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ABSTRACT 

The dynamical initialization used in the limited area weather prediction routine at the 
Norwegian Meteorological Institute is presented. 3 iterations, corresponding to 6 model time 
steps, are shown to produce an almost noise-free integration. This efficient noise reduction is 
achieved by means of simple filters which cause the damping rate to depend on horizontal and 
vertical scales as well as frequency. Normal mode arguments are used to adjust parameters so 
that modes moving faster than about 70 ms-I are suppressed, while modes moving slower than 
about 30 ms-l are retained. Explicit knowledge of the normal modes is not required. 
Implementation of the scheme is very simple, and it is easily adapted to most existing models. 

1. Introduction 

Modem numerical weather prediction models 
are able to simulate a large variety of motion 
systems, including high-frequency oscillations 
which receive very little energy in the real 
atmosphere. These waves are usually termed 
gravity waves, although some of them are domi- 
nated by acoustic and inertial effects. Due to 
inaccurate initial states, and to a smaller extent 
inaccurate models, these waves often occur with 
unrealistic amplitudes in numerical simulations. 
In order to solve this problem, a number of more- 
or-less successful initialization methods have 
been suggested, including the non-linear normal 
mode initialization of Machenhauer (1977) and 
Baer and Tribbia (1977) which appear to have 
gained greatest popularity in later years. 

In this paper, we are going to describe a simple 
alternative which is used in a limited area 
weather prediction routine at the Norwegian 
Meteorological Institute. The method uses ideas 
suggested in Bratseth (1982), and can be 
described as a dynamical initialization in which 
the convergence rate has been enhanced by 
means of information about the normal modes. 
Complete knowledge of the normal modes is not 
required, however, and the method is therefore 
well suited to situations in which the normal 

modes are difficult to compute. A typical 
example of this is provided by the present model 
which is defined in a rectangular area on a polar 
stereographic map. In the following sections, we 
shall discuss the theory behind the method, the 
details of its implementation and its effect in a 
realistic data assimilation situation. 

2. Basic ideas 
Let the model be represented by 

where the vector z describes the state of the 
system. From the initial statez, we make two 
forward time steps of length At: 

The second-order time derivative of z can now be 
estimated, and a new initial state with reduced 
high frequency noise may be computed by: 

(3) 
where 

A2z=&-2Zl  +go, (4) 
and y is a properly chosen constant. 
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In order to study the effect of this procedure, 
we shall write: 

where the Zm’s are normal modes of a linearized 
version of the model. This linear model may be 
expressed as a set of uncoupled equations : 

- c,,, = - iw,,,c,,,, 
d 
dt 

where w, is the eigen-frequency of mode m. 
When our iteration procedure is applied, the 
response is: 

cFw = ( 1 - ;At ’)c,. (7) 
For ywiAt2 = 1, the mode will vanish, while for 
ywiAt* > 2 or ywiAt2 < 0, the mode will be 
amplified. 

In Bratseth (1982), the same response function 
was obtained by using the truncation error in a 
forward-backward integration cycle as suggested 
by Nitta (1969). Similar effects may of course be 
produced in many different ways, and the trick 
should be easy to adapt to most existing models. 

This type of response function has some severe 
shortcomings when used for initialization pur- 
poses. The constant y has to be chosen small 
enough to prevent divergence for the fastest 
mode of the system. Usually we also want to 
suppress modes with much lower frequencies, 
and for these modes yw2At2 will be too small to 
provide efficient damping. Furthermore, the 
damping rate should probably not be a function 
of frequency alone. Slow meteorological waves 
with short wavelengths may have frequencies 
equal to, or higher than those of fast gravity 
waves with long wavelengths. In Bratseth (1982) 
it was suggested to improve the response function 
by using different y’s for different modes, and 
this is the approach to be investigated in the 
following. 

