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ABSTRACT

The authors’ development of an underlying theory of trapped-fetch waves with tropical cyclones was
presented in an earlier paper. Based on this work a simple, desktop Lagrangian-based trapped-fetch wave
model was developed. Although initially a training tool, operational meteorologists recognized that the
model could assist them in real-time assessment of trapped-fetch wave potential. Hence, the model was
integrated into the Canadian Hurricane Centre’s operational prediction workstation. Because of this inte-
gration and the computational speed of the model, after reviewing the output from a full spectral wave
model, the forecaster uses this simple model to assess, in more detail, trapped-fetch wave potential in

various track prediction scenarios.

The trapped-fetch wave model and the ensemble of parametric hurricane wind models used to drive the
model are outlined in this paper. A number of case studies are examined and additional applications

suggested.

1. Introduction

Tropical cyclones (TCs) are among the most difficult
phenomena in the atmosphere to fully describe and
predict and engineers and scientists often resort to pa-
rameterized winds (Phadke et al. 2003). Bowyer and
MacAfee (2005) have shown the importance and sen-
sitivity of wind speed, storm speed, and fetch length, in
the development of large trapped-fetch waves (TFWs),
especially near those critical storm speeds at which
moving storms generate the highest waves.

The authors have developed a Lagrangian TFW
model for use in training operational meteorologists
and as a TFW-potential assessment tool used by the
forecasters at the Canadian Hurricane Centre (CHC).
This model was first used operationally in 2000 (Mac-
Afee and Peters 1999; MacAfee and Bowyer 2000b) and
has been recently refined through improved parameter-
ization, both with respect to wave generation and wind
modeling. The model deals specifically with wind-
driven wave growth in trapped-fetch situations in the
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TC environment. Since it employs the assumption that
dominant TFWs have one spectral mode (Bowyer and
MacAfee 2005), the development of a unimodal spec-
trum is possible using basic wave growth equations. The
model has been developed to answer three questions
that forecasters often have when forecasting waves with
TCs: Where, when, and how big, will the biggest waves
be? The model does not predict wave height fields or
spectral fields; it is intentionally focused on predicting
maximum possible wave heights with a TC.

Full spectral wave models have the capability to cap-
ture the details of TC wave systems exhibiting a high
degree of wave containment (Bowyer and MacAfee
2005). However, their most significant operational limi-
tation is their inability to allow last-minute storm
changes in order to generate new wind and wave model
solutions and meet forecasting time constraints. As
well, the more sophisticated models do not allow for
different real-time scenarios (or ensembles) to be run at
forecasters’ discretion. This limitation can be significant
when forecasting parameters associated with TCs be-
cause of the often-erratic nature of their track. There-
fore, it is essential for forecasters to be able to update
TFW trajectories in order to assess storm parameter
sensitivities, especially for storms predicted to move
near their critical speed. The TFW model focuses on a
single, specific aspect of the wave field: the highest po-
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tential waves due to wave containment. Hence, the
model output must always be used only after first re-
viewing the full spectral wave model output, which pro-
vides a picture of the overall wave field.

Computer limitations and timeliness of output dic-
tate that compromises be made when building an op-
erational forecasting tool. As a result, the CHC TFW
model was intentionally designed to run on a forecaster
workstation (Linux platform) with output available in a
measure of seconds. For example, to model the TC-
centered wind fields and compute the TFWs for the
longest TC trajectory in the history of the Atlantic (702
h during Hurricane Ginger in 1971) takes 51 s. Because
the model has been fully integrated into the forecaster’s
working environment, as the forecaster graphically
draws a predicted track, adjusts intensity, and position,
or motion, the parametric hurricane wind models and
the TFW model automatically record and respond to
the updated information and reassess the TFW poten-
tial. Hence, with minimal effort, a variety of scenarios
can be run to supply the forecaster with a measure of
confidence in their prediction.

Because of the computational speed of the model,
TFW potential for the full track of a TC can be recom-
puted after the latest predicted track segment is auto-
matically merged with the historical portion. Hence,
potential TFW impacts other than along the predicted
track can be noted.

Following from the operational perspective on the
theory of TFW with TCs (Bowyer and MacAfee 2005),
this paper outlines an operational tool for deep-water
wave forecasts of the height, location, and arrival time
of the largest waves. In section 2, four operational para-
metric wind models, which drive the TFW model, are
reviewed. Section 3 describes the TFW model, section 4
presents case studies, section 5 highlights operational
utility, and section 6 provides conclusions.

2. Wind models

The wind field input into the TFW model can be
analysis generated or model generated. In this paper,
the focus is on a model-generated wind field. Such a
wind field must accurately depict the 2D structure of a
TC while allowing for real-time modification through
forecaster intervention as the storm evolves. The
former criterion was met by using an ensemble of well-
documented parametric hurricane wind models. The
latter criterion was satisfied by integrating the wind
model into the CHC forecasting workstation, thus using
predicted modeling parameters defined and modified
during the track creation process. In all the model equa-
tions described below, V,, is the maximum wind
(ms™"), R is the radial distance to the grid point (km),
and R,, is the radius of maximum winds (km).

The modified Rankine vortex model was described in
Phadke et al. (2003). The model equations are

FORECASTING VOLUME 20
R \B
W) nen.
V= R \5 : 1
Vm<?> s R = Rm
B is a shape factor set at 0.5 as suggested by Phadke et

al. (2003).

The Sea, Lake, and Overland Surges from Hurri-
canes (SLOSH) wind model was described by Houston
and Powell (1994) and validated against the Hurricane
Research Division’s (HRD) H*WIND analysis by
Houston et al. (1999). The model equation is
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The Holland wind model was described in Holland
(1980). The model equations are
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where f = 2 () sin¢ is the Coriolis parameter, p is air
density, e is 2.71828, B is the shape parameter, P, is the
central pressure, and P, is the sea level pressure at the
last closed isobar around the TC.

