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1. Introduction

Burridge (1974) has described a semi-implicit reformulation of the
10 level primitive equation model first described by Bushby and Timpson (1967).
The senmi-implicit integration scheme achieves a saving of a factor of four in
the computation required for a numerical weather prediction with the 10 level
model. The scheme described by Burridge makes use of & splitting technique in

which the terms in the primitive equations describing advection and the

terms describing gravity—imr'tia oscillations (called the adjustment terms)

sre treated separately in successive stages of the integration cycle, This
paper describes an alternative integration aschems which has been tested within
the context of the 10 level modele The alternative scheme is also based on
a splitting technique and the treatment of the advection terms is identical to
that described by Burridge. However, the gravity-inertia terms are treated
by an ewplicit integretion scheme which nontheless offers compuiaiional
economies gimileyr o those of the semi-implicit schems.

Other workers have given attention to the development of economical
explicit schemss. Brown end Campana (unpublished) have described a
techniqus which offers a factor of two saving in an explicit leapfrog schems. |
Magazenkov et al (1971) have described & schems for a barotropic model gimilar
in principle to that described in this paper.

2. The splitting technique

The governing equations of the 10 level model are split into advection
and adjustment stages as described by Burridge (1974). The edvection terms
are treated by e twowstep Lex-Wendroff integration schems. Let ?S“ bs a
vector representing the state of the model atmosﬂ\en after n time steps of




integrations The components of _x_n axe the entire set of grid point

variables after M times stepse The advection stage of the integration

cycle may be schematically represented as follows

v_)g_n = (}."'—_A-)K“

where A is a matrix operator representing the two-step Lax-Wendroff

integration through a time step S .

The adjustment stage of the integration cycle consists of a sequsnce of
™ operators, each réepresenting an explicit integration of the adjustment
terms through a time step St/m o The effects of friction, topography,
and diebatic heating are included in these shorter time steps and so the state

of ths model atmosphere after wM+| integration cycles is given by
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where E is a matrix operator representing an adjustment step. Notice that,
since a splitiing technique is used, operators represcnting different parts cf
the eguations are multinlied together to make up the complete integration cycle
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which is therefore reopresented schematiceally by
T
oo = (T +B) (T +A) Ko

The sdvantage of splitting is that the requirement for linsar camputaticnal
stability reduces to & series of Qriteria. which guarentee that each operater
in the product is non-amplifying. In the present case a pair of criterie
emsrge, one being a condition on the eigenvalues af' é and tho other a
condition on the eigenvalues of B e The computational economy of the
schems relies on the fact that the relatively expensive advection terms are

computed with s tims step O limited only by the wind speed, whilst the
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relatively insxpensive adjustment terms are computed more frequently, using @
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time step &/m which satisfies the restrictive criterion imposed by

fast moving gravity waves. It is also important for economy that the
effects of diabatic heating are calculated only once psr integration cycle,
However, experience has shown that it is essential for stability that the
changes due to diasbatic heating, once calculated, be divided uniformly among
the ™M short adjustment ateps. Changes due to topography and friction
have been similarly treated in the present scheme.

-

3. The integration scheme for the adjustment terms

In the pressure coordinate system used by the 10 level model the terms

describing gravity-inertia oscillations are the following.
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Here I and V are horizontal wind components, G is the vertical velocity
in pressure co-ordinates, h. 4is the height of an isobaric surface and h:

the thiclmess of a 100xh layer between two iscberic surfaces -{- G s &and 'g
heve their conventional significancse.

| The following integration schems hes been used for these terms.

Misi = Ms e 6t'£ fvi — 3(%—2’)“,1
Vieh = ok BFery o 9( % )]
+ 5‘!’.'[— W -- ) ]

* ‘St'[ - e} ( )‘J at 1090 b |

cl
0 ]
< s
f.

r
!;.

1)
r

o~ .



i ®

Here Ot represents &Im and t is an index for the T\ sghort

ad justment steps. Notice that the new values hi.” must be calculated
first, and that these values are then used to calculate Wie, and Viap
Ths scheme is based on that desoribed in one space dimension by Ames (1969),
and it allows longer time steps than other explicity integration schemes

for equations (1). It is, however, of only first order accuracy in time.

4o Note on finite difference grids

The split explicit integration scheme was first tested on the Eliassen
staggered grid (Figure 1(a)) as used in the original 10 level model
(Benwell et al 1971). A single adjustment step was used in each integration
cycle (m=] ). Linear enalysis indicated that the scheme should be stable
with time steps more than double those previously used in the 10 level model,
and this was confirmed by trial integrations. The scheme was, however,
unsuccessful becauss the Torecasts were contaminate
mode (Gerity and McPherson 1970). This mode is a result of the evolutiom
of distinet solutions on two independent lattices of grid points. Special
numerical procedures adopted at the lateral boundaries of the computational
eres reduced the impact of the computational mode but nontheless the forecasts
were unacceptable,

The achems waz therefore dsveleped for the alternative staggered grid
shown in Pigurs 1(b). The spatial computational mods dces not ocour on this
grid since there are no possibilities of lattice separation. With a grid
peparation @ the time step of the adjustment stage must satisfy the
eriterion &%'2 SX/‘JEC , where C. is the epeed of the external gravity
wave, for linsar computetional stability. With the 100km grid mesh of the
40 level model a time step of 12 minuteas for the entire integration cycle,
with four 3 mimute edjustment steps, ellows for wind speeds up to 100 m/sec.

5. Assessment of the economical explicit schasns.,

Figure 2 illustrates a 36 hour forecast computed using the aplit

explicit integration scheme, which may be compared with a semi-implicit



integration from the same initial data illustrated by Burridge (1974).
The two achemes give essentially identical results.

The computing time taken by the forecasts with the two schemes is very
similar, with a small advantage to the semi-implicit scheme. In some fore-
casts (not the one illustrated here) slight roughnesses develop near the
lateral boundaries with the explicit scheme, These roughnesses disappear if
the time step for the complete cycle is reduced to 10 minutes. This would,
of course, slightly enhance the advantage of the semi-implicit scheme,

The economical explicit scheme shares with the semi-implicit scheme the
possible disadvantages of splitting, in terms of time truncation errors, end
the possible disadvantages of using first order accurate schemes for the
adjustment terms.

The economicel explicit scheme might have adventages over the semi~
implicit scheme in other co-ordinate systems (e.g. sigma coordinates) where
the isolation of a linear description of gravity waves for implicit treatment

is more difficult than in pressure coordinates.
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Figure 1. Staggered grid arrangements used with the split

explicit integration scheme,
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