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ABSTRACT

The ability of a digital filter technique to control high-frequency gravity wave noise in numerical
weather forecasts based on the primitive equations is examined in the context of a global data
assimilation system. The method uses a 12-h forward integration of the complete model to
generate a time series that is filtered to give a balanced model state valid 6 h into the integration.
This state is free of high-frequency noise and serves as a background field for the next analysis.
The technique is referred to as digital filter finalization. The technique is first applied to a long
model run in order to identify the impact of the chosen cutoff period in the design of the filter
on a properly balanced model state. The robustness of the technique to typical imbalances
between the mass and wind fields produced by an operational statistical interpolation procedure
is also examined. Results of data assimilation experiments performed with the digital filter
finalization and with the currently-operational adiabatic nonlinear normal mode initialization
scheme are compared. The digital filter finalization technique examined here is shown to be an
accurate, consistent and very simple way to remove the undesirable high-frequency noise from

a global model forecast.

1. Introduction

Numerical weather prediction (NWP) models
based on the primitive equations allow solutions
with multiple time scales. If not suitably adjusted
at the initial time, large-amplitude high-frequency
gravity-wave noise is excited and propagates
almost linearly in the domain of integration. The
process of adjusting the initial conditions to avoid
such imbalances is usually termed initialization.

The analysis component of conventional data
assimilation schemes suffers from this problem
which mostly stems from the fact that a proper
dynamical balance for atmospheric states requires
more than the first-order geostrophic assumption
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normally imposed on the analysis increments. In
addition, these schemes generally use local (grid-
point) statistical interpolation and are therefore
unable to impose a coherent global balance. This
results in fast gravity-wave noise with different
horizontal and vertical scales superimposed
on a slowly-varying meteorologically-significant
state. Traditionally, these imbalances have been
removed using Machenhauer’s (1977) or Baer and
Tribbia’s (1977) nonlinear normal mode initializa-
tion (NNMI) schemes.

For regional models, the implementation of
normal mode schemes is less straightforward
but can be done using implicit NNMI (Temperton
and Roch, 1991). Recently, Lynch and Huang
(1992) and Huang and Lynch (1993) (hereinafter
referred to as LH92 and HL93 respectively) intro-
duced a digital-filter technique to initialize fore-
casts produced with HIRLAM (High-Resolution
Limited-Area Model). Their technique was shown
to efficiently remove gravity-wave noise in their
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forecast, was easy to implement, incorporated all
physical processes, and performed better than their
NNMI scheme.

Recent work on three and four-dimensional
variational data assimilation schemes (3DVAR
and 4DVAR) has shown that higher-order balance
constraints can be incorporated into the analysis
step itself (Courtier and Talagrand, 1990; Thépaut
and Courtier, 1991; Thépaut et al., 1993). At the
US National Meteorological Center (NMC) a
3D variational analysis scheme, termed Spectral
Statistical Interpolation (SSI), has been opera-
tional since June 1991 (Parrish and Derber, 1992).
The SSI is a spectral rather than local (grid-point)
statistical interpolation procedure, and uses a
simple linear-balance relationship for analysing
geostrophic increments to a “balanced” (noise-
free) background model state while also allowing
an ageostrophic component. Analyses produced
by the SSI scheme are apparently free of significant
gravity-wave noise, which eliminates the need for
an initialization step. The same ideas of normal
mode balance as those used in present operational
data assimilation systems are being tested in other
variational analysis schemes currently under
development. Due to the relatively-recent intro-
duction of the digital filter technique, its usefulness
in 3D or 4DVAR remains an open question,
although a preliminary study in the context of
4DVAR was reported in Gustafsson (1992).

Our objective in this study is to examine the
digital-filter approach in a wider context than
LH92/HL93 in order to better evaluate its poten-
tial usefulness and possible limitations in present
and future data assimilation schemes. This is
accomplished by first testing the accuracy of a digi-
tal-filter scheme (to be described in Section 2) on a
balanced model state. Although “balance” is
reasonably definable at some scale (Errico, 1989),
it is difficult to precisely define it in a complex
diabatically-forced model such as that of the
present study. We therefore adopt the general
approach of Errico to characterize the control
“balanced” state as that resulting from a long
run of the model. To the extent that our model
establishes a reasonable dynamical and physical
balance, a “balanced” state is defined to be the
result of a long model integration. Secondly, the
robustness of the method is examined in the con-
text of typical imbalances present in operational
analysis fields. This is done in the context of
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present-day global data assimilation schemes
based on statistical interpolation. The essential
results that demonstrate the performance of the
digital-filter in a global data assimilation system
will be presented. Due to its wide use in NWP,
Machenhauer’s NNMI scheme will be used as a
basis of comparison.

Section 2 describes the general methodology
and, in particuliar, the digital filter finalization
that we have examined. In Section 3, results are
presented for three different aspects concerning the
impact of the digital filter (a) on a balanced model
state, (b) on an uninitialized operational analysis,
and (c) in a global data assimilation scheme. The
conclusions of the study are presented in Section 4.

