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1+ Introduction

Normal mode initialization (NMI) is a technique for the elimination of
high frequency gravity waves from forecast models, pioneered by
Machenhauer, Baer and Tribbia. (For a review see Daley, 1981). NMI
ensures that the initial mass and wind fields are in balance so that large
amplitude gravity waves are not excited. It is based on a frequency
separation of analysed fields into two components: low frequency Rossby
modes which we wish to retain and high frequency gravity waves which we |
seek to remove.

In the operational global model, the alternative method is used of
dynamic initialization by repeated insertion with divergence damping to
help reduce gravity wave activity (Bell, 1985). 1In this report, the
balance achieved by NMI is compared with that produced by the operational
assimilation. In the first section, the impact of NMI on data quality
control is assessed. This is followed by an investigation of oscillations
in jet streams. Brief consideration is then given to the magnitude of
changes made by NMI to an operational analysis. Next, the values of a
balance measure in normal mode space are discussed. Here the effectiveness
of the operational assimilation is tested against NMI and an early method
of dynamic initialization. Finally, in an appendix, the basic principles
behind NMI are discussed from a computational view point. NMI has also
recently been applied to the global model in a study of the noise present
in the regional fine mesh model, which receives its boundary information
from the global model. These tests are described by Dickinson and Gange

(1985).



2. Balance for Quality Control

2.1 Introduction

A possible role for normal mode initialization in the operational pu
suite is at the data quality control step, when new observations are

compared with a first guess field produced by a 6 hour forecast from the

previous analysis. As noted by Temperton and Williamson (1981), it is
important that the first guess fields are not contaminated with spurious
oscillations. Otherwise the risk exists of accepting bad data or rejecting
good data. The removal of oscillations from the forecast offers scope for
improving the first guess fields and hence the next analysis, especially in
data-sparse areas.

The question investigated here is whether the suppression by
divergence damping of noise from the repeated insertion method of
assimilation is adequate for effective quality control. In a short period
like 6 hours, this may not be so.

The issue was examined by comparing the rms fit to observations of
background fields derived from operational and initialized analyses. ﬂ@

Quality control decisions were also compared. Two cases were chosen at

b
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random: 12Z, 15/1/85 and 12Z, 10/5/85. The single observation dataset
chosen to compare against the two different background fields was either

that selected by the operational quality control run or that by the

initialized run. The conclusions drawn were not influenced by thIS“ehoice.

2.2 Data Flagging

In the 10/5/85 case there was a total of 66 differencgggiﬁ“

;ngsyeen_qne-éperationai and initialized runs. There were 3

flagging }(n'e’ar' moug;gins),~20 in temperature, ir
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the operational quality control for the U variables which were 46, 172, 54

and 147 respectively. There were no discernible patterns with respect to
latitude or pressure level in the data rejected in the control run and
accepted in the initialized run or vice versa.

2.3 RMS fit to observations

These results are classified by variable, observation type, pressure
level and latitude band. (The mean fit to observations was also examined
but showed nothing of particular interest not exhibited by the rms
figures). The number of iterations, n;, used in the nonlinear
initialization was also varied between 1 and 3. The number of vertical
modes initialized was always 5. (A brief description of the iterative
nature of NMI is given in the Appendix).

The effect of NMI was most closely examined for the area 20° - 90°N
and n; = 2. Initialization brought some qualitative improvement in the
fitting of surface pressure and temperature at most levels but, for vector
wind, caused an increase in rms differences from background. In all cases,
though, the quantitative changes were small.

For surface pressure, the maximum improvement was a reduction of 0.2
mb in rms difference for ship observations on 10/5/85. The same reduction
was, however, only 0.07 mb on 15/1/85. The small improvements in rms
difference from background temperature were less than 0.1 K for radiosonde
data and less than 0.4 K for satems. For observation types and levels with
very few observations (e.g. 3 Aireps in the range 400-500 mb), the
operational background was usually closer to the observations.

The above mentioned increases in rms differences from background wind

field with NMI were no larger than 0.6 kt. As such differences lie in the

approximate range 8-15 kt, a shift of this magnitude is not very




significant. The reason for the poorer fit with initialization is not
clear. For wind speed rather than vector wind, NMI brought small
improvement in the fit to ship and airep data but was again slightly poorer
for other observation types.

