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representation predicts a larger surface area than Garvine’s work. For elevations above
0.7 m the relationship is reversed.

2. In Garvine’s formulation the frictional loss is a function of the wetted perimeter of the
culverts and the culvert length. The frictional effects associated with the sluice gate
are parameterized by a correction of the bottom frictional loss by the relative gate
opening. In the present model the frictional loss is similarly dependent on the length of
the culvert and water depth, but with a slightly different formulation that used by
Garvine. The losses associated with the sluice gate, in the present work, are handled by
a separate loss parameterization, as given in Section 2.

3. Garvine’s model assumes that the flow through the culverts is always in direct, steady
state balance with the pressure gradient along the channel. The present model
accounts for the unsteady nature of the flow in the inlet.

To assess the impact of the differences between the two models, simulations were performed
for a variety of hypotheses about the three assumptions noted above.

The following keys have been used in the text to facilitate the presentation:

Basin area vs elevation curve
AOQ - Garvine
Al - Present analysis (Portnoy and Adams)

Friction:
MO - Present analysis (Manning function of length & shiice gate losses)
M1- Garvine (wetted perimeter, Manning formulation)

DQ/Dt:

0.0 - Garvine
Model calculation — Present analysis

Hypothesis A is the base case and the results are summarized in Table 3. Hypothesis B
employs the Portnoy and Adams basin area versus elevation relationship(A1l) and Garvine’s
frictional representation (M1). Hypothesis C employs Garvine’s basin area (AO) and friction
(M1) and assumes that the unsteady term in the momentum equation (DQ/Dt) is zero.
Garvine’s area relationship (A0) and friction (M1) are employed in Hypothesis D, with DQ/Dt
calculated by the present model. Finally Hypothesis E includes Garvine’s area (A0), the
present frictional representation (MO), and DQ/Dt calculated by the present model. Results for
Hypothesis A, B, C, D, and E are presented in Tables 3, 4, 5, 6, and 7, respectively.

Simulations were typically performed for Garvine’s December 4, 1984 experiment and the
July 25, 2000 and September 27, 2000 intensive tidal cycle surveys. In each case the
sensitivity to Manning coefficient (single value) was investigated. Only selected values were
addressed. Also provided for reference are the observations for the experiment noted. The
results are once again given in the form of rms errors between model predictions and
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observations, and predicted and observed maximum, minimum, and range of the tide in
Herring River. The results of the analysis are systematically summarized below with a goal to
understanding the impact of each factor.

Effects of friction:

Comparing results of simulations using Hypothesis A (present model, MO) and B ( Garvine,
M1) shows the impact of frictional dissipation in the culverts. For the suite of simulations
performed the frictional losses for a given Manning coefficient are larger for Garvine’s
formulation than for present procedure. The optimum value for the Manning coefficient (if a

single value is selected) is 0.09 for the present analysis and 0.07 if Garvine’s formulation is
used.

Effects of DQ/Dxt:

The impact of including the acceleration term can be evaluated by comparing the results of
Hypothesis C with D (Table 5 and 6). These simulations show that inclusion of the
acceleration term in the governing equations for the inlet (Hypothesis D) has little impact on
the model predictions, slightly increasing the maximum, minimum, and range for comparable
Manning coefficients. The model performs best with a Manning coefficient of 0.07. The

analysis also shows that model performance is not significantly impacted if n varies from 0.06
to 0.09.

Effects of basin area:

The impact of basin area can be investigated by comparing the results of Hypothesis A
(Portnoy and Adams, A1) (Table 3) and E (Garvine, A0) (Table 6). For comparable Manning
coefficients use of Garvine’s basin area versus elevation curve predicts higher maximums,
lower minimums, and larger tidal ranges than when the Portnoy and Adams relationship is
used. The best model performance is obtained for n of 0.11 if Garvine’s representation of the
area is employed and 0.09 if the present area-elevation representation is used. This behavior is
due to the nonlinear impact of the basin area versus elevation curve on model predictions.

