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1.0 INTRODUCTION

The Wind/Wave Hindcast Study described in Volume 1, was principally
concerned with the extreme wave climate in all Canadian east coast
offshore exploration areas associated with extratropical cyclones. As
a result, the storm selection identified potentially severe
wave–producing extratropical storms over the period 1957–1988 for
three study areas; The Grand Banks, Scotian Shelf and Georges Bank. It
is well known that at least the Georges Bank part of the study area is
affected by tropical cyclones. As a separate task of the storm
selection activity therefore, a population of cyclones of tropical
origin which had retained tropical characteristics upon crossing
Georges Bank, was identified from all available data sources. A
detailed description of the storm selection and ranking process is
given in Volume I of the study report. Briefly, a total of 33
historical hurricanes were selected, and then ranked within two
separate groups, representing the historical periods 1938–1956, and
1967–1987. The latter period overlaps the period used for the
extratropical storms. The earlier period was included in order that
the exceptional storms which occurred in 1938, 1944 and the early
1950’s would be included.

The hindcast approach has been applied to mixed storm–type problems.
Whereas site specific extremes are usually developed for extratropical
storm regimes, usually a “site–average” approach is followed to
determine the distribution of extremes at a specific site in a broad
region more or less homogeneously exposed to tropical cyclones. For
example, in the Ocean Data Gathering Program Applications Phase (Ward,
Borgman, and Cardone, 1979), the ODGP cyclone wind model and general
wave hindcast model were applied to a small fraction of the total Gulf
of Mexico population of historical hurricanes observed this century.
Only the highest–ranked, more recent storms, for which good
information was available, were hindcast, regardless of specific point
of coast–crossing, since the extensive hurricane track climatology
suggested that the broad stretch of coastline in the Northern Gulf of
Mexico was uniformly exposed to storms.

To develop even site–average extremes for tropical cyclones on the
Georges Bank would seem to require the hindcast of about 30 cyclones.
This report describes the results of a pilot study of tropical cyclone
generated sea–states on Georges Bank. Only ten storms were hindcast,
using the ODGP wind and wave models specifically adapted on time
(1–hour time step) and space (20 n. mi. grid spacing) scales needed
for accurate hindcasting of tropical cyclones. The hindcast methods
and results are summarized and interpreted in terms of the degree to
which tropical cyclones need to be considered for a full description
of the extreme wind and wave climate on Georges Bank. The tropical
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cyclone hindcasts are also summarized and compared to the
extratropical storm extremes in Volume I.
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2.0 STORM SELECTION

The previously noted storm selection activity identified 15 storms in
the early historical period and 18 storms in the recent historical
period. While there are considerably more data available in more
recent storms, 6 of the 10 storms selected from these populations for
numerical hindcasting are from the earlier period. The objective of
the hindcast storm selection was to represent a variety of storm types
from within the more intense storms. Tropical cyclone storm
properties, such as minimum central pressure, radius of maximum wind,
forward velocity, ambient pressure field strength and orientation, all
interact in a complex way to affect the wave generation potential.
While it would probably require more than 10 storm hindcasts to study
these parameter interactions for Georges Bank storms thoroughly, the
ten storms selected provide an indication of the sensitivities
associated with typical intense east coast storms.

Figure 2.1   shows the tracks of the storms selected. The tracks
intersect Georges Bank over its whole width. Obviously, a wide range
of storm motions are represented, including the very fast moving
storms of September, 1944, and September, 1969. On the other hand, the
storm of October, 1962 decelerated as it approached Georges Bank. The
September, 1954 storm produced the highest significant wave height
when hindcast with a simple parametric model as part of the storm
screening. Indeed, parametric hindcasts of all storms selected for
hindcasting here predicted peak significant wave heights of greater
than 10 m.
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3.0 DATA ASSEMBLY

The meteorological data sets assembled for the storm survey and
screening were also referred to for the specification of storm track
and characteristics. The most useful of the sources are listed below:

1. the comprehensive magnetic tape file of North Atlantic tropical
cyclones, known as HURDAT, which is maintained by the NOAA National
Hurricane Center, Miami, Florida;

2. annual summaries of North Atlantic hurricanes published in the
Monthly Weather Review;

3. storm reports on individual storms published by the National
Hurricane Center;

4. published results of previous analyses of raw storm data aimed at
establishing specific storm parameters;

5. estimates of storm location, maximum wind, radius of maximum wind
and eye characteristics contained in “detailed vortex message” type
reports filed by U.S.Navy and Air Force reconnaissance aircraft; and

6. sea level pressure maps and synoptic ship reports, mainly the NOAA
Northern Hemisphere Surface Analysis–Final Analysis Series.
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4.0 CYCLONE HINDCAST MODELS

As part of the Ocean Data Gathering Program (ODGP) (Cardone, Pierson,
and Ward, 1976) noted in the Introduction, it was demonstrated that
dynamically–based numerical models could realistically reproduce the
surface wind and wave patterns in intense tropical cyclones. The data
and experience of the ODGP has led to refined wind models and to the
implementation of both first– and second–generation discrete spectral
wave models. The models have been validated repeatedly against high
quality data sets acquired in severe cyclones, as described below for
both the wind and wave models.

