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1. INTRODUCTION

A global spectral model with T63 truncation was introduced into operational
forecasting at ECMWF in April 1983 (Simmons and Jarraud, 1984). Two years
later, the horizontal resolution was increased to T106 (Jarraud et al., 1985).
During the development of these two version of the model, attention has been
paid to a number of aspects of the time-stepping, and to a comprehensive
comparison of the sensitivity of medium-range forecasts to horizontal
resolution, with forecasts carried out at truncations T21, T42, T63 and T106.
Further comparisons of T63 and T106 have subsequently been carried out, and a

limited number of experiments with T159 resolution has also been performed.

In this paper an account is given of the above work. The following sections
2.1 to 2.4 describe the time-stepping aspects, and the resolution experiments

are discussed in sections 3.1 to 3.3. Section 4 contains some concluding

remarks.
2. TIME-STEPPING ALGORITHMS FOR THE SPECTRAL MODEL
2.1 Semi-implicit treatment of vorticity and moisture advection

Robert (1981) pointed out that the timestep limit in a conventional model with
semi~implicit treatment of gravity-wave terms is generally determined by the
stability of the scheme for the horizontal advection of vorticity (and, by
implication, the horizontal advection of moisture). This has been exploited
to enable use of longer timesteps by treating semi-implictly the advection of
vorticity and moisture, linearizing about advection by a zonally-uniform zonal
wind. Specifically,

u
1 -y - —° 23 - -
Ta (X(e+ar) - X(e-ae)} = X, = o o {R(t=E) + X(e+ae) 2x(t) }

where XT is the explicit tendency of X, X being either the vorticity or the
humidity wvariable, u, is a height- and latitudinally-varying reference zonal
wind, 0 is latitude, X is longitude, t is time and a is the radius of the

earth. This equation is easily and cheaply solved for X(t+At) in Fourier

249




100

80

60

40

Height anomaly correlation (%)

20} Spectral, At=22% min. .
Ceeessensnsaianas Spectral, At=15 min. ~
------------ Finite-difference, At=10 min.
} ] 1 1 1 1 1 1 I ]
0] 1 2 3 4 5 6 7 8 9 10
Days
Fig. 1 Height anomaly correlations (%), calculated for the area from 20°N

to 82.5°N using standard pressure levels from 1000 to 200 mb,
plotted as functions of the forecast range in days. Results are
shown for three forecasts (as labelled in the fiqure) from

4 October 1982.
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Fig. 2 Maps of 500 mb height (contour interval 60m) over Europe. The

operational analysis for 10 October 1982 is shown in the upper-left
panel and the 6-day operational (grid-point) forecast from

4 October carried out with a 10-minute timestep is upper right.
Forecasts using the new model are shown for timesteps of 220
minutes (new time scheme, lower left) and 15 minutes (standard time

scheme, lower right).
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space, although the use of integration by parts to compute spectral tendencies
of vorticity necessitates the computation of values of auo/ae as well as uo
for each latitude and model level. For the test reported here and for the
initial operational implementation, uo was taken to be the zonal-mean of the
instantaneous model zonal wind. It was subsequently changed to be the
arithmetic mean of the maximum and minimum zonal wind for timestep t-At, this

having been found to give a slight increase in computational stability.

The scheme has, by itself, made it possible to use timesteps between 25 and
50% longer than possible with the conventional semi-implicit treatment of
gravity-wave terms alone. Fig. 1 shows an objective verification of forecasts
for the extratropical Northern Hemisphere for an extreme case in which strong
flow in the polar stratosphere of the Southern Hemisphere resulted in the then
operational 15-level grid-point sigma-coordinate model having to use a
timestep of 10 minutes rather than its usual value of 15 minutes. For this
example, use of a hybrid coordinate (Simmons and Burridge, 1981) reduced the
strongest winds in the model stratosphere over Antarctica, since the top
hybrid model level did not rise up over high ground. Thus with this
coordinate a timestep of 12 minutes was possible with the grid-point model,
and 15 minutes was possible with the T63 spectral model using a conventional
semi-implicit scheme. Including the semi-implicit treatment of vorticity and
moisture advection, a stable integration could be carried out using a timestep
of 22.5 minutes, and Fig. 1 is an example of how no significant decrease in

the objectively-measured forecast accuracy occurred as a result.

Fig. 2 shows corresponding maps of 500 mb height for day 6 over Europe, and it
can be seen that differences between the two forecasts performed with the
spectral model and different timesteps are quite negligible when compared with
differences either between the spectral and operational (grid-point)
forecasts, or between any of the forecasts and the analyzed state of the
atmosphere. Similar conclusions were drawn from examination of three other
cases prior to the operational implementation of the spectral model (Simmons
and Jarraud, 1984), although a timestep as long as 22.5 minutes could not be
used routinely with T63 resolution. Rather, a timestep of 20 minutes was
mostly used, reduced to 18 minutes for two spells following the operatiocnal

occurrence of computational instability.
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2.2 Enhanced horizontal diffusion to enable use of longer timesteps

Experience with the operational forecasting system prior to May 1985 revealed
two situations which limited the timestep possible in the model, even with the
semi-implicit treatment of vorticity and humidity advection. The first was
the occurrence of a strong polar-night jet in the stratosphere during late
winter in the Southern Hemisphere. The second was a strong tropospheric jet
stream over the Western Pacific during the Northern Hemisphere winter. Since
May 1985 the operational (T106) model has adopted a selective enhancement of
horizontal diffusion to allow use of a longer timestep than would otherwise be

possible in such situations. Two types of enhancement have been employed.

The basic formulation of horizontal diffusion in the model is a simple linear
4th-order diffusion applied along the hybrid coordinate surfaces: the
diffusive tendency of a variable X is of the form - K V*X, where X represents
vorticity, divergence, specific humidity, or temperature modified by a term
proportional to ﬂnps. Specification and discussion of the latter, which is
chosen to reduce mixing of the temperature along sloping coordinate surfaces,
Vis given by Simmons (1987). The diffusion coefficient K has been chosen on
the basis of experimentation to be 2 x 1015 m! s-1 for T63 resolution and

1015 m* s=1 for T106. The use of larger coefficients for the divergence field

is discussed in section 2.3

The first of the enhancements referred to above is concerned with the
stability of the stratospheric flow, and entails a general substantial
increase in horizontal diffusion for the smallest scales at upper model
levels. For each level k, a critical total wavenumber n is defined. The

X’ while for n > nk the
value K hc is used, where c is the number of levels (below and including k)

standard diffusion coefficient K is then used for n < n

for which the level number, £, is such that both £ » k and nz < n.
Operationally h = 10 and

n, = 83, 84, 86, 88, 90, 93, 96, 100, 103, 105, 106, ... 106 for
k=1,2, 3, 4, 5, 6, 7, 8, 9, 10, 11, ... 19.

