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Abstract — Tropical Cyclone (Hurricanes and Typhoons)
intensity has increased in recent years, in response to warming
sea temperatures. There is therefore the need to predict the
cyclone-induced inundation and is paramount to protect local
population and limit the cyclone-related risk. The category-5
cyclone Gonu is the strongest observed cyclone in the Arabian
Sea and hit Oman in June 2007, causing 49 deaths. The JTWC
Automated Tropical Cyclone Forecasting database provides
simulated winds speeds and atmospheric pressure and has been
validated against observations such as satellite where available.
In order to predict the water inundation levels due to the
tropical storms the path and strength of the cyclone need to be
included in a marine model that simulates waves and sea level
response.

We have developed a methodology to incorporate spatially
and temporally varying winds and pressure into a coupled
TELEMAC2D-TOMAWAC system. This model has been
applied to simulate the Gonu tropical cyclone event with
calibration of the simulated waves by comparing with
observations.

Furthermore, results are presented of “what if” scenarios,
whereby the track of Gonu-like events is shifted further south
to assess the potential impact of a similar event on other parts
of Oman.

Different model configurations enable the breaking-down
of the different cyclone components: the effect of local
depression and wind are presented. Uncertainties on the
simulation of wind- and wave-induced flooding are discussed
and will be further developed in future work with the Omani
meteorological institute providing additional observation data
that would help us in the calibrating and validating process of
the model.

Keywords: Oman, cyclone simulation, tropical cyclone Gonu,
coupled TELEMAC2d-TOMAWAC

I. INTRODUCTION

Tropical cyclones are extremely powerful and harmful
natural events. One such event was Gonu, a category 5
(maximal) tropical cyclone, which sits among the top 10
costliest known North Indian Ocean cyclones; according to
the Oman News Agency Gonu took 49 lives in the country
and costed around $4.2 billion (2007 USD) in Oman. Gonu
(see Figure 1, bottom) developed in the eastern Arabian Sea
from the Ist of June 2007 and made landfall at the most
easterly tip of Oman near Ras al-Hadd. It then moved in a
northward direction into the Gulf of Oman and made a
second landfall in Iran that dissipated its energy. Gonu
characteristics were an eye diameter reaching 40 miles
(64km), a wind maximum velocity up to 145 miles per hour
(65 m/s) and heavy precipitations up to 934 mm at Aljabl
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alasfer near Muscat (Figure 1). Gonu travelled around 10
degrees in both latitude and longitude throughout the Arabian
Sea and impacted the following countries: Oman, Iran,
United Arab Emirates and Pakistan.

Arabian

Sea

Figure 1. bottom: model bathymetric mesh with Gonu track downloaded
from JTWC indicated with crosses, the principal cities/villages and islands
are noted. The AWAC (Acoustic Doppler Wave & Current Profiler)
stations AW2 and AW3 are in Iran and indicated in blue; x- and y- axis are
in metre projection UTM40N. top: overview of Oman topography (CIA
1996 map) with coordinates in latitude-longitude.

Along the Gulf of Oman, several tide gauges failed and
could not record any observation of Gonu passing. In order to
have further information on this event over Oman [1]
established a protocol to collect high water marks and present
them in [2] together with the development of an ADCIRC
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flood model. High water marks can be elevations of water
marks on trees, buildings or debris found and results from the
addition of the following two hurricane-induced inundation
components: storm surge and storm waves. Reference [3]
also reported a high-water mark of 5m at Ras al-Hadd. Gonu
maximum observed wind has been reported in Oman: wind at
Ras al-Hadd was 46 m/s on the 05/06/2007 in the evening
and was 20 m/s near Muscat on the 06/06/2007 13:00:00.

Time-series of wind and wave information during the
cyclone Gonu event have been measured at the stations AW2
and 3 (Figure 1, bottom) within and in the vicinity of
Chahbahar bay, Iran; further information on the deployed
stations can be found in [4] and [5] and observation time-
series have been discussed in [5] and [6]. Time-series data at
AW3 have been extracted from [10].

In Oman, mountains are present in the northern and
southern part of the country (Figure 1, top), and 80% of the
population lives in low-lying areas [7] where development of
refinery, fish and shrimp farms, desalination plants and real
estate development is planned. Aware of the damage that can
induce an event such as a Gonu-like cyclone, the Omani
government wants to better understand the inundation
dynamics and investigate potential cyclone impact if landing
hit one of those areas in development.

II.  MODEL SETUP

A. Site location and model domain

The numerical mesh covers the Oman and Persian gulfs.
Cell size ranges from 40m to 12km and totalled ~200,000
cells in number. The refined areas are located on the eastern
side of Oman (Figure 1, bottom). The bathymetry stems from
GEBCO (General Bathymetric Chart of the Oceans),
ETOPOI (1 arc-minute topography, open source) and local
EOMAP (commercial) data sources, which all have been
standardized by analysing LAT predictions.

