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Abstract Tens of millions of people around the world are already exposed to
coastal flooding from tropical cyclones. Global warming has the potential to increase
hurricane flooding, both by hurricane intensification and by sea level rise. In this
paper, the impact of hurricane intensification and sea level rise are evaluated using
hydrodynamic surge models and by considering the future climate projections of
the Intergovernmental Panel on Climate Change. For the Corpus Christi, Texas,
United States study region, mean projections indicate hurricane flood elevation
(meteorologically generated storm surge plus sea level rise) will, on average, rise
by 0.3 m by the 2030s and by 0.8 m by the 2080s. For catastrophic-type hurricane
surge events, flood elevations are projected to rise by as much as 0.5 m and 1.8 m by
the 2030s and 2080s, respectively.

Abbreviations
IPCC Intergovernmental Panel on Climate Change
MSL Mean sea level
NOAA National Oceanic and Atmospheric Administration
SLR Sea level rise
SRF Surge response function
SST Sea surface temperature

1 Introduction

Hurricanes and other tropical cyclones pose one of the most significant natural
threats to coastal communities worldwide. High winds and surges, and, in inland
regions, rainfall, can cause significant damage. Over the last 5 years, the USA has
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seen record numbers of hurricane landfalls and has experienced the devastating
effects of some of the highest hurricane surges on record, including those of Hurri-
canes Katrina, Rita, and Ike (e.g., Travis 2005; Irish et al. 2008a; Federal Emergency
Management Agency 2008). Recent climatic research indicates that, in response to
global warming, hurricanes may intensify and sea level rise (SLR) may accelerate
(Intergovernmental Panel on Climate Change [IPCC] 2007). The coupled effect of
these two phenomena will lead to increased hurricane flood risk at the coast, thereby
potentially increasing coastal flooding during hurricane events.

Here we investigate the potential impact of global warming on hurricane flood
levels by considering the coupled influence of projected hurricane intensification and
accelerated SLR at Corpus Christi, Texas, USA, in the Gulf of Mexico. Our analysis
shows that if future global warming projections are realized, coastal flood levels have
the potential to rise significantly over the next 80 years, making coastal communities
progressively more vulnerable to hurricane damage.

In the following sections, we discuss the influencing climatic factors leading to
potential escalation in hurricane flooding, introduce the numerical simulation ap-
proach, and present our results and conclusions regarding future hurricane flooding
into the 2080s.

2 Background

Future climate variability has the capacity to alter hurricane flooding through
decadal and long-term trends in hurricane frequency and hurricane intensity as
well as in SLR. In this paper, we will focus on long-term projections of global
warming; although we recognize that shorter-scale decadal cycles, such as the El
Niño-Southern Oscillation (ENSO) and astronomical tidal influences, also change
hurricane activity and mean water levels.

By considering a suite of future climate scenarios, the IPCC (2007) projected
global surface temperature increases between 1.1 and 6.4◦C over the next century. To
span the range of potential future global warming scenarios, we consider here three
of the IPCC future climate scenarios: (1) B1, a global mean temperature rise estimate
for a low rate of greenhouse gas emissions and hence global warming; (2) A1B, a mid-
range emissions scenario; and (3) A1FI, the highest emissions scenario published
by the IPCC (Nakićenovic et al. 2000). Each of these future warming scenarios can
be used to evaluate the potential impact of global warming on hurricane flooding
by estimating the expected amount of hurricane intensification and SLR for each
climate scenario.

2.1 Potential influence of global warming on hurricane intensity

Recent climatic research, including analysis of the historical record, indicates that
major hurricanes [Category 3 or higher on the Saffir-Simpson scale (Simpson 1974)]
may intensify in response to the warming sea surface temperatures (SST) associated
with global warming (Elsner et al. 2008; Knutson and Tuleya 2008; Emanuel et al.
2008; Vecchi and Soden 2007; Webster et al. 2005). In this paper, the term hurricane
intensity refers to hurricane central pressure. Through consideration of thermody-
namic influences and evaluation of several convective parameterizations (Pan and
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Wu 1995; Emanuel and Živković-Rothman 1999; Kurihara et al. 1998), Knutson and
Tuleya (2004, 2008) estimated an average 8% increase in hurricane intensity for
every 1◦C of SST rise:

p�SST = po − 0.08 (�SST)
(

p f ar − po
)

(1)

where:

pΔSST is the future projected hurricane central pressure,
po is the present-day (or historical) hurricane central pressure,
ΔSST is the sea surface temperature change, and
p f ar is the far-field barometric pressure.

The above approximation for hurricane intensification with SST change neglects
other meteorological influences, such as wind shear, which can influence tropical
system development into major hurricanes. Thus, Eq. 1 can be considered to rep-
resent hurricane intensity change with SST change for a future hurricane, should the
tropical system fully develop. As will be shown later, the simplicity of Eq. 1 allows
us to evaluate, in a general sense, the relative impact of hurricane intensification on
surge generation.

2.2 Potential influence of global warming on sea level rise

Historical observations of global, or eustatic, mean sea level (MSL) indicate a net
trend for SLR (IPCC 2007; National Oceanic and Atmospheric Administration
[NOAA] 2008a; White et al. 2005; Miller and Douglas 2004). Historical eustatic
SLR rates over the last century are reported to be 0.17 to 0.18 cm/year, whereas
in recent years SLR shows acceleration to 0.30 cm/year (IPCC 2007). Global climate
projections indicate that eustatic SLR may accelerate in response to global warming
(IPCC 2007; Church and White 2006). The IPCC (2007) estimated an acceleration
in SLR over historically observed rates. Based on the abovementioned IPCC future
climate scenarios, the IPCC (2007) projected eustatic SLR between 0.18 and 0.60 m
over the next century. However, some future eustatic SLR projections, such as those
considering potentially catastrophic ice-sheet melting, estimate one 1 m or more of
SLR over the next century (Pfeffer et al. 2008; Rahmstorf 2007; Otto-Bliesner et al.
2006); these conclusions regarding ice-sheet melting contributions have recently been
substantiated through paeloclimatic analysis (Rohling et al. 2008). Here we adopt the
IPCC climate projections (B1, A1B, A1FI) but acknowledge that if global warming
induces significant ice-sheet melting, future SLR rates may be potentially higher than
those considered in this paper.

