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ABSTRACT

Fields of MSL pressure, surface temperature
and low cloud cover are used as predictors to
forecast Adelaide maximum temperatures. Al-
though this is an exercise in multiple linear
regression, multivariate procedures are used to
minimise difficulties arising fromlarge numbers
of correlated predictors. Thus there are prin-
cipal component analyses on fields of meteoro-
logical variables with illustrations of their met-
eorological application in a specific problem.

The results indicate that a non-linear model
is necessary. Itis also noted that the method
has a more general application, because fields
of variables are used and stations in the settled
areas of South Australia and western Victoria
are within its field of application.

1. INTRODUCTION

The aim of this work is to show how statistical methods may simulate
experienced temperature forecasters. Temperature forecasting will continue to
depend on experience for some time to come, even though there are rapid develop-
ments occurring in meteorology. It may be perhaps ten years before the traditional
methods are replaced by computers using realistic physical models of the
atmosphere.

Meanwhile, to forecast temperatures we must accept the currently avail-
able data, which fall far short of giving the complete and accurate description of the
atmosphere required by the prospective numerical methods. To do this we need a
physical model only as complex as the data justify, and using statistical methods we
can obtain objective formulae which may provide useful interim results while we await
new developments.

2. DATA

Just as the experienced professional forecasters require a large fund of
previous experience, so does an equivalent statistical procedure. For this purpose
fields of MSL pressure, surface temperature and low cloud cover were collected for
the period of the year January 22 to April 21 over the fifteen seasons 1950 to 1964.
The pressure field goes from longitude 120° to 160°E and from latitude 20° to 4505,
while the temperatures range from Kalgoorlie to Sydney and Oodnadatta to Hobart.
The cloud cover field is smaller and extends from Ceduna to Nhill. Fig. 1 shows
the geographical disposition of the point sources.
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The use of fields allows the possibility of forecasts for any station in
South Australia and western Victoria. So far, twelve stations ranging from Ceduna
to Melbourne have been considered. At Adelaide, which is a test case, eleven temp-
eratures 6 to 30 hours on from the closure time of 3 p. m. have been investigated.
This paper is concerned with Adelaide maximum temperatures.

Other work directly on this problem has been carried out by Maine (1958,
1959) and Seaman (1965 a, b). Seaman's work is to some extent an extension of
earlier work by Jenkinson (1957, unpublished).

3. THE MODEL

Consider the model of temperatures where

T = T + To + T + T

R S C E
and
TR is the representative temperature,
Tg the effect of the sea breeze,
TC. the chilling due to overnight cooling,
TE the transient effects due to such phenomena as hail showers,

local rain, turbulence overnight, etc.

For maximum temperatures T and Ty were neglected, so there .were the repre-
sentative temperatures Ty and the sea-breeze Tg to consider.

T, the representative temperature of an air mass, occurs when vigorous
mixing is present in the lowest few thousand feet. If we consider

d 10,40 _ *TrRae, *TrRoag  ?Tr

T T 5§ dt | ot e (1)

where
6 is the longitude,
b the latitude,
t is time,
then for forecast ix%ervals up to 30 hours it is a matter of experience
R .

that we can set Tl 0. In other words there is no significant change in the

properties of the air mass; the changes are due to movement over the station of the

spatial temperature pattern. The velocity components %tg (+ve to E) and j’c (+ve to N)

come from the MSL pressure chart. If p is the MSL pressure at position 8, ¢ and
time t, then using the geostrophic relation and ignoring differences in sin ¢

de _ 3 dg _ ap
——k—ag andE—-kae

dt




and after substitution in'(1) we obtain

) 5
dT TR TR 3

—= k& 5 55

where
k is a constant.

Which gives the basic prediction relation utilizing the pressure and temperature
fields,

For Tg, the sea-breeze effect, three factors are considered. Firstly there
is the seasonal component due to the annual trend in the temperature difference
between the sea-surface and the adjacent land surface. Then there are the daily
fluctuations in cloud cover which directly affect the land surface temperatures, and
finally there is the W-E component of the geostrophic wind. This affects the rate
and extent of the inland penetration of the cool maritime air lying along the coast.

4. STATISTICAL REPRESENTATION OF FIELDS

Before proceeding further, we need to take into account that the 25 MSL
pressures, the 22 surface temperatures and the 12 low cloud covers are strongly
correlated and subject to error. We do this by the method of principal components,
due to Hotelling (1933). This gives an alternative description of the data which
replaces the original set of, say m, numbers by a new set of m uncorrelated numbers
which are ordered according to their descriptive power. If we use k¢m of them we
get the best possible description of a field (minimum average error) using only k
numbers, e.g. with MSL pressure fields k was set to four in lieu of a possible 25.