Before we go on to work out the details of the 
method, it is appropriate to be more specific 
about what we want to achieve. What types of 
motions do we want to suppress, and why? In the 
full non-linear system the normal modes are 
governed by equations of the form : 
d 
dt 
- c + iwc = r ,  

where r represents all the terms that were left out 
in the linearization. Let us assume that the non- 
linear forcing r has a variation in time which is 
characterized by a typical frequency w,. If w, is 
comparable to the frequency of free oscillations 
w, then resonant interactions are possible and 
large transient oscillations may take place. If, 
however, w, is much smaller than w, very little 
energy is transferred to such oscillations, and the 
time behaviour of c will be characterized by w, 
rather than by w. In this way, we may explain 
why gravity waves with phase speeds much larger 
than typical advective speeds are hard to find in 
the real atmosphere. The thermal forcing which 
drives atmospheric motions varies too slowly to 
produce such transients by direct interaction. 
Furthermore, due to the limited strength of the 
forcing, the generated meteorological motions are 
also too slow to be efficient in this respect. The 
existence of short meteorological waves with fre- 
quencies similar to long gravity waves does not 
change this picture. The non-linear forcing of a 
mode of a certain scale will be dominated by 
modes with similar structures and we can there- 
fore assume that the relevant w, characterizes 
meteorological systems of this scale. 

Our goal should be to suppress oscillations 
which cannot be expected to have an efficient 
natural generating mechanism. The identification 
of such modes should depend not only on the 
frequency, but also on the structure in space. As a 
convenient single indicator we choose the phase 
speed, and we define our goal to be to suppress 
waves which propagate much faster than typical 
meteorological systems. The speed of meteoro- 
logical systems seldom exceeds 20 ms-’. Cer- 
tainly, strong jet streams are several times faster 
than this, but in our problem it is the motion 
of systems and not air parcels which matters. 
Ultra-long planetary waves are known to propa- 
gate with very high speeds (Eliasen and 
Machenhauer, 1969), and might need some 
special care. However, in the regional model that 
we are dealing with in the present paper, we are 
not going to try to suppress such long waves. 
Roughly speaking, our aim will be to suppress 
waves which are faster than about 70 ms-l, and 
to retain waves which are slower than about 30 
ms-’ . 

At this stage, it is appropriate to review some 
basic facts about inertial gravity waves. If we 
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linearize the shallow water equations about a 
state of rest, and introduce perturbations of the 
form exp[i(kx - or)], we find inertial gravity 
wave solutions with frequencies: 

w =  f(gHkZ f f 2 ) l i 2 .  (9) 

Here H i s  the average depth, g is the acceleration 
of gravity andfis the Coriolis-parameter which is 
assumed to be constant. A wave moving in the x- 
direction then has the phase speed: 

c = f(C,’ + C#’Z, (10) 

where c,’ = gH and cf=flk. 

These considerations are relevant to three- 
dimensional primitive equation models of the 
atmosphere. When these models are linearized 
about a state of rest, the equations can be trans- 
formed into a number of shallow water problems 
with different equivalent depths (see for instance 
Temperton and Williamson, 1981), which in- 
crease with increasing vertical wavelength. The 
corresponding values of cg range from almost zero 
to about 300 ms-I. 

In Fig. 1, the phase speed c is shown as a 
function of cg and cf, The inertial velocity cf is 
proportional to the horizontal wavelength, and a 
length scale, assuming f= s-l, is therefore 
included. It is seen that there exist a wide range 
of wave solutions which should be suppressed 
according to our criteria. Furthermore, the in- 
cluded frequency isolines show that a damping 
which depends only on frequency is inadequate 
for our purposes. Finally Fig. 1 can also be used 
to illustrate the limitations of initialization 
methods based on geostrophy. Such methods can 
be expected to work only when the Rossby 
number R = Uk/f=  Ulc, is much smaller than 
unity, i.e., when cf is much larger than a typical 
fluid velocity U. 

If a dynamical initialization of the type (3) is to 
be used, we obviously need a different y for each 
mode. To provide this, we shall try to replace the 
constant y by an operator 1 so that (3) is replaced 
by : 

(1 1) 

Clearly, if the normal modes of the model are 
known explicitly, an operator with ideal 
properties can be constructed. In recent years 
normal modes have been computed for a number 

zrw =go + L(A2a .  

