Road Flooding in Coastal Connecticut:
Final Report to South Central Regional Council of Governments

James O’Donnell,'? Kay Howard Strobel?, Michael Whitney?,

Alejandro Cifuentes-Lorenzen® and Todd Fake?

!Connecticut Institute for Resilience and Climate Adaptation
’Department of Marine Sciences

The University of Connecticut

June 30, 2017



Executive Summary

The towns of Branford and Guilford are concerned about flooding and access on Route 146 in
both towns. The proximity to tidal wetlands and the minimal elevation difference above tidal
wetlands in many areas makes the roadway extremely vulnerable to tidal flooding, both now and
as sea level gradually increases. The study provides information on current and potential
impacts. This information can be used as a basis for addressing access during normal tidal cycles
and storm events, future resiliency measures and future roadway improvements.

We have performed extensive measurements of water level fluctuation and road elevations in
areas that were identified as prone to coastal flooding. We integrated these measurements using
mathematical models as statistics to characterize the current risk more quantitatively, and to
assess the impact of rising sea levels.

Sachems Head Road (RT 146) in Guilford floods when the water in The Cove exceeds 1.1 m
(NAVDSS). The frequency of flooding is effectively controlled at the moment by the presence of
the berm that carries Daniel Avenue and the flow restriction to the marsh imposed by the size of
the culvert. Since the elevation of Daniel’s Avenue is only 1.5 m, NAVD 88, severe storms can
lead to flow over the road which reduces the flood protection value substantially. This has
occurred twice since 1999. An increase in mean sea level of 0.25 m will lead to overtopping
more frequently. A precise estimate of the risk would require more observations of the flow over
the road, but yearly flooding is likely.

Leetes Island Road (RT 146) in Guilford passes through the northern edge of the marsh system
that forms the Great Harbor Wildlife Area. Flooding has occurred in two areas. We measured the
elevation of the relevant sections of road and found the lower levels to be at 1.1 m NAVDS88. We
examined topography of the region, and made water level measurements, and concluded that
water from Long Island Sound influences the two eastern basins of the complex and controls
flooding of the eastern section of Leetes Island Road. Simulations showed that the constriction in
the width of the entrance to the marsh at Trolley Road substantially reduces the water level
fluctuation at Leetes Island Road though flooding still occurs each year. Severe storms, like
Hurricane Irene and super storm Sandy, cause flow over Trolley Road and extensive flooding at
Leetes Island Road. A 0.25 m increase in mean sea level will increase the frequency of flooding
substantially. The water level in the western basin fluctuates independently and determines the
flooding risk in the western section. It is controlled by flow into the western basin at Shell Beach
Road. Flooding is unlikely there unless severe storms drive water over the road. Sea level rise
will not increase the flooding risk in western section of Leetes Island Road.

Indian Neck Avenue and RT146 in Branford both cross the Branford River on bridges and
then pass through underpasses to reach the north side of the AMTRAK rail line. We measured
the levels of the roads and the surrounding topography to determine the water level that will lead



to flooding of the two underpasses. We also deployed instruments to measure water level
fluctuations and showed that the difference between the level at New Haven and the Bridges was
minimal, thereby allowing the use of the long record there do assess flooding risk. The RT 146
underpass will flood when the level exceeds 1.6 m, which we expect to occur every year. The
Indian Neck Avenue underpass floods when the water level exceeds 1.75 m which has a 25%
probability per year. A 0.25 m increase in mean sea level will lead flooding multiple times per
year in both locations.

Linden and Sybil Avenues in Branford are located to the east of the bridge and tide-gate
structure that caries Sybil Avenue (RT 146) across Sybil Creek. We made elevation
measurements that show the bridge and low areas of the Road are at 1.9 m NAVDS8S8. We also
made water level measurements that show the levels at Sybil Avenue vary in line with the
measurements are the New Haven tide gage. Analysis of the highest water levels in New Haven
show that the 1.9 m level was reached or exceeded 4 times since 1999. An increase of mean sea
level of 0.25 m would cause the road level to be exceed by 20 storms. When the road level is
exceeded, water can flow over the road and into the marsh surrounding Sybil Creek and cause
flooding in the adjacent neighborhoods.

