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ABSTRACT

A rationale for determination of design waves appropriate to
various structure lifetimes in the Australian tropics is
developed., The method ensures consistency in design wind
gusts and design waves, both being geophysical events aris-
ing almost certainly from tropical cyclones. Incorporated
also in the paper are a discussion of the relationships be-
tween mean winds and gusts for cyclone wind fields over land
and sea, an evaluation of the validity of using an average
radius of cyclone maximum windband in the method, and a
general treatment for determining the effects of geographical
fetch limitations on design wave heights.

INTRODUCTION

It is generally appreciated that the design lifetime of a structure and an accepted
risk of failure determine the average return period of the design event. The modest
requirement of 20 years life with 10 per cent risk of failure before 20 years re-
quires a design event return period of 190 years. The extension of, say, 20 to 30
years record to provide an estimate of the extreme event expected once in 190 years
is a problem which engineers cope with in a variety of ways.

Waves on the sea surface present a particular problem, as few years of actual
records exist in the tropics around the world. Therefore such information must
be sought through the frequency of occurrence of space-time wind fields that,
with the additional restriction of fetch, provide (at this time) the best estimate
available of associated wave height fields. ‘

Two distinct schools of approach to the problem of wind generated waves
currently exist. On the one hand we have the scientific theories on rate of wave
growth, dissipation, and interaction, described through two-dimensional spectra
of surface gravity waves. Shemdin and Lai (1970) outline the state of such theories
to 1970, while the conflict between Longuet-Higgins (1969) and Hasselmann (1971)
since then, only serves to highlight our uncertainty of the processes whereby waves
of long period extract energy and momentum from the wind.

On the other hand, there is the engineering approach pioneered by Sverdrup,
Munk, and Bretschneider, and most recently revised by Bretschneider (1970) to
conform with the statistical descriptions of waves provided for example by Cart-
wright (1962) and Tucker and Draper (Draper 1967). Wilson (1963) has adapted the
significant wave height and period dependence on fetch and duration (as surveyed
by Bretschneider in 1957) to varying space-time fields. This procedure can again
be adapted to the most recently revised data of Bretschneider (1970), and the deep
water wave history at a site of interest then determined for a cyclone moving on
any track relative to the particular site.
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This philosophy has found expression in procedures that consider a design
cyclone, usually the most severe known in a region, and then examine various tracks
and speeds of translation to maximise the wave energy (or related significant
wave) at a site (cf. Nelson 1971). This procedure does not, however, make use.
of any information on actual cyclone paths and/or return periods of storms affecting
the site, No estimate of the average return period of a design wave derived in
this way is possible, and such a procedure is ultra-conservative.

In particular, the design cyclone approach ignores the additional information
contained in some sixty years of recorded cyclone occurrences and tracks, along
with greater than twenty years of wind recording at various coastal sites in the
tropics. This data is considered in the present study to provide design wave-wind
events of return periods of some hundreds of years. These estimates are at least
as meaningful and precise (if not more so) as design wind gusts of the same return
periods, which have general acceptance as conservative estimates by engineers
(for example, the Standards Association of Australia wind gust code, 1973).

It is agreed that the use of purely empirical-statistical relationships
as a basis for extrapolation does not necessarily exploit our knowledge of the
physical world and, in the absence of the proper constraints such knowledge
imposes, may be seriously in error. However, the total absence of such con-
straints in selecting the optimum adverse path of the design cyclone is far more
likely to err on the conservative side than when actual path histories and inten-
sities are considered.

Finally, it is evident that the wind loading must match any related wave
event for the design lifetime to be correct from the point of consistency. The
arrival of the design wave cannot be considered coincident with the design gust
and the actual risk of failure is doubled if the design lifetime is separately
set to the same risk for wave and wind.

In this paper, relationships between mean winds and. gusts over land and sea
are first reviewed, and then used to determine the intensities of maximum mean
winds and gusts accompanying cyclones in the Australian tropics. In particular,
such relations may be exploited in translating cyclone based extreme wind climat-
ologies derived from over-land observations to equivalent over-water climatologies
for wave generation.

No adequate sample of observations has yet provided a description of the
radii of maximum wind bands in Australian tropical cyclones. An examination of
the consequences of assuming various distributions of radii is then conducted
to show that this is not a serious deficiency in our knowledge, at least for waves.