L (1o6m) 
0 6 12 

I 1 w:8f w:4f w.2f 
1,8 

ct (ms-‘) 
Fig. 1. Phase speed (full lines) and frequency (dashed 
lines) of inertial gravity waves as functions of cf (or L) 
and cg. 

of models, mainly for use in non-linear normal 
mode initialization (see for instance Temperton 
and Williamson, 1981). The model to be 
initialized in the present paper uses polar 
stereographic map coordinates, which do not 
allow the normal mode problem to be separated 
in the two horizontal dimensions. The computa- 
tion and manipulation of normal modes of such a 
model are excessively time-consuming, and we 
shall have to choose another approach. Britre 
(1982) has shown that modes of a simplified 
f-plane model in Cartesian coordinates can be 
used in normal mode initialization of certain 
limited area models. Such modes may be useful in 
our case too. However, large groups of modes 
require fairly similar y’s, and it therefore seems 
unnecessary to carry out a complete modal de- 
composition. Instead we shall investigate the 
potential of a simple operator which performs a 
rather crude separation of different horizontal 
scales and vertical structures. 

3. Horizontal separation 

We have chosen to use discrete bandpass filters 
based on the operators : 
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(12) 

where n is a natural number, and qJ is a function 
defined on a regular grid. Fields of increasing 
smoothness can be generated by: 

S,a = XI Y,a ,  

Sza = X 2  Y 2 S , a ,  

S,u = X,Y4S2a,  (13) 

'IIqJ = hJ + a ( q J + n  + qJ-n)? 

. . . .  
S,a = X,, Y,S,,2a. 

Here n is assumed to be of the form n = 2" where 
rn is a natural number. For notational con- 
venience we shall also make the definition 
S I i 2 a  = u. 

When S, is applied to a wave component of the 
form a=exp[i(kx+ly)] on a grid with mesh- 
width h, we get a response function R,  which may 
be generated by : 

Rii2 = 1 ,  
(14) 

R, = cos2 (nkh/2)cos2 (nlh/Z)R,,, . 

Fig. 2 shows R, as a function of K = (k2 + 1 2 ) 1 / 2  

K h  
Fig. 2. Response function R, as a function of 
Kh = (k2  + l2)Il2h when I =  0 (full lines) and I =  k 
(dashed lines) 
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Fig. 3 .  Response function Rni2 - R, as a function of 
Kh = (k2  +l2)I iZh,  when I =  0 (full lines) and I =  k 
(dashed lines). 

when I = 0 (full line), and when k = I (dashed 
line). Closer inspection shows that R, is almost 
independent of the direction of the wavenumber 
vector. A general two-dimensional field may now 
be decomposed in the following way; 

a=(a-S,a)+(S,a-S,a)+ . .  . +  
(S,v,,a - Svu) + &a. (15) 

Each parenthesis on the right of (15) 
represents, in a rough way, a certain band of 
wavelengths. The characteristic wavelength in- 
creases with increasing degree of smoothing, and 
the final term contains the remaining large scales. 
From Fig. 3, which shows the response of 
S,,, - S,, we can estimate a characteristic 
wavenumber k, for each of the components in 
(15). Assuming that cs and f are known, we can 
use (9) to compute a suitable on and a suitable 
value of y by : 

yn = ( ~ o , A t ) - ~ .  (16) 

The operator r may now be defined by: 
M 

~ a )  = C Y,(s,,, - S J ~  + Y R s N ~ ,  (17) 
m = O  

withn=2"and N=2". 
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4. Vertical separation 
In the vertical, it is convenient to characterize 

the normal modes and the corresponding shallow 
water systems by their order (Temperton and 
Williamson, 1981); the order being a natural 
number which increases with increasing vertical 
complexity (as measured for instance by the 
number of nodes). The equivalent depth and the 
phase speed will decrease systematically with 
increasing order. In our method a separation 
along these lines may be used to speed up the 
convergence. The second order time derivatives 
estimated by (4) can be transformed so that the 
contribution from each shallow water system can 
be found. The horizontal operator (17) can then 
be applied to each vertical component with y's 
based on the appropriate equivalent depth. 

Although this approach is possible with our 
model, it seems unnecessary to perform this 
detailed analysis of the vertical structure. In order 
to stress simplicity we shall instead try a very 
simple approach which is more in line with our 
crude horizontal separation. The idea is to split 
A2Z in two parts, a low order part which 
represents the vertically averaged motion, and a 
high order part which represents the deviation 
from the vertical average. 