For water elevations above about 0.7 m the Portnoy and Adam’s curve (present analysis)
gives a smaller basin area for a given elevation than Garvine’s relationship (Figure 6). The
opposite is true for elevations between 0.0 (NGVD) and 0.7 m.

Studying the simulations as a group it is noted that the model performance, as measured by
rms error, is weakly dependent on Manning coefficient, as long as #n is in the range of 0.06 and
0.09. Model predictions of maximums, minimums, and range are much more sensitive to
Manning coefficient, generally increasing (larger maximums, smaller minimums, and larger
ranges) as n decreases. The present model sensitivity studies show that the present predictions
are consistent with Garvine’s analysis, both giving a Manning coefficient of 0.09 if a
minimum rms error is sought.

As a note of caution the present simulations have only evaluated the model performance for
small variants of the current operation (namely two culverts equipped with tidal gates and one
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with a sluice opening 61 and 130 cm). These gate configurations typically restrict the tidal
range to approximately 0.65 m and hence don’t give a sense as to the impact of more
substantial alterations of the gate operations.

The salinity model, described earlier in the report, was applied to the second field experiment
to validate the model, using the same longitudinal dispersion coefficient as in the calibration
exercise. Model predictions of the tidally mean salinity as a function of distance along the
river are shown in Figure 21. Also shown for comparison are the observations for the day of
the experiment. Comparison of model predictions to observations gives an rms error of 2.5
ppt. The model correctly predicts the basic shape of the profile, but under predicts the value
at intermediate locations in the river. Model performance is judged to be acceptable given the
simplicity of its formulation and a reasonable tool to understand the impact of remedial
measures on salt penetration into the river.

The model predicts a salinity penetration distance and flushing time of 1.4 km and 24.6 hours,
respectively. This compares to observed values of 1.5 km and 34.7 hours. Model performance
is very good for the salt penetration distance but over predicts the flushing time.
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7. Application of hydrodynamic model to proposed restoration options

In managing the Herring River system the National Park Service is considering options that
would increase the amount of salt water entering the river by either modifying the operation of
the existing culverts or removal of a portion or all of the dike structure. A total of ten options
or cases were evaluated. These are summarized in Table 8 and include progressively opening
the sluice gate on the eastern culvert (Cases 1-3), removing one of the existing tidal gates (
Case 4), removing all sluice and tidal gates ( Case 5), employing three sluice gates with
progressively decreasing openings ( Cases 6-9), and removal of all restrictions in the culverts (
Case 10). Case 10 assumes that all control structures are removed from the existing culverts
and that water is allowed to follow unimpeded through the existing openings. Note there is no
height restriction imposed on the water level for this case. Cases 1 through 9 are the same as
employed by Garvine (Roman, 1987) in his restoration option analysis.

To simplify the analysis of the resulting predictions the model was forced with a sinusoidal,
lunar semi-diurnal tide (12.42 hour) with amplitude of 1.19 m. Garvine estimated MLW as
0.53 m below the bottom of the box culverts. Measurements during the present study show
that NGVD is 0.84 m above the bottom of the culvert. Mean Low Water (MLW) in Herring
River was therefore set at 1.37 m (NGVD). This forcing was selected since it is the same as
that used by Garvine. Note this choice of forcing doesn’t reflect the extended period of low
water that characterizes the actual system.

Predictions of high and low water and the tidal range in Herring River, using the present
model and the two part formulation for the Manning coefficient (n = 0.06/0.09) (A0), are
reported in Table 9. Also reported for comparison are similar estimates made using the
present model with a single Manning coefficient (n=0.09) (A4), the present model but using
Garvine’s assumptions (C4), and the results of Garvine’s simulations (Garvine).

