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ABSTRACT

Step-wise screening regression procedures have been applied to
observational data on the paths of tropical cyclones in the
southwest Pacific region between 5°S and 30°S and between
145°E and 150°W. The previous 12-hour displacement was found
to be the most important predictor for future cyclone movement
in both meridional and zonal directions. Terms depending on
the cube of the previous 12-~hour latitude or longitude dis-
placement also appear to be statistically significant. Test-
ing of the derived prediction equations on independent data
yielded mean vector errors of approximately 109, 248 and 409
kilometres for the 12, 24 and 36-hour forecasts of cyclone
displacement. These errors are of the same order as those
obtained by the analog scheme of Brand and Blelloch (1976) but
are rather less than the errors reported by Annette (1976) for
current predictions in the Australian region.

INTRODUCTION

Although tropical cyclones have been studied in the southwest Pacific region for
many years (Kerr 1976) there has been little published work on the development
of objective methods for the ptediction of cyclone movement in this area.
Predictions by the various meteorological services concerned with the southwest
Pacific have normally been made by subjective methods, and detailed statistics
regarding the accuracy of the resulting predictions are not readily available.

Annette (1976) has commented on the limited amount of information available
regarding the accuracy of current predictions of tropical cyclone movement for
the Australian region. His data showed a 24-hour mean predicted position error,
for 43 storms in the southwest Pacific region, of 265 km.

Brand and Blelloch (1976) developed an analog prediction scheme for the
southwest Pacific with weighting factors corresponding to persistence and
climatology. The scheme was tested on 41 cyclone tracks drawn from independent
data and resulted in a mean vector error for a 24-hour forecast of 243 km. This
is in good agreement with the value given by Annette. Taking into account the
average 24-hour displacement of a tropical cyclone in this area (found in this
study to be ~ 400 km - see Table 1), it is clear that forecast accuracy
currently obtained is not very high.
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During the last fifteen years the National Hurricane Center at Miami has
developed a number of statistical methods for the prediction of the motion of
tropical cyclones in various areas (Miller and Chase 1966, Neumann and Lawrence
1975, Neumann and Randrianarison 1976) and these are considered to have contrib-
uted to the increasing accuracy attained by NHC predictions during this time.

In the present study it was therefore decided to apply statistical (specif-
ically regression) techniques to the tropical cyclones in the southwest Pacific.

Table 1 Statistics of the average motion of storms that have been of at least
gale force for 12 hours (units - tenths of a degree lat. or long.)
according to (i) months (ii) decade (iii) latitude zone and (iv) long-
itude zone. Difference between degree lat. or long. ignored in vector

calculation.
Mean Mean Mean
Mean Mean magnitude magnitude magnitude
Data No. of southward eastward of vector of of
stratified cases displace~ displace- displace~ southward eastward
according N ment ment ment displace- displace-
= = aZ am?2 31
to S12 E12 (512+E12)/é ment ment
12| EY
(i) months: Jan 378 10.2 5.7 19.2 10.8 14.1
Feb 390 8.1 -2.3 16.8 9.1 12.4
Mar 312 9.6 3.5 17.6 10.5 12.4
Nov, Dec, Apr 360 10.4 11.1 19.9 11.2 14.5
(ii) decade: 40s 422 10.1 2.0 17.6 10.4 12.9
50s 508 9.1 2.8 18.6 10.2 13.6
60s 510 9.6 7.9 18.8 10.6 13.6
(iii) lat. zone
N of 15°8 403 8.1 0.9 14.9 8.7 10.6
15° - 20°S 667 9.3 3.8 18.4 10.4 13.4
20° - 25°8 443 14.3 9.4 25.0 15.0 17.6
S of 25¢g 225 14.1 13.4 26.8 15.2 19.2
(iv) long. zone
W of 160°E 419 8.9 2.9 16.9 10.0 11.8
160° - 175°E 619 11.1 4.4 20.9 12.1 14.9
175°E - 170°W 482 11.9 8.0 21.5 12.7 15.1
E of 170°W 218 11.4 10.5 23.1 12.4 17.7
BASIC DATA

The basic data used in this study are taken from Kerr (1976), and consist of the
tracks of 194 tropical storms and hurricanes in the southwest Pacific north of
30°S for the period November 1939 to April 1969. Each track was plotted from
the point at which the tropical disturbance, which later developed into a trop-
ical storm or hurricane, was first located. Tracks were terminated near 30°S.
The tracks were based on a careful re-analysis of all available data but as no
satellite pictures were available until 1968, the positions of cyclones for
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earlier years are likely to be less precise, especially when the cyclones were
remote from land. These data are used in the present study to derive a statist-
ical scheme for the prediction of tropical cyclone movement in the southwest
Pacific area.

