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ABSTRACT

The passage of three Australian Category 5 cyclones within 350 km of Darwin (Northern Territory),
Australia, during the last decade indicates that that city should have a high wind hazard. In this paper, the
wind hazard for Darwin was compared with that for Port Hedland (Western Australia) and Townsville
(Queensland) using data from a coupled ocean—atmosphere simulation model and from historical and satellite-
era records of tropical cyclones. According to the authoritative statement on wind hazard in Australia,
Darwin’s wind hazard is the same as Townsville’s but both locations’ hazards are much less than that of Port
Hedland. However, three different estimates in this study indicate that Darwin’s wind hazard at the long
return periods relevant to engineering requirements is higher than for both Port Hedland and Townsville. The
discrepancy with previous studies may result from the inadequate cyclone records in the low-latitude north of
Australia, from accumulated errors from estimates of wind speeds from wind fields and wind—pressure re-
lationships, and from inappropriate extrapolations of short-period records based on assumed probability
distributions. It is concluded that the current wind-hazard zoning of northern Australia seriously underesti-
mates the hazard near Darwin and that coupled ocean—atmosphere simulation models could contribute to its
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revision.

1. Introduction

In regions subject to tropical cyclones (TCs), the
return period of TC gust speeds is an important clima-
tological metric. It is critical to appropriate engineering
design of infrastructure, to proper provision for public
safety, and to understanding the impacts of TC winds on
the natural environment.

In the past decade, three Australian ““Category 5
(maximum gusts >78 m s~ ') TCs passed within 350 km
of Darwin (Northern Territory), Australia (12°26'S,
130°51'E). These were Cyclones Thelma (1998), Ingrid
(2005), and Monica (2006), with maximum gust speeds
estimated by the Australian Bureau of Meteorology
(BoM) using Dvorak analyses (Harper et al. 2008; Velden
et al. 2006) to be 87, 90, and 99 m s~ ', respectively. A
recent review of the winds generated by Cyclone Tracy,

Corresponding author address: Dr. Garry D. Cook, CSIRO
Sustainable Ecosystems, PMB 44, Winnellie, NT 0822, Australia.
E-mail: garry.cook@csiro.au

DOI: 10.1175/2009JAMC2013.1

© 2009 American Meteorological Society

which devastated Darwin in 1974, indicated that just
before landfall it also produced maximum gust speeds of
at least 90 m s~ ' (Harper 2005).

The authoritative statement on wind hazard in
Australia (Australian/New Zealand Standard 2002) will
be referred to in the text from this point on as the
wind code. It sets gust speeds for the design of struc-
tures and has legal effect through reference to the
Building Code of Australia (BCA) in building legisla-
tion in each Australian state and territory. It is described
in more detail in section 2. According to the wind code,
the wind hazard from TCs in Darwin and the adjacent
coastline of the Northern Territory is the same as that
for coastal Queensland as far south as Bundaberg
(24°53'S, 152°19’E), more than 12° of latitude farther
south.

However, there are several physical reasons why
Darwin should have a much greater likelihood of intense
cyclones than anywhere along the east coast of the
continent south of about 15°S latitude. The potential
intensity of TCs formed in the seas near Darwin during
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F1G. 1. The approximate boundaries of Australian TC wind regions as specified in the wind
code, together with the locations of towns for which wind hazard was estimated.

December appears to be the highest for any month
anywhere in the world (Emanuel 2005; Tonkin et al.
2000). The potential intensity depends in part on the
difference in temperature between the ocean surface
and the upper troposphere (Wang and Wu 2004) and
probably determines the upper limit to intensities ex-
pected for extreme cyclones at long return periods. The
Darwin region combines not only the lowest tropopause
temperatures in Australia (Seidel et al. 2001) but also
some of the warmest sea surface temperatures in the
world (Reynolds and Smith 1995). Furthermore, the
effect of negative feedback on TC intensification caused
by storm-induced ocean mixing bringing cold water
from below the mixed layer to the surface (Emanuel
2005) is much reduced for TCs approaching Darwin
because the surrounding seas are generally so shallow
that the mixed layer extends to the seabed.

This paper uses two approaches to reevaluate the
wind hazard for Darwin and compare it with that of Port
Hedland (Western Australia) and Townsville (Queens-
land) (Fig. 1). Port Hedland was chosen to represent the
region that the wind code specifies as having a greater
wind hazard than Darwin, and Townsville was chosen to
represent another town within the same wind-hazard
region as Darwin. The first approach to estimating wind
hazard employs the modeling approach of Emanuel
et al. (2006a); the second uses historical records of cy-
clone occurrence. The modeling approach has been
shown to reproduce historical intensity of hurricanes
affecting Miami, Florida (Emanuel et al. 2006a).