Limewood Avenue (RT 146) and Waverly Road, Branford, lie to the south and east of the
bridge over Sybil Creek. A segment of Limewood Avenue follows the shore of Long Island
Sound and during super storm Sandy wave over-topping was reported to have caused extensive
flooding of Limewood Avenue, and the water then drained down Waverly Road to the Jarvis
Creek marsh. We made elevation measurements to characterize the topography of the coastal
area, and wave and water clevation measurements to evaluate the skill of models. We estimate
the over-topping flux from Limewood Avenue and the flow over Sybil Creek Avenue into the
marsh and find that the predicted high water level in the marsh was similar to that observed by
the USGS survey. Most of the water was a consequence of the wave driven flux. Even though
the fluxes were high, the large area of the marsh was able to contain the volume below 1.1 m and
flooding was avoided in many residences. At a 0.25 m higher mean sea level, simulation show
that the flood protection value is much reduces and Sandy would cause flooding around the
marsh to 1.9m. At current sea levels overtopping at Limewood is infrequent, however, risk
estimation will require the development of a joint probability distribution of wave and water
levels.

RT 146 at Jarvis Creek, Branford, experiences flooding at two locations, near the bridge over
the creek, and to the east, at the underpass at the AMTRAK line. Measurement of the road
elevation showed that both areas were at 1.1 m. The underpass is near an area of the marsh where
the flow is unrestricted and water levels are essentially the same as at New Haven. Water level
fluctuations at the bridge are reduced by a tide gate and berm in the marsh. We used a model to
simulate the elevation at the marsh using the New Haven data to force the model. If tidal
fluctuations alone are considered then the underpass should be expected to flood on 5 days per
and 0.1 m increase in the mean sea level would double that. Currently no flooding would occur



at the bridge due to tides alone, and 0.20 m increase would be required to cause flooding on two
days per year. Consideration of meteorological effects shows that at both locations, a 0.1 m
increase in mean sea level will double the expected probability of a high water level that
currently is the highest of the year.



1. Introduction

The coastline of Connecticut is incised by numerous inlets where the streams and rivers carrying
runoff from land towards the ocean and the saline tidal waters of Long Island Sound intrude into
the channels. Salt marshes have formed in many of these inlets and have become critical habitat
for numerous species of insects, birds and fish. Coastal settlements, and the routes between them,
have general skirted the inland limits of the salt marshes and many bridges and culverts have
been constructed to allow the water and transportation network to co-exists. Rising sea levels
will cause segments of roadways to become more vulnerable to flooding in the future. Assessing
the most cost effective and appropriate adaptation strategy to reduce the frequency of flooding to
an acceptable level requires analysis of the flow of water through the inlets.

The South Central Regional Council of Governments (SCRCOG) and the towns of Branford and
Guilford share concerns about persistent flooding of coastal roads and in this project we develop
an approach to estimating the frequency of flooding at sites on RT 146 that allow the
development and testing of approaches to evaluating adaptation options. The sites selected have
contrasting geomorphology and hydrodynamic conditions and different approaches are used in
each. The report will address each of the case study separately. Extensive details describing the
data collection and model development activities that are common to the program are provided in
Appendices.

The study areas in Guilford are (1) The Cove, and (2) Great Harbor Wildlife Area. Figure 1
shows a GoogleEarth map of the region. The green and blue arrows identify where there is
concern about road flooding. Figure 2 shows a GoogleEarth map of the Branford study areas.
Area (3), is centered at Indian Neck Avenue and RT 146 at the bridge across the Branford River.
The location of flooding in study area (4) is indicated by the blue arrow at the junction of Linden
and Sybil (RT 146) Avenues in Branford where a bridge crosses the marsh and a tide gate
restricts the east-west flow of water. Wave splash-over at the shore in Area (5), near Limewood
Avenue and Waverly Road, Branford, is examined. In an earlier study, (O’Donnell et al., 2016)
the effect of a tide gate and berm on flooding at RT 146 near Jarvis Creek, Branford, was
examined. Case study (6) will expand on the earlier study to characterize the statistics of
flooding and the effect of sea level rise in this area.

Our basic approach is to develop relationships between the long term observations of sea level
fluctuations at the NOAA tide gages in Long Island Sound and water levels at the study sites
using a combination of observations and mathematical models that represent the flow of water
through the channels and flow control structures that connect the sites and Long Island Sound.
Since each site has important differences, we present the results at each area separately.



