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INTRODUCTION

Hurricanes have long been one of the most destructive natural disasters known to society, and
the storm surge generated often causes the most damage and loss of life out of several processes
involved. Storm surges have been blamed for 90% of the fatalities caused by hurricanes in the United
States as recently as 1973 (AMS 1973). In November 1970, a cyclone struck Bangladesh, creating a surge
that killed approximately 300,000 (Dube 1997). More recently, Cyclone Nargis (2008) left at least
130,000 dead in Myanmar, although the death toll is thought to be underestimated. Over 80% of the
deaths were attributed to the storm surge (Webster 2008). In the United States, Hurricane Katrina
(2005) caused an estimated $81 billion in damage and 1833 deaths, mostly due to the flooding of New
Orleans and coastal Mississippi (Knabb et al. 2006). In recent times, technology has improved enough to
allow for relatively accurate forecasting of hurricane paths and intensities. Models such as ADCIRC
(Luettich et al. 1992) and SLOSH (Jelesnianski et al. 1992) generate models of storm surge that have
proven to be effective. Most studies, however, only focus on individual storms or theory, and do not
give a broad, empirical overview of storm surge.

Furthermore, there are two paradigms in producing storm surge models. The first calls for as
much accuracy as possible, and the second seeks to produce reasonably accurate metrics that can be
calculated quickly with easy-to-measure parameters, and with as few variables as necessary. It is with
the latter perspective in mind that I propose to investigate the amount of time before peak storm surge
that gives the strongest correlation with bathymetry.

A secondary goal is to determine the strength of the correlation between the length of time
spent over shallow water versus maximum storm tide, and to determine what ocean depth constitutes
“shallow water.” This will empirically confirm or deny the assertion that wind stress effects are
dominant in water depths less than 40m (Signorini 1992). Along with this, it would be important to
determine where these effects are occurring in relation to the storm center.

Storm Surge Variables

There are several parameters that define a storm surge. Before attempting to find a temporal
dependence on bathymetry, it is important to know the relative importance of the various mechanisms
involved in creating the surge. Of course, this will depend on many factors and varies by the individual
storm and local features, however, it is possible to get an idea of how much of the storm surge is caused
by bathymetric effects. Most studies focus on the maximum storm surge height. However, it is
important to recognize that storm surges vary significantly in spatial and temporal scopes, as well as
peakedness in those domains.

Harris (1963) provides an early attempt at elucidating these variables, identifying five distinct
processes: the pressure effect, the direct wind stress effect, the Coriolis effect, wave run-up, and the
rainfall effect.

In a steady state, i.e., a situation where the pressure is not rapidly changing, lower pressures will
cause the ocean surface to rise. This is known as the inverse barometer effect or the pressure set-up.
Harris gives a theoretical relation of a 1cm rise in ocean level per 1mbar drop in atmospheric pressure.
This effect operates under the condition that water is able to flow freely, which implies that there
should be few obstructions to flow, such as shallow bathymetry or chokepoints (Harris 1963). The effect
is most noticeable over the open ocean at depths greater than 40m, since water is able to flow more
freely, and since the wind set-up has little effect at these depths (Signorini 1992). While this effect will
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not cause a significant rise in sea level in bays, the pressure effect can cause a significant rise in estuaries
(Harris 1963).

The direct wind effect, also known as the wind set-up, as conceived by Harris, includes both
wind stress effects and bathymetric effects. Wind stress causes the largest rise in sea level at roughly the
radius of maximum winds to the right of the storm’s forward motion. The storm’s angle of approach to
the coast also has an influence (Signorini 1992; Weisberg 2006). However, angles within 20 degrees
counterclockwise of shore-normal are known to be indistinguishable as far as influence on storm surge
(Jelesnianski 1972 via Signorini 1992).

Jordan and Clayson (2008) used a version of the Princeton Ocean Model to determine that the
relationship between storm surge ( ) and wind speed ( ) at the ocean surface is ∝ . , which they
found was not appreciably different from using ∝ . The power law ∝ . was to found to
correlate best when using the non-dimensionalized approximation ∝ ( / ) . , where is
arbitrarily defined as 33m/s, the threshold of hurricane-force winds (Kantha 2006). However, this
approximation correlates best when using an average of wind speeds at 6, 12, 18, and 24 hours before
landfall, or just using the wind speed at 12h instead of using (Jordan and Clayson 2008). This
suggests that there is a lag between the intensity predictor and storm surge, i.e., an oceanic response
time.