It is found that the wind code may make reasonable
provision for Port Hedland and Townsville but appears
to underestimate substantially the TC wind hazard for
Darwin. The findings for Darwin are discussed in terms of
their consistency with the understanding of TC-related
climate in northern Australia and the probable reasons
for the wind code’s low estimation of the hazard.

2. Background to the Australian wind code

The wind code divides the entire 8000-km length of
Australian coastline deemed to be subject to impact
from intense tropical cyclones into two regions. These
regions are 50-km-wide strips measured inland from
a smoothed coastline. ““‘Region D”’ extends for about
1000 km between latitude 20° and 25°S on the west coast
of Western Australia. ““‘Region C”’ covers the remaining
7000 km of coastline between 27°S in Western Australia
and 25°S in Queensland as well as a 50-km-wide strip
inland from Region D (Fig. 1).

For each region, the wind code defines a quantity
termed the regional wind speed Vi as the maximum 3-s
gust speed at 10-m height in flat, open terrain, having an
average recurrence interval (or return period) of R yr
(Fig. 2). In the wind code Vy is given for Region C by
Vg = 1.05(122 — 104R~*') and for Region D by Vj =
1.10(156 — 142R™1).

The regional wind speed is the point-based wind speed
to apply for a single building—it is higher than the wind
speed that would apply to a citywide area. The factors
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FIG. 2. The Vg—R curves as specified for Regions D and C in the
wind code. Values of R are given as indicated in the Australian
Building Code for structures of varying importance levels as ex-
emplified by farm sheds, residential buildings, and major hospitals
(Australian Building Codes Board 2009a,b). Region D: dashed
line; Region C: solid line.

1.05 and 1.10 were introduced in the current (2002)
version of the wind code because the frequency of
Category 5 TC crossings in Region D between 1998 and
2002 was greater than that for the historical data that
had been used together with a form of the Weibull dis-
tribution to formulate the bracketed terms. Note that Vi
is not the actual design speed—this may vary for par-
ticular sides or heights of a building and is derived from
Vg by using multipliers to allow for structure height,
terrain type, topography, and local shielding. Here only
Vg or its equivalents are referred to.

Return period R is defined as the inverse of the an-
nual exceedance probability (AEP) but can also be
considered to be the average number of years between
TC events that produce wind gusts (at a particular
structure) equal to or exceeding V. Given uncertainties
about the future climate, this latter definition becomes
problematic if R has a value of many decades or more.
Nevertheless, because the return period concept re-
mains in general use, R is used here as the variable to
quantify hazard rather than using the logically more
appropriate AEP.

The BCA prescribes minimum levels of safety for
buildings or structures under wind, snow, or earth-
quake loads by tabulating values of AEP to be used
with ultimate limit state design for structures of various
importance levels. For example, for wind loads from
TCs, the BCA gives AEP values for building types as
exemplified by farm sheds, residential buildings, and
major hospitals equivalent to R = 200, 500, and 2000 yr,
respectively (Australian Building Codes Board 2009a,b)
(Fig. 2).
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3. Methods
a. Sources of TC data: Simulation modeling

The statistical and deterministic modeling approach
of Emanuel and colleagues (Emanuel 2006; Emanuel
et al. 2004, 2006a,b) was used to simulate TCs in the
vicinity of Darwin, Townsville (19°15'S, 146°46'E), and
Port Hedland (20°19’S, 118°34'E). The data analyzed for
each town comprised 1000 simulated tracks of TCs
coming within 100 km of a point near the center of each
town. Each town required between 74 000 and 82 000
TCs to be simulated to obtain the 1000 tracks. The
simulated period of record varied from about 3000 yr for
Port Hedland to 2700 yr for Darwin. Each simulated
cyclone required a genesis event, a simulated track, and
the intensity development.

Storm genesis is originated by a random draw from a
space—time probability density function based on post-
1970 genesis data from the Joint Typhoon Warning
Center. The track synthesis and intensity modeling uses
National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) re-
analysis datasets from 1980 to 2005 based on 2.5° latitude—
longitude grids and monthly mean upper-ocean thermal
profiles derived from Levitus (1982) based on 1° latitude—
longitude grids. The track generation is the second
method described by Emanuel et al. (2006a). This method
moves the storms according to a weighted average of the
ambient flow at 850 and 250 hPa, plus a constant beta-drift
correction.

