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Abstract

A depth-averaged, numerical storm-surge model has been developed
and configured to provide a stand-alone system to forecast tropmahey
storm-surges. The primary data requirement for modelling storgesus
accurate surface wind and atmospheric pressure fields, in partinutae
vicinity of maximum winds. These fields are inferred from an diall-
empirical cyclone model which require only cyclone position, interesmy
size. The model has been adapted to run on a personal workstation in a few
minutes. The storm-surge model was tested in hindcast mode on tropical
cyclones which gave significant surges over the French overse#srits
during the last 15 years. This model is now in operation in the Fremides,
in New Caledonia, in the French Polynesia and in La Reunion.

The model can be used in two different ways. In real-time mode as
tropical cyclone is approaching an island or in climatological madsyclone
climatology is used to prepare a data base of pre-computed sutgeto e
low accuracy of tropical cyclone trajectory forecasts, thersgémode seems to
be, at present time, the best way to use the model.

1 Introduction

Strong winds, heavy rains and storm surges are the three dangerous
effects of tropical cyclones. A storm surge is the elevationatér generated
by strong wind-stress forcing and by a drop in the atmospheric prefsure
from the coast, the surge is mainly controlled by the atmosphessyre. This
effect called the inverted barometer effect is the hydrostatic answer of the
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ocean. Close to the coast, dynamic effects become pronounced. Local
bathymetry, shallow waters and coastline configuration amplifystirge
height. The surge may reach several meters.

The use of numerical models for the prediction of tropical cyclones
storm surges is now a well-established technique, and form the dfasis
operational prediction systems such as the SLOSH model (Jeldésratng)
over the United States coast, the BMRC storm surge model (Hultbelf)
over the Australian coast, the IIT model (Dube &) ai.the Bay of Bengal.

The advent of powerful workstations has opened up the possibility of
direct use of dynamical models in operational centres. The second WMO
International Workshop on Tropical Cyclohebkas recommended stand-alone
systems to forecast tropical cyclone storm surges. Such a system wapeltve
for the French tropical overseas territories. It is now in operain the
Caribbean (Guadeloupe, Martinique, San Marteen and Saint Bartheleamy), i
the French Polynesia, in New Caledonia, in La Réunion and MayotteefA bri
description of the model and of the numerical solution is given in the nex
section, then the input (bathymetry and atmospheric forcing) is bedcand
validation experiments are analysed. Then two possible ways tohase t
software are presented.

2. The storm surge model
2.1 Equations

A depth-integrated model has been adopted for the surge prediction.
The model is driven by wind stress and atmospheric pressure gradients
solves the non-linear shallow-water equations written in spherical coordinates:
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where q is the depth-integrated curremtis the sea surface elevation, H is the
total water depth, f is the Coriolis parameté, is the atmospheric surface
pressuref; is the surface wind stress, is the bottom frictional stresg,is the
density of water, g is the gravitational acceleration and #eshorizontal
diffusion coefficient (2000 #s ).
The surface wind stress components are computed using the quadratic

relationship:
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where W, ,W,, are the horizontal components of wind velocity 10 m above

the sea surface, is the saturated air density at 28 {; £ 1.15 kg nT) and
C, is the drag coefficient calculated by the Smith and Bdrfkemulation.

The bottom stress is computed from the depth-integrated current using a
guadratic relationship with a constant coefficient of 0.02 over coefd and
0.002 elsewnhere.

2.2 Boundary conditions.

At coastal boundaries the normal component of velocity is zero. At
open boundaries, the sea surface elevation is given by the inverted tearome
effect ; a gravity wave radiation condition is used for the curfi@édés can be
modelled but are not included since the major forecasting requirasnéont
surge heights above local tides.