This effectively acts as a reduction in model resolution at stratospheric, and
to a small extent upper tropospheric, levels, without generating the noise
found in earlier tests in which the highest-wavenumber components were simply

set to zero at these levels.

253



The second approach is introduced to ensure stability for strong tropospheric
flow, and involves increasing damping at levels where the maximum wind exceeds
a critical value. For a particular model level, spectral components whose

total wavenumber exceeds a critical value N it (which depends on the maximum
windspeed computed at that level at the timestep in questioni are damped by a

factor

1+ aaA—t Max {|u| }J (n-n___ )

crit

where

n

= p/Max{|g]}

crit _

Values a » 2 and B = a/At are sufficient to avoid exponential computational
instability for the linear advection equation for a wave of scale a/n and

advecting velocity Max{|g|}. In the model, B is defined through a critical

velocity, Vcrit:

At n

o o

B = vcrit At

where Ato = 1200s and n0 = 63. Here Vc corresponds to a critical velocity

rit
for stability (with o=0) for a model resolution with Max {n}=63 and a 20
minute timestep. Operationally, o = 2.5 and Vcrit = 85 m s~!, the latter

giving 8 = 1.009 a/At.

The two approaches outlined above have been used routinely to produce T106
forecasts with a 15 minute timestep, and no case of computational instability
has occurred in over two years of daily use. A timestep of no more than 10
minutes would otherwise have been needed. With the 15 minute timestep the
flow~dependent enhancement of diffusion takes place at levels where the
maximum flow speed exceeds 63 ms—1; for a level with a 100 ms~! wind maximum,

enhanced damping is applied to wavenumbers greater than 66.

The increase in timestep from 10 to 15 minutes is achieved at minimal
computational expense, and has no apparent detrimental effect on forecast
gquality. To illustrate this in terms of objective verification, Fig. 3 shows
anomaly correlations of 500 mb height for the extratropical Northern
Hemisphere averaged over 8 10-day forecasts. One of the cases (with initial

date 13 January 1985) was deliberately chosen because of the presence of a
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Isotachs (contour interval 10 ms'l) at level 5 of the 16-level
model (approximately 250 mb)

Upper panel: T106 two day forecast with a 10 minute timestep
Middle panel: T106 " " " " " 15 " "
Lower panel: Verifying analysis
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strong tropospheric jet stream over the Western Pacific, with maximum Qinds
over 100 ms—! during the first two days of the forecast. The others were
chosen without regard to the synoptic situation, with four (Northern
Hemisphere) summer cases and three more winter cases. Fig. 3 shows results
obtained using a 15 minute timestep with selectively enhanced diffusion and a
10 minute timestep with no enhancement of diffusion. Both sets of forecasts
were carried out using the semi-implicit treatment of vorticity and humidity

advection discussed in the preceding section.

Oover much of the forecast range the two curves shown in Fig. 3 are almost
indistinguishable. Only beyond day 7 can a difference be seen, but this is
small enough to be of no obvious significance, and the difference such as it
is in fact favours the use of the longer timestep. A very similar result is
found for other fields, and from verification of the forecasts for the
extratropical Southern Hemisphere. Tropical wind scores also show very little
difference, although they come out fractionally in favour of the shorter
timestep. Synoptic assessment also shows a negligible impact of the increase

in timestep.

It is important to note that the increase in timestep possible with the
enhanced diffusion is not achieved at the expense of a significant reduction
in jet speed. Two-day forecasts of the flow at level 5 of the 16~level model
(approximately 250 mb) are shown in Fig. 4 together with the verifying
analysis in the 13 January 1985 case. Despite a maximum wind persistently in
excess of 100 ms™! early in the forecast range, differences between 10~ and

15-minute forecasts are slight.

Timesteps longer than 15 minutes are possible for T106 resolution, but
indications of a deterioration in forecast quality are found. In particular, a
set of 6 10-day forecasts has been carried out with a timestep of 22% minutes.
The cases were chosen from among 24 comprising the 1st and 15th of each month
for the year from May 1986 to April 1987. T63 forecasts were available for
comparison with the operational T106 forecasts for the 24 cases, and the 6
cases considered here were chosen on the basis of one per two months,
selecting out of the four available for each period the case which gave the

largest difference between T63 and T106.
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Fig. 5 shows mean anomaly correlations of 500 and 1000 mb height for T106
forecasts using 15 and 224 minute timesteps, and for the corresponding T63
forecasts, which also used a timestep of 22} minutes. It is clear that for
the first 3 to 4 days of the forecast the differences in skill between the two
T106 forecasts are very small, and certainly much less than the differences
between T63 and T106. However, further into the forecast range the 221 minute
T106 forecasts exhibit a poorer accuracy than the 15-minute forecasts, more so
‘at 500 than at 1000 mb. A similar result has been found (for a different, and
larger, sample of cases) comparing T63 forecasts with 15 and 22% minute
timesteps. Reducing the timestep below 221 minutes but keeping the enhanced
diffusion shows that much of the deterioration is due to the increased

diffusion, rather than to the use of the longer timestep.

The similarity between the results of using 15~ and 22%—mihute timesteps seen
in Fig. 5 for the first part of the forecast range might suggest that the
larger timestep be'adopted if the model were to be used for prediction out to
3 or 4 days ahead. This timestep is around a factor of 24 to 3 larger than
possible in a conventional spectral model with no semi-implicit treatment of
advection and no use of enhanced diffusion. However, some cautionary remarks
must be added. Firstly, objective scores for the tropics show some
deterioration of the 850 mb wind field earlier in the range when using the 22%
minute timestep. Furthermore, problems concerning the computational stability
of the semi-implicit treatment of gravity-wave terms (discussed in the
following section) and of the time-stepping in the parametrization of
low-level vertical diffusion (discussed in 2.4) may come more to the fore. In
addition, all tests reported here have been for the hybrid vertical
coordinate. Use of enhanced diffusion may be less satisfactory in a
sigma-coordinate model, in which there are more prominent small-scale
variations in upper model-level fields resulting from the small-scale

variations in the height of coordinate surfaces following the model orography.

2.3 Stability of the semi—implicit gravity-wave scheme

The first year of operational forecasting with the spectral model revealed
occasional cases in which noise developed along the axes of strong jet
streams. The problem was particularly evident in data assimilation cycles and
short-range forecasts, and in one case it was so severe that a complete

computational instability of the model occurred during the 6-hour forecast of
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a data assimilation cycle. Non-linear normal-mode initialization exacerbated
the problem; the iteration process in the initialization tended to diverge

.once the noise in the 6-hour forecast had passed a critical amplitude.

