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ABSTRACT

Using a computationally inexpensive statistical technique based
on optimum interpolation in space and time, analyses and fore-
casts for 12 and 24 hours from 0000 and 1200 GMT were produced
at 250 mb in the Australian region over a five degree latitude-
longitude grid (12.5 to 47.508, 102.5 to 157.S°E). The fore-
casts were compared with numerical forecasts based on the fil-
tered baroclinic model currently used by the National Meteoro-
logical Analysis Centre (NMAC), Melbourne, and with the manu-
ally modified numerical forecasts produced operationally at
about 0800 and 2000 GMT. Over a sample of 597 forecasts from
November 1975 to September 1976 the statistical forecasts,
which were not manually modified, were superior to the numer-
ical forecasts and slightly better than the operational fore-
casts in the tropics. Outside the tropics, the statistical
forecasts were worse than both the numerical and operational
forecasts. The inclusion of aircraft winds and conventional
asynoptic data up to 24 hours old produced a small improve-
ment in a sub-sample of the statistical forecasts,

INTRODUCTION

Since early 1975 the National Meteorological Analysis Centre (NMAC) has produced
wind forecasts for aviation on a regular grid (Fig 1), at flight levels of 18 500,
23 500, 30 000, 34 000, and 38 500 feet. These forecasts have been based upon pre-
dictions from a seven level, 250 km grid length, filtered baroclinic model (Maine
1972, Noar and Young 1972), but the monitoring analyst has had the facility to
amend these predictions when considered necessary. Poleward from latitude 22,5,
amendments to the numerical forecasts have consisted primarily of correcting under-
estimation of jet stream intensities and a lack of sharpness in Bredicted groughs
when these deficiencies have arisen. However, at latitudes 12.5  and 17.5 , the
quality of the numerical forecasts has been such that it has been most expedient
for the analyst to replace the numerical prediction by persistence forecasts from
a manual analysis.

In an’ attempt to reduce the amount of manual effort, particularly in the
tropics, it was decided to investigate the potential of a climatologically con-
strained statistical procedure, based on mean square error minimisation. This
method, when applied to analysis, is commonly known as optimum interpolation (Gandin
1963), and when applied to prediction at a point is termed damped persistence. It
is similar in analysis aspects to Dartt (1972), and similar in prediction aspects
to Lavoie and Weideranders (1960), and Bedient and Vederman (1964), but differs
from the above approaches to the extent that the one statistical procedure is
applied to the entire space-time domain, i.e.,, to both analysis and prediction.
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Because grid point winds are used solely for aviation flight planning,
synoptic aspects of an analysis or prediction, such as the correspondence of a
flow pattern to conventional models of circulation and diffluence, were not con-
sidered, and the statistical forecasts were assessed simply on their quantitative
error distribution. For economy of effort, the investigation was confined to
the level of greatest operational importance (250 mb).

A feature of the method is the small amount of computation, which requires
about 3 seconds on an IBM 360/65 for 12 and 24 hour forecasts at one level. It
might therefore be a feasible application on a much less powerful computer.

THEORY
Optimum interpolation

Optimum interpolation can be considered as the estimation of grid point values of
an element from observations by multiple linear regression. The following basic

equations may be derived by straightforward mean square error minimisation (e.g.,
Gandin 1963, Chapter 3).

For any scalar element f, a standardised grid point value fo is estimated

from n surrounding standardised observations fi by
n

I P.f

f = i £
; 1

o .
1

where the optimum-weights p,; are solutions of the n simultaneous linear equations

n

2 - ‘o
j§1 “ij pj + A P; = My (i=1, . . . n) vee 2

uij and M,; are the 'observation to observation' and 'grid point to observation'’
autocorrelation coefficients, and A% is the ratio of observational error variance
(assumed to be random) to the variance of f., Standardisation, indicated by the tilde,
consists of subtracting the climatological mean and dividing by the corresponding

standard deviation at each point.

When the observations are synoptic, uij is a spatial autocorrelation coeffic-
ient, For asynoptic data uij is a space-time autocorrelation coefficient correspond-

ing to the spatial separation and time lag between observations i and j.
Generalisation

The terminology 'optimum interpolation' commonly refers to the application of
Eqns 1 and 2 to synoptic analysis. However, the foregoing theory applies equally
to the estimation of grid point values -at any instant in time. In the following
application, grid point values were also estimated at instants 12 and 24 hours
ahead of a nominal observation time (t.= o). In these instances, the coeffic-
ients U,; are space-time autocorrelation coefficients which, for synoptic observ-

ation at t = o, correspond to the spatial separation between grid point (o) and
observation (i), and a time lag of 12 or 24 hours. When used in this way, Eqns
1 and 2 are closely related to a damped persistence forecast (e.g., Lavoie and
Wiederanders 1960), defined by an equation of the form

~ ~

£ = upfy ve. 3
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where,fT is the forecast of f for period T, fI is the initial value of f, and Hop

is the time autocorrelation coefficient for lag T. If the space-time autocorrel-
ation coefficient can be approximated by the product of a space coefficient and a
time coefficient, the application of Eqns 1 and 2 to a forecast is mathematically
equivalent to a damped persistence forecast applied to each grld point of an opti-
mum interpolation analysis.

