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Abstract Accurate quantification of hurricane surge probabilities is critically important
for coastal planning and design. Recently, the joint probability method has been shown to
yield statistically reliable surge probabilities and has quickly become the method of choice
for extreme-value surge analysis in the United States. A main disadvantage of the joint
probability method is the requirement to have accurate computational surge simulations for
a large array of hurricane conditions. Recently, this shortcoming has been overcome by
using a variety of interpolation schemes to reduce the number of surge simulations required
to an optimal sample for joint probability analysis. One interpolation scheme uses response
functions, or physically based dimensionless scaling laws, that consider the relative impact
of hurricane landfall position, central pressure, and storm size on surge magnitude at the
location of interest. Here, the influence of regional changes in bathymetry on the physically
based response function form is investigated. It will be shown that the influence of con-
tinental shelf width on surge generation along a continuous coast is coupled with the
influence of storm size and that this coupled physical effect can be treated within the
response functions via dimensionless scaling. The surge response function model presented
here has an algebraic form for rapid calculation. This model performs well for the entire
600-km Texas coast, yielding accurate surge estimates (root-mean-square errors less than
0.22 m and R? correlations better than 0.97) with virtually no bias (mean error magnitudes
less than 0.03 m).
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1 Introduction and background

Accurate quantification of hurricane flooding probability is essential for coastal hazard risk
assessment, coastal planning, and coastal engineering. Traditionally, hurricane surge
probabilities are developed either by using historical surge elevations fit to parametric or
nonparametric distributions or by using a suite of hypothetical surge events along with
joint probability statistics. The historical population approach introduces significant sta-
tistical error, arising from sparse spatial and temporal occurrences of hurricane events
(Agbley and Basco 2008; Irish et al. 2011a). Application of the joint probability method,
while overcoming limitations of the historical population approach, has been difficult to
apply due to the high computational burden imposed by high-resolution, physics-based
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models. In this paper, the joint probability method with optimal sampling (JPM-OS) by
using surge response functions (SRF), introduced in Resio et al. (2009) and Irish et al.
(2009), is modified to improve the utility and accuracy of SRFs for hurricane surge esti-
mation. Specifically, we investigate the sensitivity of hurricane surge to storm size and to
regional bathymetric characteristics, namely continental shelf width.

The selected study area is the Texas, US coast (Fig. 1), which spans approximately
580 km from the US—Mexico border to the south to the Texas—Louisiana border to the
northeast. This region is highly susceptible to hurricane activity and high surges. Most
recently, Hurricane Ike (2008) generated storm surges in excess of 4 m in some locations
along the Texas coast (East et al. 2008). Coastal Texas is low-lying and characterized by a
system of coastal bays separated from the Gulf of Mexico by narrow barrier islands. Major
metropolitan areas include the Cities of Houston and Galveston (between locations 3 and 4
on Fig. 1) and the City of Corpus Christi (between locations 1 and 2 on Fig. 1).

The strength of JPM-OS lies in the ability to quantify extreme-value flood statistics
based on a wide range of hurricane possibilities while at the same time benefiting from the
accuracy afforded by a limited, optimal sample of high-resolution, physics-based numer-
ical simulations of storm surge. With the JPM-OS, Resio et al. (2009) assumed a con-
tinuous probability density function (p) to quantify return period (7) as follows:

mo_{l— J ][] ] pte om0 (e~ (o cp Ry, 0.5) )

& Ry vr Xo
-1
x dxod(?dvdepdcp} (1)

where { is maximum hurricane surge at location of interest, ¢, is hurricane central pressure
near landfall, R, is hurricane pressure radius near landfall (Thompson and Cardone 1996),
vy is hurricane forward speed near landfall, 0 is hurricane track angle with respect to the
shoreline, x, is hurricane landfall location, H is the Heaviside function where H(y) = 1

Fig. 1 Location map. Dotted 30°N
and heavy solid lines indicate g
hurricane tracks used in
simulations, solid circles
represent selected locations for
surge response function
development, and dashed line
represents the 30-m depth
contour. Mategorda Bay is just

northeast of location 2 28°N ~[28°N

26°N 126°N

96°W 94°W
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when y > 0 (here, this represents nonexceedance) and H(y) = 0 when y <0, ¢ is a
continuous SRF, x is location of interest, and ¢ is epistemic uncertainty in the surge
response (Resio et al. 2009; Resio et al. in review).

