takes
place from the Continent rather than from the Pacific.

In T40 instead the formation of a second low can be
followed from day 6, much too late and too far to the
east. Both models fail completely in forecasting this
development.

During the whole forecast period the analysis clearly
shows the existence of two fronts between 140° W and
120° E. None of the models is able to reproduce this



feature. This is also seen in figure 3.1.22 which shows
the zonally averaged meridional temperature gradients.
A1l models reproduce the subtropical front, be it too
weak. The arctic front is absent in all models after

day 3, although the T40 run seems to produce a new arctic
front after day 8.

This cyclone is in reality almost stationary, only
slightly moving to the NE, and has by day 4 developed
into a double system because it is joined by a cyclone,
moving eastwards over the United States of America. The
T21 integration was the only one which described this
development adequately at least till day 6. The hope
that T40 might do even better, was unfounded. ‘Already,
on day 1 the low is further south than in reality or

any of the other integrations. It then starts moving
north-eastwards, much too early. Moreover the low
approaching over the United States of America is too
wealz, although much better forecast than by the N48.

As in the N48 the NE moving low develops into an intense
cyclone off the Norwegian coast, quite different from
the observed development.

b.) Low Pressure Area over Europe during First Half of
the Period

The low pressure area over Europe consists mainly of two
cyclones. The cyclone over S. Europe moves to the NE,
which was well predicted by all models, except that the
spectral model shows too fast a movement, resulting in

a displacement of ten or more degrees. The other

cyclone over N. Europe propagates southward, reaching
France by day 4. In the forecasts this movement stops
near Scotland.

c.) Siberian High

The Siberian high is almost stationary during the first”
five days with slightly fluctuating intensity. In the
second half of the forecast period the high pressure
area weakens and splits up in different cells. In the
forecasts the decay starts earlier. Both spectral
models show a revival of the high during the last day.

d.) Cyclogenesis near Japan

In both reality and the models a low is formed around day
2 near Japan. The NMC analyses show a rather slow
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development of this low, which intensifies only when

it combines with an already existing low over the Pacific.
All models exhibit a much faster development, T40 being
the fastest of all. This model reaches its maximum
intensity by day 4, whereas both N48 and NMC analyses
reach their maximum intensity by day 6. All low :
resolution models underestimate the intensity of this
system.

Hovm8ller diagrams are a convenient way of presenting
the development of atmospheric waves, particularly in
spectral space. Figures 3.1.23 and 3.1.24 show .
Hovm8ller's diagrams for the 500 mb geopotential height
at 50N for two wavenumber regimes : the planetary

waves n = 1 - 3 and the baroclinic waves n = 4 - 9. As
already found in previous studies on the same data set,
all models show a considerable skill in predicting

the evolution of the phase of the planetary waves. The
predicted amplitude of these waves however is continu-
ously decreasing unlike reality. Figure 3.1.23 shows
that the T40 model is no exception. In fact, comparing
N48 and T40 in detail, there is little to choose
between both models, ’

Clearly, the quality of the forecasts of the baroclinic
waves is lower. We have already noted the high phase
speeds in the Eastern Atlantic and W. European area., 1In
this regard the N48 seems to be the better forecast. In
other details T40 seems superior, for example the develop-
ment of the trough starting at around 130°FE where N48 pre-
dicts a wrong intensity. A peculiarity which is evident
from this figure is the large increase in amplitude of the
systems during the later part of the forecasts. In fact
all models and to a lesser extent also the observed
circulation show a minimum baroclinic activity half way
during the forecasting period. N48 however shows a much
stronger recovery than T40.

This point will be discussed later on in more detail.

Summarising, we must conclude that there is little to
choose between the N48 and T40 integrations. The phase -
change of the longest waves is well described, but
important failures can be noticed in both models in the
prediction of synoptic systems.

3.2 Conventional Objective Verification

T T T S e s e e e e o e o o T et o e et S i s T o s i e e e e o e

Let us begin with saying a few words about the definition
and the properties of the verification scores that will
be presented. Two verification scores are selected: the
anomaly correlation coefficient and the RMS-error.



We define (Miyakoda et al, 1972) the error of a quantity
Z as

SZ(t) = Zp(t) - Zt(t)

where Zp(t) and Z,(t) are the predicted and observed (true)
values of Z at time t. Furthermore we define the anomaly:

AZ(t) = Z(t) - Z,
where Z, is the climatological monthly mean, taken from
Jenne (1969). Averaging over the N-hemisphere north of
200N is indicated by a bar -

The anomaly correlation coefficient C, is now defined
as:
Zp(t)_AZt(

(G

For an accurate formulation of Cgq in the wavenumber
groups we refer to Arpe et al (1976). C, has the
important property that it will approach zero
asymptotically for £ - o -

1

t)

Calt) =

The RMS error is defined as
T
rms(t) = /FfSZiZ

This quantity is always compared with two no-skill
scores : the RMS-error of persistence

rmsp(t) =//[Zt(t) - Zt(ijz

and the normal RMS-error
P et
NORM = E/[AZ,(t)]?

Here the averaging operator ——t dindicates space
averaging over the N-hemisphere north -of 209N, followed
by time averaging over all days of the appropriate
month. The operator E indicates an ensemble mean over
six individual months of NMC data of the years

1965 - 1970.

It can be shown that the asymptotic level of the RMS-
error of persistence is V2 times the normal RMS-error.

1lim rmsp(t) = V2. NORM

t > =,

The asymptotic level of the RMS-error is the same,
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if AZp(t)? = Azt(t)2

lim rms(t) = v2.NORM

t > o

provided that predicted and observed values have the

same spatial variance and the model has no systematic
bias. If however the predicted values have much smaller
spatial variance than the observed, as is the case in T21,
the RMS-error approaches NORM asymptotically:

lim rms(t) = NORM if AZp(t72<<AZt(t)2

t > =

If AZ2 = NORM? and AZ2 = 0°,NORM? then the following
relation between rms ?t) and Ca(t) holds

rms(t) = NORM. v (I+a? = 2a .Ca(t))

If a=1, i.e. if predicted and observed height variances
are equal this reduces to

rms(t) = V2. NORM ./ 1 = Cg(t)

For o<<1l, i,e. if the predicted height variance is much
too small, as is the case in T21, it follows that

rms(t) = NORM

and therefore contains no useful information any more.
This means that RMS-errors should be interpreted with
some care.

Particularly when models are compared with different
variance spectra, no useful conclusions can be drawn
from a difference in RMS-errors. A lower RMS-error does
not necessarily indicate a better performance. This
should be keptin mind when comparing N48 and T40 with T21.
However, throughout the forecasting period the kinetic
energy spectra of N48 and T40 are in good agreement with
the observed one and therefore we may compare the RMS
scores of these integrations with some confidence.
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The two quantities rmsp(t) and NORM represent two types
of no-skill forecasts. As soon as the RMS-error of the
forecast reaches NORM, there is no skill leift in the
forecast from the RMS point of view and we might as well
have taken the climatological mean. Similarly when the
forecast RMS-error reaches the persistence asymptotic
level, we might as well have taken the initial values.

Now going to figure 3.2.1, which exhibits the RMS-—error
of height, averaged over the troposphere and over the
N-hemisphere north of 20°N, we note first of all

(see top-figure, labelled TOTAL), that all models are
considerably better than persistence throughout the
forecasting period, but that they all reach NORM by

day 6 - 8. In the wavenumber group 1 -3 this'lgvel

is reached after 8 - 10 days and in the baroclinic wave
group after 4.5 days. The shortest waves show no fore-
casting skill after 1 - 2 days already and seenm to.have
reached their asymptotic level by day 3. Examination
of the asymptotic levels reveals that only the barg—
clinic waves 4 - 9 behave according to the above given
theory. The RMS-errors of height of the 1ongest_waves
still show an upward trend at the end of the period

and have by no means reached the persistence level.

In the shortest wave group 10 - 20 the asymptotic level
of the RMS-errors is consistently lower than the persist-
ence-level and closer to NORM. This may indicate too
little variance in this part of the height spectrum of
the models. In the zonal part all asymptotic levels,
including that of persistence, are close to NORM. This
may indicate that the zonal NORM is not representative
for this particular ten-day period. This is supported
by the observation that anomaly correlation coefficient
of persistence of the zonal part levels off to a
constant positive level (fig. 3.2.4).

As can be observed from figure 3.2.1 there is some
indication that the N48 integration scores consistently
lower RMS-errors than the T40 integration after day 6.

A closer examination of the different wave number groups
suggests that this is caused mainly by a better
performance in the longest waves. The differences are
however very small and might well be within the limits
of statistical significance. Moreover, as pointed out
above, none of the models shows forecasting skill from
the RMS point of view after day 6, so it is doubtful
whether it is sensible to claim superiority of one model
over the others during that period. Taking this into
account, the impression is that N48 and T40 show a fully
comparable performance. Further evidence for the
equivalence of both models is obtained from figures 3.2.2
and 3.2.3 showing time-height and time-latitude plots of
the total BMS height error. It is evident that the
distribution of RMS errors in both plots is highly
identical even in detail. :
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Now turning to the anomaly correlation coefficient,
figure 3.2.4 shows more convincingly than the RMS-errors
a better performance of N48 during the second half of

the forecasting period. This may be related to the above
mentioned faster propagation of waves in the T40 model,
because the correlation coefficients are more sensitive
to phase-, than to amplitude errors.

We are unable to explain the relatively good performance
of T21. The remarks made above concerning the variance
differences do not apply here. It may suggest that the
amplitude errors of the T21 integration are much more
serious than the phase errors. The mutual correlation
between the models (figure 3.2.5) and the RMS height
differences (figure 3.2.6) shows the high correlation
between N48 and T40, thus confirming the equivalence

of the performance of both models.

Summarising we may conclude that, although the usefulness
of the objective verification scores is doubtful, there
is some indication that N48 performs slightly better

than T40, particularly for the longest waves. More
integrations are required, however, to establish the
statistical significance of this difference.

A proper simulation of the energetics of the atmosphere,
including the conversion between different forms of ‘
“energy, is of great importance not only for climate
simulations, but most probably also for the problem

of medium range weather forecasting.

Before new physical parameterization schemes, adapted
to. this problem can be developed, a study and under-
standing of the response of models to conventional
schemes is necessary. In this section we will show some
of the results obtained in this study. We will present
some statistics on kinetic energy (KE) and available
potential energy (APE) and the conversion between the
zonal and eddy components of these energies. It should
be stressed once more (see Arpe et al, 1976) that the
énergy calculations are based on geostrophic rather
than real winds in order to facilitate the comparison
with observed -data which do not include winds. Finally,
we will pay some attention to the heat balance of the
atmosphere in the model.
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3.3.1 Kinetic energy

Figure 3.3.1 shows the tropospheric KE spectrum and the
500 mb height spectrum, averaged over the last 2% days
of the forecast period. The T40 spectrum is in good
agreement with both the NMC and the N48 spectra. The
lack of energy in all wavenumbers larger than four in
the T21 integration is not found in T40. This is
probably due to its higher resolution but might also be
influenced by its much smaller horizontal diffusion
coefficient.