It is instructive to study the results in several major groupings. Cases 1 through 3 address the
impact of increasing the opening of the sluice gate, while leaving the other two gates
unchanged and operated as tidal gates. The current opening is 61 cm or Case 2. Progressively
increasing the sluice opening results in modest (10s of cm) but corresponding increases in
both the high and low tide levels. The tidal range increases, but only by about 10 cm. The
increase in high and low tidal levels is a direct result of the shape of the basin surface area
versus elevation curve ( Figure 6a).

Cases 3 through 5 explore the impact of progressively increasing the opening in the dike by
systematically removing tidal gates, with the sluice gate at its maximum extent (130 cm).
Case 3 has one sluice and two tidal gates, Case 4 two sluice and one tidal gates and Case 5 no
gates. Once again high and low water and the tidal range all increase as the tidal gates are
removed. Comparing the one sluice/two tidal gates case (Case 3) to the no gates case (Case 5)
the high tide amplitude increases from 1.99 m to 2.63 m (MLW), or by about 60 cm, while the
low tide counterpart increases from 1.42 m to 1.61 m ( MLW) or by about 20 cm. The tidal
range increases from 0.57 to 1.03 m, or by approximately 40 cm.
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Cases 6 through 9 investigate the impact of progressively decreasing the sluice opening (102,
76, 51, and 25 cm), assumed to be installed in all three box culverts. The high tide level and
tidal range progressively decrease as the effective size of the opening decreases over the range
of cases tested. The decrease is 52 cm for high tide (2.57 m to 2.05 m) and 64 cm (1.02 m to
0.38 m) for the tidal range. The low tide level remains approximately constant, within 12 cm
(1.55mto 1.67 m).

The tidal range increases from 0.47 m for the present case to 1.03 m for the no gates case.
Similarly the maximum increases from 1.76 m to 2.63 m (MLW) and the minimum from 1.29
to 1.61 cm (MLW).

Taken as a group the simulations show that increasing the effective size of the opening at the
dike increases the high and low tide water levels and increases the tidal range in Herring
River.

For comparison Table 9 also shows Garvine’s (Roman, 1987) predictions for each of the first
nine cases. His values for high and low tide levels and tidal range are reported. The
differences between his simulations and the present results are generally quite small ( 8 cm or
less) for cases where the gates are typically partially closed. (Cases 1,2,3,8 and 9). As the
effective opening in the dike increases (Cases 4,5,6, and 7) the present simulation predicts
higher high tides and lower low tides. The predicted tidal ranges for these cases are hence
higher than those predicted by Garvine. For the most open three sluice gates cases (Cases 6
and 7) the tidal range is substantially larger and the high and low tides correspondingly higher
and lower than from his simulation. The present simulation shows that the tidal range
increases from 38 cm for the most restrictive case (Case 9) to 1.09 cm for the most open case
(Case 10). Garvine’s analysis, on the other hand, shows that the tidal range is almost invariant
with dike opening (0.51 m versus 0.53 m).

Comparing the results from C4 to those of Garvine show that the present model is in excellent
agreement with Garvine’s, when similar assumptions are made. Comparing the results from
AO to A4 show that using the single Manning coefficient (A4) reduces the predicted
maximum, minimum, and tidal range compared to the two-part formulation (A0). The
difference increases as the dike becomes more open.