A vortex simulation model was described in DeMaria
et al. (1992). The model equation is
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m
B is a shape parameter determined using the mean po-
sition of a specific wind contour (beyond R,,), for a
given strength TC. This constraint was given by
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where V is the storm speed, 0 is the angle of the grid
point relative to V, V, is the nontranslational speed-
adjusted wind, and R, is the distance to the critical wind
speed V,, in this study, 17 m s~ ' (34 kt).
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The TC translational adjustment at each model grid
point was computed by resolving the tangential wind
into storm-relative U and V components then adding a
radially weighted storm speed (Phadke et al. 2003) to
the y component:

U= —-V,cosby
VR, R
V=V sinl,+ |———
o ((R?n + R2>)
Vopr = (U2 + Vz)(1/2)’ (6)

where Vpr is the motion-adjusted wind speed. Equa-
tion (6) was applied to all parametric models except
Holland where the radially-weighted storm speed term
was set to zero, which is more appropriate for an equa-
tion based on gradient wind theory.

Following Holland (1980), an MSL pressure grid was
computed using

R B
P=P.+(P,—P,) exp[—(f) ]

V2
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)
where p is the air density (1.15 kg m~>). Finite differ-
encing was used to compute the geostrophic wind di-
rection of a unit vector at each grid point. A cross-

isobaric flow correction () was applied using the
scheme outlined in Phadke et al. (2003):
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The parametric models are based on gradient wind
theory and data collected from aircraft at flight levels
from 925 to 700 hPa. All computed winds were adjusted
to the 10-m level using a model-specific factor from 0.86
to 0.89 based on Franklin et al. (2003) and comparisons
with HRD wind analyses. To match the time step of the
TFW model, the wind is converted from 10 min to 1 h
using a gust factor of 0.92 (Krayer and Marshall 1992).
The model-generated wind fields were not adjusted to
include wind reduction due to overland flow.

For a given TC track location (hereafter TL), each
parametric model requires V,,,, P, Vg, and R,,. In ad-
dition, the Holland model requires P, and the vortex
model requires Rs,. For case studies of historical TCs,
V,, and P, are obtained from the National Hurricane
Center’s hurricane database archive (HURDAT). For
real-time application, V,,, and P, are available from the
CHC workstation, which records analysis of past posi-
tions and the forecaster-generated predicted track.

The value of P, is extracted from a table of average
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F1G. 1. Radius of maximum wind (R,,) curves, extracted along
radial profiles from the storm center at 22.5° intervals, for differ-
ent classes of storm intensity. (Storm data: HRD gridded winds
for 389 storms from 1998 to 2003.)

monthly values for the Gulf of Mexico and four subba-
sins in the Atlantic (<25°N, 25°-35°N, 35°-45°N,
>45°N). To address TC asymmetries, R,, and R, are
extracted from tables created by analyzing HRD grid-
ded wind fields (H*WIND) from 1998 to 2003. From
each H*WIND analysis, R,, was extracted from 16
storm-relative radial profiles and sorted by the storm
maximum wind into categories (horizontal axis of Fig.
1). A normal distribution was applied to the random
sample in each category to remove outliers (£1.5 std
dev). Vickery et al. (2000) gives an equation for the
variation of R,, with latitude [Eq. (7)] but indicates that
north of 30°N the model is inaccurate. Since the focus
of this paper is on rapidly moving TCs—in particular,
those north of 30°N—a statistical weighting function for
TC motion derived from the HRD dataset is applied to
the independently computed, latitude-dependent value,
to inflate (deflate) R, at high (low) latitudes. In the
model, each grid point’s radial angle was computed,
then R,, was determined at adjacent radial profiles and
interpolated to that grid point. A similar method (not
shown) was used to generate Rs,.

For a real-time TC, parameters are automatically de-
fined and updated as the forecaster graphically con-
structs (edits) a predicted track, which is the corner-
stone of the CHC prediction system. Because of the
computation speed of the wind model [the 702 wind
grids of Ginger in 1971 in 4 s], wind grids are recom-
puted as track and intensity changes are made. Because
the TFW model requires wind grids for the entire track,
the latest predicted track is appended automatically to
the historical track prior to modeling. Any reanalysis of
historical information will be reflected in the updated
model run.
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Fi1G. 2. Schematic diagram showing the successive steps in de-
fining initial wave calculation points at a track location (circled
and labeled TL): (a) construct a model grid right of track, oriented
parallel to the storm motion V (heavy arrow) and locate the
reference line A, (b) create a wind field using a parametric
model, and (c) apply criteria to select initial wave calculation
points. The TFW model output for the selected points is displayed
as trajectories in (d); the dominant trajectory for the TL is de-
noted by a heavier arrow.

The use of statistical estimates of some model param-
eters (i.e., R,,) in lieu of observed values from aircraft,
satellite, or surface observations is a justifiable limita-
tion; observable data are not always available in real
time and may be too labor intensive to incorporate into
the duty forecaster’s routine. In addition, the model
described in this paper was designed to be an assess-
ment tool where relative wave height values and trends
are as important as absolute values. As well, using a
consistent set of input parameters ensures that varia-
tions in the generated wind field are solely due to the
design of each parametric model.

Figure 2a shows a typical 37 X 25 grid with 11-km (6
n mi) spacing created at a given track location (TL).
The grid is oriented along V., right of track, and offset.
Offsetting the grid provides adequate overlap between
consecutive grids, ensures that all potential TFW are
modeled (Bowyer and MacAfee 2005), and optimizes
computation time. In addition, the grid domain is in-
tentionally small to avoid unrealistic winds at larger
distances from the TL recalling that the intent is to
delineate the maximum wave trajectories and not gen-
erate a complete 2D wave field. Bretschneider and
Tamaye (1976) found that the maximum TFW should
be in the range 1-2 times R,,, well within the specified
grid domain.
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3. TFW model

a. Wave equations

The wave equations used in the TFW model are from
Bretschneider and Tamaye (1976):

F\m
e ann] 1, (£5) "
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U ol A, tanh[32<?
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Lnin = 2 . C_o dx, )

where Hyg,g is the significant wave height (ft), 7'p is the
significant wave period (s), F is the fetch length (ft), U
is the 10-min average surface wind speed at the 10-m
level (ft s™"), t,.;,, is the wind duration (s), C, is the wave
speed (fts™!), and g is the acceleration due to gravity (ft
s~?). The coefficients are A, = 0.283, A, = 1.2, B, =
0.0125, B, = 0.077, m; = 0.42, and m, = 0.25.