_The wave field postulated by Bretschneider (1972) in his latest revision of
hurricane design wave practices is used as the basis for evaluating wave states
accompanying cyclones of various intensities moving on various tracks. Since
geographical features may determine fetch-duration limitations on wave growth,

a treatment for such factors is also incorporated, and all these diverse consid-
erations are finally combined in a general rationale for computing design wave
heights at various points for selected return periods. The Appendix contains

an illustration for the determination of fetch limitations at each point.

WIND AND RELATED GUSTS AT TROPICAL LATITUDES

The relationship between gusts and mean wind depends on surface rougﬁness of an
anemometer site and surrounds, stability, strength of wind over the sea, and, to
a lesser extent, latitude. :

The well established wind height law of the 'inner' layer of atmospheric
surface flows is, after Panofsky (1963): )
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w(%J, a function of height and stability, has been empirically determined in

various stability.regimes. Following the survey of Dyer (1974) and related inte-
grations of Paulson (1970)
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with x = (1 - 16%)“ for -2 < % € 0 Dyer and Hicks (1970)
w(%) =5 % for 0 < % €1 Webb (1970)
=-5 (1 + ln%) for 1 < % < 6 Webb (1970).

Strong winds characterise the inner circulations of tropical cyclones and the
associated L is large. Thus, even though cyclones are maintained by a flux of
latent and sensible heat from the sea surface, L is large enough to permit useful
approximation by the neutral state.
Uy

Many measurements of U10
in the literature of the past thirty-five years (cf. Plate 1971). Over-water measure-
ments in high winds are less certain but the summaries of Wilson (1960), Wu (1969),
and Deacon (1973) provide the following values:

over land in neutral conditions have been presented

Author %*

10
Wilson (1960) 0.049%0.005
Wu (1969) 0.051
Deacon (1973) 0.050

for winds in excess of 15 m s .

The corresponding %* values for flat grassland and woodland - suburban to
10

forest are (cf. Plate 1971)

Surface %*
10
Flat grassland 0.068
Woodland - suburban
to forest 0.138

In order to relate overland winds to wind at sea we employ the results of
asymptotic similarity theory, which for barotropic steady state conditions provide
the following relationships (Gill 1968, Blackadar and Tennekes 1968):

Uy v 1
InRo = A - In(V.) + |k28)2 - 2|7 ... 3
g Uy
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where Ro = Vg/|f| zo‘is the surface Rossby number.

A and B in Eqns 3 and 4 are universal constants that have a functional depend-
ence on stability, a reliable description of which is provided in the éempirical
study of Clarke and Hess (1974).

Gill (1968) concluded from data then available that for the neutral state
A 21,7, B =4,6.

Deacon (1973) reviewed this data omitting the 'more dubious older results!
and included new material to deduce

A=1.9¢%*0,35, B=4,7% 0,15,
The Wangara experiment (Clark and Hess 1974) yielded for the neutral state
' A=1.1, B = 4.3,
The range of A,B pairs quoted require the following range of 2% gver the sea

v

at 2008, for that roughness (zo) corresponding to B = 0,050 (variation of %i from
10 g

[t

10° to 30° is less than & per cent);

Author L
v

g
Gill 1967
A=1,7,B=4.6 0.027
Deacon 1973
A=1.9%0.35,
B=4.7+0,15 0.028+0.001
Clarke and Hess
A=1,1,B=4.3 0.026

Deacon's values, based on a survey of different experiments and critically
selected data, are adopted in this study, and for the various surfaces quoted
above we have Table 1.

Table 1 Ratios of surface friction velocity u,
to surface (Ulo) and geostrophic wind

over various surfaces at 2008,
Vg ~ 50 ms l, neutral steady-state

conditions.

10 g
Sea 0.050+0.001 0.028%0.001
Flat grassland 0.068 0.032

Woodland - suburban
to forest 0.138 0.040
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The exposure of each anemometer contributing to any climatology requires
individual consideration if its record is to be the basis for determining surface
wind at any other site subject to the same Vg. Typically anemometer records are

obtained at aerodromes that approximate a smooth flat grassland with some kilo-
meters of fetch, surrounded by woodland - suburbs. The problem of interpreting
variations in wind speed at a particular height in these circumstances is dis-
cussed in Plate (1971). From the nomogram of Plate and Hidy in that reference

L
we can determine that for a typical aerodrome (CD2 = 0.068) surrounded by wood-
L
land - suburbs (CD2 = 0,138) the wind recorded at 10 m height on the aerodrome
anemometer would be 1,38 times the wind at that height over the surrounds.
We are now in a position to state certain general rules (Table 2) relating

mean wind over the sea to wind over various land surfaces, remembering that the
ratios of Table 1 apply to extended fetches.

