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ABSTRACT 

Inundation that results from tropical storms and hurricanes significantly 
impact coastal communities. The ability to predict the extent of surge 
and inundation is essential for evacuation orders, disaster response 
preparation, and resource planning. In this study we validate the 
DELFT3D modeling suite comprised of FLOW and WAVE modules to 
model inundation caused by Hurricane Ike (2008) using reanalyzed 
data. Model results are compared to the data collected by the SURA 
coastal inundation testbed. Comparing the effects of coupling waves 
show that there water levels when coupling waves is substantially 
greater on the eastern side of the storm where the wind is landward, 
than on the western side. 
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INTRODUCTION 

Coastal communities, especially in the mid latitude regions, are 
significantly impacted hurricanes - both by the wind fields as well as 
by the accompanying surge. Forecasting the extent of the inundation is 
critical for local emergency operations in order to issue evacuation 
orders and to muster critical supplies for post-storm recovery. To 
estimate the inundation extent, a highly accurate, high resolution, surge 
and inundation modeling system is needed. Currently operational 
modeling relies on one of two approaches to determine the intensity of 
storm surge: modeled surge values from historical storms are combined 
with information on historical storm frequencies to estimate local surge 
hazards; and in the other, ensemble model runs are used to determine 
surge values from a set of parameterized storms [Irish et al., 2011]. 
Both these approaches rely on storms of a defined strength having 
similar characteristics. In the instance of storms with outlier tendencies, 
such as Hurricane Ike, which had wind velocities of a Category 2 
storm, but a central pressure of a Category 3/4 storm and a larger than 
normal extent of hurricane force wind speeds, these methods become 
unreliable. 

Storm surge is primarily generated by the extreme winds from a low- 
pressure atmospheric system [Dean and Dalrymple, 2002]. The 
magnitude of the surge increases with the wind speed and size of the 

storm for a given coastal region [Irish et al., 2008]. Many secondary 
factors also influence the magnitude of the storm surge including the 
Coriolis effect in the form of coastal upwelling / downwelling and 
forerunners [Dean and Dalrymple, 2002; Kennedy et al., 2011], wave 
effects [Dietrich et al. 2008; Sheng et al. 2010] and the barometric 
pressure of the storm [Jelesnianski et al. 1992]. While these factors may 
be secondary to the winds in generating surge, they can be significant 
under certain storm conditions and coastal environments. In addition to 
the storm surge, the astronomical tide level combines with the storm 
surge to create the storm tide. The extent of coastal inundation - 
flooding of inland surface that is not normally submerged, is 
determined by the height of the storm tide and elevation of the land 
surface. 

In order to accurately predict coastal inundation, storm surge generating 
forces need to be accurately represented. Wind magnitude, direction, 
and distribution as well as the pressure distribution of the storm needs 
to be represented correctly. Large scale effects that can contribute to 
Coriolis effects along the coastline must also be included. Waves in 
both the nearshore and offshore are needed so that wave setup effects 
along the coast are correct. The coastal hydrodynamics must be correct 
for both storm surge and astronomical tide predictions as well. In 
addition, the bathymetry and topography data in the area of interest 
must be adequately represented so that reasonable estimates of the 
inundation extent can take place. These many components need to be 
combined in a storm surge modeling system to predict coastal storm 
surge and inundation. In this study, we present the results from a study 
using the DelfDD modeling system, which is a predictive model, 
applied to Hurricane Ike which impacted a number of areas along 
"hurricane alley", including but not limited to Turks and Caicos 
Islands, Hispaniola, Cuba and the United States. We concentrate 
especially on the northern Gulf of Mexico coast due to the availability 
of a large number of observations from this region. 

Hurricane Ike made landfall in the US as a strong category 2 storm near 
Galveston, TX around 0700 UTC, Sep 13, 2008. The storm surge from 
Ike reached the southwest coast of Louisiana well ahead of landfall 
[Kennedy et al., 2011], and over the course of the next couple of days 
caused substantial flooding along the Louisiana-Texas coastline. After 
Hurricane Katrina (2005), a number of gauges have been deployed in 
this region, yielding numerous measurements of water levels and wave 
conditions. As a result, for Hurricane Ike, water level data is available 
from 158 stations from the U.S. Army Corps of Engineers (USACE), 
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the U.S. Geological Survey (USGS), the National Oceanic and 
Atmospheric Administration (NOAA), and the Coastwide Reference 
Monitoring System (CRMS) and wave data from 18 NDBC moored 
buoys. These data have been compiled as part of the super-regional 
testbed for improving forecasts of environmental processes for the U.S. 
Atlantic and Gulf of Mexico coasts led by Southern Universities 
Research Association (SURA). 