2.3 Potential influence of global warming on coastal storm flooding

Increasing storm intensity and sea level both have implications on coastal flood
elevations. In this paper, we focus on flood elevations at the coast where coastal surge
dominates, and, as such, we will not consider rainfall-related flooding. Over the last
few years, the increasing importance of SLR on coastal flooding has been studied.
Kleinosky et al. (2007) reported on the relative role of SLR on future hurricane
flooding along the mid-Atlantic coast of the USA, without consideration of potential
hurricane intensification. These authors showed that flooding of critical facilities is
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expected to increase by 1% to 19% for major hurricanes when SLR is between 0.3
and 0.9 m. Kirshen et al. (2008) considered the relative impact of SLR for non-
tropical storms around Boston, Massachusetts, again without consideration of storm
intensification, and concluded flood probability would increase substantially with a
0.6-m SLR; specifically, these authors conclude that the present-day 1%-occurrence
flood level was projected to become the 26%-occurrence flood level by 2100. Similar
findings were reported by Cayan et al. (2008) for the west coast of the U.S.

The coupled impact of both storm intensification and SLR has recently been
investigated for non-tropical storms affecting the Atlantic coasts of Europe and
Canada (Mitchell et al. 2006; Gonnert 2004; Danard et al. 2003; Demernard et al.
2002; Lowe et al. 2001). These studies show, for example, an increase in the present-
day 1%-occurrence flood level in the North Sea to a 50%-occurrence flood level by
the 2080s. Surges by major hurricanes are oftentimes significantly larger than surges
generated by non-tropical weather events. However, research on the impact of hur-
ricane intensification is limited. In the late 1990s, Ali (1996, 1999) reported climate
projections of tropical cyclone flood levels in Bangladesh, where the projected SLR
by the 2050s may potentially inundate about 15% of the country. Ali (1996, 1999)
considered the impact of intensifying a stationary and uniform wind field combined
with SLR and projected, on average, a 12% rise in Bay of Bengal flood levels per 1◦C
of SST rise.

The findings of (Ali 1996, 1999) also demonstrated that in shallow coastal areas,
such as the Bay of Bengal, the influences of SLR and storm intensification must be
evaluated together. A simplification of the momentum balance for surge generation
shows that, for a constant wind (with speed V) acting over a water body of constant
depth (h), the meteorologically generated surge (ζ) is:

ζ ∝ τs

h
∝ V2

h
(2)

where τs is the wind momentum transfer into the water column, or wind stress. In
Eq. 2, the second proportionality is based on the standard assumption that τs can be
specified by the quadratic form ρacdV2, where ρa is air density and cd is wind drag
coefficient. Equation 2 shows that any increase in mean water depth (e.g., SLR) is
expected to decrease surge generation potential, while any increase in wind speed is
expected to increase surge generation potential. The importance of SLR in Eq. 2 will
depend on the relative amount of SLR with respect to initial depth. For example,
in a shallow bay with a 4-m mean depth, a SLR of 0.5 m represents more than a
10% change in depth. However, along the open coast where the mean depth over
which surge is generated may average 20 to 30 m, a SLR of 0.5 m will likely have no
measurable impact on meteorological surge generation. It is important to note here
that total flood elevation (z) will include both the meteorologically generated surge
(ζ) plus the mean water level above some specified vertical datum, inclusive of any
SLR.

Here, we investigate the coupled impact of potential SLR and hurricane inten-
sification on coastal flooding for an area which includes open-coast locations and
locations within a shallow-water bay, Corpus Christi, Texas. Unlike Ali (1996, 1999),
we consider here realistic hurricane wind fields which vary spatially and are non-
stationary. As will be discussed below, the wind-field spatial and temporal variability
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are important as they alter the surge response from location to location and from
storm to storm within coastal bays.

For these dynamic weather systems, it can be shown via numerical simulations
(Planetary Boundary Layer [PBL] models: Vickery et al. 2000; Thompson and
Cardone 1996) that the maximum hurricane wind speed scales with the square-root
of the hurricane central pressure deficit (p f ar − p, where p is the hurricane central
pressure). Making this substitution and combining Eqs. 1 and 2, the relative influence
of global warming on hurricane meteorological surge (ζ�SST) is expected to scale as:

ζ�SST ≈ a

[
(1 + 0.08�SST)

(
p f ar − po

)

(ho + SLR�SST)

]

+ b (3)

where:

ho represents the present-day mean water depth,
SLRΔSST is the future projected SLR, and
a and b are constants.

The total future flood elevation, with respect to present-day (2000s) MSL
(MSL2000s), would then be:

z�SST = ζ�SST + SLR�SST (4)

where:

zΔSST is the future flood elevation with respect to MSL2000s

In Eq. 4, the relative dependency between hurricane intensification and SLR is
accounted for in the first term. In this paper, we will evaluate the potential impact
of global warming on hurricane flooding in the context of Eqs. 3 and 4 using future
climate projections based on the B1, A1B, and A1FI IPCC scenarios.

3 Study area

Of all coastal regions in the United States, the Gulf of Mexico is particularly
vulnerable to high coastal surges. The relatively warm waters of the Gulf of Mexico
promote hurricane activity, and the relatively shallow bathymetry often leads to high
surge generation. Thus, selection of an urban community on the Gulf of Mexico
is appropriate for evaluating the potential impact of global warming on coastal
flooding. Corpus Christi, Texas, is situated along the northern Gulf of Mexico
coastline (Fig. 1) and is regularly subjected to high hurricane surges. The City of
Corpus Christi, on Corpus Christi Bay (mean depth of 3.5 m), can be separated into
two regions: a mainland portion, which includes the downtown area, and a barrier
island portion (Mustang Island). The barrier island is openly exposed to ocean surge,
while the mainland portion of the city is exposed to surge waters which pass through
Aransas Pass and to locally generated wind surge within the bay. Outside city limits
are several smaller bayside communities, which include Ingleside and Portland. This
populated stretch of the Texas coast has a diverse economic base. The Corpus Christi
area is a popular tourist destination and houses a multitude of hotels, restaurants,
and other hospitality-related businesses. This region also supports several petroleum
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Fig. 1 Corpus Christi, Texas location map (aerial imagery from US Geological Survey 2008)

refineries and manufacturing plants, and is home to the Port of Corpus Christi and
the Corpus Christi Naval Air Station.