Figure 3.3.2 shows the time dependence of the KE over
the northern hemispheric troposphere. In all models
there is a lack of KE in all wave groups, except perhaps
in the zonal component. From all plots, however, it can
be seen that most of the deficiency is already present
in the initial state, apparently due to a difference
between the GFDL- and NMC analyses and to the different
interpolation steps involved. The KE deficiency in

the long waves increases in all integrations. T40 is no
exception in any of these features. In the baroclinic
wave group T40 follows roughly the same pattern as N48,

During the first four days the initial increase and
subsequent decrease of KE is well predicted, although

at a lower level. All models have a very low level of
baroclinic activity around day 5. Although less
pronounced, T40 shows the same strong increase of
baroclinic activity as N48. We mentioned this already
above in our discussion of the Hovm8ller diagrams.
Figures 3.3.3 and 3.3.4 show that this increase in both
models is concentrated near the average position of the
jet stream at about 40°N and 300 mb.

Figures 3.3.5 and 3.3.6 show the height distribution of
the kinetic energy as a function of time for two
different wave groups. The first figures show clearly
the loss of KE in the longest waves. This may well be
connected with the vertical resclution in view of the
observation that the effect is even stronger in the UCLA
model integration with onlv 6 levels. (Arpe et al,1976).
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It should be pointed out, however, that also the
horizontal resolution of the UCLA model is lower

and rather like N24., The maximum at day 2 in wavenumbers
4 - 9 is well predicted by N48. T40 is less successful
here.

In summary T40 shows the same shortcomings in its
prediction of KE developments as N48. The seemingly
superior prediction by the latter model of some details
in the later part of the forecast period may be caused
by the unrealistically strong increase of baroclinic
activity.

3.3.2 Available potential energy

The tropospheric available potential energy (APE)

north of 209N as a function of time is shown in

figure 3.3.7. Most of the comments on the KE apply to
this figure as well : a general deficit of APE over

the whole forecast period, particularly in the spectral
models; a steady decrease of energy in the longest
waves and a dramatic increase in the baroclinic waves
beyond day 7. The zonal APE shows a steady increase

in the N48 run from day 3 till day 7, which may be
related to the onset of baroclinic activity at day 7.
Inspection of figures 3.3.8 and 3.3.9, which display
the vertical distribution of APE as a function of
latitude halfway during the forecast period reveals that
also T40, due to its vertical resolution, is unable to
cope with the sharp vertical gradients near the tropo-
pause. It should be noted that the unrealistic N48
values near the ground in figure 3.3.9 are not found
in T40. Gauntlett et al (1977) attributed these
spurious maxima to the finite difference formulation
of the w-term in the thermodynamic equation.
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3.3.3 Energy conversion

For reasons explained in Arpe et al (1976) the
examination of the energy conversions is limited to the
transfer of energy between the zonal and eddy components
of KE and APE separately. Conversions between APE and KE
were not calculated for want of reliable data.

Figures 3.3.10 and 3.3.11 show the tropospheric energy
transfer north of 20°N between the zonal and eddy
components of KE (CK) and APE (CA) respectively.

Positive numbers indicate a positive energy flow from
zonal to eddy energy. T40 follows the other models in
predicting the trend quite well for the first few days
and then declining to a level lower than NMC. In

general the observed transfers show a much larger
variability than the model transfers,but we should point
out that the high NMC variability is not necessarily
realistic. Indeed a comparison of analyses from different
sources (Arpe,K., private communication) reveals that the
energy transfer variability may show considerable
differences.

Particularly in the long waves none of the models can
describe the large positive kinetic energy flow after

day 3. Moreover all models underestimate by a factor of
two the positive transfer of APE. Figure 3.3.12 shows
that the long wave KE conversion is strongly concentrated
near the jet stream. Although the T40 prediction is
"best'", it underestimates the maximum by a factor of

six ! The mid-tropospheric APE long wave energy
conversion (figure 3.3.13) is predicted not only with

the wrong intensity but also at the wrong place.

The conclusion must be that none of the models, including
T40 can cope with the energy transfers durlng the fore-
casting period.

Let us now concentrate on the energy input into the
atmosphere by physical processes. Figures 3.3.14 and
3.3.15 show the global energy input into the atmosphere
due to rainfall (latent heat release), and the sensible
heat flux from the ground.

The most prominent feature, which dominates the whole
energy balance, is the large latent heat release due to
rainfall around day 3 and its subsequent relaxation,
which is still continuing at the end of the period. The
peak value is in the order of 50 % higher than the
climatological mean. During the first two days there is
a net increase of the water content of the atmosphere of
about 5 %, because the evaporation from the ground is
much larger than the precipitation (see figure 3.3. 16).
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The most likely explanation is that the initial
divergence field, and therefore the initial vertical
velocities, are unrealistic., This is strongly suggested
by comparison of the 1000 mb analysis (figure 3.1.1)

and the initial divergence at the lowest sigma-level
(figure 3.3.18). The situation may possibly be aggravat
ed by an inaccurate humidity analysis, such that
initially the humidity is not at the right places to be
precipitated by the synoptic systems. It takes several
days before equilibrium is restored. 1In fact, although
precipitation is still larger than evaporation by the
end of the 10-day period, they are approximately in
balance when averaged over the whole period as can be
seen in figure 3.3.16.

Another intriguing feature is found in figure 3.3.15.
Both spectral models show a negative sensible heat flux ,
throughout the forecast period, in contrast to the grid
point models and to climatology. This may be related

to the observation that the globally averaged radiation-
al cooling is less in the spectral models than in the
grid-point models. We have, however, not been able to .
explain this,

The global atmospheric heat balance due to the
different physical processes is shown in figure 3.3.17.
Clearly the lack of balance during the first half of
the period is caused by the spurious peak in the latent
heat release. The balance seems to ‘relax and level off
to a constant positive value at the end of the period
which may be due to the fact that dissipative processes
are not taken into account.

The question how the models deal with the initial deficit
and subsequent excess input of energy into the atmosphere
cannot easily be answered without further detailed
analyses. Figure 3.3.19 shows the global potential plus
internal and total energy in the T40 integration as a
function of time. The effect of the imbalance is clearly
seen and equilibrium seems to be restored only after

4.5 days. Because the effect of the spurious behaviour
of the latent heat release will presumably mainly affect
the tropical zone, it is likely to affect the available
potential energy as well, and the zonal part of it in
particular. -This is probably also the reason why it
cannot be observed in figure 3.3.7 which does not

include the tropical zone. Without further studies it

is impossible to assess the effect of the presumably
substantial variation of available potential energy, but
it might be the reason for the initial decrease and
subsequent increase of baroclinic activity in the model.
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3.4 Precipitation

The low resolution T21 spectral integration (Hansen
and Baede, 1977) revealed some peculiarities in its
prediction of precipitation. Firstly, the shape of the
precipitation patterns looked rather unrealistic
compared with these produced by the grid-point models.
It did not produce the familiar oblong or band shaped
patterns of the grid-point models but rather circular
patterns. Furthermore, the T21 integration produced a
persistent spurious area of snow and rainfall over:
S.E. Asia. Also the response of the T21 model to the-
presumably poor initial vertical velocities was rather
different from the response of the grid-point models.

A1l these features are apparently caused by the low
horizontal resolution of the T21 model because the T40
integration shows none of them. Figures 3.4.1 - 3.4.3
display the predicted rainfall patterns at day 1, 5 and
10. The difference in shape between T21 and the

other models is obvious., Less obvious from these plots
is the disappearance of the persistent precipitation
pattern over S.E. Asia but this was confirmed by a closer
inspection of all results including snow fall. The '
response of the models to the initial humldlty analysis
was already discussed above.

Concluding, we may say that T40 has the same rainfall
prediction characteristics as the grid-point models.

No verification of the forecasts was attempted for want
of reliable data.

4, Conclusions

The purpose of the integration described in this report
was to assess the capabilities of high resolution
spectral models to compete with grid-point models in
extended range weather forecasting. To this end a
spectral model was combined with the same physical
parameterization schemes as those used in previous grid-
point and low resolution spectral model studies;

(Arpe et al, 1976; Gauntlett et al, 1977; Hansen and
Baede, 1977), and integrated with a triangular M = 40
horlzontal truncatlon using a semi-implicit time
stepping scheme. The initial data set was for 1st March
1965 00Z. The results of this integration have been
compared in this report with the results of the previous
grid-point and low resolution spectral integrations.

The main emphasis, however, is put on a comparison with
the N48 GFDL model integration.
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A synoptic comparison shows that there is little to
choose between the N48 and the T40 integration. As with
all other models, the spectral model gives a good
description of the phase change of the longest waves,

The prediction of the synoptic systems shows striking
failures, particularly too high phase speeds during the
first half of the period over the Atlantic and European
regions and over the Western Pa01flc

The objective verlflcatlon on the basis of RMS errors

and anomaly correlation coefficients suggests a

slightly better performance of N48, although the
statistical significance was not establlshed Moreover,
because RMS-errors are very susceptible to differences

in variance and therefore to differences in the
horizontal diffusion, care should be taken before draw1ng
conclusions from these findings in view of the fact that
all models had different horizontal diffusion schemes.

Energy transfers are as badly predicted by the spectral
model as by any of the other models. The varlablllty
of these conversions seems much too low.

Particularly the large abnormal energy transfer from
zonal to eddy kinetic energy half way through the
forecast period is missed completely.

The heat budget of the atmosphere is unbalanced during
most of the forecast period, probably due to a poor
initial divergence field. The response to this of the
T40 integration is similar to that of the grid-point
models, unlike the low resolution T21 model. An
intriguing but unexplained feature is the negative
sensible heat flux in the spectral models in contrast
to a positive flux in the grid-point models.

The general conclusion of this study is that spectral
models with sufficiently high horizontal resolution are
certainly not inferior to well tested grid-point models
in their extended range weather forecasting capability.
Their competitiveness with respect to efficiency was
shown already in previous studies.

Acknowledgements

The authors express gratitude to the Geophysical Fluid
Dynamics Laboratory/NOAA, Princeton, U.S.A. for supplying
the initial data for this study and to Drs. B.J.Hoskins
and A.J. Simmons of the U.K. Universities Atmospheric
Modelling Group, University of Reading, for making their
spectral model available.

We would also 1iké to thank Drs.K.Arpe, D.Burridge and
B.Machenhauer for their helpful comments.