The model was run by WindRiskTech (http://www.
windrisktech.com/), who supplied the data as text files
for the full track of each individual storm for each
1000 storm sets. The data contain the date, time, posi-
tion, maximum wind (1-min mean at 10-m altitude, storm
relative), central pressure (for ambient = 1005 hPa),
magnitude of the 250 hPa — 850 hPa shear of the
horizontal ambient winds, and the potential intensity
(expressed as maximum wind) for each 2-h interval
along the tracks. These data will be referred to as the
WRT data.

The tropical cyclone intensity along each of the 1000
tracks for each town was derived using the approach of
Emanuel et al. (2004). This is a simple axisymmetric
atmospheric model coupled to a simple one-dimensional
ocean model and includes a parameterization of vertical
wind shear effects. It is assumed that TC weakening
due to shear is primarily caused by ventilation of the
core with ambient midtropospheric air. NCEP-NCAR
monthly mean values of specific humidity at 600 hPa
were used to estimate the midtropospheric humidity.

To simplify the analysis, wind speeds were not ad-
justed to allow for the forward motion of the storm. This
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TABLE 1. Effect of various methods or assumptions in the simulation model or in interpretation of its output on Vg, at the three locations
for R = 500 yr.

Overestimation (+) or underestimation (=) (m s )

Method or assumption Port Hedland Darwin Townsville
Using factor = 1.22 rather than 1.25 to convert -2 -2 -2
WRT 1-min wind speeds to gusts
Using unsmoothed data from only 1000 simulated TCs +1 +2 +2
Using 0.25° coastline resolution and detecting 0 +4 0
surface only along track centerline
Not accounting for topographic effects 0 0 +5
Not accounting for variance in Ryiw -2 -2 -1
Using Emanuel wind profile rather than some other, +1 +1 +1
possibly more accurate, profile
Net result -2 +3 +5

will introduce significant error in the calculated maxi-
mum wind speed for the weaker, faster-traveling, indi-
vidual storms. However, over 1000 storms it was found
that the simplification produced negligible difference to
the point-based gust speed distribution because the er-
rors can be either positive or negative depending on
whether the TC center passes to the left or right of the
target and therefore tend to cancel out. For Darwin, it
was found that the ground-relative gust speeds were
identical to the storm-relative gust speeds for R > 400 yr.

Bathymetry and topography are modeled at 0.25°
resolution and linearly interpolated to the storm posi-
tions to detect landfall and places where the ocean
mixed layer extends to the seabed so that cooling of
the sea surface temperatures by storm-induced mixing
cannot occur. The reduction in the rate of decline of
intensity after landfall is simulated in the model by
allowing the surface enthalpy exchange coefficient to
reduce linearly from its value just offshore when the
storm center crosses the coastline to zero when surface
altitude reaches 40 m. This allows the effect that swamps
and lakes can have on the intensity reduction rate to be
simulated (Shen et al. 2002). The model data show in-
tensity reductions for tracks crossing islands and pen-
insulas or making landfall on the mainland; however, the
results are limited by the relatively coarse 0.25° resolu-
tion of the coastline and by the fact that the model only
detects the nature of the underlying surface along the
track center. This is a weakness of the current modeling
that shows up in locations, such as Darwin, with a
heavily indented coastline and partial shielding by sur-
rounding islands and peninsulas. Use of the formulas
derived by DeMaria et al. (2006) with the nine most
intense storm tracks plotted on a high-resolution coast-
line resulted in a 4 m s~ ! reduction in the maximum gust
speeds for Darwin at R = 500 yr (Table 1).

A further shortcoming of the simulation model is that
it does not resolve local topographic features. This is of

no consequence for Port Hedland or Darwin but
Townsville has Mount Cleveland and Mount Elliot ap-
proximately 25 km to the east and southeast, respec-
tively. The eyes of 5 of the top 10 most intense TCs to
affect Townsville in the simulation passed over these
features. Removing those TCs from the bin data de-
creased Vg (defined below in section 3¢) at R = 500 yr
by Sm s~ (Table 1).

b. Sources of TC data: Historic records

Two sets of historic data were analyzed. The first set
derives from the written and meteorological records
dating from the earliest European settlement at Port
Hedland (1910), Darwin (1869), and Townsville (1858)
(Callaghan 2005; Murphy 1984; Nicholls 2007). It was
assumed that all intense TCs coming within 50 km of
each town would have been recorded and only such
storms (maximum gusts >56 m s~ ' for Port Hedland
and Darwin and >44 m s~ ! for Townsville) have been
included in this dataset. The number of such cyclones for
each town was nine, five, and nine, respectively. Where
wind data were not available but central pressure had
been measured or estimated, maximum gusts were es-
timated using the operational wind—pressure relation-
ships for each state used by the Bureau of Meteorology
(Knaff and Zehr 2007) or by applying Holland’s (1980)
model. For instances in which neither wind nor pres-
sure data were available for the Queensland records,
damage—wind speed relationships were applied (Guard
and Lander 1999). These data will be referred to as the
written record.