Some further aspects may be summarised briefly. Firstly, results for
the rms fit to humidity data showed negligible impact. Also, it was
mentioned earlier that initialization might have more effect in data-sparse
regions. The statistiecs for surface pressure observations in the area 20°
- 90°S were improved with initialization on 15/1/85 but worsened on
10/5/85, the changes in each case being about 0.1 mb. There was a similar
lack of definite trend in the fitting of tropical py data. One associates
oscillations in py particularly with the activity of the external mode, so
these results tend to confirm the operational assimilation's global
suppression of this mode.

In general it was found that initialization with n; = 2 as described

1

above produced more impact than with n; = 1. Statistics with n; = 3 rarely

i
differed from those for n; = 2 except at the third significant figure.
2.4 Discussion

The tests carried out indicate no advantage to be gained from applying
NMI to the data quality control process. The operational analyses and
first guess fields are therefore well balanced according to this criterion.
This is not to say that the initialization has done nothing to improve the
balance of the operational analysis.

If one compares the fit of operational and initialized analyses
(rather than first guess fields) to the observations, this time the

operational analysis is noticeably closer. For example, the rms difference

from py observations (10/5/85) is smaller by about 0.3 mb in the northern
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hemisphere and 0.5 mb in the southern hemisphere and tropics than in the

initialized analysis. It is likely that the closer fit to data of the
operational analysis is achieved at the expense of extra noise generation.
Six hours later at the verifying time of the first guess field, this noise
evidently does not hamper quality control.

It may be added that the conclusion reached here does not depend on
the precise details of the quality control algorithm. Lorenc (private
communication) has conducted similar tests on sea surface and coastal synop
data with a different Bayesian quality control procedure. His findings
match those described here.

3. Balance in Jet Streams

It has been noticed occasionally that model winds in jet streams can
undergo a surge or oscillation during the first twelve hours of the
forecast. An example of this behaviour is shown in Figure 1. The
quantities plotted are spatially averaged over a volume bounded by the
levels o0 = 0.31 and o = 0.19 of the operational global model and a
latitude/longitude area containing the jet stream throughout the forecast
period. The oscillations in the u and v wind components are approximately
90° out of phase with each other, indicating that the disturbance is
inertial in character. The period of the oscillation in Figure 1 is about
16 hours, close to the inertial period at the latitude of interest.

With NMI as a diagnostic tool, four cases were investigated, the last

three of which were picked at random.



1. 0Z, 2/6/84

This case was originally singled out by the inability of the coarse
mesh model to maintain the strength of the jet. At t+36, the forecast »
maximum wind was 30 kt lighter than that later analysed. It is the quite
separate inertial oscillation up to t+12 (Figure 1), however, that we study
here.

Forecasts were made from analyses in which 1, 3 and 5 vertical modes
were initialized wiph either 1, 2 or 3 iterations of NMI. The oscillation
is almost completely removed by 1 iteration on 5 modes (Figure 2). Further
iterations had negligible impact. It is of interest to know, in linear
terms, the relative importance of each mode. Figure 3 provides a rough
answer to the effect that all 5 modes are involved to some extent, with no
one dominating.

The balance achieved by NMI has resulted in a 5% increase to the mean
analysed u component of momentum, with little change to the mean v
component. From the height field of Figure 4 and the u wind difference
chart of Figure 5, one can see that the increase in u is concentrated on
the warm side of the jet to the west of the maximum wind region. Possibly

some low airep data was fitted by the model in this region. Barwell and :

Lorenc (1985) comment on a tendency of the repeated insertion technique to

generate unsubstantiated maxima downstream of an observation. There is no

evidence here, however, for NMI attempting to shift thé“jet‘ﬁéxlmumjback Seanis

~ upstream.
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hours, then falls 18 kt by t+12. 1In fact this peak is unconnected with the

inertial oscillation and is reproduced in the initialized run. The time
variation of maximum wind in a region is not a good indicator of balance.
2. bZ, 15/1/85

A strong northerly jet of up to 185 kt in the region 0-20W, 30-60N was
investigated. Some evidence of inertial oscillation was found, as seen in
the mean kinetic energy (KE) of the jet in Figure 6, though it was not easy
to fix the period of the oscillation. In a pure inertial oscillation, the
KE is constant. The initialized run produces a steady decline in KE and
has a value 7% lower than the operational run at t+6.