-21-~

. Annex

Preliminary Comparison with ECMWF's Grid-Point Model
(D48)

After completion of this report, preliminary results
became available of a 10-day integration of ECMWF's
grid-point model with GFDL physics and horizontal
resolution corresponding to N48, This integration is
referred to as D48. In this annex we present a brief
preliminary comparison of T40 and D48. ‘

A visual inspection of the 1000 mb and 500 mb maps
reveals that T40 and D48 are much closer than T40 and
N48. As an example, figure Al shows 500 mb forecasts
from D48 at day 5 and day 9, to be compared with :
figures 3.1.6 and 3.1.10, This is substantiated by the
objective verification scores. Figures A2 and A3

for example show the mutual correlations of height and
RMS height differences between NMC, N48, T40 and D48,
Clearly in all wave groups, except the shortest, T40 .
"and D48 are closest. Figures A4 and A5 show the
correlations of height and RMS errors. Again both
integrations are close, with the RMS height error
suggesting a slight advantage for T40 at the end of the
period. This is, however, not confirmed by the
correlation of height.

In this context it should be stressed once more that the
T40 integration used a semi-implicit timestep of 20
minutes, whereas the D48 integration proceeded
explicitly with a time step of 2} minutes. '

Without further research it will be difficult to
establish the cause of the close similarity of both
integrations. Although the spectral model is not
strictly energy and enstrophy conserving both quantities
are conserved to a high degree. It may be that these
conservation properties together with a fairly high
horizontal resolution can explain the similarity.
Whatever the reason is, these results suggest that under
certain conditions a convergence of numerical solutions
of widely different schemes may be achieved in spite of
differences in the time stepping scheme, the horizontal
diffusion or the integration of the hydrostatic
equation. This conclusion, however, is based on one
case and further research will certainly be required.



120 |-

1007

Fig. 3.1.1

—929_

NMC ANARLTSIS DAY 0 (18657 3/ 1 OGMT) 1000 MB INT=4 ‘JKM

140K 150°H 180°C 180°E 130°E

40K Z0°W ' OE Qb'E HO°E
= " TNHC ANALYSIS ™ DAY 0 TI8657 37 T OCHTY ™ 500" R INTa DRE

140N 140°E

40K 20°H 0°E 20°E HO°E

Day O observed maps of 500 mb (top)

and 1000 mb (bottom) geopotential height.




-23-

TYO INPLICIT DAY 1 (196857 3/ 2 OGMT) 500 MR  INT=H DKW GFDL W42 MODEL DAY § (19657 3/ 2 OGMT) SO0 HB INT=8 DKM
T40°H 180N 180°E 160°E 140°E 140°H 160°H 180" 160°E 140

120

T AWLEY

oM [

LN 267 - O°E = 20°€ S4°E UOH 20% jtad 20°E 40°E
T21 IMPLICIT DAY 1 (1865 35 2 OGMTY 500 MB INT=8 DM NMC ANRLYSIS DAY 1 (1965 3/ 2 OGMT) 500 HB INT=8 DKM
14G°M 160°H 160°E 180°€ 180°E | 1490°W 180°H 180°E 160" 140°E
£y e SR = — =

20°H

Fig. 3.1.2 Observed (bottom right) and predicted fields
of 500 mb geopotential height, day 1.




120%H .

—24-

T40 IMPLICIT DAY 2 (1965¢ 3¢ 3 OGMT) SO0 MB INT=8 DKM GFDL N4& MODEL DAY 2 1865/ 3/ 3 OGMT} 500 MB INT=8 DKM
40N 160°W 180°E 1E0E 140°E 140°H . 160°H 180°E 160°E 140°E

407

i
207U

e 20°E HO°E 40"W

207

CE 20

YO°E

T21 IMPLICIT DAT 2 (19654 & 3 OCHMT) G500 MR INT=8 DKM NMC RANALYSIS DAY 2 (1965/ 3/ 3 OGMT) 500 MB INT=8 DKM
140N 160°W 180°E 160°E 180°F 140°H 160°W 180°E 160°E 140°E

Fig. 3.1.3

Observed (bottom right) and predicted fields
of 500 mb geopotential height, day 2.




—925-

T4 IMPLICIT DAY 3 (19657 3/ 4 OGMT) 500 MB INT=8 DKM GFOL N46 MODEL DAY 3 (19557 3/ 4 OGMT! 500 HB INT=8 DKM
140N 160°H 180°E 160"E 140°E 140°H 180°E 160°E 140°E

20°H }-..

o0 £

Yoty 20" O°E 20E UEE YO 20" ® 40°E
T21 IMPLICIT DAY 3 (19667 3¢ 4 (OGMT) SO0 MB  INT=B DKM NMC ANALYSIS DAY 3 (1965/ 3/ 4 OGMT) 500 MB INT=8 DKM
140°H 160N 180°E 1680°E 140°E 14D"W 160°H 1B0°E 160"E J40°E

Fig. 3.1.4 Observed (bottom right) and predicted fields

of 500 mb geopotential height, day 3.



TH0 IMPLICIT
1400

DAY 4 (19657 3/ S OGMT) 500 MB INT=8 DM

GFDL N48 MODEL

DAT § (19657 37 5 OGM1) 500 MB  INT=8 ORH [

140°H

T21 IMPLICIT

« (GMT)  GD0 MB  INT=8 DKM

40"
NMC ANARLYSIS

DAY 4 (1965 3/ S OGMT) 500 MB INT=8 DKM

140°H

140°W

Fig. 3.1.5

Observed (bottom right) and predicted fields
of 500 mb geopotential height, day 4.

@q BpE




-7~

T40 IMPLICIT

DAY § (1965 3/ 6 OCHT) 500 MB INT=8 DKM

BFOL N4B NODEL DAY 5 (1985/ 3/ & OGNT) SO0 N5 INT=8 DKM

180°E

140°F

120°H |-

140°H

100° feon

160°W 180°E 160°E 140°E

" 140%H

HOE

EuR] 20° - Ok 20°E 40°E 4o 20°H OE 20°E
T21 INPLICIT DAY S (1985F 35 € OGMT) SO0 MB INT=8& DKM NMC ANALYSIS ~ DAY 5 (1985/ 3/ B OCGMT) 500 MB INT=8 DKM
1400 160°W 1B0°E 160°E 140°E 140" 160°H 1B0°E 160°E 140°E

120 |-

100" E-

R

Fig. 3.1.6

Observed (bottom right) and predicted fields
of 500 mb geopotential height, day 5.




200W J....

Q0" F

207N

S0P |

-28~

T40 IMPLICIT

QGHT)

SQU ME  INT=8 DKM
160°E

GFDL N48 RODEL
160°H

DAY & (19897 3/ 7 OGRT

500 KB INT=B DKK

140

140°E

140"W

180°E

160°E

190°E

4O

HoeE

YO°W

140"

30°H o°E 20°E 20 Tt Z0°E L0E
T21 INPLICIT  DAT & (1985¢ 3¢ 7 OGHT! 500 MR INT=6 DKM NHC ANRLYSIS DAY 6 (1965/ 3/ 7 GGNT! 500 KB INT=8 DKM
140 160°H 180°E 1E0°E 14D°E 160°H 180°E 140°E

Fig. 3.1.7

Observed (bottom right) and predicted fields

of 500 mb geopotential height,

day 6.

120°E

4 160°E

y BLPE

BO"E




-929.

T40 IMFLICIT

DAT 7 (19657 .37/ 6 OGNT) 500 MB INT=8 DKM
1607H

GFDL N4B MODEL DAY 7 (18657 3/ & OGHMT) SO0 MB INT=E DKM

160°H 180°E 160°E

140°E

140°N

20W |

00"

180"E 140E

LG,

S

140"W

YO

B
T21 IMPLICIT

. -
20°M e 20°E

pAYT 7 (1985¢ 37 & OGMTY 500 MB INT=B DKM

HO"W

2R 0E 20°E
NHC ANALTSIS DAY 7 118965/ 3/ & OCHT)

4O°E
500 MB INT=8 DKM

140°H

160°W 180°E 160°E 140°E

1450°W

160°N 180°E

40

Fig.

3.1.8

207R O°E 207 HO°E

Y0

Observed (bottom right) and predicted fields
of 500 mb geopotential height, day 7.

4oE



-30-

T4l IMPLICIT

160°HW

oAY &
180°E

(19657 3¢ 9 QGMTD

160°E

SO0 ME INT=8 OkM

DAY 8 (1885F 3/ 9 OGMTY

500 MB  INT=8 DKM

140"

120%W

108

80"

60°W 1

140°E

l GFDL N18 MODEL
140"

140°E

120°E

.

YOtk
T21 IMPLICIT

140°W 1

20PH oE
DRT & (1965 3¢ 3
60 180°E

QGMT)

20°E L0°E
SO0 ME INT=0 DKM

40°W
NHC ANALYSIS
1907

20°W :
DAY & (19685

0E
359 OGMT

20 YO°E
SO0 ME INT=8 DKM

120 }..

1007 §

80"

B0

140°E

Fig. 3.1.9

YG°E

Observed (bottom right) and predicted fields
of 500 mb geopotential height, day 8.

| e0E

&
(=]
i

120°E

- 100°E

1 preE

60°E



~31—

THO INFLITIT

DAY 3 (18985 3710 OBNT)

1E0°H

180

500 HB  IMT=8 DiM

160°E

140°E

GFOL N4Y@ MODEL DAY 9 (18857 3710 OGMT) 500 M5 INT=8 DM

140°W

160°W

160°E 140°E

140

120% |,

100" F

BO°W

B

LURY 2R 0°E 20°E HO°E 4 26"& 0°E 40
T21 INPLICIT DAY A {19657 3410 OGN} SO0 NB  INT=8 OHN NMC ANALYSIS DRY 2 (19857 310 OGHT) - S00 HB  INT=8 DKM
140 160°H 180°E 160°E 140°E 140" 160°H 180°E 160°E 140°E

i {CO°E

4 B0°E

B60°E

WotH

20

Fig. 3.1.10

e

2E

BO°F

W

Observed (bottom right) and predicted fields
of 500 mb geopotential height, day 9.



-39

T40 INFLITIT DAY 10 (19854 3¢11 OBNTI SOC NB  IMT=E DKM 'P GFDL N48 MODEL  DAT10 (19854 3711 OGMT) 500 MB INT=B DKM
140°H 160%H 180°E 160°E 140°E 140" 160"W 180°E 160" 140°F

t2ow k.

L] 20N N e 20°E 4Y0°E HG"W 20°W 0°E 20°E Y0°E
T2l INFLICIT DAY 10 {1365/ 3711 OGMT) S00 MB INT=8 DKM NMC RANALTSIS DAY 10 (19657 3/11 OGMT) 500 MB INT=8 DKM
140°H 160K 180E 180°F 190°F 140°W 16070 180°E 160"E 140°E

120° §-.. 12C°E

B0 | 80°E

g |7 i BOUE

Fig. 3.1.11 Observed (bottom right) and predicted fields

of 500 mb geopotential height, day 10.