In addition to being vulnerable to high hurricane surges, like much of the northern
Gulf of Mexico coastline, the Corpus Christi region has historically experienced
measurable land subsidence. Based on the difference between long-term mean water
level observations near Corpus Christi (NOAA 2008a) and historical eustatic SLR
rates (IPCC 2007), historical land subsidence rates are estimated to be 0.29 cm/year.
This relatively high rate of land subsidence is expected to continue in this region.

3.1 Hurricane history and historical storm selection

To evaluate the impact of climate change on hurricane flooding, the historical
hurricane record (NOAA 2008b) for the Texas coast was reviewed to identify three
candidate major hurricanes for intensification using a PBL model, which uses as input
hurricane central pressure, hurricane size, and hurricane position in time, among
other parameters (Thompson and Cardone 1996). To reliably employ the PBL
model to develop future realizations of intensified storms, each of the three selected
historical hurricanes must be well described by an idealized vortex model. Namely,
each storm should have a well-defined eye region with a classical hurricane wind
field shape in which wind speed scales with radius from the center of the hurricane.
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An additional restriction in storm selection was the ability to reliably determine
historical hurricane parameters for the selected storms (e.g., central pressure, size).
To meet this latter restriction, we considered only hurricanes occurring since the
1950s. Finally, because climatic research indicates potential intensification with
global warming only for more intense, major hurricanes (Elsner et al. 2008), historical
hurricane review is limited to major hurricanes.

Since 1950, ten major hurricanes have made landfall along the Texas coast. Those
most affecting the Corpus Christi region are Hurricane Beulah (1967), Hurricane
Allen (1980), and Hurricane Bret (1999). All three of these storms generated surges
in excess of 1 m along the open coast (National Weather Service 2000; U.S. Army
Corps of Engineers 1968; Lawrence and Kinberlain 2001), with Hurricane Allen
producing surges as large as 3.7 m in some locations. Of these three hurricanes, two
exhibit classical hurricane vortex characteristics (Beulah and Bret) and are ideally
suited for meteorological estimation using a PBL model. The wind-field structure of
Hurricane Allen, however, was highly complex, including a double eye configuration
(e.g., NOAA 1983), making this storm unsuitable for studying the influence of
hurricane intensification with a PBL model.

Hurricane Allen was the most significant hurricane surge event in Corpus Christi
during the period considered here. To assess the relative impact of global warming
over a range of surge events, a candidate high-surge event replacement hurricane
was identified. Hurricane Carla (1961), while tracking to the north of Corpus Christi
and generating relatively small surges in the study area, stands as one of the most
severe hurricane surge events along the Texas coast. Other severe hurricane surge
events along the Texas coast include the 1900 Galveston hurricane and Hurricane
Ike in 2008; neither of these storms was considered here since limited meteorolog-
ical information was available for the 1900 hurricane and Hurricane Ike occurred
following completion of our study. To develop a “modified historical” surge event
equivalent to Hurricane Carla for the Corpus Christi area, it was assumed that
a hurricane of Hurricane Carla’s intensity and size could have followed a more
southerly track. While we acknowledge that if Hurricane Carla had actually taken
a more southerly track in 1961, the exact hurricane parameters (size, intensity, etc.)
would have varied somewhat from those on its actual track, we assume that no
climatological or geographical reasons preclude a storm of the same intensity and
size as Hurricane Carla from making landfall near Corpus Christi. Thus, the third
hurricane selected for hurricane intensification analysis is Hurricane Carla shifted
southward 130 km (Carla-shifted) such that maximum surge generation at the coast
occurs at Corpus Christi (Irish et al. 2009; Irish and Resio 2010).

Table 1 summarizes selected hurricane parameters and observed hurricane surges
for the three selected historical hurricanes. As indicated in the table, the three
selected hurricanes span a range of hurricane surge potential and historical hurricane
intensities.

It is worth noting that while Hurricanes Beulah and Bret were characterized
by similar hurricane central pressures, around 950 mb, the aerial extent (storm
radius) of Hurricane Beulah was substantially larger than that of Hurricane Bret. In
consequence, Hurricane Beulah generated about twice as much surge as Hurricane
Bret. Since climatic research to date has not indicated a trend in hurricane size with
global warming, size will not be considered as a climatic variable here, although it is
recognized that storm size influences surge generation (Irish et al. 2008a).
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Table 1 Historical hurricane parameters at landfall

Storm name Central Radius to Saffir–Simpson Landfall distance Observed
pressure maximum (Simpson 1974) from Corpus ocean side
(mb)a wind (km)b categoryc Christi (km) surge (m)

Carla (1961) 931 56 4 85 (northeast) 3.3–3.7d

Beulah (1967) 950 46 3 95 (south) 2.4–2.9e

Bret (1999) 951 19 3 200 (south) 0.9–1.5f

aNational Weather Service (2000)
bUS Army Corps of Engineers (2006)
cBlake et al. (2006)
dHo and Miller (1982), surge corresponds to historical observations for Hurricane Carla on historical
track
eUS Army Corps of Engineers (1968)
fLawrence and Kinberlain (2001)

4 Future global warming scenarios

To evaluate potential future hurricane flooding over the next 80 years, 6-month-
average projections of changes in ΔSST were developed for two periods, the 2030s
and the 2080s, using the climate model MAGICC/SCENGEN (Wigley 2004), with a
base year of 1990, and assuming three IPCC future climate scenarios: B1, A1B, and
A1FI. For each of the three future climate scenarios, three carbon dioxide doubling
sensitivity tests were evaluated (2◦C, 3◦C, and 4.5◦C), so that a total of 54 estimates
were made with the MAGICC/SCENGEN model. Figure 2 (top pane) summarizes
the climate model projections by showing the range of projected SST by decade. As
shown in this figure, by the 2030s, SST is projected to rise between 0.01◦C/year (low
rate of warming) and 0.06◦C/year (high rate of warming). By the 2080s, these climate
projections indicate on the order of �SST = 1 to 5◦C, with respect to present-day
(2000s) conditions.

In this analysis, future hurricanes were assumed to occur as they did historically,
except for the track shift for Hurricane Carla, but with higher SSTs and sea levels.
Future hurricane intensity scenarios were developed using Eq. 1, by applying the
climate model projections for SST rise to the historically observed hurricane central
pressure time histories for the three selected historical hurricanes (Fig. 2, center
pane). The future intensification projections for storms like Hurricane Carla are most
dramatic, with an intensification of 0.14 to 0.45 mb/year. The most extreme future
projection for Hurricane Carla (A1FI [high rate of warming] for the 2080s) gives a
central pressure at landfall of 899 mb. Future projections of storms like Hurricanes
Bret and Beulah show rates of intensification between 0.07 and 0.32 mb/year.