2.3 Numerical scheme.

The equations are integrated forward in time on an Arakawa C-grid
using a split-explicit finite difference scheme. The integrats split into three
different time step Ar,A¢, At , with Ar < Ar, < Ar, . In the first step, called

adjustment step, wave propagation and Coriolis terms are treatgdausemi-
implicit (forward-backward) method. Stability is obtained with theu@nt-

As
Friedrichs-Levy (CFL) condition Az < \/ﬁ , WhereAs is the mesh size.
&

Advection terms are treated in the second sfgp= N ,.Ar . The two

time levels Miller and Pearce method is used. This method akeEnder
scheme at odd time step and Matsuno scheme at even time step. The

IAYS
amplification factor is A =1+ p® with p = an' This amplification factor

is very close to unity.
The third step,Ar, = N,.At, = N,.N,.At., treats the forcing terms :

wind stress, atmospheric pressure and bottom stress. A backwarditimpli
scheme is used. It is stable for all valuegof
The following splitting parameters are used=®or N=8 and N=1.

3. Bathymetry

The bathymetry has been hand extracted from nautical chartoofer m
than 30 islands. The resolution depends on the complexity of the bathymetry,
on the size of the island and on the availability of the bathymefammation.

The grid mesh is fixed for each domain and varies from 150 m to 1850 m.
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4. Atmospheric forcing

The primary data requirement for modelling storm surges is aecur
surface wind and atmospheric pressure fields, in particular in thatyiof
maximum winds. These fields are inferred from the analyticgdiecal model
of Holland. This approach has the advantage that the model can be used in a
stand-alone mode.

The pressure field is derived following Holl&ras follows:

whereP is the atmospheric pressure at radiu3, is the central pressurg,, is
the environmental pressure (usually taken as the pressure of theokesd
isobar),r,, is the radius of maximum winds ahds the scaling on the profile
shape.

2
- pa 'e'vm
P~ P,

whereV,,, is the maximum wind ané is the air density. The azimuthal wind
component is estimated (Hollahdy:

O
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wheref'is the Coriolis parameter.

The radius of maximum windsyy is calculated for each direction
(north-east, south-east, south-west, north-west) in order to fit tie profile
to the wind speed radii (34 kt, 50 kt et 64 kt). In the case where ythmeraetry
is unknown, an asymmetry is included by adding the hurricane translation t
the symmetric field and rotating the field so that the maximuand is 70° to
the right of the direction of hurricane motion in the northern hemisijteetee
left in the southern hemisphere) (Sha})ir@he radial wind field is constructed
by rotating the flow to a constant inflow angle of 25° outside the raafius
maximum winds (Shea and Gt8y

5. Validations

A description of validation experiments in the French Antilles can be
found in Daniel. Only the key features are given below. The model was tested
for each island where observations were available for the lastaks.yWodel
simulations were compared with visual observations or tide gagevabeas.
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The validation was not completed for all the island since tidesgagge very
sparse in the tropics.

Along coastlines without coral reefs and in large lagoons such as
southern part of New Caledonia and Tuamotu atolls the model compdres we
with the observations. The storm surge forecast quality is closieled to the
atmospheric forcing quality and so to the accuracy of the cyclone trajectory.

In a number of islands where the coral reef is close to thdineashe
contribution of the waves is important. The wave breaking over the reef

contributes significantly to the lagoon filling (Pasaln large atolls, this
effect still exists but its contribution to the surge is lower.

location cyclone observedalculated
elevation| elevation
(cm) (cm)
Pointe-a-Pitre Hugo 1989 150 148
Baie Mahault Hugo 1989 250 248
Saint Francois Hugo 1989 150 141
Pointe Fouillole David 1979 37 25
Le Robert Allen 1980 59 53
Pointe Fouillole Marilyn 1995 40 34
Noumeéa Delilah 1989 11 11
Noumeéa Lili 1989 8 16
Noumeéa Theodore 1994 22 22
Papeete Emma 1970 22 9
Papeete Diana 1978 15 9
Papeete Tahmar 1981 45 16
Papeete Fran 1981 15 4
Papeete Lisa 1982 20 14
Papeete Orama 1983 30 14
Papeete Reva 1983 22 19
Papeete Veena 1983 30 30
Papeete Ima 1986 18 13
Papeete Wasa 1991 45 18
Rikitéa Nano 1983 27 24
Rikitéa William 1983 25 27
Rikitéa Cliff 1992 18 18
Port de la Pointe des Galets Hyacinthe 1980 36 3P