—33~

T4 INPLICIT

1 11985/ ¥/ 2
180°E

L3214

UGNTH 10080 HB  INT=4 DRH

160°E

GFDL N4 MGUEL DAY 1 (1885¢ 34 2 OGMT) 1000 MB INT=4 DKM
180°E

140°H

160"W 140"

200 1.

120 |...

140°H

160°H

140°E

WI"W 20°W 0°E 20°E H°E Y3%k ' 20%H : Z20"E 407
T21 INPLICIT DAY 1 (19BS/ 3/ 2 OOKT 1000 RE INT=4 DKR NMC ANALTSI: DAY ‘1 (1865f 3+ 2 OGMT) 1000 MB INT=U DKM
140K 160°W 180°C 160°E J40°E 140°W 160" 160°E 160°E 140°E

Fig.

3.1.12

of 1000 mb geopotential height,

Observed (bottom right) and predicted fields

day 1.



~34-

THO IRPLICIT OAY 2 1365/ 3/ 3 OOKT 1000 NB

160"

INT=4 DKN

GFOL N4& MODEL  DRY 2 {19657 3/ 2 OGMD) 1000 M2 INT=Y4 DKM

140%H 160°H

100

40°H 2070

180°E

140°E 1400 160 180°E 180

YOPE 40tk 20°H» 0"E v 207 ! Y0°E

140°E

21 INFLICIT my
140°H

180°H

4°€

20°E

{13657 3/ 3 OGKT 1800 K INT=4 DKK

180°E

160°E

14O°E 140N 160°W 180°E

NMC ANSLTSIS DAT 2 (18657 3/ 3 OGMI) 1000 MB INT=4 DXM

Fig. 3.1.13

40E

L] 20°H 20 YO'E

Observed (bottom right) and predicted fields
of 1000 mb geopotential height, day 2.



-35-

T4 IWPLICIT DAY 3 (13657 37 4 OGMT) 1000 ME  INT=H OKM GFDL N4§ MODEL DAY 3 (19854 3/ % OGMT) 1000 MB INT=% DkM

1407 180°E 160°E 140°E 140°H 180°E 160°E 140E

120 }.._

100§

B

g |

N K e e N I s H L -
HW 20 oE 20°E HO°E YO 1 2070 0°c 20 UOE
T21 IMPLICIT DAY 3 (18657 37 4 OGMT) 1000 MB  INT=4 DKM NMC. lZINF\LTSlS DAY 3 (i885/ 3/ & OGMT) 100C MB INT=Y DKM
140% 160K 180°E 160°E TH0°E 140N 160" 140°F

Fig. 3.1.14 Observed (bottom right) and predicted fields

of 1000 mb geopotential height, day 3.



~36-

160"E

T4 INPLICIT BRY 4 (18B5/ ¥/ 5 OONTI 1000 MB  INT=% DKM

140°E

GFDL N4B MODEL DAY & (1985 3/ 5 OGMT) 1000 ME INT=4 DKM
140%H 160°H 180°E 160°E 140°E

14O 160H 1B0*E

HO°W 20°W it

180°W 180°E

T21 IMPLICIT DAY 4 (1385/ 3/ & OGNTT 1000 MB

HO°E
INT=4 DKM

E] 207 CE 208 vOHO0E
HMC ANRLYSIS DAT & (1985¢ 3¢ 5 OGMT) 1003 MB  INT=Y4% DKM

Ty

=, T
3

160°E

140°E

140°H 160°W 160°E J40°E

H T

40"

4Yo°E

Lisig ] 207H

Fig. 3.1.15 Observed (bottom right) and predicted fields
of 1000 mb geopotential height, day 4.

20°E YO°E



120°N |-

100K

BO'N

g0 |

208 }

oO°H

B0

7ML |

—37

THQ INFLICIT DRY

160°N

S (19E5S 37 &

180°E

OGMT) 1000 Mg

INT=Y% DKH

GFDL N4 NODEL  DRT S (18857 3/ & USATI 1000 NB INT=4 DKM

180°H

140N

180°E

TH0°E

140

160°E 140°E

|

: A
. . : —— .,:’, 3
LI 2P0 E 20°E YO LI 20°H i+ O°E 207 ! 4°E
721 IMPLICIT 0B & (1965¢ 3¢ & QCMT) 1000 MB  INT=4 DKM NMC ANALYSIS DAY S (1985/ 3/ 6 OGMT) 1000 ME 1NT=Y DKM
140N 160N 180°E 1E0°E 14Q"E 140% 160°H 180°E 180°E 140"E

Fig. 3.1.16

40"

207

Observed (bottom right) and predicted fields
of 1000 mb geopotential height, day 5.




-38-

T40 THPLICIT

DAY B (18654 3/ 7 OGMT 1000 ME  INT=4 DKM

GFDL Nyt WITDEL

DRY & (1965 3/ 7 OGHT! 1008 KB INT=4 DKA

120 |,

100™H E-

140

1B0%W 180 160°E 140°E

140%H

160"H 160°E 140°E

HO"W

HOE

Y0°E

1907

20° 0"E 20°2
T21 IKPLICIT 0Ar & (19657 35 7 OGNT) 1000 MB INT=4% DKM NRC ANRLYSIS DAY 6 (1965/ 3/ 7 GGKT 1000 KB INT=4 DKR
140°W 160°% 1E0°E 1HQ°E 160°H 180°E 160°E

180°E

Tig. 3.1.17

Observed (bottom right) and predicted fields

of 1000 mb geopotential height, day 6.

N e




-39-

THO IHMPLICIT DAY 7 11965
140 160% 180°E 160°E 140°E 1407 160" 180"E 160°E 140"E

S 8 DGNTY 1000 ME INT=Y4 DkM GFOL N4S MODEL DRY' 7 ({2857 34 & UI.'vMTl 1000 BB INT=Y4 DM

120 ..

RIS

100K

B0

Tl

e

*o‘

HOrW HO'E UOH 0°E 208 HO°E

el fJ"" 2E :
T21 IMPLICIT DAY 7 (136 3F 8 DGMTY 1000 ME INT=Y DKH NMC ANRLYSIS ﬁFif 7 {19854 IF & OGMT) 1000 INT=4 Dka
J40°N 160°K 180°E 3 140°E 140°W IBU“N 180°E 163°C 140E

120 |

100°H §-

BN

rn

Fig. 3.1.18 Observed (bottom right) and predicted fields

of 1000 mb geopotential height, day 7.



—40-

) . i ' N .
140 IMPLICIT DAY © {1965/ 3/ 3 OGWT) 1000 MB INT=4 OHH GFDL N4E MODEL 037 8 (1985/ 3/ § OGT) 100 B INT=4 DKM
140°H 160°K 180°E 160°E 140°E 140 1607 180°F 180°E 140°E
B s : SR 7 B : — T = -

YO°H 20 °E = 20°E Y°E LR 20 e Z0°Er HOE
T21 IMPLICIT PAY 8 (1965¢ 34 3 OGHT) 1000 MB INT=4 DKM NHC ANRLYSIS DH'_I‘ 8 11985/ 37 9 OGHT) 1005 HB  INT=% DKM
140"W 160°W 180°E 160°E 140°E 140" 160° 180°E 160°E 140°E

Fig. 3.1.19 Observed (bottom right) and predicted fields

of 1000 mb geopotential height, day 8.



-471 =

T4O IMPLICIT

DAY 9 (13e5¢ 3710

160°H

180"

OGMT) 1000 ME  INT=% DKM

1E0°E

140N

160°W

180°E

160°E

GFDL N4S MODEL DAY 2 (1985 3710 OGHT) 1000 WE INT=4 Dk

140°E

120 |-

100°W F-

BO°W

B0W |7

140

140°E

B

20°W

0°E

20°E

YO°E

407

20%h

N
e

20"

4O°E

120° |,

00K

it

B0°H |

T21 IMPLICIT BAT 23 (19867 710 OGMT 1000 HE  INT=4 QKK NMC ANALYSIS DAT 9 (18857 3,10 OGMT! 1000 ME INT=Y DKM
1607 180°E 160°E 14O 140N 1607 180°E 160°E 140°E

140N

‘Fig. 3.1.20

urE

Ll

day 9.

Observed (bottom right) and predicted fields
of 1000 mb geopotential height,




~492-

T40 IMPLICIT DAY 10 (1365 3511 OGMT) 100G WB  INT=4 DKM GFOL N4& MODEL  [AYI0 (19857 3711 OGMT) 1000 M3 INT=4% DM
1407 180% 180"E 160°E 140°E 140" 160°W 180°E 160°E 140°E

120°M }..

100°E

4O 20" e 20°E HOE Hil"W 207 e a0e Y0°E
T21 IMFLICIT DAY 10 (13657 3711 OGMT) 1000 ME  INT=4 DKM : NWC RANALTSIS DAY 10 (19657 3711 OGWT) 1000 MB  INT=4 DKM

140 180 180°E 140°E - @ - 3O 1807 180°E 160°E 140°E

120°W §..

100°W

o |7

LU s °E 20°E YO°E 4G 20 igd 20°E 40°E

Fig. 3.1.21 Observed (bottom right) and predicted fields
of 1000 mb geopotential height, day 10.




—43-

r—
s}
=~

[ A A A —

&

T

o

1 i
[R S = v =]

v
(=g

it 4
(=g

§ v

LAT

ay
o

a1
o

A - A —

=
(=

n
o

LAt

.

-
pasy

&

@M
(=3
(o R A

11

pRY

=
o

o
=y

DM /DY  (C/1000KM)

Fig. 3.1.22 Zonally averaged longitudinal temperature
gradients as a function of latitude and
time. ’




—A4-

o 45 90 135 .
R A B L TS SESHESS

0150 § AN
11 N F f7
27 e [
=T g " /j N R "'l “s, .,
yT-g —~ i LK \\'x \\
+ e H }
(R - R 1 I| i
-+ o4 A .
Er 111
G SR )
1 pTu) ._:'
a1 i ~-27 ‘%_ : ( H
I -3 A % P E ; i
g T 50 3z o ‘53 e NN / ;o yo e b 50

: . . { { h .
0 50 -50 -150 -150-50 50 150 150 80 -50 -50

[y
YO e
"

DAY —
=== BIOGE TROUGH NHC . 1 L.'ZD

0 45 50 135 150 235 270 315 360 LgNe
= (VR B L= Ll e e R ' -

+ -50 ;
I - \ A0 13y Y S
T A i / { | A
T - kg MU { {
+ 50 e by A, . ","

I e, S 3 ﬂ ’

L G ~1 1 U M T DY =

L et et 2 B et 2o o
e
LY

S . Ly {‘l ‘::. 3 ]

3 ) 3 ] S }
-5t 50 S0-58158250 —-25a{585

o
o
i
3]
{
n
P

DAY

TROUGH NMC
0 45 86 135 180 225

of 559%00 T EUER
X - . "\ Y

b : {

s ElErdEr

y T 50—
e 50 ........... o TRV

ST s

5 : P C

'
*
kY

150 50 -850

(1) , ,
------ RIDGE TROUGH NHC N%B

] 45 50 135 180 225 270 315 360 Long
5T 5 150 B LTI 30T e S e e =t : g 5
o PETTTN NN

'
LENE 200 208 it i 2 20 ot

—
5 D O Y
[ N NI

2:5'7 <50

=

228

;
y

-

. f,:-r-SD

»50

] )
LN S 20 Jat 100 Sh St S 1on a3

K
]

~ :.‘» . ., ta, :.".
250 1505080-150 -150-50 S0

OAY
------ RIDGE = TROLICH NHC NMC OBSERVED

Fig.3.1.23 WAVENUMBER 1- 3  LATITUDE 50.0 N LEVEL 500 MB
GEOP. HEIGHT

HovmBller diagram, forecast and observed.