The second dataset is based on the maximum gusts of
intense TCs that have maximum gusts of >69 m s~ ' for
Port Hedland and Darwin and >36 m s~ ' for Townsville
for all such TCs that came within 350 km of each town
after January of 1985. The number of such cyclones for
each town was nine, four, and eight, respectively. Data
derive from the BoM historic database (spreadsheet
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Newcyclonedatabase-08repair.xls obtained online from
www.bom.gov.au). The 1985 start date was chosen be-
cause wind speeds were included from that date in the
intensity estimates obtained using the Dvorak technique.
Allowance was made for the weakening from the maxi-
mum wind speed values to landfall values based on av-
erages for such weakening determined from the BoM
data for each region. These data will be referred to as the
post-1984 record. Thus the written record provides bet-
ter temporal sampling while the post-1984 record pro-
vides more reliable estimates of TC intensity but over a
much shorter period.

The BoM states that it is known that there are quality
issues in the database and that a thorough reanalysis is
required to address them. A reanalysis of TCs within the
Timor Sea showed that the BoM data underestimated
intensities by an average equivalent gust speed of ap-
proximately 6 m s~ ! in the early 1970s and that this re-
duced to an average of about 2 m s~ ' by the mid-1980s
(Harper et al. 2008). Similar bias is likely to prevail for
the whole of the Australian region. On the other hand,
evidence obtained from correlating aircraft reconnais-
sance measurements with Dvorak estimates for hurri-
canes in the North Atlantic Ocean indicated that the
Dvorak technique overestimated winds for intense cy-
clones undergoing weakening by approximately 3m s~ .
It was found that this bias was due to the Dvorak rule of
holding the intensity constant for 12 h from the start of the
weakening and that using a 6-h rule instead removed the
bias for TCs having maximum gusts greater than 40 m s~
(Brown and Franklin 2004). A recent study using a more
detailed North Atlantic dataset shows that Dvorak es-
timates actually underestimate the intensity for very
intense TCs with gusts exceeding 80 m s~ ! (J. Courtney
2009, personal communication).

A further complication is that the above-mentioned
correlations show that the scatter in results is such that
25% of Dvorak gust estimates will be more than =8m s~ !
different from the reconnaissance values. This becomes
an issue here because of the very small sample sizes used
in the analysis. The Dvorak estimates also do not allow
for the extreme gusts, caused by vortices and so on, that
are known to occur at the eyewall and that cause the
well-observed streaks in damage paths. It is concluded
that the current BoM database is sufficiently accurate
for the purpose of this study, even though the data may
underestimate these extreme maximum gusts that occur
in localized regions within the eyewall.

c. Development of Vus—R plots

The quantity Vs is the maximum gust speed pro-
duced by a TC at some particular point at 10-m height
over water or open terrain and thus is directly compa-
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rable to the Vg in the wind code. The data points in the
Vust—R plots were derived directly from the bin values
from analysis of the historic or simulated data, with no
attempt made to smooth the data or to apply extrapo-
lations by means of assumed probability distributions.

The analyses assume that frequency distributions of
gust speeds derived directly from historic records pro-
vide direct estimates of future probabilities. This applies
regardless of the period being examined, whether it is
the 1980-2005 period for the climatological information
used for the simulation modeling or one of the several
time periods used for the historic records. No allowance
is made for possible climate change or multidecadal
oscillations.

Because the values of Vs are point based and the
raw data apply to values within some sampling radius,
appropriate estimates for the radius of maximum winds
Ryw were required. Values for the median of Ryw were
calculated from Eq. (1) given below, which is a modifi-
cation of Eq. (7) of Willoughby and Rahn (2004), which
derives Ryw in terms of flight-level winds V., and
latitude ¢ from data collected during 606 flights through
Atlantic and eastern Pacific Ocean TCs from 1977 to
2000. Apart from using a logarithmic rather than an
exponential form, the only modification involved the
factor 0.021, which was obtained by multiplying 0.0223
(Willoughby and Rahn’s coefficient to V ,.,) by 1/(0.9 X
1.25) and adding 0.001 to the quotient, where 0.9 serves
to reduce flight-level winds to 1-min sustained surface
winds (Franklin et al. 2003), 1.25 serves to convert to
gusts (Holland 1993), and 0.001 serves to reduce the
surface Ryrw to be 1-3 km less than that at flight level.
The resulting equation is