The MAGICC/SCENGEN climate model was also used to project future eustatic
SLR based on the three IPCC scenarios; again, three carbon dioxide doubling
sensitivity tests per climate scenario were evaluated. These projections (Fig. 2,
bottom pane) indicate eustatic SLR rates of 0.08 cm/year (low rate of warming) to
0.29 cm/year (high rate of warming). With a high rate of warming (A1FI), eustatic
SLR by the 2080s is expected to be as much as 58.4 cm, with respect to present-day
(2000s) sea level. It is worth noting again that the SLR scenarios considered here
could be much higher with major ice sheet melting.

As mentioned previously, the Corpus Christi region experiences a relatively large
rate of land subsidence (about 0.29 cm/year). Assuming that the historical subsidence
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Fig. 2 Projected sea surface
temperature (SST) rise (top
pane), projected hurricane
intensification at landfall
(center pane), and projected
eustatic sea level rise (SLR;
center pane)
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rate continues into the future, between the 2000s and the 2030s and 2080s an
additional SLR of 8.4 and 22.4 cm, respectively, above the eustatic SLR is estimated
for this region. Thus, based on the mean eustatic SLR projections, the relative SLR
between the 2000s and the 2030s and 2080s is estimated to be about 19 and 60 cm,
respectively. With the high rate of warming (A1FI), the total relative SLR by the
2080s is projected to be as high as 80.8 cm, with respect to MSL2000s.

5 Numerical simulation approach

By considering the abovementioned projected relative SLR and projected hurricane
intensification scenarios for the Corpus Christi area, flood levels were estimated
using a surge response function (SRF) approach (Irish et al. 2009). In this analy-
sis, three historical hurricanes are considered in which future projections of each
hurricane hold constant the time history of storm position, size, forward speed, and
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approach angle. In other words, the only variables driving surge level change are
the hurricane’s intensity (p) and the relative SLR. Within this framework, SRFs
were developed by numerical simulation for each of the three historical hurricane
scenarios (Table 1). These simulations provide a basis to define the flood elevation
as a function of global warming, namely projections of p and SLR, where the form
of the SRFs is given in Eq. 3. An advantage of the SRF approach is that the SRF,
along with Eq. 4, may be used to estimate the flood elevation response associated
with any future climate projection that falls within the p-SLR parameter space. Thus,
while we have adopted the B1, A1B, and A1FI of the IPCC for discussion here, the
SRFs may be used to evaluate any alternate climate scenario for any future period of
interest.

Anticipating that the scaling relationship in Eq. 3 holds, numerical hurricane surge
simulations were carried out for a discrete set of hurricane scenarios which spanned
the projected p-SLR parameter space and provided sufficient representation of
intermediate intensification-SLR conditions (Table 2). In all, 23 hydrodynamic
simulations were carried out, where seven to eight p-SLR conditions were considered
for each of the three selected storms (Bret, Beulah, and Carla-shifted).

Table 2 Hurricane scenarios for numerical simulation

Central pressure Relative Simulated flood elevation, z (m, MSL2000s)

at landfall (mb) SLR (cm) A B C D E F

Hurricane Bret
951 0.0 0.74 0.66 0.97 0.47 0.84 1.80
951 75.0 1.48 1.40 1.62 1.24 1.48 2.26
935 0.0 0.93 0.82 1.18 0.59 1.02 2.15
935 31.0 1.24 1.12 1.45 0.89 1.28 2.32
925 0.0 1.04 0.90 1.29 0.65 1.12 2.31
925 37.5 1.41 1.27 1.61 1.03 1.43 2.52
925 75.0 1.78 1.64 1.92 1.43 1.74 2.74

Hurricane Beulah
950 0 1.08 0.98 1.68 1.07 1.52 2.93
950 37.5 1.45 1.35 1.97 1.47 1.85 3.13
950 75.0 1.82 1.72 2.26 1.88 2.21 3.33
933 0.0 1.32 1.19 1.96 1.30 1.80 3.38
933 31.0 1.62 1.49 2.19 1.62 2.07 3.53
924 0.0 1.47 1.32 2.13 1.44 1.97 3.64
924 37.5 1.83 1.68 2.40 1.82 2.30 3.82
924 75.0 2.20 2.05 2.68 2.23 2.66 4.02

Hurricane Carla (shifted)
931 0.0 3.23 3.10 3.19 1.66 3.03 4.89
931 75.0 3.93 3.80 3.69 2.25 3.63 5.33
923 0.0 3.50 3.36 3.35 1.76 3.21 5.14
911 0.0 3.91 3.73 3.56 1.89 3.44 5.42
911 31.0 4.19 4.01 3.76 2.14 3.67 5.61
900 0.0 4.26 4.06 3.74 1.99 3.63 5.64
900 37.5 4.61 4.40 3.98 2.28 3.94 5.89
900 75.0 4.95 4.75 4.21 2.55 4.24 6.11

See Fig. 1 for locations A through F
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The shallow-water hydrodynamic model ADCIRC (ADvanced CIRCulation;
Luettich and Westerink 2008) was used to simulate hurricane flood elevations for
each hurricane condition in Table 2. ADCIRC is a finite-element hydrodynamic
model designed for simulating currents and water levels resulting from tidal, wind,
and ocean wave forcing. The two-dimensional depth-integrated version of ADCIRC
solves the shallow-water equations for conservation of mass (Eq. 5) and momentum
(Eq. 6):

∂ H
∂t

+ ∇H

(−→
U H

)
= 0 (5)

∂
−→
U
∂t

+
(−→

U · ∇H

)−→
U = −g∇H

(
ζ2 + p (x, y)

gρw
− αη

)
+ f

−→
k × −→

U +
−→τs

Hρw
−

−→τb

Hρw

(6)

where:

ζ2 is the instantaneous free surface elevation,
H is the total depth (h(x, y) + ζ2, where h(x, y) is the spatially variable still

water depth),
U is the depth-integrated horizontal velocity,
p(x, y) is the spatially variable atmospheric pressure,
ρw is the density of water,
f is the Coriolis parameter,
k is the horizontal unit vector, and
τb is the bottom shear stress.

