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a b s t r a c t

The combination of sea level rise and population growth in coastal regions makes it essential to

continue improving flood management strategies. Flooding estimates must take into account both local

maximum annual storm surges based on the 105-year record of Galveston Pier 21, Texas. Increases in

inundation frequencies are computed based on two possible sea level rise scenarios, a conservative

linear continuation of the past century trend, and a scenario based on the upper limit of the sea level

range in the IPCC AR4 report, i.e. the A1FI scenario. The research shows that by the year 2100

exceedance probabilities may double for the impact of the largest storms such as Hurricane Ike, but

may increase by 6–7 times for the smaller surges associated locally with the impact of storms such as

Hurricanes Cindy, Alicia, and Rita. While individually not as devastating or costly as large hurricanes,

the cumulative and regular cost of smaller surge events could well be a bigger threat to coastal

communities as sea level rises.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Floods are the most common natural disasters that affect the
United States. According to the United States Federal Emergency
Management Agency (FEMA) almost 1.79 million properties were
affected by floods from January 1978 to July 2011 in the United
States with total monetary loss of approximately 39 billion dollars
(NFIP, 2011). Floods have two major sources. River floods develop
slowly and primarily impact communities in the vicinity of the
streams, while floods generated by storm surges happen less
frequently, more rapidly, and impact only coastal areas. Storm
surge flooding can have a devastating impact on coastal locations,
in some cases threatening the overall economic viability of coastal
regions. Examples include the human and economic losses caused
by recent events such as the Louisiana Flood in 1995, Hurricane
Floyd in 1999, tropical storm Allison in 2001, Hurricanes Ivan in
2004, Katrina and Rita in 2005, Ike in 2008, and Irene in 2011.

Significant storms also generate large numbers of insurance
claims placing unprepared insurance companies at risk. For example
at least 11 insurance companies became insolvent after the passage
of Hurricane Andrew in 1992 (Teugels and Sundt, 2004). More
recently the landfall of Hurricane Ike in Galveston and other
recent storms in Texas prompted the Texas legislature to update
ll rights reserved.

.N. Warner),
the state’s windstorm insurance program (Ramsey, 2011).
In addition, estimates for the rate of occurrence of storm surges
and for the impact of storm surge flooding are important input in
the establishment of governmental policies. For example, policies
of the US National Flood Insurance Program are based on the
occurrence rate and impact of future floods: ‘‘households with
two flood-related claims are now required to be elevated by
2.5 cm above the 100-year flood level, or to relocate’’ (Bates et al.,
2008). It is therefore of great interest to estimate as accurately as
possible the rate at which storm surge flood events can be
expected to occur and their likely impact (Beirlant et al., 2005).

Sea level rise, whether caused by downward vertical land motion
or global sea level rise, will cause storm surge floods to progress
further inland, thereby increasing flood damage and the recurrence
interval of present 20- or 100-year floods. Recent research results
indicate that effects of sea level rise on storm surge impact and
occurrence rate estimates may not be adequately accounted for.
Research by Purvis et al. (2008) examined the probability of future
coastal flooding in the United Kingdom, given the uncertainty over
possible sea level rise. They concluded that focusing only on the most
plausible sea level rise may significantly underestimate monetary
losses as it fails to account for the impact of low probability, high
consequence events. Another study by Frazier et al. (2010) concludes
that the impact of storm surges in Sarasota County, Florida, caused
by small hurricanes will increase due to sea level rise.

A number of studies have been conducted to model flood
resulting from river flooding and storm surges using a variety of
extreme value distributions. The generalized extreme value (GEV)
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Fig. 1. Map of the study area, the entrance of Galveston Bay, Texas. The study

station is indicated by the red dot.
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distribution is recommended by FEMA (FEMA, 2007) and is the
most widely used distribution in the field (Kotz and Nadarajah,
2000; Nadarajah and Shiau, 2005; ÖnÖz and Bayazit, 1995).
However (Huang et al., 2008) suggested caution when applying
the GEV after studying its application to locations along the East
and Southeast Atlantic coast of the US and the Gulf of Mexico.
Substantial differences between model and measurements were
observed when comparing 100-year annual maximum water
levels with historical data for these locations. While the modeled
return periods exhibited less than 5% difference with observed
data for locations along the Pacific and North East Coastal areas, a
difference of over 21% was computed for Galveston Pier 21, Texas.
Letetrel et al. (2010) used the generalized Pareto distribution to
analyze the return periods of the sea level extremes in Marseille,
France. Other distributions that have been used by prior research-
ers include the logistic and the log-logistic distribution (Ahmad
et al., 1988; Rao and Hamed, 2000).