In these equations, given a wind speed, an initializing
fetch length, and a time interval, wave height and pe-
riod, growth duration, and equivalent fetch, can be
computed. Because of the multivariable inputs, the
variables are input iteratively into the equations until
the limiting variable forces a convergence (arbitrarily
0.1%) to a wave height solution. The computed dura-
tion time may be less than the initial estimated wind
duration as it is dependent on the wave growth and
limited by the time to reach a fully developed sea. The
equivalent fetch is the distance the waves must travel to
achieve wave height H when subjected to a constant
wind U. To ensure that the equivalent fetch is not un-
derestimated during the iterative calculations, the input
fetch is set at an arbitrarily large value of 2000 n mi
(3706 km) to simulate a realistic unlimited fetch condi-
tion.

In applying Eq. (9), the fetch-limited nature of the
Bretschneider equations implies that fetch width limi-
tations in TCs have not been addressed. The impact of
this limitation is discussed in Bowyer and MacAfee
(2005).

b. Procedure

The HURDAT 6-hourly or real-time 6- or 12-hourly
positions are converted to 1-h TLs using linear inter-
polation. A modeling grid is constructed at each TL and
a wind field computed (Fig. 2b). Following Bowyer and
MacAfee (2005), a Lagrangian-based method for cal-
culating TFW is employed. Initial wave calculation
points on each TL grid are determined using the winds.
A reference line A, extends right of TL and orthogonal
to V. Each grid row perpendicular to A, represents a
set of points from which trajectories could be com-
puted; however, the winds at points distant from A,



JUNE 2005

may not be relevant source points: either the trajecto-
ries are not parallel to the track or the wind is of insuf-
ficient strength to be considered for TFW. Hence, along
each grid row across A, the winds forward of A, are
examined and those points satisfying the (wind direc-
tion — V) difference criterion (Dcgip) of <30° are
retained (Saville 1954). The strong wind shift ahead of
A, (Fig. 2b) precludes the need for a companion wind
speed criteria as Dcgyr Will always be satisfied first.
Similarly, the points trailing A, are retained if the pre-
ceding Dcgyr is met and the wind speed at a point is
within 75% of the component of the A, wind along V.
The threshold of 75% was selected following extensive
testing: thresholds <75% generate lower TFW of
shorter duration; thresholds >75% only marginally in-
crease TFW (<0.25 m) yet add significantly to compu-
tation time. Figure 2c illustrates the reduced, noninter-
acting initial wave point calculation set achieved by ap-
plying these criteria.

Consider a grid row across A, and the initial wave
calculation points along that row. At T,, at each of
these points, the local wind speed component along V,,
an initializing fetch of 3704 km (2000 n mi) (Bowyer
and MacAfee 2005), and the TFW model time step of 1
h are input to the wave growth equations [Eq. (9)] to
generate significant wave height (Hgg), significant
wave period (7p), duration, and equivalent fetch val-
ues. During the time step, waves from the initial calcu-
lation points travel a distance equal to the equivalent
fetch along the row. At their new position, these waves
are subjected to the local wind field of the next TL (1 h
later). Using the wind field as in Fig. 2b and applying
bilinear interpolation, the local wind over the waves is
determined, and using D gyt, the new wind direction is
tested against Vg at T. If Degyp is not satisfied, the
waves are flagged as having reached their TFW limit
and are no longer computed. Otherwise, the potential
for further growth is assessed by computing the highest
fully developed seas Hgp (m) using the relationship

/U \2 .
<%> , U=103ms
U 2 |
Hyp = < (m) , 103<U=231ms
\(0.04685U+ 5.1954) » U>2lms

(10)

and comparing the result to the current wave height H.
If H = Hgp, then the waves have moved into an area
where the local winds can no longer support them;
hence, they are no longer computed. If H < Hp, there
is potential for further growth. As long as all criteria are
satisfied, the calculations are repeated through succes-
sive time steps. With each successive iteration, as crite-
ria are no longer met, the number of wave calculation
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points decreases until there are no remaining points in
a row. The highest waves for that row are recorded as
a trajectory as shown in Fig. 2d. In turn, each row for a
given TL is processed before proceeding to the next
initiating TL where another independent set of initial
wave calculation points seed a new set of iterations.

Wave calculation points are noninteractive and the
waves generated from an earlier TL do not precondi-
tion downstream initial wave calculation points. As
well, grids are aligned with the local V, and cover a
limited domain near the TL. As waves move, they may
not reach the next grid and, by necessity, computations
are terminated; analysis has shown that in most situa-
tions these waves have moved toward increasingly
weaker wind and are unlikely to experience significant
further growth.

The trajectories of Fig. 2d are the set generated for a
single TL. Although some predicted wave heights are
equal and their trajectories have similar length, the
number of hours of growth (not shown) can be signifi-
cantly different; waves do not arrive in the same area at
the same time. Given that additional sets of trajectories
are generated hourly along the track, care must be
taken in interpreting the model output. Because of this
complexity, model output displays the trajectory, which
represents the dominant TFW: the highest waves in the
set of trajectories for each TL. In Fig. 2d, the heavy
arrow indicates this dominant TFW.

c. Context

A full spectral wave model provides a complete pre-
diction of the wave field including the spectral mode
simulated by the TFW model; however, the generating
region and timing of arrival of the waves of greatest
impact (which may or may not be the highest waves)
might be missed during the operational examination of
contoured maps at specific synoptic hours. The alter-
nate approach of the TFW model acts as a “drill down”
to attempt to extract more information about one par-
ticular aspect of the wave field. In turn, the analysis of
TFW output should lead the forecaster back to a more
in-depth examination of the full spectral wave model
output, resulting in an improved forecast product. The
TFW model output is not sufficient, nor intended, to
provide a complete depiction of a wave field.

The wave equations [Egs. (9) and (10)] are appli-
cable only for wave development in deep water. The
current version of the TFW model does not recognize
the transition from deep to shallow water and will con-
tinue to apply the equations inappropriately in the
coastal zone. Hence, the height of wave trajectories ap-
proaching the coastline may be in error. This limitation
will be addressed in a future version of the model.