Figure 1. The coastline of Guilford is shown using a GoogleEarth image with some locations of flooding on RT 146
indicated by the blue and green arrows. To understand how the water level in the Sound drives flooding we
deployed instruments to measure sea level at the 5 locations shown red.

Figure 2. The coastline of Branford is shown using a GoogleEarth image with some locations of flooding on RT
146 indicated by the blue and yellow arrows. To understand how the water level in the Sound drives flooding we
deployed instruments to measure sea level at the 3 locations shown by the red diamonds. We also deployed a wave
sensor at approximately the location of the yellow *.
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Figure 3. Google Earth© view of the Jarvis Creek Study area.

2. Study Area 1 — The Cove, Guilford.
2.1 The Geometry

Figure 1 shows that The Cove is a long and narrow rectilinear valley separated from Long Island
Sound by a narrow causeway that carries Daniel Avenue. A culvert under Daniel Avenue allows
water to exchange between the Sound and the Cove. Approximately 1500 m to the north, The
Cove is bounded by the embankment that carries the AMTRAK railway line between New Yok
and Boston. The embankment is interrupted by a bridge that allows Sachem’s Head Road (RT
146) to passes under the rail line.

Figure 4 shows the study area elevation and bathymetry relative to NAVD88 using the USGS
(2017) digital elevation model that was constructed from LIDAR measurements. This data was
obtained from https://coast.noaa.gov/dataviewer/. The north direction has been has been rotated
33 degrees to the east to simplify the graphic. Since the level of the marsh surface is very
uniform, the color scale range in the graphic is set to span -1 to 3 m to highlight the weak
topographic variation that exists. The white lines bound the area that is simulated in the water
elevation model we have developed. The northern boundary is formed by the rail track
embankment and the southern boundary is aligned with the Daniel Avenue since these structures
restrict water flow.
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Figure 4. Bathymetry and elevation (meters relative to NAVD88) in The Cove study area. The white rectangle
identifies the area used in the evaluation of the basin area and volume. The horizontal coordinates are in meters.

Water from Long Island Sound enters The Cove through a culvert below Daniel Avenue. Figure
5(a) shows a higher resolution view of the south end of the cove using the topography shown in
Figure 4. To establish the level of the road surface we performed a survey using an RTK GPS
system which yields elevation measurements with a precision of 0.03 m. The numbered points
indicate the location of the survey points. A detailed description of these measurements is
provide in Appendix A. Figure 5(b) shows the levels obtained in the survey plotted with distance
along the road from the south west (points 1 and 2). The highest points are on the bridge over the
culvert where the road surface reaches 2m NAVDE&8. However, much of the road is below that
level at approximately 1.5m.

Using additional survey points, the width and length of the culvert and entrances were estimated
to be 2 m, and 20 m respectively. The height of the culvert is 1.7m and the bottom lies at
NVGDS8 level -0.3.

The area of primary concern for road flooding is located at the northern area of The Cove where
Sachems Head Road (RT 146) passes under the rail line. Figure 6 (a) shows the locations of the
elevation measurements as red dots with numbers so that the locations can be coordinated with
the levels shown in Figure 6 (b). Note that the road crosses under the rail line between points 72
and 71. The elevation data (relative to NAVDS&S) are displayed in Figure 6 (b) as a function of
distance along the road from the center of the underpass. Negative distance values indicate points
to the south of the tracks where the level of the road drops from 1.24 m to 1.08 m. To the north
of the track the level rises to 1.70 m and then drops back to 1.5 m.
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Figure 5. (a) The topography of the north end of The Cove. The red dots show locations on Sachems Head Road
(RT 146) where the elevation measurements shown in Figure 6 were obtained. (b). Elevation measurements of the
elevation of Sachems Head Road (RT 146) where it crosses under the AMTRAK line. The numbers indicate the
locations shown in Figure 6(a). The horizontal axis shows the distance (in meters) from the bridge. Negative
(positive) values are to the south (north) of the bridge.
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Figure 6. (a) The topography of the south end of The Cove in the vicinity of Daniel Avenue. The red numbered dots
show locations of the survey points. (b) Elevation measurements of at the locations shown in 6(a). The horizontal
axis shows the distance (in meters) from the AMTRAK bridge. Negative (positive) values are to the south (north) of
the bridge

