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ABSTRACT

A method for obtaining a surface pressure
forecast is tested in which height changes at
1000 mb are assumed to depend on 500 mb
height changes from a barotropic forecast and
advective thickness changes for the 500-1000 mb
layer. The method was found to have limited
usefulness for the Australian region since the
major errors were associated with the barotropic
forecast at 500 mb. However, improvements in
the surface pressure forecast were obtained when
the stability of the atmosphere was incorporated
in the forecast scheme. The RMS error in the
surface pressure forecast was of the order of
4 mb while the average Teweles skill score was
was 55. ' '

1. INTRODUCTION

One of the most encouraging aspects of the application of established dynamical
principles to forecasting in the Australian region has been the relative success of
equivalent barotropic forecasts at 500 mb. Notwithstanding the sparse data network
and comparatively low latitudes involved, useful predictions out to 36 hours are
being obtained.

In order to make full use of these forecasts it was decided to investigate a
fairly simple extension to the model which would provide associated surface pressure
forecasts and at the same time be economical in computer time and space. While
the results might be expected to have limited usefulness, they would provide a basis
of comparison for more sophisticated numerical models subsequently developed.

" The basis of the expanded forecasting method is that height changes at 1000 mb
are dependent on the height changes at 500 mb (given directly by the barotropic
forecasts) and on the thickness changes of the layer between these two levels.

2. THE BASIC EQUATIONS

The method used is based on the Sea Level Pressure Model developed by
Wolff and Ayres (1967) at the U.S. Fleet Numerical Weather Facility (FNWF),
Monterey. Modifications were made to suit Australian conditions and a further
variation introduced which takes into account the variable stability of the atmospherg.
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The FNWF Model

The expression for the local hei‘ghf tendency(azlo/at) at 1000 mb can be
written as:

RITRE rEARE A RE R PR AR ISR -
where Z_ is the héight of the 500 mb surface, V is the mean wind of the 500-1000 mb’
layer, h7is the 500-1000 mb thickness and B and K are empirical constants less

than one, which are included to compensate for non-adiabatic heating and vertical
motion effects (Hughes, 1957). The FNWF method applies equation (1) to an atmo-
sphere divided into two layers, 500-850 mb and 850-1000 mb, giving in finite
difference form:-

AZB = Bl A25 - Kl AHﬁ

(2)
BZ)o = By.bZg - KyAH - K AH

where AZS, AZB’ AZ

10 are time-step height changes at. 500, 850 and 1000 mb
respectively, S '

and AHu = - Vu'V(ZS—ZS) At

VH2

_VQ.V(ZS_ZIO)'Vt

are the advective thickness changes in the upper and lower layers. The constants
Bl_'1 and Kn depend on the synoptic conditions, the season, and the forecast time-step.
(K3 also depends on terrain height). ‘

The Variable Stability (VST) Model

- A similar set of equations can be derived when the stability of the atmosphere
is taken into account (Lowry and Danielsen, 1968). The basic idea is that the
displac‘emeht of surface pressure systems with the upper flow depends on the vertical
coupling, i.e. the static stability of the atmosphere. The reflection of upper height
changes to the surface also depends on this. Consequently, if the constants used in
the FNWF model can be made to vary over the grid in accordance with the stability,
improved results might be obtained.

For this model, the vortiéity equation is applied at the 1000 mb level and the
thermodynamic energy equation is integrated between 500 mb and 1000 mb (Lowry
and Danielsen, 1968). The vertical velocity is eliminated between these two equations
and the resulting forecast equation is: '

3z K 3z K
o _ < %ok :
st T 3t YT V) (3)
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where: K =7

and o=—= = - (5)

'Here f is the coriolis parameter, ¢ is potential temperature, p is atmosphéric density

a is specific volume, p is pressure, Py is the 500 mb pressure and g is the
acceleration of gravity. ’

Equation (3) can be applied to two atmospheric layers in the same manner as
the FNWF model. The grid-point dependent parameter ¢ varies inversely with the
static stability ¢, and so the factor -1%2 increases slowly as the stability decreases.
In the vicinity of a low pressure area or trough, the 500 mb term has a ¢onsiderable
steering and height change influence at the surface and the thickness also tends to
contribute to development; on the other hand, a high pressure area generally has
higher static stability .and the height change influences are smaller.

3. METHOD OF APPROACH

Initially, the programming and development was based on the FNWF model.
The 500 mb height changes were given by the barotropic forecast equations on a
24by 39 grid with one hour time steps, centred finite differences and using the
Arakawa Jacobian (Maine, 1967),.