Several approaches have been proposed for developing and interpolating from the
optimal sample (e.g., Toro et al. 2010a, b; Condon and Sheng 2012), and Condon and
Sheng (2012) presented a thorough review of these methods. Here, we focus on the use of
continuous SRFs for functional interpolation. A main advantage of the SRF approach over
other methods is in the use of dimensional analysis and physics-based arguments to
develop the dimensionless SRF form. Since physical processes are considered directly, this
approach helps to minimize interpolation error in portions of the parameter space char-
acterized by significant changes in the surge response, for example, as Irish et al. (2009)
showed for small storms making landfall near the location of interest. In Irish et al. (2009),
three primary parameters contributing to storm surge were considered: storm central
pressure, size, and landfall location; the SRFs were shown to be in the following dimen-
sionless form:

C) = B ) () (22

Pfa.r —Cp Pfar — Cp—max

— R R
¥ = <u—x> —F<1 . )H(l . ) (2b)
Rp Rthres Rthres

a1(1 — R”c) +a, when — A1<x' <0

where

RI’ Ritres
F<1 B thres> “\h (1 - Rf’) + b, when 0<x' < (2¢)
0 when A< |x/|

¢’ (¥') is dimensionless maximum hurricane surge, x' is a dimensionless alongshore
function, p is water density, g is gravitational acceleration, x is location of interest mea-
sured on an axis running alongshore, Py, is the far-field barometric pressure, ¢p.max is a
constant minimum possible hurricane central pressure based on a maximum possible
intensity argument (e.g., Tonkin et al. 2000), and m(x) is a location-specific dimensionless
scaling coefficient, x, is x at the hurricane landfall position, A is a constant, Ry 1S a
constant, threshold value of R,, and ay, a», by, and b, are location-dependent scaling
coefficients.

In Eq. 2a, the first term represents the first-order momentum balance, while the second
term represents additional wind drag effects.

The SRF model given by Eq. 2 was developed through the analysis of high-resolution,
physics-based storm surge simulations made with ADCIRC, a finite-element circulation
model (e.g., Westerink et al. 2008) and considering four locations on the central Texas, US
coast, in the vicinity of Matagorda Bay (near location 2 on Fig. 1). It was shown that SRFs
given by Eq. 2 could be developed using just 25 % of the computational simulations
typically required for application of a JPM approach; predictions with Eq. 2 reproduced
maximum storm surge with root-mean-square errors less than 0.25 m (9 % of surge or less)
and were highly correlated with simulated results, where R* was 0.94 or higher at all four
locations. The SRF form in Eq. 2 has also been shown to perform well for predicting
historical surges; Irish et al. (2011b) presented comparisons between observations and SRF
predictions for five historical hurricanes impacting the Texas coast, showing that the SRFs
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given by Eq. 2 provide reasonable predictions of surge magnitude and distribution along
the coast.

While this initial SRF form works very well for the central Texas coast, it was found to
be less accurate in other areas along the Texas coast (Fig. 2, locations 1, 3, and 4). Root-
mean-square errors between the SRF-predicted surges by Eq. 2 and the ADCIRC-simu-
lated surges are between 0.40 and 0.49 m, nearly twice that at central Texas locations (e.g.,
location 2 in Fig. 2). Percent errors at these locations are between 25 and 42 %. We will
show that these inaccuracies arise primarily because of the relative importance of storm
size and continental shelf width in these areas. In the following, we introduce the methods
used to quantify the role of storm size and continental shelf geometry in storm surge
generation. We then propose a modified SRF formulation that is more universally appli-
cable along the open coast.