STATISTICAL PREDICTION SCHEME

The present study is aimed at determining the accuracy with which the movement
of tropical cyclones in the southwest Pacific can be predicted using only ele-
ments of the previous path of the storm.

The basic statistical technique employed is a forward step-wise screening
procedure combined with standard multiple regression to yield an equation of the
form

=B+ + ...+ B
¥ =By, * B X n

where m is the number of predictors in the regression equation, Y is an estimate
of the predictand, the Xs are the predictors selected by the screening proced-
ure, and the Bs are regression coefficients derived from the developmental data
sample. Regression equations for the prediction of 12-hour, 24-hour and 36-hour
displacements of tropical cyclones were derived, utilising as fully as possible
the basic data described in the previous section. Computer programs for the
analysis were obtained from The Statistical Package for the Social Sciences

by Nie et al. (1975).

Predictors and predictands

A typical track from Kerr (1976) is characterised by a succession of 12-hourly
positions of the cyclone but no other data are available. The meridional and
zonal displacements undergone by the cyclone in the previous 12, 24, 36 and 48
hours are used as the main predictors for the corresponding displacements in the
subsequent 12, 24 and 36-hour periods. Displacements in the southward and east-
ward directions are taken as positive.

Main predictors are designated:

S S and S_

24" 16 for the past meridional displacements in the times

5127 48

(hours) given by the suffixes and

E E and E_ for the past zonal displacements. The variables

E
-12° T-24" "-36 48

to be predicted (predictands) are denoted similarly by

s ,S.,S_,E__, E and E_ .
12 24 36 12 24 36

A track containing N points yields (N-7) sets of predictor-predictand data,
since some points near the ends of the track cannot be used. These sets are
called cases. The total 194 tracks listed by Kerr yielded 993 cases in all.

It was considered that latitude and longitude variables might be of some
value in prediction. Accordingly, La, the number of degrees south of the equat-
or, and Lo, the number of degrees east of 145°E, were included in the list of
possible predictors.
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As pointed out by Hutchings (1953) and confirmed by the data presented by
Gabites (1960) and Kerr (1976), there appears to be some systematic change in
cyclone behaviour according to the time of the year. They suggested that a
westward component of motion was more likely near the middle of the cyclone
season than at other times. To test whether this tendency is of any value in
prediction, each cyclone track was characterised by a variable D (number of days
elapsed from November 1 to date of formation of the cyclone) and by MD=|D—9O '
the variable MD being included as an additional predictor.

The data given in Table 1 show that the average tropical cyclone in the
southwest Pacific is accelerated towards the south and east. The work of Rossby
(1948), Kuo (1969) and other authors has given some theoretical basis for such
effects but an approximate estimate indicates that theoretical values are in
most cases rather greater than those actually observed. It therefore seems
likely that tropical storms are subject to small resisting forces that tend to
reduce their forward motion. These forces could be due to surface frictional
effects and in that case might, to a first approximation, be represented in a
regression analysis by terms proportional to the square or cube of the velocity
of the cyclone. Variables given by

2 3 2 3
(s 1,02 (5,,0% (E;,)% and (E_},)

as representing resisting forces, were therefore included as possible predict-
ors.

Thus, on the basis of the above discussion, the following variables were
taken as predictors

)2 )3, s )2, (E

S 24"

S

_36' S

_4g¢ Las E

512 _120 (Bpp _12

E

‘047 E

36’ E

48" Lo and MD.

Using these predictors, multiple regression equations for the predictands

512' 524, 536' E12' E24 and E36 were computed for the total 993 cases.

Correlation matrix

Examination of the correlation matrix for the regression variables shows that
the proposed predictor variables in each direction

(E_. )2, (E_, )3

(i.e. S 12

-12"

’

2 3
(S_l )4, (s )°. S ] and E_ 12

2 -12 -24' “-36' "-48 127

E , E + E

24 16 8) are, in each group, highly correlated among themselves.

4

As a result, problems of multi-collinearity may arise and regression coeffici-
ents may be rather unstable if more than one variable from each of the above
groups is entered into the regression equation.

However, with the data used here, when this situation does occur the first
predictor to be selected from a particular group has a much higher F-value than
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predictors subsequently selected, and these latter predictors can then be elim-
inated from the final regression without much adverse effect on practical pre-
diction. The correlation matrix also shows that there is little or no cross-
correlation between south and east variables, whether occurring as predictors or
predictands.

