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RAPID PROBABILISTIC HURRICANE SURGE AND DAMAGE FORECASTING  
USING SURGE RESPONSE FUNCTIONS 

Jennifer L. Irish1, Celso Ferreira2, Francisco Olivera2, Ikpoto Udoh1,                                         
Youn Kyung Song1, and Kuang-An Chang1 

In this paper, a joint probability approach is used with scaling laws for hurricane surge to rapidly develop probabilistic 
based hurricane surge and damage forecasts.  The method presented is demonstrated along the Texas, USA coastline 
for Hurricane Ike, which made landfall in September of 2008.  The probabilistic approach presented here is both 
accurate and fast, with a single surge and percent damage forecast taking less than one minute while representing 
more than 170,000 distinct hurricane possibilities. 
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INTRODUCTION 
 Recent hurricanes seasons, which included Hurricanes Katrina, Rita, and Ike, resulted in some of 
the largest surges on record in the United States.  Yet, our ability to rapidly and accurately convey 
surge hazard to the public and to policymakers in an easy-to-interpret format has left many in harms 
way.  To fully convey surge hazard requires both a reliable estimate of surge elevation and a measure 
of expected damages (Irish and Resio 2010).  Significant advances in physics-based surge modeling 
over the last several decades now make it possible to accurately simulate hurricane surge at high 
resolution (e.g., Westerink et al. 2008, Mattocks and Forbes 2008).  However, real-time simulation 
with high-resolution numerical models is limited by computational requirements, and, when these 
models are employed in a forecast mode, the number of storm possibilities considered, namely track 
and intensity combinations, is severely limited. 
 Here, we present a method that uses scaling laws and joint probability statistics to make near-
instantaneous probabilistic surge predictions, where the scaling laws are derived from the governing 
equations for surge generation and high-resolution numerical simulations with ADCIRC (Luettich and 
Westerink 2004).  By additionally coupling these surge projections with damage estimates, we then 
present a means for projecting surge-related economic damages.  In a geographic information 
framework, predetermined damages per 10-km of coastline are tabulated for automatic query based on 
the abovementioned probabilistic surge forecasts.  Final surge and damage forecasts include a 
probabilistic surge forecast and an estimate of the spatial distribution of economic damages for the 
region of interest. 

STUDY AREA 
 The study area extends approximately 300 km of coastline along the northern United States Gulf of 
Mexico, spanning from Matagorda, Texas to the Texas/Louisiana border (Figure 1).  Several populated 
communities line the Texas coast, including the city of Galveston.  Texas supports an array of 
industries, including oil and gas and tourism.  This region is also prone to hurricane activity, and much 
of the coastal area is low-lying, making the region susceptible to coastal flooding. Over the last half 
decade, this region has been impacted by surges generated by Hurricanes Katrina, Rita, Dolly, and 
most recently by Ike. 
 On September 13, 2008, Hurricane Ike made landfall in Galveston (Berg 2009). At landfall, this 
Category 2 hurricane had a central pressure of 950 mb and a radius to hurricane force winds of 195 km. 
Hurricane Ike generated high surges along the northeastern half of the Texas coast, and surrounding 
areas.  Highest flood elevations were observed on Bolivar Island, to the northeast of Galveston. 

METHODS 

Surge Prediction with Surge Response Functions (SRF) 
 Peak hurricane surge at some location x, 

� 

ζ x( ) , is a function of hurricane meteorological 
conditions as well as regional and local topographic conditions.  Thus, surge can be written as: 
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Figure 1. Map of study area: State of Texas, USA. Square indicates observed landfall position of Hurricane 
Ike (2008). 

 
 

 

� 

ζ x( ) = Φ xo,cp,Rmax,v f ,θl ,x( )  (1) 

where: 

 

� 

Φ is a dimensional surge response function (SRF), 
 

� 

xo  is hurricane landfall location,  
 

� 

cp  is central pressure, 
 

� 

Rmax  is radius to maximum wind (a measure of size),  
 

� 

v f  is forward speed, and  
 

� 

θl  is track angle with respect to coastline orientation. 
 
 In Irish et al. (2009), the following dimensionless SRF form was introduced, where the influence 
of forward speed and track angle were assumed small, with respect to other parameters: 

 

� 

′ ζ =
ρgζ

Pfar − cp( ) + mx Pfar − cp( )  (2a) 

 

 

� 

′ x =
x − xo[ ]
αRmax

− λ
⎛ 

⎝ ⎜ 
⎞ 

⎠ ⎟ − F 1− Rmax

Rthres

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟  (2b) 

 
where: 
 

� 

′ x  is a dimensionless alongshore function, 
 

� 

α  is a parameter to scale 

� 

Rmax , 
 

� 

λ  is a regional constant (Song 2009) 
 

� 

F  is a location-dependent fitting kernel, and 
 

� 

Rthres  is a constant, reference hurricane size threshold. 
 
A complete discussion of Equation 2 can be found in Irish et al. (2009).  SRFs were developed for the 
Texas coast using the hydrodynamic model ADCIRC (Luettich and Westerink 2004) and a discrete set 
of hurricane conditions, which spanned the range of central pressures, radii to maximum wind, and 
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landfall locations expected in the Gulf of Mexico.  While certainly important for coastal flooding, wave 
setup was not included here in the development of the SRFs.  Irish et al. (in review) show that the SRF-
generated surges compare well to water level and high water mark observations for historical 
hurricanes impacting the Texas coast, with respect to both magnitude and distribution along the coast. 