2. Methodology

2.1. The model and data assimilation system

The forecast model used in this study is the
version of the global primitive-equations spectral
model employed operationally at the Canadian
Meteorological Centre (CMC) from March 1991
until June 1993 when its horizontal resolution was
increased in conjunction with several other modifi-
cations. The model uses a semi-implicit semi-
Lagrangian time integration scheme as described
in Ritchie (1991), and combines the spectral
(spherical harmonic) method in the horizontal
with the finite-element method in the vertical.
A triangular truncation at wavenumber 79 (T79) is
used, with 21 g-levels in the vertical (i.e., o = p/p,
where p is pressure and p; is the surface pressure),
and a 30-min timestep. As summarized in Girard
etal. (1991), the physical parameterization
includes a planetary boundary layer, a surface
layer, solar and infrared radiation, large-scale
precipitation, moist convection and gravity-wave
drag. A complete description of the operational
global data assimilation system can be found in
Mitchell et al. (1993). Fig. 1 of that paper shows
the vertical distribution of the model and analysis
levels.

2.2. The time- filtering procedure

Our use of a digital filter differs from that of
Lynch and Huang (LH92, HL93) and can be
summarized as follows. In currently-operational
intermittent data assimilation systems, a balanced
model state which serves as a background field is
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required at the analysis time. This state typically
comes from a 6-h integration of the model starting
from initialized initial conditions using the NNMI
procedure. An alternate way of producing a model
state free of gravity-wave noise at the analysis time
is simply to perform a 12-h forward integration to
generate a time series of forecast variables that
are then filtered with a centered digital filter. This
integration uses all the physical processes nor-
mally included in forecast mode and no NNMI
initialization is applied at the initial time. It has
the potential advantage when compared to the
LH92 and HL93 schemes of avoiding the need to
integrate the model adiabatically backwards in
time. This allows diabatic effects to be treated
more consistently.

In this study, the filter is applied to all predictive
variables of the model. The latter uses a half-hour
timestep which gives an operationally-feasible
implementation with a 25-point time series. The
filtered central estimate is thus valid 6 h after the
previous analysis time and should provide a noise-
free background field for the current analysis time.
During the integration of the model, the time
sequence of model variables are generated and
may be represented as

{Xo’ Xao Xoar - XMAI/Z’ sy XMAI}’

where M is the total number of timesteps (24 here)
starting from the original (uninitialized) analysis
at time zero. A relabeling of the time series as

{X_Ne X _nats o Xos Xps oo Xv b

where N = M/2, defines the initial time as index
— N and the central time (the 6-h forecast) as index
zero. Following LH92, a Heaviside (unit-step)
function is used in Fourier space to eliminate the
small periods (high-frequencies) of the signal. The
discrete form of the convolution which performs
the time filtering is represented as

N
Xi='Y X,

k=—N

The digital filter coefficients are defined as

_ sin k6, 0 — 2n At

h
Kk <TT,

where T, is the cutoff period and 6, the digital
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frequency at T.. As in LH92, a Lanczos window is
used to reduce the Gibbs oscillations due to the use
of a truncated Fourier series, i.e., each coefficient of
the filter is multiplied by

sin e
N+1
krn '
N+1
The associated transfer function H(6) (i.e., the

function by which a pure sinusoidal oscillation is
multiplied when subjected to the filter) is

Wy =

N N
HO)= Y he *=hy+2 Y h,coskb.
k=1

k=—-N

Practically, the filter coefficients are computed prior
to the integration and the sum is accumulated in a
workspace vector of the same dimension as the
model-state vector to produce the filtered estimate
valid 6 h after the initial time. Fig. 1 shows the
digital filter coefficients and transfer function
(including the windowing) for the 8-h and 6-h
cutoff periods (solid lines and dashed lines, respec-
tively) used for the experiments to be described in
the following section. For both cutoff periods, it is
seen that during the first two hours of integration,
the filter has relatively small coefficients. This
period is short with respect to the nonlinear quasi-
geostrophic adjustment process but is significant
for moisture adjustment outside the tropics (see
Huang and Sundqvist, 1993, for instance). Since
the filter acts symmetrically about the time of
validity of the background field (ie., 6 h), the
phase of each Fourier component of the signal is
unaffected by the filter. The use of a 12-h time
span for the time series is well above the minimum
time span based on the uncertainty principle
(Hamming, 1989; HL93) with an 8-h cutoff period,
which is about 4 h.

As is usually observed from time series of model
variables produced from a forecast initiated with
unbalanced initial conditions (e.g., an analysis
coming from a statistical interpolation procedure),
the gravity-wave noise appears with periods less
than about 8 h (see, e.g., Section 3). With regard to
this aspect, the 8-h cutoff period is preferable to the
6-h one (see Fig. 1) in that it more strongly damps
the high-frequency noise. On the other hand, a
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Fig. 1. Digital-filter coefficients (top) and transfer func-
tion (bottom) for a 12-h forecast with a 30-min timestep.
Dashed line: 6-h cutoff period. Solid line: 8-h cutoff
period. Lanczos windowing is used.

dominant semi-diurnal signal is developed (with
maximum amplitude in the tropics) by a balanced
model forecast and to preserve that signal a
response as close to unity as possible is required
around the 12-h period. In this respect, the 6-h
cutoff period is preferable to the 8-h one, the trans-
fer function at 12 h being 0.97 instead of 0.77. The
impact of these digital filter specifications on a
balanced model state and within a data assimila-
tion cycle will be examined in the next section. For
both NNMI and digital filter schemes, it must be
stressed that an appropriate cutoff period has to be
determined by considering the overall effect of the
scheme in an analysis-initialization (finalization)
cycle.

