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ABSTRACT

In a primitive equation model which uses an alternating grid for the integration, it is necessary to
specify initial data for two sets of grid points. It is shown that improved results are obtained if
the balance equation is solved for both sets, rather than for only one, and the other one being
deduced by interpolation, although the improvement is modest. The requirement of zero initial
divergence, imposed by the balance equation, causes gravity waves to appear. The behaviour of
these waves is studied, and they are found to be of some importance for atmospheric processes

governed by the vertical velocity.

1. Introduction

Forecasting with a primitive equation model re-
quires a careful specification of initial data.
Otherwise high-frequency oscillations are created
as a result of lack of initial balance between mass
and wind fields. To avoid this, the initial wind and
geopotential fields have in many cases been related
to each other by the balance equation.

Some primitive models are, mostly to reduce the
computational demands, integrated using the so-
called Eliassen grid or alternating grid, sometimes
also called a staggered grid. Models utilizing an
alternating grid require the values of the prognostic
variables to be specified only in gridpoints where
they are needed for the finite difference form of the
forecast equations. For a grid staggered in time, the
parameters have to be given in different points at
two successive timesteps. In the following we shall
call the grid used at even timesteps for the even
grid, and the one used at odd timesteps the odd
grid.
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If a requirement of balance interrelating the
mass and wind fields is satisfied initially for the
even grid, it is desirable to find an odd grid that will
minimize the creation of artificial gravity waves.
For instance, if interpolation is used, the balance
equation is not satisfied for the odd fields and the
initial unbalance is probably more severe for the
odd than for the even fields. Presumably, a better
method would be to solve the balance equation for
both sets of fields, and it must be expected that
energy of the gravity waves resulting from an in-
itial unbalance would be smaller in the latter case.

The purpose of this study is to investigate the
possible improvement in a forecast when the
balance equation is solved for both sets of initial
fields. No attempts are made to introduce any kind
of divergence into the initial velocity fields.

In this type of studies it is always a problem how
to compare initialization techniques and determine
which one is the best. In this study mainly the mean
absolute value of surface pressure tendencies over
the whole forecast area
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(p, is the surface pressure at the gridpoints) has been
utilized to determine the possible presence of
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artificial gravity waves. P, is evaluated from two
consecutive even (or odd) timesteps, and is thus a
pressure change over two timesteps (2 At = 8 min),
but it may be converted into the unit millibars per 3
hours as used in synoptic meteorology. This
pressure tendency results from meteorological
waves as well as artificial gravity waves created by
the initial unbalance. P, is thus larger the more
gravity waves present in the forecast. To get an
idea of the value of P, if high-frequency waves are
absent, the pressure change as obtained from the
model forecast over a period of 3 hours has been
evaluated. Thereby P, was evaluated utilizing a
12-hour forecast and a 9-hour forecast (i.e. At =
3 hours). Since gravity waves have comparatively
high frequencies, these waves would to a great
extent be filtered out in this 3-hour pressure
change, although gravity waves with longer periods
still contribute to P,. The difference between this
average change and P obtained from two con-
secutive timesteps will thus give an estimate of the
high-frequency gravity waves present in the
forecast.

Closely connected to the surface pressure ten-
dency in a point is the divergence at every level
above the point. The temporal variation of the
divergence at different levels reveals if the gravity
waves are internal or external.

2. Forecasting utilizing different
initialization techniques

The numerical model used for the experiments is
a primitive equation model with staggered grid
(both in time and space) and sigma (¢ = p/p,) as
the vertical coordinate (Sundqvist, 1974). A leap-
frog scheme is employed for the time-integration
and the time-step was 4 minutes. Five equally
spaced vertical levels were used and the forecast
area, centred at the north pole, was octagonal and
covered the Northern Hemisphere down to a lati-
tude of about 30° N. The grid-distance was 300 km
and the number of grid points about 2000. The
balance equation employed for this sigma system
model has been described by Sundqvist (1975).