In(Ryyy) =3.94 — 0.021V,  +0.028p. (1)

Gust

Willoughby and Rahn (2004) state that 75% of the
variance in the Ryw data was random and independent
of the wind speed and latitude. This variance can be
accounted for by adding a variable n having mean = 0
and standard deviation = 0.55 to the right side of Eq. (1)
(H. Willoughby 2007, personal communication). Equa-
tion (1) was checked for the lifetime maximum gusts of
the 38 TCs in the BoM database that had gusts =47m s~
within 500 km of any one of the three locations that
also had concurrent estimates of the TC eye diameter.
The Ryw was estimated from the BoM eye data by
adding 5 km (3 km) to the eye radius for TCs with gusts
of 47-70m s~ ! (=70 m s~ '). Equation (1) gave values of
Ryw that averaged 10% higher than the data values for
the 6 samples from the Darwin region and 30% higher
for all 38 samples. However, it was decided that it was
not justified to modify Eq. (1) further to suit the Australian
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Ryw data because of their high variance and the small
number of samples.

To obtain very accurate results for Vg, from a large
database, the variance in Ryw should be accounted for
because it skews the distribution to larger values of
Ryiw, which leads in turn to increases in the Vg, values.
In the interests of simplicity and reproducibility, the
results presented here do not allow for variance in Ryw
except that the effect of such omission on Vg for R =
500 yr derived from the WRT data was calculated and is
given in Table 1.

Using the WRT data, Vg, at a point for each town
was calculated for each storm by assuming that it was
produced when the storm center was at its closest ap-
proach to the target and that the maximum winds and
other properties vary linearly between the adjacent, 2-h
data points.

The maximum gust speed at each target point was
calculated from either the modeled output of maximum
gust speed, if the point was within the Ryw, or from an
assumed wind speed profile if the location lay outside
the Ryiw. The wind speed profile used was that given in
appendix C of Emanuel et al. (2006a). Using an alter-
native wind profile based on a single exponential func-
tion that better matched the rapid decrease in wind
speed outside the Ryiw known to be associated with very
intense TCs in the Darwin region resultedina 1 ms ™'
decrease in Vg, at each location (Table 1). (The small
difference is due to the relatively small number of
storms affected because the target point was within the
Ryw for almost all of the extreme events.) It was de-
cided to use the Emanuel profile for the baseline results
because it appears to simulate better the wind profile for
large distances out from the eyewall and so should give
more reasonable results for Vg, at short return periods.
However, the choice of profile is clearly not critical for the
extreme values of Vg, at long return periods.

For each town, the gust speeds obtained were counted
into bins of 5 m s~ ' gradation; the simulated period of
record was then used to derive values for R for each
exceedance of V.. For both historic datasets, the
VGus—R plots were derived using

R= )

where R is the return period (yr) and P, and P; are es-
timated temporal and spatial probabilities, respectively.
Itis assumed that temporal probabilities for Vg, derive
directly from the historic record so that P, is given by

P =

t

: ®)

NIs
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where n is the number of TCs coming within some
sampling radius having maximum gusts greater than or
equal to some particular value of Vg, and T is the
period of record (yr).

The spatial probability of a point being hit by the
maximum winds for a TC coming within the sampling
radius (50 km for the written record and 350 km for the
post-1984 record) was assumed to be given, in the long
term, by

p = Ryw +1) ’ @)
s S

where here Ryw is the median radius of maximum
winds from Eq. (1) for the given Vg, and S is the
sampling radius (km) following the method of Nicholls
(2007). A similar approach was used by Murnane (2000).
It is simply based on geometry and is independent of
the track direction. Substitution of Egs. (3) and (4) into
Eq. (2) leads to

TS
R= n(Rypy + 1) )

For each of the three towns and for each dataset,
maximum gust speeds were binned into three or more
appropriate speed values and then Egs. (1) and (5) were
applied to produce the data points for comparison with
the wind code’s Vg—R curves. The accuracy of this sim-
ple technique was checked using the WRT data for
Darwin. Almost identical Vg,s—R plots were obtained
by using the simple technique and by using the more
complicated method that uses precise track locations
and an assumed wind field as used for the simulation
modeling.