Fig. 2 Surge response functions 8 7
(SRF; left) developed using Eq. 2 7 6F 1 —
and SRF-predicted versus 6 'g 51 R
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2 Methods

In this paper, we follow the methods presented in Irish et al. (2009); these are summarized
here. Storms surges along the Texas coastline were computed using the finite-element
hydrodynamic model ADCIRC (e.g., Westerink et al. 2008). In the two-dimensional,
depth-integrated form employed here, ADCIRC is used to solve the shallow water mass
and momentum balances. The ADCIRC model domain included the entire Gulf of Mexico
and the North Atlantic basin to 60°W longitude, and the domain is highly resolved, as fine
as 50 m, throughout the Texas nearshore and inland bay system (see Irish et al. 2009). The
grid extends onshore to elevations on the order of 25 m above mean sea level. Standard
model settings were employed, and a model time step of 0.5 s was used. The model setup
was validated for storm surge simulation, demonstrating accuracy within 0.30 m of
observed surges at most locations (e.g., U.S. Army Corps of Engineers 2006). ADCIRC
was forced with wind and barometric pressure fields only. Tides and ocean wave setup,
both of which can add to storm flood levels, were omitted for simplification. Astronomical
tides can typically be considered as a linear addition to surge level in most open-coast
locations, and added surge level by wave-induced setup, which typically contributes less to
total flood level than wind surge for high surge events, is anticipated to scale in a similar
manner as the wind surge considered here.

Wind and barometric pressure fields were developed with a coupled hurricane vortex,
planetary boundary layer model (PBL; Thompson and Cardone 1996). To force the PBL
model, storm position, central pressure, storm size, storm forward speed, and peakedness
(Holland 1980 B) were specified at 6-h intervals along the hurricane’s track. With the PBL
model, wind and pressure fields at 15-min intervals, and with 2-km resolution in the central
part of the hurricane, were generated then used to force the ADCIRC simulations. To focus
the analysis on surge response as a function of landfall position, central pressure, and storm
size, only hurricanes approaching the Texas coast from the southeast at 5.7 m/s were
considered, representing one typical path and an average forward speed for hurricanes
impacting the northern Gulf of Mexico coast (Dorst 2007). For the Texas coast, the
selected track orientation corresponds to track angles between —45° and +10° with respect
to shore normal (positive is counterclockwise). Meteorological parameters for selected

Table 1 Meteorological parameters near landfall for selected historical storms impacting Texas [from
Landsea et al. (2005) unless otherwise noted]

Hurricane Latitude/longitude cp Riax Ve 0 (°) Maximum observed
name (date) [L3p (km)] (mb) (km) (m/s) surge m)"

Audrey (1957) 29.7N/93.7W [105] 946 46 6 —10 3.4-3.8

Carla (1961) 28.0N/96.4W [30] 936* 56 3 —10 3.3-3.7

Beulah (1967) 25.9N/97.2W [20] 950 46° 5 -50 24-2.9

Celia (1970) 27.8N/97.1W [25] 944 17* 6 +5 2.7-2.8

Allen (1980) 26.1N/97.2W [20] 945 37* 3 -35 2.1-3.7

Alicia (1983) 28.9N/95.0W [50] 962° 20° 3 —15 3.7

Bret (1999) 26.9N/97.4W [20] 953* 19% 4 -30 0.9-1.5

Rita (2005) 29.4N/93.6W [100] 937¢ 30¢ 5 +15 3.0-4.6 (Louisiana)
Tke (2008) 29.1N/94.6W [90] 950¢ 195°¢ 4 +5 4.8-5.9

2 U.S. Army Corps of Engineers (2006); ° Powell (1987); ¢ Powell and Reinhold (2007); ¢ Berg (2009);
© Irish et al. (2011b); ! Irish et al. (2008)
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historical events are given in Table 1. As this table shows, the selected parameter range for
study is representative of hurricanes impacting the region.

While forward speed and track angle indeed can influence surge magnitude, in most
cases, its influence is small with respect to other factors (e.g., Irish et al. 2008; Rego and Li
2009; Niedoroda et al. 2010; Toro et al. 2010b). Irish et al. (2008) showed via idealized
computational simulations that peak surge varied 15-20 % when forward speed was
changed by 50 %, for storms tracking over moderate to narrow continental shelf widths;
the variation was shown to be minimal for storms tracking over wide shelves. In this same
study, the authors also showed that peak surge varied by no more than 10 % for track
angles between —50° and 4-30°, with respect to surge when the track angle is 0° (shore
normal). Two-thirds of these simulations yielded surges within 0.20 m (4 %) of the shore-
normal track value. Analysis of the storm surge simulations of Udoh and Irish (2011) for
the entire Texas coast shows that on average surge varies by 0.35 m, when comparing
surge from tracks approaching from the south-southeast and from the east-southeast with
surge from tracks approaching from the southeast. In contrast, below we will show that the
surge variations due landfall location are on the order of 1 m or more.