STORM SURGE MODEL 

Model Description 

The model of choice for this study of hurricane storm surge is Delft3D 
[Stelling, 1997; Lesser et al., 2004]. The DelftiD system consists of a 
number of components, the main one being Delft3D-FLOW. DelOD- 
FLOW models the hydrodynamic flow under the shallow water 
assumption. It includes a large number of processes, including those 
relevant for modeling flow caused by hurricanes such as wind, wave 
forces, tidal forces, and atmospheric pressure changes. Furthermore, 
although the FLOW module can be run in 3D mode, for modeling the 
storm surge in this study we choose to run the model in horizontal 2D 
mode. 

Wave effects are included in the Delft3D system by running a separate 
module called Delft3D-WAVE and is based on the SWAN model 
[Holthuijsen et al., 1993] In the Del A3 D system, communication 
between the WAVE and FLOW modules are accomplished using files. 
The WAVE module outputs the wave spectra information and the wave 
forces and in turn receives from the FLOW module the surface 
currents, wind information, water level, and bathymetry. Other modules 
such as morphology are available, but not used in this particular study. 
The user has the choice of determining the level of coupling between 
the two modules. They can be one-way coupled, where the information 
from WAVE is used in FLOW, partially/fiilly coupled where one or 
more of currents, winds, water level and bathymetry changes are passed 
from FLOW to WAVE. The frequency of communication is also 
adjustable. 

Both FLOW and WAVE modules can be run in nested mode, allowing 
the use of coarser resolution grids in the overall region and fine 
resolution grids closer to the shore. Multiple nests can be used to get 
finer resolutions in areas where higher accuracy is required. 

Model Results 

For Hurricane Ike studies shown here, the model domain is the Gulf of 
Mexico (Figure 1). The FLOW module had two nests. The large 
domain that included the entire Gulf of Mexico was tested with three 
different resolutions; the first had a 0.1 deg resolution, the next with 
0.05 deg resolution and the final with 0.025 deg resolution. The region 
around Galveston, TX had a resolution of 1/5* of the large domain 
(shown as the red box in Fig. 1.). The resolution of the wave domain 
was 0.1 deg. The resolution of the outer domain for the FLOW module 
had a significant effect on the water level predictions in the region (Fig. 
2). Increasing the resolution of the large domain to 0.05 deg results in a 
diurnal tide in the Gulf. This corresponds to the observations, whereas 
the low-resolution grid amplifies the semi-diurnal tide. Increasing the 
resolution further to 0.025 deg did not significantly improve the results. 
Increasing the resolution of the WAVE module also did not 
significantly improve the wave statistics. The modules are executed in 
fully coupled mode with information exchanged every hour. More 
frequent exchange of information does not change the results. Less 
frequent exchange of information was not tested. 

5000 
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Fig. 1: (a) Model domain showing the bathymetry and topography 
along the south Texas and Louisiana coast (in meters) and the track 
(white line) of Hurricane Ike. The timeline shown on the track is in 
UTC at 0600 hrs. The symbols show the locations of the NDBC 
stations at which model-data comparisons are made, (b) shows the 
region bounded by the red line in panel (a) along with the water level 
stations at which model-data comparisons are made. 

Fig. 2: Comparison of water level (in meters) computed using the 
coarse resolution grid (red) to that from the fine resolution grid (green). 
The observations are shown in blue. X-axis shows the days in the 
month of September. 
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Hurricane Ike was a Category 2 storm at landfall (175 km/h) on the 
Saffir-Simpson scale; however had a central pressure of 950 hPa which 
is typically associated with a strong Category 3 or Category 4 
hurricane. Also, hurricane force winds (>118 km/h) extended 200 km 
from the center of the storm and tropical storm force winds (>63 km/h) 
extended 400 km from the center of the storm, making Ike one of the 
largest observed hurricanes in the Atlantic in the past 30 years. 

-95 -90 -85 
Fig. 3: Reconstructed pressure drop (in hPa) and wind field associated 
with Hurricane Ike on Sep 12, 1815 UTC. 