The model we present in the next section requires that we know how the area of the water
surface in the basin (4;) varies with the level of the water (7). This is simply computed from the
gridded LIDAR elevation data by counting the number of cells with level less than, or equal to,
the level n for values n = {—1,-0.9,—0.8,...0.0,0.1,0.2, ... 5.0} m. Figure 7(a) shows the area
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(horizontal axis) computed for each interval. The distribution is extremely peaked with the
maximum, 55% 103 m? at the 0.4-0.5 interval which is the level of the marsh surface. The blue
line in Figure 7 (b) shows the variation of the total area (horizontal axis) below the elevation
shown on the vertical axis. Note the area is displayed on a logarithmic scale. The analysis shows
that the area increases rapidly from 0.3 m elevation where it is 9% 103 m?, to 0.6 m where it
reaches 129% 103 m?. It approximately doubles to 205x 103 m? at 1.3 m and then slowly
increase to 228 X 103 m? at 2 m. This steep sided channel geometry is characteristic of many
tidal marsh systems in Connecticut and is a consequence of marsh migration into glacially
eroded channels.
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Figure 7. (a) The horizontal axis shows the area of The Cove, defined in Figure 4, in 0.1 m elevation intervals. (b)
The area of the domain below level shown on the vertical axis. Note that the elevations are relative to NAVDS88 and
the data USGS (2017) LIDAR-based bathy-topography.

2.2 Mathematical Model

The fundamental principle that we exploit to simulate the water level fluctuations follows the
model proposed by Roman et al. (1995), which assumes that the rate of change of the volume of
water in a basin, V;, with time, ¢, is equal to the rate at which it enters from the upland source (a
small stream) minus the rate at which it exchanges with the Sound can be expressed
mathematically as

av, (1)

E = Qin — Q1,2;

where the symbols Q;;, and Q , represent the flow rates into, and out of, the basin. Note that
V; depends upon the bathymetry of the basin and the water level n;. Since the water level in the



Sound, 17, can be higher or lower than that in the estuary, n,, the flux Q, , can be either positive
or negative. The well-established Manning Formula (Linsley and Franzini, 1979) is used to relate
the flow rate to the sea level difference as

5 1 2)
0., = A1,2 ( |n, — 772|>2 (M1 —1n2)
L2 z Ly, Iny —m2l’
n1,2P1,2

where A ; and L, , are the cross sectional area and length of the flow constriction, P , is the
“wetted perimeter”, the length of the intersection between the water and rigid boundary in the
cross-sectional plane. The friction parameter is n; , and is referred to as the Manning

13 Values for a

coefficient. Note that the units of n, , (not usually reported in SI units) are s/m
variety of channel types have been estimated empirically and are reported in many text books
(e.g. Chow, 1959). High values (approximately 0.1 s/m'’?) are found where there is vegetation
and boulders in the flow and when the channel has abrupt variation. In this model the parameter
includes the effects of flow in the marsh and we anticipate higher values than the normal range.
We us n, , as a calibration parameter and estimate it by comparison of model solutions to
observations. Note that the sign of Q , is positive when 1, > 1),, i.e. the flow is out of the basin.

It is also important to note that the cross section and wetted perimeter vary with the water levels:
ie. A1y = A12(M1,m2), and Py = Py 5(11,72).

The area, A; ;(11,12), and wetted perimeter, Py ,(711,1,), parameters vary with the water levels
and these dependences, together with the constriction length, L, ,, must be prescribed by
measurement. The Manning coefficients, n, ,, can be estimated using literature values and
refined by a systematic calibration procedure which minimizes the differences between the
measurements and predictions of n; (¢t) and n,(t).

The complexity of the equations requires that numerical methods be employed. The differential
equations were solved using the programming and computing environment MATLAB®.

Changes in the basin areas with elevations were prescribed using an analysis of LIDAR elevation
data (see section 2.3). The river source (Q;,) could be estimated using stream discharge and
precipitation measurements, however, the fluxes are small and we omitted them in this study.

2.3 Observations

To develop optimal estimates of the parameters in Equation (2) and to assess the consistency of
the model we deployed a water level sensors in The Cove at the locations labeled 4 and 5 in
Figure 1. The details of the equipment and the deployment times and dates are provided in
Appendix 2. Unfortunately, the sensors at Site 5 failed due to corrosion of the connectors.