Stress at the ocean floor is also an important variable, and is often accounted for in two-
dimensional models by a parameterization. This variable is usually included within the wind set-up. The
mechanism proposed is that hurricane-induced current at the surface is balanced by a similar current in
the opposite direction over deeper water (Rappaport and Fernandez-Partagas 1995). However, as it
approaches the shore, shallow bathymetry and barriers (i.e., land) cause this mechanism to break down.
The combined effects of friction at the bottom and shear stress from the top (Rappaport and Fernandez-
Partagas 1995) cause the return current to slow down, stop, or reverse, resulting in a build-up of water.
This is largely responsible for the oceanic response time mentioned above.

It is well known now that wind stress effects have the greatest influence on surges from
hurricanes that traverse a gently sloping bathymetry. Walton and Dean (2009) demonstrated that for
several transects of the Florida coastline, bathymetry can, in theory, cause the storm surge to vary over
an order of magnitude for the same wind speed, depending on whether there is a steep or mild slope
near shore. The distance a hurricane travels over the continental shelf was found to be correlated to
storm surge height, as long as the water is shallow (Signorini 1992). For storms with large enough
forward speeds, the timescale for translation is shorter than the timescale for the surge set up, and the
storm surge will not reach its potential (Weisberg 2006). However, Rego and Li (2009) found a significant
positive correlation between forward speed and maximum storm surge. Therefore, there is a forward
speed that is ideal for surge generation. While increasing forward speeds generate increasing peak
storm surges, it also has the effect of reducing the affected area (Rego and Li 2009). Additionally, fast-
moving storms do not have time to build up water in bays or estuaries, so it will impact open coast
more. Slower moving storms can inundate bays and estuaries, but lack the extra power from forward
speed.

Chen (2008) suggests that the bathymetry around Hurricane Katrina’s (2005) path was the
primary mechanism responsible for the record 9m storm surge. When overlaying Katrina’s intensity data
with the path of Hurricane Frederick (1979), the hypothetical storm surge came out to be about 3.5m,
comparable to Hurricane Ivan’s (2004) surge of 3m (Chen 2008). Additionally, it was found that replacing
the submerged deltaic lobes traversed by Katrina with a wide, sloping continental shelf caused the
hypothetical storm surge to decrease to 5m.

According to Weaver and Slinn (2010), hurricanes themselves can alter bathymetry, which can
cause small local variations. However, even local sea floor perturbations of ±20% alter the surge less
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than ±5%, and mostly less than ±2%. Therefore, the effects of local sea floor variations from the
currently known values are not likely to contribute a large error to calculations.

Wave effects are an important part
of storm surge, and can have a significant
effect on the water level recorded
(Granthem 1953). Wave shoaling causes a
trade-off between wave heights and the
wind stress component of storm surge.
Steeper gradients near the shore result in
larger waves and smaller storm surges, and
milder gradients give the opposite effect
(Resio and Westerink 2008). When one wave
breaks on the shore, the water is often
caught by another wave before it can return
to sea, causing the water level to rise, and
can easily account for 1m of surge, and
possibly more under favorable conditions
(Harris 1963). This is known as the wave set
up. If the waves break at an angle, the wave

set up will be smaller. The critical angle for
the sea floor slope is about 30 degrees
(Granthem 1953). This means that any other

slope will produce smaller wave run-ups, and since sea shores are generally less inclined than 30
degrees, increased slope will generally increase the wave run-up and decrease the wind stress
contribution.

Storm size is a recently recognized variable that is also included in the wind set up. It has
significantly improved storm surge models since it was recognized as an important variable (Irish et al.
2008). Combined, the wind set up and wave set up account for 75-90% of storm surge on most mildly
sloping portions of the US East and Gulf Coasts’ continental shelves (Walton and Dean 2009). The
Coriolis effect can have some influence over storm surge. In this situation, the wind stress causes an
Ekman layer, which results in a bulk transport of water at a 90 degree angle to the right of the wind (in
the northern hemisphere). This results in higher storm surges for coasts located to the right of the wind
direction and lower surges for coasts to the left (Harris 1963). The last mechanism proposed by Harris is
the rainfall effect. As sea level rises near the coast, the excess rain on land can pile up in the river bed as
long as the flow gradient is onshore.