Development to update the Maximum Envelope Of
Water every time-step and amend the drag coefficient
depending on the wind strength has been done in
TELEMAC-suite version v8pl; as the latest version did not
allow the use of different meshed in TELEMAC and
TOMAWAC, the same mesh was employed to run the
coupled TELEMAC-2D and TOMAWAC models.
TELEMAC-2D reproduced the surge induced by the
depression (inverse barometer) and the wind stresses,
TOMAWAC predicted the generation of waves due to the
winds. Almost the full history of Gonu was simulated (i.e.
from 2nd to 8th June 2006, with cyclone beyond the
TELEMAC domain on the 1st June). TELEMAC and
TOMAWAC run with a time-step of 10 and 450 seconds,
respectively, making TOMAWAC be coupled at every 45th
to TELEMAC to limit the running time.

B.  Creation and use of wind and pressure parametric
forcing files
This work builds on developments by D. Kelly at the
National Hurricane Centre (NHC) in Miami. An automatic
tool has been developed that generates cyclone wind and
pressure fields using the following cyclone information: the
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cyclone track positions (in latitude and longitude) and its
intensity defined with both the maximum wind speed (and
radius if available) and the storm central pressure. Such
information can be downloaded from the Joint Typhoon
Warning Center (JTWC,
https://www.metoc.navy.mil/jtwc/jtwe.html?best-tracks)

for most of the past cyclones and [8] provides a description
of the cyclone data compilation and formatting. It is
important to note that those tracks are the best available for
now, however some data may be improved [10]. It is hoped
that track data may be completed or may vary in the future.
The tool uses formulations from wind model of Holland
([9]); this stand-alone binary tool can be run in either Linux
or Windows and creates a Selafin forcing file.

For this work the tool has been run using JTWC-
downloaded information on the super cyclonic storm Gonu
and data have been refined in time using linear interpolation.
The created atmospheric forcing file is read by the
TELEMAC and the TOMAWAC models through the
keyword BINARY ATMOSPHERIC DATA FILES. The
fortran subroutine PROSOU.f has been amended and is
called in the models steering files to adequately include the
wind and pressure parametric fields.

III. MODEL CALIBRATION AND VALIDATION

Calibration process consisted in checking the wind fields
generated from the JTWC-downloaded information. Once we
were satisfied with the physics of the atmospheric forcing,
wave generation has also been calibrated to reproduce wave
time-series as measured at AW2, Chahbahar bay, Iran. The
validation process was carried out by comparing the reported
and simulated inundation lands and water levels. This
modelled inundation will only be induced by wind stresses,
pressure depression, and wave radiation forces. The lack of
precipitation forcing, and of wave run-up process is
discussed in the next sections.

A. Calibration

Just before Gonu landing, observations reported a wind
strength of 20m/s at Muscat and 46 m/s at Ras al-Hadd. For
those two locations, wind magnitude simulated differs by 7.5
and 22%, respectively (Table I). This mismatch may be due
to the linear interpolation of data in the Gonu track and it is
also probable that the landing induced some changes in wind
dynamics that are not included in the [9]’s model.

To generate waves, the TOMAWAC parameters have
been calibrated; the following parameters gave the best
predictions: The wind generation followed Janssen’s model
(WAM cycle 4) associated with a standard value of wind
generation coefficient (1.2) have been used. A linear wave
growth has been chosen. Wind drag coefficient has been
calculated using the Garratt (1977) [13] linear form, a
formulation recommended for hurricane wind and used in the
NHC Sea, Lake, and Overland Surges from Hurricane
(SLOSH) model and the ADvanced CIRCulation (ADCIRC)
model.
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Table I : Wind strength in m/s measured and TELEMAC predictions during
the Gonu event

Date 130000 cvenin |
Location Near Muscat at Ras al-Hadd
Model 18.5 36.0

Obs. 20 m/s 46 m/s
Relative error | 7.5% 22%

Wave energy was dissipated by white-capping, bottom
friction and depth-induced breaking. As waves propagate
both in very deep water over the Gulf and in shallow water in
coastal areas, non-linear transfer between frequencies
(quadruplet interactions) was activated together with the triad
interactions. A wave growth limiter was used to limit
numerical instabilities; waves were not generated in water
shallower than 0.4m. In Figure 2 the wave model reproduces
the dynamics in wave growth but under-estimates the final
wave height. This lack of wave energy (smaller wave height)
agrees with the wind under-prediction.
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Figure 2. Evolution of wave height measured at station AW3 (extracted
from [10]) and modelled during the Gonu event at the station AW3 location
(see Figure 1)