Application to winds

In order to apply the above theory to a vector wind, the zonal and meridional comp-
onents are considered separately as scalars. This approach to statistical wind
prediction contrasts with the frequently used procedure of relating wind vectors
at two points by a single number, manely the stretch vector correlation coeffic-
ient (Durst 1956). While the stretch vector approach has the advantage of
simplicity, it neglects the very different behaviour of wind in the longitudinal
and transverse directions. Buell (1971) contains an elaboration of this point.
The component approach adopted here takes into account this strong directional
dependence, although an approximation is made by neglecting the usually small
cross correlation between the zonal component at one point and the meridional
component at another. '

BASIC STATISTICAL INFORMATION

"o apply Eqns 1 and 2 to the analysis and prediction of an element, it is neces-
cary for the purpose of standardising to specify in advance the climatological
m.an and standard deviation over the area of interest. The autocorrelation
coefficient between any pair of points in the space-time domain and the random
observational error must also be known, in order to solve the equations for
optimum weights,

In this specific application to wind components at 250 mb, climatological
means were obtained from Jenne et al. (1971), using cubic vertical interpolation
on the 500, 300, 200, and 100 mb geostrophic components. Standard deviations,
obtained from Maher and McRae (1964), were tabulated as a function of latitude
only.

Autocorrelation coefficients were obtained from a space-time autocorrelation
function of the form

W (xy,t) = 1, (GY) up(t) ' <. 4

where x and y are the zonal and meridional separations of a pair of points separ-
ated by time lag t. This is a simplification of the form discussed by Seaman
(1975), in which the advective contribution has been neglected. Such a simplific-
ation is justified over most of Australia during summer (Seaman 1975, Table 1),
but the advective contribution may need to be considered in other seasons. The
computational advantage of expressing M(x,y,t) as a product of space and time
terms is that Eqns 1 and 2, which involve the inversion of an (n X n) matrix, need
to be solved only once, at a nominal analysis time. As indicated above under
Generalisation, predictions for any forecast period can then be obtained by,
applying Eqn 3 to the grid point analysis. If u(x,y,t) were not separable 1n this
way, Eqns 1 and 2 would need to be solved for each forecast period.

The space autocorrelation coefficients us(x,y) were approximated by

e, (6Y) = (1-L7% y®) exp (-0.5 L7 (x* + y*)) eer 5

and Hg, (X5¥) (1-L72 x?) exp (-0.5 L7%2 (x* + y?)) ces 6
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for the zonal and meridional components respectively, where L is a length scale
parameter (Fig 2). The justification for Eqns 5 and 6 is also discussed by Seaman
(1975), where a value of L = 1200 km was suggested. The time autocorrelation
coefficients uT(t) for each component, at time lags of 12 and 24 hours, obtained

from McRae (1971), were tabulated as a function of latitude only.

On the basis of Shaw (1968), who related observational error of WF2 radar
winds to pressure-height and layer mean wind between the surface and observational
level, the random error parameter (Eqn 2) was taken as 0.3. A correction factor
of (1 + \*) was applied to McRae's values of s in order to compensate for the
effect of random observational error.

PROCEDURE

Two versions of the statistical analysis-prediction model were tested in respect

of 12 and 24 hour predictions from base times at 12-hourly intervals (0000 and 1200
GMT daily). Model A used only synoptic 250 mb wind observations from the conven-
tional surface-based network corresponding to the base time. Model B used addition-
ally any aircraft reports between flight levels 32 000 and 37 000 feet during the
preceding 24-hour period, and winds from the conventional network during the pre-
ceding 24 hours when these would fill a gap in the base time synoptic network.

With each model, analyses and forecasts were obtained by sequential application

of Eqns 1 and 3 at each grid point. A point of practical significance is that

for model A, the optimum weights depend only on the fixed observing station loc-
ations, and were therefore computed once and for all. This was not possible for
model B, because of the presence of aircraft observations. The precomputation of
weights with model A enabled a reduction of about 40 per cent in computation time
over model B.

The predictions were verified against both the operational analyses on the
aviation grid, and station observations, using root mean square component and
vector errors, and histograms of vector error. For verifications at grid points,
statistics were also computed for a subset of points, subsequently referred to as
data points, which were usually close to conventional data (Fig 1). The apparent
errors at station locations include the effect of interpolation from forecasts on
the five degree grid. The user would be faced with a similar problem when inter-
polating from the forecast grid to a particular route. A two-dimensional second
order Bessel interpolation formula was used.