Table 2 Ratio of 10 m wind over various
surfaces to 10 m mean wind over
the sea at the same Vg(NSOms 1)

at 20°S (from Table 1).

Flat grassland 0.84
Woodland - suburbs 0.52

Aerodrome with woodland -
suburb environs 0.52%1.38=0.72

Myers (1954) and Graham and Nunn (1959) have stated rather general rules
relating over-water and over-land winds based on data gathered at Lake Okeechobee,
Florida, and these rules have become widely accepted (cf. Bretschneider 1972). For
onshore winds 8 to 16 km inland they recommend a ratio of 0.07. This earlier
practical recommendation is seen to agree closely with more widely based observ-
ations and theoretical interpretation for standard anemometers exposed at typical
aerodromes as described in Table 2.

Finally in this section we consider 'maximum gusts' expected in these differ-
ent locations. Lumley and Panofsky (1964) have summarised the average power
spectra of the downwind component of flow published by Davenport and considered
by them of greatest interest to the civil engineer. They recommend that the
variance of longitudinal gust velocity in the surface layers (62) could also
be applied to speed and for durations of around 1% hours is related to surface
friction velocity by .

o= 2.45 u, eee 5
This relationship is supported by the later estimate of Grimm (1971).
Brook and Spillane (1968) examined the effect of averaging over various
durations and various record lengths on this power spectrum and for Gaussian independ-
ent components found for the 2-second gust from a wind of around 1} hours duration,
V=V+3.30 oo 6
and thus from Eqns 5 and 6

= 1+8.21 2= ' cee 7
v

<<
"
[op]

and for those surfaces in Table 1 we have then Table 3.
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Table 3 Gust factor (G) for
2-second gusts from
around 1% hours dur-
ation, for the various
surfaces and conditions

of Table 1.
Gust factor G
Sea 1.41
Flat grassland 1.56
Woodlands - suburbs 2.14
Aerodrome 1.56

From Tables 2 and 3 the ratio of expected maximum gusts to mean wind over the sea,
at the standard height of 10 m over various surfaces for the same V_ are as given
in Table 4. &

Table 4 Ratios of expected
maximum gusts (at )
10 m) over the vari-
ous surfaces of Table
2 to mean wind speed
over the sea at the
same Vg(NSOms_l)

Gust ratio

Sea 1.41
‘Flat grassland 1.31
Woodland - suburbs 1.11

Aerodrome in
woodland or suburbs 1.12

In case studies of wind damage, it is not unusual that gust estimates are derived

from wind damage to small structures in suburban environs. It is seen from Table 4
that such estimates relate directly to anemometer records at aerodromes in the same
environs.,” Design gust statistics have been derived from anemometer records at

typical aerodrome sites (cf. Whittingham 1964). We see from Table 4 that such

gusts, near the coast, that derive from cyclonic gradient winds the maximum band of
which traverses a site (on average) in about 1% to 2 hours are related to mean

surface wind over the sea by

<
n
o
w
<<
w©

These relationships are exploited in the following sections.
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GENERALISED DESIGN GUSTS AND CYCLONE WINDS

The various merits of the Gumbel distribution of annual maximum gusts and the
analysis of Hasofer and Sharpe (1969), have been reconciled in the recently prop-
osed Standards Association of Australia code (1973). In our consideration of the
tropical latitudes, we agree with the basic features of models proposed by Daven-
port (1960) and Hasofer and Sharpe (1969). They both adopt the physically sup-
portable view that over periods of an hour or so the gradient wind Vg is constant,

and component gusts are locally stationary Gaussian stochastic process with zero
mean and variance proportional to V or u, as illustrated in the previous section.

Through normalised spectra expressed in terms of reduced frequency, nSO/V,
which permits consideration of the actual size, So’ of a structure, the appropriate
variance of a particular gust length (Lg) or gust duration (T = Lg/V) can be

deduced. This permits determination of the expected maximum gust in this period,
and is the basis of G, the 2-second gust factor discussed above. Davenport used

a mean constant G and from the probability distribution of mean hourly winds ob-
tained the maximum probable gust. Hasofer and Sharpe (1969) applied the theory of
Rice (1944) on the probability of upcrossings in a stochastic process to winds
locally stationary over an hour or so but with speeds Rayleigh distributed. 1In
effect, this procedure permits the probability of a gust event from lesser mean
winds to contribute to the expected number of upcrossings of any level in a number
of years. This is therefore a more conservative procedure than Davenport's. It
must be stressed, however, that both methods are only physically meaningful in those
latitudes where gales due to depressions or cyclones dominate strong wind occur-
rences, and not the deep convective overturning of strongly sheared flow character-
istic of severe thunderstorms.