Experimentation pointed to the stability of the semi~implicit time scheme for
gravity-wave terms as the source of the problem. A gradual reduction in noise
was found as the timestep was gradually reduced. Contrary to expectations
based on the stability analysis presented by Simmons et al. (1978), reducing
the value of the isothermal reference temperature used in the semi-implicit
scheme reduced the noise at the jet-stream level, although in agreement with
the earlier analysis, instability eventually arose elsewhere in the model
atmosphere. Generation of noise was reduced when the semi-implicit scheme was
modified as described below, and increasing horizontal diffusion on the

divergence field alone was sufficient to prevent noise developing.
The above investigations led to the following model changes:

(i) The operator (-) that appears in a conventional semi-implicit scheme:
X = 0.5(X(t+At) + X(t-At))
was changed to

X = 0.25%X(t) + 0.375(X(t+At) + X(t-At))

This reduces the slowing of gravity waves by the scheme, and a stability
analysis of the type reported by Simmons et al. (1978) and Simmons and
Burridge (1981) indicates a computational stability only marginally less than
that of the conven?ional scheme. Further details are given in the appendix.
b(ii) Horizontal diffusion of divergence was carried out after the (t+At)
value was used to update the temperature and surface pressure fields,

rather than before as hitherto.

(iii) The coefficient of horizontal diffusion of the divergence field was

increased by a factor of 10.
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analyses of the 300 mb wind speed over Eastern North America and

the North-West Atlantic for 12 GMT 25 December 1983.

Upper panel: Operational analysis.

Lower panel: Analysis with assimilating model modified as specified
in the text.

261



To illustrate the impact of these changes, Fig. 6 presents analyses of the 300
mb wind speed over Eastern North America and the North-West Atlantic for
Christmas Day, 1983. A strong jet stream was located along the eastern
seaboard at this time, and over the preceding 24 hours noise had been building
up in the operational analysis, leading to the picture shown in the upper plot
of Fig. 6. The noise subsequently died down, as the jet stream weakened in

reality.

The lower plot in Fig. 6 is the result of a 24-hour assimilation incorporating
the model changes noted above. A striking reduction in the noise along the

jet axis is evident. Elsewhere, the two analyses are notably similar.

Although forecast experiments at the time of the change indicated very little
impact on conventional measures of forecast accuracy, isolated cases of
detrimental influence of the increased diffusion of divergence were
subsequently found; For T106 resolution fields other than divergence are
damped at a rate which is larger for the smallest retained scale than was the
case for T63, and the coefficient of diffusion of divergence is only 2% times

that of the other fields.

2.4 Modification of the time-stepping in the parametrization
of vertical diffusion

Detailed evaluation of the results of test integrations at T106 resolution
revealed a marked tendency for noise to develop in the model boundary layer in
regions of strong low-level flow. Examination of corresponding T63 forecasts
showed a rather similar noise, but of weaker amplitude, and of a larger
horizontal scale that could on occasions be confused with small synoptic-scale
variations. Apparently similar problems with derivatives of the ECMWF model
have been reported by Larsson {personal communications) using a single column
version and by Kgllberg and Gollvik using a limited-area model based on the
Centre's original grid-point model. The noise was ascribed to a time-~stepping
problem in the case of strong vertical diffusion, and a solution was found by
utilizing shorter timesteps for this parametrization. This has the

disadvantage of increased computational cost.
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An efficient remedy to the problem has been found by modifying the time-scheme
used to solve the vertical diffusion equation. Writing this equation in the

general form

¥

139 oy
— = K
ot p 9z (p K(y) Bz) d
the tendency due to vertical diffusion was formerly computed in the model as

(¥ (£+A6) - Y(t-At)) / 2At, where

*
Y (t+AE)-P(t=At) _ 1 3 _ a_*
2t =5 sz (P K(y(t-4t)) ¥ (B+aE)).

*
The solution comprised replacing the ¢ (t+At) on the right-hand side of this
*
equation by 1.5¢ (t+At) - .5y(t-At). It was suggested by examining the

simpler equation

§§'= - klxlx + £

for constant k and f£. Evaluating |x[x as|x(t—At)lx(t+At) vields a solution
which oscillates about v %-with a period 4At in the limit as v (fk) At + .
With x(t+At) replaced by yx(t+At) + (1-y)x(t=-At), the oscillation is damped by
a factor 2% each timestep for y > 1. Tests in the full model with y = 1.25,
1.5 and 2 showed the first value to be insufficient to control fully the
noise. Very similar results were obtained with the other two values, the
smaller one being chosen as it gives a smaller truncation error Ffor weak

diffusion coefficients.

An example of the impact of the change on one of the disseminated ECMWF
products, the wind extrapolated to a 10 m height from the lowest level of the
model, is shown in Fig. 7. Illustrated are three two day forecasts for a case
of strong southwesterly flow over the central North Atlantic Ocean. The T106
forecast with the former time-stepping for the vertical diffusion equation
clearly exhibits a sequence of maxima and minima in wind strength, and some
indication of this is perhaps also evident in the corresponding T63 forecast.

The revised scheme clearly gives a much more uniform low-level flow, and
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vertical structure in the boundary layer is similarly improved. It was

introduced operationally at the same times as the T106 resolution.

3. HORIZONTAL RESOLUTION STUDIES

3.1 Comparisons of T63 and T106

Two series of experiments have been carried out to provide an extensive
comparison between spectral-model forecasts with different horizontal
resolutions. The first comprises a group of 24 cases spanning the two years
prior to the operational introduction of T106 resolution in May 1985.
Forecasts were produced with T21, T42, T63 and T106 resolutions. The second
consists of T63 and T106 forecasts for 48 cases covering the two years since
May 1985. 1In this section we summarize results, principally in terms of
objective verification. Synoptic examples of sensitivity to horizontal

resolution are presented in Sections 3.2 and 3.3

Initial analyses for the first series were derived from the operational (T63)
analyses for the 15th of each month from May 1983 to April 1985.‘ Experiments
were carried out using two different prescriptions of the orography for each
resolution (and a third for T106). The results of these experiments are
described by Jarraud et al. (1988); here we present only one set of results
produced using an "envelope" orography based on adding v2 times the standard
deviation of the actual subgridscale orography to the grid-square mean (the

operational choice for T63).

