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Abstract: Accurately estimating the probability of storm surge occurrences is necessary for flood
risk assessments. This research models Long Island Sound using a coupled coastal circulation and
wave model (FVCOM-SWAVE) to hindcast the 44 highest storms between 1950–2018 and fitted
Poisson-GPD distributions to modelled water levels and wave heights. Floodwater elevations and
significant wave heights for 10% (1/10), 3% (1/30), 2% (1/50), and 1% (1/100) annual exceedance
probabilities are provided for all Connecticut coastal towns. The results show that both water levels
and their corresponding return intervals are higher along the western coast of Connecticut than the
eastern coast, whereas significant wave heights increase eastward. Comparing our model results with
those from the North Atlantic Coast Comprehensive Study (NACCS) shows that the mean NACCS
results are higher for water levels and lower for significant wave heights for longer return periods.
Likewise, the Federal Emergency Management Agency (FEMA) results in large errors compared
to our results in both eastern and western coastal Connecticut regions. In addition to evaluating
historical risks, we also added a sea-level height offset of 0.5 m for 2050 estimates in order to examine
the effect of rising sea-levels on the analysis. We find that sea-level rise reduces the return period of a
10-year storm to two years. We advise periodically updating this work as improved sea-level rise
projections become available.

Keywords: extremal analysis; probability distribution; return interval; storm surge; FVCOM

1. Introduction

Storm flooding is a destructive event that damages infrastructure, especially in coastal areas with
low elevations. The state of Connecticut suffered around $360 million in damages after Hurricane
Sandy alone [1]. Damages caused by increased water levels from historic storm surges and waves in
low-lying areas can be used in order to estimate the potential for future damage from similar events.
In addition, because rising sea-levels increase the frequency of storm-induced high water levels,
an understanding of the effect of sea-level rise on risk trends is necessary for evaluating future storm
and hurricane inundation risk [2–5]. O’Donnell [6] emphasized that storm-related flood risks would
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increase as the sea-level rose. Therefore, storm-induced flooding risk assessments should include the
effect of sea-level rise, and we use an upper bound of 50 cm sea-level rise by 2050 for Connecticut [6].

The Federal Emergency Management Agency (FEMA) and the North Atlantic Coast Comprehensive
Study (NACCS) [7] evaluated the 1% annual chance of flood events in Long Island Sound (LIS). FEMA’s
approach for estimating floodplain maps included a regional statistical approach applied to the New
London, New Haven, and Bridgeport tide gauge stations to compute probability distributions of the
data at the gauges. FEMA computed deep-water wave characteristics using empirical wind-wave
growth equations that were applied to Tweed New Haven Regional Airport historical data and then
calculated along an inland transect to compute the overland wave propagation using the model
WHAFIS [8]. One of the drawbacks of this approach is that storm surges are interpolated over only
three stations, and calculated incident wave heights do not consider refraction, diffraction, or bottom
dissipation effects.

The NACCS study used observations from extratropical storms using the method described
by [9], which was then applied to synthetic tropical storms using the LIS model and analyzed using
an optimum sampling of the joint probability method [10–12]. The deep-water wave boundary was
obtained in 0.083-degree resolution and 0.25-degree wind resolution by solving the action-balance
equation in the WAM model [13], which produced nearshore steady-state wave model results using
STWAVE [14] and simulated surge and circulation results using ADCIRC [15]. Even though the
NACCS study was more sophisticated than the FEMA study, the storm surge model was of coarse
resolution to simulate total water levels in the coastal floodplains of the Connecticut coasts [16,17].
Like FEMA, NACCS did not include the effect of sea-level rise on return intervals, which is essential
for future risk planning at local scales [18].

Understanding the probability of a flood event influences coastal policy and management.
A down-scaled comprehensive understanding of total wave elevations can aid in assessing the risks,
consequences of design costs, and environmental impacts of coastal plans [19]. Furthermore, the return
period analysis in LIS should be updated at a higher resolution. This study aims to provide storm
surge and wave height probabilities to aid the engineers and planners in developing cost-effective
design criteria for resiliency projects.

