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ABSTRACT

A statistical model of the relationship between tropical cyclone frequency in the Australian region and an
index of the strength and phase of the southern oscillation is developed for the period 1910-88. The modeling
is nonstandard because the cyclone record is incomplete early in this period. The fitted model indicates that

the mean annual number of cyclones during a major cold event is twice that during a major warm event.

1. Introduction

In Fig. 1, a plot is shown of an annual record of the
number of tropical cyclones observed in the Australian
region (5°-32°S, 105°-165°E) for the period 1910-
88. The cyclone season in this region runs from October
to May, so the observation for 1910 (for example) ac-
tually covers the period July 1909 to June 1910. These
data have been analyzed by Nicholls (1979, 1984,
1985). Nicholls (1985) attributed the apparent trend
in these counts to improvements in observing capa-
bility. Solow (1989) considered the problem of recon-
structing the true record of cyclone counts using a sim-
ple model of the true record and of the way in which
the true record has been observed through time.

Nicholls (1979, 1984, 1985) demonstrated that the
annual cyclone count in the Australian region is related
to El Nifio-Southern Oscillation (ENSQO) activity. Re-
vell and Goulter (1986a, 1986b) and Dong (1988) have
confirmed this relationship. In particular, Revell and
Goulter (1986a) demonstrated that tropical cyclone
activity around the northeast Australian coast weakens,
while activity east of 107°E strengthens, during El Nifio
events—i.c., when the east equatorial Pacific is anom-
alously warm. The opposite pattern occurs during La
Nifia events—i.e., when the east equatorial Pacific is
anomalously cool.

The purpose of this study is to construct a statistical
model of the relationship between Australian tropical
cyclone frequency and ENSO activity using the method
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of Solow (1989) to account for incomplete observations
of cyclone numbers early in the record.

2. Approach

Let Y, be the true number of tropical cyclones in
year ¢ (¢ = 0, + - -, n). A natural statistical model is
that (Y,, ¢t =0, - - -, n) is a sequence of independent
Poisson random variables with

E(Y)=Var(Y)=m t=0,-- (1)

where E denotes expected value and Var denotes vari-
ance. Let X, be the value of a regressor variable related
to ENSO activity in year £ (¢ =0, - - -, n). The precise
definition of X; is given in the next section. The de-
pendence of Y, on X, can be expressed in the following
form:

-,n

m=m(X;a) t=0,---,n

where « is a vector of parameters. A simple choice of
the form of m(x; «) is also given in the next section.

In year ¢, each cyclone is observed with probability
D:- Let Z, be the recorded number of cyclones in year
t. It is straightforward to show that (Z,,t=0, - - -, n)
is also a sequence of independent Poisson random
variables with:

E(Z)=Var(Z)=pm, t=0,---,n.  (2)

Assume that the sequence (p,,t=0, - - -, #n)is non-
decreasing and that it reaches 1 at ¢t = ny(0 < ny < n).
Assume that #y is known. A flexible, parsimonious
family of such probability sequence is:

Di=po+ (1 —p)F(t/ng;a,b) t=0,--

1 t=ng, ***,n

',no—l
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FIG. 1. Annual record of observed tropical cyclone counts (Z,)
for the Australian region, 1910-88.

Here p, is the observation probability in year 0 and
F(t; a, b) is the cumulative distribution function for
a random variable with a beta distribution with pa-
rameters a and b:

F(t;a,b)
= (P(a + b)/T(a)T(b)) J: w1 —u)'du

where T is the gamma function (Epstein 1985). This
integral can be evaluated numerically using the sub-
routine BETDF contained in the IMSL (1987) library
of FORTRAN subroutines. The choice of this form
for the probability sequence is based entirely on its
flexibility and parsimony. This is illustrated in Fig. 2,
where F(t; a, b) is plotted against ¢ for selected values
of aand b.

Let z, be the observed value of Z,. Under this model,
the probability that Z, = z, is given by the Poisson
probability:

pr(Z, = z,) = exp(—pm,)(pim,)z,/ z,! (3)

This probability depends on the unknown vector of
parameters 8 = (pp a b ). Because the observed counts
are assumed to be independent, the joint probability
that Zy = zg, « + -, Z, = z,is given by the product over
t of these probabilities. Regarded as a function of 8,
this product is called the likelihood function. The
maximum likelihood estimates of 8—which is denoted
by 8*—can be found by maximizing the likelihood (or
its logarithm ) over 3 (Silvey 1970). This maximization
must be done numerically.