The second series comprised forecasts run from the 1st and 15th of each month
from May 1985 to April 1987. The operational T106 forecasts {(with one
standard-deviation envelope orography) served as controls, and corresponding
T63 forecasts were carried out from truncated T106 analyses, using the same
parametrizations and model settings apart from the coefficients of horizontal
diffusion. For the latter, the previously operational T63 values were used
for the first 15 cases, after which the coefficient for divergence was reduced
from 20 to 5 x 1015 m* s™1, 2.5 times larger than that for other fields. All

T106 forecasts used diffusion coefficients half those used latterly for T63.
Anomaly correlations of 500 mb height for the extratropical Northern

Hemisphere, averaged over the two sets of cases, are presented in Fig. 8. The

upper plot shows, not surprisingly, a much larger improvement of T42 over T21
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than that of T63 over T42, which in turn is larger than the improvement of
T106 over T63. This tendency for convergence at high resolution does not,
however, imply that differences between T63 and T106 are small throughout the
forecast range, but rather that what can be quite large differences later in
the forecast range are not systematically in clear favour of the higher
resolution, as will be seen shortly. The apparently small mean differences in
skill are nevertheless larger than differences found earlier between the
Centre's N48 grid-point and T63 spectral forecasts, and larger than
differences between forecasts using mean and envelope orographies. Other
objective measures of forecast skill for the Northern Hemisphere generally
éonfirm the picture shown in Fig. 8, although standard deviations exhibit more
favourable results for T42, and to some extent T63, towards the end of the
forecast range, a finding which is presumably related to the higher level of

variance that is found in the higher resolution forecasts.

Comparing the two panels in Fig. 8, it can be seen that differences between
T63 and T106 are very much the same in the two sets of experiments, despite
differences in the parametrizations, envelope orography, and resolution of the
assimilating model (T63 or T106) used to produce the initial analyses. Later
in the forecast range a more uniform difference between T63 and T106 is seen
in the second, larger set of cases. Perhaps more noteworthy is the large
overall difference in forecast quality between the two sets of cases, both T63
and T106 forecasts\crossing the line denoting 60% correlation about 1 day
later in the second set than in the first. Although interannual variability
in the inherent predictability of the atmosphere may contribute to this
difference, it is likely that it largely reflects advances in data
assimilation (including the use of a higher resolution model) and
parametrization, and perhaps the improved stratospheric resolution of the

forecast model.

Early in the forecast range differences between T63 and T106 for individual
cases are almost systematically in favour of the higher resolution. This is
seen particularly clearly at the surface, and is illustrated in the left-hand
part of Fig. 9, which plots (from the second set of experiments) each case on
a scatter diagram for the anomaly correlation of 1000 mb height for 3-day
forecasts for the extratropical Northern Hemisphere. Points lying above the

diagonal line correspond to cases in which T106 is (according to the measure
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in question) better than T63, and it can be seen that at day 3 by far the
majority of points lie above the line. The plotted points distinguish between
"summer" (May to October) and "winter" (November to April) cases, and the
advantage of T106 over T63 at day 3 is particularly evident in summer, only
one out of 24 cases failing to show an improvement. This is related in part
to the choice of envelope orography, since it has been found (Jarraud et al.,
1988) that the impact of envelope orography is beneficial at both T63 and T106
resolution in winter, whereas in summer the envelope orography gave poorer
mean anomaly correlations than did mean orography for T63, with similar

correlations for the two orographies for T106.

The corresponding scatter diagram for day 7 is also shown in Fig. 9. At this
range there is evidently more spread, and a less systematic bias in favour of
T106. A more beneficial impact of higher resolution in summer than in winter
cases can again be discerned. It is noteworthy, however, that at both days 3
and 7 there is considerably more spread along the diagonal than across it;

differences in forecast accuracy from case to case are generally much larger

than differences resulting from the resolution change.

Objective verification has been carried out for a number of regions other than
the extratropical Northern Hemisphere. Absolute correlations of 850 mb vector
wind for the Tropics and anomaly correlations of 500 mb height for the
Southern Hemisphere, averaged over the second set of cases, are presented in
Fig. 10. There is a distinct improvement of T106 over T63 in the tropical
verification, and a negligible net sensitivity to resolution in the results
for the Southern Hemisphere. Similar conclusions were drawn from verification
of the first set of cases, although smaller differences are found in the
tropical region, with T63 in fact scoring better than T106 out to day 2.5.
This may reflect a difference in sensitivity to resolution for the two
versions of the convective parametrization used in these experiments, but it
could also indicate sensitivity of the short-range forecast to compatibility
between the resolution of the forecast model and that of the assimilating
model, which was T63 for the first set of experiments and T106 for the

second.

The extent to which differences in orography and horizontal diffusion

contribute to the differences between T63 and T106 has been examined in a
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subset of six cases particularly sensitive to the change in resolution. The
cases were chosen from among the 24 of the second year of the 48-case series,
on the basis of one per two months, choosing out of the four available for
each period that for which differences between T63 and T106 forecasts were
largest. These cases were also used for the time-step experiments reported in
Section 2.2. Six T106 forecasts were carried out using a T63 representation
of the orography, and second subset used T106 orography, but the diffusion
coefficients used for T63. Results are shown in Fig. 11 in terms of anomaly
correlations of 500 mb height for the extratropical Northern Hemisphere. Both
finer~resolution orography and smaller diffusion coefficients evidently
contribute to the improvement of T106 over T63. Perhaps surprisingly, a
somewhat larger impact from diffusion than from orography is seen in Fig. 11,
but the reverse is found to be the case for anomaly correlations of 1000 mb
height and for standard deviations of the height field errors. The small

number of cases must also be borne in mind.

Examples of local beneficial impacts of increased horizontal resolution which
are almost certainly related to increased resolution of the model orography
will be discussed in the following two sections. To counterbalance these,
Fig. 12 presents a case (specially selected from the first set of comparisons)
where use of higher-resolution orography contributed little to a substantial
improvement of T106 over T63 in the second half of the forecast range.
Illustrated are mean 500 mb heights for days 5 to 10 for standard T106 and T63
forecasts, for a T106 forecast with T63 orography, and for the verifying
énalysis. The standard T106 forecasts accurately matches the analysis in its
depiction of the blocking pattern centred over Northern Europe, in contrast to
the performance of T63, which produces a block, but with a quite erroneous
flow pattern. Running the T106 forecast with T63 orography reprocduces much of
the detail of the standard T106 forecast, although some deterioration in the
trough extending southeastwards from southern Greenland can be seen. This
predominant insensitivity to orographic resolution occurs in this case despite
a marked sensitivity to the use of envelope orography, as indicated by Jarraud

et al. (1988).

Sensitivity to the magnitude of horizontal diffusion has been examined in
cases other than those contributing to the mean results shown in Fig. 11.