We calibrated and applied a coupled coastal circulation and wave model system to estimate the
frequency of occurrences of extreme storms using hindcasts of historical storms with different return
periods for each town along the LIS coast in Connecticut. Our work demonstrates a method and
technique for enclosed sounds where circulation and wave modeling are challenging due to sparse
data availability and unique geomorphologies. We also examined extreme events under both present
and future sea-level conditions in order to understand the effect of sea-level rise on the generated
wave characteristics.

Section 2 presents the study area, historical storm data, and data collected in Connecticut to build
the circulation and wave model. Section 3 describes the wave and circulation models and methodology
to obtain statistically independent storm events, the peak-over-threshold method, and error analysis.
Section 4 presents our results by town and compares these with previous studies. Finally, Section 5
discusses the results and presents our conclusions.

2. Background

2.1. Study Area and In-Situ Data

LIS is a semi-enclosed estuary that is connected to the Hudson River in the west through East
River strait and the Mid Atlantic Bight through Block Island Sound in the east (Figure 1). The primary
freshwater source for LIS is the Connecticut River, which provides 75% of the total discharge [20].
The unique geomorphology of LIS was created by the latest glacial period and is formed mostly of
marshlands and beach ridges along the 1000-km Connecticut shoreline. The barotropic pressure
gradient force generated from wind stress is the main source for subtidal circulation, sea-level
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fluctuations, and vertical mixing [20]. Extratropical storms called Nor’easters are the dominant
storm source and generate large sea level anomalies in the western Sound due to the sea-surface height
setup on the adjacent continental shelf [21]. The shelf morphology causes different return periods
for similar water level anomalies in the western and eastern LIS. M2 (lunar semidiurnal) tides are
dominant in LIS and have a mean range of 2.2 m [22]. Tidal height amplitudes increase in the western
end. Tidal gauge and buoy locations are provided in Table 1 and Figure 1.

Figure 1. Model domain, mesh, and bathymetry (color ramp) of the Long Island Sound FVCOM-SWAVE
model, and locations of NOAA tide gauge stations (green squares), buoys (red triangles), airports
(yellow airplane symbols) and coastal points (blue stars) where model results are evaluated.

Table 1. The locations of the gauge and buoys from [23,24].

Station Name Agency Station Number Latitude (◦ N) Longitude (◦ W) Record Starting Year

Kings Point NOAA 8516945 40.81 73.765 1998
Bridgeport NOAA 8467150 41.173 73.182 1970

New Haven NOAA 8465705 41.283 72.908 1999
New London NOAA 8461490 41.355 72.087 1938

Montauk NOAA 8510560 41.048 71.765 1947
Execution Rocks (EXRX) UConn 44022 40.956 73.580 2004

Western LIS (WLIS) UConn 44040 40.956 73.580 2004
Central LIS (CLIS) UConn 44039 41.138 72.655 2004

Ledge Light UConn LDLC3 41.306 72.077 2004

2.2. Wind Data

Wind data were taken from hourly records of 13 airports within or adjacent to the study area
(Figure 1). The wind records were obtained from the local climatological dataset of the National
Climate Data Center (NCDC), NOAA [25]. Generally, the airport records cover the entire study period
(1950–2018). However, airports with missing data during certain extreme events were excluded to
avoid biases due to correlations between extreme events and damaged instrumentation.