Though it is commonly cited from a US Army Corps of Engineers report that storm surge is
attenuated 1m per 14.5km of marsh, there was significant variability in the study, with acceptable
values ranging from 1m per 20km up to 1m per 7km (USACE 1963 via DiLiberto 2009). Later, it was
reported that wetlands may actually have no influence at all in certain situations. The real effect is
therefore complicated, but can be modeled with ADCIRC.

The mixing layer depth appears to have a significant effect on storm surge. Extending the layer
from 10m to 50m results in a 13% decrease of maximum surface currents (Signorini 1992), which would
reduce the ability of storm surges to form. Effectively, the momentum is being transferred downward
instead of laterally.

Figure 1: The effect of wave shoaling on wave set up as a function of
sea floor gradient (Resio and Westerink, 2008).
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Numerical Models

Table 1: Variables involved in storm surge and storm surge models

The 2-dimensional shallow water equations are derived from the continuity and Navier-Stokes
equations to model waves at depths less than about 100m (Harris 1963). They are given as+ ∇ ∙ ( ⃗) = 0⃗ + ⃗ ∙ ∇ ⃗ = −∇ + ∇ ∙ ⃡+ ⃗
respectively. The continuity equation describe the conservation of mass in fluids, while the Navier-
Stokes equation describes the conservation of momentum

In shallow water, the continuity equation reduces to:
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+ ( ) + ( ̅) = 0
while the momentum equations reduce to the following two equations:( ) + ( ) + ( ̅) = − + − +

( ̅) + ( ̅) + ( ̅ ) = − + − +
For a region of ocean characterized by an onshore bathymetric profile with few changes in the

cross-shore dimension, the / terms from the momentum equations will be small. Neglecting terms
for momentum transport and pressure set up, the first momentum equation reduces to (Signorini 1992)

= +ℎ
Since the -dependence has already been neglected, / can be approximated with the total

derivative / . Although ℎ is highly dependent on , treating it as a constant and assuming no
bottom friction results in ∝ ( / ℎ) (Resio and Westerink 2008). Though this proportionality is
oversimplified, it does illustrate the relationship between surge height, ocean depth, and continental
shelf width.

The shallow water equations are employed in the ADCIRC model with some simplifications (Chen 2008):

+ ( ) + ( ̅) = 0
+ + ̅ − ̅ = − + + − +̅ + ̅ + ̅ ̅ − = − + + − +

By the definition of , the ADCIRC equations implicitly depend on bathymetry.

The SPLASH (Special Program to List the Amplitudes of Surges from Hurricanes) model is generally
regarded as obsolete, and has effectively been replaced by the SLOSH model, which uses governing
equations similar to the ones used in ADCIRC. The SPLASH model used a simple scheme for representing
bathymetric parameters, the nomograph for bathymetry:( ) =( ) =



7

where is the preliminary maximum surge height, and are shoaling parameters for the US Gulf
and East Coasts, respectively, and is a factor representing direction of approach (Jelesnianski 1972
via Walton and Dean 2009). This metric accounts for about 72% of the variance in storm surges
(Jelesnianski 1972).

The SWAN (Simulating Waves Nearshore) model is often coupled with ADCIRC to accurately
model effects from wave generation, propagation, and dissipation (Chen 2008). This model is fairly
complex, and contains dependencies on ℎ in numerous governing equations.

The spectral action balance equation is given by

+ ( ) + + ( ) + ( ) =
where the c constants are implicitly dependent on bathymetry. The wind input equation is the sole
source of wave action. ( , ) = + ( , )
where A depends on wave frequency and direction, and B depends on wind speed and direction.