The model to be initialized is a a-surface model 
with prognostic variables: 
v_(x,y,a,t) horizontal velocity 
B(x,y,a,t) potential temperature 
ps(x,y,t)  surface pressure 
The vertical coordinate is defined as: 

P-PT a=- 
P s - P T '  

where pT is a constant which defines the top of 
the model atmosphere. We define the low order 
contribution to be : 

A2u_(L) = 6' A k d a ,  

A2tYL) = 0, (19) 

S '  
A2p;L) = A2p 

The high-order part is then simply: 
AZu_(H) = A2u - A2u(L)  - - 9  

A2tYH) = A20, (20) 
A2j+Y) = 0. 

The choice for O and ps  is motivated by the 
continuity equation in a-coordinates: 

where a=da/dt.  When this equation is 
integrated in the vertical, using the boundary 
conditions a=  0 at a = O  and a =  1, we get: 

showing that it is natural to connect ps to the low 
order part. Furthermore, when t(L) is inserted in 
(21) we find that a = 0 everywhere for this type of 
motion. The vertical advection of 0 then van- 
ishes, and O is essentially unchanged by low-order 
oscillations (at least when the equations are 
linearized about a state of rest). This justifies the 
definition A2tYL) = 0. 

With this splitting our operator takes the form: 
/ A 4  \ 

/ = L . H  \ m = O  

with n = 2" and N = 2M. As one would expect 
from normal mode theory, the high order part 
turns out to be characterized by much slower 
motions (a smaller cg = (gH)Il2) than the low- 
order part, and allows much larger y's without 
causing divergence of the iteration procedure. 

5. Implementation 

5.1. The model 
As already mentioned, the model to be 

initialized is a limited area sigma surface model, 
defined inside a rectangular area on a polar 
stereographic map. In the horizontal a regular 
grid of 61 x 49 points is used, with a meshwidth 
of 150 km at 60" of latitude. The integration area 
is shown in Fig. 4. Horizontal differencing is 
based on the scheme called TSDM in Bratseth 
(1983). The model has its top (a = 0) at pT = 100 
hPa, and the atmosphere below is divided in ten 
layers of equal mass (Au = 0.1). The variables u, u 
and 0 are defined in the middle of these layers, 
and a = da/dt is defined at the intersections. 
Second-order differencing is used for all vertical 
derivatives. Explicit leapfrog time integration is 
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Fig. 4. Uninitialized analysis of too0 hPa geopotential height at 00 GMT 3 December 1985. Intervals of 40 gpm. 

used together with “the Shuman pressure averag- 
ing technique” as described by Brown and 
Campana (1978) and a time filter following 
Asselin (1972). The time step is 450 s. No 
“physics” has been included in the present ex- 
periments. Further details of an early version of 
the model is to be found in Grenas and Hellevik 
(1982). 

5.2 Lateral boundaries 
The model is equipped with boundary 

relaxation zones in which the prognostic 
variables Z’ at the end of each time step are 
relaxed in a Newtonian fashion towards a 
prescribed background ZB by means of: 

Z = Z’ - a(2’ - ZB). (24) 

The coefficient a is a function of the distance s 
from the boundary, starting with a(0) = 1 at the 
boundary and decreasing to zero at s=smaX 
according to 

(25) 

The width of the relaxation zone, s,,,, is defined 
to be 5 meshwidths. 

a(s) = 1 - (s/smaJ2. 

Experiments have shown that the use of this 
relaxation zone in the initialization cycles may 
cause serious convergence problems. This was 
expected because the use of this zone produces 
damped waves with complex frequencies where 
the imaginary part may dominate over the real 
part. Clearly, such waves require y’s which are 
very different from those that we have suggested. 
It seems that the easiest way round this problem 
is to switch off the relaxation during the 
initialization. Therefore, during the foreward 
timesteps in (2) the boundary treatment is 
reduced to a simple specification of all variables 
at the boundary. 

all the way to 
the boundary, and this implies that we will need 
values at points which are outside the integration 
area. After some experimentation we have 
chosen to attack this problem by extending the 
fields A h ,  A%, A28 and Azps as anti-symmetric 
functions outside the boundaries, i.e., we define 
A2a(s) = - A2a( - s). In principle, this can be 
done without any modification of A2a in the 
integration area because the specification of a at 
the boundary forces Aza(0) to be zero anyway. 

We want to use the operator 
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However, grid points influenced by this 
unphysical boundary condition tend to become 
noisy, and we have chosen to modify the first and 
second grid point away from the boundary by 
multiplication by $ and +, respectively. 