The airport winds were first bi-linearly interpolated to a 2D structured grid with a horizontal
resolution of 0.02-degree longitude/latitude. Then, buoy observed winds [24,26] were used to calibrate
the airport winds to represent over-water winds since the land-based measurements underestimated
the winds over water. Four buoy stations (44022/EXRX, 44040/WLIS, 44039/CLIS, and LDLC3) in the
LIS were used, covering a period from 2004 to 2019. Only easterly winds higher than 10 m s−1 were
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compared, as high water level events occur under strong easterly winds. The overall comparison shows
that, on average, the buoy observations are approximately 1.7 times that of the airport interpolations
in the eastern and central Sound (at CLIS and LDLC3) and 1.5 times in the western Sound (WLIS and
EXRX). Based on this relationship, the interpolated wind field was adjusted accordingly, following:

U′X = FXUX, (1)

where X is the two-dimensional geographical location, UX = [uX, vX] is the wind field bi-linearly
interpolated from airport observations, U′X is the adjusted wind field, and FX is an adjustment
coefficient field defined as:

FX =


1.7, X = XCLIS, XLDLC3

1.5, X = XEXRX, XWLIS

1, X = Xairports

bi-linearly interpolated, elsewhere.

. (2)

A total of 44 storm events, including severe historical hurricanes and Nor’easters, were selected
based on high water level records from NOAA tidal stations in Bridgeport and New London,
Connecticut (Table 2). Simulated storm model output encompassed from 3 to 6 days.

Table 2. List of severe historical storms in Long Island Sound.

No. Date Storm Type and Name No. Date Storm Type and Name

1 25 Nov 1950 Extratropical 23 4 Feb 1995 Extratropical
2 7 Nov 1953 Extratropical 24 20 Mar 1996 Extratropical
3 31 Aug 1954 Tropical (Hurricane Carol) 25 19 Oct 1996 Extratropical
4 16 Feb 1958 Extratropical 26 21 Aug 1997 Extratropical
5 19 Feb 1960 Extratropical 27 6 Nov 2002 Extratropical
6 12 Sep 1960 Tropical (Hurricane Donna) 28 16 Dec 2005 Extratropical
7 12 Nov 1968 Extratropical 29 28 Oct 2006 Extratropical
8 5 Apr 1973 Extratropical 30 16 Apr 2007 Extratropical
9 10 Jan 1977 Extratropical 31 12 Dec 2008 Extratropical

10 9 Jan 1978 Extratropical 32 14 Mar 2010 Extratropical
11 7 Feb 1978 Extratropical 33 27 Dec 2010 Extratropical
12 25 Dec 1978 Extratropical 34 17 Apr 2011 Extratropical
13 25 Oct 1980 Extratropical 35 28 Aug 2011 Tropical (Hurricane Irene)
14 29 Mar 1984 Extratropical 36 12 Jan 2012 Extratropical
15 27 Sep 1985 Tropical (Hurricane Gloria) 37 5 Jun 2012 Extratropical
16 23 Jan 1987 Extratropical 38 30 Oct 2012 Tropical (Hurricane Sandy)
17 22 Oct 1988 Extratropical 39 27 Dec 2012 Extratropical
18 19 Aug 1991 Tropical (Hurricane Bob) 40 14 Mar 2017 Extratropical
19 31 Oct 1991 Extratropical 41 30 Oct 2017 Extratropical
20 11 Dec 1992 Extratropical 42 2 Mar 2018 Extratropical
21 13 Mar 1993 Extratropical 43 27 Oct 2018 Extratropical
22 24 Dec 1994 Extratropical 44 16 Nov 2018 Extratropical

3. Methodology

3.1. Circulation and Wave Model

The Finite Volume Community Ocean Model (FVCOM) [27,28] was used to hindcast historical
storm events in LIS. FVCOM is an unstructured-grid, 3D primitive equation ocean circulation model.
FVCOM was coupled to an adapted Simulating Wave Nearshore (SWAN) model [29]. The coupled
FVCOM-SWAVE model incorporates the exchange of wave radiation stresses, as well as near-bottom
and surface shear stresses [28,30].