4.1 TROPICAL CYCLONE SURFACE WIND MODEL

The model developed in the Ocean Data Gathering Program provides a
complete description of the surface winds in the boundary layer of a
tropical cyclone from the simple model parameters available in
historical storms. The model is an application of a theoretical model
of the horizontal air flow in the boundary layer of a moving vortex.
That model solves, by numerical integration, the vertically–averaged
equations of motion that govern a boundary layer subject to horizontal
and vertical shear stresses. The equations are resolved in a Cartesian
coordinate system whose origin translates at constant velocity (vf)
with the storm center of the pressure field associated with the
cyclone. Variations in storm intensity and motion are represented by a
series of quasi–steady–state solutions.

The non–linear system of equations is solved numerically on a
fine–mesh nested grid system (inner nest grid spacing is prescribed).
Transformation of the steady solution to earth–fixed coordinates
provides the vertically–integrated wind field.

The Ocean Data Gathering Program wind model included an empirical
scaling of the 20–metre wind speed from the vertically integrated
wind. Since then we have been able to remove that scaling by replacing
the surface drag treatment (Cardone et al., 1979) with a similarity
boundary layer parameterization.

The model pressure field is described as the sum of an axially

symmetric part  and a large–scale pressure field  of constant

gradient. The symmetric part is described in terms of an exponential
pressure profile

where po is central pressure, ∆p is storm pressure anomaly, and ra is
a scaling radius nearly equivalent to the radius of maximum wind. The
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model, therefore, can be initialized form parameters that are usually
available from historical meteorological records: po,ra,vf and the
ambient pressure field . The entire wind field history is computed

from knowledge of the variation of those parameters along the storm
track.

For each hindcast, so–called “snapshots” are specified to describe the
surface wind distribution on the nested grid as often as is necessary
to describe different stages of intensity.

The interpolation of winds to the hindcast wave model grid from the
snapshot wind fields, which are generated on a moving nested grid,
proceeds in three stages. First, the hourly coordinates of the storm
centre are linearly interpolated from a track table. Second, at each
interval, the model wind components are linearly interpolated in time
between adjacent snapshots. Third, for each grid point each hour,
given the latitude and longitude of the eye and the latitude and
longitude of the point, the smallest nest is found within which the
grid point lies, and the wind components are interpolated bilinearly
to the grid point from the four surrounding nest positions.

The model was validated originally against winds measured in several
Ocean Data Gathering Program storms. It has since been applied to
nearly every recent hurricane to affect the United States offshore
area. Comparisons with overwater measurements from buoys and rigs
support an accuracy specification of �20 degrees in direction and �2
metres/second in wind speed (1–hour average at 20–metre elevation).
Most comparisons have been published (see e.g., Cardone et al., 1978;
Ross and Cardone, 1978; Cardone and Ross, 1979; Forristall et al.,
1977; 1978; 1980).

The cyclone wind model has also been applied to the study of tropical
cyclones in foreign basins. The model has been used by the U. S.
National Aeronautics and Space Administration (NASA) and by the
National Oceanic and Atmospheric Administration (NOAA) to evaluate
marine winds sensed remotely from SKYLAB and SEASAT in several Pacific
Ocean typhoons. More recently, in proprietary industry–sponsored
studies, the model has been applied to model tropical cyclones in the
Caribbean Sea, offshore Borneo, in the Gulf of Thailand, the Arafura
Sea, offshore NW Australia, and the South China Sea.

As presently formulated, the wind model is free of arbitrary
calibration constants which might link the model to a particular storm
type. The variations in structure between tropical storm types
manifest themselves basically in the characteristics of the pressure
field of the vortex itself and of the surrounding region. The
interaction of a cyclone and its environment, therefore, can be
accounted for by a proper specification of the input parameters. The
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assignable parameters of the planetary boundary layer (PBL)
formulation, namely planetary boundary layer depth and stability, and
of the sea surface roughness formulation, can probably safely be taken
from studies performed in the Gulf of Mexico, since tropical cyclones
world–wide share a common set of thermodynamic constraints.

4.2 WAVE HINDCAST MODEL

Oceanweather presently operate deep–water spectral wave hindcast
models incorporating first– and second–generation source term
formulations and have experimentally checked a third–generation source
term formulation.