This procedure has no particular physical 
justification, and was chosen mainly because it 
appears to be stable and robust. It certainly does 
not guarantee a proper balance near the bound- 
ary, but this seems to be less important because 
much of the gravity noise in this area will be 
dissipated by the boundary relaxation scheme. 

When the initialization is finished and the 
main time integration is started, it is of some 
importance that the background fields which are 
imposed by the relaxation zone, are updated to 
include the modification produced by the 
initialization. If this is not done, the fields in this 
zone will quickly be forced back to their original 
values, and this process may generate gravity 
waves. 

5.3. SpeciFcation of parameters 
In the operator (23), we have used M =  3 

which means that the basic filters (12) are used 
with n =  1 ,  2, 4 and 8. The parameters y(nL) and 
yiH) have been estimated by means of: 

y = ( w A ~ ) - ~  = (cg2k2 + f 2 ) - ' A t - 2 .  (26) 

Appropriate values of cg and k (or L = 2n/k) for 
each term in (23) have been determined by rough 
guesses based on theoretical considerations, fol- 
lowed by a final adjustment based on experi- 
ments. By monitoring the root-mean-square of 
each term it is possible to get a fairly good picture 
of the convergence rate of each component, and 
each y can to a large extent be optimized 
independently of the others. As one would ex- 
pect, the performance of the scheme is not very 
sensitive to small changes in the parameters. 

Unless otherwise stated, we have used the 
following values : 

cbL) = 333 ms-1, c$") = 100 ms-1, 

L ,  = 5h, L2 = 5h, L, = 10h, 
L8 = 20h, 

Here L, is the characteristic wavelength used in 
y,,, and h is the constant meshwidth of the map- 
coordinate grid. Ideally L,, should depend on the 
true meshwidth which varies over the integration 
area. In the present application this variation is 

LR = 40h. 

small, and we have chosen to neglect it. The 
variation of the Coriolis parameter also has a 
very modest effect on the y's, and we have chosen 
to use the constantf= lo-" s-l. In this way, the 
y's become uniform in space. Note, however, that 
this simplification is not strictly necessary to the 
implementation of the method. 

The parameter L ,  is much larger than what 
might have been expected from the response 
function in Fig. 3. This has to do with the 
difference scheme of the model which severely 
underestimates derivatives in space of the 
shortest waves. As a result, the simulated waves 
are much too slow, with frequencies similar to 
those of much longer waves. The effect will be 
different for different numerical schemes, and the 
optimal L ,  must be expected to be highly model 
dependent. 

Another parameter which may be expected to 
be model dependent is 4"). The equivalent depths 
of the normal modes of numerical models depend 
on the details of the vertical discretization, and 
the value GH)= 100 ms-' may turn out to be 
inadequate for other models. 

Rough estimates of the damping rates are 
easily obtained from (7) and (26). When f is 
neglected, we find that a wave with phase-speed c 
will be reduced by a factor of about 1 - cz/c,2 on 
each iteration. With cg = 100 ms-I and c =  70 
ms-I this damping rate becomes 0.51 which 
means that the mode will vanish quickly. On the 
other hand c = 30 ms-' gives the damping rate 
0.91 which means that at least the main part of 
the wave will survive a few iterations. 

6. Experiments 

The method described above has been used in 
the data-assimilation routine at the Norwegian 
Meteorological Institute for several years. In 
order to demonstrate its effect we have made 
some experiments based on the uninitialized 
analysis of 0 GMT, 3 December 1985 as taken 
from this data-assimilation cycle. For later refer- 
ence we include the 1000 hPa geopotential hight 
in Fig. 4. Results will be shown for 3 different 
versions of the scheme: 

(A) The complete version as described above. 
(B) A version similar to A but with no 

separation in the vertical. This is accomplished 
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by replacing 7'") with the corresponding yCL) 
everywhere in (23). 

( C )  A version with neither vertical nor 
horizontal separation, i.e., all the y's are equal to 
the smallest y of the complete scheme. 