The hurricane wind fields for the results shown here were obtained 
from a 11*Wind post storm reconstruction which combined available 
wind information from model and data [Cox et al., 1995; Powell et al., 
1998] to derive a consistent U)0 velocity field. The wind field had a 
resolution of 0.02 deg in space and 15 mins in time. The wind field at a 
representative time along with the pressure-drop is shown in Fig. 3. 
The reconstructed pressure drop does not seem to have the same value. 
The increase in water level for every hectopascal drop in central 
pressure is about 0.01 in, which would imply that the results will be 
underestimating the actual surge by about 0.3 m. compared to about 5-7 
m surge recorded at landfall. The surface wind stress is computed using 
a drag coefficient dependent on wind speed, with corrections for strong 
winds adapted from Jarosz et al. (2007): Cj was held constant at 0.0012 
for wind speeds less than 11 m/s, increased linearly to 0.0028 up to 
wind speed of 30 m/s and decreased linearly to 0.0018 for wind speeds 
larger than 40 m/s. 

Fig. 4 shows the water levels associated with the storm. We see that 
there is a significant increase in water level along the northwestern 
coast 24 hrs prior to landfäll. This phenomenon called the forerunner 
surge was studied by Kennedy et al. (2011) and shown to be the result 
of the Ekman setup due to the geostrophic balance between the Coriolis 
force acting on the along-shelf current and the cross-shelf pressure 
gradient. By landfall, the surge level increases to about 5 m in the 
immediate area around Galveston Bay, and 12 hrs after landfall, model 
results indicate surge level in some localized areas to be still very high, 
even though it has dropped off to less than lm in most of the areas. 

Tidal amplitudes and velocities are specified along the southern and 
eastern boundaries of the overall domain. The values are obtained from 
the TPX07.2 data, which is the global tidal solution, which best-fits the 
Laplace Tidal Equations and the along track averaged data from 

TOPEX/Poseidon and Jason [Egbert et al., 1994, Egbert and Erofeeva, 
2002]. For the larger domain, tidal forcing due to gravitational effects 
of the terrestrial systems is also included. For the inner nest, the tidal 
forcing is obtained from the results of the larger domain, and the tidal 
potential forces are not included. 

09/12 07:15 UTC 09/12 19:15 UTC 

Fig. 4: Water levels (in meters) associated with Hurricane Ike at 24 hrs 
prior to landfall, 12 hrs prior to landfall, at landfall and 12 hrs after 
landfall. 

The bottom friction also plays an important role in the modeling of 
storm surge levels. In this setup we use Manning's formulation to 
model bottom drag with the drag coefficient n=0.02. The surge levels 
were found very sensitive to this value. Increasing the coefficient to 
0.025 completely eliminated the forerunner surge, whereas decreasing 
the coefficient to 0.015 increased the maximum surge levels by about 
1.5 m at locations close to landfall. 

As mentioned earlier, the WAVE module was run coupled with the 
FLOW module. Information was exchanged between the models every 
hour. To model the transfer of momentum from waves to the mean 
flow, we use the dissipation method based on Dingemans (1997) rather 
than the classical radiation stress method of Longuet-Higgins and 
Stewart (1962). In cases where the model resolution is coarse, the 
radiation stress method is unreliable due to numerical errors. The 
dissipation method is more reliable because it uses local quantities 
rather than spatial gradients and is also more consistent within the 
momentum budget framework of the model. 

The difference in computed water levels with and without the influence 
of waves is shown in Fig. 5. On the eastern side of the storm (the top 
four subplots), the inclusion of waves lead to prediction of increased 
mean water level. With the waves included, the modeled water levels 
are closer to the observed values over most of the domain. On the west 
side of the storm, coupling FLOW and WAVE modules results in only 
a small increase in water levels. The forerunner surge is underestimated 
in either scenario, but more so without the waves included in the model. 

The computed wave heights for four different times are shown in Fig. 
6. The time series of the water levels at six buoys in the northern part of 
the gulf is shown in Fig. 7. The maximum significant wave height 24 
hours prior to landfall, when the hurricane was in deeper water, is 
computed to be a little less than 18 m, which seems very high. The 
buoy at Southwest Pass, which is at 
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06    07    08    09     10    11     12    13    14 
Fig. 5: Water level (in meters) at different locations along the Texas 
coastline. Blue lines are observed data, red lines are FLOW model 
results without coupling with WAVE and the green lines FLOW- 
WAVE coupled results. X-axis shows the days in the month of 
September. 