The model grid used is described in O’Donnell et al. [31]. The model domain covers Long Island
Sound, Block Island Sound, and the adjacent shelf south of Long Island (Figure 1). The horizontal
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resolution is 500 m along the coast and 5 km in open water. There are ten evenly distributed vertical σ

layers through the water column. Vertical eddy diffusivity was capped at 0.04 m2s−1 to have water
level results that better match the observational data. Quadratic bottom friction is adopted with a
spatial varying roughness length parameter z0. Specifically, z0 is set to 0.003 m, where depth ≤ 40 m
and decreases towards zero as the depth increases [32]. The time step was set to 3 s for the external
mode and 18 s for the internal mode.

Time series of surface water elevations along the open boundary were prescribed. The time
series was first reconstructed using eight astronomical tidal constituents, including M2, N2, S2, O1,
K1, K2, P1, and Q1, which are extracted from a northwest Atlantic regional FVCOM model [33]. Then,
the reconstructed signals were subsequently adjusted by the difference between the NOAA water level
observations at the Montauk, NY station and reconstructed tidal signals at Montauk (Figure 1). Since
Montauk is close to the open boundary, such an adjustment corrects the open boundary elevation for
subtidal and shelf water elevation variations.

Wave parameters used are summarized in Table 3. Wave open boundary conditions for events
after 1979 are obtained from NOAA Northwest Atlantic WAVEWATCH III 30-year Hindcast [34,35]
(available from https://polar.ncep.noaa.gov/waves/hindcasts/), including significant wave heights,
wave directions, and peak periods. Events before 1979 have no wave input at the open boundary due
to data unavailability.

Table 3. Model parameters used for FVCOM-SWAVE.

Direction bins 24
Frequency bins 24
Minimum frequency (Hz) 0.05
Maximum frequency (Hz) 0.5
Wind input Komen formulation
Cavaleri and Malanottee’s wave growth term Activated, a = 0.0015
Quadruplet nonlinear interactions Activated
Triad nonlinear interactions Deactivated
White capping dissipation Komen formulation
Bottom friction JONSWAP

3.2. Extreme Value Analysis

The general procedures we employed are divided into four steps: (i) analyzing water level and wave
heights obtained from the circulation and wave model to obtain statistically independent storm data;
(ii) calculating the empirical probability distribution of extreme water levels; (iii) fitting the combined
Poisson-Generalized Pareto Distributions (GPD) to the model distributions; and (iv) calculating return
levels using the best-fit shape and scale parameters within the desired confidence level.

The model-computed peak storm wave heights and water levels were ranked in descending order
from the highest to lowest to identify statistically independent storm events. An empirical probability
distribution was estimated from [36]

Q(H) =
m

N + 1
, (3)

where Q is the probability of exceedance, m is the rank of the peak storm wave height and water level,
and N is the total number of observed peak storm wave heights and water levels.

The Generalized Pareto Distribution (GPD) is an asymptotic distribution often used to estimate
extreme values above a specific threshold, and the combination of a Poisson distribution and GPD in a
peak-over-threshold (POT) framework results in a Generalized Extreme Value (GEV) distribution [37].
This methodology produces distributions of annual maxima, which (in our case) are neither directly
observed nor directly modeled. The Poission-GPD method produces the best fit among the generalized
extreme value distribution types by minimizing the differences in the empirical distributions between
the buoy/gauge observations and the modeled water level results. We applied the Poission-GPD
method to the modeled peak water level and significant wave heights from 44 modeled extreme storm

https://polar.ncep.noaa.gov/waves/hindcasts/
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events using the MATLAB package WAFO [38]. The individual peak values were obtained from
defined storm events with a duration longer than an hour.