-45-

45 50 135
o950 5050

a7t :
=X
y I
s
51
17 1 _
1 e RN e
81 N =, N \, . ‘»,\ . é \1&&‘\‘ i\\
0% gpsp € sED ED  SESOS0-1SSGED -5t B0- 158050

DAY
————— RIDGE TROUGH NHC

0 45 %
P - BT
\, WL Y

B :? o
+ 50 \‘:5 “-u."ﬁ?ar '""'u’

Kol
g =
I
T

oAl
------ RIDGE = TROUGH NHC T21
g 45 50 135 150 22t 270

ol . SISy 5050 SSRET 50 5
LTS B, o 2 LRk S )
N
3y
4T \
5T 1880 % o
S : S
T AL b
5T f L \ N E
g__ A \ 5!:
T 50 ' \flLiE ‘S. " 5. }\. i T, A Tw
10 ' _sh =p ) _shen (EED B0 -SO-HEEERED

DAY
------ RIDGE e TROLIGH NHE N %8

g 45 a0 135 180 225

. —e—rhT AT
0 f_ o S jﬂ b..g?.'p o 5()-.:#1‘_««: BT f;#ﬁﬁ?%’
1 :‘: puil '\-\‘ t..'. 3 L]
2 T i
%3
T
a7
51
11
(-'_.' S

-
o
e

DRY

Fig.3.1.24 WAVENUMBER 4 § LRTITUDF 50.0 B LEVEL 500 MBS
GEOPa HEIGHT &dovmBller diagram, forecast.and observed.



. -46-

200 4 TOTAL

e PERGTSTENCE

&0 +

T8
e FERSTSTENCE

a0+

2G THORM- - - L,

a1 2 3y 5 g 7 2 A i PAT

T TR - e T et T PERSISTENCE

-t
-
.

e T2

. e e
4 5 & 7 8 R i pAt

ol |  WAVENUMBER 1- 3

PERSTSTENCE
100 + ,
NOFH zgg
a f } } f 3 R e e e — 4
Q 1 5 i oAy

‘ R S §
MEAN 1000~ 200 MB
RMS ERROR OF HEIGHT M) Fig. 3.2.1



"B,

50 5
200 1 g 75.‘
300 4 . L.
500 + 25
! ¥ s‘s §

780 +

858 +

-47 -

:. { 3 ,./"'—_q—"
-+ 1 _.: e
000 oy {5 o
o i 2 3 i 2 E 7 2 2 i BRf
s THO
200 + oo 7§5 a0 125 150
= { e
1 | »
300 + \ " L = - 164
+- \, N ", et o
" \, AN ., e S [ S
1oz . — — ~ 150
500 + ' ) — T
4 ‘\ S\" . T L e O
T A, M e,
e+ | % T, T
4 ’ §§ ", ‘-»-.-.--..._____ Lo
1 \
aso + i / B3 BB
A /
ER 1 &
1000 R b4 i i
Q i 2 3 % & & 7 2 3 g ber
v MN48
200 4+ ESCI 7’5 100 125 150 1T 150
g 2 I’S S,‘\\ “\ \., S ) b »
1 S \\\ u‘ ‘ ‘\.“ -‘-‘_-\_—"'”"_‘__‘—-—q——‘——u..,_ . ——_ 158
\, *, o, e e e e
] . — )
sl A \ — —— 125
1 H A e e, o ———
” } \‘g e — T
+ % ) — ee— {10
700 + xl ) T o
T ! T, -
_ s e T
‘\ ~ “'- s
ash + ) oo 71 7y T8 77
A e
WOT o5, Ehy o s Ta : — ;
Q 1 2 3 4 & & 7 2 3 i BRY
0 MMC PERSISTENCE
200 + SENTE 100125 150 17% 200 225
20 T [ 11‘ (/ / . — Pt /
300 + | 7.,,' ( 1, -f_:‘ e *‘:__‘___‘_ B 23 R s
4 s P \\ e Tm—— ————
A bt S e — - L ————-200
B % \, - — — ——
00 4 ! e o —17%
- N e —— —
1 ; — —— —~—150
- (Y ——— e
.7BB i ‘ :," Lo —-__‘_“‘ —1——._.-—-\._._.____‘__‘__‘-_ 1?5
I \ — 2
S e _‘_'__—“‘—\——-—-‘_,
&858 + ﬁ / — -\——-._,"I\
£ I..-r"""’ ",
R S 75 I - — — —— 00 i
i ) 3 £ ) o DAY

RMS-ERROR OF HEIGHT

@ i
TOTAL

Fig. 3.2.2

S S S S
MERN BETWEEN 20.0 AND 82:5 N

(M}



~-48-

LAT | T2 1

50
e o
% e 1157 I g
‘:. e B4 S
. 124 150
g 128 =
A T —— [‘_
50 i — gi o "
‘ e e :;“( 126 —— 150
124 151
4 ’ 5
{ 7 ) 't_..._.._\_‘____‘_ e - 100
. T BU
M“'\_‘\ '.,-f"““—-—,.-f"__‘_"“—'_—'—_“;—-\—-—-,_h_\_ﬂ_‘_
M s,
_0 1 1 3 ; 50 B0 } : 4 3 1 : } L ) E{f, Fﬂ Erl : } }
0 1 2 < Y 5 & 7 8 3 1w bAr
LAT TUo
50 5ol 100 1560 150
a6 \M U BB \j I._“ 1r5 I d__.i
T .
Ve W T 107 o 153
01 / e ~ s B
; el T S
: { T 41 119 139 —1
~ BT ¢ \ 159
4y (‘,( 57 \_.__‘___H_% 144
- \-,“ EB D S ——— e,
NS o e
20% T . , - .
e 1 2 3 4 R 7 g 3 10 b
LT MY 8
5 50 . 100100 100 1000 150
5 "') EY: S 51 - 13 |
¢ 2 . 7 e <188
4 ' — [ S —
= { - I w3, \
K e s + "_,"
4 i’ 102 & 150
\ " 1y 122 142 :
! 57 <
40 _ (l‘*-«—»q__ 145 -
T, - —— e T — 100
A _‘__‘_-‘—_h"""-ﬁd-;—_‘-h T T,
’"0 ey B EREN BR G
Q i 2 3 4 = & 7 & 3 1w bt
LAT ‘ MMC PERSISTENCE
S0 100 150 20 00 5
80 ~ N A I 5
{.% ,// ‘\__h_‘”“‘--‘ b _,_1_}:’_ = {50 — C. E
[ e—> 1 = —
‘1‘_\-‘- n__‘_‘\\‘- — C.‘_.r
50 \ iy ————— T T
(¢ 115 T T i
‘ O\ T W am &
G L - - 1T
—— —
T— o T T ——————— 0
20 . : 1 ; ; $ ) 1. 1. i q_"’ 1 : i ; 1 l
R 3 7 to e

H"FIN BETNEEN 1000 TU 200 MB
RMS ERROR OF HEIGHT (M) |

Fig. 3.2.3




~49~

S—— TOTA

a0 +
€0 +
0+
B0 +
50 +
4p 4
0+
04
10+

r:_;
-
n
LAV W
=
LAY S 5
[ R

é ¥ ,;1? T é, T Ql 4 10 BFIT

-
-
Tl
LA
=
(4128 5

~RERSISTENCE
e YD

a0 4+
20 +
0+
50 +
50+
T
K
204

10+

LAl

[ 308
—

TG

a0 +
& -
w0+
B+
50 +
4p
n+
L oL

At

10+

1o Par

) ]

a

CORRELATION GF H

?ﬁLg 3.2.4

e —— 4
0 1

MzRN  1000- 20
E

)]
¥
e o
£ S

P
e
o

. '; . :q %%;-E—;}JI‘.«TENL:
Mg AND  20-0- 82,5 M

GrAT &




premae=t FEESTOTENCE %S NUR
i DAY

o
[
%]
[
e
T
fas]
“ld
[}
ow

s THD NS 14

N

S L S e e T e T
f _-\,g-—PEHSISTEHCE V5 MuA
WAVEMNUMBER 10-20

2EERSTSTENCE S N4&
"0 R NSE

0y
s,
RN
N,
N,

I vS NS

o

e THE WS HLE

H_' N S e
SRS i1 R

FEHE«I&«TENLE S ONUR
0 bAr

L Ty ¥3 s
~~T21 Y3 KR

e WC S UG

EEw) o ulw,

3 3 * t é ; + 3 . —-w .L.,t}ﬁJENLE Y& ONYR
MEAN 1000- 200 MB AND  20.0- 82.5 N
CORRELATION OF HEIGHT %

Fig. 3.2.5

a + + + - } + } + } }
1 : k] 4




a4

204
J Tnora- -

g0 +
70+
Bl T
50+
4Q -
0
ai
10 1

10a

MORM: - - e e e
100+ -

- = PERSISTENCE & N4S

.......................................... R L / NgB

a1 2 3 ¢ 5 & 7 & & 1w par

PERSISTENCE %S N4©

e PR - NHC %S N4B
ORI -+ - o e e e l'.,.-'. ................. Mo Malt e e e _ _,._.-T =1 V5 W45
- y"f
/-ﬂ—\__‘___‘_*‘ ""-\," .. _'/
',,-—-;_......-r"' N“—"""‘-—- J_’__':..-r""" R
L /.ﬁ"':.‘-—\-_____‘__,,."' """"""""""""" ot T4HO WS N4e
o 2 3 « s 5 ¢ & a1 b

HNC V5 43

FouejaTRe"

1w pAr

EEES%@TEE%E V3 M3

T TG Y NS

3

4.