In this study we invert Davenport's method to examine estimates of mean
cyclone winds from gusts. Use of the design gust data based on a Gumbel distri-
bution of annual maximum gusts is a conservative procedure, as it will ascribe
to cyclones any stronger gusts that may have arisen from other causes. The tropical
cyclone season (roughly December to March) is characterised by the absence of
strong winds in the middle tropical tropesphere, and while thunderstorm frequency
is indeed high during this period, these storms are rarely able to produce surface
winds comparable with the inner regions of tropical cyclones. So while it is
clear that a procedure based on generalised design gusts is conservative, it is
less conservative than the design cyclone approach, which has no measure of return
period at all.

It should be pointed out here, however, that the approach outlined in the
following section is not dependent on any particular design gust climatology for
the Australian tropics. Thus, if a satisfactory climatology of actual or simulated
cyclone extreme gusts rather than annual maximum gusts could be derived, based on
the Gumbel extreme value distribution, the use of the mode and slope parameters
for this climatology at each design point would be straightforward, and leave the
essential design gust and design wave consistency unaffected. Indeed, only minor
alterations to the basic equations would be necessary to incorporate any distrib-
ution form into the general method.

CYCLONE DESIGN WAVES CONSISTENT WITH DESIGN WINDS

In the previous sections, we have seen how a design climatology of both extreme
gusts and mean winds for any offshore point in the tropics may be derived from

an already established over-land climatology. If extreme wind events in this
region are contributed by tropical cyclones, we can now determine a consistent
climatology of extreme cyclone-generated waves. The following considerations are
relevant to the design procedure.
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Step I: Any given point, in a given return period of T years, can have assigned
to it, quite independently, an extreme wind gust (V) and the passage of a certain
number of cyclones (N). If it is assumed that this extreme gust is generated with-
in the maximum wind band of a tropical cyclone, then one in N cyclones at the point
will generaté an extreme gust greater than or equal to V. In addition, using some
model for cyclone-generated wave heights, there will be an associated extreme wave
height (H).

Step 2: We consider next all cyclones passing within a slightly greater distance
of the point in T years. This number will be greater than N, say N + AN, and have
extreme gust (V + AV), and extreme wave height (H + AH). These greater values are
determined through the previously established relationship between cyclone occur-
rence and extreme wind gusts at the point. However, these increased values are
now not restricted to the point but may occur anywhere within the area of cyclone
occurrence. In particular, this means that the wave height actually received at
the point will be reduced by some factor F (which is determined from the total
relative cyclone wave field); i.e., it will be now F(H + AH).

The design procedure is thus reduced to maximising the quantity F(H + AH) at
the design point, for given return period T. The maximum will occur because as a
larger area around the point is considered, AH increases but F decreases. Thus
the possibility of cyclones of greater extreme, passing at greater distance from
the design point, contributing to the design wave statistics is allowed for, while
the results remain consistent with the design gust statistics already determined.

Procedure step 1

The most reliable and complete information that we have available on cyclones in
the Australian tropics is contained in the track histories provided by Coleman
(1972). From these we may determine the number of occurrences of cyclones within
D km of the design point, travelling towards directions B, in Y years. (Normally
Y = 60 for the east coast and 50 for the west. Also, we will usually choose D =
110 km.) We denote this by FB.

The actual distribution of radii (R) of maximum wind for cyclones in a given
region determines the frequency with which cyclone maximum winds affect the design
point. The accuracy of cyclone positions from synoptic data is such that secular
gradients in track frequencies cannot be reliably resolved over distances of less
than 200 km, and this influences our choice of D. Now for any storm passing
randomly within D of the design point, the probability of the maximum wind band
passing over that point is '

Since little information is available on historical values of R, we must resort
to some average R in assessing the frequencies of maximum wind bands affecting
the point. We interpret the meaning of average in this case as follows:

If the distribution of actual radii in the region can be assigned

a range RU to RL and a probability density function Pps by definition,
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In the absence also of measurements for estimating p,, we can only interpret
Eqn 10 in a relatively simple way, always being conservative in the ultimate
interpretation for design. For example, we can estimate the extreme limits of
R as being close to RL = 10 and RU = 70 km.. For a Gaussian distribution of