Ahmad et al. (1988) compared the log-logistic, GEV, three
parameter log-normal and three parameter Pearson distributions.
Datasets for their study were obtained for sites in Scotland
with annual flood series varying in length from 5 to 66 years.
The authors recommended ‘‘that the ideal distribution for flood
frequency analysis should (a) reproduce at least as much variability
in flood characteristics as observed in the empirical data sets;
(b) be insensitive to extreme outliers especially in the upper tail;
(c) must have a distribution function and an inverse distribution
function that can be explicitly expressed in closed form; and
(d) must not be computationally complex nor involve the estimation
of a large number of parameters’’. For their study, the log-logistic
distribution satisfied the above requirements better than other
evaluated distributions. The goal of this study was to (1) identify
the best performing distribution(s) for modeling extreme surges
along the northern part of the Gulf of Mexico and (2) use the
identified distribution to determine sensitivity of storm surge
impact to sea level rise estimates. To this end, the study first
compares performance of several distributions for the modeling
of extreme surges at the US National Ocean Service station of
Galveston Pier 21, Texas. This station was chosen because it has
the longest water level record in the Gulf of Mexico starting in
1904 and because it is located in the economically important
greater Houston area. The distribution that best models this data
is then used to model future impact of storm surges for a broad
range of storm sizes and for two distinct sea level rise scenarios.
2. Data and methods

2.1. Study site and data

The study site, the station of Galveston Pier 21 (Latitude
29118.60N, Longitude 94147.60W), is part of the US National Water
Level Observation Network and is located on the north-east side
of Galveston Island, Texas (Fig. 1).

The station is positioned on a ship channel about 4 km away from
the main Galveston Ship Channel and the mouth of Galveston Bay.
The station’s records are available starting in January 1904 and
include water levels measured hourly with only a few interruptions.
This high quality 105 year time series is well suited for the
comparison of statistical distributions of extreme events, and has
been used for prior similar studies (Huang et al., 2008; Turner, 1991).

The 105 years of verified hourly water levels were obtained
from NOAA’s Tides and Currents data repository (NOAA, 2011a),
and were further processed as follows. Monthly maximum water
levels were obtained from the same site and compared to the
maxima identified in the hourly time series. Most differences
were within a range of 0.31 m, the station’s Mean Range of Tide
(NOAA, 2011b). Substantial differences of 0.45 m and 1.22 m were
found for Hurricane #6 of August 1909 and Hurricane #2 of
September 1919. For these two storms NOAA maximum water
level records are based on water marks such as marks on
buildings. The monthly tide gage records during these two storms
are different likely because of unidentified equipment malfunc-
tion during these storms (personal communications with Chris
Zervas, NOAA CO-OPS). As the hourly water levels are inconsistent
with building marks and the damage caused by the storms, the
maximum water levels taken from building marks were retained
for this study, i.e. 2.07 m for September 1919 and 0.39 m for
August 1909. The mean sea level trend of 6.39 mm/year (NOAA,
2011c) was removed from the hourly time series with the zero
mean sea levels set for year 1999 to match tidal predictions
(NOAA, 2011d). The harmonically predicted water levels were
also obtained from (NOAA, 2011a). They were subtracted from
water level series to remove tidal variability and to compute
surges. The tidal component for the two cases described above
(August 1909 & September 1919) was not removed as the timing
of the maximum water levels could not be reliably identified.
Overall missing data accounted for 2.35% of the hourly time
series. Two gaps represented a significant portion of the missing
data: 178 days from March through October 1984 and 120 days
from February through May 1916. Neither of these periods was
affected by significant storms. For months which did not include
any data, data was imputed by the means of the maximum surges
for the corresponding months. The maximum annual surges were
then identified using the imputed data. The timing of the missing
data did not coincide with hurricanes or tropical storms impacting
the Texas coast with two exceptions, the category 4 Hurricane #2 of
August 1915 and the category 1 Hurricane #1 of July 1943. Reliable
water level data was not found for these two events. The extreme
event distribution sensitivity to the absence of these two events will
be addressed in a later section by computing the variability in the
distribution parameters for a range of likely surges.

The resulting surge time series is presented in Fig. 2a and
compared to the water level maxima time series (Fig. 2b) where
the sea level rise is clearly discernable. The surge time series is the
basis for the statistical analysis of this research.

2.2. Extreme value statistical distributions

The extreme value distributions selected for this study
included the GEV recommended by (FEMA, 2007), the log-logistic
recommended by (Ahmad et al., 1988), the Dagum, and the three
and four-parameter Burr models recommended by (Kleiber and
Kotz, 2003; Reiss and Thomas, 2007). While results are presented



Fig. 2. (a) Annual maximum surge time series (b) annual maximum water level time series.
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for these distributions, a number of other distributions available
within the EasyFit Professional Software (EasyFit, 2004–2010)
were compared including the Pearson, Wakeby, lognormal,
Pareto, and other distributions. The selected distributions were
both among the best performing based on the statistics below and
were previously used to model riverine or storm surges.