Although these generally confirm the choice made at the time of operational
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Analysis T106

Fig. 12 Mean analyzed 500 mb height field (contour interval 8 dam) for the

period 20-25 March 1984 (upper left), and corresponding forecasts
from 15 March using:

Upper right - T106 resolution (and orography)
Lower left - T63 resolution (and orography)
Lower right - T106 resolution but T63 orography.
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implementation of T106 resolution, clear exceptions are found. A striking
example is presented in Fig. 13. In this case doubling the coefficients of
horizontal diffusion had a clear benefit for the T106 forecast beyond day 6,
as seen from the objective verification in the upper panel of the figure. The
corresponding T63 forecast also showed a much less rapid fall in skill than
did the standard T106 at the end of the forecast range (lower panel). It was
observed in this case that there was a much more- pronounced than usual
"spin~up" of vertical velocity in the tropics. The T106 forecast was thus
rerun with the higher level of diffusion for the first day only, reducing it
linearly to the standard lower value between day 1 and day 2. Objective
verification for the extratropical Nofthern Hemisphere, shown also in the
upper panel of Fig. 13, indicates a performance very similar to (and slightly
better than) that of the forecast which used higher diffusion throughout the
10-day range. Synoptic assessment confirms both this result, and that a
substantial part of the improvement of T63 over T106 beyond day 7 has the same
synoptic character as the improvement of T106 forecasts by use of higher

horizontal diffusion.

3.2 First results from T159

A limited programme of experimentation was bequn in 1986 with the spectral
model at a resolution of T159. This resolﬁtion was chosen because it was the
largest that could be run with acceptable efficiency within the memory
constraints of the Centre's computer system, although each forecast took too
long a time to be operationally feasible (8-9 hours for the 16-level vertical
resolution used for the first experiments). A one standard deviation envelope
orography with T159 resolution was used, and initial and other surface fields
were interpolated from operational T106 fields. The operational T106
forecasts were available for comparison, and T42 and T63 forecasts were also
carried out. Three 10-day predictions were initially run, and these were
subsequently supplemented by three one~day forecasts for cases of rapid

oceanic cyclone development.

An initial date of 20 March 1986 was chosen for the first case because of an
Alpine lee cyclogenesis early in the forecast range which was underestimated
by the operational forecast. Clear improvements were found with increasing
resolution, both in the intensity and position of the cyclone, and in the

detail of local flow patterns near orography (Simmons et al., 1988). These
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are not illustrated here as a second example of lee cyclogenesis will be
discussed in the following section. Instead, we present a variety of other

results from this case.

In the middle of the forecast range, synoptic differences became apparent over
northern Europe. Fig. 14 illustrates how the 5-day prediction of a low which
was located in reality over southern Sweden is progressively and significantly
improved as resolution is increased. T159 also gives the best indication of a
second, weaker low to the west. There is much less synoptic difference
between T63, T106 and T159 over southern Europe (not shown) at this time, but
quite distinct sensitivity in the prediction of precipitation can be seen in
Fig. 15. In most respects the expected increase in detail with increasing

resolution is such as to bring forecast and observation closer together.

As horizontal resolution increases, models can be expected to represent a
larger degree of explicit orographically-induced gravity wave activity.

Fig. 16 presents cross-sections of wind and potential temperature at day 6 of
the T42, T63, T106 and T159 forecasts, again for the 20 March initial
conditions. Each section cuts through the Cascade and Rocky Mountain chains
of western North America, although only T106 and to a greater extent T159
resolutions are capable of distinguishing between the two ranges. Over this
area, the large-scale forecasts are rather insensitive to horizontal
resolution, with a predominantly westerly incident flow. Small-scale wave
motion over and immediately downstream of the Rockies ridge is evident in the

7159 forecast, but not at lower resolutions.

The forecasts discussed above were carried out without the parametrization of
gravity-wave drag. There is an evident possibility (ECMWF, 1987) that as
resolution increases, effects of gravity waves which in reality occur on
scales close to the truncation limit may appear twice in the model, once
through parametrization and once explicitly. Quite apart from this problem,
the explicit appearance of vertically-propagating gravity waves brings the
question of the upper boundary condition to the fore. Cross-sections as in
Fig. 16, but for the divergence field, are presented in Fig. 17 and show a
westward phase tilt with increasing height in the troposphere over the Rockies

at T159 and T106 resolutions. However, there is an absence of tilt in the
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stratosphere which is suggestive of an erroneous wave reflection due to the
inadequate treatment of upward propagating waves in the topmost layers of the
model. These forecasts were all carried out using the formerly-operational
16-level resolution. During testing of the increased stratospheric resolution
of the now-operational 19-level version, more extreme cases where strong
mountain waves appeared explicitly at T106 and T63 truncations were examined.
These showed a more severe stratospheric problem at higher vertical
resolution, with the occurrence at small horizontal scales of pronounced
two-grid waves in the vertical at upper model levels. This led to the use of
higher horizontal diffusion in the stratosphere of the operational 19-level
model, an apparently effective remedy; at least for the short term, but one
which should not be seen as obviating the need for a much more thorough study

of this topic as horizontal and vertical resolution increase further.

The use of increased horizontal resolution, with its attendant reduction in
horizontal diffusion coefficients, is generally found to exacerbate the
problem of the "spin-up" of excessive vertical velocities and convective
precipitation in the tropics early in the forecast range. This is illustrated
in Fig. 18 by plots of global-mean precipitation rates as functions of
forecast range, for T63, T106 and T159 forecasts from 20 March 1986. There is
a significant increase, as resolution increases, in the unrealistically high
rates found in the first 2% days, and a smaller increase beyond this time.
Examining the breakdown into convective and large-scale precipitation reveals
a predominant increase in the convective component in the early part of the
forecast range, the smaller increase later on being associated with more

large~scale rather than convective precipitation.

One further pre-existing modelling problem has been found to become more
pronounced in the T159 forecasts. The early experimentation with T106
revealed a tendency for "noise" to develop in the planetary boundary layer in
cases of strong flow over ocean surfaces, which was remedied by revising the
time-stepping algorithm used in the parametrization of vertical diffusion, as
discussed in section 2.4. This solution has worked satisfactorily at T106
resolution, but occasional instances of a return of "noise" at T159 resolution
have been found. Fig. 19 illustrates roughness in temperature contours along
a warm front, and the presence of small-scale low-level ascent and descent in

the flow along the front. Although the corresponding T106 forecast was
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somewhat poorer in synoptic detail, it did not exhibit these presumably

spurious small-scale features.

It is important, however, to stress that the problem illustrated above is very
much an occasional one, and notwithstanding the need for improving the
computational stability of the boundary-layer calculation, sharper and more
coherent frontal structures are generally found in the T159 forecasts. One of
the cases of rapid cyclone growth is shown in Fig. 20. Strong development is
found at all three horizontal resolutions (the central pressure was 989 mb 24
hours earlier), but the depth of the low is captured most accurately with
T159. It is more difficult to verify differences in thermodynamic structure
between T159 and T106 because of the bias of the verifying analysis towards
the T106 resolutibn used in the data assimilation, but the waviness of the
cold front at T63 resolution disagrees with the analysis, with the higher
resolution forecasts and with satellite imagery. Some of this waviness can
also be seen in the T106 forecast, and the occlusion is less advanced and
well-defined (and more inaccurate) at this resolution than at T159. Similar

results have been found in other cases.