Damage Estimation 
 Potential economic damages were assessed from within a geographic information system, 
following the methods presented in Frey et al. (in press).  Several simplifying assumptions were 
employed: 
1. Economic damages were based on damage relationships within the Federal Emergency 

Management Agency’s (FEMA) HAZUS database (FEMA 2009). 
2. Damage to residential, commercial, industrial, public, and agricultural structures were based on 

information contained in the HAZUS General Building Stock Database (FEMA 2009). 
3. Inundated area was determined by intersecting the predicted surge with U.S. Geological Survey 

10-m topography. 
4. Only damages extending 1.6 km inland from the open coast were considered, such that damages in 

coastal regions along estuaries and bays were ignored. 
 
The Texas coastline was segmented into 10-km segments, and then damages were tabulated for each 
segment based on surge elevations above mean sea level of 1.5, 3.0, 4.6, 6.1, and 7.6 m. 

Probability Specification 
 Probabilistic surge and damage estimates were made by assuming a joint probability distribution, 

� 

p  (probability of exceedance), in the following form: 
 

 

� 

p = p cp( ) ⋅ p Rmax( ) ⋅ p xo( ) (3) 

where: 

 

� 

p cp( ) is probability the hurricane will have intensity 

� 

cp  at landfall, 

 

� 

p Rmax( )  is probability the hurricane will have storm size 

� 

Rmax  at landfall, and 

 

� 

p xo( ) is probability the hurricane will make landfall at location 

� 

xo . 
 

The probabilities 

� 

p cp( ), 

� 

p Rmax( ) , and 

� 

p xo( )  were specified based on publicly available hurricane 
observations and forecasts posted by the National Hurricane Center (2009). A complete discussion of 
the probabilistic forecast methodology can be found in Irish et al. (in review). 

RESULTS 
 Hurricane surge and percent damage forecasts were generated from the National Hurricane 
Center’s meteorological forecasts made 72, 48, 24, and 12 hours prior to landfall.  Each probabilistic 
forecast considers 171,360 different combinations of central pressure, radius to maximum wind, and 
landfall position.  The probabilistic forecast for surge and damages was completed in about 30 seconds 
in Fortran on a 3.2 GHz Xeon processor.  Figure 2 shows the probabilistic surge projection for 
Hurricane Ike at 12 hours prior to landfall.  This figure shows that high surges are projected to occur in 
the vicinity of Galveston, with highest surges to be slightly northeast, on Bolivar peninsula.  This 
forecast aligns well with actual observed surges during Hurricane Ike (Berg 2009), as shown in Irish et 
al. (in review). The SRF prediction using actual observed meteorological statistics at landfall gives 
surges within 

� 

p  = 0.50 and 0.75 for all locations presented; the difference in surge levels between 
these two probability intervals is 1 m or less.  A complete discussion of the probabilistic surge forecasts 
for Hurricane Ike can be found in Irish et al. (in review). 
 Figure 3 shows the probabilistic percent damage projection for Hurricane Ike at 12 hours prior to 
landfall.  Percent damage here is defined as the damaged value within the 10 km segment divided by 
the total value for the entire stretch of coast from Matagorda Bay, Texas to the Texas/Louisiana border, 
multiplied by 100%.  Coastal development along the Texas coastline is concentrated in the Galveston 
area, thus the highest percentage of development is concentrated in Galveston.  The high surges 
forecasted for Galveston Island along with the potential for damages result in highest forecasted 
damages on Galveston Island, in the area to the east of observed landfall and highest surges. Significant  
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Figure 2. Surge forecast for Hurricane Ike (2008) at 12 hours from landfall.  Horizontal axis is alongshore 
position, measured from the southwestern end of Matagorda Bay (see Figure 1).  Vertical line indicates 
actual landfall position of Hurricane Ike in Galveston, Texas (modified from Irish et al. in review). 
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Figure 3. Damage forecast for Hurricane Ike (2008) at 12 hours from landfall.  Horizontal axis is alongshore 
position, measured from the southwestern end of Matagorda Bay (see Figure 1).  Percent damages 
represents percent of entire value for the stretch of coast from Matagorda Bay, Texas to the Texas/Louisiana 
border.  Vertical dashed line indicates actual landfall position of Hurricane Ike in Galveston, Texas. 
 
 
damages are also projected for Bolivar peninsula, the area where highest surges are projected.  
However, due to the relatively lower percent of infrastructure and development value on the Bolivar 
peninsula, with respect to Galveston Island, the percent damage forecast is relatively lower.  Percent 
damages to the south, where surges were lowest, and to the northeast, where percent of development is 
low, are projected to experience low amounts of damage. 

CONCLUSIONS 
 The proposed probabilistic surge methodology is both fast and accurate, as shown for Hurricane 
Ike in 2008 along the Texas coast, from Matagorda to the Texas-Louisiana border (Irish et al. in 
review).  The forecasts developed for hurricane surge and percent damages each required about 30 
seconds of computation time (in Fortran on a 3.2-GHz Xeon processor) and explicitly represent surge 
estimates and damage calculations for more than 170,000 individual hurricane track, storm intensity, 
and landfall location sets that span the hurricane meteorological parameter space.  The proposed 
method provides a framework for fast and accurate probabilistic assessment of hurricane risk that can 
be used to inform evacuation planning, emergency response, and post-storm recovery efforts. 
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