Two goodness-of-fit tests were used to evaluate the suitability of
the five selected probability distributions: the Kolmogorov–Smirnov
(KS) and the Anderson–Darling (AD) tests. The statistic Dn of the KS
test computes the maximum absolute value of the difference
between the empirical and theoretical cumulative distribution func-
tions over the relevant range of inputs. A smaller value of this statistic
implies a better fit between the distributions (Rao and Hamed, 2000)

Dn ¼max
x

9FnðxÞ�FðxÞ9 ð1Þ

One of the AD tests is the An statistic. It is defined as the integral
of the squared difference between the empirical and theoretical
distribution functions multiplied by a weight function that empha-
sizes discrepancies in the tails. It is considered one of the most
powerful tests for this type of distribution and can provide better
discrimination between distributions and particularly their ability to
model extreme events (ÖnÖz and Bayazit, 1995; Sinclair et al., 1990)

A2
n ¼ n

Z 1
�1

ðFnðxÞ�FðxÞÞ2

FðxÞ½1�FðxÞ�
dF ð2Þ

In the above expression n is the sample size, Fn(x) is the
empirical cumulative distribution function, and F(x) is the theo-
retical cumulative distribution function. Sinclair et al. (1990)
proposed a modified form of this test to emphasize the difference
between the empirical distribution and theoretical distribution in
one specific tail. One of the modifications of the test presented in
their work, the AUn statistic, gives a larger weight to the upper tail
and is therefore well suited for our flood frequency analysis as the
largest events have the biggest impact

AU2
n ¼ n

Z 1
�1

ðFnðxÞ�FðxÞÞ2

½1�FðxÞ�
dF ð3Þ

The following equivalent expression obtained after integration
and simplification (Sinclair et al. (1990) was used for the AUn
statistic

AU2
n ¼

n

2
�2

Xn

j ¼ 1

FðxðjÞÞ�
Xn

j ¼ 1

2�
ð2j�1Þ

n

� �
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Again, a smaller value of this statistic implies a better fit
between the distributions.
2.3. Rates of the sea level rise

Various studies (Bindoff et al., 2007; Domingues et al., 2008;
Edwards, 2007; Gregory, 2008; Vermeer and Rahmstorf, 2009)
indicate a large uncertainty in projections of the sea level rise by
the end of the century. The difficulties in accurate estimation of sea
level rise are due to uncertainty related to future changes in global
atmospheric temperatures and still ongoing research on all possible
contributions of melting ice sheets from Greenland and Antarctica
(Gregory, 2008; Hansen, 2007; Meehl et al., 2007; Shum et al., 2008).
For example the latest IPCC Fourth Assessment Report (AR4) (Meehl
et al., 2007) projections likely do not include acceleration of future
glacial contributions (Shum et al., 2008). While the higher end of the
IPCC AR4 sea level rise estimates are used for this work, substantially
higher sea level rise predictions can be found in recent work, e.g. in
Vermeer and Rahmstorf (2009). Note that for the Gulf of Mexico only
small regional deviations due to ocean density and circulation change
relative to the global average sea level rise have been observed or
predicted (Meehl et al., 2007) and such potential regional variability is
not considered in this work.

For the purpose of this study, two sea level rise scenarios were
selected:
�
 A very conservative continued linear sea level rise of 6.39 mm/
yr, based on the 20th century trend for Galveston Pier 21
station (NOAA, 2011c), resulting in a 0.65 m increase in sea
level by year 2100 as compared to 1999 mean sea level;

�
 A quadratic sea level rise rate, resulting in a total 1.08 m increase

in sea level by year 2100 as compared to 1999 mean sea level.
For this second scenario the local vertical land motion of
4.69 mm/yr was estimated by comparing last century’s local



Table 1
Parameters for each of the 5 selected distributions.

Shape Shape Scale Location

Four-parameter Burr 1.26 1.92 0.34 0.38
Dagum 0.59 2.35 0.39 0.39
Three-parameter Burr 0.27 10.19 0.52 –
GEV 0.35 – 0.17 0.60
Log-logistic 2.19 – 0.30 0.37
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sea level rise rate (6.39 mm/yr) with a global sea level rise rate of
1.7 mm/yr (Bindoff et al., 2007). A quadratic sea level rise rate
was then added to the vertical land motion rate to bridge the
years between the last water level measurements and the global
increase in sea levels as estimated for the A1FI 2090–2099 upper
bound level (Meehl et al., 2007).