Note that the simple technique effectively extends the
point-based period of record by the value of the sampling
radius divided by (Ryw + 1). For example, in Fig. 4b
(described in more detail below), the top data point for
Darwin is based on TC Monica; Eq. (1) gives Ryw =
9 km and Eq. (5) effectively extends the period of record
from 24 yr to R = 24/1 X 350/(9 + 1) = 840 yr.

All winds speeds presented are applicable to locations
within about 5 km of the coastline. The approximate 2%
difference between 3-s gusts as used by engineers in the
wind code and 2-s gusts as used by meteorologists is
ignored in this paper, and for convenience all gusts are
referred to as being of 3-s duration. The wind speeds in
the BoM database are 10-min mean winds, and these
were converted to 3-s gusts using a factor of 1.41 (Holland
1993). The original WRT data give 1-min sustained wind
speeds, and these were converted to 3-s gusts using a
factor of 1.22. The authoritative value for this factor is
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FIG. 3. The Vus—R plots based on 1000 simulated tracks for Port
Hedland, Darwin, and Townsville in comparison with Vg—R curves
for Regions D and C as specified in the wind code. Region D:
dashed line; Region C: solid line. Port Hedland is shown by filled
inverted triangles, Darwin is shown by filled circles, and Townsville
is shown by filled triangles.

1.25 (Holland 1993), but the lower value was deliber-
ately chosen knowing that other simplifying assump-
tions were leading to overestimation of the final gust
speeds (Table 1).

Apart from some of the written records, it was not
necessary to convert pressure data to wind speeds nor to
make assumptions regarding Holland B values or factors
to convert gradient winds to surface level. To simplify
the analysis further and to aid reproducibility, the data
are presented as unsmoothed plot points (Figs. 3 and 4)
without reliance on some assumed, extreme-value dis-
tribution. With the WRT data, it was found that nominal
smoothing of the scatter in the high-speed bin counts
tended to reproduce the effect of increasing the sample
size from 1000 to 3000 TCs (K. Emanuel 2009, personal
communication). Trials showed that the effect of using
unsmoothed data is to overestimate Vg, for R = 500 yr
by 1-2m s~ ' (Table 1).

4. Results and discussion

The Vgusi—R plots of the results from the simulation
modeling for all towns differ significantly from the re-
spective Vg—R curves of the wind code (Fig. 3). For
Darwin, the Vgus—R plot lies below the Region C curve
for R less than 60 yr but then increases steadily to be
greater than the Region D curve for R greater than
about 150 yr. The plots for Port Hedland and Townsville
both commence below the Region C line for values of R
less than 20 and 60 yr, respectively, but then values of
VGust increase above the Region C line, but to a lesser
extent than for Darwin.
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FIG. 4. The Vgus—R plots derived from (a) the written record of
TCs within 50 km and (b) the post-1984 record of cyclones within
350 km respectively of Port Hedland, Darwin, and Townsville in
comparison with Vg—R curves for Regions D and C as specified in
the wind code. Region D: dashed line; Region C: solid line. Port
Hedland is shown by filled inverted triangles, Darwin is shown by
filled circles, and Townsville is shown by filled triangles.

At R = 500, the simulation values of Vg, for Darwin
and Townsville were 98 and 79 m s~ ', respectively,
substantially greater than the applicable Region C values
of 69 m s™'. In contrast, Port Hedland’s Vg, value at
R = 500 yr is 82 m s~ ', which is 6 m s~ less than its
relevant Region D value of 88 m s '. When the above
values were modified according to the net effects of the
biases described in Table 1, the values of Vg at R =
500 yr for Port Hedland, Darwin, and Townsville be-
come 84,95, and 74 m s~ L, respectively. This brings the
values for all locations somewhat closer to their re-
spective region curves, but the value for Vg, for Dar-
win is still 42% higher than V5, for Region C.

The results using written records (Fig. 4a) show Vgus—
R plots for Port Hedland and Townsville being close to
their respective Region D and Region C curves; however,
for Darwin the plot is adjacent to the Region D curve
instead of the relevant Region C curve. The results using
the post-1984 records (Fig. 4b) show similar trends to
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those from written records except that the Darwin plot
starts near the Region C curve but by R = 250 yr is
above both the Port Hedland plot and the Region D
curve. Thus the analysis of the post-1984 data for Darwin
showed a similar trend to that for the simulation data.

Although the sample sizes for the written record and
the post-1984 record were small and therefore subject to
sampling error, they produced results that were generally
consistent with each other. For Darwin, analyses of the
three sources of data all indicate that the Vus—R plots
are substantially above the Vz—R curve for Region C
and at or above the Region D curve for values of R rel-
evant to structural engineering. For Port Hedland, the
results tend to support its allocation to Region D; for
Townsville, the written record and the post-1984 record
results are similar to Region C.