It was shown that the SRF form in Eq. 2 may be specified with an optimal sample of
storms, specifically by limiting the number of combinations of central pressures, storm
sizes, and tracks considered. Based on this finding, an optimal sample of 145 storms,
distributed over 18 tracks (Fig. 1), were simulated here to represent the storm parameter
space for the entire Texas coast, about 600 km. The parameters c,, and R,, were varied from
900-960 mb and 11-66 km, respectively; two to nine (c,, R,) combinations were simu-
lated on each track.

3 Simulation results

The simulated hurricane surges for the Texas coast were analyzed to assess the relative
impact of continental shelf width and storm size on maximum surge. Figure 3 shows
selected results, where maximum surge at the shoreline is plotted versus alongshore dis-
tance from landfall position. Three main characteristics are revealed by these results. First,
when storm size and central pressure are held constant, as landfall position changes from
southwest to northeast, maximum surge magnitude increases along much of the coast. At
the alongshore location of highest surge, surge varies by almost 2 m, depending on landfall
position. The asymmetry in surge response about the location of highest surge also
becomes more pronounced as landfall position moves northward. On average, simulated
surge magnitudes at location 4 (see Fig. 1) are 1.2 m higher than those at location 1, when
central pressure, storm size, and relative track position (x — x,) are held constant. Second,
the relative distance between landfall position and alongshore location of highest maxi-
mum surge is smaller for storms making landfall along the lower Texas coast and larger for
storms making landfall along the upper Texas coast. These changes in surge magnitude and
alongshore distribution are consequences of the relatively large region over which surge
may be generated on the upper Texas coast, as is characterized by a wide continental shelf
width, with respect to the lower Texas coast (see Fig. 1).

Third, when central pressure is held constant, for a given landfall position along
the upper Texas coast, the maximum surge increases as storm size increases (Fig. 3). The
relative increase in surge with storm size is more dramatic at and to the north of the
alongshore location of highest maximum surge. Thus, increasing storm size also adds to
the asymmetry in alongshore surge response. For storms making landfall on the lower
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Fig. 3 Maximum ADCIRC- — A (28 km) — A (40 km)
simulated surge versus - - B(28km) — - B (40 km)
alongshore distance for selected <o C (28 km) <+ C (40 km)
tracks (solid line tracks labeled A - D(28km) -. D(40 km)
through D in Fig. 1) when 7 ; ; - -

¢, = 900 mb and R, = 28 km
(blue) and 40 km (black).
Simulated surges were taken just 6 M \ . B
offshore of the mean sea-level S
shoreline. Alongshore distance is
specified such that x — x, = 0
corresponds to storm landfall
position, where positive x — x,, is
toward the north. The alongshore
position x spans the entire Texas
coast, from the US-Mexico
border to the Texas—Louisiana
border

ADCIRC ¢ (m)
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Texas coast, the impact of storm size on maximum surge is small. This highlights the
relative importance of storm size as a function of regional characteristics such as conti-
nental shelf width (Irish et al. 2008, 2011b; Irish and Resio 2010).

These findings suggest that maximum hurricane surge and its distribution along the
coast additionally scale with both storm size and continental shelf width and that the
relative importance of these parameters increases with increasing continental shelf width.

4 Improved surge response function formulation

In order to improve the SRF formulation to ensure better performance in this region, a new
parameter is introduced to account for the role of continental shelf width on surge gen-
eration. In addition, we will introduce the storm size parameter into the dimensionless
surge. As Fig. 3 shows, continental shelf width in the vicinity of storm landfall plays an
important role in the location of highest alongshore maximum surge. For discussion and
analysis here, we consider cross-shore distance between the shoreline and the 30-m depth
contour, L, to be representative of the continental shelf width relevant for surge gener-
ation (Fig. 1; Irish and Resio 2010). The parameter A in Eq. 2b physically represents the
ratio between the alongshore distance between storm landfall and highest alongshore
maximum surge (Xpeak — X,) and hurricane pressure radius:

i= Xpeak — Xo (3)