3.3 Further studies of increased horizontal resolution

.A further five cases have been chosen for study of increased horizontal
resolution. Four were selected on the basis of an interesting weather
development in the short range, to enable global forecasts to be compared with
forecasts at resolutions higher than T159 carried out with the spectral
limited=-area model being developed at ECMWF. Three of these have been
integrated to 10 days using the global spectral model at T63, T106 and T159
resolution. The fourth was integrated only to day 3, a fifth case being
chosen for 10-day forecasting as it was realized that the sample would
otherwise not have included a high-summer case. The set of global forecasts
has only recently been completed, and here we present first impressions of the

results on a case~by-case basis.

(i) 3 March 1982

This initial date was chosen from within the ALPEX period because of the
occurrence over the following two days of a lee cyclogenesis which has been

much studied subsequently. In particular, sensitivity to horizontal
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Analysis

Fig. 20 The operatiohal analysis of mean sea-level pressure and 850 mb
equivalent potential temperature for 13 January 1986 (upper left),
and one-~day T159 (upper right), T106 (lower left) and T63 (lower
right) forecasts verifying on this date. Contour intervals are 5
mb and 2 K respectively.
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| SUBJ.ANALYSIS

Fig.

21

Prmsl and 850hPa temperature  Verifying date: 82030512 Range: 48h

A subjective analysis of mean sea-level pressure (contour interval
2.5 mb) for 5 March 1982 (upper), and 48-hour forecasts of mean
sea~level pressure and 850 mb temperature (contour interval 1 K)
using:

Middle left : Spectral model at T63 resolution

Lower left : Spectral model at T106 resolution

Middle right : Spectral model at T159 resolution ‘

Lower right : Grid-point limited-area model at N192 resolution.
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resolution and the use of envelope orography has been examined by Dell'Osso
(1984) using the ECMWF grid-point LAM. A period of data assimilation using
the current T106 L19 operational system was carried out to provide initial
conditions. In Fig. 21 we present a subjective analysis of mean sea-level
pressure for 122 5 March 1982, and corresponding 48-hour speétral forecasts
using T63, T106 and T159 resolutions. The 48-hour grid-point forecast with

the finest (.46875°) resolution utilized by Dell'Osso is also shown.

It is clear from Fig. 21 that the change in resolution from T106 to T159 is
such as to allow the forecast to capture local detail present in both the
analysis and the high-resolution LAM; Particular examples are the pressure
patterns near the Pyrenees and the Italian peninsula. In this case there is
little change in intensity with increasing resolution in the spectral
forecasts, and only a minor refinement of position. A more substantial impact
in these respects, and similar improvement in local detail, is found in the 20
March 1986 case discussed earlier. For this ALPEX case the LAM forecast is
better with regard to the intensity of the lee cyclone and the apparent
barrier presented to the cold front by the Alpine ridge; as this model used a
different initial analysis and earlier version of the parametrizations the
differences in performance may not be wholly due to differences in horizontal

resolution and numerical technique.

(ii) 26 February 1984

This case was chosen because of the availability of detailed observations of a
polar low, reported by Shapiro et al. (1987). It was recognized that none of
the global resolutions to be used would be sufficiently fine to capture the
detailed structure of the low, but it was hoped that the large-scale state
would be well enough defined in the initial conditions to make the case a
suitable one for studying higher resolution and the performance of different
convection schemes using the spectral LAM. Again, a spell of data
assimilation using the latest operétional system was used to produce initial

conditions.
Wind and temperature forecasts at the third model level above the surface are

shown for 122, 27 February, over the Norwegian Sea in Fig. 22, together with

an analysis of aircraft measurements of temperature taken at a rather similar
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Fig. 24 Tracks of hurricane "Gloria" as analyzed operationally (solid line)

for the period 24-27 September 1985, and as forecast from 24
September using T106 (dotted) and T159 (dashed) resolutions.
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height and time. The sharpening of thermal structures with increasing
resolution is evident, and more rapid spatial changes in wind speed and
direction can be discerned for higher resolution. At T159 resolution a warm
tongue extends southwestwards from close to the intersection of the Greenwich

Meridian and the 70°N latitude, a feature clearly present in reality.

Turning attention from the short to the later medium range, major forecast
errors often make it difficult to assess whether forecast changes brought
about by increased resolution are truly beneficial, although the case
presented earlier in Fig. 12 is an example of a pronounced exception to this
rule. The forecast from 26 February'1984, chosen for its short-range
interest, was in fact one of relatively high accuracy in the second half of
the forecast range, and the differences between T106 and T159 can be directly
assessed in comparison with reality. Maps of 1000 and 500 mb height averaged
from days 5 to day 10 are compared with corresponding analyses in Fig. 23.
Although many of the forecast errors are common to both resolutions,
differences in phase and intensity between the forecasts are mostly in favour
of T159. Examples are the westward extension of the Siberian high and the
anticyclone over western Europe. At 500 mb, the two main centres of the
circumpolar vortex located near 75°W and the Dateline are deeper and more
realistic in the T159 forecast. A tendency for large eddy amplitudes in
higher resolution forecasts was found earlier in the comparison of T63 and
T106; it acts to increase forecast éccuracy as long as the overall skill of
the prediction is high, but tends to bias objective verification towards lower

resolution once significant forecast errors have arisen.

The global forecasts in this case were carried out to day 3 to study the
evolution of hurricane "Gloria" as it moved towards and then along the eastern
seaboard of the USA. The analyzed track of the storm, and the tracks
predicted by T106 and T159, are shown in Fig. 24. The better track of the
T159 forecast, coupled with a greater (and more realistic) intensity of the
system, resulted in a substantial difference in the amount of rainfall
forecést over the East Coast. The T106 and T159 predictions for the 12-hour
period leading up to 12Z, 27 September, are presented in Fig. 25, which also

includes plotted surface weather reports for 122 on this day. Differences can
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be seen not only over the East Coast, but also in the precipitation patterns
over and to the north of the Great Lakes. Comparison with the surface reports
shown in Fig. 25 and those of earlier hours indicates that here also the T159

pattern is the more correct.

(iv) 13 December 1986

The short-range feature of interest in this case is a depression of
exceptional depth east of southern Greenland. The T159 forecast in the 36- to
48-hour range gave a low some 5 mb deeper and better positioned than that from
T106. Rather than illustrate this (a somewhat similar case has been presented
in Fig. 20), we consider a much grosser aspect of model behaviour, and present
in Fig. 26 meridional cross-sections of the zonal~mean temperature error
averaged from day 5 to 10 for T63, T106 and T159 forecasts. All panels show
the tendency of the model to warm the tropical middle and upper troposphere,
and to cool at higher latitudes. Consistent with the results on "spin-up"
summarized in Fig. 18, the tropical warming increases with increasing

resolution.