The pressure sensor at site 4 was located on the sediment surface at longitude -72.6938154°,

latitude 41.2683542° on the 13™ of October, 2016. The level of the sensor was estimated form

measurements with an RTKGPS system and sounding line as 0.05 m (NAVDS8). It was

recovered on 20 January, 2017. An earlier attempt to recover the instrument was unsuccessful
7



because of extensive ice in The Cove. The instrument then was dragged off station before it
could be recovered. Figures 8(a) and 8(b) a shows the temperature and water level observations.
Note that the water level estimates from the pressure sensor were corrected for fluctuation in
atmospheric pressure using an additional sensor deployed on land nearby (see Appendix 2). The
weather during the observation period was not unusual for the late fall-early winter and a
representative data set was acquired. To gather more data, we redeployed the equipment in April
17" and recovered it on June 21%, 2017.

The water level fluctuation outside of the basin in Long Island Sound are approximately the
same as at the NOAA tide gage at New Haven (downloaded for the period of the instrument
deployment from https://tidesandcurrents.noaa.gov/waterlevels.html?id=8465705) and the
pressure sensor moored of Branford at the location shown by the yellow * in Figure 2. These are
highly correlated, as is evident in Figure 9, which shows the New Haven observations (horizontal
axis) and the level off Branford (vertical axis). A least-squares linear regression is shown by the
green dashed line and has a slope of 0.92 suggesting that the amplitude of the fluctuations off
Branford are approximately 8% less than at New Haven.
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Figure 8. (a) The evolution of the water temperature (Celsius) measured at Station 4 in The Cove is shown by the
black and red lines. The interval in red shows the measurements after the sensor was frozen. (b) The measurements
of water level. Red shows where the data is unreliable.

The black line in Figure 10 shows the time history of the hourly observations at the NOAA tide
gage in New Haven for the period of the instrument deployment. The water level estimated at
Site 4 which are shown by the blue line. The longer term fluctuations in the Sound water level
were extracted from the hourly measurements at New Haven and Branford using a 36 hour
Hamming filter and these are shown in by the red and green lines in Figure 10. It is clear that
there culvert at Daniel Avenue effectively reduces the amplitude of the tidal variation and limits
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the maximum elevation during the study interval to 0.65 m (NAVD). This level is sufficient to
flood much of the surface of the marsh, see Figure 7(a).

Sea level at BR4 and NH: slope = 0.925

CTD4
(=]

Figure 9. The relationship between hourly water level (m) measurements at New Haven and that at Branford at the
site shown by the yellow * in Figure 2. The slope of the green dashed line is 0.925.
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Figure 10. The black line shows the water surface elevation at the NOAA tide gage in New Haven Harbor and the
red line shows the same series with the high frequency tidal frequencies removed by a Hanning filter. The blue line
shows the water level fluctuations in The Cove (shown in Figure 8).



Figure 11 summarizes the important levels discussed so far and shows them relative to the
topography. The solid blue line shows the variation of the area of the water surface with
elevation (vertical axis). Much of area of the sediment surface in The Cove is within .2 m of the
0.5 m level. The level at the mouth, Daniel Avenue, is shown by the black dashed line and is
approximately 1 m higher than the marsh surface and 0.5 m higher than Sachems Head Road.
The maximum water level observed during the observation campaign is shown by the red line in
Figure 10 and the 99" and 95 percentiles are shown by the blue and green lines respectively.
Note that the maximum level in the Sound, see Figure 9, reaches 1.5 m three times. This is close
to the level of Daniel Avenue. When this level is exceeded, flow across the road surface and into
The Cove will occur. This possibility is included in the model through parameters A4, , and P, ,
which we take as

A, —01<f<12m

0 n1<15m
A1,2 :{
Aem + A, n>15m

and

C. —-01<7<12m

0 n<1l5m
Ci ={
Ccm+C 1n>15m

where A, = W, (7 + 0.1), A, = W,(1.54+0.1),C. =W, +2(n + 0.1), and C,,,, = W +

2(1.5 + 0.1) represent the area and wetted perimeter of the flow through the culvert, and A, =
W,.(m — 1.5) and C,, = W, + 2(7 — 1.5) represents the area and wetted perimeter of the flow
over the road. We set W, = 2 m and W,. = 100 m based on RTK GPS measurements. The
channel length was set to L; , = 20 m.
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Figure 11. The solid blue line shows how the area (horizontal axis) of the water surface in the basin varies with
depth. The top two lines show the levels of the Daniel Avenue and Sachems Head Road (RT 146). The red line show
the maximum level of the water at Station 4 during the observation period in 2016 an the blue and green lines show
the 99% and 95" percentiles of the observations.
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2.4 Results
2.4.1 Model Evaluation