Animportant parameter in determining extreme wind
gust values for a particular location is the maximum
potential intensity (MPI) that can be attained for that
location. The two generally accepted models for po-
tential intensity by Holland and Emanuel (Bister and
Emanuel 1998; Emanuel 1995; Holland 1997) give
slightly different results, with the Emanuel model esti-
mating the lesser intensity for locations and months
subject to the most intense TCs (Tonkin et al. 2000). The
Emanuel model appears to provide better approxima-
tions of maximum intensities than the Holland model
(Camp and Montgomery 2001), but because it is an axi-
symmetric model it may underestimate MPI (R. Smith
2009, personal communication).

There is no specific definition for MPI, and it may be
given in terms of a minimum central pressure or maxi-
mum wind speed. Further, the value will depend on the
model and climatological values used, and it may refer
to a daily, monthly, annual, or even multimillennial
period. If MPI for the simulation modeling is defined as
the 95th-percentile value of the potential intensities of
all storms when they were closest to the target town,
then the MPIs for Port Hedland, Darwin, and Towns-
ville are 107,112, and 92 m s, respectively.

It is clear that potential intensity plays only a minor
role in determining actual intensities for nonintense TCs
(where other factors such as shear, etc., dominate) but
the MPI appears to play a very important role in con-
trolling the most extreme intensities. This becomes ap-
parent when comparing the mean values of maximum
gust speeds and associated potential intensities (PI)
from the WRT data points with intense maximum gusts
(V=70m s ') as compared with nonintense maximum
gusts (V <70 m s~ ') (Table 2).

The much larger number of intense gust data points
for Darwin relative to those for the other two towns
(Table 2) indicates that not only are there relatively
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TABLE 2. Properties of storms in the simulation data at 2-hourly
data points within 350 km of Port Hedland, Darwin, and Towns-
ville. The number of data points is represented by N, and the values
for gust speed V and PI are the concurrent values at each point.

Mean
Mean V. Mean PI Mean  shear
Town N (msH (msY) VPI (ms?h
Data points with maximum gusts (V) =70 m s~
Port Hedland 1010 82 99 0.83 7.8
Darwin 2900 91 107 0.85 6.5
Townsville 640 78 90 0.87 6.8
Data points with maximum gusts (V) <70 m s~
Port Hedland 14 620 36 97 0.37 16.6
Darwin 16 130 35 104 0.34 11.0
Townsville 14 770 34 88 0.38 17.3

more intense TCs in the region but also that they tend to
remain at high intensity for longer durations. The cou-
pled ocean—-atmosphere model used to produce the
WRT data simulates the negative feedback effect from
storm-induced mixing. This effect will operate for TCs
approaching Port Hedland or Townsville while over
deep ocean but could be entirely absent for TCs track-
ing parallel to the coastline over the shallow seas ap-
proaching Darwin. This, together with PI differences,
probably explains why TCs Ingrid and Monica were at
Australian Category 5 intensity for 24 and 48 h, re-
spectively, when approaching Darwin whereas TCs that
attain Category S intensity off the west and east coasts
of Australia tend to maintain that intensity for much
briefer periods.

Values of mean PI for each of the three towns were
2-10 m s~ ! less than the 95th-percentile figures given
above for both intense and nonintense TCs (Table 2).
This indicates that PI values tend to be distributed close
to an upper bound regardless of the actual TC intensity.
This is further demonstrated by the mean values of V/PI,
where the ratios are similar between the towns but for
intense TCs the ratios indicate that the maximum gusts
are much closer to the potential intensity than for the
nonintense TCs. The mean shear values are much less
for the intense data points in comparison with the non-
intense data points, and the values for Darwin are the
lowest in each case.

Although Darwin is partially protected from the im-
pact of intense TCs because of the sheltering afforded by
the Tiwi Islands to the north and the Coburg Peninsula
to the northwest (Fig. 1), the simulation modeling indi-
cates that this sheltering is less of a consequence for the
most intense TCs than for TCs of lower intensity be-
cause relatively more of the intense TCs come from
open seas to the west (Table 3). Although during the
past three decades most cyclones have tracked from the
east, all of the very intense cyclones that have come
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TABLE 3. The relationship between approach direction and the
proportion of tropical cyclones of different intensities approaching
Darwin based on the results of simulation modeling.