The ADCIRC model grid spans the Gulf of Mexico and the northeastern Atlantic
Ocean from 60◦ W to 98◦ W in longitude and between 8◦ N and 46◦ N in latitude in
order to adequately simulate storm surge by large weather events like hurricanes.
The grid resolution within the study area (nearshore and Corpus Christi Bay) is
sufficiently refined (as fine as 70 m within channels) to simulate the surge response
to local geographic and bathymetric features, where grid bathymetry was based
on multiple measurement sources (US Army Corps of Engineers 2006; M. Brown,
personal communications). Model performance for surge prediction has been shown
to be within 15 cm with respect to historical observations (Irish et al. 2008b).

For computational efficiency, three simplifying assumptions were made in project-
ing relative changes in hurricane flooding with global warming. First, the additional
contributions to hurricane flooding by wave setup (by momentum transfer to water
column when waves break near the coast) were not considered. While wave setup can
contribute measurably to flood levels (Dean and Bender 2006, Irish and Cañizares
2009), the relative change in wave setup with global warming is expected to scale
with changes in meteorological surge. Second, the relative impact of astronomical
tide variation within the study area was assumed to have negligible impact on mete-
orological surge generation. The measured tidal range in the Corpus Christi region
is 40 cm along the open coast and 10 cm within Corpus Christi Bay (NOAA 2008a).
The mean bay depth is 3.5 m, and the bulk of surge generation along the open coast
occurs in depths shallower than about 30 m (Irish and Resio in review). Thus, the
depth change with tide is about 2%. Here, we assume the variation with astronomical
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tide may be added to the simulated flood level, based on hurricane meteorology and
relative SLR. Finally, we assume the barrier island system fronting Corpus Christi
Bay is static, such that storm morphodynamics and any resulting influence of barrier-
island overwash and breaching on flood levels is not considered. We acknowledge
that barrier island overflow can elevate flood levels during hurricanes (Cañizares and
Irish 2008); however, an evaluation of storm morphodynamics is beyond the scope of
this paper.

To evaluate meteorological surge, for each of the 23 hurricane scenarios ADCIRC
was forced throughout its computational domain using time-stepping surface wind
stress (τs) and barometric pressure fields [p(x, y)] developed using a PBL model
(Thompson and Cardone 1996). Each meteorological input file was generated on
a grid with 2-km spacing in both latitude and longitude. The southwest and northeast
grid locations were 98◦ W, 18◦ N and 80◦ W, 31◦ N, and the meteorological input was
generated at 15-min intervals. To evaluate the relative impact of changing MSL, the
mean water level within the model was specified based on the relative SLR scenario
being evaluated.

6 Results

The hydrodynamic simulations show a relative rise in hurricane flood elevations
at all locations within the study region in response to both projected hurricane
intensification and projected relative SLR. Table 2 shows simulated peak flood
elevations at six locations in the Corpus Christi region. As discussed below, within
the study area, the relative importance of hurricane intensification and the relative
importance of SLR with location and geography were quantified separately. In the
following discussion, two definitions of storm water level will be used. The term
“surge” will refer to the meteorologically generated surge only (ζ; i.e., does not
include SLR) while the term “flood elevation” will refer to the total water elevation
(z) inclusive of surge (ζ) and SLR.

6.1 Impact of hurricane intensification on hurricane surge

The subset of simulations in Table 2 when SLR = 0 cm provides a means for
quantifying the relative change in hurricane surge with change in hurricane intensity
only. Figure 3 presents representative hurricane surge time series for three Hurricane
Beulah intensity scenarios. As expected, this figure shows that hurricane surge
increases with hurricane intensification, and that this trend is evident over the
duration of hurricane passage. Over the 1-day period around the peak surge, at all
locations, hurricane surge increased 10% to 15% per 10 mb of central pressure drop.
At both ocean locations (A and B), the timing of peak surge nearly coincided with
hurricane landfall, and both ocean locations show similar surge magnitude and time
series shape. For locations within Corpus Christi Bay, the timing of peak surge, and
the magnitude of peak surge, vary as a function of localized wind setup effects. Surge
magnitude within the bay is generally higher than that on the ocean side for all bay
locations and for all hurricane scenarios considered. As a hurricane makes landfall
in this region, easterly winds tend to push water to the west, thereby increasing surge
levels at western locations (e.g., F) and decreasing surge levels at eastern locations
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Fig. 3 Hurricane surge (meteorological only) time series for hurricanes like Hurricane Beulah when
MSL = MSL2000s. Simulation output locations are shown in Fig. 1

(e.g., D). At locations C, E, and F, peak surge lags the peak ocean side surge by
2 to 9 h, and surge subsides as the storm moves landward away from the bay. In
contrast, peak surge at eastern locations (e.g., D) is not realized until after hurricane
passage. Here, highest surge levels occur once hurricane-force winds are removed
from the bay, thus allowing surge waters to slosh back to the east. At location D,
peak surge lags ocean side surge by almost one day and underscores the importance
of considering both spatial and temporal wind-field variability when determining
hurricane surge. As will be discussed below, this phenomenon is also important when
determining the relative impact of SLR on hurricane surge generation.

The trends discussed here for Hurricane Beulah are, in general, similar to those
trends observed for Hurricanes Bret and Carla (shifted) with the most notable
differences being the relative magnitude of the hurricane surge response. As antic-
ipated, the increase in hurricane surge is relatively smaller (in absolute terms) for
Hurricane Bret scenarios and relatively larger for Hurricane Carla (shifted) scenarios
(Table 2). Another difference is in the eastern bay response during the Hurricane
Carla (shifted) scenarios where two peaks in surge are observed: one coincides with
the hurricane landfall while the other coincides with the sloshing back of surge waters
following subsidence of hurricane-force winds. While these two peaks are of similar
magnitude, the peak coinciding with hurricane landfall is slightly larger.