The cases selected above show the impact of modifying the openings and operation of the
hydraulic control structures in the existing box culverts. Case 10 provides the maximum
opening cross section and imposes no other control on the flow. It is of interest to understand
what the implications of further opening of the dike would be. These options might be
exercised in the event that dike-causeway system was reconstructed to allow additional
exchange of water between the river and adjacent coastal waters. These simulations will also
be useful to understand the extent to which the present dike structure impacts water levels,
compared to the case of the absence of the dike. To this end simulations were performed with
the model progressively increasing the width of the openings in the dike from Case 10 (6.1 m
existing three culvert system) to the full width at the river mouth of approximately 200 m.
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Table 10 shows the model predicted maximum, minimum, and range of water elevations in
the river for various widths of the opening. The model is forced by a realistic representation
of the semi-diurnal tide with a maximum elevation of 1.65 m and a minimum elevation of -
0.73 m. A review of the simulations shows that the magnitude of the maximum and minimum
elevations and the tidal range all increase as the width increases. The increases are quite rapid
for small changes from the current size but decrease asymptotically as the opening size
increases. The rate of increase is fastest for the maximum elevation and slower for the
minimum elevation and tidal range. This is a result of the much larger incremental change in
water storage capacity at high water versus that at low water. For widths greater than about
30 m the dike has little impact on the elevations in the river. Removing the dike increases the

tidal range to 2.38 m compared to 1.1 m for the case with the present structure and all culverts
fully open.

Figure 22 shows the same results, but in the form of time series of tidal elevations in the river
for the various opening widths. The asymptotic response of the surface elevation to changes
in the opening is clearly demonstrated. In addition the figure also shows that the phase lag
between the surface elevation in the bay and in the river decreases as the opening size
increases.

The set of simulations given above show the impact of various modifications to the culvert
system on typical tidal conditions. It is of interest to understand the impact of these
modifications in the event of storm conditions, which typically result in higher water levels.

Following Garvine, simulations were performed for a 100-year storm event, based on the
February 6-7, 1978 nor’easter. The tidal forcing was selected from Boston, MA for this
period. The highest water level was 4.51 m referenced to MLW. The forcing had an
amplitude of 2.7 m and a period of 12.42 hours. Results of simulations for Cases 2, 5, and 10
are provided in Table 11. Case 2 represents the current configuration, Case 5 has three sluice
gates open to 130 cm and Case 10 has all restrictions to the flow removed. As expected the
maximum, minimum, and tidal range increase as the configuration of the culverts increases
the flow cross sectional area. The tidal range increases from 0.93 m to 1.71 m (Case 2 to 10).

Comparisons are also shown in Table 11 to simulations performed by Garvine (Roman, 1987)
for Cases 2 and 5. Garvine predicts a higher maximum for Case 2 ( 2.08 m) than the present
simulation ( 1.80 m) and a substantially lower value ( 2.76 m vs. 3.21 m) for Case 5.

Finally simulations were performed for neap and spring tides for Cases 2, 5, and 10. The
forcing was based on observations from the June to October 2000 time series data set. Model
predictions (Table 11) are consistent with earlier simulations and show that the maximum,
minimum, and range all increase as the culvert configuration becomes less restrictive
(progressing from Case 2 to 10). The results for Case 2 are consistent with Garvine’s
simulations.

The salinity model, as described in Section 6, was employed to predict the salinity distribution

and the associated flushing time for each restoration option. The tidal mean water level for
each case was first determined from the hydrodynamic model simulations. A freshwater
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inflow rate of 0.1 m*/sec was assumed. The results are summarized in Table 12 in terms of the
salt penetration distance and the flushing time. The salt penetration distance is defined as the
location of the point where the salinity decreases to 10 % of its value at the mouth of the river.
Also shown for comparison are the observed and model predicted results for the two field
experiments. The same results are presented in Figures 23 and 24, which provide the salt
penetration distance and flushing time versus mean water elevation, respectively. The case
numbers are shown on the figures. The values of the mean water elevation are a result of
simulations for these restoration option cases using the hydrodynamic model.