4. Case studies

Four different Atlantic tropical cyclones were chosen
for detailed case study investigation of the TFW model
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Fi1G. 3. Track of Bonnie in 1998 with the box indicating the
zoomed area used in Fig. 6.

(Bonnie and Danielle in 1998; Luis in 1995; and Juan in
2003) along with five other examples from the Gulf of
Mexico. The TFW model was run for each wind model
listed in section 2. Results from all TFW model simu-
lations, identified by the driving wind models, will be
presented for the first case. Thereafter, for brevity, only
the Holland model results will be displayed. Given that
the TFW model is unimodal, discussion will be confined
to Hg;g. In comparing model output to buoy data, no
consideration was given to the wave sampling offset
times of nearly 40 min (AXYS 1996) except where
noted. Accordingly, Hg;s are assumed valid at trans-
mission times.

a. Bonnie 1998—North

On 30 August 1998, Bonnie—a 23 ms™' (45 kt)
tropical storm—passed approximately 139 km (75 n mi)
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north-northwest of buoy 44137 (Fig. 3) near the arrival
of the wave maximum (Table 1). Eight hours later the
maximum Hg;g reached buoy 44141 one hour after the
nearest approach of Bonnie. Note the sharp boundary
in the spectral wave density plot of Fig. 4 at the time of
the maximum in the Hg;g reports indicating the signifi-
cant lack of preceding waves: an indication of strong
wave containment or resonance (Jones et al. 2003;
Bowyer and MacAfee 2005).

Figure 5 shows the TFW model output with the dom-
inant TFW trajectories from each TL. Compare the
position and values of the Hg;g for the TFW cluster in
the circled area: 11 m for models Figs. Sa—c and 10 m for
model d; the cluster is moving toward buoy 44137,
which reported 10.8 m. The gradually increasing for-
ward speed of Bonnie indicates a system exhibiting
strong wave containment (Bowyer and MacAfee 2005)
as demonstrated by the length of the trajectories (the
effective fetch), some growing for 45 h. As discussed in
Bowyer and MacAfee (2005), the left-of-track buoy
44142 should have a lower maximum Hg;s (Table 1)
than right of track. Note the cluster of 11-m trajectories
in Fig. 5a directed across the track toward buoy 44142.
These TFWs originated from the TL grid at 1800 UTC
27 August 1998 where the change in direction of Bon-
nie was quite abrupt and 1 h before the beginning of
TFWs directed toward buoy 44137. The cross-track
TFWs arriving after the storm passage illustrate the
importance of examining the TFW model output along
the entire track. Note that the longest TFWs originated
when the storm center was at its weakest intensity over
land on 27 August 1998 (Fig. 5).

b. Bonnie in 1998—South

Prior to moving into Canadian waters, Bonnie had
been a 51 ms~* (100 kt) hurricane moving toward the
U.S. east coast (Fig. 3). During this stage in the storm’s
history, scanning radar altimetry (SRA) data were
gathered during a flight through the storm around 2100
UTC 24 August 1998 (Wright et al. 2001), reporting a
maximum in the Hgg field of 10.8 m (7'» near 13.0 s)

TABLE 1. Maximum significant wave height (Hg;g), maximum wave height (Hyax), and wave period (7p) reported from buoys
during passage of selected tropical cyclones. (Source: Marine and Environmental Data Service: information online at

http://www.meds-sdmm.dfo-mpo.gc.ca.)

Buoy Hg,; report time and Hgg Hyax (m)
Tropical cyclone  identifier — Lat (°N), Lon (°W)  date (hours to storm arrival) (m) (hours after Hg report)  Tp (s)
Luis 1995 44139 44.13,57.64 0200 UTC 11 Sep (—2) 9.1 20.1 (2) 18.3
44141 42.07,56.15 0100 UTC 11 Sep (1) 17.1 30.2 (0) 18.3
Bonnie 1998 44137 41.83, 60.94 0000 UTC 30 Aug (0) 10.8 153 (2) 15.1
44138 44.26,53.62 1300 UTC 30 Aug (—1) 7.9 14.4 (2) 122
44141 42.11,56.18 0800 UTC 30 Aug (1) 10.5 17.9 (0) 135
44142 42.50, 64.02 2100 UTC 29 Aug (—1) 6.5 10.9 (0) 14.2
Danielle 1998 44137 41.83, 60.94 0600 UTC 03 Sep (—2) 59 109 (2) 135
44138 44.26,53.62 1400 UTC 03 Sep (1) 12.0 20.3 (1) 15.1
44141 42.11,56.18 0800 UTC 03 Sep (0) 15.8 26.9 (0) 18.3
44142 42.50, 64.02 1600 UTC 03 Sep (5) 33 55(-13) 11.6
Juan 2003 44142 42.50, 64.02 2300 UTC 28 Sep (0) 12.2 26.0 (0) 171
44258 44.54,63.35 0400 UTC 29 Sep (—1) 9.0 19.9 (0) 12.8
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located approximately 160 km (86 n mi) northeast of
the storm center. Moon et al. (2003) constructed a
model swath of Hg;g along the track; the 10- and 14-m
Hg g contours are shown in Fig. 6a.

Figure 6a shows the TFW model output in a zoom of
the boxed area of Fig. 3. All four models develop tra-
jectories beginning 24 August 1998, which persist for
24-48 h. Bonnie was already showing wave contain-
ment by late on 24 August where 90% of the peak
spectral density was found in a single spectral mode in
the wave containment quadrant (Wright et al. 2001;
Moon et al. 2003). The TFW model predicted consid-
erably higher waves in the ensuing 24 h as storm wave
containment became more pronounced. All four mod-
els developed dominant trajectories slightly farther
right of track than was shown by Moon et al. (2003).

In Fig. 6b, detailed trajectories for a single TL (0600
UTC 24 August 1998) are shown for each grid row
within the storm. This TL is the starting point for model
waves passing closest to the SRA wave maximum near
the SRA data time (denoted by the asterisk in Fig. 6b).
The inset table in Fig. 6b lists Hg;s, TG, and duration
of wave growth, for each trajectory. Although several
trajectories are of nearly equal duration and wave
height, the dominant TFW is 9.6 m. The model’s dom-
inant waves reached 11 m north of the SRA location.
The model Tgg of 12 s relates statistically to a 7 of 14
s (WMO 1998) in comparison to the SRA-measured T
of 13 s.