Py we would have an average R = 40 km, and standard deviation Op = 10 km, while
a uniform distribution assumes Pp = éﬁ km™ !,
On this basis, we have then that pRpwdR is the probability that storms with
radii in the range R to (R + dR) will affect the design point, and
. (R R
p-ju Pg - p - IR (R, <.D) e 11
RL

is the probability that any storm's maximum wind band will affect the point. The
significance of various averages of R can now be seen: for example, if Pp =
constant over the range R. to R, then from Eqn 11,

u o Ry
2 2 .
bl 1 U T (A
b ®, - K 3 2 D

and an average R in this case is the centre of the possible uniform range of Rs.
With a likely RL near 10 km, this model then requires

Range of uniform

Average R occurrence
20 10 - 30
30 10 - 50
40 10 - 70

(It is of interest here to note that there is evidence to support the evaluation
of average R as a function only of latitude (e.g., Riehl 1963 or Shea and Gray
1973), with limited data from Australian cyclones showing no disagreement. In-
corporation of such a relationship into our rationale would be perfectly in
accord with the discussion above.)

Now for a total number N of storms passing within D of the design point
(irrespective of direction) during .a period Y, the expected frequency of maximum
wind bands passing over the point in this time, according to this model, is given

by
R .
Fy = 5 N, - L. 12

Y .
Results derived using Eqns 12 and 13 will apply to any model in ‘which Pp is

symmetrical about the average R (for example, the Gaussian R = 40, ¢ = 10 suggested

above,:for R, = 10, R = 70).

L U
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If we now assume that a Gumbel (asymptotic extreme-value) distribution is
applicable to annual maximum gusts or cyclone maximum gusts in the Australian
tropics (as discussed in the previous section), then we can, using the parameters
of this distribution relevant to the area of the design point, together with the
relationships of Eqns 8 and 9, determine the maximum mean cyclone wind speeds in
any given return period at the point. At the same time, the average numbers of
cyclones intercepting the point which could account for -these maximum winds
(V km/h in T years, say), will be given by
T
TY 4
where T,, is computed through Eqns 12 and 13, Normally, computations could be made
for, say, R = 20, 30, and 40 km covering the range of likely average radii in the
Australian region.

N(T) = 14

Now the reciprocals of the average numbers of cyclones (Eqn 14) are the prob-
abilities that any particular cyclone will have a maximum wind equal to or exceed-
ing the given value (V). Thus, the probability that a cyclone of radius R has a
maximum wind speed > V is given (from Eqns 12, 13, and 14) by

1 1 YD

Py * Ny T TR N

15

(note that Py € 1 always).

Since T is the return period of an annual maximum gust greater than or equal to
1.43 V (Eqn 9), Eqn 15 can be generalised further using the analytical expression
for the Gumbel distribution, and the distribution parameters for the area of the
design point. If these parameters are mode M (km/h) and slope S (km/h) then we
have

1
T=1-exp (- exp (-y)) v.. 16
where y, the so-called reduced variate, is given by

_ - 1
y=(1.437-M 3 17

Thus Eqn 15 becomes finally

_ YD 1.43 7 - M .5 .
py = ﬂ: (1 - exp (-exp (-———F5—)))" . ... 18

This expression may then be expanded in tabular form for various values of R and
V (Y, D, N, M, and S all being known from the data), and becomes the basic data
set for th8 design procedure. It is important to note that Eqn 18 will apply not
just to the design point, but to any point for which the values of Y, D, No’ M, and

S are the same. In particular, this includes all points within a finite area (say
200 km radius of the design point, and this fact will be exploited shortly.

The information contained in Eqn 18 must now be combined with the directional
frequencies of cyclones near the design point, together with some model for cyclone-
generated waves, to provide the best possible estimates of extreme wave conditions
and their return periods. In this case we choose to use the latest hurricane wave
model presented by Bretschneider (1972) as being suitable for cyclone waves in the
Australian region, together with the relative significant wave field of a slowly
moving cyclone given in US Army Coastal Engineering Research Centre (1973) (and
reproduced here as Fig 1). The basic model equation for maximum significant wave
height (HO) generated by a particular cyclone is .
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Fig 1 Relative wave field (in units of Hy)of a slow moving cyclone. The arrows indicate direction
of wave maovement. (After US Army Coastal Engineering Research Center 1973.)