Suitable values for the constants in equation (2) have been given previously by

‘Wolff (1967) for the Nor thern Hemisphere

Writing: K1 = Kllcf
= K _.C
KZ 22 f

K3 = K33YCf

where Y is the terrain dependent term, then estimates for the constants are:

Kll’KZZ’K33 close to 0.75
Bl, B2 close to 0.5
Cf decre.ases from 1 to 0.5 o.ver the 24-hour
forecast period
Y ( 1-h(t)/h(850) for 0 < h(t) < .h(850)
(1 for h(t) £ ©
where h(t) = terrain height,

h(850)

standard height of 850 mb surface.
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Forecasts were made using different values of these constants to determine
suitable values for the Australian region. At the same time, systematic variations
were sought in the constants which gave the most accurate results. No such systematic
trends were readily observable however, and so the VST model was tested and
compared with the FNWF model, : '

e _ o
The VST equations are obtained by substituting S = 77 for the 500-1000 mb

layer in equation (3) ,Then, including the damping term Cf as in the FNWF method,
this equation becomes:

for 1000 mb- AZlO = SCfAHu'— SCfAZ5 - SCfAHQ )
) (6)
and for 850 mb AZB = SCfAZ5 - SCfAHu )

The quantity S=S(i, j) is a function of the atmospheric static stability at each
grid-point, since K 1is inversely proportional to ¢ (equation (4)). Given temperatures
corresponding to the initial height fields, the static stability field can be calculated
from equation (5) for the. atmospheric layer considered in the forecast system. Since
temperature is not forecast by the model, changes in ¢, and thus changes in S,
cannot be calculated directly or easily. Consequently, the field was assumed to
remain constant throughout the forecast period. Some attempt was made to vary S
with time through variations in the forecast thicknesses (which imply temperature
changes). However, the errors involved prevented realistic evaluation of S.

Results from the two models, FNWF and VST, are compared for a number of
24-hour forecasts, using several verification methods. Initial testing and determination
of constants are found in the next section, while comparisons between the FNWF and
VST methods are given in Section 6.

4. RESULTS

Testing of the constants in the FNWF Model

The constants Kll’ KZZ, K33, Bl, B2 and Cf were varied in the following
manner:
Bl, B2 = 0.3 0.4 0.5 0.6 0.7
) s = . .6 0.7 0.75 0.
Kll KZZ K33 0.6 0. 65 8
Cf = 1.0 atf =0, where f = hour of

forecast. Cf is reduced by a

factor T every 6 hours, where
T =0.8, 0.82 or 0. 84.

The resulting forecasts were compared with subjectively analysed charts, in
particular for movement and intensity changes of highs and lows. The best values for
each constant were not entirely independent of the others, but B, and B_ were found

to have relatively more effect on the forecast result. Suitable sets of values for the
Australian region for five situations tested are given in Table 1.
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Table 1. Optimum tuning constants for FNWF forecasts

Time/Date Time/Date Individual Optimum Values | Optimum Values Overall

Initial Day Forecast B, B2 K, K., K., T

23Z on 14/3/69|23Z on 15/3/69 0.5 0.5
23Z on 21/5/69| 232 on 22/5/69 0.4 0.4
23Z on 1/7/69|23Z on 2/7/69 0.6 0.6 0.7 0.7 | 0.75]| 0.82
23Z on 31/7/69|23Z on 1/8/69 0.3 0.3
23Z on 7/9/69|23Z on 8/9/69 0.5 0.3

Attempts were made to relate these optimum values to prevailing atmospheric
conditions such as stability, and wind speeds, temperature and thickness advection,
but with little success. The optimum constants depended considerably on accuracy
of the 500 mb barotropic forecasts, tending to overshadow the other effects (the
dependence will be seen clearly in Section 6).

This method of assigning values to the multiplicative constants is thus
unsatisfactory for individual forecasting situations. In spite of this difficulty in
setting constants, some general features of the forecasts were apparent. '

Fig. 1 shows a plot of the error in the forecast against the actual forecast
value of central cyclone and anticyclone pressures. The five initial test situations
are combined and the diagram shows a tendency for the central pressures to be
overforecast, particularly in anticyclones. This led to the forecasting of unrealistic-
ally strong gradients in many cases. Similar results have been reported for the
Northern Hemisphere, using similar methods, for example Lowry and Danielsen (1968).

For the same test situations, the average error in predicting the position of
low and high centres was about 2 grid units. The error in predicting movement of
anticyclones had no consistent pattern, but the forecast movement of lows was
underestimated more often than overestimated.

Both the movement and intensity errors discussed here, point to a need for
decreasing the contributions to change at the surface in and around highs and increasing
the contributions near lows.

In an attempt to correct these errors in a manner as realistic and consistent
‘as possible, the stability modification was introduced. Direct smoothing of the
forecast fields would partially correct the unrealistically strong gradients and
intense anticyclones, but the lows would also be smoothed and the incorrect movement
of systems would not be modified. On the other hand, the introduction of the stability
factor has more meteorological significance, and from the discussion in Section 2
should improve the forecasting of movement and intensity changes of the major
features.

The situations chosen for detailed comparison between the FNWF and VST
methods had good objectively analysed initial and verifying.fields available. This
enabled detailed verification for an overall estimate of the performance -of the model.
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Fig. 1 * Error in forecast surface pressure versus the fore;ast pressure for the centres of highs and lows.