NORH- - - - - - - o v s

e
et
-

1
T

g a3 w par

; e T T e PERGISTENCE V5 M
WAVEMUMBER 1- 3

T T2t vs e

----------- T e s T VG HSE

MEAN 1000~ 200 HB AND

é E‘l( T 1 T T q ¥ ]‘D HF‘T

ZDuU— 82a 5

RMS REIGHT DIFFERENCES (M)

ﬁ‘isz.

3.

2

6



-59-

ER

LM

[i
el

PR T TS T TN |
LIS B R N

15

et

100.080 +

)

¥
[ma]
(o)
o
-~

L
1

« 11

« 01

HAVED

20

[

;F' } :—EE—-NR\"ENUMBER

]

1
T

bl

1000 +

1ao +

10+

—t

[ [

o 30 o
Wl

ey
Faod i
a

2%
Ll’
e

P

H

£
I

€3,
ol
E—

ﬂrlu e
formad
foen

3

]

-
=4

rL
LAY
Fig

S



700

~53—

TOTHL

e e (RGERVED
gL T m””Wmm:::::::::::;::j?xﬁhﬁnnnﬁﬁzﬂ::ftﬁac::____-__F__d_____d__,-:r ______________________ T
100 +
a ——t by ; .
0 1 2 3 4 g B 7 8 ¥ 1w
200 4 Z0MAEL PRAT
e R e
109 - O T ey o e et L T e e ey o A T St Tg@
a it } S S S S S S S S S ,
0 1 2 3 m g g 7 B 3 10 DAY
w04 WRYEMUMBER 10-20
50 +
4 +
z’ e
20 +
- — '““‘huuﬂﬂ“"““*-h-___,,dn=ha,"_ﬁ_ﬁ__ﬁ__“a,,,ﬂ*“""'*UBDEdFED
e T ——— e
Q , ' , ) \ ' : ' , ........ , l G '—-—'—\-, ..... : e ‘ =heteniens , 721
a 1. 2 % 4 =5 & 7 8 a 10 Par

4
20+
154 _
a e A
g { 2 3 L £ & 7 8 3 g bRy
Liog LRV Lo Tk 2
L H 9%daﬁm 3“ wt

= DB3SERVED

ﬂﬂgfwﬁmgh*““h%hﬂeﬁmxdqﬁw#ﬁﬁ

IN
KE

g

o

TEGRAL 1000- 200 ﬁ
(10 KJ/u2)

g d
Fig. 3.3.2.

&gm



= .
T " — T
T T T Y T
AAo._ frr -
B X . .
,
",
[£7 Mo o y * [
¢ - ™,
e T { + -~ T Lo o/ kY oy
H&km f.. 4 2 -~ b M\.mu ....,.f JJI.. \.\.\4 o
- \ BN S v O]
! A , VT \ ] fyo {
AN i _ 1= 3\ R " X J) L )
<t o ' P | = o / PN o
o A ! y , ¥, SN
1 3] __ 4 ! T i v \ s __ 1
J A + 4 { [ I
__, |l __ ! a0
(P __ &
§ (g - ! kN __ 7 B
, \ | P
& W > - h } Ve L3
o+ Ve ..., f... F w _. 4
=
! 1 o - 1Y N a .«_ ./.... L.
ﬂ i | , B
iy -~ el & ™ -4
. i S * ! ool
\ e S L RE
_., . = ‘__. _~ - X ._, .rf,_... B
m.J } T N " e ,.. ..__ \ oy
ited J Y ., 157 \
[ | f / BTy Y 1
e < T { B/ __
o e \\K o _.._ § } I R
A ™ - 51!\1_.__ .___ __ -
‘...\..\\ T= ﬁ = =~ ! | i
5 1 ) / | R
e J / /
e, 4 T _m P P -4
h(r\- l))lf\\l\ —_ 4 \u«
- T 7 { o +
s % .U\\ 4 h
403 [ \ a | s
™ ur a7 [T N
LY ~ &l
L e e B L e o B B S L e 20 e B o e e B S B B B L e e B e B B s e e
e B ) © = = m o2 o = (=T > B~ An I R 0o =] = [on]
= £ " X oo o = = ul <D = S om o = ul ko]
=B in = & m M iy =~ o = & R in ~ [=5] 2

3.3.3

Fig.



THO

~55-~

Eti

w2 o
+ ot rd
i 4
st
. .\,\ \.frrr.)r.. \\s T
o ;};;/(;;cu\xxk 1= 1
2 = -
\ltlr.r o g .\1
A /5 o
B ™~ &) — T I
) o 4 |
hY

a * ]
" . T /) F 1 %

g 1 I 1

i Je // Lea .

] 74 YA
1 " YT AN
...,..f ﬁ _H_.\.a x./.r
N 1 &3 !

A | - & )

7 = 4+ e ,ﬁ... / \\x -+ o A f_ ¢._ | ﬂ _ A & )
m.\ 2 | 1o ; v/ 1o \mﬂw V ‘_ ¥ ; \ N TH
1 — ] Jd =3 / ~., .. H
- =) \/ VYN

i 4 J A ._\ i __.__ ,__‘ £ [

0 V .—_. Jo L A ~__ : I he -
2 & ) ; AN [ ( o
1 \IL.\ \-\.\ \\\\L/l\l’ l)m ﬂ !.IRD—..\“ \' »~ l—\.‘u.ll“ E

- < TR 4 I 4
e y s L S AL w_“_ =

1 [ + - 4 + =

ad T ( Voo I 1 Z

m ﬂ 1o ! } 4o i \ x_ iy ul

o) T o Y] i ™ QoW &

2 ™ o ©d Q & o i

N N SRS N S NS0 T TP S S R NI SR I B SR SR SR NP SRR RS . 4
Lo = =] =] = L = =] =) = : s Ry ] = < = foe] [ R R o] =] =] =2
R B B B B =R%8 F B & B =%8 B E B B *&8 B B B 8

10 KJ/M2/BRA)

3.3.4

o,
£
£y

KE
Fig,.



— 3-
& i o 0
R a8 o % mm uﬂ = le B ® e o s ta
A w1 H £
| I A I TN o | ] )
] ; | e ] ! / 4 4o
B { + T ! _ Ly
J, pt= i ! i
: b | _ em
e ] T 2
\ | @ __ ) m o
2 ) i ' ! [fa ] i~ T
k! 3 i ..,.. ~ i 5 P & 0] P
,f.. _.__ ) I e { e ] _w .___._ N A o
o b “ ey ﬂ & I SN
pui / ! T i P T o L s £
= h e S } 4 o = A
WTZ. r e # ..H..:u ! ._ Jen s wa.? i~ ,wq:m
_ __ ) ____ __ \ o K nf
] 4 ! 4 ! o~ ot i
“ __ o M ] b * _,wl m\.u., =
i \ i ____ ___ ~+ 25 w ! M_ - ] i .,.‘m
__ e v} __ | (LR
/ ___, ____ ‘ | _ w o
¢ i A { £ L 4 P
i . [
__ T _..__ \_ Ly ) mn _“, .,,/m = ol
! \\ | Y 11 ...» R
M..: m ) ,3 ; ' 1 ,.u, 8 Y ] i
& &, ! o | ! @ |
= N L. Vo o - L,
i i _ Yoo i Vol
1 ._ -
R - I . |
! _ ™ 1 4
} % y . e
n_ﬁ M_ b3 _4~_ f.... i | ”m .w_ ] oy
| b i L . r
, | T =0 S T S ;
3 § 5, (et} ' o
\ | ..f ! __ FM{I-«. i w _‘_ S Cog
& , i ™ Y ! L2 e N .__ P | bt 3
=] g_ A i ) | y
—~ e LAY | ” ! _ S -
Lol | ¢ 4 Voo + L ¢ -
o4 ! i L ! Yo " L
».... .x ,x 3 P j ___. __~_ o 1 _ b - mjw.\im
IO | e =AY Yool h S h ST TE
= 4 __ _nm y =t ./...... LAY f "4 |J._ ) __ ...g _. f,..,., =3
= N R - oy ) 1 BRI e .
1) s :
Ly 1. P le st il Ie -5
2EE B ERE = us @ & - @mﬂ L
S o S A WA B TR A WA b ettt e f e S = -
jaa] = o} = g o LA I o} [ =] = R [ = = ] N

3.3.5

Fig.



208 1
300 4

Sl k.

143}
fom]
[haay

~
=
=]

‘m
th
=

U P TR DN TOUNE T W SO BN 3

1b0B

(2008 S Yt e B
é“}
/

ar}

e

[} A N Mt 2000 RO N N
™)
o
.~"f'

1 r"‘(‘l i 1 i I H 1 i3 i 1 1 1 L 1 L L ; : : : :
0 1 2 3 4 = & 7 g8 q 1o bar
HB T21
a4 &0 €0 4D Y Bp
- T /’/ . ‘ j ‘al
350 + ity <. T o a4 ) R
T ‘R"n;_ P - _,/"f’} .
T e e -4
500 + 40 - e
<+ B i S __;—_“'_""_-PH ..-""'_'__F_"_ e “-—"\___
:: _r_',,--"‘ -H_'“'“—-;
700+ 20 . i 13 i4 15 ey
:: \\ ﬂ/
850 + s a2 it
4 e, e
g -‘-“—\_ — _’_F_,_-r"'-
IDGD T »':‘i/‘i ) 3 1 . L L : fl ) L i i 1 i L ) i 1 L 3
a4 4 s & T g a i bay
Y
MB MUE
200 4 g0 €0 g0 - Ry 1}:.}0 130
T B — AT . s 7 e o
3050 -+ < 91 = b Lo <L <. <. 13 can
gl T T e e e itn
L - - — . e 1000
+ Ry T T e e T —80
500 4+ B0~ L — ., e
= e = e ""'-\._\_ — bl_}
- e et ™ q—-\-"“--.. N
+ T L e Y
7 n a R 20 -, f_‘__,.__a— ___\_‘\“ et L
T ., - “ ™,
-+ S - ™,
s b 1 277
850 1 - {‘\\‘ 12 P a7
A ,:"' e _r.-ﬂ"l
ooty of —_ﬂ\u N A
A T - T & a 1 DAr

1B

?_,_?
e
1

F SO VO N TN SO YU O P |
===

o (o]
] i)
i} )

e}
=
=

0t M <Ly 20 2% =15
:: & '—"——-—'——\.,\"\ ,‘f -~ ‘\‘_‘-———‘_."Ll
1000 T 1 1 3 1 J. ~ 1 3 1 i 1. 1 L 1 1. H 1 1 L 1 A3
g 1 2 e T+ & 4+ & a1 M
WAYENUMBER L- MEON BETWEEN 20:0 RAND 825 N
tt i -JE-‘ H