Statistical data

In order to properly assess the accuracy attained by any prediction scheme for
the future displacement of tropical cyclones, it is useful to have a statistical
picture of the average cyclone motion, its seasonal and secular variations, and
its distribution with latitude and longitude. These data are summarised in
Table 1, which contains the mean values of the variables S12 and E12 as well as
their mean absolute values and the number of cases (N) on which the mean values
are based. Also given in the table are average values of the magnitude of the
vector displacement of the tropical cyclones in the sample. The calculations
are based on 812, Eip and the small difference between the degrees of latitude
and longitude are ignored.

RESULTS OF REGRESSION ANALYSES

This section gives the results of applying the statistical prediction scheme,
with the predictors previously described, to the entire body of data consisting
of 993 cases. These cases cannot be considered as a random sample from some
hypothetical population because of the evident relationship between successive
points in a track; hence the variance ratio F associated with individual regres-
sion coefficients will not accurately reflect their statistical significance.
Thus, in order to allow for this serial-correlation effect, the number of
degrees of freedom used in determining the critical F-value corresponding to a
given level of significance must be substantially reduced. The present study is
based on 194 cyclone tracks and it therefore seems reasonable to set the number
of degrees of freedom at around this figure (~ 200).

Again, the standard levels of significance in the classical F-test for
estimating the significance of a single predictor are not directly applicable in
a step-wise scheme because the predictor is not chosen at random from the group
of possible predictors. Thus a higher critical value of F should be demanded
for significance at a pre-determined level. In this study the method suggested
by Miller (1966) has been used in assessing the significance of the various
predictors selected by the program. Here, for the first predictor selected, the
number of possible predictors is 15 and a critical F of 10 will amply ensure
significance at the 95 per cent level.

The results of regression analysis are shown in Table 2. The central
columns in this table give, for predictors that appear in the final regression
equation, the values of their coefficients and corresponding F-ratios. The
final equation contains all predictors whose coefficients have F-values greater
than 10, as well as the appropriate constant. The right-hand columns give the
predictors not appearing in the equation with their F-values. The left-hand
columns give the standard error of estimate and the percentage of the total
variation of the predictand explained by equations containing the listed
predictors with appropriate coefficients and constants. These coefficients and
constants are not necessarily exactly the same as those in the final equation
but differences are normally small.
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Table 2 shows that a number of past-track parameters are significant pre-
dictors of the future motion of a tropical cyclone. Some of these can be given
a dynamic or synoptic interpretation while in other cases the relation is more
tenuous. It is interesting to observe that the parameter MD never appears in a
regression equation so that the time of the year, if it is of any value as a
predictor, does not operate in a linear manner.

Another interesting feature shown in Table 2 is that the overall accuracy
of the prediction equation is greater in the zonal direction than in the merid-
ional direction. Thus the regression equation accounts for over 65 per cent of
the total variation of E12 while the corresponding equation for sl accounts for
only about 40 per cent of its total variation. The fact that the standard error
of estimate is greater for the zonal direction is due to the circumstance that
the total variation for zonal displacements is substantially greater than that
for meridional displacements. The most important fact brought out in Table 2 is
the dominant importance of the previous 12-hour displacement in predicting the
future movement of a storm and that this is true for both meridional and zonal
components. Also evident is the importance of the cube of the 12-hour displace-
ment in increasing the percentage of variation explained by the regression
relations. As might have been expected from their interpretation as the effects
of resistance forces, the coefficients of the cubic terms are negative. Other
predictors, although significant, have little effect on the standard error of
estimate or on the percentage of explained variation. Thus, without much loss
of accuracy, the prediction equations could be written entirely in terms of the
variables S_yor (5_12)3, E_,, and (E_12)3.

Revised prediction equations

From the above, it seems that the previous 12-hour displacement and the cube of
this quantity could make a useful pair of variables for practical prediction in
both the meridional and zonal direction. Regression equations were therefore
derived using only these variables as predictors. Since only previous 12-hour
displacements are involved, the prediction scheme can make use of a much larger
number of cases (actually 1440) derived from the same tracks. The revised
equations are easy to apply and will be of greater value in low latitudes where
there is the greatest increase in the number of points incorporated in their
derivation. The equations are shown in Table 3.

A comparison of Tables 2 and 3 shows that the revised prediction equations
represent an improvement in prediction performance for the meridional direction
and a corresponding deterioration for the zonal direction. Both of these circ-
ums tances seem to represent the effects of a greatly increased number of cases
drawn from lower latitudes. In this region southward motion is normally rather
regular (as a result of the Rossby effect) while the zonal motion (depending on
the upper-level wind field) is more variable, with both eastward and westward
motions occurring.