There are three ways energy is dissipated in the SWAN model: whitecapping, bottom friction,
and depth induced wave breaking. The whitecapping equation is given as

, ( , ) = −Г ( , )
where Г is a wave steepness dependent coefficient. Bottom friction is given as

, ( , ) = − sinh ( ℎ) ( , )
where is a bottom friction coefficient, which can be determined empirically or numerically.
Since there is no basis to give preference to a certain field, the SWAN model uses simple models based
on each. For the empirical part, = 0.038 m /s for swell conditions and =0.067 m /s for wind-generated wave conditions (Booij et al. 1999). The numerical part uses equations
from a drag law model ( = ) and an eddy-viscosity model ( = /√2 )
where and are constants (Booij et al., 1999).

The depth induced wave breaking is much more convoluted, and the wave action term is given
by

, ( , ) = −14 ( , ) 2
where = and is determined by the transcendental equation1 − = −8

In addition to wave energy balance equations, SWAN also models non-linear wave-wave
interactions. Quadruplet wave-wave interactions are predominant in domains with deep water, while
triad wave-wave interactions predominate in shallow water. Quadruplet wave-wave interactions shift
wave energy away from the spectral peak. Since white capping dissipates energy, this effectively shifts
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the spectral peak downward. Triad wave-wave interaction transfer energy from lower frequencies to
higher frequencies, and in the parameterization used in SWAN, it has complex, nested dependencies onℎ.

METHOD

The information from SURGEDAT offers an aggregated set of information on storm tide heights
and locations (Needham, personal communication, 2012). Though there is information present for many
parts of the globe, relatively complete coverage is limited to the Gulf of Mexico, and therefore has the
least selection bias. To correlate these storm tide data with bathymetry, though, a bathymetric map is
necessary.

A variety of different bathymetry data sets exist, as well as a number of applications to process
them. Therefore, it is important to understand the pros and cons of the available data products. The
foremost concerns should be the region the grid covers, its resolution, and spacing. The region of study
is between approximately 32⁰N and 19.5⁰N, and 99⁰W and 76⁰W. There are numerous maps available,
and enough gridded data that it is only important to mention the best candidates for use with the
proposed analyses.

The standard grids for global coverage include ETOPO1 (Amante and Eakins 2009),
GEBCO, SRTM30_PLUS (Becker et al. 2009), and GMRT (Ryan et al. 2009). The first three have equal grid
spacing of 1 arcminute, 1 arcminute or 30 arcseconds, and 30 arcseconds respectively. GMRT by its
nature has variable grid spacing, but for coastal areas, it can be accurate to within 100km in certain
areas. The output is a list of equally spaced coordinate pairs and ocean depths, arranged primarily in
order of decreasing latitude, and secondarily in order of decreasing west longitude.

For the Gulf Coast of the US, the US Coastal Relief Model Grids provide resolution down to 3
arcseconds, and can be easily generated using the NOAA’s GEODAS Grid Translator. However, this map
only covers the region of interest down to 24N, so it would make sense to split the region between two
maps. This complicates computing unnecessarily, so I opted to use the SRTM30_PLUS for most of the
graphs, since it offers good resolution, and the maps can be made easily at http://topex.ucsd.edu/cgi-
bin/get_srtm30.cgi. To ensure that there were no serious anomalies due to map issues, I used ETOPO1,
GMRT, and SRTM30 and attained similar statistics for each. The SRTM30 graphs appear to have less
scatter, which should be expected with higher resolution.

Data for storm tides and storm tracks
were derived from SURGEDAT and HURDAT
(Needham, personal communication, 2012;
Jarvinen et al. 1984). Since the data includes
storm tide rather than storm surge, a large
error is introduced, depending on the relative
heights of the tide and the storm surge. Storm
tracks are estimated by determining the
coordinates of the hurricane center at the
time when the peak surge occurred (called
“landfall” for the purposes of this study), and
for each three hour interval before then, up
to 36h before landfall. These coordinate pairs
can be used to find an ocean depth in the
bathymetry file.

Figure 2: Bathymetric profile of Hurricane Katrina (2008), the largest
recorded surge in the data set
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Not all storms are over the Gulf of Mexico for the entire 36h window, so missing values are used
for the program. This may be due to a storm entering the Gulf of Mexico from another area, or forming
within 36h of landfall. Additionally, the maximum storm surge is commonly cited as 40-50km from the
center (Hsu 1998; Kerr 2000; Schwerdt 1979)

I compiled a list of the coordinates from the bathymetry file closest to where the storm’s
coordinates were given in Hal’s data by using a binary search algorithm on the unique values for
latitudes and longitudes to find the closest coordinates to the actual storm center. The resulting
coordinate pair can be used to find the ocean depth in the bathymetry file. Since the resolution of the
bathymetry map is under a kilometer at most, this approximation does not introduce much error.