It is easy to see what happens if we consider a sample of n sets of three
correlated variates with nearly equal variance. Plot them as a swarm of n points in
a coordinate system OXI' OXZ' 0X3. The cluster will centre about the point 0',
coordinates &1, X, §3), and if there is a very strong correlation structure the swarm
will lie within a flat pancake-like or needle-like ellipsoid. Considering the latter
case, we find the principal axes of the ellipsoid and these become the new coordinate
system O'Yl, O'YZ, O'Y3 where the new axes are ordered according to the lengths of

the principal axes. ' Any observation, coordinates (le? X ,has coordinates

o Xo.)
. 2j 3j
(ylj’ ij' Y3j) in the new system. If we take (Ylj" 0, 0), the point will shift but little

because ij and y3j are typically small compared with ylj’ but we have gone from

three dimensions to one. In the original coordinate system we will notice very little
difference. This is illustrated in Figure 2.

3 n 2 3 n 2
Notice also that X 2 y.,. = z z (x.. - X.)"; 1in other
: Lo ij L ~ i) i
i=1 j=1 i=1 j=1
words the sum of the variances is invariant. In this example the variance of y, will
nearly equal the sum of the variances of the three x's. The small remainder will be
shared between Y, and Y3 Since a part of the variance of x's is due to error rather

than physical causes, if these errors are independent and of equal magnitude, the
same errors will be present in the y's. It is therefore likely that the variances of
v, and y3~are largely random error, while in Yy the contribution of random error to

the total variance is relatively smaller, for although it is absolutely the same, the
variance of Yy is up by a factor of about three. So by using Yy only, we not only

obtain a simpler description but we remove two-thirds of the random error, and the
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relative contribution of the remaining one-third is reduced. The general argument
extends to an m-dimensional space, e.g. for pressure m = 25.

These are very important considerations when the x's are predictors in
multiple linear regression. When there are many highly correlated pre-
dictors with error, as we have, if we use too many dimensions there is a serious risk
that our prediction equations may strongly depend on random error. This must be
avoided, otherwise our results may not be applicable to new data. The method of
principal components allows us to move into a new reduced coordinate system which
largely overcomes these difficulties,

Let us see how this has worked with MSL pressure charts. We can calcu-
late the effect of deleting all principal components beyond k and the resulting average
RMS error. These RMS errors corresponding to various values of k are shown in
Table 1.

Table 1. Errors in representation using only k principal components

Values of k 0 1 2 3 4 5 10 15 25

RMS error inmb 5.8 4.4 3.3 2.5 2.1 1.8 1.0 0.7 0.0

For k=4 the error is about iZ mb, while for k=10 it is about il mb. So we
have a criterion for choosing the level of accuracy we think our situation warrants.

What do these new representations look like meteorologically?

Initially we consider the j‘Ch pressure field (at time }'i) as 25 point pressures
] - N - . at . . .
Py = Eplj'ij p25j]' Let the direction cosines of the it principal axis be
Ehli’ hy. ... hZSi] and if H is the orthogonal matrix whose rows are these sets of

direction cosines which specify each new axis, then the principal components of
pj, Zj’ are given by

Y1Jj Py; 'Pﬂ
y2j = I;I ij 'pz
¥25j P25 P25
] | 2 22

where the p; are the arithmetic means of the pressures at each of the 25 point
sources. Reversing this transformation by premultiplying both sides by H' and
expanding we get

pl‘ﬂ _51—1 —hliT 25 hy; |

k
p2j = P, + 2 Y. - hZi + z V.. hZi

Por: . P h, .. h, ..
| P255) | P25 251 [ "25i



As previously indicated in the illustrative example, the approximation consists of
setting Yij = 0 for i=k+l ... 25.

We can write these vectors as fields, because implicit in the subscripts 1
to 25 is a geographical array of point sources so we may put

k
p(6.4,t) ¢ P_(6,8) + L () P,(6,¢)

i=1
where
Po(e, b) is the mean pressure field
Pi(O, é) are unit orthogonal surfaces corresponding to the rows of H
Hi(t) are the principal component values Yij'

These fields are displayed in Figs. 3 to 7.

Figure 3 displays P_ (6, 4), D the new origin. To this map is added a set

of component maps which have fixed shape according to the P; (8, ¢) but with sign and
magnitude determined by the Hi(t)' Fig. 4 shows P1 (0, #) the first principal axis.

When Hl(t) is positive the resulting pressure map, P1 (0, 4) x Hl(t), is a high over
Tasmania, the intensity of which is directly proportional to Hl (t), Figs. 5 and 6 show
P2 (6, ), the second principal axis, and P4 (8, ¥), the fourth principal axis. The Hi

associated with these three patterns describe the longitudinal positions of the highs
and lows as they move across the region. Fig. 7 is P3 (8, ), the third principal axis.

It is different from the previous three in that the I, describe the latitudinal shift in

3
the high pressure belt. The H3 have a strong seasonal trend (Veitch 1965)

Two particular pressure maps are depicted in Fig. 8 which shows the
first 10 H's for January 30 and March 30,1968, when Adelaide's maxima were 109. 5°
and 64.5° respectively. The values for January 30 are shown by the left hand bars.
The major differences between the two situations are in the HZ and HS. Fig. 9 shows

the information of January 30 in a more familiar context. It is the reconstructed
chart generated by adding the 10 component pressure fields to the mean field.