In practical forecasting, however, the revised prediction equations are
probably to be preferred, as much of the importance of statistical methods for
tropical cyclone prediction lies in their application to lower latitudes. It
might also be expected that the use of a larger sample (1440 cases) would give
more reliable prediction equations.
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Table 3 Revised regression equations for the southward and eastward components
of the 12, 24 and 36-hour displacements of tropical cyclones (1440
cases). The format of the table is as in the left of Table 2.
s.e.e. Variation
Predict- Predictor (degrees explained Coefficient F
and lat. or (per cent) B
long.)
8-19 0.60 46.0 0.887 839
Sy, (s2],)3 0.59 47.9 -0.030 53
constant 0.233
S.19 1.24 36.5 1.557 593
Syy (sy,)3 1.23 38.5 -0.057 45
constant 0.727
S5_1, 2.01 27.4 2.114 416
S1¢ (2193 1.99 29.4 -0.088 41
constant 1.437
E_y, 1.18 49.9 0.970 2411
Ey, (7,3 1.02 62.9 -0.013 504
constant 0.133
E.yp 2.20 52.3 1.825 2313
Ey, (7,03 1.96 62.3 -0.021 383
constant 0.402
E_y, 3.45 47 .4 2.555 1726
Ejg (EZ])3 3.18 55.4 -0.028 260
constant 0.811

EFFECTS OF DATA STRATIFICATION

Regression equations (with predictors S_q9r (S_12)3, E.io and (E_12)3) were also

obtained
ular, lat

Deta

(a)

(b)

(c)

(d)

using data that have been stratified to take account of seasonal, sec-
itude and longitude effects.

ils of the data stratification are:

Seasonal effects: separate analyses for (i) the three central months,
January, February, March and (ii) a period representing the beginning
and end of the cyclone season, the months of November, December and
April.

Secular effects: analysis for the entire area but classified by decade
(40s, 50s and 60s).

latitude effects: analysis for the complete period but classified into
four non-overlapping 10-degree latitude zones.

Iongitude effects: analysis for the complete period but classified
into four non-overlapping 15-degree longitude zones.
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A significance test for differences between the coefficients in the strati-
fied data studies may be based on the chi-square distribution (assuming that the
populations have approximately the same variance) and tests the null hypothesis
that there is no difference between the coefficients at the 95 per cent confid-
ence level. The results of applying this test to the stratified data demon-
strate that there is little or no statistical significance in most of the
differences shown and that not much is to be gained by using different regres-
sion equations according to the stratifications considered.

TESTING OF EQUATIONS ON INDEPENDENT DATA

In evaluating the likely performance of the set of revised equations (Table 3)
in actual forecasting, it is desirable to test them on data not used for their
derivation. The set of data used here consisted of 33 tracks from the 1969-70
to 1974-75 cyclone seasons made available by Revell of the New Zealand Meteorol-
ogical Service. From this data set 298 prediction cases were derived and for
each case the predicted meridional and zonal displacements for the next 12, 24
and 36 hours were computed. The forecast errors in the south and east component
displacements and the forecast vector errors in displacement were then computed
from the difference between the predicted and observed displacements. These are
discussed below.

Component errors

Although the distributions of the forecast component errors are not exactly
symmetrical an approximate assessment of forecast performance can be made by
totalling the errors in classes as shown in Table 4. This shows the percentage
of forecast errors falling into the various intervals and allows the performance
of the equations to be compared with the results that might be expected from the
standard errors of estimate (Table 3) obtained from the developmental sample.
Table 4 also contains the root-mean-square values for the corresponding error
distributions (r.m.s.) as well as the standard errors of estimate (s.e.e.) ob-
tained for the revised prediction equations. It is not easy to judge the degree
of deterioration in the performance of the revised prediction equations when
applied to data not used in their derivation. Judged from the error frequency
distributions in Table 4 the deterioration seems quite small for S 2 but rather
more serious for $,, and S;,. For the zonal displacements E;, and E,, the per-
formance of the revised equations on independent data actually seems rather
better than on the developmental sample, while for Ejg it is about the same. On
the other hand, judged by a comparison of the r.m.s. and s.e.e. values, the
deterioration appears quite considerable. However, owing to the significant
departures from normality that occur in the error distributions, due mainly to
the small test sample available (298 cases), such a comparison is perhaps not
the appropriate way to judge the amount of deterioration that would occur when
the prediction equations are applied to a large sample of independent data.