The weather situation used as initial data for the
present study is 1 November 1969 00Z.
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2.1. The balance equation applied to even fields
only

In the first experiment the balance equation was
solved for the even grid with the non-linear terms
neglected, i.. the initial mass and wind fields were
in geostrophic balance. The fields for the odd grid
were obtained by interpolation in the sigma-levels
from the even fields, using bilinear interpolation.
The value of P, as a function of time for the geo-
strophic case is seen as curve a in Fig. 1. The in-
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Fig. 1. Surface pressure tendencies as a function of time
obtained during a 24-hour forecast from 1 November
1969 00Z  without orography. Curve a:
/M 1|0n/0t], from even timesteps with geo-
strophic balance initially in even timestep fields. Curve b:
a/mev 1|18n,/81|, from even timesteps with the balance
equation solved for the even timestep fields. Curve c:
(1/MZ! 119p,/91|, as obtained from a 12-hour forecast
minus a 9-hour forecast in the same experiment as curve
b. Curve d: (1/NMX. 1|9p,/0t | from odd timestep fields
in the same forecast as curves b and ¢. Curve e:
/Ml \lop,/ dt|, from even timesteps when the balance
equation is solved for both even and odd timestep fields.

itialization procedure is based on the assumption of
non-divergent mass flow at individual o-levels and
vanishing 0 (=do/df), and as a consequence the
surface pressure tendency, P,, is initially small.
During the first hours of the forecast a divergent
wind field develops and P; increases. After about 2
hours P; has reached a level of about 3 mb/3 hours



50

around which it fluctuates during the remainder of
the forecast.

In the second experiment the balance equation
was solved for the even fields, and the odd fields
were interpolated in the same way as before. Curve
b in Fig. 1 shows P; as a function of time for this
experiment. P, starts almost from zero and increases
to a value where it levels off, but in this experiment
the level is at about 2.0 mb/3 hours. The value for
P: as obtained from a 12-hour forecast minus a 9-
hour forecast is shown by line ¢ in Fig. 1. This
mean 3-hour tendency is in the present forecast less
than 1mb/3 hours. Obviously the tendencies
shown in curves a and b of Fig. 1 to a considerable
extent are caused by high-frequency waves. Ap-
parently, by including the non-linear terms in the
balance equation, the gravity waves in the forecast
have been reduced considerably but not com-
pletely. The magnitude of the tendencies remains
the same throughout the forecast showing that the
gravity waves do not disappear.

The curves a and b in Fig. 1 show P; for the even
timesteps, while curve d (corresponding to b) shows
P, for the odd timesteps. Except for the first 5 or 6
hours the difference between the values of the two
curves b and d is of the order 0.1 mb/3 hours. The
reason why the odd and even P,-values do not dif-
fer more, might be the coupling between them dur-
ing the forecast. In a leap-frog scheme the new
values in an odd timestep are obtained using the
values from an even timestep and vice versa. Thus
gravity waves in the odd timestep fields will in-
fluence the fields of the even grid and likewise will
the odd grid be influenced by gravity waves in the
even grid.

To establish the character of gravity waves, the
divergence is a suitable instrument, since these
waves very significantly affect the divergence. The
vertically integrated divergence is almost equivalent
to the surface pressure tendency. The variations of
the divergence gu/dx + dv/dy at every sigma level,
and the vertically integrated value in a point east of
Greenland, are shown in Fig. 2. This point was
chosen because it is situated in an area with weak
synoptic activity. The behaviour was, however,
found to be similar in other points.

The initial requirement of no divergence in the
mass flow causes the divergence to start from zero
at every sigma level. Certainly this is an artificial
state, since the synoptic waves are connected with
divergent wind fields. Accordingly the model tries
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Fig. 2. The variation of the divergence du/dx + gv/dy in
a point east of Greenland at every sigma-level and the
vertically integrated value obtained during a 24-hour
forecast from 1 November 1969 00Z with the balance
equation solved initially for the even timesteps.

to establish a divergent mass flow suitable for those
meteorological waves that are present. As seen
in Fig. 2 the divergence initially increases (or
decreases) and grows to a too large value,
decreases (increases) and continues to oscillate
around a mean value. Obviously gravity waves
have developed, and they are partly of the internal
type, since the amplitude is of different sign at dif-
ferent levels. Their amplitude is of the order
3.107%s~! and their period somewhat shorter than
12 hours. The frequency (w) for gravity waves is
given by

w?=/? + k*c}

where f is the Coriolis parameter, k = 277/L is the
wavenumber, L being the wavelength, and ¢, is the
phase velocity of a wave on a non-rotating earth
(f=0).