The procedure described above is referred to in
the remaining text as “digital-filter finalization”
(DFF). The term “finalization” is borrowed from
Temperton and Williamson’s (1979) report on the
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use of Machenhauer’s NNMI scheme applied at
the end of the 6-h forecast. They found little
difference upon applying Machenhauer’s scheme
at the beginning (initialization) or at the end
(finalization) of a 6-h forecast. While Temperton
and Williamson used the term “finalization” to
refer to a procedure applied only to the final 6-h
forecast, the term as used here with the digital-
filter involves using the entire 12-h time series to
produce the 6-h filtered forecast. With this impor-
tant distinction in mind, we will loosely refer to
our procedure as a finalization procedure in the
remaining text. We note that the time-averaging
scheme proposed by Edelmann (1972) also in-
volved producing a forecast out to time M At in
order to produce a balanced state at time M At/2.

2.3. Construction of a balanced model state

The forecast that serves as “truth” for defining a
balanced state includes all physical processes and
results from a long model integration. The initial
conditions for this integration are the o-surface
analyses obtained from the operational data
assimilation cycle valid at 12 UTC 1 August 1991.
The digital filter is applied during the last 12 h of
a 10-day + 12-h control forecast (without any
intervening restart procedure), thus providing a
filtered state at time ¢t = 10day + 6 h, i.e., 18 UTC
11 August 1991 (hereinafter referred to as time ).
No other NNMI or DFF was used in any of the
long integrations required by the control or DFF
experiments, thereby permitting the model to
dynamically determine its balanced state.

2.4. Basis of comparison with the NNMI scheme

Some comparisons will be made with the cur-
rently-operational initialization scheme at CMC,
which is an adiabatic explicit Machenhauer
NNMI scheme. The basic set of equations (result-
ing from the Eulerian form of the primitive
equations) used to derive the vertical and horizon-
tal normal modes used in the NNMI scheme can
be found in Staniforth and Daley (1977) and
Béland and Beaudoin (1985). The procedure used
to compute the horizontal normal modes has been
described by Temperton (1989). The equations are
linearized about a basic state at rest having an
isothermal temperature profile T7* =300 K. The
vertical discretization used to solve the vertical
structure equation is by linear finite-elements
and we give in Table 1 the complete set of 21
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Table 1. Values of sigma levels of the model
together with the equivalent depths H, based on
an isothermal vertical temperature profile of
T*=300K

n H, (m) 4
1 11679.25 0.010
2 2941.54 0.045
3 1032.00 0.090
4 469.02 0.140
S 248.38 0.190
6 142.47 0.245
7 86.53 0.304
8 54.67 0.366
9 3597 0.430
10 24.53 0.494
11 17.16 0.558
12 12.18 0.622
13 8.68 0.684
14 6.13 0.744
15 4.30 0.800
16 2.96 0.850
17 1.98 0.894
18 1.22 0.932
19 0.68 0.964
20 0.32 0.990
21 0.05 1.000

equivalent depths and o-levels, where H,, is the nth
equivalent depth of the model. Three iterations
of Machenhauer’s adiabatic NNMI scheme are
used for the initialization of the first three vertical
modes. The limiting period to select the gravity
modes to be initialized is set at 8 h, as in the
currently-operational version.

No physical processes are included in the com-
putation of the local time tendencies required by
the initialization scheme. These local time tenden-
cies are computed using an Eulerian formulation
which dates back to an earlier version of the
model. With regard to the absence of diabatic
effects in the NNMI scheme used here, we argue, in
light of extensive studies by Errico (1984), Errico
and Rasch (1988; hereinafter referred to as ER),
Errico et al. (1988; hereinafter EBG) and Errico
(1989), that our initialization results with an 8-h
cutoff period would not be significantly altered if
diabatic effects were considered. Diabatic balance
makes sense, however, for some gravity modes
with larger natural periods such as, e.g., tidal
oscillations (Wergen, 1989) and large-scale zonally
symmetric gravity modes with periods greater
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than 35 h (Gelaro and Errico, 1993). Some short-
comings of adiabatic NNMI with a 24-h cutoff
are illustrated in the Appendix.

3. Results

3.1. Impact on a dynamically-balanced model state

Attention is focused here on the impact of the
DFF scheme when applied to a balanced model
state produced by a long-term model integration.
For Machenhauer’s NNMI scheme, the work of
Errico and his collaborators mentioned above
gives a fairly-detailed analysis of the nature of
balance in NWP and climate models in terms of
various temporal and spatial scales, the presence
or absence of physical terms in the balance
condition, and finally the various orders of
Machenhauer’s balance condition itself. Here, we
look simply at the impact of a single application of
the DFF scheme starting with already-balanced
initial conditions. As in ER, we examine quanti-
ties which may be modified by an initialization
scheme, such as: the zonal-mean meridional mass
streamfunction, the amplitude of the divergent
wind and the surface pressure field.