The model equations were integrated numerically using the time series observations at the
Branford site, shown by the blue line in Figure 12, to determine 71, (t). The solution, 1, is shown
in Figure 12 by the red line and the observations by the green line. This simulation was
performed using a value of n, , = 0.28 m'?/s which was selected by objectively minimizing the
difference between the prediction and observations of the values of the elevation in The Cove.
This value is anomalously high. We attribute this to the fact that our model neglects an explicit
representation of the friction due to the motion across the surface of the sediment in the basin.
Kjerfve et al. (1991) found a similar value for flows in a salt marsh in South Carolina. However,
the root mean square difference between the predictions and observations is 0.08 m, and the
mean bias is -0.01 m, and we conclude that the model is a useful approach to link observations of
sea levels in the Sound to levels in the Cove. We note that the calibration process did not include
observations when the sea level was above the level of Daniel Avenue and so the flow rates
predicted in that circumstance are less reliable.

[a) Comparison of Cove model and observations |: b) Comparison of Cove model and observations
15 T T T T T T T T

Elevation (m, NAVDSS)
Elevation {m, NAVDSS)

—— Branford offshore LsH— Branford offshore
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Figure 12. The blue line shows the time series of elevation measurements in Long Island Sound at the yellow *
symbol in Figure 2 during the two instrument deployments in (a) Nov., 2016 and April, 2017. The green line shows
the measurements in The Cove and the red line shows the simulation.

Since we are particularly interested the water levels during storms we compare the simulated
maxima during each 12.42 hour interval. This is the period of the principle tidal constituent in
Long Island Sound. The points in Figure 13 (a) show the maxima in the Sound on the horizontal
axis and the measured maxima in The Cove for each tidal period on the vertical axis. The green
dashed line shows the results of a linear regression though the points and demonstrates that the
effect of the road and culvert at the mouth of The Cove is to reduce the level of high water in the
Sound by more than 50%. Figure 13 (b) shows the time lag of the high water in The Cove
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relative to high water in the Sound for each tidal period. The modal value is two hours. Note that
there are a few points with a lag at 12 hours. These indicate that there occasionally time when the
highest water in The Cove occurs an hour before the high water in the Sound. These occasions
are indicated in Figure 13 (a) by the red circle and mainly occur when the maximum water level
is low. Figure 13 (c) and (d) show analogous results for the model results. Clearly, the model
faithfully reproduce both the effective reduction in the amplitude of the peaks and the time lag
between the times of high water inside and outside the basin.
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Figure 13. (a) The observed maximum water levels in The Cove (vertical axis) and in the Sound (horizontal axis)
during each tidal period of the observation period. The time lag of high water in The Cove behind that in the Sound
is shown in (b). (c) and (d) show the same properties for the model results.

2.4.2 Model Simulations

To examine the fluctuations in water in a broader range of conditions we use the observations
obtained at the NOAA tide gage at New Haven to specify 1,, the sea level in Long Island Sound.
The series started in 1999 and is shown in Figure 14. To most efficiently use the model we
identified the largest 10 sea level values in the record, shown by the red circles in Figure 14 and
listed in Table 1. Maxima were mainly between 1.6 and 1.9 m though the two largest peaks
(Hurricane Irene in August 28th, 2011 and Super Storm Sandy October 30™, 2012) reached 2.4
and 2.6 m.
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Figure 14. The time series of sea level measured at the NOAA tide gage in New Haven. The largest 10 values
(separated by more than 48 hours) are highlighted by the red circles.

Table 1. Dates and maximum water levels at New Haven used in the simulations.