3. 6Z, 20/7/85

In a jet of maximum strength 150 kt to the west of the UK, an
oscillation in the wind field of period about 12 hours was found (Figure
7). One iteration of NMI on 5 vertical modes again removed most of it. The
maximum difference in total momentum between operational and initialized
runs is about 10% at t+9. Once more initialization increased the mean
analysed u component by 5%.

The differences between operational and initialized forecasts were
evaluated at t+8. In the u wind field, this revealed that the operational
run was up to 14 kt stronger in places (Figure 8). It was more than 5 kt
stronger over about half of a 15° latitude by 15° longitude area near the
UK. The magnitudes of these differences are lower than typical model
errors for t+6 at that latitude of 20 kt at 300 mb. The scale over which
the differences exceed 5 kt is, however, comparable to the forecast error
correlation scale at t+6. As would be expected, many features of smaller

scale are also present in the difference field.




. 67, 25/8/85
Over Europe there was a south-westerly jet with maximum wind up to 125
kt. The operational forecast on this occasion showed a smoother evolution

of the wind field over the first 12 hours (Figure 9).

The four cases described above show that, on some occasions, the
operational analysis has an unbalanced component causing inertial
oscillations in jet streams with periods in the range 12-16 hours. These
are examples of behaviour noted by Barwell and Lorenc (1985). The repeated
insertion assimilation technique with a 6 hour insertion period can
preferentially excite modes with period greater than 12 hours.

The oscillations are not present in every forecast but, without a much
more detailed examination of the data available to each analysis or a wider
variety of case studies, it is difficult to isolate the circumstances in
which they occur. It is true, however, that the case showing least
imbalance (25/8/85) had the weakest jet core of the four.

The typical errors in mean jet momentum revealed by difference fields
of operational and initialized forecasts may be up to 10% at t+9 but little o
error is visible after t+12,

4y, 1Initialization Increments

Another measure of balance in the operational model is provided by the
fields of increments produced when NMI is applied. One might expect the
increments to be smaller than those obtained from NMI acting on an analysis
which has not undergone any form of dynamic initialization like repeated
insertion. It has been noted by several authors (e.g. Williamson & Daley,

1983) that, in the latter case, NMI increments to the analysis can exceed
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the expected analysis error even over data-rich regions (we do not consider

here 'constrained' NMI where the changes can be forced into certain fields
rather than others).

Previous reports of NMI increments are mainly of PMSL and 500 mb
heights and winds. Linear NMI (see the Appendix) is known to cause very
large erroneous increments in the vicinity of steep topography because the
normal modes are derived from a basic state without topography. This
problem is much reduced in iterative nonlinear NMI. Williamson and
Temperton (1981) still report a PMSL change by NMI of 4 mb at an
unexceptional grid point over the USA.

In one case of nonlinear NMI applied to the operational model, the
global rms change in PMSL was 1.0 mb with some extreme values of 3-6 mb.
In this and other cases examined, the changes over data rich areas like
Europe and the USA were nearly all less than 2 mb, with extreme values of 4
mb near the Rockies. Figure 10 gives an example difference chart for
Europe.

Williamson, Daley and Schlatter (1981) found that NMI could make
changes of up to 30m in 500 mb height in trough regions, with an rms change
of 6m over a reasonably dense simulated observational network. They found
rms wind differences at the same level to be 2-3 kt. Examples of
corresponding difference fields for the operational model are shown in
Figures 11 and 12, where height changes are limited to about 10m and wind
differences to 4 kt.

Direct comparison of the increments obtained with the operational
model with those published is difficult because the models and analysis
schemes used are not identical. However, the balance obtained by repeated

insertion is probably responsible for the relatively low PMS1 increments

11



obtained with the operational model. Surface pressure oscillations are
linked mainly to the external mode which is effectively damped by the
repeated insertion. The limited evidence also suggests that extreme height
increments introduced by NMI are smaller with the repeated insertion method
than with a standard statistical interpolation analysis. Wind increments
would appear to be of the same order. They also increase with height,
maximum 250 mb increments tending to be twice those at 500 mb. As we have
seen in the jet stream case studies, NMI increments are required to remove
modes of period around 12 hours which cannot be effectively damped by
repeated insertion.

5. A measure of balance in normal mode space

In a balanced model state the time rate of change of gravity wave
amplitudes should be small. A measure of balance sometimes quoted in the

literature is

a2
Bal, - [ ISEI

where g is the amplitude of a gravity mode in normal mode space and the sum
is over all modes with vertical index m. The smaller the value of Bal, the
closer the data are to the required balance.