2.4. Analysis of the of the surge distribution for Galveston Pier 21

Water levels are driven by high frequency forcing, tidal, and
meteorological, and by longer term factors such as local subsidence
and global sea level rise (CCSP, 2009). For the study location these
events are driven by meteorological forcing such as tropical and
extra tropical storms with possible impact from precipitation and
riverine input. While recent studies (Bender et al., 2010) suggest that
climate change will modify both the overall frequency of tropical
storms and the intensity distribution of storms in the Atlantic basin,
records of past storm activity including recent events are yet to
indicate any significant trend for the Atlantic Basin (Landsea, 2007)
and Gulf of Mexico in particular (Levinson et al., 2010). Also, storm
surge is not well correlated with the intensity of tropical storms.
Estimates of changes in other storm characteristics such as size (Irish
et al., 2008) and forward speed (Rego and Li, 2009) would have to be
combined with possible changes in storm frequency to attempt
estimates of changes in future storm surges. The meteorological
forces driving storm surges, including the frequency and life cycle of
tropical storms as well as the distribution of storm characteristics,
are assumed stationary throughout the study period. To assess the
validity of this assumption the parameters of each of the selected
distributions were computed for a succession of 15 periods each
7 years long using the EasyFit Professional Software (EasyFit, 2004–
2010). Monthly surge maxima rather than annual maxima were used
for this test. While switching to monthly maxima increases the
relative importance of smaller events the size of the data set is
increased by an order of magnitude allowing for a more statistically
robust assessment. The results of this fit are presented in Section 3
for the case of the log-logistic distribution.

3. Results

3.1. Stationarity of the surge distribution for station Galveston

Pier 21, Texas

The stationarity of the surge time series was verified based on
the monthly water level time series as described in Section 2.4.
Fig. 3. Log-logistic distribution parameters computed on a seri
The parameters of the log-logistic distributions fitted for each of
the 15 periods are presented in Fig. 3. The absence of significant
trends supports the assumption of the stationarity of the surge
distribution for the past century. For the past 105 years the only
substantial difference in parameters is found for the 4th period
(1925–1931) which can be explained by the smallest mean of the
surge levels and the absence of hurricanes during that period. The
results of this stationarity test were equivalent for the other
distributions. The lack of trend for the distributions parameters
also addresses the potential importance of increased mean water
levels at the study location. Higher water levels in shallow bays
should eventually lead to larger storm induced surges in the bays.
The absence of impact from the mean sea level rise of 0.67 m from
1904 to 2008 is likely due in part to the proximity of the Pier 21
station to the Gulf of Mexico. The station is located on a ship
channel about 4 km away from the main Galveston ship channel
and near the mouth of Galveston Bay, a location for which sea
level rise relative to water depth is much smaller than for the
inland side or back bay of Galveston Bay.

3.2. Comparison of five extreme value distributions

The parameters for the five selected extreme value distribu-
tions were estimated and their cumulative distribution functions
(CDF) compared against the empirical distribution using the 105
years maximum surge time series. The fitted values of the
parameters for each distribution are presented in Table 1. Their
goodness of fit as estimated by the KS statistic and the AD
statistics with weights on both tails as well as the upper and
lower tails alone are presented in Table 2. Comparisons of models
using the same statistic are valid, but comparisons between two
different statistics are not.

Comparing the results in Table 2, the three-parameter Burr
distribution has the lowest statistics, i.e. the best performance
es of monthly maxima (shape parameter is divided by 2).
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for all measures, followed by the log-logistic, the GEV, the
four-parameter Burr, and the Dagum distributions. The perfor-
mance of the respective distributions is further evaluated graphi-
cally in Fig. 4 for the KS statistics, i.e. the absolute differences
between the empirical and theoretical CDFs, for surges above
0.7 m. The largest discrepancy for this range of surge is observed
around 0.85 m surges with differences in exceedance probabilities
ranging from just below 0.03 for the three-parameter Burr to just
below 0.04 for the four-parameter Burr distribution. For surges
above 0.9 m the three-parameter Burr and log-logistic distribu-
tions perform slightly better than the other distributions.

To further compare the distributions, the related return
periods are computed for surges of increasing size and the results
compared to the return periods computed directly from the
observed data, similar to the method used by Huang et al.
(2008). The results are illustrated in Fig. 5. The observational
return periods are computed by tallying the number of events up
to a given surge without any smoothing contributing to the
higher variability for long return period events. The difference
between empirical and estimated return periods for the largest
event in the data set, the surge generated by 2008 Hurricane Ike,
are 1.2% for the log-logistic distribution, 2.5% for the three-
parameter Burr, 5.4% for the four-parameter Burr, 7.6% for the
Dagum Model, and 9.0% for the GEV model.