Note the shift in location of dominant wave trajecto-
ries on 23-24 August 1998 (Fig. 6a). Prior to 0000 UTC
23 August 1998, Bonnie was moving northwest at uni-
form speed. After 0000 UTC 24 August 1998, Bonnie
began accelerating to the north-northwest, resulting in
sudden changes in the TFW (Moon et al. 2003).

¢. Danielle in 1998

On 3 September 1998, Danielle—a 36 m s~ ' (70 kt)
hurricane—passed approximately 56 km (30 n mi)
northwest of buoy 44141 (Fig. 7) near the arrival of the
wave maximum (Table 1). Maximum Hg,g reported by
the buoys to the right of track were much higher than
those left of track. Note the sharp boundary in the spec-
tral wave density plot of Fig. 4 and the steepness of the
wave growth curve at buoy 44141 just prior to the maxi-
mum Hg;s. Along with the complete lack of preceding
swell, these are both indicators of strong wave contain-
ment (Bowyer and MacAfee 2005).

Figure 7 shows the output with the largest Hg,g of 21
m directed south of buoy 44141. The four models
showed considerable variability in the maximum Hg;g
value (16-21 m) and location of trajectory end points
from 556 to 833 km (300 to 450 n mi) upstream of buoy
44141. All models grew TFWs in excess of 24 h indi-
cating strong wave containment—an expected result
considering the gradual increase in the hurricane’s for-
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ward speed on 1-2 September 1998. TFW wave growth
terminates upstream from buoy 44141. Applying a first-
order approximation for swell decay of long period
waves (15-20 s) over 10 h of 22% (WMO 1998) yields
waves of 11-16 m near buoy 44141 in reasonable agree-
ment with the observations (Table 1). As in Bonnie, a
17-m TFW trailing the main cluster is directed across
the track toward buoy 44137.

The very high TFWs predicted with Danielle give a
better sense of the importance of storm speed than a
discussion of theory. For example, compare the model
output of Danielle with that of Hurricane Gilbert (in
1988): a much stronger, but more slowly moving storm.
Figure 8 shows TFW output when Gilbert was at its
peak intensity: the 22-m trajectories north of the
Yucatan Peninsula (insert Fig. 8). The TFWs from all
four models are nearly identical to those found with
Danielle, ranging from 16 to 21 m. Danielle was a 36
m s~ (70 kt) hurricane, accelerating gradually from 5
to15m s~ (10 to 30 kt) over a span of 30 h. Gilbert, on
the other hand, was an 82 ms~' (160 kt) hurricane
weakening to 51 m s~' (100 kt) during the 24 h of wave
growth, moving at a constant speed of less than 8 m s~
(15 kt). The comparison of these two storms illustrates
the importance of storm speed in wave generation.

d. Luis in 1995

On 10-11 September 1995, Luis—a large 44 ms™!
(85 kt) hurricane—passed approximately 222 km (120 n
mi) northwest of buoy 44141 (Fig. 9) near the arrival of
the wave maximum (Table 1). The Queen Elizabeth 11
(QE II) luxury liner (denoted by an X in Fig. 9) re-
ported extremely high maximum waves of 29 m, sug-
gesting similar Hg;g values to those at buoy 44141
(wave density spectrum unavailable). Lower maximum
Hg,; were reported at buoy 44139 in the path of Luis
and at buoy 44142 (not shown) well west of the track.
Buoy 44137 failed on 1200 UTC 9 September 1995 prior
to the arrival of Luis. The spectral wave density plot of
buoy 44139 (Fig. 10) does not show the wave contain-
ment signature as in Fig. 4 for Bonnie or Danielle. This
result illustrates the importance of correctly assessing
storm speed and intensity when evaluating TFW poten-
tial.

The Holland TFW model values range from 9 to 11
m, located between buoy 44141 and the storm track
(Fig. 9), while the other models developed only 8-m
waves. These predicted wave heights were 50%-70% of
the maximum Hy;g reported at buoy 44141. As in Bon-
nie and Danielle, cross-track TFWs were noted in Luis:
the 11-13-m trajectories in the lower-left corner of Fig.
9 directed toward buoy 44142 and the coast of Nova
Scotia.

Why the model did not generate sufficiently large
TFWs across buoy 44141 was assessed using two special
simulations. First, the CHC analysis (Bowyer 2000)
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FIG. 4. Plot of measured spectral wave density (m? Hz™') vs data-bin period (s) during Bonnie and Danielle for selected buoys: (a)
44137, (b) 44138, (c) 44141 and (d) 44142. The log10 value of each density bin is color coded according to the scale at extreme right.
Superimposed is Hg;g (m) reported by the buoy. (Source: Marine and Environmental Data Service: information online at http://www.
meds-sdmm.dfo-mpo.gc.ca.)

showed that Luis was much larger than a climatologi- Dominant TFWs were farther to the right of track, but
cally sized TC vortex, with a greater radial extent of only marginally increased in height (circled area around
stronger winds. The model grid domain right of track buoy 44141 in Fig. 11a).

was increased and the Holland TFW model rerun. Second, the HURDAT dataset for Luis show winds
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F1G. 4. (Continued)

of 51 ms~! (100 kt) before recurvature and 44 m s
(85 kt) immediately after. Jones et al. (2003) stated that
some transitioning TCs do not weaken following recur-
vature. The QF II reported sustained winds near 67
ms~ ! (130 kt) (Marine Observer 1996) and using a

recognized adjustment factor to reduce gusts at higher
elevations to a 10-m 1-min wind (Resio et al. 1999)
indicates maximum sustained winds of 51 m s~" (100 kt)
at the time of Luis’s passage through Canadian waters.
From Fig. 12 of Bowyer and MacAfee (2005), storms
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FiG. 5. TFW model results for Bonnie south of Atlantic Canada for an ensemble of parametric wind models: (a)
Holland, (b) SLOSH, (c) Vortex, and (d) Rankine. Each model uses a 37 X 25 grid with spacing of 0.1° latitude.
Displayed are the dominant TFW trajectories =8 m.