The winds predicted by models A and B were compared with the predictions from
NMAC's filtered baroclinic model, with and without manual modification, subsequently
denoted as models M and N. Model M was the NMAC operational product issued at about
0800 and 2000 GMT daily during the test period. As outlined in the Introduction,
the manual modification within the tropics for model M at 250 mb consisted of a
manual analysis used as a persistence forecast for 12 and 24 hours. Mainly because
of problems associated with their automatic recognition, aircraft reports were not
used in the NMAC numerical analyses at the time of this report. Therefore the
model N forecasts did not have the benefit of aircraft winds, but these data were
available, in manually plotted form, for use by the analyst in model M.

RESULTS AND DISCUSSION

Models A, N, and M were compared for 597 situations in the period from November 1975
to September 1976. As indicated in Figs 3(a) to 3(c) and 4(a) to 4(c), model A was
clearly superior to model N and slightly better ghan model M, in terms of r.m.s.
vector error, within the tropics (latitudes 12,5 and 17.5°) but the situation was
reversed outside the tropics. At latitudes poleward of 32.57, which are not shown

on any of the diagrams, model A was clearly worse than both M and N. A seasonal
trend in the crossover latitude is evident from Fig 5. The statistical signific-
ance of differences in r.m.s. error may be assessed on the basis of a standard F test,
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with the degrees of freedom adjusted for spatial and serial correlation of error.
The latter correlations are not well known, but any reasonable values result in
statistical confirmation of the above conclusions. The performance of A relative

to N and M in the tropics was better at 24 hours than at 12 hours, and better when
compared at data points than at all points. In terms of the percentage of errors
greater than 20 knots (ICAO criterion for amending forecasts), the model comparisons
are not shown but were similar to those from r.m.s. vector error.

The implicit difference in model comparisons over data-dense and data-sparse
areas should be considered in the light of verification difficulties over oceanic
areas. Some of the difference is probably illusory, particularly in the tropics,
because predictions by model M at latitudes 12.5 and 17.5° were simply persistence
forecasts from manual analyses. In the absence of information in a particular area,
the manual analyses (against which all the models were verified) are likely to
remain much the same on successive days, resulting-in a good verification for
model M. However, part of the difference is probably real, due both to the effect
of aircraft reports available to M but not A, and to the synoptic skill of the
manual analyst in utilising the few available winds in data-sparse areas.

Fig 6 indicates that the model A forecasts were better than both persistence
from the optimum interpolation analysis and climatology, as they should be when the
lag autocorrelation is reasonably well known.

Because of the effect required to manually extract and digitise the necessary
asynoptic data, model B was tested for a shorter period than was model A, For the
49 situations from 16 November to 10 December 1975 during which A and B were run
concurrently, a comparison (Fig 7) indicated a small reduction in error at each
latitude with the use of asynoptic data. The point by point comparison in Fig 8
showed that the reduction was due primarily to the area northwest of the continent,
where the analysis relies heavily on aircraft reports.

CONCLUDING REMARKS

The Results and Discussion above indicate that, equatorward of a critical latitude,
the statistically based 250 mb wind forecasts were slightly better than the NMAC
operational forecast at the time and superior to the filtered baroclinic model fore-
casts. The location of the critical latitude for 24-hour forecasts varied from
about 18 degrees (mid-winter) to 24 degrees (mid-summer). It therefore appears that
forecasts by the statistical method described can reasonably be used in the tropics
without manual modification, thus freeing the analyst for other tasks. Alternatively,
if the additional effort were considered worthwhile, an attempt could be made to
manually modify the statistical forecasts and achieve a further improvement. Such
amendments could be expected to improve upon the statistical forecasts mainly at
points remote from conventional observations, when the analyst has access to inform-
ation not available to the statistical scheme (e.g., cloud pictures or aircraft
reports).

The geostrophically based wind component climatology used during the test
period showed systematic differences from some observed long-term monthly mean winds
at tropical stations. Climatological fields based on a direct analysis of monthly
mean winds are now being used by the NMAC and should produce some improvement in
the statistical forecasts.

Some improvement in the statistical method itself might be achieved through
the use of autocorrelation functions which reflect more closely observed component
correlation coefficients. Seaman (1975) showed that systematic differences existed
between observed coefficients and the functions used here. Another possible re-
finement is the use of observed zonal winds in the meridional predictions, and vice
versa, by means of the cross correlation coefficients mentioned above in Application
to winds., However, in both cases it is doubtful whether the extent of improvement
would justify the extra program complexity and computation.
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