(v) 15 August 1986

This summer case was chosen because it had already been studied from the
viewpoint of the parametrization of convection. The 5-day forecasts with T106
and T159 resolution presented in the left-~hand panels of Fig. 27 exhibit only
small differences, both failing seriously in their prediction of the
development of the low near 20°W and of the eastward movement of the trough
downstream of it. This contrasts with a marked sensitivity of this case to
the choice of parametrization of convection. In general, higher resolution
cannot be expected to compensate for major errors introduced by other parts of

the forecasting system.

Examining difference maps for the whole hemisphere for this case revealed the
largest differences over northern North America in the second half of the
10-day range. The right-hand panels of Fig. 27 illustrate how the T159
forecast for day 7 captured better the depth and circulation around the low
over northwestern Canada and Alaska. Differences in the representations of

the cut~off lows to the south can also be seen.

293




T63
w
o=
2
0]
%]
w
(o
(A
1000
Ti06 50
200
s
j 400—
&
w 600
[0
o
800 -
1000
T159 50 50
200 - 'I-200
s
S 400+ {7400
('//j \\\“'\:
f.ﬁ 600 Yy 600
oc o
o AN
800 '.\ - 800
1000 T T I ™ N T I E— I"; 1000
-80-75 -60 -45 -30 -15 O 15 30 45 60 75 90
LATITUDE
Fig. 26 Cross—sections of the zonal-mean temperature error (contour

interval 0.5 K) averaged from days 5 to 10 of T63 (upper), T106
(middle) and T159 (lower) forecasts from 13 December 1986.

294



ANALYSIS
\

phe \’
\

{
i

/

/
\_‘\1_\\
.\._‘ / T
/
12 T 20 AUG 1888 *’ 12 GMT 22 RIG 1996

Fig. 27 Analyses of 500 mb height (contour interval 60 dam) for 20 August
(upper left) and 22 August (upper right) 1986, and corresponding 5-
and 7-day forecasts with T106 (middle) and T159 (lower)
resolutions.

|
|
I
|
H
K |
o
|
|
{
t
i
I
i
]

o
1

295




*sjo01d asmor
9Ul UT UMOUS S SOOUSIADIITP pur ‘senfea TInJ Aerdstp sTeued xsddn
SUL *SUOTINTOSSI €9 PU® 90LL ’‘6GlLL U3ITM S3ISeoaxol Ioj 3ybroy
(3YBTI) qu 00§ PUR (3IFST) qW 000l JO SUOTIBTDIIOD ATPWOUER UBSH 8¢ "bTa
Avd
9

(13 8 8 L 9 ol 6 8 L 9

¥ T T T ¥ T T T T T

S3ISVD L HIAO NVIWN €91 SNNIN 90LL S3SVO £ H3AO NV3IW €91 SNNIW 9011

€91 SNNINW 69LL €91 SNNIN 6911

{%) LHDIIH gN00S 4O OV NI ION3Y3LHIQ

Ava > Ava
ol 6 8 L 9 g v € z i 0 Z o [ 8 L 9 g v £ z L )
M T T T T T T T T T T T O O T T M T M T T T T T T o

s

oo~ | e .
< eaL .
o i

oz m g0L1L

6911

og = N .
£ [T

o % . .
o | @ T

os Z .
o -

o9 M ;..m.., e 1
o o
2 N

o o 4
<

8 % | R .
pus .
m

o8 = b TR .
I

oor
R

$3SVI L H3IAO NV3IW JHIHJISIWIH NHIHLHON $3SVO £ HIAO NVIW JHIHISINIH NH3HIHON

oL

oz

oe

oy

0g

09

oL

o8

oe

oot

{%) LHDIIH GW00O0L 40 IV NI 3ON3Y3I4HIg

(%) LH9I3H 8WOO0O0L 40 NOILVIIHH0D ATVIWONY

296



(vi) Objective verification

Overall, 7 T159 forecasts have been carried out to day 10. These, and the
corresponding T63 and T106 forecasts, have been verified objectively in the
usual way, and mean results for anomaly correlations of the 500 and 1000 mb
height fields are shown in Fig. 28. Many qualifying remarks could be made in
presenting these results, particularly regarding the absence of high
resolution in data assimilation, and the small number of (predominantly
winter) cases which may make results rather unrepresentative, especially
beyond day 6 or 7. Nevertheless, in the range from day 5 to day 7, T159
improves over T106 by between 30 and 50% of the improvement of T106 over T63,
a result broadly consistent with what might have been expected on the basis of
extrapolating the results presented for T106 and lower resolutions in

Fig. 8.

4. CONCLUDING REMARKS

We have shown how timesteps may be significantly increased in spectral models,
at negligible computational cost and with negligible impact on forecast
accuracy. Use of a semi-implicit treatment of zonal advection of the
vorticity and specific humidity has been found at T63 resolution to enable use
of timesteps which are some 25 to 50% longer than would otherwise be possible,
and a further 50% increase (from 10 to 15 minutes) can be used safely at T106
resolution (with hybrid vertical coordinate) in conjunction with selectively
enhanced horizontal diffusion. Moreover, results have been presented from a
set of 10-day T106 forecasts carried out with a timestep of 221 minutes,
corresponding to a gain of a factor of 2% to 3 in computational efficiency
when compared with a standard spectral model with semi-implicit treatment of
only the gravity-wave terms. In this case forecast accuracy is impaired later
in the forecast range, although conventional objective verification indicates
little loss of skill out to 3 or 4 days ahead. At the shorter range there is,
however, some indication of noise in situations with strong boundary-layver
flow, associated presumably with the time-stepping in the parametrization of
vertical diffusion. The stability of the semi-implicit treatment of
gravity-wave motion is a further cause for concern when considering use of
longer timesteps. These results should be borne in mind as semi-Lagrangian

approaches come to be considered for medium-range prediction.
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Objective verification of spectral-model forecasts reveals a clear increase in
skill as horizontal resolution is refined. Although the mean improvement of
T106 over T63 is distinctly smaller than that of T63 over T42, it is
nevertheless quite systematic early in the forecast range, particularly at the
surface. The impression from subjective synoptic assessment is one of a more
decisive advantage of T106 over T63, with quite regqular improvements in

detail in the first few days of the forecasts, and occasionally substantial
impact later in the medium range. More intense and highly structured systems
are found at higher resolution, and this tends to bias objective scores
towards favouring lower resolution once other sources of error have caused a
serious degradation in the synoptic-scale evolution of the forecast. Given a
broadly correct prediction of the synoptic pattern, increased horizontal
resolution can result in some very clear improvements in local forecasts of
weather elements such as precipitation; and low-level wind and temperature.

We have also illustrated how some known modelling problems may become more

pressing as resolution increases.