5. METHODS OF VERIFICATION

The forecast levels of 500 mb, 850 mb. and 1000 mb were subjected to statistical
verification over the grid area shown in Fig. 2. The verifying area is centred on the
maximum data region where the analyses are expected to be most accurate, and is
well removed from each boundary so that the influence of boundary errors on the
verification results is kept small. »

The statistics used are:

(i) RMS height error and standard deviation

(ii) bias or average height error
(iii) correlation coefficient of observed VS predicted

(a} height changes

(b) vector changes
(iv) RMS vector error of geostrophic wind in knots
(v) skill score for change in geopotential height.

. As well, the surface pressure charts were tested for movement of lows and
highs and prediction of central pressures,
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Table 2. Verification Statistics for the 1000 mb Height Forecasts
to compare the FNWF and VST Models.

A = Constant Static Stability
Forecast (FNWF)

B = Variable Static Stability
Forecast (VST)

Date :
1/10/69 2/10/69 15/10/69 16/10/69 22/10/69 23/10/69
Statistic
A -68.73 -14.72 3.15 95,56 -96. 84 -23.33
Bi ht _
ias (ht) 5 5489 -13.45 3.61 89. 88 -77. 48 -28.13
Mean A 103, 45 53,99 66,14 98. 25 129. 00 125, 04
Deviation
B 88, 44 51,20 63.55 92.03 109. 86 113, 81
S.D. of A 108.19 68.72 90. 90 66. 30 126.76 156. 47
ht Error B 103. 49 66.25 87.56 59. 06 110. 35 140,76
RMS ht A 128.18 70. 28 90.95 116, 31 159.52 158. 20
Error B 117.15 67. 60 87.63 107. 55 134, 84 143, 54
C.C. A 0.2297 0.5568% 0, 6682% 0. 6650 0.2813 0.2575
ht Change B 0. 3423 0.5378  0.6739 0. 6657 0.2776 0.2791
RMS A 14,73% . 15,91 17. 34 13.59 20, 87 22.47
Vector
Error (kt) B 17.83 15, 42 15.17 12.50 17.52 19.72
C.C. A 0. 6508 0.3139  0.5035% 0.5267% 0.5177 0. 4643
Vector '
Change B 0. 4313 0.3357  0.4617 0.5239 0. 5382 0.4744
Skill Score A -1.81% 0. 09 0.53 -1.78 -4,26 -0.77
Geop.
Change B -2.04 0.16 0.57 -1.38 -2.76 -0. 46

* FNWF result better than VST result.
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Since the lower level forecasts are derived from the barotropic 500 mb
forecast, the results for these levels will be related to the 500 mb statistics. The
relation between the upper and lower level statistics indicates the accuracy of the
advection technique.

6. VERIFICATION RESULTS
Comparison of FNWF and VST Forecasts

Table 2 contains a set of statistics for 1000 mb for six cases comparing the
FNWEF and VST forecasts. An asterisk appears beside statistics which show better
FNWEF results than VST results. For each situation tested the VST method was
superior since nearly all the statistics implied improvement over the FNWF method.
However, the improvement indicated by the statistics is not very great and this is
confirmed by inspection of the forecast fields. Fig. 3 gives an example of the
surface pressure forecasts using the two methods.

The initial situation consisted of a surface trough extending from the Tasman
Sea northward across the Australian continent (preceding the upper trough). Low
stability was associated with this trough, particularly in the north. The surface
pressure forecasts for 24 hours shown in charts B and C of Fig. 3 both predicted the
ridging of the high behind the trough, but the gradients are much tighter and more
unrealistic.in the FNWF case {chart B). The anticyclone central préssure in the
VST case (chart C) is closer to the observed value but is still too high. The stability
dependent factor has helped to weaken the gradient and reduce the high pressure. The
barotropic 500 mb forecast (chart A) contained positive height errors in the region
of the ridge (compare charts A and D). Surface high pressure errors in the VST case
are closely related to these positive 500 mb errors. Visually, the forecast fields
for this situation have not been improved greatly by the inclusion of stability effects.

The examples just given show that the major problems of high central
pressures in anticyclones and over-intensification of height gradients have not been
completely overcome by incorporation of the stability terms, although some improve-
ment has been made. Comparison of movement and intensification of the major
systems by the two methods is given in Tables 3 and 4. Theses tables give the average
errors for the situations tested and show that with the VST method the central pressure
errors of cyclones and anticyclones are reduced on the average by about 15 percent,
while the movement errors are reduced on the average by about 10 percent.

Consequently, while the introduction of the variable stability method had
definite value, it did not account for all of the systematic error. By comparing the
error field with the forecast field, it is possible to see if the errors are closely
related to the actual heights. This is done in Fig. 4 where the height error at each
grid-point is plotted against the forecast height. The spread of points shows that
only a small portion of the error is a function of the predicted height. This means
that empirical adjustment of the height field will be of only limited value.