@kland (1972) showed that c, for an internal
gravity wave having the highest eigenvalue (i.e.
having amplitudes of opposite sign at consecutive
sigma levels) in a five-level model is of the order
15 mss~!. For a 6000 km wavelength k%c} is
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approximately 2-10-'°s~!. Thus, the internal
gravity waves should have a period close to half
a pendulum day, the period for inertial oscillations,
which is a good agreement with what is observed
(Fig. 2). The internal gravity waves are found to be
weak at the uppermost level. This is also in accor-
dance with @klands results, which showed that the
higher modes are small in the stratosphere (the
uppermost level). The vertically integrated
divergence, shown at the bottom of Fig. 2, reflects
the external gravity waves. Obviously waves of this
kind also exist. The external waves are also seen at
every sigma level superimposed on the internal
waves. For the external waves k*c2 > f2, and thus
is w ~ ke, Gkland (1972) showed that when a
finite difference formulation is used, the wave-

number k will take the form
2
k2 = k2 2 = in2 p—
P ko= Gy (Lfo)+
1 . .]2n
@y (fy & )

where Ax and Ay are the horizontal space incre-
ment in the x and y direction. Here centred dif-
ferences have been used, and applying this to the
staggered grid in our model, we thus have Ax = Ay
=d=150km. Ly = L, = 4d is the wave that will
give the maximum frequency. For ¢, = 300 m-s~!
we have w ~ 2.8 10~} which corresponds to a
period of 37 minutes. The observed period for the
external waves is of the order 50 minutes (Fig. 2).
Obviously, the dominating wavelength is longer
than 4d. (Shorter waves can not be represented due
to aliasing) The observed period S0 minutes
corresponds to a wave having a wavelength of
1200 km (84).

An interesting question is how the presence of
artificial gravity waves affects the synoptic waves.
From Fig. 2 we stated that the divergence, owing to
the presence of gravity waves oscillates around a
time-dependent mean value, which is connected
with the Rossby mode. From the continuity equa-
tion we then realize that the gravity waves must
have a similar influence on the vertical velocity.
Thus, forecasts of atmospheric processes governed
by the vertical velocity, such as precipitation, must
by necessity be affected by these waves. The in-
fluence on other processes, less dependent of the
vertical velocity, is harder to establish, but experi-
ments indicate (i.e. @kland, 1970), that the in-
fluence is of minor importance, at least for prac-
tical purposes.
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2.2. The balance equation applied to even as well
as odd fields

In a third experiment the balance equation was
applied not only to the even fields but also to the
odd ones. In this case the balanced even fields
should not be disturbed by the interplay with un-
balanced odd fields during the forecast. Both sets
would be equally good and the gravity waves might
possibly be reduced. Curve e in Fig. 1 shows P; for
even timesteps as a function of time in this fore-
cast. The P;-curves obtained from the odd time-
steps utilizing the two initialization techniques in
the second and third experiments are shown in Fig.
3. The magnitude of the tendencies is lower in the
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Fig. 3. Surface pressure tendencies as a function of time
obtained during a 24-hour forecast from 1 November
1969 00Z  without orography. Curve d:
(1/MEX- 1|9p,/d1), from odd timesteps when the balance
equation is solved only for even grid. (The same as curve
d in Fig. 1.) Curve e: (1/N)ZN_ 1|9 p,/0t|, from odd time-
steps when the balance equation is solved for both even
and odd timestep fields.

last experiment for the odd as well as for the even
timesteps but the differences are small indicating
that the initial unbalance in the odd fields, if
evaluated by interpolation, is not much different
than if the balance equation were used to get these
fields. Thus the solution of the balance equation for
the odd fields seems unnecessary.
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It is of interest to see if the surface pressure at a
specific point is different due to the different in-
itialization techniques and therefore the difference
between the surface pressure fields obtained from
the last two forecasts was evaluated. The maximum
difference after a 12-hour forecast at any of the
2000 grid-points was 0.5 mb. A corresponding
comparison of the vertical velocities was also per-
formed. Roughly the patterns were the same for the
two forecasts with a difference not exceeding 10%.
The conclusion is that the two initialization
procedures may be considered to be equally good
for practical purposes.