3. Application

The first step in applying the approach outlined in
the previous section to the cyclone counts in Fig. 1 is
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the specification of 7y, which is chosen to be 1965.
This corresponds more or less to the advent of com-
prehensive meteorological satellite coverage (Nicholls
1985). It is possible to extend the maximum likelihood
approach to the case where #, is treated as an unknown
parameter, although this increases the amount of com-
putation.

The second step in this application is to define a
suitable measure of ENSO activity. A common index
of ENSO activity is the Southern Oscillation Index
(SOI), which is defined as the atmospheric pressure
differential at sea level between Darwin and Tabhiti.
The version of this index used in this paper has been
standardized to have a mean of 0 and a standard de-
viation of 10. Large positive values of this index cor-
respond to the cold phase of the Southern Oscillation
and large negative values correspond to the warm
phase. For this paper, X, was taken to be the average
value of the index for the month of September preced-
ing the onset of the Australian cyclone season in Oc-
tober. For the period 1965-88, this month has the
maximal correlation with cyclene count (0.68) of any
month. The values of X, are shown in Fig. 3. Values
were missing for the years 1915--16 and 1932; therefore
these years were omitted from the analysis.

The third step in this application is the specification
of the form of the dependence of Y, on X,. In Fig. 4,
Y, is plotted against X, for the period 1965-88. From
this figure, it seems reasonable to assume that Y, and
X, are approximately linearly related. In fact, from a
statistical point of view, it is more appropriate to as-
sume that:

m, = exp(ao + a[Xr) = 0, LRI /] (4)
1
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FIG. 2. The incomplete beta ratio F(t; a, b) v t for selected
values of @ and b.
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FiG. 3. September southern oscillation index (X,), 1910-88.

as this ensures that m, is positive. In any case, the ex-
ponential linear model is close to the linear model for
small values of «,.

The maximum likelihood estimates of the model
parameters were found to be p§ = 0.41, a* = 2.7, b*
= 1.2, af =2.30 and aF = 0.021. The estimated ob-
servation probability, which is shown in Fig. 5, in-
creases slowly from 0.41 in 1910 to 0.50 in 1935, and
then more rapidly, reaching 0.80 in 1956.

Approximate confidence intervals for the elements
of 8 can be found by exploiting the connection between
confidence intervals and hypothesis tests. For example,
a 0.95 confidence interval for «; contains the value 4,
provided that the null hypothesis Hy: oy = A; cannot
be rejected at the 0.05 significance level. The set of all
such A,’s constitutes a 0.95 confidence interval for «; .
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FIG. 4. Annual cyclone count (Y;) v southern oscillation index

(X,) for the period 1965-88 during which the observed counts are
assumed to be complete.
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FiG. 5. Estimated observation probabilities (p} ).

This null hypothesis can be tested using the generalized
likelihood ratio test (Silvey 1970). The test statistic is
twice the difference of the maximized log-likelihood
and the maximized log-likelihood with «, fixed at 4,.
Under H,, this statistic has an approximate chi-squared
distribution with one degree of freedom. Approximate
0.95 confidence intervals for «y and «; found in this
way are (2.23, 2.39) and (0.013, 0.029), respectively.

In Fig. 6 the estimated values of m, are plotted against
t. This figure indicates that years of relatively high cy-
clone activity occurred in 1911, 1918, 1948 and 1956,
and that years of relatively low activity occurred in
1924, 1941, 1947, 1952 and 1954. It is interesting to
note that, although the estimated mean function ex-
hibits no secular trend, there appears to be a slight
increase in variability with time. This is due to an ap-
parent increase in the variability of X, with time that
1s discernible in Fig. 3.
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FiG. 6. Estimated mean function of true cyclone counts (m}).
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4. D{agnostics

In this section some diagnostics based on residuals
are presented. The aim of these diagnostics is to validate
the model under which the analysis of the previous
section was carried out. The model for the observed
counts(Z,,t =0, - - +, n)consists of a systematic com-
ponent and a random component. The systematic
component refers to the estimated mean function
(pFm¥,t=0, -+, n). Aplot of the estimated mean
function is given in Fig. 7 along with the actual ob-
served counts. The random component refers to the
assumption that the observed counts are independent
Poisson variates.