KE (10 KJd/M2s

Fig. 3.3.6




~58-

o]
& > ) =
& = e = £
& % k £ = 5 % =
= T 2 123 = %
b = =] 03 O w4 [
_._n.hg._ = e Y in -
o] z g8 _ : L
CCR CoF - - _ le
. I O o § T — \ | —
; = : _
_ 1
| I €. -
_c‘ 4 _— - - . »’— Ja— :
_ 1
| 4 P L
i 1 - .. -
“ T < f_.._ H b %
i .v .
“ i \ 1
1 T : )
.. an ! ]
. ' H e
_ T o3 1) H ni N
" | " | \ _
| A o 3 ] w
_m i | ! : |
sl i
i L., N ,
u“ -4“ - . __~ .
: I Bz | i
i LT m— w«.
! U I i : i _w
: + i - 1 ; : o
: oo ls Lo 11
m -t .s}m T 10 & um % e
" & 0] s
“ LS - h
W T B T [ il f
F “ o b I
Pl o4 i " m I
i TU 1 +ui
# “ Fr} ! m
I “ i | , | .
i L i ¢ ‘
i il ) 1 %. | |
3 _ @
u )
3 i L RS N e
T - / o h i3
i ! . !
: T T 'S o)
1 V | -
_ L, _ 1. &
1" T - - g
" 1
i e
_ 1 T ’ w | 1
J w f £
g B
| .. i RN . nL
w T o ) N o
i T “ o w K
i
_ i
{ -4
- “ wle f
| ¥ L d
-+ m_ Tt aoa!l ]
% — H mJ.w..nn
£ H . | a.r“a
_ M 1 T ) [
£ T | J =
: { | 1g £ to =
H Ao ! Lo o =
G
1 ' 1 3 ) I i R et E e USRS U — e “..l‘.“,.lln.lln..'.“"z.ll..m.....ln._‘U
1 4 } 4 t t T T 7 e -t + o R~ R G R =
3 g g § 8 ° 2 ) 3 g 0 F & & = ) CG R S v 1y B S RS
» ¥ 8 8 3 =4 2] 't -

M

5
H

/

3.3.7

-

»

P

¥

1g.




-59-~-

B\
20015800

-, -,
n - .

1808 +

T2l

HE

) e -~
~ -
N h s .n&
% ..m__ __x__ ..-\ L.
Vb &
S Y~
] L.
§ ___. &
. by 5, L
| ! a
by ]
h J -
{ ! )
.__. ._._ _.f_.U "
/ iy}
i ]
£
___.\ -3
} 2
') -
{
__ = "
Loy BT
oo
.. = -
N S~ B TE
Y ~, —t
- = .. - ~
fus] / /\|I_AUL
o 3
~D
(] -
Now]
[
» L
o A
=1
g ane
[a]
TR AR I T A A A
Ll T T L T 1 L L K] ™ T LI | L
f vy B == ) o] (=) (=] P
2 = [an) = Ll 0
N i o~ =] m

=

B e e S
[2n}

X

KB

1000

1400

3.3.8.

L)y,
£

A
Fig.




{
o
Lo e Ot
| ..Mm._. " ._w@. w0 w
: + oED
. e L .T.c.
A 4.0 I ~ L
R = = & = B
. -~ I |
- e 1 = 1 o
= o i s = s
; wr.. + ) NN =
g < J Fr—c
e / ] ¥ o 1 el L e
/ 1 s e & &5
3 R ] \ RN ] K] Pl St
I __‘ N i o //..... v i Il [
™, £ I
o J ) { 4. \ A4
© o .
] LIy 4 [oar -
1 [ v od @ \.\.\_L(..
-
- o A
1 Y f// - . .
/ ua et & i) u3
I o .
o h -
L] .
] L ]
o /./ o L} b=l o
s -+ ._..: -
~. ) .
. A ™, L
/// ™,
. 4 ., +
N T %
o Lo ', . o
[<F] ,/ [3F] 0
4 . i
RNty
. [ L
T& TE i I a0
&l &l = & i o
oot
5 3, N N S TR JUK TS SN YO TR0 SUUE WORY SO W | I.._ L) . . . BRMWH H,.H
R e e e et o e R o B B e o o e Rt Rt ime it ey o ame et ot o e oy S SR B L e el C g e e e B e Mo MR e -~
fm S e J o} ] = [=] < [1= B o N ) [V o] (=) = [ 5 n S o B ] =) 3 L]
o ] = [Tv] = X ] =) [Ty] [ S ] [ = [T¥] <
Ty N uy —~ =] < L -] el e~ =4} < LS ] i) = [=3] P}
-~ i Ll




D = bty ) W=
R

61~

}
2
-G
4
3

T

-10 S ﬁ
INT Fin LG‘U 2Uu
CK (1/10 HATT/¥2i

el

‘Fig. 3.3.10

MB

L2

FE n\ﬁ 20:! T

82n5 N




O == M QNN W
1 t 1 L 1 i 1 1 i
T T=tt T

-62—

WAVENUMBER 10-20

=N

-

______
-

ORSERVED

L S S S S B AT B BRI

O93zRYED

1
T

T e
INTEGRAL B50- 200 M3  AREA MEAN 20.0- 82.5 N
CA (1/10 WRTT/M2) |

10 LAY

Fig. 3.3.11




MB

200 4
Kiilij

-1020 -

0 N Y
L 0N SN T TN Sia RNt |

530

700 +

PR I 1
{ D RN SO et B |

850 A

1000

-29-10 1030 40 4G 302014

‘‘‘‘‘‘‘‘‘

aagm it

Tl

B P U S S ST AP

M8

200 +
380 4

500 4

I 1
L B S NS A N N B S

700 A

854 -

1 Lt
LA S B I Bt et |

1000

.....
RRAE

HB

200 +
38D +

T

500

700 A

Lo ded el Jmdend —4
(It Sl i Suae She St AN BN AR M B S |

1000 -

axh

1000

-
T ¥

o0

WAYE NU”uER 1- 3

CK ( 1/10 WATT/H2/BRR) B



MB
2
ﬁo —U)
300 -
500 e
\__,._:""-’_ N, “\‘ a0
e ,
709 ,5::“:Rg\ NI
SN
8sh T aEaen
1000 I[ 1 1 ' 1 1 J. 1 R I R 1 1 1 1 1. ) i 1 1. 1 1 1 1
Eh L] =T L] Eb [ 1 t qh H T l'. 5.(]. ¥ 7 E"b L} Igb T 1 t 8:‘] Ll ’.::.:
MB

asp

1009

PO TR VR O R N OO Y S U 3

-1 ‘._Q

=

i A\
BT BRH S5 IEE]

i
eI NN £ NS
-0 -0 1EePEEGRD 29T @ Femn  wEDed t‘DGﬂ ECERPLERLD
I
R A B e s e L et
20 3C &0 5J G 7a £
|

[ S S S M R N B EE)

x.

-,

‘ B ""—-\-—..
11 EEC?‘-_%xTE'&'IYLl] A

1

HH‘JEN UMBER i-— 3
CH ( 1f10 hﬂ"‘"T/HQ!hPM

Flg 3 3 13




H/M2
130 +

120 +

110 +

100 +

90) -

80+

., -

" §

Tt e,

Lo S

-65-

4
H
!
!
{
14 — . 1 i
L L U O
o
A
LI OTHOTOTLATIT
FRE N P LW Flom! 8 b fd

).

15 DAY

AR INF

[t ]
| T



-66-

K2
30+

20 4

10+

10 +

20 4

1. + t t 5 = } } } 170 DRy
_ENERGY GRIN OF THE ATMOSPHERE DUE TG HERT FLUX ™

Tig. 3.3.15




‘potaad ABp-Q1 Yyl JI9A0 sorjlTluBND yjoq Fo so3evisase 99U} ©3BOTPUT SSUIT POYSBP BYL
*9WT] JO UOT1OUNI B SB [OpPOW (QFL ©U3 UT (©) UOTIBIOUEBAD® PUB (O) UOTIBSUSPUOD .TBIOL 9I°E€°¢ *81aq

shkep Ot 6 8 L 9 G 14 e Z ! 0
i | i I I | j | I i |

—109

104

-08

106

- 001

~B7-

Ol

I
|®——+”*—1o

I

-10¢}




- -68-

H/M2
40 4

30 4

1
!
{
’ 1 4

f i

i
ENERGY EMLGTT: S

~10 4

}

URF=F Lk Sidws ARINHRRD

1o DAY

(ﬂ N+

Fig. 3.3.17

" e




~69-

120 |...

100°W §-on

S0°W

son 7

Fig. 3.3.18 Divergence of initial data set at lowest level.

Units: 1076 sec_l.




—=70-

(SLINN AMVMLIHNY) ADYANH DILANIN

“uoTl1BIZOIUT
0%l ©U3 Ul SWIl JO uor3zouny ® sv A3aous (¥) [B1O01
pue ("d°d) TBUIL®3UT + TBTIusjod (-H"¥) OT3I8ULY [BAYOIH 61°¢ ¢ "SId

-~
.0
i)
- <t
(=)
fon O\

i

o

QT 6 3
i g

0oL

Q1L o

0ZL

ogL

0vL

0SL =

09L

0LL o

08L 7

06L -

008 -

ADYHUNA TYILNALOA/TV.LOL

(SLIND
AMYMLIHHY)



~71-

T40 IMPLICIT DAY 1 (18657 37 2 OGMT)  RRIN  INT=E MM OJGY D24 NONLIN DAY 1 (18657 37 2 OGMTY  RAIN  INT=5 MM
140" 160°W 180°E 180 140°E

140°N 160°%M 180°E 180 140°E

-1 100°E

80t

60°E

(] U 20°E B0°E 40N 26°H Ot ot Tt
To1 IMPLICIT  CAY 1 (1965 37 2 OGMT)  FAIN  INT=5 MM GFDL N48 MODEL DAY 1 1965/ 3¢ 2 OGN RAIN  INT=5 M
140% 160°H 180°E {80 141 140°H - 160 180°E 180°€ 140°E

120 §..

100w |- . 3 { 1007

80"

60°H |

4 20 e 20 LIE 4O 0°E 20°E HOTE

Fig. 3.4.1 Predicted 24h accumulated rainfall patterns
over the northern hemisphere, day 1.




—792-

T4d IRPLITIT

DAT 5 1985/ 3/ & OONT)

160"

ARIN  INT=5 NN

DJGY D24 NOMLIN DAY 5 {1865/ 3/ 6 OGMT)  RAIN  INT=5 MM

180E

140"

Loy ]

180°E

140°E

140K

140°E

o . i .“. j s 5 .
20°H .o 20°€ L0 40" 20°H 0°E 20°E UO°E
T21 INPLICIT DAT 5 (185857 3/ 6 OGND  RAIN  INT=5 NN GFDL N4B MODEL DRY 5 {1965/ 3/ 6 OGMT) RAIN  INT=5 MM
140 160'H 180°E 160" 140°E 140°H 160" 180°E 140°E

3.4.2

Fig.