The impact of the DFF scheme on the zonal-
mean meridional mass streamfunction, which is
closely associated with the Hadley circulation,
is first examined. The result of the DFF scheme is
valid at time 7 (as defined in Subsection 2.3) and
results from the time series of model variables for
a 12-h period beginning at day 10. Fig. 2 shows the
changes to the meridional streamfunction of the
control integration at time t due to NNMI-8 h
(upper panel) and DFF-8 h (lower panel). Use of
the DFF procedure results in a reduction of the
changes by an order of magnitude as compared to
NNMI: note that the contour interval for the
lower panel is a factor of 10 smaller than for the
upper panel. Thus the DFF procedure results in an
atmosphere that is much closer to that determined
dynamically than does adiabatic NNMI. The
much larger changes due to applying the NNMI
scheme with a 24-h cutoff period are discussed in
the Appendix. The meridional circulation is further
discussed later in this section.

A measure of the strength of the divergent
circulation is given by

Va=(u3+0)"™.
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Fig. 2. Changes to the meridional streamfunction of the control integration at time ¢ =rt. Upper panel: due to the
NNMI-8 h scheme, contour interval 5x 10° kgs~!. Lower panel: due to the DFF-8 h scheme, contour interval

0.5x 10°kgs™L

A time sequence of V4 every 12 h during the 10-day
integration of the model (not shown) indicates
that the strength of the divergent wind field (i.e.,
values greater than 10 m s ~') is established during
the first day of integration and can be associated
with the so-called spin-up time. The NNMI-8h
and the DFF-8 h schemes produce changes of less
than 0.2 and 0.05 m s~ ! respectively, i.e., with this
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cutoff period, both the NNMI and DFF schemes
have negligible impact, with the impact of the DFF
scheme on a dynamically-balanced field being 4
times smaller. Again, as discussed in the Appendix,
the NNMI scheme with a 24-h cutoff period has a
much larger impact.

We now examine the impact of the DFF scheme
on the thermal tides. Wergen (1989) showed that
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Fig. 3. Surface pressure changes (hPa) to the control fields at time ¢ = 1. Upper panel: using the NNMI-8 h scheme;
middle panel: using the DFF-8 h scheme, and lower panel: using the DFF-6 h scheme. Light stippling is associated
with values between 0 and —0.2 hPa, and heavy stippling with values less than —0.2 hPa.
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the standard algorithm of Machenhauer could be
simply modified to take into account the specific
balance of the atmospheric tides. Ballish et al.
(1992; hereinafter referred to as BAL92) developed
an incremental NNMI scheme where the gravity
mode time-tendency of the initialized analysis is
forced towards the gravity mode time-tendency of
the background field. That scheme was shown
to - successfully maintain a realistic equilibrium
of the forecast tidal oscillations, whose quality
was demonstrated by examining the time-mean
analysis increments of the large zonal scales
(wavenumbers 0-2). We examine here the effect of
Machenhauer’s NNMI and the DFF scheme on a
balanced surface pressure field. The results to be
discussed agree with those of BAL92 concerning
the time before which a clear thermal-tide signal
can be observed, i.e., no clearly identifiable tidal
pattern could be observed if the control integra-
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tion was shorter than 2 days. This is attributable to
the initial spin-up of the tides.

Fig. 3 shows the surface-pressure changes (hPa)
at time © due to NNMI-8-h (upper panel), DFF-
8-h (middle panel) and also DFF-6-h (lower
panel). The amplitude of the changes for the DFF-
8-h scheme is less than for the NNMI-8-h case with
a maximum in the tropics of 0.46 hPa as compared
to 1.4 hPa for the latter and exhibits changes of the
semi-diurnal type shown in BAL92 (their Fig. 1).
The amplitude of this zonal wavenumber two
pattern is further reduced by a factor of 2 when a
DFF-6-h scheme is used (lower panel). The
changes with the NNMI-8-h scheme are of larger
amplitude and do not exhibit this coherent zonal
wavenumber two pattern.

The impact on the tidal oscillations can also be
examined in Fig. 4, which shows the 48-h time-
trace of surface pressure for a point located in the
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Fig. 4. Time traces of surface pressure for a point located at (0°W, 30.6°N) for 48-h forecasts beginning at time T. The
solid line is from uninitialized balanced initial conditions. The dash-dotted line is from initialized initial conditions
using the NNMI-8 h scheme and the short (long)-dashed line is from digitally finalized initial conditions using the

DFF-6-h (8-h) scheme.

Tellus 47A (1995), 3



312

tropics beginning with balanced initial conditions
valid at time 7. Both NNMI and DFF schemes
with these reduced cutoff periods are seen to
maintain the dominant semi-diurnal and diurnal
oscillations present in the control integration.
By contrast, adiabatic NNMI with a 24-h cutoff
period largely eliminates the tidal oscillation, as
discussed in the Appendix.