R,

This parameter was estimated to be constant at A = 0.87 for hurricanes impacting the
central Texas coast, in the vicinity of Matagorda Bay. In contrast, Fig. 3 suggests that 4 is
not constant, but varies with continental shelf width.
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A 90-km alongshore moving average was applied to the simulated data to obtain spa-
tially dependent estimates of 4; in general, storms making landfall on the upper Texas coast
are characterized by larger values of A, whereas storms making landfall on the lower Texas
coast are characterized by smaller values. Data analysis revealed a strong linear correlation
between A and Lsp, when Lsj is less than 40 km (Fig. 4). For larger L;,, 4 approaches a
constant value of 0.88. Curve fitting by linear regression yields the following relationship
for the Texas coast:

2 0‘05L30(x0) — 0.70 when L3, (XO) <40 km
(Xo) = ﬁ + 0.88 when L30(x,,) Z 40 km (4)

where L;q is in km. The location of highest surge along the lower Texas coast linearly
increases with continental shelf width. In contrast, along the upper Texas coast, the wider
shelf results in relatively more surge generation to the north, thereby shifting the location
of highest alongshore surge northward. Along the upper Texas coast, A approaches a
constant value of 0.88. The additional surge and shift in position of highest alongshore
surge along the upper Texas coast, namely an increase in 4, may arise from a combination
of increased wind surge and Eckman setup, as occurred during Hurricane Ike in 2008
(Kennedy et al. 2011). On the Texas coast, 4 has a maximum of 1.15 about halfway
between Matagorda and Galveston, and this is a somewhat unexpected finding. In locations
with more gradually varying continental shelf width, we would expect a monotonic
increase in A, up to a maximum value near unity, with L;o. The localized increase in /4 in
this region arises because the continental shelf rapidly widens and changes orientation (see
Fig. 1). Specifically, we hypothesize that surge generated by onshore-directed winds
interacts with surge generated by winds acting in the alongshore direction along the portion
of the continental shelf to the north of this location. A 4 value greater than unity suggests
that at this location, the alongshore-generated portion of the surge makes a significant
contribution.

Figure 3 also showed that both storm size and continental shelf width impact the degree
of asymmetry that is evident in alongshore surge distribution. The role of storm size and

Fig. 4 Ratio between ADCIRC- 1.2F T T T T ™
simulated distance from landfall
to highest alongshore maximum
surge and storm size, 4, versus 1.0}
cross-shore distance between
shoreline and 30-m depth

contour, Lzo. Each data point 0.8l
shown represents a 90-km
moving average value

~< 0.6

0.4

02l ® ® Uppercoast| |
B B lLower coast
— Fit

00 L L L L L
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continental shelf width on this asymmetry can also be seen in the preliminary dimen-
sionless scaling results (Fig. 5, top pane). Here, we consider the ratio R,/L3,, where larger
values of R,/Ls, represent relatively larger storms making landfall over relatively narrow
continental shelves. As Fig. 5 (top pane) shows for the northernmost location (see Fig. 1),
larger values of R,/Ls, result in narrower dimensionless surge distributions in the along-
shore region to the north of highest alongshore surge. No significant trend was observed in
the alongshore region to the south of highest alongshore maximum surge, consistent with
the dimensional results in Fig. 3. In addition, at locations to the south, when L3y < 40 km,
no significant trend with R,,/Ls is evident; this is expected since in this region, wind surge
generation is limited owing to predominantly offshore-directed winds as the storm passes
over the continental shelf. We introduce the following correction into the dimensionless
alongshore variable in order to account for this asymmetry:

) () (1) ()

R, - L30—ref L3

R R
—F(l _71’)1.1(1 _717)
Rthres Rthres

where c is a dimensionless regional scaling constant and L3g_.r is a reference value of L.
For the Texas coast, ¢ = 0.75 and L3zg_.r = 40 km; these values were determined by
inspection. Figure 5 (bottom pane) shows the resulting shift and general convergence of
the data in the preliminary dimensionless space.

Irish and Resio (2010) argued that both storm size and the size of the shallow region,
specifically the continental shelf region, can limit surge magnitude. In the case where storm
size is smaller than the continental shelf region over which the storm passes, the wind field
size effectively limits surge generation. On the other hand, in the case where the storm size
is larger the continental shelf region, the size of the continental shelf effectively limits
surge generation. Thus, surge magnitude can be expected to scale with R,/L3,. Figure 6
shows simulated highest alongshore maximum surge versus R,/Lso, showing that surge
decreases with increasing R,/L3( in an almost linear fashion.