The computed significant wave heights in the entire domain at selected 
times are shown in Fig. 6. The time series of the significant wave 
heights (in meters) for selected locations are presented in Fig. 7. When 
the storm is outside the continental shelf, the energy is considerably 
overestimated close to the storm center. 

09/12 07:15 UTC 09/12 19:15 UTC 
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Fig. 6: Significant wave heights (in meters) associated with Hurricane 
Ike at 24 hrs prior to landfall, 12 hrs prior to landfall, at landfall and 12 
hrs after landfall. 

The wind effect is modeled in SWAN using the exponential wind 
growth formulation due Janssen (1991) and the dissipation due to 
white-capping is modeled based on the pulse-based formulation of 
Hasselman (1974). Since we expect that the wave field in the vicinity 
of the storm center would be fully developed, there should exist a 
balance between the wind input and the dissipation. Both these 
processes are under investigation as likely reasons for this 
overestimation of wave energy. 

Overall, the model seems to overestimate the wave energy in the 
domain. In locations closer to the shore, the model seems to estimate 
the wave energy fairly accurately (see rows 2, 5, 6 in Fig. 7). In shallow 

water, additional dissipation due to depth-limited breaking is also 
present. This process is modeled based on the Battjes and Janssen 
(1978). While the frequency distribution of the wave dissipation is still 
an ongoing subject of study, the total dissipation in the nearshore due to 
depth-limited breaking is well modeled by expressions such as those by 
Battjes and Janssen (1978) and Thornton and Guza (1983). Wave 
energy along or close to the track of the storm is the one area where the 
wave energy is consistently overestimated with two notable exceptions 
that are shown in Fig. 7 - at Galveston where the wave energy is 
underestimated for a duration of approximately 12 hrs prior to landfall. 
This issue is likely related to the balance between the white-capping, 
depth-limited breaking and the wind growth and is part of the 
aforementioned investigation into the behavior of the wave model. 

Fig 
06    07    08    09     10    11     12     13     14 

7: Significant wave height (in meters) at different locations along 
the northern Gulf of Mexico. Blue lines are observed data, red lines are 
model results. X-axis shows the days in the month of September. 

CONCLUSIONS 

In order to accurately predict storm surge and inundation for purposes 
of evacuation, post-storm response and humanitarian aid, there is a 
need to go beyond the current operational methodologies that involve 
only probabilistic models that use either modeled surge values from 
historical storms combined with information on historical storm 
frequencies to estimate local surge hazards or ensemble model runs to 
determine surge values from a set of parameterized storms. With the 
oceans getting warmer, past records of hurricane intensity and size may 
not correspond all the time to the strength of the wind field. Thus 
deterministic modeling approaches will also have to be undertaken in 
conjunction with the current approaches to forecast the storm surge. 
Such models however have to be validated with past storms to ensure 
their accuracy and reliability. Also, since the deterministic models also 
make use of certain parameterizations to simplify some of the 
processes, the accuracy of these parameterizations also has to be 
checked in relation to modeling the effects of hurricanes. In this study 
we chose to use the DelfVJD modeling suite to model the surge and the 
wave climate observed during Hurricane Ike, which made landfall in 
the US as a category 2 storm near Galveston, TX. 

Initial results show much promise for the modeling system. The 
maximum water levels are within 0.5 m of the observed values in most 
locations. The model was able to predict the forerunner surge that was 
not expected by the probabilistic models. The effect of waves is found 
to be important in getting accurate predictions of water level. The grid 
resolution is important in getting the tidal amplitudes and phases 
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correct. The wave generation mechanisms during hurricane events need 
more study and validation. In particular, in the open ocean and near the 
center of the storm the wave heights are overestimated by more than 
50% in some cases. Further investigations focusing on the balance 
between the wind-growth parameterization and the white-capping 
mechanism is currently being undertaken to address this problem. 
Another issue that needs to be addressed is that of the bottom friction. It 
was found that the surge levels are sensitive to this parameterization. 
This sensitivity need to be analyzed in detail to determine the error 
levels in the surge when accurate data is not available regarding the 
bottom type or the land-use type to model the surge. 
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