In summary, with either an 8-h or 6-h cutoff
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the DFF technique has negligible impact on a
balanced model state. The atmospheric tide is also
well maintained but with a smaller amplitude than
the control for the 8-h cutoff period. The DFF-6 h
does better due to a larger response at the
dominant semi-diurnal period. The adiabatic
NNMI-8-h scheme produces results comparable
to the DFF schemes but has a significant impact
on the zonal-mean meridional mass streamfunc-
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Fig. 5. Time traces of surface pressure for 48-h forecasts for points located at (0°W, 68°N) (left) and (0°W, 0.75°N)
(right). In all panels, the short-dashed line is from uninitialized initial conditions, while the solid line is from digitally
finalized initial conditions using the DFF-8-h scheme. In the upper panel, the long-dashed line is from initialized initial
conditions using the NNMI-8-h scheme. In the lower panel, the long-dashed line is from digitally finalized initial con-

ditions using the DFF-6-h scheme.
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tion whereas the DFF scheme performs better, i.c.,
produces changes that are an order of magnitude
smaller.

3.2. Impact on an uninitialized analysis

We now examine the impact of the DFF scheme
in a more realistic context in which the initial
imbalance between the mass and wind fields
resulting from the operational statistical interpola-
tion analysis scheme gives rise to unrealistic, large
amplitude, gravity-wave noise. Fig. 5 shows the
time traces of the surface pressure during the first
2 days of integration for a winter case beginning
at 18 UTC 2 February 1991 for two points
located respectively at (0°W, 68°N) (left) and
(0°W, 0.75°N) (right). In all panels, the short-
dashed curve is from an uninitialized integration
beginning with initial conditions on o-levels valid
at 18 UTC. These initial conditions were produced
by an uninitialized 6-h model run from the o-level
operational analysis valid at 12 UTC. In all panels,
the solid curve is from balanced initial conditions
produced with the DFF-8 h scheme starting at
12 UTC. We consider first the upper panels where
the long-dashed curve is from balanced initial
conditions using the NNMI-8 h scheme applied at
18 UTC on the uninitialized 6-h forecast men-
tioned previously. The results are typical of those
obtained with other cases and show that the DFF-
8 h scheme effectively removes the high-frequency
noise in the forecast. The structure of the vertical
motion field resulting from the two schemes was
almost identical. The lower panels of Fig. 5 show
that the use of a DFF-6 h scheme (long-dashed
curve) leaves more amplitude in the noise with
about a 6-h period than the DFF-8-h scheme
(solid curve), consistent with the shape of the
transfer function of Fig. 1. Note that in all cases,
the tropical point exhibits no semi-diurnal oscilla-
tion during the first 12 h of integration since the
initial conditions came from the global analysis
produced by a data assimilation system which
used an adiabatic NNMI scheme with a 24-h
limiting period. As discussed in the Appendix, this
initialization eliminates this type of oscillation
during the first 15-20 h of integration.

One significant difference was observed between
the results for a global model of the DFF and
NNMTI schemes as used here and the correspond-
ing results of LH92 (see their Fig. 5) and HL93
(Fig. 5) for a limited-area model. The difference
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concerns the surface pressure tendencies resulting
from the application of NNMI and DFF schemes
to a typical uninitialized analysis produced by
the data assimilation scheme. To ensure a proper
comparison with the DFF scheme, a nonlinear
normal mode finalization (NNMF) is used to
examine this point. Fig. 6 (upper panel) shows the
surface pressure tendency (hPa/3 h) resulting from
NNMTF applied at the end of a 6-h forecast starting
from the uninitialized operational analysis valid
at 12 UTC 2 February 1991. For clarity, only
moderate to strong falling surface pressures are
shown (but the same conclusion applies to weak
values). As one would expect, there is a good rela-
tionship between the regions of rising and falling
surface pressures and the position and displace-
ment of the synoptic patterns. These features
are particularly meaningful over the province of
Québec, where the rapidly falling pressure ahead
of the trough is very well delimited on the western
side by the trough axis. Very small (insignificant)
differences were obtained when the surface
pressure tendencies were computed from a 6-h
forecast initialized at the analysis time with NNMI.
Moreover, surface pressure tendencies computed
at the initial time, immediately after applying
NNMI at the analysis time exhibit the same type
of synoptic coherence (result not shown). The
lower panel of Fig. 6 is the result of applying the
DFF-8 h scheme starting with the same initial
analysis as for the NNMF case. It shows a close
resemblance with the upper panel, and it can be
concluded that both schemes produce acceptable
synoptic results. Although only the North-
American region is presented, this conclusion
applies equally well elsewhere.

These results may be contrasted with those of
LH92 and HL93 who found a clear superiority of
the digital filter initialization over the NNMI
scheme when comparing balanced surface pressure
tendencies for instance. This apparent failure of
Machenhauer’s NNMI scheme for the HIRLAM
model seems to be related to the problem of
properly specifying consistent lateral boundary
conditions for the mass and wind field adjustments
for a limited area model, as discussed in Section 1.
This is supported by the fact that the largest
contribution to the noise in the surface pressure
tendencies originates from analysis imbalances
present in the external mode, for which Machen-
hauer’s scheme is known to be a good approxima-
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tion to a model’s balance. Also, results of the type
reported by LH92 and HL93 with Machenhauer’s
NNMI scheme may differ for other regional
models. For instance, Errico (personnal communi-
cation) examined the surface pressure tendencies
resulting from the implicit Machenhauer’s NNMI
scheme for the NCAR (National Center for Atmo-
spheric Research) regional mesoscale model (an
updated version of the MM4 described in Errico
and Bates, 1988). Results similar to those reported
here (Fig. 6) were found.