moving in excess of 21 m s~ ! (40 kt) require a wind well
in excess of 51 ms™' (100 kt) to develop large TFWs.
Luis’s speed was over 23 m s~ ! (45 kt) as it passed buoy
44141, exceeding the optimum speed for TFWs. Hence,
the maximum winds after recurvature were manually
reanalyzed and the larger-grid Holland TFW model
was rerun. The results in Fig. 11b show closer agree-
ment to buoy data (Table 1 and Fig. 10), in both the
height and location of the dominant TFW, than did the
initial larger grid model run (Fig. 11a). These simula-
tions illustrate the importance of a correct intensity
analysis and prediction, and the forecaster’s evaluation
of storm size in relation to climatological size (for the
same intensity) when evaluating the model output.

e. Juan in 2003

On 28-29 September 2003, Juan—a 44 m s~ ! (85 kt)
hurricane—tracked directly over buoy 44142 (Fig. 12)

near the arrival of the wave maximum (Table 1). Five
hours later the maximum Hg;g reached buoy 44258 less
than an hour after the nearest approach of Juan. The
spectral data with Juan (Fig. 13) show a different sig-
nature than in the case of Bonnie and Danielle; increas-
ing wave energy is evident as the storm approached;
however, there remained an almost complete lack of
long-period swell prior to the storm’s arrival. In spite of
the larger Hyg;g at 44142, the spectrum at 44258 shows a
more discontinuous spike as the wave energy appears
more concentrated than at the offshore buoy.

The largest dominant TFW model trajectory of 18 m
(Fig. 12) was directed toward Nova Scotia well east of
buoy 44258. These waves originated from the TL grid at
0700 UTC 28 September 2003. Farther to the southwest
the 17-m wave directed across the track toward buoy
44258 grew for 19 h from its TL grid at 0600 UTC while
the 13-m wave directed toward buoy 44142 grew for
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F1G. 6. Same as in Fig. 5a except for Bonnie approaching the
U.S. coast. (a) Zoom of the box in Fig. 3 and (b) detailed model
output for all grid calculation rows for initial time 0600 UTC 24
Aug 1998. In both diagrams the dominant TFW trajectory from
0600 UTC 24 Aug 1998 is labeled as T and highlighted by a heavy
arrow. The inset table lists the duration D (h), significant wave
period P (s), and significant wave height H (m) for each trajectory
(in order outward from the track). The asterisk denotes the 2100
UTC 24 Aug 1998 location of a wave maximum of 10.8 m and
peak period of 13.0 s as measured by scanning radar altimetry.
Heavy black lines are the 10- and 14-m Hgs from Fig. 11b of
Moon et al. (2003).

15 h from the 0500 UTC grid (Fig. 14a). During this 2-h
period Juan turned northward and accelerated while
maintaining the same intensity, highlighting the sensi-
tivity of the TFW model to changes in storm direction
and forward speed.

The 10-12-m trajectories in Fig. 14a, ending just
north of 40°N, arrived near 1700 UTC 28 September
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FiG. 7. Same as in Fig. 5a except for Danielle. Displayed are
the dominant TFW trajectories =15 m north of 30°N.

2003, comparable to the 12-m contour on the National
Oceanic and Atmospheric Administration/National
Centers for Environmental Prediction Wave Watch III
model-North Atlantic Hurricane model (NWW3-
NAH) hindcast for 1800 UTC 28 September 2003 (Fig.
14b).

Although the 17-m TFW directed toward buoy 44258
is not the highest, its direction is important because it
lines up more directly with the orientation of the Hali-
fax harbor and may account for the public reports of a
“wall of water” moving up the harbor, timed with the
arrival of the 20 -m Hy,,x reported at the buoy. Simi-
larly, documented reports of large damaging waves at
Peggy’s Cove (west of landfall) (CHC; information on-
line at www.ns.ec.gc.ca/weather/hurricane/juan/peggys_
cove_e.html) illustrate the importance of monitoring
cross-track TFWs in the model output.

Consider the Hy;5x reported by the buoys (Table 1).
Assuming that the wind wave generating conditions in
Juan were constant, Lopatoukhin et al. (2000) showed
that the wind waves obey a Rayleigh distribution. Ob-
taining an estimate of the ratio Hysx:Hsig from this
distribution and applying Forristall’s correction factor
of 0.907, as suggested by Lopatoukhin et al. (2000),
yields an average Hyax:Hgig ratio of 1.85 (based on
15-18 h of wave growth and a Tg; of 15 s). However,
Hy;ax:Hgg exceeded 2.0 at both buoys. This ratio may
be real and explained by the vagaries of wave spectra.
It could also be argued that, because the Hysx is the
largest measured wave in the preceding hour and the
Hgg is a statistical rendering of the spectral data over
a 40-min period ending at the data collection hour
(AXYS 1996), the largest Hg, actually arrived before
the reported Hg;g, more in conjunction with the timing
of the Hyaox in the early part of the hour. While it is
inappropriate to work backward from the Hy;,x to ob-
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FIG. 8. Same as in Fig. 5a except for Gilbert. Displayed are dominant TFW trajectories =15 m north of 10°N. The inset zooms into
the cluster of trajectories passing north of the Yucatan Peninsula.

11007 + g
’80—5413939 4 X

40

Fi1G. 9. Same as in Fig. 5a except for Luis. The X denotes the QE
II position at 0430 UTC 11 Sep 1995. Displayed are the dominant
TFW trajectories =8 m north of 30°N.

tain a new Hg;g, we speculate that the waves may not
have been accurately represented by the reported Hg.

f- Gulf of Mexico

The ability of the TFW model to depict wave devel-
opment in non-trapped-fetch situations and in regions
other than midlatitudes is illustrated by five tropical
cyclones in the Gulf of Mexico: Earl (in 1998), Bret (in
1999), Helene (in 2000), Lili (in 2002), and Isidore (in
2002). These examples were selected only because their
track was near or left of a buoy with available spectral
data. Figure 15 shows the track of each TC, dominant
TFW trajectories (Holland model), and spectral wave
density and Hg; buoy data. The TFW model is a deep-
water model. Accordingly, the shallow depth of the
Gulf of Mexico and the wide coastal zone must be con-
sidered in assessing the model output.