Figure 13 shows typical values of Balm (m=1,5) for an operational
analysis and the values after 1 and 2 iterations of NMI applied to that
analysis. It is seen that 1 iteration reduces the noise levél as measured
by Bal by about a factor of 10 for all 5 modes. The extra i@pr§v5men;.‘

~after a second iteration is minor. (Eigenveqtors;assqcia§e¢~w1€n di ferent

- vertical modes are not in general orthogonal and so one c

values of Bal for different m).




Williamson and Temperton (1981) and Errico (1984) report Bal for

analyses produced by statistical interpolation without dynamic
initialization. Their results show a reduction in Bal for the first 3
vertical modes by a factor of 50-100 after 1 iteration of NMI on the
uninitialized data. The further reduction after a second iteration was
about a factor of 10, with only small extra benefit with a third iteration.
This suggests, therefore, that the operational assimilation produces an

analysis with a balance roughly as good as that obtained by applying 1

iteration of nonlinear NMI to an uninitialized analysis.

An early method of dynamic initialization was that of forward and
backward integration about the analysis time using a modified Euler
backward time stepping scheme with damping properties (Nitta, 1969).
Williamson and Temperton (1981) show that this scheme reduces the noise in
the first two vertical modes. The values of Bal after 6 hours of this
dynamic initialization are still about:10 times those obtained with 1
iteration of NMI on the uninitialized data or, by implication, with the
present operational assimilation. This demonstrates the superiority of
repeated insertion with divergence damping over the forward-backward
scheme.

NMI is potentially useful when assessing analysis differences in
forecast model intercomparison experiments. For example, ECMWF analyses
must be interpolated in the vertical and the fields adjusted to new
orography before a forecast with the operational model can be run from
them. This interpolation may degrade the analysis and in particular its
balance. This was demonstrated by comparing values of Bal for an
operational analysis and one that had been converted to ECMWF grid point

format and then interpolated back to the grid of the operational model.
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The value of Bal; (external mode) was 5 times as large for the interpolated
analysis, though for modes 2-5 the increase was less than 50%. In looking
at the fine detail of analysis differences, it would be best therefore to
compare only datasets which have undergone the same interpolation process.
Application of NMI to these interpolated analyses could also help separate
analysis differences into balanced and unbalanced components.
6. Conclusion

The results of Section 2 on quality control imply that introduction of
NMI to the operational suite for that purpose would not be worthwhile.
Dickinson and Gange (1985) also conclude that there are computationally
more efficient ways to reduce the noise in the fine mesh model than NMI of
the hemispheric forecast supplying the boundary data. From Section 5 it
emerges that, by one measure of balance, the operational assimilation is
about as effective as one iteration of nonlinear NMI on an uninitialized
analysis. While it appears to have no place in the present operational
suite, NMI has been found useful in diagnosing balance in the global model
and will be helpful in assessing future changes to the operational analysis

system.




Appendix - Computational Aspects of NMI

Creation of Normal Modes

The procedure of NMI is carried out in two stages. First one must

solve for the normal modes of the model linearised about some basic state.
Only a brief outline is given here. A fuller account is given by Temperton

and Williamson (1981) and Daley (1981).

Separation of variables in the linearised equations of motion yields a
vertical structure equation and a horizontal structure equation. Both
depend on the particular space and time discretization of the model. One
obtains the shallow water equations for the horizontal variation of each
vertical mode which has an associated equivalent depth H. There is then
one horizontal eigenvalue problem for each H, which can be transformed by
Fourier analysis to an equation involving only time and latitude. The
eigenvalues are related to the frequencies of the normal modes and the
eigenvectors to the latitudinal structure. The modes can be classified
according to frequency into slow Rossby modes and fast gravity modes. This
analysis is only valid for global models with no lateral boundary
conditions.

Knowledge of the equivalent depths for a particular model can be
useful in interpretation of imbalances in that model. Table 1 gives the
value of H, one for each ¢ level, for the operational global model
linearised about an isothermal basic state of 300K (NMI is insensitive to
the details of the basic state). Also tabulated are the corresponding
phase speeds of the gravity waves on a non-rotating Earth, vgH. 1In
practice, only the first 5 vertical modes are relevant for the NMI program
which does not converge for higher internal modes. Reasons for this

divergence are discussed in the references cited above.
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Table 1

Model Level Equivalent depth H (m) Phase speed, (gH)!/2 ms™!