A simple correction was applied by shifting them 98km due east, which was derived a posteriori.
found to give the optimal correlation between time over water less than 40m deep and surge height. I
used roughly this approximation at first by mistake, since the literature cites radii of 40-50km, however,
the results of a grid search in terms of radius justified the correction mentioned above, rather than the
one commonly cited. The bathymetry at those points is then decided to be the ocean depth for a given
storm at a given time before landfall. The resulting bathymetry table can be applied in several different
ways.

The Pearson correlation coefficient ( ) was employed for all the statistical analyses, and is
defined as = 1− 1 − −
where is a given value from a set, is the
sample mean, is the standard deviation, and
similarly for the variables. An algorithm for this
can be found in the R “stats” package. The variance
( ) is usually understood as the percentage of the
total variation that can be explained by the
correlation. These correlations are designated
“significant” if the probability of obtaining the
correlation from random data (the p-value) falls
below a certain threshold, usually given as< 0.05 or < 0.01 . For the purposes of this
study, < 0.05 is designated significant, and many
of the graphs have red lines to demarcate this
value. It is important to note that smaller sample
sizes increase the threshold for the correlation to
be significant, as demonstrated in Figure 2.

The ocean depths for the various surge
events were correlated with the maximum storm
tide heights. To gain a better understanding of
which storms contribute to the correlations the
most, I implemented low- and high-pass filters to
sequentially remove high and low surge events from analysis, respectively. Sample sizes are not
necessarily the same for each time interval, and in general, the sample size decreases with increasing
time interval, as should be expected.

The amount of time the storm tide spent over various ocean depths was estimated. I iteratively
defined cutoff depths of 1m to 100m spaced at 1m intervals. This domain was chosen because 100m
depths mark the boundary between shallow and deep water (Harris 1963). The time was found by

Figure 3: Graph of = . . Adapted from: Skbkekas. File:Correlation
Significance.svg. Digital image.Wikipedia. 15 Feb. 2010. Web. 8 May
2012. <http://en.wikipedia.org/wiki/File:Correlation_significance.svg>.
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interpolating each storm’s bathymetry data to find the first time it rose above the cutoff depth. For each
cutoff depth, I found the Pearson correlation coefficient and p-values for time spent over shallow water
versus the maximum storm tide.

RESULTS

Optimal time interval

The filtered data can be viewed in two different ways: by holding the storm count at landfall
constant for varying time intervals, or by holding the time interval constant while varying the storm
count. These approaches reveal two different patterns, and it is therefore important to consider both
aspects.

For the high-pass filter for constant storm count, the strongest correlations generally occurred
when the 89 highest surge events were analyzed. Statistically significant (p < .05) correlations between
bathymetry and storm tide were found for all time intervals from 3h to 18h before landfall at the 95%
confidence level. The strongest significant correlation occurred at 9h with 46 surge events included
( = −0.3906, = 0.0004). Holding the time interval constant reveals that the P-values at 9h remain
consistently significant for more selective filters than other intervals, for all filters using 46 or more
surge events, although the 6h P-values are nearly as consistent.

Using a low-pass filter reveals that the strong 6h, 9h, and 12h correlations seen in the high-pass
filter are only present in the least filtered analyses. However, there are statistically significant
correlations at 18h and 21h for more selective filters than at other intervals. The 21h correlations are
not consistent, so these may need further investigation. This effect is not as strong as the high-pass filter
for 9h, and is present for most filters using 91 or more storms.

Optimal cutoff depth

For the shelf, although the correlations for
depths shallower than 15m (except for 7m) are not
statistically significant, there is a noticeable trend of
strengthening correlations from that cutoff depth to
approximately 40m. The decreased statistical
significance for shallower depths is caused by the
lower sample sizes available to each analysis.