Figure 4 shows representative peak surge level maps for three Hurricane Beulah
intensity scenarios when MSL = MSL2000s (i.e., no SLR). As seen in this figure, surge
increases as the hurricane is intensified everywhere within Corpus Christi Bay and
along the open coast. This figure illustrates two important contributions to surge
levels within Corpus Christi Bay as hurricanes intensify. First, the volume of water
entering the bay from the ocean through Aransas Pass increases with increasing
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Fig. 4 Peak hurricane surge
(ζ) maps for hurricanes like
Hurricane Beulah when
MSL = MSL2000s (i.e., SLR =
0 cm) and hurricane intensity
is p = 950 mb (top pane),
933 mb (center pane), and
924 mb (bottom pane).
Contour lines are drawn
every 0.2 m

hurricane intensity. This is evidenced by the net rise in spatially averaged surge
level within the bay as hurricane intensity is increased. For the Hurricane Beulah
scenarios, the spatially averaged peak surge within Corpus Christi Bay rises with the
ocean side peak surge (within 2 cm of peak surge at location A), increasing 16 cm per
10-mb drop in hurricane central pressure.

Second, the impact of local wind setup becomes more pronounced with increasing
hurricane intensity. Specifically, the slope in peak surge along the length of the bay,
from west to east, becomes steeper as hurricane central pressure drops. This local
wind setup results in relatively higher surges in the western portion of the bay and
relatively lower surges in the eastern portion of the bay. For the Hurricane Beulah
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scenarios, at western location F, for example, surge rises an additional 11 cm per
10-mb pressure drop over the spatially averaged rise rate of 16 cm/10 mb (total rise
of 27 cm/10 mb). At eastern location D, surge drops 2 cm/10 mb with respect to the
spatially averaged rise rate (total rise of 14 cm/10 mb). At centrally positioned bay
locations (e.g., locations C and D), the total rise in surge is nearly equivalent to the
spatially averaged rise rate of 16 cm/10 mb. This finding indicates the importance of
considering local geometry and wind-field evolution when evaluating surge response
to future hurricane intensification. It is anticipated that both the location of the point
of interest and the general coastal bay characteristics will determine the relative
rise in surge level with hurricane central pressure drop. For Hurricanes Bret and
Carla (shifted), the trends in surge distribution throughout Corpus Christi Bay and
in surge response to hurricane intensification are similar to those discussed here for
Hurricane Beulah.

6.2 Impact of sea level rise on hurricane surge

Table 2 shows projected peak flood elevations for a subset of simulations that
consider the relative impact of SLR on surge generation while holding hurricane
central pressure constant. These simulations elucidate the relative importance of
SLR on hurricane surge generation. Figure 5 shows representative differences
between simulated flood elevation time series when SLR is dynamically included in
the hydrodynamic simulation [z(SLR)] and the simulated flood elevation time series
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Fig. 5 Net change in hurricane flood elevation (z) time series versus SLR for hurricanes like
Hurricane Beulah when p = 924 mb; time of peak surge is indicated by a vertical line. Simulation
output locations are shown in Fig. 1
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when SLR = 0 [z(0)], for the extreme Hurricane Beulah scenario when hurricane
intensity is held constant at cp = 924 mb. In this figure, if SLR does not change
meteorological surge generation, the flood elevation difference should equal the
amount of SLR: z(SLR) − z(0) = SLR. If instead the percent change in mean
depth for surge generation is substantial, the quantity z(SLR) − z(0) will differ
from the amount of SLR (e.g., Eq. 3). Figure 5 shows that along the open coast,
where depths are generally greater, SLR has negligible impact on meteorological
surge development (less than 2% at peak surge). This finding holds for all hurricane
intensity–SLR scenarios considered here (Table 2).

In contrast, within the shallow coastal bay, SLR changes the surge response
(Figs. 5 and 6). At western bay locations (C, E, and F), there is a relative reduction
in peak surge. The amount of this reduction increases nonlinearly with SLR. At
locations in the eastern portion of the bay (e.g., location D), a slight reduction in
the surge time series is predicted during the time of storm passage over the bay (at
2 to 3 days). However, the time of peak surge at this location occurs after hurricane-
force winds subside and surge waters slosh back to the east. At this time (3.2 days),
a relative increase in surge is predicted. So at location D, the estimated flood level is
greater than the sum of the surge prediction (without SLR) plus SLR. The magnitude
of this surge increase is small (less than 2 cm). The observed trends in surge time
series for the Hurricane Beulah scenarios are similar to those for the Hurricane Bret
and Hurricane Carla (shifted) scenarios. One notable exception relates to eastern bay
locations for the Hurricane Carla (shifted) scenarios. As discussed in the previous
section, the first of two surge peaks at this location dominates slightly, and this peak
coincides with a relative lowering of surge with SLR.

6.3 Flood elevation rise with global warming

The hydrodynamic simulation data were analyzed using Eq. 3 to develop SRFs,
which account for the dynamic coupling between relative SLR and hurricane inten-
sification. Figure 7 shows the simulated meteorological surge (ζΔSST) as a function
of the ΔSST-SLR term in Eq. 3. In evaluating this ΔSST-SLR term, the present-day
mean water depth, ho, was taken as 3.5 m for bay locations and 30 m (characteristic)
for ocean-side locations. As anticipated, a nearly linear trend with the ΔSST-SLR

Fig. 6 Maps of net change in peak hurricane surge (ζ) when relative SLR is 37.5 cm (left pane) and
75.0 cm (right pane), with respect to surge when MSL = MSL2000s (i.e., no SLR), for the most intense
scenario of Hurricane Beulah (p = 924 mb). Contour lines are drawn every 0.05 m (5 cm) where
negative values represent a reduction in surge with SLR and positive values represent an increase in
surge with SLR
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Fig. 7 Surge response
functions (SRF) at selected
location (see Fig. 1) for storms
like Hurricanes Bret (top
pane), Beulah (center pane),
and Carla (shifted; bottom
pane)

0 5 10 15 20 25 30 35
0

0.5

1

1.5

2

2.5

(1+0.08ΔSST)(p
far

-p
o
)/(h

o
 -SLRΔSST

)

ζ ΔS
S

T
 (

m
)

 

 

A
B
C
D
E
F

0 5 10 15 20 25 30 35
0

1

2

3

4

(1+0.08ΔSST)(p
far

 -p
o
)/(h

o
 -SLRΔSST

)

ζ ΔS
S

T
 (

m
)

 

 

A
B
C
D
E
F

0 5 10 15 20 25 30 35
1

2

3

4

5

6

(1+0.08ΔSST)(p
far

 -p
o
)/(h

o
 -SLRΔSST

)

ζ ΔS
S

T
 (

m
)

 

 