Forecasts were also made with orography in-
cluded both in the initial fields and during the sub-
sequent forecasts. Fig. 4 shows P, for even time-
steps when only even fields were balanced initially,
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Fig. 4. Surface pressure tendencies as a function of time
obtained during a 24-hour forecast from 1 November
1969 00Z. Orography is included both in the initializa-
tion and in the forecast. Curve a: (l/N)Efv=1[ap,/at|,
from even timesteps with the balance equation solved for
the even timestep fields. Curve b: (1/MIX 1|3p./01,
from even timesteps when the balance equation is solved
for both even and odd timestep fields. Curve c:
(1/N)2 | 8p./3t|, as obtained from a 12-hour forecast
minus a 9-hour forecast. Orography is included in the
forecast.

and also the resulting P, -curve when both even and
odd fields were balanced initially. The difference
between the two curves is here considerably larger.
The gradients of temperature and pressure fields in
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sigma-surfaces are large in mountain areas. If only
the even timestep fields are balanced initially and
the odd fields are obtained by interpolation the ef-
fects of orography on the temperature and pressure
fields will be smoothed in the odd grid. This seems
to cause a more serious unbalance between the
fields when orography is included and an improve-
ment is obtained if both sets of fields are balanced
initially.

The magnitude of the tendencies is larger when
orography is included than without orography.
This is also the case for the 3-hour tendencies
which have increased with about 0.4 mb/3 hours.
Thus the larger P;-values in the cases with
orography is not only due to more high-frequency
oscillations but also to larger pressure-tendencies
for the synoptic waves.

3. Conclusions

The purpose of the present investigation has
been to study the effect of different initialization
schemes for models using alternating grid. Norm-
ally the initial fields for odd timesteps are obtained
by interpolation from the initial even fields. It has
been shown that in this case the surface pressure
tendency (P,) for odd timesteps is larger than for
the even timesteps during the first hours of the
forecast, but later they level off at the same value.
The simplest way to reduce this greater unbalance
for the odd timesteps is to solve the balance
equation initially also for the odd timestep fields.
The experiments show, however, that neither the
synoptic pattern nor the remaining gravity
waves are noticeably affected by this method, but
when orography is included an improvement is
found.

The gravity waves introduced by the incomplete
balance between the initial mass and wind fields
remain throughout the 24-hour forecast. The
pressure tendencies are considerably larger than
those obtained by evaluating 3-hour surface
pressure tendencies in the model.

Attention has also been paid to the influence of
gravity waves on model forecasts of different at-
mospheric processes. Processes governed by the
vertical velocity were found to be affected, while
the influence on other processes for practical pur-
poses seems to be of minor importance.
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UHULIMAJIM3ALIUSA AJ1S1 MOJEJIM TIPUMMTUBHLIX YPABHEHUY, COOPMYJIMPOBAHHOM
ANA AJTBTEPHATHMBHOM CETKH

ANA YHCNEHHOTO NPEACKa3aHHA HO MOJENH NpH-
MHTHBHBEIX ypaBHEHMH C MCIOJB30BaHHEM JUIA
HHTETPHPOBAHHA aNbTCPHATHBHOM CeTKH HeoOXxo-
OAMO ONpPENEMTh HavalibHblE NAHHBIE Ui JBYX
HabopoB Touek ceTkH. IlOka3aHO, YTO pe3ynBTATHI
MOJI4aFOTCH  JIydMIIE, €CNM pemlatb YpaBHEHHE
6GonaHca ans oboux HabGopos, a He AJIA OAHMOrO, ¢
nmony4YeHHeM APYToro Habopa IyTeM MHTEPIOJIALNH,
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XOTH yJlyuMeHHe sABIseTcs ymepeHHbiM. Hanaraemoe
ypaBHenueM OanaHca TpeboBaHHe HyneBoH Havalb-
HOH JMBEPreHLUMHM TNPHBOJHT K BO3HHKHOBCHHIO
TrPaBHTAUMOHHBIX BOJH. Vl3ydaeTcs moBedeHHE ITHX
BOJIH, M HaHAeHO, 4TO OHH HMEIOT HEKOTOopoe
3Ha4YeHHE INIA aTMOC(EpPHBIX NMPOLECCOB, CBS3aHHBIX
C BEPTHKAJILHOH CKOPOCTBIO.