To test the robustness of the respective models the parameters
of the distributions were recomputed for the first 104 years of the
time series, omitting the 2008 surge generated by Ike (parameters
are not shown in this publication). Return periods of 128, 146,
201, 176, and 212 years are obtained for the log-logistic, three-
Table 2
Statistics of the KS test, AD test, and modified AD test for upper tail.

Three-
parameter
Burr

Log-logistic GEV Four-
parameter
Burr

Dagum

KS statistic 0.041 0.057 0.059 0.064 0.073
AD upper statistic 0.081 0.107 0.120 0.133 0.161
AD normal statistic 0.212 0.316 0.338 0.377 0.442

Fig. 4. Differences between the modeled and empirical CDFs as functio
parameter Burr, four-parameter Burr, Dagum, and GEV distribu-
tions, respectively. The return period of 128 years estimated by
the log-logistic distribution shows the best agreement with the
105 year return period from the historical time series.

An additional criterion for the selection of a distribution is its
robustness to missing or potentially erroneous data. To estimate
the sensitivity of the distributions to changes in the surges of large
storms, the parameters of the distributions were recomputed for
15 alternate cases and compared to the original results. To create
realistic alternate cases maximum water levels were replaced for
one or more of the records for years 1909, 1915, 1919, and 1943.
These four years were selected because their annual maxima were
either based on building marks rather than water level measure-
ments (1909 and 1919) or measurements during a hurricane were
missing (1915 and 1943). For 1909 the second largest water level
of 0.85 m was selected as an alternate value to 0.97 m. For the year
1919 the alternate value of 1.13 m was computed based on the
historical hourly records instead of using the more realistic NOS
monthly records and replaces 0.67 m. For years 1915 and 1943 the
timing of the missing data coincides with the passage of major
hurricanes, the category 4 Hurricane #2 of August 1915 and the
category 1 Hurricane #1 of July 1943. For these years imputed
data was used in the base line data set as described in Section 2.1.
Alternate values for these two years were selected by computing
the means of the surges for category 1 Hurricanes, 1.12 m, and for
category 4 hurricanes, 1.78 m. These two water levels were used
as alternate values for 2.35 m and 0.59 m in the baseline dataset.

Thus, the 15 alternate time series correspond to the 15 different
ways of selecting one or more of the four alternate surges. For each
distribution fitted to these alternate time series, exceedance prob-
abilities were computed. The standard deviations of the 15 excee-
dance probabilities are compared graphically in Fig. 6. A lower
standard deviation indicates a lower sensitivity to changes in single
event values and is viewed as a positive characteristic of the
distribution. For all distributions maximum sensitivity to changes
in the data set is reached for surges just below 1 m. For maximum
annual storm surges below 1.1 m the three-parameter Burr dis-
tribution shows the lowest standard deviation while for surges
larger than 1 m the GEV shows the lowest standard deviation.
ns of surge for (a) 0.73–1.01 m surges and (b) 1.18–2.85 m surges.



Fig. 5. Comparison of estimated return periods computed based on the observed data.

Fig. 6. Standard deviations of the exceedance probabilities for increasing surge levels when considering 16 cases to estimate the parameters of each model.
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In Table 3 the performance of the respective distributions is
evaluated by comparing modeled and observed surge exceedance
probabilities for a wide range of significant events with surges above
0.9 m that impacted Galveston. All the distributions show a good
agreement for surges up to 1 m. For the larger surges representing
10% or less of the record, a detailed comparison becomes more
difficult due to the small number of large storms on record. In
particular no events producing annual maximum surges between
1.69 m (1932 Hurricane #2) and 2.35 m (1919 Hurricane #2) have
been recorded resulting in a step in the historical surge distribution.
The five selected distributions have CDFs below the historical
distribution for 1.2 m–1.4 m surges, then above the empirical
distribution for surges between 1.6 m and 2.2 m. Agrement is good
for the largest surges but the empirical distribution is based on only
three storms for surges above 2 m: 2.35 m for 1919 Hurricane #2,
2.38 m for 1961 Hurricane Carla, and 2.85 m for 2008 Hurricane Ike.
Overall the performance of the selected distributions for estimating
return periods is quite similar with the largest discrepancies driven
by the characteristics of the data set rather than by the features of
the distributions.