In the following, the root mean square over the 
integration area of the second order time deriva- 
tives of iteration n + 1 will be used to diagnose 
the situation after n iterations. Fig. 5 shows RMS 
( d 2 p J d P )  as a function of the number of 
iterations which has been completed. The results 
are in good agreement with the theoretical con- 
siderations of the previous sections. Scheme A 
(full line) is more efficient than scheme C (dashed 
line), and the rate of convergence decays very 
quickly as the more easily initialized modes are 
suppressed. Version B (dotted) is very similar to 
version A as far as surface pressure is concerned. 
For some reason B is slightly more successful 
than A on the first two iterations. A possible 
explanation is that the fastest mode is not strictly 
independent of hight, and some portion of it is 
therefore projected on the high order part. This 
portion is more correctly treated by scheme B 
than by scheme A. 

Fig. 6 shows the area root mean square of 
a28/dt2 as a function of Q. Scheme B with no 
vertical separation (dotted line) is seen to have 
much smaller impact than the full scheme A 
(dash-dotted) after three iterations. Ten full 
iterations (dashed line) lead to further noise 
reduction, but again the convergence rate falls off 
with increasing iteration number. 

\\ \. . \  

- - _  

i t e r a t i o n s  
Fig. 5 .  Area root mean square of S2ps/dt2 as a function 
of iterations completed. 
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RMS ( ~ o - ~ K S - ~ )  

Fig. 6 .  Area root mean square of d20/dz2 as a function 
of vertical coordinate (a). 

It is interesting to note that the noise in 8 has a 
distinct maximum in the upper part of the model 
atmosphere, and that the noise reduction is stron- 
gest in this region also when measured in a 
relative sense. These observations are easily ex- 
plained in light of the vertical structure of normal 
modes of numerical weather prediction models 
(see for instance Temperton and Williamson 
(1981)). Modes of low order (large ca) have most 
of their structure and amplitude at upper levels. 
Due to their high frequencies, these modes 
contribute strongly to d28 /d r2 ,  and they are easily 
initialized by our scheme. 

So far, we have verified that we can reduce the 
initial second order time derivatives in agreement 
with our theoretical predictions. The effect on 
time integrations has been studied by monitoring 
ps  and 8 in 16 gridpoints distributed over the 
integration area. Fig. 7 shows the surface pres- 
sure as a function of time for the point marked A 
in Fig. 4. Three iterations with the complete 
scheme (short dashes) is seen to have a very 
strong effect, and appears to have produced an 
almost noisefree integration. 10 iterations (long 
dashes) make very little difference, at least as far 
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Fig. 7. Surface pressure in point A (Fig. 4) as a 
function of time. 

Fig. 8. Surface pressure in point B (Fig. 4) as a function 
of time. 
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0 

as surface pressure is concerned. We have also 
included the result from three iterations with 
scheme B (dashed-dotted) and C (dotted). While 
B seems to be only slightly inferior to A, C is seen 
to fail for the longer periods. This picture is 
consistent with Fig. 5 ,  and demonstrates the 
effect of enhanced y's for the larger horizontal 
scales. 

Fig. 7 is typical for the 16 points that have 
been inspected. In order to complete the picture 
we also include the point for which the 
initialization appears to have been least 
successful. This point is marked B in Fig. 4 and 
the result is shown in Fig. 8. The initialized curve 
shows a distinct deflection after about four hours. 
Closer inspection has shown that this feature is 
mainly due to a signal which starts at the bound- 
ary and propagates with a speed of about 300 
ms-l. Considering the rather arbitrary compro- 
mises made in the boundary zone, the existence 
of such waves is not surprising. The same 
phenomenon has been identified in other points, 
but with smaller amplitudes. In general we feel 
that these waves are so weak that they can be 
accepted. 

In order to show that these results are represen- 
tative, we include Fig. 9, which shows the surface 
pressure as a function of both x-coordinate and 
time along the line C - C in Fig. 4. To be more 
precise the figures show the deviation between p ,  
and a function which is linear in time and 

6 

5 4  

U 

2 _:j 1 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 
x-axis x-axis 

Fig. 9.  Time development of the difference between surface pressure and a function linear in time (see text for 
details) along the line C - C in Fig. 4 (x-axis in grid units). Intervals of 1 hPa. (a) No initialization. (b) 3 iterations 
with scheme A. 
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1 0.5\ 

coincides with ps  at f = 0 and t = 6h. Comparing 
Fig. 9a (no initialization) with Fig. 9b (3 
iterations with A) we find that the noise is 
strongly reduced everywhere. The boundary 
regions which are covered by the figures do not 
appear to cause particular problems. 