For each location, the GPD was fitted to modeled extreme values with a cumulative distribution function

F(z; u, σ, ξ) = 1−
(

1 + ξ
z− u

σ

)−1/ξ
, ξ 6= 0, z > u, (4)

where u is the threshold which was determined using the dispersion index method implemented
in the WAFO package, σ is the scale parameter, and ξ is the shape parameter. The maximum of a
Poisson distributed number of independent GPD variables has a GEV distribution [37,39,40]. Based
on the assumption that the annual threshold exceedances u is Poisson distributed, the cumulative
distribution function for the annual maximum Poisson-GPD and GEV relationship and parameter
transformation [37,39,40] is:

G(z) = exp(−λ[1− F(z)]) = exp
(
− λ

(
1− ξ

z− u
σ

)−1/ξ
)

. (5)

where λ is the Poisson mean parameter that is estimated by dividing the total number of exceedances
of threshold, u, by the total number of years. Rearranging Equation (5), we get the traditional form of
the GEV cumulative distribution function:

G(z; µ, ψ, ξ) = exp
(
− (1 + ξ

z− µ

ψ
)−1/ξ

)
, ξ 6= 0, z > µ (6)

where the scale parameter ψ =
σ

λξ
, and the location parameter µ = u + ψ(

λξ − 1
ξ

).

The return period is defined as the recurrence interval of a specific storm event water level
or wave height (X) that is equal to or exceeds the average of successive events (x) within T years.
The exceedance probability is Q, and the probability of occurrence Q(X > x) in a given year is
Q = 1/T. Return periods were determined using the following relationship between the GEV return
level sT and return period T:

sT = µ +
ψ

ξ

(
1− (− log

(
1− 1

T
)
)ξ
)

. (7)

Return years of the empirical data points Y were determined using the Weibull plotting position [36,41]

Y =
N + 1

m
. (8)

3.3. Error Analysis

The goodness of fit between the computed and observed peak water levels and wave heights
were evaluated based on the absolute error, the root-mean-square error (RMSE), the correlation of
determination (R2), the scatter index, the standard error, the HH index [42], and the Willmott score [43].
The fits were further compared by plotting computed and observed values against each other:

HH =

√
∑ (xm − xo)

2

∑ xmxo
, (9)

Ws = 1− ∑ (xm − xo)

∑ (|xm − x̄o|+ |xo − x̄o|)2 , (10)

where xm and xo are modeled and observed results, respectively. The HH index captures bias and
scatter component. x̄o is an average of the observed results. The Willmott score, Ws, captures the
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constant and proportional offset errors and indicates close agreement between model and observations
when it is close to one. When it is zero, it indicates no agreement.

4. Results and Discussion

4.1. Validation of the Model

Modeled results from FVCOM-SWAVE were compared to observations from Kings Point,
Bridgeport, New Haven, New London, and Montauk tide gauges for water levels associated with
Hurricanes Irene and Sandy (Figure 2). Surface water elevations from the model aligns well with
the tide gauge data for these events. Significant wave height comparisons between the model and
observations at the buoy locations demonstrate good agreement at NDBC buoys 44025 and 44097
(not shown). The model also captured the peak storm significant wave height at the CLIS buoy location.
The model-data agreement at the WLIS buoy at the peak of the event was low, possibly due to buoy
measurement errors during the hurricane. The model results were also compared with USGS storm
surge sensors (Figure 3). The reason for some sensors not matching with the model results during the
downward zero-crossing (e.g., horizontal lines) was that they were on dry land at the time.

(a) Hurricane Sandy

(b) Hurricane Irene

Figure 2. Comparison of water level (left) and significant wave height (right) time series between
model and observation during hurricane Sandy (a) and Irene (b).
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(a) Hurricane Sandy

(b) Hurricane Irene

Figure 3. Comparison of water level time series between model (blue) and storm surge sensors from
USGS (orange) during hurricane Sandy (a) and Irene (b).
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In addition to the time series comparison, the differences between the modeled and observed data
were quantified using mean error, RMSE, R2, scatter index, standard error, HH index, and Willmot
score for New London, New Haven and Bridgeport tide locations (Table 4 and Figure 4). Comparisons
between the modeled and observed peak water elevations show good agreement. Although the error
statistics for the individual locations were all close to each other, New Haven showed the closest fit
and the least bias and scatter. The sample size at each of the stations may have contributed to these
results. Overall, good fits were observed at all tide-gauges. The most substantial errors occurred at
locations where peak levels were affected by water flow restrictions caused by local bathymetry. As the
event duration increased, model skill at predicting water levels over the period decreased.