It is worth commenting on some aspects of
the application of normal mode schemes to the
HIRLAM and other regional models. For such
models, explicit NNMI is complicated by both the
non-separability of the linearized dynamical equa-
tions and also by details of the specification of
the model boundary conditions. This latter aspect
renders the normal mode method difficult to
apply even for implicit schemes (Temperton, 1988)
where, for instance, the construction of orthogonal
fast (gravity) and slow (Rossby) subspaces or
simply achieving consistency between mass and
wind field adjustments at the boundaries is dif-
ficult. Despite this latter problem, substantial
noise reduction can be accomplished (Bourke and
McGregor, 1983; Errico and Bates, 1988; Juvanon-
du-Vachat, 1992; Bijlsma and Hafkenscheid, 1986:
see also the approach of Browning and Kreiss,
1982 for open-boundary models). The inherent
limitation of both the explicit and implicit normal-
mode method for nested regional models can be
circumvented, however, by adopting a variable-
resolution model (Temperton and Roch, 1991;
Coté et al., 1993).

3.3. Impact in a global data assimilation cycle

So far it has been shown that the DFF scheme
has a negligible impact on a state already in
dynamic balance and can also successfully sup-
press the high-frequency temporal noise in a
model forecast starting from a realistic analysis. In
a general sense, imbalances not only excite high-
frequency gravity waves but also contribute to the
generation of false low-frequency gravity (and
Rossby) waves (spurious convection in the tropics
represents such a source of imbalance). Since 6 and
8 h are rather low values of the cutoff period, it
remains to examine the impact, within a sequential
data assimilation cycle, of not initializing the
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analyzed gravity modes which have larger natural
periods.

For purposes of comparison, four data assimila-
tion cycles were performed in all, two with the
NNMI scheme using 24- and 8-h cutoff periods
and two using the DFF scheme with 8- and 6-h
cutoff periods. The initial conditions for the experi-
ment consisted of the global analyses on o-surfaces
for 12 UTC 16 March 1993 obtained from the
CMC operational global data assimilation cycle.
All data assimilation cycles were run for a two-
week period and statistics measuring the differ-
ences between (i) the analyses and radiosonde
observations, and (ii) the 6-h forecasts (back-
ground fields) and these radiosonde observations,
were accumulated.

The evaluations of the analyses and 6-h forecasts
against North-American radiosondes revealed
insignificant differences in performance for all data
assimilation experiments (including the NNMI-
24-h case), i.e., differences of less than 1.5 m for
geopotential height and less than 0.2ms~! for
both wind components. The results from the
DFF-8 h scheme were slightly, but systemati-
cally, better than the other three cases. The same
conclusion applies to the evaluations against
tropical radiosondes (ie., those within 30° of
the equator). It is interesting that this type of
evaluation against radiosonde data was unable to
discriminate between the various schemes.

The similarities and weaknesses of the NNMI
and DFF procedures in the tropics can be detected
by examining the results in terms of the time-
averaged increments of the three components of
the data assimilation system (forecast (AF),
analysis (A4), and initialization (Al)) at 12 UTC
for the last week of the assimilation cycles. Fig. 7
shows the zonal-mean meridional mass stream-
function computed from the quantities AF, AA4
and Al for the data assimilation experiment
which used the NNMI-8-h scheme. It is first seen
that the relationship AF> AA > Al discussed by
Hollingsworth etal. (1986) and Mitchell et al.
(1993) in the context of operational data assimila-
tion is satisfied here by the zonal-mean meridional
mass streamfunction. Note that this result was
expected a priori for AF and A7 but also applies for
AA. A similar procedure was used to compute AF
for the DFF-8 h and DFF-6-h data assimilation
experiments. In that case, differences between the
6-h finalized background fields and the wunini-
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tialized analyses were used to produce fields of AF.
The zonal-mean meridional mass streamfunctions
computed from these AF (not shown) showed
insignificant differences as compared to the
NNMI-8 h results of the upper panel of Fig. 7.

The quantity AA4 for the DFF-8-h scheme is
shown in Fig. 8. These changes are very close to
the results of the NNMI-8-h scheme (Fig. 7 middle
panel) but are slightly smaller. The corresponding
results for the DFF-6-h scheme (not shown) are
very similar, although slightly larger in the tropics.
Thus the DFF-8-h (6-h) and NNMI-8-h schemes
produce very similar results in a global data
assimilation procedure, with the DFF-8 h scheme
producing the smallest analysis changes. When a
24-h cutoff was used for the NNMI, the three com-
ponents of the data assimilation cycle produced
changes of the same order of magnitude in the
zonal-mean meridional mass streamfunction in the
tropics, with A4 and A/ dominating AF in some
regions, as in Mitchell et al. (1993, Fig. 11).