Notwithstanding the above comments, the mean differences in skill of T63 and
T106 forecasts remain small compared with the large variations in mean skill
that are found to occur between one month and another (see, e€.g., Simmons
1986}, or indeed compared with shorter-term variations in forecast skill.
Looking at the future one may foresee the use of higher resolution, vertical
as well as horizontal, as providing worthwhile increases in synoptic-scale
accuracy and local detail in the first part of the medium range. There may
well, however, be a point in the forecast range beyond which increased
computational power is better used to run some form of ensemble of forecasts
to provide indications of expected reliability. Quite where this point will
lie will depend on the extent to which forecasts are improved by the
development of better parametrizations and numerical techniques, and by better
data assimilation (which itself is somewhat dependent on model resolution),
since as other sources of forecast error are reduced, a more pronounced impact

of higher resolutions may be anticipated.
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APPENDIX
Stability Analysis for the Semi-Implicit Treatment
of Gravity-Wave Terms

Following the development given by Simmons et al. (1978) for sigma
coordinates and Simmons and Burridge (1981) for hybrid coordinates, the
divergence, temperature and surface pressure equations for gravity-wave motion

are

aD . .
= =c, {vT + 8 (fap )"} : (2.1)
aT' _ _
w TDh (A.2)
a(lnps)'

at = = VnD (A-3)

where D and T' are column vectors representing the NLEV values of the (m,n)th
spectral component of the divergence and deviation of temperature from the
horizontally-uniform temperature of the resting basic state, and (ans)' is
the (m,n)th component of the deviation of the logarithm of surface pressure
from its basic-state value. cn = Eig;llv where a is the radius of the earth.
Y and T are NLEV x NLEV matrices and § and v are vectors, each depending on
the temperatures profile and uniform surface pressure of the basic state.
Formulae for computing vy, 7, § and v are given by Simmons and Burridge (loc.

cit.)

We assume a reference temperature profile and surface pressure leading to
reference matrices and vectors Xr' ?r' §r and Yr' We test the stability of
gravity-wave perturbations to an idealized resting atmospheric characterized
by matrices and vectors vy, 1, § and v using a semi-implicit time scheme in
which terms on the right hand sides of (A.1) - (A.3) which represent
gravity-wave perturbations of the reference basic state are computed as the
time average X = B (X(t+A) + X(t-At)) + (1-B)X(t). A=1 in the usual
semi-implicit scheme (Robert et al., 1972). Equations (A.1), (A.2) and (2.3)

become
D(t+ At)=-D*(t-At) T(t+ AL)+T* (£t~ At) QL+ AE)+ R* (E-AE)
=c_ {B(¥ + 6
2 At n r 2 x 2
+ (y=B Y T(t) + (&8 &) Ut)} (A.4)
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T(E+A)-T*(t-A) D(t+ At)+D* (t-At)

2 At = = BTr 5 - (=8 Tr) D(t) (A.5)
R(E+AE)-R* (E-AE) - D(t+AL)+D* (£~ At) _
2 At = B\)r > (\)-Bvr) D(t) (A.6)
and we use the time filter (Asselin, 1972):
X*(t) = X(t) + e(X(t+A) + X*(t-At) - 2X(t)) (A.7)
for X=D, T and 4. Here we have dropped primes and replaced mps by 2.
values B = 0.75 and € = 0.1 are currently used operationally at ECMWF.
We look for modes with ainplification factor A:
X(t+Ae) = X X(t) (pr.8)
(A.7) gives _
(A=€) X*(t=At) = ((1-2g) A+ er2) X(t-At) (pr.9)
Substituting (A.8) and (A.9) into (A.4), kA.S) and (A.6) gives
(A2(xe) - (erZ+(1-2¢) 1) )D(t-At)
=c & {(M()e) + er2 + (1=2e)0) B (v, T(t=AE)+8 _2(t=AL)
+2 A( X~ €) ((Y“BYr)T(t-AtH'( G-Bdr) !L(t-At))} (A.10)
(A2(A-€) - (erZ+(1-2€) A))T(t-At)
= - {(A%(xe) + ex2 + (1-2e) 1) B T D(t-4t)
+2 M A=€) (_T-B'rr)D(t—At)} (A.11)
(A2(x-g) = (erZ+(1-2¢) 1)) 4(t-At)
= - {(A2(xe) + er? + (1-2) 1) B v D(t-4t)
+A( =€) (v-Bv )D(t-4t) } (R.12)
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Eliminating T(t-At) and f(t-A) we obtain

(A2-2ex-142e)2 D + ¢ &2 {(AH1-26)2B_ + 4()-e)2 B

+ 2(22+1-2¢)(X-¢€) B_} D = 0 ' (A.13)

where B = BZ(Yr T+ 8 V) ’ (A.14)
By = (Y=B Y (B 1) + (&8 §)(v-8 v) ' (A.15)

Bx = yr( ™8 'rr) + (y-B Yr)Tr + Sr(ws vr)+( &~B Gr)\:r (A.16)

(A.13) can be written
I - 13 - 12 - - =
(A* 1 A M1 A M2 )\M3 M4) D 0 _ (A.17)

where I is the unit matrix, and

1 de
— -1
= + -
M1 (Br ant2 D (antZ = 2 Bx)

1 2(1-2e(1+e))
= -1 - - -
M, = (B, + —7ant I) ( ant2 I+2eB -4B, - 2(1-2¢) B))
M = 4e(2e-1)

1
-1 - -
3 (Br+qA?ZI) (—E:ATQ—I+8 eBe 2 (1-2¢) BX)

1 (1-2¢)2
- + -1 (- - - 2 - 2 + -
M4 (Br ant2 D ( antz = (1-2e) Br 4e Be 2e(1-2¢) Bx)

A is thus an eigenvalue of the 4NLEV x 4NLEV matrix

Z o o o
2 o ‘o -
2 O H o
2 H O o
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An eigenvalue with modulus greater than 1 implies instability of the
semi~implicit time scheme. The eigenvectors of the above matrix take the
special form
D
AD
22D
23D

where the column vector D of dimension NLEV is the divergencé structure of the

mode.

A number of stability analyses have been carried out for various combinations
of model parameters, reference and actual states. BAn example of dependence on
the values of B and e and on the reference and actual surface pressures is
shown in Table A.1: The caption provides further details of the calculations.
For the operational choices Qf 800 mb for the reference pressure and e.1,
differences between the stability of the scheme with B=1 and that with B=0.75
appear to be very small. It should be noted, however, that the stabilizing

influence of the time filter is more pronounced for the smaller value of B.

Surface Pressure (mb) R=1 B=.75 =1 B=.75
Actual Reference e=.1 e=.1 e=.01 e=.01
1013.2 1013.2 St St st St
750 1013.2 st st 24 20
500 1013.2 15 14 9 3
1013.2 800 st st st st
750 800 St st St st
500 800 26 25 14 10
1013.2 500 st 22 st 3
750 500 St ‘ 56 st st
500 500 St St St St
Table A.1
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