Goodness-of-fit measures for models of counts are
discussed by Pregibon (1979) and McCullagh and
Nelder (1983). The basis of these measures is the de-
viance residual, which is a generalization of the ordi-
nary residual to situations involving nonnormal data.
For a Poisson observation z and its estimate z*, the
deviance residual is given by:

d = sgn(z — z*)(2(z log(z/z*) — (z — z*)))'/2.
(6)

In Fig. 8, the deviance residuals (d,, t =0, « + -, n)
are plotted against the fitted values (p}¥m¥,t=0, - - -,
n). This plot is useful for detecting inadequacies in the
systematic component of the model, which appear as
trend or curvature in this plot. No such structure ap-
pears in Fig. 8. This plot is also useful for detecting
departures from the assumed mean-variance relation-
ship, which appear as a trend in the dispersion of the
points. There appears to be a slight tendency for dis-
persion to be lower for higher fitted values. It is im-
portant to note however, that even if the assumed
mean-variance relationship is correct, intervals on the
abscissa of this plot with high density of points will
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FIG. 7. Fitted values of observed cyclone counts (pFm}).
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FIG. 8. Deviance residuals (d,) v fitted values (p¥m¥).

tend to produce a wider range of residuals than intervals
with low density. In Fig. 8 the density of points de-
creases as the fitted value increases, and this may ex-
plain any apparent decrease in dispersion.

The deviance residuals are also useful for detecting
departures from the random component of the model.
Provided that the model assumptions are approxi-
mately correct and that the systematic component of
the model is adequate, the deviance residuals are ap-
proximately independent unit normal. For the fitted
model in Fig. 7, the deviance residuals exhibit no im-
portant serial correlation—e.g., the estimated corre-
lation at a lag of one year is —0.04. To check for unit
normality, the normal probability plot of the deviance
residuals is shown in Fig. 9. This is a plot of the ordered

2.4
1.2 L
a0®
b Cod
] &
& O
=]
% 0 pr
&
2
2 o
S o
1.2 [
-2.4 T T 1
-2.4 -1.2 V] 1.2 2.4

EXPECTED NORMAL CRDER STATISTIC

FiG. 9. Normal probability plot of deviance residuals (d;).
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deviance residuals against the corresponding expected
order statistics for the unit normal distribution (David
1981). This plot shows no important departures from
linearity. The sample standard deviation of the devi-
ance residuals is 0.83. This underdispersion, which is
not very large, indicates that the cyclone counts are
slightly less variable than expected under the Poisson
model.

5. Discussion

The purpose of this paper has been to construct a
statistical model relating the annual number of tropical
cyclones in the Australian region to an index of ENSO
activity. The approach to fitting this model is nonstan-
dard because the record of cyclone counts is incom-
plete, particularly early in the record. The fitted model
appears to perform well at describing the observed re-
cord.

The approach described in this paper has two ad-
vantages over the more traditional two-step approach
under which a time trend is removed from the observed
counts and the residuals are regressed against the SOI.
The first advantage is formal. The approach described
here is based on maximum likelihood estimation and
shares the optimality properties and inferential ma-
chinery of that method. The two-step approach is
clearly an approximation to the full maximum likeli-
hood approach. The second advantage is practical. The
effects of incomplete observation and ENSO activity
operate jointly on the observed cyclone counts. The
approach described here takes this into account, but
the two-step approach does not. The first step in the
two-step approach ignores the effect of ENSO activity
in estimating the trend in observed counts. The trend
that is estimated will almost certainly contain effects
due to variations in ENSO activity and this will degrade
the results of the second step in which the residuals
from the estimated trend are regressed against the SOL

The fitted model:

m¥ = exp(2.30 + 0.021 X,) (7)

can be used to predict Y, from X,. For example, if X,
= 20 (which corresponds to a major cold event), the
predicted value of Y, would be around 15 cyclones. If
X, = —20 (which corresponds to a major warm event),
the predicted value of Y, would be around seven cy-
clones. To give an overall measure of the forecasting
ability of the model, the following cross-validation ex-
ercise was performed. Each count for the period 1965-
88 was omitted in turn, the model was re-fit using the
remaining data, and the fitted value of the model for
the omitted year was taken as the estimate of the omit-
ted count. Cross-validation ensures that for each year
the estimated count is independent of the true count.
The mean squared error of predicting Y, in this way
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was 6.5. The corresponding figure using the overall
cross-validated mean count was 11.7. This corresponds
to a cross-validated R? of 0.44 although nonconstant
variance of the true counts invalidates the usual inter-
pretation in terms of explained variance.

The diagnostics presented in the previous section
indicate a small number of anomalous years. For ex-
ample, the observed count of one cyclone in 1910 ap-
pears to be rather low. Nicholls (1985) suggested that
the low count in 1910 may be due to “start-up” prob-
lems in the recording system. Similarly, the observed
count of 19 cyclones in 1963 appears to be rather high.
This count has also been questioned on other grounds
(Nicholls 1985). For example, the record shows that
three cyclones were reported on New Year’s Day in
1963, all within 150 km of each other. As the diameter
of a tropical cyclone is typically around 200 km, this
seems unlikely.
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