Date Maximum Water Level (m)
30-Oct-2012 02:00 2.58
28-Aug-2011 15:00 2.36
04-Jan-2014 06:00 1.89
16-Apr-2007 02:00 1.85
17-Apr-2011 03:00 1.84
05-Jun-2012 04:00 1.79
12-Jan-2012 18:00 1.77
16-Dec-2005 16:00 1.74
06-Nov-2002 17:00 1.73
27-Dec-2010 08:00 1.71
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For each of the events listed in Table 1 we simulated a 400 hour interval centered on the time of
the peak water level. The results of the simulations for the largest three events are shown in
Figure 15. The solid black lines show the evolution of the level at New Haven and the blue line
shows the solution for the water level in The Cove. To provide perspective, the red dotted and
dashed lines show the levels of the Daniel Avenue and Sachems Head Road (RT 146)
respectively. In all three of the examples shown in Figure 15 the water level in the Sound
exceeded the level of Daniel Avenue (black line above the doted red line), however, only the top
two led to water levels in The Cove above the level of Sachem’s Head Road (the blue line above
the dashed red line). During both of the two largest storms the water levels in The Cove
remained above the Sachems Head Road level for several tidal cycles because drainage through
the culvert at Daniel Avenue restricts the flow rate. Note that the model predictions are less
reliable after the water level exceed the level of Daniel Avenue since flow then occurs across the
roadway, an uncalibrated flow regime.

Peak #1, at 30 Oct 2012
T

(a)

2 . A )
10:20 10:25 10730 1104 1109

Peak #2, at 28 Aug 2011

(b)

Elevation (m, NAVDSS)

(c)

5 ) " .
12725 1230 104 vog 114
Date (mm/dd)

Figure 15. The sea level at New Haven is shown by the black line in each frame and the simulated sea level in The
Cove is shown by the blue lines. The dotted red lines show the level of Daniel Avenue and the dashed red lines show
the level of Sachems Head Road (RT 146).

The results of all the simulations are summarized in Figure 16. The maximum elevation ant New
Haven during each storm is shown as a function of the rank order (decending) by the red squares
and line. The simulated elevation is shown by the blue line and + symbols. Clearly the water
level in the Sound during the two larger event (Super Storm Sandy and Hurricane Irene)
exceeded the level of Daniel Avenue and Sachems Head Road was flooded. For all the other
storms the model predicts (blue line and + symbols) that the water in The Cove remains below
the level of Sachems Head Road even though the level in the Sound (red line squares) is
substantially above it. During storms 3-10 the water level in the Sound also exceeded the Daniel
Avenue level but the model predicts that the duration of the exceedance appear to be too short
for much transport of water to be accomplished and the level in The Cove does not exceed the
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level of Sachems Head Road. This demonstrates that the causeway and culvert currently provide
significant flood protection value.

T T T T T T T T

| —8— New Haven

My = = =New Haven+SLR
»
S —e— Cove

LY = = = Covet+tSLR

(]
e

Maximum elevation (m, NAVDSS)

Storm rank

Figure 16. A summary of the simulations of the 10 largest water level events in New Haven. The red line and
squares show the maximum water levels observed at New Haven and the blue line and + symbols show the
predicted level in The Cove. The dotted black line shows the level of Daniel Avenue and the dashed line shows the
level of Sachems Head Road. The dashed red line and the magenta line with circles show results if 0.25 m of meal
sea level was added to the levels at New Haven.

2.4.3 Effects of Sea Level Rise

To assess the effects of increased sea level in the future we repeated the calculations that underlie
Figures 15 and 16 with 0.25 m added to the water levels measured at New Haven. A recent
analysis by O’Donnell (2017) suggest that this is within the range that should be anticipated in
Connecticut by 2050. The results are presented in Figure 17. In these simulations the flooding of
Sachems Head Road during the largest two storms is deeper and has a longer duration than at
current sea levels. The most significant difference appears in the third largest event when the
water level in The Cove gets above Sachems Head Road. In fact Figure 16 shows that the model
predicts that for the New Haven water level peaks 1 through 8, Sachems Head Road would be
flooded if sea level was 0.25 m higher. This increase in the mean water level allows transport
over Daniel Avenue to persist for enough time to impact the water level in The Cove. Note that
to avoid the predicted flooding for storms 3-10 with a 0.25 m increase in sea level, Sachems
Head Road would have to be raised by 0.5 m. Alternatively, Daniel Avenue could be raised by
0.25 m. Note that the flow over the road condition was not observed in our observation program
so the levels projected have less reliability.
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Figure 17. The sea level at New Haven plus 0.25 m is shown by the black line in each frame and the simulated sea
level in The Cove is shown by the blue lines. The dotted red lines show the level of Daniel Avenue and the dashed
red lines show the level of Sachems Head Road (RT 146).