Fig. 10 is the actual chart on January 30. The main deficiency in the fit is that the
low at the head of the Bight is not as intense in the reconstructed chart. Fig. 11 is
the reconstructed chart on March 30 while Fig. 12 is the actual chart. Here the
match is excellent.

The surface temperature and low cloud cover fields were treated similarly.
S

5. THE MODEL IN RELATION TO THE STATISTICAL REPRESENTATION

For maximumtemperatures, which typically occur about 24 hours after
closure, k was set to 4 for the MSL pressure and surface temperature fields and to
3 for the cloud field. Thus

4

p(6,8,t) 3 P_(6,8) + ~21 L(t) P,(e, )
1=

_ 4
T(O, 4, t) = T_(6,4) + L () T,(8,4)
i=1
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and
R(6,8,t) 3 R (8,4) + 1 p(t) Ry(6,)

i=1

s0 we have gone from 25+22+12 = 59 highly correlated numbers to 4+4+3 = 11 numbers
which have zero means and zero correlations within each set. The partial derivatives
with respect to 8 and ¢ remain linear combinations of the II; etc., so when we sub-
stitute in the basic prediction relation and set N (t) = 71,(t)=1 for all t, then

4 4
L TREAD T ] e no g
i=0 j=0

where the aij(e,gﬁ) are the collected coefficients of like terms;

and for the advective tendency we have (5x5)-1 = 24 variates., They include a good
deal more than just the advective tendency, e.g. the T provides the initial temperature
field at closure and the Il not only the initial pressure field but a crude estimate of the
time rate of change of pressure.

This last point deserves further description. Assume the pressure fields
move according to velocity fields U(8, #) and V(8,4). If there is little change in the
shape and intensity of the pressure systems, which is often the case over 24 hours,

we can set -g_tR = 0 and then

d
Ef—(e,,é,t) - %% U(e,,él) + %% v(e,d) .

On substituting for the partial derivatives we have

4
d - '
2 (e.b) 2 izo b(0.6) T(t) .

1

where the b-l(e,g{) are the collected coefficients of like terms.

Because fields of cloud are closely associated with high and low pressure systems,
likewise p,, 0, and p, not only describe the initial state but also the time-rate of
change of the K fields. '

A constant velocity field for the advection of pressure patterns is an over-
simplification, so the velocity fields were given the form
4

U(e»’ért‘) = Z Ui(e:é) Hi(t),
i=0

S

v(e,é,t) = [ V6.4 wL(t)
i=0
After substitution in
BRI S CHFD IS FEOE

this gives (5x5)-1 = 24 product terms of the type Hix HJ,, ij = 0,4. So the movement
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of the pressure patterns is allowed to depend on the systems themselves. These
terms interact with the T of the temperature field to give a first order adjustment
to the basic advective prediction.

For the sea-breeze effect the situation is equally complex. The seasonal
effect was allowed for by (t-66.5) and (t-66. 5)2, where t is zero on December 31.
These variates perform a similar role to the appropriate harmonic functions but
are completely uncorrelated over the three months being considered. The daily
variations in cloud were taken into account by 01, p 2 and 03, while for the easterly

component of the geostrophic wind I, was used. This was done because in a 24 hour

prediction scheme for the easterly component at Adelaide, H3 dominates the
prediction.

So we have

[l,t-66. 5, {t-66. 5)2] [:1 H_;] [1 PP 93:)

interacting with each other, i.e. a set of (3x2x4)-1 = 23 variates to consider.

Clearly the prediction model is non-linear in the principal components and
seasonal effect. However, these product variates have quite good statistical pro-
perties because the 1, T, p and t variates all have zero means and are orthogonal
within each set. In fact the variance covariance matrix is very well conditioned, not
being that far off a diagonal form.

6. RESULTS

The application of multiple regression to the situation gave 14 significant
variates. These are indicated in Table 2. The squared values of 't' give a rough
idea of the contribution to the prediction of each variate because of the well
conditioned variance covariance matrix. The greatest contributions come from the
linear effects and a recalculation using these only caused the square of the
correlation coefficient between forecast and observed values to drop from 0. 81 to
0.72, i.e. roughly a 50 percent increase in the error variance when the non-linear
variates are omitted.

To test the statistical stability the sample was split into halves. The sub-
sequent heterogeneity tests were negative. Then the regression equation from the
first half was calculated and used to predict values for the second half - a completely
independent test. This gave an error variance only 4% higher than that of the regres-
sion of best fit using the second half. These are very satisfactory results and they
suggest that the regression can be confidently used in the future with a consistent
performance.

7. CONCLUSION

The application of statistical methods to fields of MSL pressure, surface
temperature and low cloud cover at closure time produces results which are
statistically stable, even though a large number of highly correlated results with
error were initially utilized. This was done by utilizing principal component des-
criptions of the fields and then using appropriate products of the new variates. The
method has a general application and could be useful for some time.