The model predictions are observed to be in good general agreement with the observations
correctly predicting both the salt penetration distance as well as the associated flushing time.
In general the mean water level, salt penetration distance and flushing time all increase as the
configuration of the dike system allows more salt water to enter the system (in order: Cases
C1,C2,C3,C9,C8,C7,C6, C4, C5, C10) (Figure 23 and 24). The minimum penetration
distance is about 1.5 km and the maximum is 4.8 km. This compares to a distance of about 2
km between the mouth of the river and High Toss Road. For the more restricted cases (Cases
C1, C2) the salt penetration distance is below High Toss Road while for the cases with larger
tidal exchange (Cases C4 to C8 and C10) the penetration distance is well beyond High Toss
Road. The flushing time increases from 29.5 hrs (1.23 days) for the most restrictive case (C1)
to 14. 875 days (357 hours) for the case with the largest tidal exchange (Case 10). These
results are all directly attributed to the increase in the tidal exchange as the hydraulic control
structures are systematically removed or opened to their widest extent.

A series of simulations was performed to assess the sensitivity of the predictions to changing
the segmentation length used to represent the cross sectional area versus distance relationship.
These simulations showed the variations in the predictions were typically on the order of 10
%.

Simulations reported on the left hand side of Table 12 assume a freshwater input of 0.1
m>/sec. As noted in the model development section mean freshwater flow rates are a key
parameter controlling the salt penetration and flushing time of the river. To assess the impact
of freshwater input on model predictions were made using a freshwater flow rate of 0.28
m>/sec. This is the maximum value observed by Garvine. The results are also shown in Table
12. Figures 23 and 24 show the results for the 0.28 m>/sec freshwater flow case as well. In
general as the freshwater input increases the salt penetration distance and the flushing time
decrease. The model is seen to be very sensitive to the specified flow rates.

Figures 23 and 24 both show a dramatic change in the salt penetration distance and the
flushing time at a distance of approximately 2.3 km. This behavior is directly attributed to the
rapid increase in the surface area north of High Toss Road.

In earlier modeling studies, for the same suite of restoration cases, Garvine found that the
salinity penetration distance varied from about 1.4 to 1.9 km. Similarly the predicted flushing
time varied little, ranging from 1.27 to 1.77 days. Garvine assumed that the freshwater input
was 0.28 m*/sec. Comparison of Garvine’s predictions with the present model results show
they are approximately equivalent for the base and minimal modification cases (Cases 1, 2,
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and 3) but differ substantially when the tidal exchange becomes more substantial. As an
example for Case 5, the salt penetration distance for the present simulation is predicted to be
4.8 km. This compares to Garvine’s estimate of 1.87 km. The present simulation gives a
flushing time of 2.8 days compared to Garvine’s estimate of 1.77 days. The difference
between the two can be principally explained by the difference in the surface area versus
elevation curves (Figure 6) between the two simulations. The present model allows a
significantly larger tidal exchange for elevations in the range of 0.0 to 0.7 m NGVD than does
Garvine’s representation. This larger exchange volume allows increased salt penetration and
longer flushing times, since the volume that needs to be flushed is increased. These
sensitivity studies clearly show the importance of correctly characterizing the basin surface
area versus elevation relationship.

The above restoration options have assumed that flows are effectively blocked by High Toss
Road and hence have included only the basin area seaward of the road. These simulations
give a reasonable sense of the impact of the more restrictive restoration options (C1 to C4, C6
to C9) but don’t adequately address the most open options investigated (C5 and C10) which
allow the culverts at the dike to remain fully open. For the later two cases tidal waters will
clearly penetrate north of High Toss Road. It is also likely that any future restoration program
would include the construction of a dike across Mill Creek to protect the adjacent golf course.
This dike would become particularly important for Cases C5 and C10.

To more carefully assess options that allow water to penetrate north of High Toss Road and
with a dike across the mouth of Mill Creek, model simulations were performed for Case C2
(existing configuration), Case C5 (all controls removed), Case C10 ( all control structures and
vertical restrictions removed), and Case C5 for the 100 yr. storm event. For these simulations
the basin surface area versus elevation curve provided in Figure 6b (no High Toss Road and
Mill Creek) was used to represent the storage capacity of the river. Forcing was the same as
for the other restoration cases. In describing the results of the simulations BO refers to the
existing basin configuration and B1, the configuration where High Toss Road is effectively
removed (either removal or placement of additional culverts) and Mill Creek is diked.