2.6 Summary

Our simple model of the flow in The Cove demonstrates that the causeway and culvert a Daniel
Avenue currently limits the frequency of flooding of Sachems Head Road (RT 146) where it
passes under the Amtrak rail line for all but the most severe Hurricanes when the level of the
Sound exceeds the level of Daniel Avenue for a long enough period that the level in the Sound
and The Cove are almost equal. A moderate increase in sea level will increase the frequency of
flooding substantially though this could be addressed by either raising Daniel Avenue a
minimum of 0.25 m, or Sachems Head Road by a minimum of 0.5 m. Total elimination of
flooding would require much more substantial projects.
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3. Study Area (2) — Great Harbor Wildlife Area
3.1 The Geometry

Figure 1 shows that Study Area 2, the Great Harbor Wildlife Area (GHWA), is a large salt marsh
complex in Guilford separated from the Sound by a sand spit that carries Trolley Road in the
east, and a rock breakwater to the west. The green arrow labeled Area 2, and the blue arrow to
the west (left) in Figure 1 show the locations of flooding concern on Leetes Island Road. Figure
18 shows the study area elevation and bathymetry relative to NAVD88 using the USGS (2017)
digital elevation model constructed from LIDAR. This data was obtained from
https://coast.noaa.gov/dataviewer/. In Figure 18 (a) the locations of the two water level sensors
deployed in 2016 that worked as expected are labeled sites GU1 and GU2. Two other
instruments failed and a consequence of manufacturing problems. To improve our ability to

refine our models we conducted a second observation campaign in 2017 with instruments at the
sites SG1, SG2, SG3 and SG4, shown by the red + symbols in Figure 18 (b).
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Figure 18. (a) The topography of Study Area 2 in Guilford is represented by the color shading. The scale is on the
right. The range is chosen to highlight the range between -2 and 3 m. The areas bounded by the red, magenta and
green lines and labeled 1, 2 and 3 show the boundaries of the areas defined as separate basins in the study. The
location of moored water level sensors are shown by the black crosses. Note that GU1 and GUS3 failed. (b) A Second
observation program was executed with the instrument located at site SC1, SG2, SG3 and SG4.

To inform the model described in Section 1 about the system geometry, we computed the area of
each basin below the elevation value z;, for z; € [—1,—1.8,...0,0.1,... 3] and saved these values
for use in the model. Figure 19 (a) shows how the area of the water surface in Basin 1 varies as
the water level increases. Most of the variation in area occurs between -0.5 m and 0.5 m at which
the marsh surface area is approximately 50,000 m2. At 1 m elevation the area increases to 60,000
m?. Figures 19 (b) and (c) show the analogous information for Basins 2 and 3. Basin 2 is
approximately half the area of Basin 1 at 1 m elevation and Basin 3 is one third of the size. Note
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that the most of the area increase in Basin 2 occurs between -0.2 and 0 m elevation, a much
narrower range than in Basin 1. Basin 3 area variation is similarly narrow, but the level of the
marsh is also higher than that of that of Basin 2.

Basin 1 Basin 2 Basin 3

()

Elevation (m)

0 2 4 6 8 10 o 2 4 6 8 10 4 6 8 10
m <10° m <10° i 105

Figure 19. The variation of the area of Basins 1 (a), 2 (b), and 3 (¢ ), with water elevation. These values are
computed using the LIDAR data displayed in Figure 18.

The main connection between GHWA and Long Island Sound is at the southwest boundary of
Basin 1 where Trolley Road runs northwest and ends at the main channel into the GHWA marsh.
The other side of the entrance has a low rock breakwater. It is likely that that this structure does
not entirely block the exchange of water. The LIDAR derived elevation of this area is shown in
Figure 20. The color code is on the right. The red line shows the 0.9 m contour and the thick
black line shows the position of the boundary of Basin 1. We also conducted an RTKGPS
survey of the elevation along this section and the green circles show the locations of
measurements near the highest locations on the road. Figure 21 shows the variation of