Overall the small differences in performance between the five
selected distributions do not lead to the outright exclusion of one
or more of the distributions as a realistic description of the surge
maxima. For the larger surges the performance of the log-logistic
distribution is better than the other three distributions based on
the AD test focused on the upper end of the distribution and the
best for surges above 1.6 m based on the differences in CDF. While
the three-parameter Burr had the best performance by some
measures, we chose not to use it, because its performance was
better for the lower surge events. Also, it is missing a location
parameter which could make it more difficult to apply to other
locations. When considering the robustness of the distributions
the GEV distribution has the best performance for the larger
surges although the differences are small. Because of the above
results, the comparison of the KS and AD statistics, and for its
ability to better model the return period of the large events,
including the largest event in the data set, Hurricane Ike, the log-
logistic distribution was selected for the rest of this study. The
equation and parameters of the log-logistic CDF for this study are
listed below following the convention by Kleiber and Kotz (2003):

FðxÞ ¼ 1þ
x�g
b

� ��a� ��1

, where x4g,a40,b40,

a¼ 2:1893, b¼ 0:30158, g¼ 0:36905 ð5Þ

3.3. Impact of sea level rise by 2100 for Galveston Pier 21, Texas

We use the fitted log-logistic maximum annual surge distribu-
tion to project inundation exceedance probabilities for future
years while considering the two sea level rise scenarios described



Table 3
Comparison of modeled and observed surge exceedance probabilities listed in order of increasing maximum surge.

Hurricane or
Tropical Storm

Year Corresponding
water level (m)

Annual
max. surge
(m)

CDF of
historical
data

Three-
parameter
Burr model

Log-logistic
Model

GEV
model

Four-
parameter
Burr Model

Dagum
Model

Hurricane Allen 1980 0.65 0.91 0.78 0.78 0.78 0.78 0.78 0.78
Hurricane #5, 1933 1933 0.09 0.95 0.81 0.81 0.81 0.81 0.81 0.81
Hurricane #6, 1909 1909 0.39 0.97 0.82 0.82 0.82 0.82 0.81 0.82
Hurricane #3, 1947 1947 0.42 0.98 0.83 0.83 0.83 0.83 0.82 0.83
Hurricane #6, 1916 1916 0.24 0.99 0.84 0.83 0.83 0.83 0.83 0.83
Hurricane Rita 2005 0.86 1.01 0.85 0.84 0.84 0.84 0.84 0.84
TS Delia 1973 0.87 1.18 0.87 0.90 0.90 0.90 0.90 0.90
Hurricane Claudette 2003 0.91 1.21 0.88 0.90 0.90 0.91 0.91 0.91
TS Frances 1998 1.11 1.25 0.89 0.91 0.91 0.92 0.91 0.92
Hurricane Alicia 1983 1.36 1.28 0.90 0.92 0.92 0.92 0.92 0.92
Hurricane #10, 1949 1949 1.13 1.36 0.90 0.93 0.93 0.93 0.93 0.94
Hurricane #2, 1941 1941 1.19 1.41 0.91 0.94 0.94 0.94 0.94 0.94
Hurricane Audrey 1957 1.37 1.44 0.92 0.94 0.94 0.94 0.94 0.95
Hurricane #2, 1942 1942 1.25 1.59 0.95 0.96 0.96 0.96 0.96 0.96
Hurricane #2, 1932 1932 0.88 1.69 0.96 0.96 0.96 0.97 0.96 0.97
Hurricane #2, 1919 1919 2.07 2.35 0.97 0.98 0.98 0.99 0.99 0.99
Hurricane Carla 1961 2.07 2.38 0.98 0.99 0.98 0.99 0.99 0.99
Hurricane Ike 2008 2.76 2.85 0.99 0.99 0.99 0.99 0.99 0.99

Fig. 7. Comparison of the projected water level exceedance probabilities for present water levels and including impact of two sea level rise scenarios (a) local sea level rise

of 6.39 mm/yr and (b) a quadratic increase of the rate of sea level rise rate bases on IPCC AR4 scenario A1FI.
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in Section 2.3. Exceedance probabilities are computed for both
scenarios and compared in Fig. 7 for years 2025, 2050, 2075, and
2100. While all exceedance probabilities are rising, as expected,
the changes are considerably more pronounced for small surge
events. As an example, the sea level rise impact on the frequency
of 1 m water level maximum, the local impact of 2005 Hurricane
Rita, is considered. For the second sea level rise scenario the
annual frequency of this event will increase presently from about
16% to 26% in 2025 and 62% in 2050. After year 2070 this type of
event is predicted to take place every year. Even for the more
conservative scenario, 1 m maximum water levels are expected to
occur annually by year 2100.