In order to visualize internal waves, we chose 
to concentrate on potential temperature 8 as a 
function of time and vertical coordinate Q for the 
gridpoint B. Fig. 10 a, b, c and d show the 
difference between 8 and a linear function of 
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1.0- 
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tirne(h1 
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time which coincides with 8 at f = 0 and t = 12h. 
Three iterations with scheme A (Fig. lob) is seen 
to have a considerable impact when compared 
with the uninitialized case (Fig. 10a). Most 
notable is the suppression of an oscillation with a 
period of about 4 hours in the upper part of the 
model atmosphere. We interpret these 8-anoma- 
lies to be caused by the vertical displacements 
connected with an internal gravity wave of low 
order. This interpretation was checked against 
the vertical velocity (da/dt - not shown). The 
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Fig. 10. Time development of the difference between potential temperature and a function linear in time (see text 
for details) along a vertical line in point B of Fig. 4. Intervals of 0.5"K. (a) No initialization. (b) 3 iterations with 
scheme A. (c) 10 iterations with scheme A. (d) 3 iterations with scheme B. 

Tellus 41A (1989), 1 



28 A. M. BRATSETH 

remaining features are characterized by longer 
timescales, and it is hard to tell whether they 
should be damped or not. After ten iterations 
(Fig. 1Oc) the amplitudes are further reduced. 
Fig. 10d on the other hand, shows that three 
iterations with scheme B has a very modest 
impact on the internal waves. This is consistent 
with Fig. 6, and demonstrates the effect of the 
vertical separation. 

After this demonstration of successful noise 
reduction, it is appropriate to ask to what extent 
the initialization has changed the initial state. 
The RMS changes of ps, u and 6 after 3 complete 
iterations are 1.1 hPa, 0.8 m s-l and 0.4"K, 
respectively. The corresponding maximum 
changes at  a gridpoint are 4.7 hPa, 7.3 m s-' and 
3.2"K. These figures may not be alarming, but 
the maximum values are larger than current 
estimates of observation errors (see 
Hollingsworth et al., 1986), and could cause 
deterioration of the analysis. 

Similar changes are known to follow from non- 
linear normal mode initialization (Puri, 1983; 
Williamson and Daley, 1983; Temperton, 1984). 
Our method is expected to remove fast gravity 

modes in much the same way as normal mode 
initialization. However, our method will also to 
some extent modify non-gravitational Rossby 
modes, and it would be interesting to know by 
how much this effect contributes to the total 
change. Because we do not have access to the 
normal modes, we cannot measure the effect 
directly. Instead we have tried to watch the time 
development of the difference pattern between 
initialized and uninitialized integrations. From 
this investigation it was clear that the largest 
differences propagated with speeds which were 
much larger than the speeds of the meteorological 
systems, and also larger than the speed of any 
particle of the fluid. Although the finer details 
were hard to interpret, we became convinced that 
a t  least in the present case the damping of the 
Rossby modes is a minor problem which is 
overshadowed by the effect on the gravity modes. 

Comparison with scheme B showed that the 
changes in ps were almost insensitive to the use of 
the vertical separation. The maximum changes in 
u and 0, however, were reduced substantially 
when this separation was not used. These 
changes were characterized by a very short verti- 

Fig. 11. Geopotential height change at 1000 hPa after 3 iterations with scheme A. Intervels of 8 gpm. 
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cal scale, and were located near the tropopause. It 
seems likely that they were caused by vertical 
resolution problems of some kind. 

During operational use of this initialization 
method it has been observed that the largest 
changes tend to occur in the vicinity of the 
boundary. This also applies to the present case. 
As an example, we focus on the change pattern of 
the 1000 hPa geopotential hight after three 
iterations with scheme A (Fig. 11). Comparison 
with Fig. 4 shows that some of the largest 
changes coincides with a relatively intense low 
near the western boundary, while others are more 
difficult to explain. It is of course natural to 
suspect that the phenomenon is a consequence of 
the arbitrary formulation at the open boundary. 
However, other explanations are also possible. 
There are strong reasons to believe that the initial 
analysis is of lower quality in the boundary zone 
than in the interior. The data assimilation system 
which produced the initial state, is based on 
boundary values from global forecasts made at 
NMC, Washington. However, these forecasts 
have not been available in their complete form, 
but only in the form of geopotential heights of 
1000 hPa, 700 hPa, 500  hPa, 300 hPa and 100 