A
B
C
D
E
F

term is indicated at all locations, both along the open coast and within Corpus
Christi Bay, confirming the SRF form is well-described by Eq. 3. By taking best-fit
lines through the simulated data at each location, the location- and storm-dependent
constants (a, b) in Eq. 3 were determined (Table 3). The best-fit lines have an R2

of 0.90 or better for all locations and for all three hurricanes, with the exception of
location D for Hurricane Beulah where R2 is 0.70. These SRFs, along with Eq. 4,
were then used to evaluate future projections of flood elevation based on the IPCC

Table 3 Surge response function (SRF) constants for selected location (see Fig. 1)

Location Hurricane Bret Hurricane Beulah Hurricane Carla (shifted)

a (m2mb−1) b (m) a (m2mb−1) b (m) a (m2mb−1) b (m)

A 0.36 0.03 0.47 0.15 0.94 0.76
B 0.30 0.07 0.41 0.18 0.87 0.81
C 0.04 0.25 0.06 0.63 0.06 1.83
D 0.02 0.19 0.04 0.52 0.04 0.83
E 0.04 0.19 0.06 0.64 0.06 1.72
F 0.08 0.43 0.10 1.15 0.08 3.06
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Table 4 Projected flood elevations corresponding with IPCC-based future climate projections for
Hurricane Bret

Climate ΔSST (◦C) Flood elevation (m, MSL2000s) [Flood elevation rise (m)]
Scenario A B C D E F

2030s
B1 0.51–1.38 0.9–1.1 0.8–1.0 1.1–1.3 0.7–0.8 1.0–1.1 2.0–2.1

[0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3]
A1B 0.40–1.30 0.9–1.1 0.8–1.0 1.1–1.3 0.7–0.8 1.0–1.1 1.9–2.1

[0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.1–0.3]
A1FI 0.36–1.23 0.9–1.0 0.8–1.0 1.1–1.3 0.6–0.7 1.00–1.1 1.9–2.1

[0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.1–0.3]
2080s

B1 0.96–2.81 1.2–1.6 1.1–1.4 1.4–1.7 1.0–1.2 1.3–1.6 2.2–2.5
[0.5–0.8] [0.5–0.8] [0.4–0.8] [0.5–0.8] [0.4–0.7] [0.4–0.7]

A1B 1.28–3.80 1.3–1.7 1.19–1.56 1.5–1.8 1.0–1.4 1.3–1.7 2.2–2.6
[0.6–0.9] [0.5–0.9] [0.5–0.9] [0.5–0.9] [0.5–0.8] [0.4–0.8]

A1FI 1.64–5.02 1.4–1.8 1.3–1.7 1.5–2.0 1.1–1.5 1.38–1.77 2.3–2.8
[0.6–1.1] [0.6–1.0] [0.6–1.0] [0.6–1.0] [0.5–0.9] [0.5–0.9]

future climate scenarios considered here (Tables 4, 5 and 6). These tables show that,
at all locations in the Corpus Christi region, the projected impact of global warming
is an increase in hurricane flood level, regardless of climate projection scenario. At a
minimum, flood elevations for major hurricanes are projected (mean of projections)
to rise about 0.3 and 0.8 m by the 2030s and 2080s, respectively.

Based on the IPCC-based climate projections for the 2030s and 2080s, the impact
of SLR on hurricane flooding along this stretch of open coast (e.g., locations A and B)
is slightly more important than the impact of surge rise by hurricane intensification
for moderate to large surge events like the Hurricane Bret and Beulah scenarios.
Here, SLR makes up between 60% and 70% of the flood elevation rise and hurricane

Table 5 Projected flood elevations corresponding with IPCC-based future climate projections for
Hurricane Beulah

Climate ΔSST (◦C) Flood elevation (m, MSL2000s) [Flood elevation rise (m)]
Scenario A B C D E F

2030s
B1 0.51–1.38 1.3–1.4 1.2–1.3 1.8–2.0 1.3–1.4 1.7–1.8 3.1–3.0

[0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3]
A1B 0.40–1.30 1.3–1.4 1.2–1.3 1.8–2.0 1.3–1.4 1.7–1.8 3.1–3.0

[0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3]
A1FI 0.36–1.23 1.3–1.4 1.2–1.3 1.8–2.0 1.3–1.4 1.7–1.8 3.1–3.2

[0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3] [0.2–0.3]
2080s

B1 0.96–2.81 1.6–1.9 1.5–1.8 2.1–2.4 1.6–2.0 2.0–2.3 3.3–3.6
[0.5–0.8] [0.5–0.8] [0.4–0.7] [0.5–0.9] [0.5–0.8] [0.4–0.7]

A1B 1.28–3.80 1.6–2.1 1.5–1.9 2.2–2.5 1.7–2.1 2.1–2.5 3.3–3.8
[0.6–1.0] [0.5–0.9] [0.5–0.9] [0.6–1.0] [0.5–1.0] [0.4–0.9]

A1FI 1.64–5.02 1.7–2.2 1.6–2.1 2.2–2.7 1.7–2.3 2.1–2. 7 3.4–4.0
[0.6–1.1] [0.6–1.1] [0.5–1.0] [0.7–1.2] [0.6–1.2] [0.5–1.1]
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Table 6 Projected flood elevations corresponding with IPCC-based future climate projections for
Hurricane Carla (shifted)

Climate ΔSST (◦C) Flood elevation (m, MSL2000s) [Flood elevation rise (m)]
Scenario A B C D E F

2030s
B1 0.51–1.38 3.5–3.7 3.4–3.6 3.4–3.5 1.8–2.0 3.3–3.4 5.1–5.3

[0.3–0.5] [0.3–0.5] [0.2–0.3] [0.2–0.3] [0.2–0.4] [0.2–0.4]
A1B 0.40–1.30 3.5–3.7 3.3–3.6 3.4–3.5 1.8–1.9 3.2–3.4 5.1–5.3

[0.2–0.5] [0.2–0.7] [0.2–0.3] [0.2–0.3] [0.2–0.4] [0.2–0.4]
A1FI 0.36–1.23 3.5–3.7 3.3–3.6 3.3–3.5 1.8–1.9 3.2–3.4 5.1–5.3

[0.2–0.5] [0.2–0.5] [0.2–0.3] [0.2–0.3] [0.2–0.4] [0.2–0.4]
2080s

B1 0.96–2.81 3.8–4.4 3.7–4.3 3.6–3.9 2.1–2.4 3.5–3.9 5.3–5.8
[0.6–1.2] [0.6–1.2] [0.4–0.8] [0.4–0.7] [0.5–0.9] [0.5–0.9]