The results of the simulations, in terms of the model predicted average, maximum and |
minimum tidal levels and tidal range in the river, are presented in Table 13. The results are ‘
also presented in Figure 25a, b, and c (a for Case C2, b for Case C5, and ¢ for Case C10). In

each plot the simulations for BO and B1 are provided for typical tidal and 100 yr storm

forcing. The results will first be discussed by case. For Case C2 the results are insensitive to

basin geometry. This result can be attributed to the fact that little water penetrates north of

High Toss Road and that the water storage capacity in Mill Creek is small compared to the

main stem of the Herring River. For the 100 yr forcing case the mean water level, minimum

and maximum tidal levels all increase and the tidal range decreases, compared to the tidally

forced cases. The tidal range is substantially reduced for the B1 basin geometry, compared to

the case using the BO basin geometry. This is a direct result of the increased storage capacity

above High Toss Road included in the B1 configuration.

For Case C5 changing the basin representation from B0 to B1 has little effect on the mean
water level, substantially decreases the tidal range and the maximum water level and
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increases the minimum water level. Similar trends with basin geometry are observed for the
100 yr storm forcing case, but with the mean basin water level increased by about 30%.

For Case C10 the same general trends, as observed in Case C5, but with significantly higher
values for the maximums, means, and tidal ranges and lower values for the minimums, are
seen.

For Cases C5 and C10 increasing the basin size from B0 to B1 results in a substantial decrease
in tidal range and maximum water level, a slight increase in the mean water level, and a larger
increase in the minimum water level. This holds true for both tidal and 100 yr storm forcing.
Case C2 is insensitive to basin geometry for tidal forcing, but shows similar trends to those
noted above for 100 yr forcing. The sensitivity of the model predictions for Cases C5 and
C10 can be directly attributed to the increased storage capacity, at a given elevation, provided
once water is allowed to penetrate north of High Toss Road. The loss of water storage
capacity from diking of Mill Creek is overwhelmed by the increased capacity provided by the
extensive marsh area north of High Toss Road. With the increased storage capacity afforded
by B1 the minimum water level increases, the maximum water level decreases, the mean
water level decreases slightly, and the tidal range decreases for both tidal and 100 yr storm
forcing. A study of the surface area covered for Cases C5 and C10 show that a substantial
portion of the area north of High Toss Road is inundated at high water. At low tide the water
is observed to pool in low lying areas. This is clearly shown in the animations presented in
Appendix D.

Simulations were performed to assess the impact of selecting the B1 basin geometry on the
salt penetration distance and the flushing time for Herring River. These results are
summarized in Table 14 for Cases C2, C5, and C10, with mean and 100 yr. tidal forcing. The
values of the mean elevation in the system were determined from the hydrodynamic
simulations. For both the mean tidal and 100 yr storm forcing the mean elevation, salinity
penetration distance, and flushing time all increase as increasing amounts of water are allowed
to enter the river (progressing from Case C2 to C10). The trend is similar to that observed in
Table 12, with the B0 basin geometry. For the cases with the largest openings in the dike (C5,
C10), with mean tidal forcing and for all cases with 100 yr storm forcing the salt penetration
distance is well north of High Toss Road (about 2 km from dike).

If the flow controls in the dike at the mouth of Herring River are removed, one issue of
particular concern is the impact this will have on sediment transport in the river and in the
long term on the geomorphology of the study area. While no formal analysis has been
completed as part of this study use of the conceptual model provided earlier can provide
insight into the probable consequences of the remedial options investigated.