hPa in a 5 O  x 5 O  grid at 12 hour intervals. These 
data are interpolated to the model grid and winds 
are computed geostrophically. The analysis is 
based on a first guess which consists of a six hour 
forecast. The boundary zone of this first guess is 
strongly influenced by the low quality boundary 
fields, and it is likely that the boundary zone of 
the final analysis will contain more gravitational 
noise than the interior. 

In order to check the effect of the boundary we 
have made an experiment in a smaller area with 
boundaries placed five grid-lengths inside the 
original boundaries (dashed line in Fig. 11). Fig. 
12 together with Fig. 11 show that the position of 
the boundary has only a modest effect on the 
changes made in the smaller area. This indicates 
that the occurrence of maximum changes in the 
boundary zone is a property of the initial state 
rather than of the initialization method. 

7. Possible extension 

In Bratseth (1982), it was suggested to conserve 
meteorological modes by keeping certain terms 
constant during each iteration cycle. This trick 

Fig. 12. Same as Fig. 1 1 ,  but with new boundary along the dashed line of Fig. 1 1 .  
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applies to the present situation as well. If the non- 
linear forcing r of (8) is kept constant during a 
complete cycle, then (7) should be replaced by: 

(1 - yw2At2)c - iywAt2r, 

(1 - ~ O ( O  + W , ) A t 2 ) C ,  

(1 - ~ ( 0  + w,)2AtZ)C, 

(27) p e w  = 

If r is linearized to give r = - iw,c, we get: 

(28) p e w  = 

in contrast to 

(29) 

which applies to the experiments above. Clearly, 
meteorological modes for which w is much 
smaller than w, will be much less influenced by 
(28) than by (29). A simple example is discussed 
in Bratseth (1982). 

We have not tried to apply this device in the 
present model. Its application would require a 
certain reprogramming of the model, so that the 
advection terms could be stored and used in 
several time steps. Considering that the damping 
of meteorological modes seems to represent a 
minor contribution to the total changes, we have 
not found it worthwhile to pursue this idea. 
Clearly, if the initialization is to be constrained to 
follow the observations, something quite different 
is needed, like for instance the analysis- 
initialization cycle discussed by Williamson and 
Daley (1 983). 

Another point to consider is a more detailed 
separation of modes. Normal mode schemes 
often initialize modes of somewhat higher order 
than what has been attempted with the present 
method, sometimes with cg < 50 ms-l. Our high 
order part with cg = 100 ms-l will have some 
effect on such modes. However, to initialize these 
modes efficiently we would have to use a finer 
vertical separation so that smaller and more 
appropriate values of cg could be used. Inevitably 
we would then do more harm to the meteorologi- 
cal modes, and it might be necessary to protect 
them by means of the device described above. To 
our knowledge the value of suppressing such 

p e w  = 

modes has never been demonstrated, and we 
have decided not to pursue the problem. 

As for the horizontal resolution we have found 
no need to improve it neither by Fourier- 
techniques nor by including more terms in (17). 
Experiments with different y’s in (1 7) have shown 
that the contribution of the largest scale is small, 
and the operator could in fact have been made 
even simpler without losing much of its effect. In 
general, it is to be expected that the more severe 
inconsistencies in the analysis are of a relatively 
small scale, reflecting resolution problems of the 
observation network, and to a smaller extent of 
the model. 

8. Concluding remarks 

In this paper, it has been demonstrated that, in 
addition to the model itself, simple filter opera- 
tors are all that is needed for a quite efficient 
noise suppression in a limited area model. We 
have not made any comparison with other 
initialization schemes, but it seems likely that the 
more important effects of a normal mode 
initialization can be reproduced with this simple 
method. An advantage of this approach is that it 
can be used even when normal modes are hard to 
find and manipulate, although normal mode 
initialization with approximate modes will often 
work. The strongest argument in favour of the 
method is probably its simple implementation, 
and it should therefore represent an interesting 
alternative to modelling groups with limited man- 
power resources to spend on the initialization 
problem. 
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