Table * comparison between observed and modelled storm surges

The model operates since 1994 in the Caribbean. During 1994
and 1996, no significant surge events where recorded, but in 1995 the hurricane
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season was very active. Two hurricanes gave significant surgiegy dhat
season. Hurricane Luis stroke the island of Saint Barthelemy an¥&aeen

in the beginning of September. 2 meters surges were observed arastiaec

by the model, but no tide gage is available on these islands. Hurhitzaign
produced a surge on Guadeloupe which was recorded by the Pointe Fouillole
tide gage. The model showed a broad agreement with the observaiides (t

1).

6 Two different ways to use the model

6.1 Real-time use

A typical procedure is as follows. The user provides hurricane positions,
central pressures, and radii of winds at any time (typicallyye¥dn for 24 h).
The user also is prompted to provide an arbitrary number of statiotisnéor
series display of surge heights. A temporal interpolation is nmageovide
hurricane parameters at each time step. The hurricane model gedrsaotel
are then run for the required forecast period (typically 24 h). The oigput
hourly forecast of surface winds and sea-level pressures fields (figureutly
sea-levels (figure 2) and current fields (figure 3), maximurgestield (figure
4) and stations time series with a one minute resolution. A 24 howsagbr
can be carried out on a workstation in a few minutes.

6.2 Pre-computed storm surge data base

Tropical cyclone trajectory forecast accuracy is low : theaaeserror
for a 24 hours forecast is about 200 km. When a hurricane is crossing an island,
a small error in the trajectory forecast gives a larg®erein the space
distribution of the surge. Because of that, real-time tropical cyclone stoge sur
forecasts are critical. An alternate procedure is to preparatlas of pre-
computed surges based on a hurricane climatology. That work was cnplet
in the Caribbean (Perret et’d). More than 1000 model runs were made for
each island. A tropical cyclone climatology, which gives a broad waktihe
tropical cyclone types likely to affect the island, is used. dpgffit impact
points, intensity, size (provided by the radius of 34 kt winds), direction and
speed were tested. The results are compiled in a data baselaféhisase is
available for graphical display on a computer (figure 5). So thaté#sters
have an immediate access to the possible storm surges for a nafmber
representative cases. Since each computer run gives an envelopéest hig
water around the island, it is simple to compile all the runs riomgensity
class. The resulting risk map determine the highest possible slogyg the
coastline for a specified hurricane intensity.
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figure 1 : Tropical cyclone Nano over Hao atoll (French Polynesia): mod¢lled
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figure 4 : Tropical cyclone Nano over Hao atoll (French Polynesia): mod¢lled
maximum surge in cm
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Figure 5: Main screen of the Martinique storm surge data base and example of
storm surge plotting for the specified location.

7. Conclusions

A numerical storm-surge model has been developed and configured to
provide a stand-alone system to forecast tropical cyclone stogassur
Hindcast mode studies over the last 15 years tropical cyclonegllass real
time use, demonstrated the ability of the modelling system taratety
reproduce observed storm surges.

The model can be used in two different ways. In real-time mode as
tropical cyclone is approaching an island or in climatological madsclone
climatology is used to prepare a data base of pre-computed sutgeto e
low accuracy of tropical cyclone trajectory forecasts, therstnode seems to
be, at present time, the best way to use the model.

The software is now operational in the four French meteorologieasar
in the tropics : Antilles, French Polynesia, New Caledonia and Reunipre-A
computed storm surge data base and risk maps are available foretiuh
Antilles. The use of the software is going to be widen to othandsl in the
tropics, for example Netherlands Antilles.

A spectral wave model has been adapted and validated for tropical
cyclone wave predictions. The coupling between this wave model and the
storm surge model in under study, in particular with islands surroundad by
lagoon.
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