To account for the relative roles of storm size and continental shelf width in the
dimensionless surge magnitude variable, the ratio R,/L3, is introduced into Eq. 2a as

follows:
/ Blxx')
P — o(xx') R./L
{'= L my(x,x') (—m N ) (7’7/ 30(x0)> (6)

(5)

Ap Pray — Cp—max [Rp/LSO} ref

where m,, o, and f are dimensionless scaling coefficients varying by location and x' as
follows:

mar(x), o (1), Ba()] forx' >0 1
[R,/Lsolcet is a regional constant representing the maximum value of R,/Ls.

For the Texas coast, ¢;,.max and [R,/Ls].. are taken as 870 mb (Tonkin et al. 2000) and
3.5, respectively. The scaling coefficients m,, o, and f§ are determined by linear regression
(Table 2), where values for o and f§ are limited to 0 < o.or § < 1. For the Texas coast, the
coefficient m, varies between 0.43 and —17.86. Separate specification of these three
scaling coefficients for storms with X’ < 0 (L) and with X' > 0 (R) creates an SRF that
better captures differing surge patterns for each domain. In the range of x' > 0, the surge

[mZ()Q Xl)v OC(X, X/)7 ﬁ(X, X/)] = { [mZL(X)’ O(L(X)7 ﬁL(x” for 2’ <0
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Fig. 5 Alongshore asymmetry
in surge distribution in the
preliminary dimensionless space
before (top pane) and after
(bottom pane) modification of the
dimensionless alongshore axis
using the ratio between storm
size, R,,, and cross-shore distance
between shoreline and 30-m
depth contour, L3
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response is typically directly generated by strong onshore winds, leading to larger surge
magnitudes particularly when Ls is large. In the range of x' < 0, as the storm passes over
the continental shelf, this region is typically exposed to offshore-directed winds, thereby
leading to lower surge magnitudes and limited alongshore extent of high surge.

4.1 Performance

The dimensionless SRF derived by using Egs. 5 and 6 is shown for selected locations in
Fig. 7. The following two-term exponential equation was fit to the dimensionless data to
develop a model for the SRF:

g=dp exp(p2x’) + p3 exp(psax’) when x' <0 ™)
" | g1 exp(q2x’) + g3 exp(qax’) when x' >0

where p1, p», p3, P4> 41, 92, g3, and g4 are dimensionless model fit coefficients determined
by linear regression (Table 3).

As Fig. 7 (left panes) shows, the simulated surge data collapse in this new dimen-
sionless form, and the SRF model given by Eq. 7 well represents the dimensionless data,
with R? of 0.95 or better at all locations. The SRF model given by Eq. 7 and developed
from Eqgs. 5 and 6 also performs well in predicting surge; the error statistics in Table 4
show a marked improvement in SRF model skill with respect to the formulation based on
Eq. 2. Mean errors are between —0.03 and 0.01 m, indicating no significant bias in surge
predictions, while root-mean-square errors are 0.22 m or better. This represents a 50-70 %
reduction in root-mean-square error for locations where the SRF was not well represented
by Eq. 2, namely locations 1, 3, and 4; the new formulation yields an improvement of
30 % at location 3. Similarly, the new SRF model measurably improves correlation
between simulated and predicted surges, with R? of 0.97 or better at all locations. Overall,
this new SRF model yields surge estimates with absolute percent errors of less than 10 %,
with respect to high-resolution simulations.

To further assess predictive skill, we compared estimates using the new SRF model with
water-level gauge and high water mark observations made during four historical hurricanes
(see Irish et al. 2011b for observed data). Mean absolute error is 0.42 m. In addition to the
uncertainty known to accompany high water mark observations, much of this error can be
explained by the omission of wave setup in the current SRF model. Thus, we may interpret
the comparison between the SRF model and field data as being quite good.