The first–generation model, developed in the ODGP, is part of a family
of fully–discrete spectral models which have evolved from the model
originally proposed by Pierson, Tick and Baer (1966). The model is
based on the energy balance equation, which is solved by the
successive simulation of the processes of wave growth, dissipation and
propagation, each time step on a regular grid array of points covering
the spatial domain of interest.

The original ODGP model represented the Gulf of Mexico by a hexagonal
system of 1265 points spaced 20 n. mi. apart, with the spectrum
resolved in 15 frequency and 24 direction bands, and with a time step
of one hour.

Substantial recalibration of the PTB model was effected in successive
trial hindcasts of intense hurricane Camille. That calibration has
been found to be quite stable in hindcasts of many well–documented
storms which have occurred since the ODGP measurement period. Indeed,
the model has provided a substantial improvement in hindcasts of
extratropical storms as well. For the latter, different wind–field
specification procedures, as described by Cardone et al. (1980), are
necessary.

With an increased understanding of the effects of wave–wave
interactions on the spectral energy balance, wave hindcast models
continue to undergo refinement. At Oceanweather, a more recent
deep–water model, known as SAIL and documented by Greenwood, Cardone
and Lawson (1985), incorporates parts of the ODGP model but models the
growth of wave energy on the forward face of the spectrum and the
shape of the high–frequency part of the spectrum somewhat differently.
The growth of wave energy with fetch and direction of that model
follows a similarity scaling more closely than the ODGP, but the
overall scale of the growth rates on the duration side follows the
ODGP model, which is evidently finely tuned. Both models exhibit
comparable levels of skill when tested against wave measurements in
tropical cyclones.

The behaviour of about a dozen different wave models in ideal
wave–generation situations was investigated in the wave model
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intercomparison activity known as SWAMP, which was reported at the
ITJCRM Symposium on Wave Dynamics and Radio Probing of the Sea
Surface, held in Miami, Florida in May, 1981, and recently published
(SWAMP, 1985). Large differences were found in SWAMEP when the models
were tested against an idealized tropical cyclone wind field. In fact,
there was found to be range of a factor of 2 in the prediction of peak
significant wave height in the modelled storm. This case points out
the importance of selecting a wave hindcast model which has been
specifically validated in severe tropical cyclones.

The ODGP/SAIL family of hindcast models has indeed been checked
against data in severe tropical cyclones, as reported in numerous
published studies. For example, the ODGP hindcast model has, prior to
this study, already been extensively verified against wave
measurements acquired at platforms offshore Louisiana and Mississippi.
Model hindcasts of maximum wave height were compared to measurements
at the platforms in five Gulf of Mexico storms (Camille, 1969; Felice,
1979; Betsy, 1965; Carla, 1961; Hilda, 1964). Maximum wave height was
derived from the first two moments of the hindcast spectrum using a

statistical distribution of individual wave heights. Figure 4.1  

shows the good agreement achieved.

Following the ODGP, the model was applied to every major storm to
affect the U. S. Gulf or East Coast. Comparisons of measured and
hindcast wave height and frequency spectra in hurricanes Eloise and
Belle were reported by Cardone and Ross (1979). Comparisons in Gulf of
Mexico Hurricanes Delia (1973) and Eloise (1975) of modelled and
measured directional wave properties are reported by Forristall et al.
(1978, 1980). The ODGP model has also been applied to extratropical
cyclones, which, like tropical storms, are characterized by moving
quasi–circular wind fields. Altogether, the model has been applied to
four different storm types in three different basins. Reece and
Cardone (1982) evaluated the skill of the model in hindcasting the
maximum significant wave height and associated peak frequency at a
specific site in a storm. In over 60 individual comparisons in 19
different storms, including the Gulf of Mexico hurricanes, the model
exhibited negligible bias and rms errors of less than 1 metre in

height and 1 second in peak frequency (Figure 4.2  ). The SAIL model
has also been found to provide comparable accuracy. Finally, we have
recently tested the world!s only operational third–generation wave
model (the so–called 3G–WAM model) against three Gulf of Mexico
tropical cyclones and find skill comparable to that of our calibrated
first–and second–generation models, though at a great cost in computer
resources.

In this study, the ODGP model was implemented, thereby also providing
consistency with the model used for the extratropical storms. The
model was implemented on a grid of much finer spacing than that of the
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grid used for the winter storm hindcasts. The finer grid was designed
to provide sufficient domain for simulation of the entire hindcast
period of each cyclone. Specific attributes of the model adopted are
given below.

Grid domain: 32�N – 44�N; 60�W – 78�W

Grid spacing: 20 n. mi. nominal

Projection: transverse Mercator

Time Step: 1 hour

Angular spectral resolution: 24 directions, 15–degree bandwidth

Frequency spectral resolution: 16 frequencies

Spectral growth algorithm: ODGP2 (deep water)

Propagation: Interpolatory deep water

The model grid system is shown in Figure 4.3  
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5.0 PRODUCTION HINDCASTS

5.1 PREPARATION OF STORM INPUT DATA

A cyclone hindcast comprises execution of two programs. The first
program executed, generates a file of winds at 60–minute intervals on
the wave hindcast model grid system, from supplied storm track and
intensity inputs. The second program executed, runs the wave hindcast
model.