The change of water level exceedance probability is further
compared in Fig. 8 for the local impact of four storms: 2005 Rita
(1.01 m surge), 1983 Alicia (1.28 m surge), 1957 Audrey (1.44 m
surge), and 1942 Hurricane #2 (1.59 m surge). The frequency of
the maximum annual water levels generated by Rita (1.01 m
surge) increases much faster than that of the larger storms from
16% in 2008 to annually by 2100, more than a six fold increase,
while for the 1.59 m surge case the frequency rises from
about 4.5% to about 16%, more than a threefold increase.
The faster rate of sea level rise of scenario 2 leads to substanti-
ally larger increases in water level exceedance frequency (Fig. 8b).
For example, while for the 6.39 mm/yr sea level rise case
the exceedance probability of the maximum water level gener-
ated by 1983 Alicia is predicted to be 45% in 2100, such an event
is projected to take place annually for the faster rate of sea level
rise case.

Fig. 9 displays the ratio of the water level exceedance prob-
ability in 2100 versus the present exceedance probability in 2009
for the conservative scenario. For relatively small events around
1 m, the ratio increases very rapidly due to the shape of the surge



Fig. 8. Comparison of the increase in water level exceedance probabilities over the coming years for two sea level rise scenarios (a) local sea level rise of 6.39 mm/yr (b) a

quadratic increase of the rate bases on IPCC AR4 scenario A1FI.

Fig. 9. Ratio of increase of projected exceedance probabilities in 2100 and 2008 for all water levels.
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probability distribution. For events leading to smaller maximum
water levels the increase is limited by a rapid rise to a 100%
probability, i.e. the events are predicted to take place every year.
The largest proportional increase is computed for a 1.1 m water
level, which is predicted to occur 6.5 times as often in 2100. For
events leading to larger surges, the relative exceedance probabil-
ity ratio decreases progressively to about a factor 1.85 for the
maximum water levels generated by 2008 Hurricane Ike. While a
1.85 times increase for such a large event is important given the
damage caused by Ike (Report, 2008), this relative increase is
considerably smaller than the 6.5 time increase for events gen-
erating a 1.1 m water level. This much larger projected increase in
the frequency of the small to medium inundation events must be
accounted for when projecting damage costs and insurance rates.

Finally, projected changes in return periods are computed up
to year 2100 for a variety of storms that have impacted Galveston
and for both scenarios the results are presented in Table 4. Return
periods directly based on observations are listed under year 2008
while results for 2025, 2050, and 2100 are model based estimates.
Differences in methodologies (more variability from the observa-
tional method) lead to the smaller estimated return periods for
2008 than for the 2025 and 2050 model estimates for two of the
three largest surge events and for surges around 1.25 m. For the
faster sea level rise scenario, by 2100 the maximum water level
expected every year in Galveston is greater than the water levels
of all but four hurricanes from the historical record, while the
return period of an event of the magnitude of Hurricane Ike is
predicted to decrease to 29 years from presently 105 years.
4. Conclusion

This study focused on quantifying the changing risks of flooding as
the century progresses. The study started by comparing several
extreme value distributions for estimating the probability of annual
surge maxima for the station of Galveston Pier 21 in Galveston Bay,



Table 4
Projected return periods for inundation levels that have been generated by a range of historical storms for the study’s two sea level rise scenarios.

Hurricane or
Tropical Storm

Year Month Corresponding
water level (m)

Annual max.
surge (m)