Table 2 Dimensionless scaling coefficients for Eqs. 5, 6, and 7 for selected locations (see Fig. 1 for
locations)

Location a; a, by b, x' range o p my

1 0.00 0.00 0.00 —0.94 X <0 0.50 0.10 —2.46
X >0 0.10 0.05 0.68

2 1.58 —0.49 0.00 0.00 X <0 0.10 0.05 —2.71
X >0 0.15 0.05 -3.30

3 0.00 0.00 0.00 0.00 X <0 0.20 0.00 —3.71
X >0 0.00 1.00 0.43

4 0.00 0.00 0.00 —0.41 X <0 1.00 0.10 —2.52
X >0 0.05 0.00 —17.86
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Fig. 7 Improved surge response Y S Jg T
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Table 3 Dimensionless model coefficients for Eq. 7 for selected locations (see Fig. 1 for locations)

Location K> (plg) pi  p2 ps Pa @ @ 4 4a

1 097/0.94 24  63e—3 40 90e—1 3.1 26e—1 47e—1 —Tde—2
2 098098 30 20e—3 45 69% —1 36 -3le—1 40 —47e — 3
3 0.99/0.96 40 -78 —3 77 1.0 48 —22e—1 66e—1 -29 —3
4 097/097 14 —73e—2 61 S5de—1 59 —24e—1 19 _48c — 4

4.2 Suitability of formulation for application in other locations

The above SRF formulation considers surge generation in regions with continuous coasts.
It is anticipated that the general SRF form in Eqs. 5 and 6 will hold in these environments.
While central pressure, storm size, landfall location, and continental shelf width are
expected to impact surge generation and distribution along any arbitrary continuous coast,
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Table 4 Error statistics for maximum surge estimation with original and improved surge response func-
tions (see Fig. 1 for locations)

Location Root-mean-square error (m) Mean error (m) R?

Original New Original New Original New
1 0.40 0.11 0.20 0.00 0.85 0.98
2 0.24 0.16 0.03 —0.01 0.97 0.99
3 0.49 0.19 0.16 —0.03 0.87 0.97
4 0.42 0.22 —0.03 0.01 0.88 0.97

the exact SRF shape will vary from location to location. Thus, site-specific field data and/or
high-resolution computational simulations must be analyzed to assess local fit coefficients.
Furthermore, due to the unique curvature of the continental shelf with respect to the
coastline orientation along the Texas coast, the relationship between the coefficient 4 and
L3, should be reviewed separately for each site.

The SRF form presented here may not be suitable in locations without a continuous
coast; for example, for surge generation near the southern tip of Florida or in the Caribbean
Islands. Along these discontinuous coasts, surge is released around the peninsula tip or
edges of the islands, thereby violating the key assumption that alongshore surge distri-
bution will be governed by storm size and continental shelf width alone.

5 Summary and conclusions

Using dimensionless scaling, a general form for estimating extreme hurricane surges along
a continuous coast was developed. This SRF form accounts for the primary hurricane
parameters impacting surge generation, namely landfall position, central pressure, and
storm size. We have shown that the coupled impact of continental shelf width and storm
size on both surge magnitude and its alongshore distribution is captured by the new
dimensionless SRF form. The SRF models for the Texas coast are highly correlated with
simulated surges, and these models produce maximum surge estimates with unbiased and
minimal error.

This SRF model may be coupled with joint probability statistics to allow specification of
continuous probability density functions in order to assess extreme-value and forecast
surge statistics (Irish et al. 2011b) needed for coastal planning, design, and evacuation.
Because of the physical representation and dimensionless scaling, just a small subset of
detailed, high-resolution surge simulations are needed to develop the SRFs, which in turn
allows functional interpolation of all hurricane possibilities needed for developing con-
tinuous probability density functions. The SRF models may be used to identify which suite
of storm parameters results in specific surge levels, for example, which contribute to the
100-year surge event. The SRF model may further be used to support high-risk design
decisions, for example, selecting locations for nuclear power plants, by allowing identi-
fication of the worst-case hurricane surge condition. While we used ADCIRC to develop
the simulation dataset for the Texas coast, SRF models may be developed from any
existing hurricane surge simulation or surge measurement dataset.

Finally, for more robust applications, the SRF form presented here should be expanded
to account for the relative roles of storm forward speed and approach angle in surge
generation, as well as flood contributions by wave setup, inland runoff and river discharge,
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and astronomical tides. We expect that these physical processes will exhibit clear patterns
that can be readily incorporated into the SRF form presented here. In addition, local natural
and manmade landscape features such as ridges, rivers, and levees add an additional
challenge for SRF application. Analysis of high-resolution storm surge simulations that
resolve these features will help to quantify their impact on the SRF form and prediction
accuracy.
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