The empirical return level distributions were created using the Weibull plotting of the exceedance
probability. For all tide locations, the empirical return level distribution of the FVCOM-generated
peak water levels closely represented the observed water levels (Figure 5). The return level fitted
to New London and Bridgeport demonstrated a similar water level series. The significant wave
height distributions at the CLIS and WLIS buoys were slightly different with lower values at the WLIS
location. Despite generating water levels that followed the observed gauge results, the model was
unable to capture the exact shape of the significant wave height evolution. This issue was expected
due to a lack of available wave data (less than 20 years) compared to water level data (over 60 years).
Despite the limited observational wave data, the model represented peak significant wave heights well
enough to develop exceedance probabilities.

Table 4. Error metrics of the modeled and observed water levels.

Station Name Absolute Error RMSE R2 Scatter Index Standard Error HH Index Willmott Score

Bridgeport 0.133 0.165 0.713 0.0826 0.086 0.083 0.915
New Haven 0.146 0.146 0.777 0.0685 0.101 0.077 0.919

New London 0.123 0.150 0.721 0.1225 0.088 0.123 0.920
Total 0.127 0.155 0.891 0.0920 0.034 0.092 0.971

Figure 4. Comparison of observed and modeled peak values for water level (left) and significant wave
height (right) at tide gauge stations and buoys during storm events.
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(a) Water level comparison

(b) Significant wave height comparison

Figure 5. Return periods of observed and modeled water level (a) and significant wave height (b) at
the location of observations.

4.2. Selection of GPD Threshold

Although the modeled data represent the historical conditions well, due to the upper tail
uncertainty and the irregularity, fitted probability distributions were used to smooth out the historical
data sample and use it for future return period projections. A user-defined threshold was required to
represent the storms and hurricanes using GPD. For each of the model point locations corresponding
to the coastal towns, we determined this threshold using the dispersion index method implemented
in the WAFO package, which measures the homogeneity of data and determines a threshold such
that the number of exceedances is consistent with a Poisson process with a dispersion index close
to 1 [44]. It is fitted to top-ranked storms because it represents the tail end of the distribution that
is above the threshold. For instance, using FVCOM water level outputs at Bridgeport, mean excess,
modified scale, and shape tests showed that the model results presented high skewness above the
threshold 1.82 m, which indicates the relative magnitude of deviations above the mean. The same
procedure was applied to other locations. Therefore, even though the number of surge parameters
was increased for estimating better return periods, we restricted the analysis to use the 44 top-ranked
storm events through the threshold selection.

4.3. Annual Exceedance Probability Distributions

The return periods of water level exceedances varied from the west to the east (Figure 6).
The highest water levels were in western LIS (near New York) and decreased eastward. This is
likely contributed to by the water run-up in the Sound in response to wind forcing. The significant
wave height increased around Bridgeport and east of New London.

The return period plots of water levels (Figure 7) and significant wave heights (Figure 8) for each
town show the model results (dark blue dots), the Poisson-GPD fit (orange line), the mean of NACCS
results [45] (light blue line, 95% confidence bound included). The Poisson-GPD fit was calculated
using the best fit distribution of the model results. The return period and the corresponding water
and wave height levels are listed in Table 5 and the Supplementary Material. Floodwater elevations
and significant wave heights for specific events such as 10% (1/10), 3% (1/30), 2% (1/50), 1% (1/100)
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annual exceedance probability were determined (refer to: Table 5, Appendices A and B and the
Supplementary Materials).

Figure 6. Estimated return level (colored contour) and return period (vertical axis) for water level
(a) and significant wave height (b) evaluated at 24 locations down estuary along the Connecticut coast.
The point numbers increase from west to east, 1 indicates Greenwich, whereas 24 is Stonington.