With the progressive opening, or removal, of the flow control structures in the dike, the flood
flow velocities will decrease through the dike because there be an increasing flow cross
sectional area compared to the existing system. For the no control structures case the flow
cross sectional area increases by over a factor of three, compared to existing conditions. The
inequality in flow speed, between the ebb and flood, will be progressively reduced as the
opening area increases. The tidal range upstream of the dike and the resulting tidal velocities
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in Herring River proper will increase as the cross sectional opening increases. The velocities
upstream of the dike are nevertheless expected to remain quite small ( peak velocities less
than 10 cm/sec), and generally below the threshold for sediment re-suspension ( 20 cm/sec),
even for the no control structure case. This is a result of the limited length of the basin
relative to the tidal wave length.

The flood tide delta will adjust to the changes in the flow field but is likely to remain much as
it is at present, with only very slow erosion and dispersal of sand into the river as the result of
storm forcing. The fine grained, silt and clay material in the lower reaches of the river is
expected to remain essentially in place during typical tidal forcing because the velocities
required for re-suspension (i.e. greater than 20 cm/sec) are not likely to be reached, even for
the no flow control structures case. If this material is re-suspended, say during a storm event,
it is likely to be transported both up and downstream of the dike. This sediment will be
widely dispersed if transported downstream of the dike because of its low settling velocity and
the stronger tidal currents seaward of the dike. Clay and silt sediments that are transported up
river during storms are likely to be transported down river during subsequent major freshwater
discharge events and re-settle in the deeper waters of the lower river.

To help better appreciate and visualize the circulation and salinity dynamics of the Herring
River, under both present and selected restoration options, and to allow the public ready
access to this information as part of their review of NPS proposed restoration, a web site was
developed as part of this project. It is nominally listed as Appendix D to this report. The site
includes the following information: (1) reproductions of the study area topography and
bathymetry, as provided in Figure 5 of this report. This is provided as background reference
to help the viewer interpret the visual material provided. (2) animations ( e.g. hourly intervals)
of the surface area covered by water over one lunar, semi-diurnal tidal cycle for Herring River
('south of the dike to High Toss Road or the entire marsh system). Animations are provided
for three cases: C2 ( current configuration of control structures in the dike), mean tidal
forcing; C5 ( all control structures in the dikes removed), mean tidal forcing; and C5 with 100 |
yr. storm forcing. These animations are provided for two different assumptions on the river’s |
storage capacity. For the first case (basin geometry, BO) the storage basin consists of the area
north of the dike and seaward of High Toss Road ( no water is allowed to penetrate north of
High Toss Road). For the second case (basin geometry, B1) Mill Creek is diked to prevent
any water from entering this area. Water however is allowed to penetrate into the marsh
system north of High Toss Road (the later can be achieved, either by removal of High Toss
Road or additional breaching of the High Toss Road causeway with culverts.). In addition
contour maps of the model predicted mean, tidally averaged and high and low tide salinity
fields are provided. The model predicted values of salinity at the observation stations are also
provided. The animations and salinity fields are provided for a total of six cases ( two basin
geometries x three cases of control structure configuration/forcing). The viewer is cautioned
that the C5 and C5/100 yr storm forced cases for the BO geometry overestimate the water
levels in the lower river (below High Toss Road) and under-estimate the salinity intrusion.
This is a result of the fact that the simulations assume that no water can penetrate north of
High Toss Road, whereas the existing culvert on the western end of the road allows water to
penetrate into the marsh system to the north. For these two cases simulations with the B1
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basin geometry give more realistic pictures of the circulation and salinity dynamics for
removal of flow control structures.
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8. Summary and conclusions

The present study has resulted in the development, application, calibration, and validation of
hydrodynamic and salinity models to allow prediction of the water level variations in the
river, flow through the dike, and salt penetration distance and flushing time for the Herring
River system. Model predictions are in very good agreement with data collected during
intensive tidal cycle surveys and time series measurements of sea surface elevations in the
river. Model predictions are consistent with earlier simulations performed by Garvine for the
current configuration and operation of the hydraulic control structures in the dike.