Proportion of TCs approaching
Darwin (%)

From
From From the northeast
the west the north via  via Coburg
TC intensity via open seas Tiwi Islands  Peninsula
All TCs 33 10 57
With Vs >70m s 47 9 43
Top 10 of 1000 50 10 40

within 50 km of Darwin since its settlement (1897, 1915,
1919, 1937, and 1974) approached Darwin from the west
(Murphy 1984; Nicholls 2007).

The conclusion of this study that Darwin’s wind haz-
ard is underestimated in the wind code raises questions
regarding the source of the discrepancy. For example,
two papers (Gomes and Vickery 1976; Tryggvason 1979)
that informed the development of the wind code (Holmes
et al. 1990) concluded that Darwin had the lowest wind
hazard of 11 northern Australian towns from Perth,
Western Australia (31°57'S, 115°52'E), to Brisbane,
Queensland (27°29’S, 153°E). It appears that the main
factors that have contributed to the conclusion that
Darwin has a relatively low wind hazard derive from
sampling errors in the anemometer or pressure data
used, incorrect assumptions made in the derivation of
wind speeds from the pressure data, and incorrect as-
sumptions relating to the extreme-value distributions
used to find the TC wind hazard at long return periods
based on short-term historic data.

The results from the simulation modeling indicate
how errors can arise from statistical extrapolation of TC
intensity data. First, the probability mass functions have
different shapes depending on the town being consid-
ered and on whether the gust speeds are for Vg, or for
the gust maxima when the TC centers are closest to the
target within the sampling radius (Vcjese)- Second, plots
of the distributions indicate that Vg, values from TCs
that have the eyewall pass over a particular point belong
to a very different statistical population than those from
TCs where the eyewall does not. This is most likely be-
cause Vgys from the “hits” varies only according to the
intensity of the TCs whereas Vg from the “misses”
varies additionally with the distance outside the Rypw
and with the peakedness of the wind profile. This finding
is particularly relevant to the analysis of anemometer
data because it indicates that only the very small subset
of the data derived from intense TCs that have the
eyewall pass over the anemometer should be used in an
extreme-value analysis.
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For the simulation data, it was found that lognormal,
Gumbel, Weibull, or Pareto distributions could be made
to approximate gust speed distributions only over part
but never over the whole distribution. This indicates that
none of the currently used extreme-value distributions
are suitable for extrapolating short-term historic TC
data to find intensities at long return periods.

The key to formulating an extreme-value distribution
that is useful for extrapolation may be related to the
finding that TCs in the North Atlantic and western
North Pacific of hurricane strength had lifetime maxi-
mum wind speeds that when normalized by dividing by
the concurrent potential intensity followed a roughly
uniform probability mass function (Emanuel 2000). The
finding applied to normalized lifetime maximum inten-
sities that were not limited by declining potential in-
tensity due to passage over cold water or landfall, but it
appears that it may be related to the findings for Vg
for Darwin. The probability mass functions derived from
the simulation data for both Vg, and Vs for Darwin
(but not for the other two towns) were approximately
uniform for gust speeds of >90 m s '. This can be re-
lated to the Emanuel (2000) finding because the PI
values for the most intense TCs are clustered over a very
limited range and therefore it is reasonably accurate to
assume they have some constant value. This means that
the finding for ““normalized” wind speeds can be applied
to actual wind speeds. It is also pertinent that the value
of Viose 18 somewhat nearer to the lifetime maximum
value for Darwin TCs than for the other towns and that
on average, the lifetime maximum wind speeds occur
200-300 km nearer to Darwin than for the other towns.

5. Conclusions

The analyses based on simulated data and historic
records presented here indicate that the authoritative
statement on wind hazard in Australia substantially
underestimates the hazard from tropical cyclone winds
for Darwin and probably for the adjacent low-latitude
coastline of the region. This discrepancy may result from
a range of sampling and methodological errors in pre-
vious analyses. They indicate that it is inappropriate to
specify just one region (Region C) to represent the wind
hazard for most of the northern Australian coast and its
immediate hinterland. The Australian approach contrasts
markedly with the approach taken in the U.S. loading
code (American Society of Civil Engineers 2006), which
displays basic design wind speeds in hurricane-prone re-
gions as isopleths on a map and allows interpolation
between isopleths. A greater resolution in wind-hazard
mapping may be required for Australia, and simulation
modeling using approaches such as those applied here can
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contribute much to quantifying hazard and providing
better spatial resolution to hazard than has been possible
for Australia using the historic record alone. Such work is
critical to public safety and to the design of infrastructure.
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