Table 5. Corresponding water level (h) and significant wave height (Hs) for return periods.

Return Period Bridgeport New Haven New London
Year h (m) Hs (m) h (m) Hs (m) h (m) Hs (m)

10 2.32 2.83 2.16 2.44 1.44 3.43
30 2.58 3.68 2.39 2.24 1.73 4.26
50 2.68 4.03 2.47 3.57 1.86 4.56

100 2.78 4.48 2.55 3.98 2.03 4.91
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Figure 7. The water level and return period plots for Bridgeport, New Haven, and New London.
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Figure 8. The significant wave height and return period plots for Bridgeport, New Haven, and New London.

4.4. Wind Accuracy and Sensitivity

For the spatial and temporal scales of this study, the airport wind records have better horizontal
resolution and temporal coverage than hindcast winds from numerical simulations in the LIS region.
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For instance, the NCEP reanalysis [46] covers the whole study period but lacks spatial resolution,
while regional weather models, such as WRF, have no qualified initial fields to support the simulation
before 1979 (e.g., NARR, [47]). Our preliminary tests also showed that not even a 3-km resolution
WRF model could capture the spatial asymmetry of wind speed observed from airport winds during
Hurricane Sandy. Additionally, the WRF modeled hurricanes for events during the 1980s and 1990s
are not as accurate as of the 2000s and later. This may be caused by less observational data assimilation
into the NARR during the earlier decades. Due to relatively small spacing between airports around
LIS, FVCOM performance is better when forced with the interpolated airport winds than with other
hindcast wind products.

4.5. The Model Results Compared with NACCS and FEMA

The results presented here summarize the GPD analysis results with return interval estimates
for storm surges and waves. At 10% annual exceedance, modeled water levels were all over 2.5 m.
The water levels were highest in the west and gradually decreased alongshore eastward by 1 m. These
model results are within the 95% confidence interval of the mean NACCS model results.

In general, the NACCS results show higher water levels compared to this study. However,
the differences are somewhat reduced in the central Sound (between Fairfield and Waterford).
A comparison with the FEMA results also shows that the differences are small in the central Sound,
but, overall, water level in FEMA tends to be lower (Figure 9). In the eastern Sound, it is possible that
both NACCS and FEMA either overestimate or underestimate the remote impacts of water level from
the continental shelf [48,49], while, in the western Sound, the long fetch allows strong local wind to
build up the water level [50]. Our comparisons indicate that both NACCS and FEMA may lack the
ability to account for such processes.

Figure 9. The average error of 100-year water level between model and FEMA estimates. Red indicates
that model values are higher than FEMA.

The modeled significant wave heights show higher uncertainties after the 10% annual exceedance
limit. At a 10% annual exceedance, our significant wave height estimates are over 2 m in the west
and gradually increase alongshore eastward to over 3.5 m. Significant wave height from NACCS is
overestimated below a 20% annual exceedance comparing to our results, but our results are still within
the NACCS 95% confidence limits (Appendix B). At a 10% annual exceedance level, the NACCS results
are higher in the central Sound (between Fairfield and Waterford shores). At longer return periods,
however, the NACCS results for the significant wave height appear to be lower (Appendix B).

The model reproduces peak water level events well compared to the observations. An increase in
both the model and wind field spatial resolution could increase the agreement of water level in coastal
areas. The water level and significant wave height return periods provided in this study aim to assist
planners and engineers in designing coastal protection in a limited near future time. Even assuming a
steady-state flood risk environment, confidence intervals of the annual exceedance limits become very
broad for longer return periods because the most extreme events are also the most uncommon and
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lacking observations. In addition, considering the non-static attributes of the environment, the model
estimates for longer return periods are likely to be even less accurate than they would in a static
environment. The modeled results are expected to be more accurate for the next ten years than the
next 100 years. Hence, we recommend repeating this study every 10 years to take into account both
the sea level rising and possible changes in storm frequency and intensity.