Vector errors

In calculating the mean vector errors for the three forecast periods, the slight
difference between the degree latitude or longitude has been neglected and one
degree has been set equal to 111 km. For the 12, 24 and 36-hour forecast per=-
iods the calculations yielded values for the mean vector errors of 109, 248 and
409 km respectively, with corresponding standard errors of 89, 180 and 272 km.

For the 24-hour forecast, the value of 248 km found here agrees well with
the corresponding southwest Pacific values of 265 km given by Annette (1976) and
243 km given by Brand and Blelloch (1976).
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Table 4 Percentage of errors (magnitude of the difference between forecast and
actual displacement) within the given ranges for the test on independ-
ent data (298 cases). Also shown are the root-mean-square (r.m.s.)
error for the distribution and the standard error of estimate (s.e.e.)
associated with the revised regression equations.

Exrror (degrees Meridional (S) Zonal (E)
lat. or long.) 12-hour 24-hour 36-hour 12-hour 24-hour 36-hour

+ 0.2 26 10 9 31 13 5

0.4 48 25 13 49 21 10

0.6 66 33 19 64 31 15

0.8 77 43 26 73 37 20

1.0 83 50 30 81 46 26

1.5 94 67 47 91 63 36

2.0 97 80 60 95 73 47

2.5 98 87 71 99 82 59

3.0 93 77 87 67

3.5 96 84 89 75

4.0 97 90 93 80

4.5 98 92 96 82

5.0 93 86

5.5 i 90

6.0 91

6.5 93
r.m.s.°lat. or long. 0.8 1.7 2.6 1.0 2.2 3.5
s.e.e.%lat. or long. 0.6 1.2 2.0 1.0 2.0 3.2

In each of these comparisons it is rather encouraging to find that the
results of the revised regression equations compare reasonably well with results
obtained by other investigators. The equations used here involve only two pre-
dictors, both derived from the storm's previous 12-hour displacement. No synop-
tic parameters are necessary so that a prediction can easily be made from satel-
lite observed positions obtained at any time, and before an analysed weather
chart is available.

The equations developed here are based on post-analysed tracks and it might
be argued that in real-time applications, inaccuracies in the initial position
data might lead to greater errors than those shown in Table 4. The independent
test data are largely based on satellite imagery, however, and would therefore
have about the same accuracy as that obtained in modern synoptic practice with
(satellite based) real-time data. Thus the errors given in Table 4 are realist-
ic for operational use.

It might also be argued that the derived equations would give rather poor
results in the case of exceptionally large meridional or zonal displacements.
This, of course, is true of all statistical methods, but in the present context
the data in Table 4 will give some indication of the largest errors to be ex-
pected in operational use of the method.
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CONCLUSIONS AND RESEARCH SUGGESTIONS

The present attempt at cyclone prediction, using only data available from the
past history of the cyclone, has yielded a substantial amount of quantitative
information on the significance or non-significance of the available parameters.

It has been shown that the most important predictors for cyclone motion, in
both the meridional and zonal directions, are the previous 12-hour displacements
in these directions, but that the cubes of these displacements have a signific-
ant effect in modifying the basic prediction. Regression coefficients for the
cubic terms are negative and may be interpreted as the effects of resistance
forces.

For meridional motion, the current latitude of the cyclone seems to be a
significant predictor although, when used in conjunction with the main predict-
ors, it adds little to the percentage of explained variation. Current longitude
is not a significant predictor for meridional motion. For the zonal direction
the previous 48-hour meridional displacement appears as a significant predictor
for the 24 and 36-hour displacement but again, taken in conjunction with the
main predictors, the improvement in performance is small.

A parameter representing the time of occurrence of the cyclone with respect
to the normal hurricane season is shown to have little value as a predictor for
the future motion of the storm.

Equations using the basic predictors (previous 12-hour displacements and
their cubes) show little or no significant differences when derived from data
stratified to take account of seasonal, secular, latitude and longitude effects.

The performance of the basic predictor equations was tested on data not
used in their development. The results showed that the equations are reasonably
robust and yielded mean vector errors of 109, 248 and 409 km for the 12, 24 and
36-hour forecasts of cyclone displacement. WNevertheless, the results also show
that only a limited degree of accuracy can be obtained if only past track para-
meters are available.

It is probable that external environmental factors not used in the present
study play an important part in determining the track of a storm. Thus in fut-
ure work, it would be interesting to include environmental factors such as the
ambient wind field and the sea surface temperature pattern.

Inadequate data in the past have made these studies difficult but with new
remote sensing technology such investigations should become practicable.
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