Though I mistakenly used an initial radius of
90km when doing this calculation when the
literature usually claims a maximum wind radius of
40-50km, the data suggests that this value is not far
from where it should be. After discovering this
discrepancy, I created graphs to determine what the
optimal radius and angle should be. Since hurricanes
rotate counterclockwise in the northern

Figure 4: Optimal cutoff depth at 98km due east of the average
storm center
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hemisphere, there is an additive interference between
forward speed and the hurricane’s winds directly to
the right of the direction of forward motion. Since
hurricanes in the region of interest generally have a
northern trajectory due to hurricane recurve, the
optimal angle should be due east (90⁰). Radii were
incremented in 2km intervals, and angles in 6⁰
intervals clockwise from north. The cutoff depth was
set at 40m, and the correlation between time spent
over the continental shelf and maximum storm tide
height were graphed by radius and angle. The optimal
position for a cutoff depth of 40m appears to be at
98km and 90⁰, so there appears to be no angular
discrepancy. Due to computing constraints, a grid
search of radius and angle would be impractical at the
moment, but dithering in the region reveals that this
feature is locally stable, showing up in a more or less
diminished form between about 80-130km and 80⁰-
100⁰.

Using grids with 30 arcsecond spacing proved
to reduce scatter in the cutoff depth plot relative to
grids with 1 arcminute spacing, while grids with 1 arcminute spacing appear to have a similar amount of
scatter by inspection. Regardless of the map however, the peak at roughly R=98km remains.

Figure 5: Optimal radius for 40m cutoff depth and due east Figure 6: Optimal angle for 40m cutoff depth at 98km from
storm center

Figure 7: Optimal angle for 40m cutoff depth at 47km from
storm center
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CONCLUSIONS

Using the storm surges rather than storm tides would result in stronger correlations than the
ones presented herein, since tides introduce a large amount of noise.

The strongest correlation for cutoff depth (r = −0.474683, p = .000008) occurred at the 36m
level, along with the lowest p-value. Using greater depths result in weaker correlations and higher p-
values, implying that the storm tide’s correlation with ocean depth is fully accounted for at
approximately 40m. This corroborates Signorini’s (1992) assertion that the pressure set up is most
noticeable at depths of 40m or greater. Therefore, ocean depths less than about 40m contribute to the
storm tide while ocean depths greater than 40m do not.

Using a radius of 98km yields the strongest correlations for bathymetric effects on storm tide. It
is commonly stated (e.g., Masters 2012) that the maximum storm surge generally coincides with the
radius of maximum wind, which is generally understood to be 40-50km on average.

Although the data set includes storms of various intensities, and the intensities themselves vary
over time, this should still be cause for concern. It is well known that the hurricane’s barometric
pressure is lowest in the eye, therefore, the pressure set up is highest at the center of the storm. It may
be that the bathymetric effect is counterweighted to some extent by the pressure set up. Additionally,
there may be a sampling bias, since storms in the area of interest are often mature, possibly becoming
extratropical, and may have larger eyes than a random sample.

Alternatively, the radius of maximum bathymetric effects may simply not coincide with the
radius of maximum surge. The only conceivable explanation is that there is a net radial transport of
water towards the center of the storm—which is heavily influenced by bathymetry—and this is more
important than the bathymetry at the radius of maximum surge. This result warrants further
investigation.
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GRAPHS

 Bathymetric profiles of all storms in data set, except Hurricane Katrina(see Figure 2)
 High-pass statistics by number of storms in sample
 High-pass statistics by time interval
 Low-pass statistics by time interval
 Optimal cutoff depth graph at 98km and 90⁰, with statistics (same as Figure 4)
 Cutoff depth graphs at 95km and 90⁰, using different maps (ETOPO1, GMRT, and SRMT30,

respectively)
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Surge height: 1.43
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Surge height: 1.37
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Surge height: 1.34
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Surge_ID # 70.2

Surge height: 1.22
Hours before lanfall
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Surge height: 1.22
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HIGH-PASS STATISTICS BY SAMPLE SIZE
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HIGH-PASS STATISTICS BY TIME INTERVAL
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OPTIMAL CUTOFF DEPTH GRAPH AND STATISTICS
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CUTOFF DEPTH GRAPHS USING DIFFERENT MAPS
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