In Fig. 15a, the TFW model depiction of Earl builds
waves to 13 m after crossing buoy 42039, which
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Fi1G. 10. Same as in Fig. 4 except for Luis.

reported a maximum Hg;g of 10 m. The full set of tra-
jectories for the grid at 0600 UTC 2 September (not
shown) gave waves of 10-12 m that grew for 19 h, ar-
riving at buoy 42039 at 0100 UTC 3 September.

In Fig. 15b, the TFW model depiction of Bret (in
1999) shows dominant waves of 11-13 m north of buoy
42020, which reported a maximum Hy;g of 8 m. The full
set of trajectories for the grid at 1200 UTC 22 August
(not shown) gave waves of 4-9 m that grew for 5 h
before arriving at buoy 42020 near the reported maxi-
mum Hg;g.

In Fig. 15¢c, the TFW model depiction of Lili shows
dominant waves of 20 m near buoy 42041, which re-
ported a maximum Hg;g over 10 m (missing data at the
peak). These trajectories originated from a shallow wa-
ter area near 23.5°N, 83.5°W. Hence, the number of
hours of growth and wave height are overforecast. This
example illustrates that TFW model output must be
carefully evaluated using knowledge of the model limi-
tations and local bathymetry.
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F1G. 11. Same as in Fig. 9 except using a larger model grid (51
X 41) and different track location maximum winds: (a) HURDAT
and (b) CHC reanalysis.

In Fig. 15d, the TFW model depiction of Helene
shows dominant waves of 2-3 m near buoy 42003
(maximum Hg;g of 3 m) and northward trajectories
growing to 8 m after crossing buoy 42039 (maximum
Hg g of 4 m). Note the 6-m trajectories ending south-
west of 42039. These trajectories began at 2300 UTC 20
September (not shown) and grew for 23 h arriving near
the peak in the Hg;g of buoy 42039. Detailed trajecto-
ries from the grid at 1700 UTC 20 September arrive at
buoy 42003 20 h later with a height of 3 m. This example
illustrates that trajectories and their duration from each
row of a specific hourly grid provide important details
that may not be obvious when examining only the dom-
inant TFW trajectories.

In Fig. 15e, the TFW model depiction of Isidore
shows dominant waves of 7 m east of buoy 42001, which
reported a maximum Hg;g near 6 m for 8 h beginning
0500 UTC 25 September. Similarly, buoy 42041 re-
ported over 6 m for 16 h beginning at 0500 UTC 25
September. Several consecutive hourly grids (not
shown) generated waves of 6 m with duration lead-
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FiG. 12. Same as in Fig. 5a except for Juan: dominant TFW
trajectories =10 m north of 30°N with the highest value of 18 m
right of track. The label W54 denotes the position of the 36-h CMC
WAM forecast maximum in the Hgg field of 6 m valid at 0000
UTC 29 Sep 2003; the label W, is the 12-h CMC WAM forecast
of 5 m valid at the same time.

ing to arrival near 42041 near the end of their growth
period.

5. Operational utility

The CHC has used various versions of the TFW
model operationally since 2000 (MacAfee and Peters
1999; MacAfee and Bowyer 2000b). A single model
(similar to the Holland TFW model) used during the
2003 hurricane season allowed CHC forecasters to pro-
vide quality wave guidance to regional Environment
Canada weather centers. This was critical in that the
Canadian Meteorological Centre’s (CMC) wave model
(WAM) (WAMDI Group 1988) was of little value due
to the poor performance of its atmospheric model [the
Global Environmental Multiscale (GEM) model; Coté
et al. 1998] in handling a number of the tropical systems
and, in particular, Juan. The 36-h WAM forecast valid
for 0000 UTC 29 September 2003 was 6 m, located 444
km (240 n mi) southeast of the coast of Nova Scotia
(Fig. 12). Based on CHC TFW model guidance, the
Maritimes Weather Centre (MWC) issued the official
forecast as 12 m, just south of Nova Scotia. Twenty-four
hours later, the 12-h forecasts for 0000 UTC

WEATHER AND FORECASTING

VOLUME 20

Buoy: 44142 (42.50N _84.02%) i

.'

29 50

s

-
+ ? fotpia} |.T‘ TN
—m AT

ST IEDE D0 -
-
ae—=aT S-0

by
T

12 1}

Density
Zgégp 29 Sep {log 10}
Time (UTC) mHz)
. Buoy: 44258 (44.54N £3.35W) S
+
® ] 1 &
4 B
n 16+ g
! 1
I + { Bzo
c ]
a3 -
i B
|
Wit "85
s
£ :
5 s 1 T
¥ g
i d 810
a f
st (s)
+
LU 0.5
[
I T N VR R S s e bbb bbb 0.0

1z Density
(log 10}

00
29 Sep
008 Thue (UTC) mHz )

FIG. 13. Same as in Fig. 4 except for Juan.

29 September 2003 were 5 m and 14 m for the WAM
and MWC, respectively (Fig. 12).

Note that the hurricane version of the NWW3-NAH
(Tolman 2002; Tolman et al. 2002) is expected to cap-
ture TFW situations more frequently than the CMC
WAM because the NWW3-NAH has a wind field gen-
erated by the Geophysical Fluid Dynamics Laboratory
(GFDL) hurricane wind model. Hence, the role of the
TFW model is to focus attention on a particular portion
of the wave field by allowing the forecaster to generate
track prediction scenarios and assess the impact of the
generated TFWs. This is especially useful in the interval
between operational runs of spectral wave models.