4.6. Sea Level Rise Projections

The future projection of greenhouse gas emissions and the response of atmospheric and oceanic
temperatures influence the uncertainties related to estimates of sea-level rise [51]. Any sea-level rise
will, however, reduce the return period estimates. In order to better understand the effects of sea-level
rise on the risk assessments, a planning threshold of 50 cm sea level rise by the year 2050 [6] is added
to the initial level of the Poisson-GPD fit (Figure 10). The green dashed line in the figure shows the
future return periods for 2050, assuming the storm characteristics remain constant (the distribution
of the shape and scale parameters). The fitting was then repeated to find the corresponding return
intervals for the same water levels. The results indicate that the water levels estimated for a 10-year
storm (10% annual probability) would occur with a 2-year return period (Table 6). These changes
in the annual probabilities due to sea-level rise also differ based on location. Likewise, what would
currently be considered a 100-year storm event (1% annual probability) would become a 20-year event.
However, given the large uncertainty ranges surrounding the estimates of each return level curve,
estimating rarer storms with longer return periods is not recommended due to larger uncertainties in
SLR projections.

Table 6. Projected return periods for the current 10-year storm for the year 2050 with 50 cm sea
level rise.

Town Water Level of Current 10-Year Storm (M) Return Period with 50 Cm Sea Level Rise (Years)

Bridgeport 2.32 2.86
New Haven 2.16 2.78

New London 1.44 2.21
Norwalk 2.41 2.97
Guilford 2.02 2.79

Stonington 1.38 <2
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Figure 10. The water level projection for the year 2050 upper bound of 50 cm sea level rise.
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5. Conclusions

This paper is intended as a guide for decision-makers to identify risk probabilities for the coastal
protection project design for the current environment, as well as considering local sea-level rise
projections for 2050. This study provides modeled water levels and significant wave heights in LIS to
improve probability estimates of the extreme surge and wave heights for Connecticut shorelines and
municipalities, filling the gaps between very sparse coastal observations. We analyzed 68 years of data
with POT to model the 44 highest-ranked storms. We then estimated 10-, 30-, 50-, and 100-year return
period water levels and significant wave heights for all Connecticut coastal towns. It is worth noting
that the Poisson-GPD distribution best fits the empirical distribution.

The model results show that the water levels for a given return period are higher along the
western end of the Connecticut coast than the eastern end. Conversely, significant wave heights
increase eastward. The results lie within the confidence interval of the previous NACCS study and
show good agreement with tide gauge and buoy observations. The 1% annual exceedance probabilities
of water levels in Bridgeport, New Haven, and New London is 2.78 m, 2.55 m, and 2.03 m, respectively,
and the corresponding significant wave heights are 4.48 m, 3.98 m, and 4.91 m. The probability of
the occurrence of extreme events increases when a 0.5 m local sea-level rise projection for 2050 is
included in our calculations. When a 0.5 m sea-level rise is included, a 10% annual probability event
(10-year return period) increases to a 50% annual probability (2-year return period) and a 1% annual
probability event (100-year return period) increase to a 5% annual probability (20-year return period).
Although this study presents annual probabilities for storm surges and significant wave heights of the
next few decades, the potential for climate change to impact these probabilities must be considered
in planning coastal projects. Since the degree of sea-level rise will significantly affect these results,
we feel it is imperative to repeat coastal flood risk assessments as better predictions of sea level rise
become available.

Supplementary Materials: Wave heights and total water elevations corresponding to 10-, 30-, 50-, 100-, and
500-year return intervals for each Connecticut coastal town are available online at https://resilientconnecticut.
uconn.edu/resources/.
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Appendix A. Water Level and Return Period Distribution Plots for All Connecticut Coastal Towns
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Appendix B. Significant Wave Height and Return Period Distribution Plots for All Connecticut
Coastal Towns
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