We now examine the impact of the initialization
procedures on the thermal tides. As discussed for
instance by ER and EBG, the validity of the
diabatic Machenhauer NNMI scheme is ques-
tionable in the tropics when judged with respect to
a long-term model forecast. That is, since the
predominant tropical modes have natural periods

317

which are similar to the time scales of the various
processes which force the modes, the neglect of the
time-tendency of the gravity modes as compared
to other terms in the prognostic equations is
unjustified. By requiring the time-tendencies of the
initialized modes to be close to the time-tendency
of the background field, the incremental NNMI
procedure of BAL92 was found to produce
analysis increments with no apparent tidal mode
problems (especially with regard to the semidiur-
nal oscillation). By contrast, the scheme of Wergen
(1989) uses a time history to estimate the time-
tendency of the tidal modes. Here, since the digital
filter has a response close to unity at 12 h, we
ensure that the model-developed tidal oscillation is
maintained during the data assimilation period.
This expectation is confirmed in Fig. 9 where
three surface pressure forecasts are compared with
observed data at station Kaolack (14°N, 16°W)
during a 2-day period. The thin solid curve (with
circles) indicates the surface pressure reported
every 6 h by the station. The heavy solid curve
is the forecast, at 6-h intervals, from digitally
finalized initial conditions valid at 18 UTC 24
March 1993. These initial conditions were pro-
duced by taking the uninitialized analysis on
a-surfaces valid at 12 UTC 24 March 1993 from
the DFF-6-h data assimilation cycle, integrating
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for 12 h and then digitally filtering the resulting
time series. This corresponds to the procedure that
could be used operationally to make a forecast.
The analogous procedure using the NNMI-8 h
scheme is to take the background field on
o-surfaces produced by the NNMI-8h data
assimilation cycle, valid at 18 UTC 24 March
1993, and make a forecast. Note that, as with the
DFF-6-h forecast, no data after 12 UTC are used
to produce this forecast, which is plotted as the
heavy dashed curve in Fig.9. Both DFF-6-h
and NNMI-8-h schemes are seen to produce a
realistic semi-diurnal oscillation which is well
developed right at the beginning of the forecast
(ie., with no apparent spin-up problem) and
closely approximate the observed signal. Note that
the phases of the signals of the three curves are
identical. The overall behavior of the DFF-6 h
forecast appears somewhat better than the NNMI-
8-h case and is comparable in accuracy to the
results presented by Wergen (1987) and BAL92
with their improved NNMI schemes. The results
with the DFF-8-h scheme (the thin dashed-curve)
indicate that the semi-diurnal oscillation is less
developed during the first 15h of integration
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Fig. 9. Surface pressure at Kaolack (14°N, 16°W) from
18 UTC 24 March to 18 UTC 26 March 1993. Thin solid
line with circles: observed. Heavy solid curve: forecast
beginning with digitally finalized initial conditions
produced with a DFF-6-h scheme starting from sigma
analysis taken from the DFF-6-h data assimilation cycle
and valid at 12 UTC. Heavy dashed curve: forecast from
initialized initial conditions with a NNMI-8-h scheme
valid at 18 UTC and extracted from the NNMI-8-h data
assimilation cycle. Thin dashed curve: As for the heavy
solid curve but for the DFF-8-h scheme and with initial
conditions extracted from the DFF-8-h data assimilation
cycle.
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(and presumably therefore also during the data
assimilation cycle). Consequently, the DFF
scheme performs better with a 6-h cutoff than
an 8-h cutoff in this regard, consistent with its
improved transfer coefficient at 12 h.

4. Summary and conclusions

In this paper, we have examined the ability of a
digital filter technique to eliminate high-frequency
gravity-wave noise in the context of an operational
global data assimilation system. Oscillations in
time with periods typically less than 8 h in a short-
term forecast were considered as undesirable noise.

As discussed by Lynch and Huang (1992) and
Huang and Lynch (1993), we found the digital
filter to be very flexible and easy to implement.
Unlike their approach, which involves performing
an adiabatic integration backward in time in order
to produce a balanced state at the analysis time, we
have examined a technique which we refer to as
digital filter finalization. In the context of a 6-h
intermittent data assimilation cycle, this involves
filtering the noise in a time series produced from
a direct, uninitialized, 12-h forecast in order to
produce a noise-free model-state 6 h after the
analysis time. Thus no adiabatic approximation is
involved and diabatic effects are fully taken into
account.

The performance of the digital filter finalization
(DFF) with an 8-h cutoff was examined from
different points of view. The DFF scheme was
found to produce insignificant changes to a fully-
developed model state. In contrast, the currently-
operational adiabatic NNMI procedure (which for
the first three vertical modes initializes those
gravity modes with natural periods less than 8 h)
had a significant impact on the zonal-mean
meridional mass streamfunction and the surface
pressure field.

The robustness of the method, that is its ability
to construct a balanced state from unbalanced
data, was also examined. An examination of the
time behaviour of a two-day forecast starting from
initial conditions produced with the DFF scheme
demonstrated the absence of noise in the tropics
and extra-tropics. The surface-pressure tendencies
were synoptically correct.