B. Validation

The high-water mark (the elevation of the water level
above the Mean Sea Level) was measured at Ras-al-Hadd on
the 5™ of June 2007 as 5 meters. In the model the wind and
pressure-induced inundation levels are predicted to 0.8m in
ebbing water topped up by 5 to 6 meters wave heights at the
coast. The addition of the latter two components slightly
exceeds the measured level.As reported in [1] land has been
inundated during the Gonu cyclone event. The high-water
marks reported in [2] have been plotted in Figure 3along with
the prediction of maximum water levels and maximum wave
heights from the model. We see that all inundated areas (at
coloured diamonds locations) have been predicted to be
under water, although there is a mismatch between the
predicted and reported inundation levels. Inundation seems
more important closer to the eastern tip of Oman, where
wave heights are predicted to be large (more than 5m) and
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close to the shoreline. Wave runup effect is missing in the
model and may explain the difference in inundation levels
there. In the vicinity of Muscat high amount of rain has been
reported ([11]) that are not reproduced in the model and may
explain the differences between reported and predicted water
levels.

Figure 3. Modelled Maximum Elevation Of Water (m) predictions are
indicated with the background colours, the maximum wave heights (m) are
showed with the contour lines and the diamonds colour represents the
reported high-water marks (m) from [2]
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IV. GONU SIMULATION PREDICTION DETAILS

A. Inundation at Ras al-Hadd

The observed inundation extent at Ras al-Hadd was well
reproduced in the model thanks to a well refined mesh at the
coastal tip. The strong cyclone wind was pushing the water
toward the lowest land at Ras-al-Hadd (Figure 3).

Figure 4. Inundated area near Ras al-Hadd (top, extracted from [2]) and
simulated (bottom) MEOW at the end of the Gonu event

B.  Maximum predicted waves and water level

The TOMAWAC simulated maximum wave height over
the Gonu event agrees with the wave results from [10] using
the WAVAD model (Figure 5). No calibration parameters are
available within the WAVAD model and the wind model
used was based on the parametric representation of [9].
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Figure 5. Max. Significant Wave height over duration of the cyclone. The
scale runs from 1m (blue) to 1 1m (purple) for TOMAWAC predictions (top)
and WMO-WAVAD predictions extracted from [10] (bottom)

V. REALISTIC STORM-LIKE-GONU WITH A MORE
SOUTHERN LANDFALL

In this simulation we discarded the tide as we wanted to
focus on the cyclone effect and look at the different cyclone
components to better understand the storm dynamics before
and when the cyclone land-fell in a low-lying coast of Oman.

A. Simulation of alternative trajectories

The initial Gonu track position has been moved by four
degrees southward and the new cyclone trajectory landfalls at
the Massirah island. Although it is probable that such a
cyclone moving over shallow waters will be impacted by the
seabed, it is very difficult to determine how the cyclone
trajectory and strength may change near and after this
landfall and it has been decided to not amend the strength in
cyclone characteristics (maximum velocity, diameter, and
lowest pressure).

B.  Cyclone components

Impact along the track can be clearly seen in Figure 6
with the Maximum Elevation Of Water (MEOW) along the
track of the cyclone.
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Figure 6. Predicted Maximum Elevation of Water (MEOW in m) over the
simulation.

The wind and pressure effects on the maximum water
elevation level can be seen in Figure 7. When the model is
forced with the wind field only, the inundation happens next
to the shoreline where the wind blows toward the south, and
the water is pushed against the shore and piles up there; with
both wind and pressure being forced, both coastal areas and
along the storm track areas are subjected to a rise of water
level, with the former being mainly driven by a wind-effect
and the later by a pressure effect.

ainssaxd + purp,

VI.  RESULTS AND DISCUSSION

{ WIND ALONG X
| Attribute: WIND ALOI
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Although the model wind predictions reproduce the
spinning dynamics of the wind field, some uncertainties in
wind magnitude remain noticeably in vicinity of landfall.
Underestimation in wind strength causes an underestimation
in wave height predictions, although the overall maximum _
wave height is comparable to other validated model outputs.
We hope that in the future the JTWC dataset will be
improved with more accurate wind field when approaching 3
the landfall.

The lack of wave run-up and rainfall can explain some
mismatches between predicted and simulated levels of
inundation. We assume the wave runup to be large when the

PIoY ooweIeyd

cyclone is moving parallel and close to the northern Omani Figure 7. Prediction of the Maximum Elevation Of Water and wind field on
coast. It would be interesting to convert wave spectral the 6th June 2007,16:00 under the impact of the wind only or the impact
predictions from TOMAWAC into wave time-series in water from the wind and atmospheric pressure. The solid black line depicts the
surface using the WAFO module in Python, similarly to what MSL contour line or shoreline.

[12] did. The model is also missing the inundation triggered

by extreme rainfall and flushing along valleys that has been

reported [11], and further model development will focus on

reproducing the inland and coastal inundation due to riverine

flooding.
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