Return period (in years) Log-logistic Model

Trend 6.39 mm/year Quadratic increase of rate of SLR

in 2008 in 2025 in 2050 in 2075 in 2100 in 2025 in 2050 in 2075 in 2100

Hurricane Allen 1980 8 0.65 0.91 4.6 3.2 1.8 1.1 1.0 2.2 1.1 1.0 1.0

TS Fay 2002 9 0.70 0.91 4.8 3.2 1.8 1.1 1.0 2.2 1.1 1.0 1.0

1906 10 0.50 0.94 5.0 3.5 2.0 1.2 1.0 2.5 1.1 1.0 1.0

Hurricane #5, 1933 1933 8 0.09 0.95 5.3 3.7 2.1 1.2 1.0 2.6 1.2 1.0 1.0

Hurricane #6, 1909 1909 8 0.39 0.97 5.5 3.9 2.2 1.3 1.0 2.7 1.2 1.0 1.0

Hurricane #3, 1947 1947 8 0.42 0.98 5.8 4.1 2.4 1.4 1.0 2.9 1.3 1.0 1.0

Hurricane #6, 1916 1916 8 0.24 0.99 6.2 4.3 2.4 1.4 1.0 3.0 1.3 1.0 1.0

Hurricane Rita 2005 9 0.86 1.01 6.6 4.5 2.6 1.5 1.0 3.1 1.3 1.0 1.0

Hurricane Cindy 1963 9 1.00 1.01 7.0 4.5 2.6 1.5 1.0 3.2 1.4 1.0 1.0

TS Delia 1973 9 0.87 1.18 7.5 7.3 4.6 2.6 1.5 5.4 2.4 1.0 1.0

Hurricane Claudette 2003 7 0.91 1.21 8.1 8.0 5.1 3.0 1.7 6.0 2.8 1.1 1.0

TS Frances 1998 9 1.11 1.25 8.8 8.9 5.7 3.5 1.9 6.7 3.2 1.2 1.0

Hurricane Alicia 1983 8 1.36 1.28 9.5 9.6 6.3 3.9 2.2 7.4 3.6 1.3 1.0

Hurricane #10, 1949 1949 10 1.13 1.36 10.5 11.4 7.7 4.9 2.9 8.9 4.5 1.6 1.0

Hurricane #2, 1941 1941 9 1.19 1.41 11.7 12.8 8.8 5.7 3.4 10.1 5.3 2.0 1.0

Hurricane Audrey 1957 6 1.37 1.44 13.1 13.6 9.5 6.2 3.8 10.8 5.8 2.2 1.0

Hurricane #3, 1934 1934 7 1.25 1.44 15.0 13.8 9.6 6.3 3.9 11.0 5.9 2.3 1.0

1969 2 0.76 1.49 17.5 15.2 10.7 7.2 4.5 12.2 6.7 2.7 1.0

Hurricane #2, 1942 1942 8 1.25 1.59 21.0 18.5 13.5 9.4 6.2 15.2 8.8 3.8 1.2

Hurricane #2, 1932 1932 8 0.88 1.69 26.3 22.1 16.5 11.8 8.0 18.3 11.2 5.2 1.6

Hurricane #2, 1919 1919 9 2.07 2.35 35.0 55.8 46.1 37.3 29.6 49.5 36.1 23.3 11.9

Hurricane Carla 1961 9 2.07 2.38 52.5 57.3 47.4 38.5 30.6 50.9 37.2 24.1 12.5

Hurricane Ike 2008 9 2.76 2.85 105.0 93.1 79.9 67.8 57.0 84.3 66.2 47.6 29.5
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Texas. The comparison focused on five frequently used distributions:
GEV, log-logistic, three-parameter and four-parameter Burr, and
Dagum. A comparative analysis of the distributions does not reveal
significant differences in performance. The log-logistic distribution
was selected to evaluate the probability of future flooding because of
its good performance for the largest surges.

The study then uses the fitted log-logistic model to examine the
effects of two forecasts of future sea level rises, a conservative
scenario that continues the linear increase of the 20th century, and
a scenario based on the upper end of the IPCC AR4 A1FI. Both
scenarios show continuously increasing risks of flooding as the
century progresses. By the end of the century, for the conservative
scenario, inundations caused by the recent impact of Hurricane Rita
are expected to take place annually, as compared to the current
return period of 6.6 years. For the IPCC A1FI based scenario a Rita like
flooding is expected to take place annually shortly after year 2050.
The research shows differences in the relative increase in frequency of
inundation caused by events of different sizes, and in particular a
much larger proportional increase of flooding caused by smaller size
storms. By year 2100 water level exceedance probabilities are
expected to double for the impact of the largest storms such as
Hurricane Ike, but increase by a factor over six times for the impact of
smaller storm surges associated locally with the impact of storms
such as Hurricanes Cindy, Alicia, and Rita for the conservative
scenario. These results should be taken into account while estimating
future insurance rates to cover the growing flooding damages as the
century progresses.
Acknowledgments

The authors would like to thank Chris Zervas (NOAA National
Ocean Service, Silver Spring, MD) for his help with the data set
and other discussions. The authors also thank the valuable
comments from Blair Sterba-Boatwright and Pablo Tarazaga of
Texas A&M University–Corpus Christi, Texas.
References

Ahmad, M.I., Sinclair, C.D., Werritty, A., 1988. Log-logistic flood frequency analysis.
J. Hydrol. 98 (3–4), 205–224.

Bates, B.C., Kundzewicz, Z.W., Wu, S., Palutikof, J.P., 2008. Climate Change and
Water. Technical Paper of the Intergovernmental Panel on Climate Change.
IPCC Secretariat, Geneva.

Beirlant, J., Goegebeur, Y., Teugels, J., Segers, J., 2005. Statistics of Extremes: Theory
and Applications. John Wiley & Sons Ltd..

Bender, M.A., Knutson, T.R., Tuleya, R.E., Sirutis, J.J., Vecchi, G.A., Garner, S.T., Held, I.M.,
2010. Modeled impact of anthropogenic warming on the frequency of intense
Atlantic Hurricanes. Science 327 (5964), 454–458.

Bindoff, N.L., Willebrand, J., Artale, V., Cazenave, A., Gregory, J., Gulev, S., Hanawa, K.,
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