Finally, the impact of the DFF procedure in a
global data assimilation system was examined. In
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evaluations of data assimilation cycles against
radiosonde data, the DFF scheme yielded slightly
better results than the NNMI-8-h scheme. Exami-
nation of the time-mean 6-h forecast and analysis
increments (AF and AA, respectively) in terms of
zonal-mean meridional mass streamfunction also
revealed slightly better performance of the DFF
scheme, the analysis increments being somewhat
smaller in the tropics.

For a good representation of tidal oscillations, it
was found advantageous to reduce the cutoff of the
DFF scheme to 6 h. In general, this modified DFF
scheme performed as well as the original DFF
scheme, and in fact better than the NNMI-8-h
scheme with regard to the tidal oscillation.
However, this scheme was not quite as effective
in removing the gravity-wave noise and also
exhibited a slight deterioration in analysis perfor-
mance in the tropics.

Thus overall the DFF procedure performed
very well in a global data assimilation system. It
produced results very close to the adiabatic
NNMI-8-h scheme, ie., from a practical point
of view there were no significant differences in
performance. An additional 6 h of integration is
required, however, as compared to the standard
NNMI procedure. One way in which the DFF
scheme could be improved would be to sharpen
the response in order to remove all noise with
periods of less than say 8 h, while still retaining the
full amplitude of the semi-diurnal oscillation.
Some of the trade-offs in designing optimal filters
are discussed in Huang and Lynch (1993).

In this study, the term “balance” has been used
rather loosely to mean a model-state free of
gravity-wave noise. Another aspect of the problem
is how to improve the balance for the slow time
scales, i.e., those that are retained in the model.
One aspect of this problem is the consistency
between the humidity and vertical motion fields
(e.g., Kasahara etal, 1994; Krishnamurti et al.,,
1993; Purt and Davidson, 1992). This is especially
important in the tropics where imbalances can
generate spurious convection which affects the
slow time scales.

The flexibility of the digital filter makes it
attractive for use in limited-area regional models,
as in Lynch and Huang (1992). However, the
validity of filtering high-frequency gravity modes
in mesoscale models still needs to be examined.
The digital filter can also be used to filter the
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acoustic modes, when today’s hydrostatic NWP
models are replaced by non-hydrostatic ones.
Thus, it is an alternative to the normal mode
approach suggested by Daley (1988).
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6. Note added in proof

It was brought to our attention by one of the
reviewers that the following related study was in
press: Huang, X.-Y., Cederskov, A. and Kallen, E.
1994. A comparison between digital filtering
initialization and nonlinear normal-mode initial-
ization in a data assimilation system. Mon. Wea.
Rev. 122.

7. Appendix

The impact of adiabatic-NNMI with a 24-h cutoff
period

As initially implemented in the CMC global data
assimilation system, the adiabatic Machenhauer
NNMI scheme was applied to the external and
first two internal modes, for those gravity modes
having natural periods less than 24 h. Based on
preliminary results of this study, this cutoff period
was reduced to 8 h in June 1993. We consider here
the impact of a 24-h cutoff period on a balanced
model state.

Fig. 10 shows the structure of the zonal-mean
meridional mass streamfunction present in the
control run at time t (upper panel) and the changes
due to applying the NNMI scheme at time 7 using
a cutoff period of 24 h (lower panel). Positive
(negative) contours correspond to a counterclock-
wise (clockwise) circulation. These changes are
much larger than with an 8-h cutoff (Fig. 2) and
produce a weaker Hadley cell as compared to the
control.

Examination of the amplitude of the divergent
wind ¥V, for the control integration at time <t
showed that it had maximum intensity at the level
0 =0.190. Values exceeding 10 ms~' (and with
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Fig. 10. Upper panel: the zonal-mean meridional mass streamfunction for the control integration at time 7. Contours
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maxima of about 15ms~') appeared over the
tropical region where convective forcing is a domi-
nant effect. Fig. 11 shows the amplitude of the
change in V4 at time t produced by the NNMI
scheme with a 24-h cutoff period. The maximum
value (3.5ms™!) appears in the tropics. These
changes can be considered as significant since they

-1

are comparable to the estimated analysis error at
that level (Hollingsworth etal., 1989). A 48-h
cutoff period produced changes of the same order
of magnitude as the field itself (result not shown),
consistent with the results of ER. Most of the
amplitude of change appears for gravity modes
with periods greater than 24 h.
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Fig. 12 shows the same type of field as Fig. 3 but
using the NNMI-24-h scheme. It shows a zonal
wavenumber two pattern with an amplitude of
almost 2 hPa, ie., the adiabatic NNMI scheme
with a 24-h cutoff largely eliminates the semi-diur-
nal tide present in the thermally-forced circulation

40E BOE 120E l160E

of the model. This deficiency with a 24-h cutoff can
also be seen in Fig. 13. It can be seen that it takes
15-20 h for the model to re-establish the tidal
oscillation, in agreement with the 18-h spin-up
time reported by BAL92 for a somewhat different
NNMI scheme.
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Fig. 12. As in Fig. 3 but using the NNMI scheme with a 24-h cutoff period. Light stippling is associated with values
between 0 and —0.5 hPa, and heavy stippling with values less than —0.5 hPa.
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