1 11862 341 .

2 3263.1 179 ;

3 893.8 94

I 346.6 58 ’

5 1673 40.5

6 88.5U 29.5

7 47.92 20T

8 27.03 16.3

9 15.06 122

10 8.316 9.0

11 ho1yy 6.4
12 1.976 4.y
13 0.8452 2.9 |
14 0.2738 =56
15 0.0392 0.6 |

2. Performing NMI

In the second step, grid point data are expanded in normal mode space,
the coefficients in the expansion are modified and then the new data are
transformed back to grid point space. If we write g for the coefficient in

normal mode space of a particular gravity mode, its evolution equation is

I

dg I
at ivg+N (1) “

where v is the eigenvalue associated with the mode and N is the combination
of all the nonlinear terms transformed into normal mode spaeé_- In linear =

~ NMI, one simply neglects N and sets g=0 tO'suppressaphe_fa§t<tibilla@ionsgvii




so that the time tendencies of the gravity modes converge to zero. Nj is a

function of the initial (and unmodified) Rossby mode coefficients r, and

the gravity mode coefficients at the jth iteration gj_

In the NMI code, it is not necessary to compute the nonlinear terms N

explicitly. 1Instead, the change in the coefficients g is computed over a

short forecast (currently two time steps of At = 10s) and the linear part
is subtracted off. The normal mode increments at each iteration are then

given by

 dg;
Mg = 8juq - 8f = - iv god (3)

The program consists of 3 main routines. The first transforms the time
derivatives of the grid point fields into vertical normal mode space,
giving the right hand side of (3) in the form of horizontal arrays.
Secondly, these time tendencies are transformed into horizontal normal mode
space and horizontal fields of increments computed. Finally these are
inverted to give grid point increments, ready for the next iteration.

The quantity Balm discussed in Section 5 is calculated at each
iteration by summing over the time tendencies of the gravity modes with

vertical index m.
1 dg| 2
Bal_ iy |dt| (4)

Its decrease after successive iterations gives a measure of the convergence
of the NMI. The present NMI program initializes horizontal modes of all
frequencies for a given vertical mode but a frequency cut off could be
incorporated if desired. The initialization is adiabatic in that 'physics'

routines are switched off during calculation of mode time tendencies.
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In terms of computational resources, NMI is fairly expensive. The

file presently holding the normal mode coefficients occupies space

equivalent to 12 forecast datasets. Computation time on the CYBER for a

nonlinear NMI with 2 iterations is roughly 5-6 minutes. Of this time, half
is taken up with transformations between grid point and normal mode space
and manipulation of mode coefficients. The remainder is occupied in
running the two time step model forecasts and converting between the
‘fields' format of the forecast model data and the 'rows' format which is
input to the NMI part of the program.
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Figure Captions

1. Spatial mean jet momentum (arbitrary units) as a function of time.
(Operational run, data time 0Z, 2/6/84). The quantities plotted are
averaged over a latitude/longitude area enclosing the jet and over model
levels 10-12 (o0 = 0.31 to o = 0.19). The model time step is At = 15
minutes. +++: modulus of momentum, coo@ : u component, AAAA =
component.

2. As for Figure 1 but with 1 iteration of NMI on 5 vertical modes.

3. Amplitude of oscillation in mean v wind component of jet (data time 0Z,
2/6/84) as a function of the number of vertical modes initialized for 1
iteration of NMI. The amplitude is measured by v(t+4 hours) - v(t+o),
appropriately scaled.

4, Operational analysis of 250 mb height (0Z, 2/6/84).

5. Difference field of u wind component (kt) at 250 mb (0Z, 2/6/84);
uninitialized - NMI analysis.

6. Mean jet kinetic energy as a function of time. (data time: 62,
15/1/85) Model timestep At = 15 minutes. 00 Uninitialized run —NMI.
7. Mean jet momentum as a function of time. (Data time 6Z, 20/7/85).
Values plotted each timestep are for uninitialized run, key as in 1 above.
The solid lines show the u and v components in the NMI run.

8. Difference fields of u wind component (kt) for t+8 forecasts from
uninitialized and initialized analyses valid 6Z, 20/7/85; uninitialized -
NMI analysis.

9. As for 1 above, except data time 6Z, 26/8/85.




13. Values of Bal for the first 5 vertical modes after 0, 1 and 2

iterations of NMI on an operational analysis. Data time: 6Z, 10/5/85.
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