The CHC Hurricane Information Statement
(WTCN31 CWHX) issued at 0000 UTC 4 September
2003 for Hurricane Fabian stated, “CHC trapped-fetch
wave model indicates very high wave heights to the east
side of Fabian . . . especially as it moves through Grand
Banks of Newfoundland on Sunday. WW3 model con-
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F1G. 14. (a) Detailed model output for Juan for all grid calculation rows for initial time 0500 UTC 28 Sep 2003
with end points north of 40°N arriving from 1700 to 2200 UTC 28 Sep 2003. (b) WW3 hurricane model hindcast
for 1800 UTC 28 Sep 2003 (Source: Marine Modeling and Analysis Branch: information online at ftp:/

polar.ncep.noaa.gov/pub/history/waves/.)

curs with sig wave heights in excess of 15 m.” Figure 16
shows the Holland TFW model output for Fabian with
phenomenally large Hgg of 18-24 m. The most ad-
vanced and highest waves were generated from the
hourly grid at 1200 UTC 6 September 2003 growing for
35 h (Figs. 17b and 17c). For comparison, the 36-h
WAM forecast Hg maximum, valid at 0000 UTC 8
September 2003, was 5 m (labeled W4 in Fig. 16) and
the NWW3-NAH hindcast showed a 10-m contour
near the location of the wave arrival (Figs. 17a and
17b). From an understanding of TFW theory (Bowyer
and MacAfee 2005) and this model output, it is hypoth-
esized that Fabian’s combination of wind strength and
gradual acceleration make it a case of extreme wave
containment. However, Bowyer and MacAfee (2005)
outlined the limitations of the significant wave method
and Bretschneider equations and that an overforecast
of wave heights in situations of extreme wave contain-
ment is likely. There were no corroborating data with
this storm since it remained outside the buoy network.
However, the vessel Pacific Attitude sank with the loss
of three lives. The location of the Pacific Attitude at the
time it signaled distress (2130 UTC 7 September 2003)
is indicated by a P in Fig. 16.

These two examples demonstrate the most important
application of the TFW model: its utility as an opera-
tional tool for making quick decisions on the size, lo-
cation, and arrival time of the largest TFWs associated
with TCs. Spectral wave models (e.g., NWW3-NAH)
should give comparable results and a more complete
picture of the wave field, if provided with the proper
storm data. However, when the data change, there is
insufficient time for additional full spectral wave model
runs. Conversely, the TFW model can be rerun at fore-

casters’ discretion to provide guidance while waiting for
the next full spectral wave model run.

The use of different wind models, as demonstrated
here, may provide a measure of forecaster confidence
in the solutions. For example, strong consensus be-
tween the models may indicate that the storm param-
eters are not near critical thresholds since minor per-
turbations in these parameters can result in vastly dif-
ferent TFWs (Bowyer and MacAfee 2005). Even within
a single model, a cluster of trajectories indicates con-
sistent wave development from successive initial wave
point sets. Conversely, a single trajectory emerging
from a cluster may be an indication of a threshold being
attained within a narrow region of the storm and noti-
fies the forecaster of potentially larger waves than
might otherwise be expected.

6. Summary and conclusions

Very high waves have been recorded in Canadian
waters with the passage of tropical cyclones (TCs)
(MacAfee and Bowyer 2000a). An investigation of
these waves led to the development of a Lagrangian-
based trapped-fetch wave (TFW) model, driven by a
high-resolution [11 km (6 n mi)] storm-relative para-
metric hurricane wind model. The TFW model was
validated against buoy and U.S. scanning radar altim-
etry data and compared against full spectral wave
model output. Case studies were used to assess the sen-
sitivity of the TFW model to the input wind field to
provide a deeper understanding of the TFW phenom-
enon and to highlight the utility of the model.

Case studies of Bonnie, Danielle, Luis, and Juan, as
well as examples in the Gulf of Mexico, were presented.
In most cases the TFW model performed well, gener-
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FiG. 15. TFW model output of dominant trajectories for storms passing near buoys in the Gulf of Mexico: (a) Earl
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FiG. 15. (Continued)

ating wave heights comparable to observations. Luis
was problematic in that its size exceeded that of a typi-
cal TC and uncertainty remains as to the intensity fol-
lowing recurvature. A TFW model run using a reanaly-
sis of Luis’s intensity and an expanded model domain

produced model results more consistent with the obser-
vations, illustrating the sensitivity of the TFW model to
the underlying wind field distribution. Further sensitiv-
ity tests consisted of an intercomparison of TFWs gen-
erated by using an ensemble of four parametric hurri-
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Fi1G. 16. Same as in Fig. 5a except for Fabian. Displayed are the
dominant TFW trajectories =15 m north of 30°N with the highest
TFW of 24 m. The P denotes the location (42°15'N, 49°58'W) of
the Pacific Attitude when it signaled distress at 2130 UTC 7 Sep
2003. The W, denotes the 36-h CMC WAM forecast maximum in
the Hg field of 5 m valid at 0000 UTC 8 Sep 2003.
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cane wind models. The degree of similarity between
model TFW heights and duration provided insight into
the degree of wave containment.

Bonnie, Danielle, and Juan were storms exhibiting
strong wave containment as seen by the proximity of
the wave maximum to the storm center and by the
steepness of the horizontal gradient in the wave height
field at the buoys. The importance of storm wave con-
tainment was illustrated by the similarity in TFWs with
(a) Bonnie, a slow-moving hurricane versus an acceler-
ating tropical storm following recurvature, and (b)
Danielle, an accelerating Saffir-Simpson category-1
hurricane versus Gilbert, a slow-moving category-5
hurricane.

In most TCs, the dominant waves move parallel to
the storm (Bowyer and MacAfee 2005); however, sev-
eral instances of significant cross-track TFWs were
noted. In particular, during Juan, cross-track TFWs
were predicted at the coast near or west of landfall and
later documented in coastal damage reports, highlight-
ing the need for scrutiny of all TFW trajectories along
the storm track.
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FiG. 17. Comparison of WW3 (hurricane) hindcasts and maximum TFW trajectories for Fabian: (a), (b) WW3
at 2100 UTC 7 Sep 2003 and 0000 UTC 8 Sep 2003 and (c), (d) duration and Hg; of the dominant TFW trajectories

from the grid at 1200 UTC 6 Sep 2003.
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The advantages of the TFW model presented in this
paper are operational speed, the ability for forecaster
intervention with last-minute changes in track and in-
tensity, and high quality predictions of trapped-fetch
waves. Finally, as suggested by the case study of Luis,
the TFW model may be an effective tool for qualifying
the HURDAT archival data where robust wave data
exist. Future work will include reexamining the cases
presented in this paper using other wave growth for-
mulations, refining the TFW calculation method to in-
clude fetch width limitations, coastal zone adjustments,
grid domain as a function of storm size, and a rigorous
statistical validation against observations and spectral
wave model output.
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