Inputs to the wind program consist of a table of eye coordinates and
specification of storm intensity and structure parameters for each
“snapshot” to be generated by the vortex model. Input data for the

storms hindcast are given in Appendix A  .

Evaluation and quality control of the modelled winds consisted of
review of time histories of modelled 20–m wind speed and direction at
selected points, listing of the maximum wind on the grid each time
step, and plotting of wind fields in the form of conventional wind

“barbs” on the entire grid, at 6– or 12–hourly intervals. Appendix B  

gives the plotted wind fields for the all of the ten storms hindcast.
These types of plots enable the comparisons of modelled winds and
ship–report winds or winds observed at well–exposed island and coastal
stations. In a few storms, these comparisons led to revision of the
initially–derived storm input data, and recalculation of the wind
fields.

5.2 SUMMARY OF HINDCAST RESULTS

The execution of a wave hindcast run produced basically two archive
files of output.
One file holds fields of the following hindcast parameters at
60–minute intervals:
Wind speed (m/sec)
Wind direction (degrees, from which)
Friction velocity (m/sec)
Significant wave height (m)
Peak spectral period (sec)

Significant wave period (sec)
zero–crossing wave period (am)
Peak wave direction (degrees, to which)
Dominant wave direction (degrees, to which)
Spreading parameter
Vector mean wave direction (degrees, to which)

From these archived fields, tables of time histories of selected
parameters were listed for selected points distributed over the

Georges Bank area. These tables are included in Appendix B  . The
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significant wave height is also presented as a field for each storm in

Appendix B  , in the form of so–called “Custer plots”, which show the
distribution of significant wave height and vector mean wave direction
as scaled vectors.

The second file archived holds the full two–dimensional hindcast
spectrum each time step at four selected grid points.

A concise summary of hindcast results in terms of peak hindcast sea
states and associated surface winds on Georges Bank, is presented in

Table 5.1  . A wide range of sea states was evidently specified in
these hindcasts. By far, the most severe storm was the hurricane of
September, 1944, in which a combination of location, intensity and
extent of the fetch zone of strongest winds to the right of the
center, coupled with the storm translation speed to produce a strong
resonant growth of sea states. This feature of fast–moving, and
intense tropical cyclones of relatively large spatial scale has been
noted previously, but we know of no direct measurements of sea states
in such storms to verify the model behaviour in these relatively rare
storm types. Storm forward speed also appeared to strongly influence
the stage of wave development reached in hurricane Gerda, but in the
opposite sense. The numerical hindcasts of peak sea states in this
storm are quite a bit lower than expected, based upon the storm
screening indications, and we speculate that storm translation speed,
which was also very fast for Gerda, inhibited wave development,
despite the strong peak wind speeds specified. The September, 1938
hurricane and Gloria, 1985 are both known to be “great” east coast
storms, but because their tracks were west of Georges Bank, and
perhaps because they weakened north of 40 degrees N, they evidently
rank fairly low in terms of peak sea states in the area of interest.

A comparison of these results with hindcasts of extratropical winter
storms in the Georges Bank shows that tropical cyclones can generate
sea states of comparable magnitude. This suggests that particularly
for descriptions of the extreme wave climate for rare recurrence
intervals (50 years and greater), both storm types may have to be
considered, and at least over the western parts of Georges Bank, a
joint extremal analysis of hindcast results of both storm types might
yield reliable extremes. However, over eastern Georges Bank, more
storms need to be considered, and for those hindcast it is probably
necessary to extend the grid system eastward.
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Appendix A

Cyclone wind program input data files for 10 hindcast hurricanes

Explanation of Inputs

NAME1: KZM is year and month of storm, KDH is day and hour of starting
time step of run, KMIN is time step in minutes, DX is grid spacing of
innermost nest of wind model in km.

NAME2: gives snapshot parameters for each of snapshots specified;
EYELAT is latitude of eye, DIREC is the direction of motion (degrees),
speed is the forward speed (knots), EYPRES is the central pressure
(mb), RADIUS is the scale of radius of the exponential pressure
profile (n. mi.), PFAR is peripheral pressure (mb), SGW is magnitude
of the geostropic wind of the ambient pressure field (m/sec), AN1 is
the direction of the ambient geostrophic wind (degrees, from which).
Below the snapshot inputs is the table of hourly eye coordinates
(hour, latitude in degrees and minutes, longitude in degrees and
minutes, rotation angle) and the assignment of snapshots to locations
along the track.
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