A1B 1.28–3.80 4.0–4.7 3.8–4.5 3.7–4.1 2.1–2.5 3.6–4.1 5.1–6.0
[0.7–1.5] [0.7–1.4] [0.5–0.9] [0.5–0.8] [0.6–1.1] [0.5–1.1]

A1FI 1.64–5.02 4.1–5.0 3.9–4.8 3.7–4.3 2.2–2.0 3.7–4.3 5.5–6.2
[0.8–1.8] [0.8–1.7] [0.5–1.1] [0.5–0.9] [0.6–1.3] [0.6–1.3]

intensification makes up the remaining 30% to 40%. This is evidenced by a relative
rise in flood level of between 0.2 and 0.3 m by the 2030s and between 0.5 and 1.1 m
by the 2080s, depending on climate projection, when projected relative SLR for the
2030s is around 0.2 m, and for the 2080s is between 0.4 and 0.8 m. The projected rise in
meteorological surge by the 2030s contributes less than 0.1 m to flood elevations for
these moderate to severe surge events. By the 2080s, projected rise in meteorological
surge contributes between 0.1 and 0.3 m to total flood elevation. It is worth noting,
however, that the relative contribution to flooding by hurricane intensification will
likely be more important in locations characterized by wider continental shelves
which promote more surge generation, such as along the northeastern Texas coast.

Within the bays, the flood response with global warming is more complex owing to
the dynamic interaction between deepening of the shallow bay by SLR and hurricane
intensification, as described above. However, the net change in flood elevation
magnitude at most bay locations for the moderate to severe flood events considered
here (Bret and Beulah) is on the order of the net change at open coast locations,
where eastern bay locations (e.g., Location F) are slightly less sensitive to global
warming.

For very intense, large hurricanes producing catastrophic-type surge conditions,
like the Hurricane Carla (shifted) scenarios, the impact of surge rise by hurricane
intensification and the impact of SLR more equally contribute to change in projected
flood elevations at open coast locations in the Corpus Christi region. Here, open
coast flood elevations are projected to rise between 0.2 and 0.5 m by the 2030s, when
the projected rise in meteorological surge contributes between 0.1 and 0.3 m to flood
elevation rise. By the 2080s, open coast flood elevations are projected to rise between
0.6 and 1.8 m, with rise in meteorological surge contributing 0.2 to 1.0 m to flood
elevation rise. Based on 2030s and 2080s projections, changes in spatial mean bay
flood elevation are about 0.1 and 0.3 m lower, respectively, than ocean side flood
elevation, most likely due to constriction of the inlet limiting the flow of ocean waters
into the bay.
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7 Discussion and conclusions

The hydrodynamic simulation results show that, if future global warming projections
are realized, the rise in hurricane flood elevations can be significant. In low-lying
coastal regions like the barrier island portion of Corpus Christi, TX flood elevation
changes on the order of those projected for the 2030s (0.3 m on average) can result
in wider-spread flood inundation and more economic damages. In highly populated
coastal regions, like the downtown area of Corpus Christi, the potential impact of
global warming on coastal flooding can be severe, resulting in families and businesses
being displaced following major hurricane events.

The numerical simulations also show that the relative rise in flood elevation
with global warming can reasonably be described by a simple function of hurricane
intensification (central pressure) and SLR (i.e., Eq. 3). This finding provides a means
to simplify evaluation of potential global-warming-induced flooding in other coastal
areas.

It is worth mentioning that the flood elevation rise values presented here, partic-
ularly within Corpus Christi Bay, may understate the potential increase in hurricane
flooding resulting from global warming. First, the hydrodynamic simulations did not
include storm water contributions to bay flood levels arising from flow over the
barrier islands due to storm-induced overwash and breaching. Second, wave setup
contributions were not considered in this analysis. It is expected that for large, intense
hurricanes wave conditions will likely reach an equilibrium state such that further
intensification will minimally alter the wave climate at the coast (Irish et al. 2008b).
However for smaller, less intense hurricane (e.g., Hurricane Bret), some increase in
wave height, and thus wave setup, is expected with hurricane intensification. Third,
some future warming projections indicate higher rates of eustatic SLR (Rahmstorf
2007; Pfeffer et al. 2008), while some hurricane potential theories (Holland 1997)
indicate higher rates of hurricane intensification with temperature rise, both of which
would lead to higher flood elevations.

In conclusion, we have shown here that the potential impact of global warming
on hurricane flooding can be substantial, with flood elevations expected to rise
approximately 0.3 and 0.8 m by the 2030s and 2080s, respectively. We have also
demonstrated that both SLR and hurricane intensification should be considered
when evaluating potential future hurricane flood conditions. For the Corpus Christi
region, specifically, SLR and hurricane intensification nearly equally contribute to
flood elevation rise along the open coast. If these future projections are realized, hur-
ricane events will cause more widespread inundation and damages in the study region
and carry with them wide-reaching regional and national economic consequences.
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Nomenclature

surge Meteorologically generated surge
f lood elevation Meteorologically generated surge plus sea level rise
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H Total depth (h + ζ)
MSL Mean sea level at time of interest (present day or future time)
MSL2000s Present-day (2000s) MSL
SLR Sea level rise
SLRΔSST Future projected SLR
SRF Surge response function
SST Sea surface temperature
U Depth-integrated horizontal velocity
V Wind speed
a Constant
b Constant
cd Wind drag coefficient
f Coriolis force
h Water depth
h(x, y) Spatially variable water depth
ho Present-day mean water depth, and
k Horizontal unit vector
p Hurricane central pressure
po Present-day (or historical) hurricane central pressure
p f ar Far-field barometric pressure
pΔSST Future projected hurricane central pressure
p(x, y) Spatially variable atmospheric pressure
z Flood elevation, relative to MSL2000s

zΔSST Future flood elevation associated with ΔSST, relative to MSL2000s

ΔSST Sea surface temperature change
α Effective earth elasticity factor
ζ Meteorologically generated
ζ2 Instantaneous free surface elevation
ζΔSST Meteorologically generated surge associated with �SST
η Effective Newtonian equilibrium tide potential
ρa Density of air
ρw Density of water
τs Wind momentum transfer into the water column, or wind stress
τ b Bottom shear stress
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