Application of the present models to various restoration options shows that the tidal range,
maximum and minimum water levels, salt penetration distance, and flushing time all increase
as the effective flow cross sectional area of the opening in the dike increases. This is directly
attributable to the increased tidal exchange volume with increased opening size. Even with all
control structures removed the existing system of culverts results in a reduction in the
exchange of water between bay and the river compared to the case before the dike was
constructed. Restoration of pre-existing conditions in Herring River, defined as similar tidal
ranges up and downstream of the dike, will require increasing the width of the opening to at
least 30 m (total width of 200 m for unaltered system). The current width of the openings for
all culverts is about 6 m. Diking Mill Creek and construction of additional culverts across
High Toss Road has little impact on water levels and salt penetration and flushing time under
the current control configuration. Removal of all gates from the dike for this case allows
seawater to penetrate well north of High Toss Road. It increases the mean tidal level and
significantly reduces the tidal range compared to the present system.

The present simulations are in very good agreement with earlier work by Garvine for
configurations similar to those that presently exist. The present model predicts larger impacts
on tidal and salinity conditions, than Garvine, as the restoration options allow substantially
increased tidal exchange. The differences between the two have been investigated by a
detailed series of sensitivity studies varying input data and model formulation. The largest
differences between the two model predictions are explained by differences in the relationship
used to define the surface area versus elevation relationship. The next most important
parameter is the representation of the frictional losses in the flow through the dike.

While model performance is reasonable for conditions typical of the current operation, the
uncertainty increases as the flow cross sectional area in the dike increases. There are
currently no data sets to validate model performance for these conditions. The results
however are sufficiently definitive for park managers to proceed with an incremental,
adaptive-management program, which could be verified by additional field experiments and
modeling investigations. These additional studies need to investigate configurations that allow
a substantially increased cross sectional opening in the dike. These experiments need only be
performed over a short period of time ( e.g. several tidal cycles) to collect the necessary data.
In addition to the intensive tidal cycle measurement made in the present study a stake field
study, marking the extent of the surface area covered at high and low water levels in the river
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by stakes, would be useful for clearly delineating the basin surface area at these two elevation
marks. ‘

In performing the intensive tidal cycle surveys and the subsequent analysis of the field data it
was impossible to balance the water fluxes through the culverts over the tidal cycle. This
problem appears to be directly attributed to not making the water level measurement at the
same location as the current velocity measurement. Measuring the water level in the river
adjacent to the culvert, rather than in the culvert, did not account for the strong local effects of
flow on the surface elevation, specifically the supercritical flows that are observed during
much of the flood tide or the substantial set down effects in the entry region of the culvert on
the ebb flow. This issue needs to be addressed in future field programs.

Sensitivity studies with the salinity model clearly show that predictions of the flushing time
and salt penetration distance are very sensitive to the assumed freshwater flow rates. While
the present study provided data on these flows during the intensive tidal cycle surveys it
provided little information on the variations of the freshwater input rates. This type of data
will be necessary if more accurate estimates of the variation in salt intrusion and flushing are
required.

Given the impact of the basin surface area versus elevation relationship on model predictions
and the uncertainty in the present relationship it is recommended that additional surveying
work be performed using the Trimble based GPS system (or similar system) used in the
present study. The key region of interest is in the water level range from 0.0 to 0.7 m.
Simulations can then be made using the revised relationship and its impact on restoration
options assessed.

A conceptual sediment transport model has been developed to explain the formation of a

- substantial flood tide delta just landward of the dike. The delta is a direct result of the
asymmetry of the flood/ebb flow through the dike. If the control structures in the dike are
removed the current speeds in the vicinity of the flood tidal delta will continue to remain low,
below the threshold for sediment re-suspension. The delta is therefore unlikely to experience
significant erosion. This conceptual model can be partially verified by collection of current
data on the margins of the flood tide delta during the intensive tidal cycle surveys proposed
above.
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