Predicted 24h accumulated rainfall patterns
over the northern hemisphere, day 5.




_73~

TYO IMPLICIT

DAYTI0 1985/ 3711 OGH)

180°E

PRIN  INT=S KM

DJGY D24 NONLIN DAY10 (1865¢ 3711

160°W

180°E

QoMT)  RAIN

160°E

INT=5 MM

1400

180"

160°E 140°E

140°H

140°E

B0°E

4O°R

o°E

Uie

L0 20

Lo

120%H |-.

20°H 20°E oE e
JT21 IMPLICIT DAY10 (18657 3711 OGMT)  RAIN  INT=5 MM CFDL N48 MODEL  DATID (19657 3711 OGMT)  ARIN  INT=G MM
1407 160°H 1B80°E 160°E 140°E 140" 1607 180°E 1680°% 140°C

3107

i

60

a. . b.

Predicted 24h accumulated rainfall patterns
over the northern hemisphere, day 10.




~74-

DIGS D48 MOMLIN

OHT10

TE0°H

(1365 3711 QGMT) 500 ME  IMT=8 DkM

10

120°M |...

100

80"

BOPW |7

180°E 160°E

%

140°E -

Llial

HIOE

200 0°E 20°E
DJGE D4S NOMLIN DAY S (19659 t OGMTY 00 ME  INT=G DRM
LEQW 180°C 1E0°E

140°H

120 |

100%

el

a0 17

T4QE

L))

20

2 LOE

A120°

4 100E

e

G0°E

A 120°E

BO°E

Fig. Al Prediction of 500 mb geopotential height field
by ECMWF's N48 model, day 5 (bottom) and

day 9 (top).



] e - e TOTAL

- ~->,..-~~~.........,,"mn ———
80 + ’

70+
&0 4
50 +
§n 4
n+
21 4
10+

T T V5 48

— NYB ¥S DuB

———
£
s YO
......
-

~
R
.........
~a

B 0 R R
PERSISTENCE ¥5 D48

wm bar

s}
[
o
e
%
U
on
-3
s
wid

a0 +
80 +
0+
604+
50 +

e b
—t s
. s,

M
L

. =ZONAL PART __

e o R VS

gn L . \
4
10+ o T
a s e RS ST S WS S e
3 & TR 3 .10 1
C NG S D4

a0 4
a0 4
70+
6 +
50 +
up 4
a0+
20 4
lr_’ -4

PERSISTENCE V5 D48

a0 +
20 +
70+
80+
50
40+
an+
21+
16 +

+ } 7 + + } + } MOERSISTENCE ©5 DNG
s + 3 : 3 0 LHMEN E V3 D43

)+ 1-B.
a0 + e T T——-THO %S D4R
70+ e,

51 +

6 A4
poi]

40
0

~~~~~ NN S DuR

=+ FERSISTERCE V5 D43
101
a $ 3 + } } } 3 t + + t t t i3 }

i oAt

a1 2 3 4 ; 7 2 7
MERN 1000- 200 MB AND  20:0- B2:5 N
CORRELARTION OF HEIGHT Z

Fig. A2

M4
AN S



e PERSISTENCE Y5 DUA

HORM T T T
100 +

PERSISTEMCE V5 4B

50 .
e o R -~NMC %S pu4e
ur THORM- - - - - e L s :".f’. Mt ."-\.._l.. ;.l.,.-*‘." .
T e s
. . P == R
~~~~~~~~~~~~ A B

0 -
o SR e i e
et o4 "—‘——'_'_“""——— ......... ; i e —

¢ 1 2 i 4 A N

a0 4
B
W,
50 +
50 4
44
it
20+
10T

e

4] f t } ! 4 } } $ 4 } } $ } u } i $ 4
o 1 : 3 Y 5 £ 7 8 3 i bay

PERSISTENCE V5 D43
NNC v& D4a

____________
——

NOFH e T
...................................... NUE YD DUR

e T8 V5 D4

100

0 —— —
~
= 7 3 i BAY

S T N S I e a
MEAN 1000- 200 MB AND  20.0- 82.5 N

RAMS HEIGHT DIFFERENCES M)

Fig. A3



g0+
80 1
7
60 +
50 1
up +
0+
30+
19T

o

a0 +
80 +
T
50+
50 +
4p +
3BT
2+
1+

(A
e

"\\‘
L 1 1. L 1.
t T

+ . FERSTSTENL
2 1 d Luﬂﬁ\TEN t

an +
B0+
T
Bl +
50 1
YA -
T+
-+
W

- o A “,
. 3 s .,
-‘_‘__\_:: . e ".‘. ~ M43
"y, rme .
Pt . .
T e ’ e
1 1 ] 1 3 1 i ! 1 Ly i 1 3 ] 1 = Tuff
¥ ¥ ¥ g T t ¥ ¥ ¥ 5T T +4 ¥ ¥ o ¥ ey
. - .

0 1 2 3 4 5 & 7 2 a  egn DAY

WAVENUMBER 10-20

- QHE

PERSTSTENCE

o i

40 +
B+
0+
B0
50+
4+
0+
4
10+

. —
- Y
S

.
"

WRAVENUMBER 4- 8

s .
SO bRy

¢ 1o
(%4

g
e B3 IS TENCE
e T4

a0 +
a0+
70+
50+
50+
4t
W+
254
1w+

CORRELATION OF HEIGHT Z

Fig. A4

1 ] 1 3
T T

R
MEAN 10

:
}
2

g

1 t ] ]
T T

% 4
0- 200 MB

T e
2Dn 0" 82!:

3 1d;"‘4i¥zﬁ§¥§§ENtE
5N



~78

200 +
e PERS1STEHCE
'::::::::::::zriii;??:?jEég
100 +
0 — )
8 3 i DR
10
&0
5O +
ol ""--..«""‘,L':'.:-.T'ﬁ:‘-PEF}‘S«ISTENL".E
70 - =
20
ot
a : -
a i b

a0 -
8+
704,
B+
50
4n +
a0 +
204
1+

ml

200 4

100 +
NORH

o DRt

3 3

FERSISTENCE .

31
MEAN

RMS ERROR OF HEIGHT

1000~ 200 HMB
(M}

P il



References

Arpe, K., Bengtsson, L,

Hollingsworth, A. and
Janjic, Z.

Bourke, W,
Bourke, W.
Puri, K.

Daley, R.
Henderson
Simmonds,

Daley, R.

, McAveney,B.

H

and Thurling,R.

3

b2

3

Girard,C.,
J. and

I,

Girard C.,

Henderson,dJ. and
Simmonds,I.

Druyan, L.M.
Somerville, R.C.J.
and Quirk, W.J.

Gauntlett, D.d.
Burridge,D.M.
K.

and Arpe,

=79-

(1976)

(1974)

(1977)

A case study of a ten
day prediction.
ECMWF Technical Report
No. 1, 105 pp.

A multi-level spectral
model, I. Formulation
and hemispheric inte-

" grations.

Mo. Wea. Rev. 102,
pp. 687-701.

Global modelling of
atmospheric flow by
spectral methods.
Methods in Computation-
al Physics, Vol. 17

Ed. J.Chang, Academic
Press, 1977, pp.267-324.

(1976A) Short-term forecasting

(1976B)

(1975)

(1977)

with a multi-level
spectral primitive
equation model.

Part I - Model
Formulation.

Atmosphere 14, pp.98-116.

Part II - Hemispheric
Prognoses and Veri-
fication.

Atmosphere 14, pp.117-
134.

Extended range fore-
casts with the GISS
model of the global
atmosphere.

Tech.Note Inst. for
Space Studies, Goddard
Space Flight Centre,
NASA, N.Y.

Comparative extended
range numerical
integrations with the
ECMWF global forecasting
model 1: The N24, non-
adiabatic experiment.
ECMWF Internal Report
No. 6, 86 pp.



References:

Hénsen, A.W. and
Baede, A.P.M.

Hoskins, B.J. and

Simmons, A.dJ.

Manabe, S. and
Strickler,R.F.

Manabe, S. and
Wetherald, R.T,.

Miyakoda, K.

Miyakoda, K.,
Hembree,G.D.,
Strickler, R.F.
Spelman,I.

and

Miyakoda,K.,
Moyer,R.W.,Stambler,H.,
Clarke, R.H. and
Strickler,R.F,

Miyakoda, K.
Sadler, J.C.
Hembree, G.D.

and

~80-

(1977)

(1975)

ECMWF - Internal
Report No. 15
-to be published-

A multi-layer spectral
model and the semi-
implicit method.

- Quart.J.R.Met.Soc.101,

(1964)

(1967)

(1973)

(1972)

(1970)

pp. 637-655.

Thermal equilibrium of
the atmosphere with a
convective adjustment.
J.A.S. 21 pp.361-385.

Thermal equilibrium

of the atmosphere with
a given distribution
of relative humidity.
J.A.S. 24, pp.241-259,

Cumulative results of
testing a mathematical
model. The description
of the model.
Proc.Royal Irish
Academy 734,

pp. 99-130.

Cumulative results of
extended forecast
experiments.

I. Model performance
for Winter cases.
M.W.R.,Vol.10,

pp. 836-855,

A prediction experiment
with a global model on
the Kurihara Grid.
Journal of Met. Soc.

of Japan, 49,

pp.521 - 536,

Numerical simulation of
the breakdown of a
polar-night-vortex in
the stratosphere.
Journal of Atm.Sci.,27,
pp. 139-154,



-81-

References:

Simmons, A.J., (1977) To be published
Hoskins, B.J.
and Burridge,D.M.

Somerville, R.C.J., (1974) The GISS Model of the
Stone, P.H., global atmosphere.
Halem, M., Hansen,J.E., - J. Atmos. Sci. 31,
Hogan,J.S., Duyan,L.M., pp. 84-117.

Russel,G., Lacis,A.A.,
Quirk, W.J. and
Tenenbaum, J.



-89-

EUROPEAN CENTRE FOR MEDIUM RANGE WEATHER FORECASTS

Research Department (RD)

Technical Report No. 7

No.

No.
No.
No.

No.

No.

No.

A Case Study of a Ten Day Prediction

The Effect of Arithmetic Precision on
some Meteorological Integrations

Mixed-Radix Fast Fourier Transforms
without Reordering

A Model for Medium Range Weather Forecasting
- Adiabatic Formulation -

A Study of some Parameterizations of Sub-
Grid Processes in a Baroclinic Wave in a
Two-Dimensional Model

The ECMWF Analysis and Data-Assimilation Scheme:
- Analysis of Mass and Wind Fields -

A Ten-Day High-Resolution Non-Adiabatic Spectral
Integration ; A Comparative Study






