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1.0 INTRODUCTION

The Herring River is the largest tidal river and estuary complex on Outer Cape Cod (Figure 1-1).
It is a complex estuarine system that is forced by sea level fluctuations through a primary inlet
connecting Herring River to Wellfleet Harbor. The inlet consists of a compound dike system at
the Chequessett Neck Road crossing (Figure 1-2). The existing dike system consists of three 6-
foot wide box culverts, each with an attached flow control structure. One culvert has an
adjustable sluice gate, which is currently set to be partially open at 2 feet and allows bi-
directional tidal flow. The remaining two culverts have tidal flap gates, which are designed to
permit flow only during an ebbing (outgoing) tide. Therefore, limited seawater is allowed into
the Herring River system. Subsequent constrictions exist at upstream crossings (e.g., High Toss
Road, Pole Dike Road, Pamet Point Road, Route 6, etc.) throughout the system. The system is
further complicated by the extensive existing and potential marsh plains, tributaries, significant
area, surrounding infrastructure, and varying and multiple natural and anthropogenic
constrictions that make up the Herring River system.

O

Figure 1-1.  Herring River system (background image courtesy of Google Earth).
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Figure 1-2.  Dike structure at the Chequessett Neck Road crossing.

Prior to the dike construction in 1909, Herring River was connected to Wellfleet Harbor through
a natural inlet at Chequessett Neck. The marsh system consisted of nearly 1,100 acres of
thriving coastal wetlands, including a productive herring run, shellfishery, and salt marsh
habitats.  The dike construction, intended to control mosquitoes and create additional
developable land area, significantly degraded the natural marsh ecosystem. Today, after 100
years of influence, as well as numerous other anthropogenic impacts (e.g., upstream culverts,
railroad crossings, ditch creation, etc.), hundreds of acres of intertidal salt marsh has been
converted to upland areas. This transition has eliminated habitat for estuarine flora and fauna.
The Herring River Restoration Committee (HRRC), a multi-agency group appointed by the Cape
Cod National Seashore and the Towns of Wellfleet and Truro, (2008) indicates that:

“...non-native salt-intolerant grasses and woody vegetation have increased, even
in the river channel, restricting boating and anadromous fish habitat. Surface
waters have been acidified by wetland drainage and the oxidation of sulfur in the
diked salt marsh peat; high acidity leaches toxic metals from native clays to
surface water; and in the summer, dissolved oxygen depletions are common due
to reduced tidal flushing. All of this has caused fish kills in the river, while high
acidity and periods of low oxygen have restricted fish access to mosquito
breeding sites; thus, nuisance mosquitoes can still be abundant.”

The HRRC has recognized the environmental and socioeconomic benefits of restoring
this tidally restricted and degraded wetland system, and is currently developing a
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comprehensive restoration project/plan that is geared towards identification of restoration
actions and adaptive management strategies that will improve the system through a
monitored and adjustable approach.

As part of the restoration effort, the Town-appointed Herring River Technical Committee
(HRTC) requested the development of a comprehensive hydrodynamic model that could be used
to assess existing conditions within the estuarine system, as well as evaluate a range of
alternatives and their potential impacts. The model was required to be sufficiently flexible to
integrate with the adaptive management approach, capable of simulating the complexities of the
Herring River system (e.g., marsh surface wetting and drying, a range of flow control structures,
etc.), and be extendable to include potential additional technical items (e.g., sediment transport,
water quality, etc.). Woods Hole Group, working with the Town of Wellfleet and the HRTC,
was contracted by the Town of Wellfleet to identify and develop the hydrodynamic model for the
Herring River system.

As discussed, the Herring River estuary system represents a significant floodplain (the largest
estuary on outer Cape Cod), and through proper plan development has the potential to restore up
to 1,000 acres of wetland area. The hydrodynamic modeling effort will be a major component of
the restoration plan that will address numerous concerns associated with re-establishing
increased tidal exchange, as well as provide the necessary information to design an appropriate
system of dikes, culverts, and road crossings. Achieving these goals will require the
development of a high quality hydrodynamic model that can provide, to a reasonable extent, the
technical information needed to evaluate possible restoration alternatives for Herring River. The
modeling development and execution follows a phased-approach, centered on key stopping
points that allow for progress assessment and refocusing based on lessons learned from each
prior task or model simulation. Since the model was developed to be a flexible, this allows for
future inclusion of additional processes (e.g., sediment transport, etc.), adaptable alternative
analysis, and capabilities to provide conceptual designs for the restoration plan.

The purpose of this report is to provide details on the first phases of the hydrodynamic model
identification and development. It is expected that as the restoration plan continues to progress,
the model will be used to assess additional alternatives and be extended to address additional
physical processes, assess impacts, and provide visualizations of the proposed alternatives and
their potential impacts. Therefore, the model presented herein will continue to be developed and
refined in subsequent phases of the restoration project. This report outlines the scoping of the
model, including goals and objectives and the data availability and requirements, the model
selection, the model development, and the results from the simulation of an initial set of
alternatives focusing on the Chequessett Neck Road dike. Specifically, the report is divided into
the following primary sections:

e Section 2.0 presents the model scoping portion of the modeling program. This includes
the goals and objectives of the modeling program, and the relationship to the overall
restoration project goals and objectives. This section also presents a summary of all
pertinent topographic, hydrographic, and hydrologic data that has been collected to date,
including a brief summary of the existing literature related to Herring River. Additional
data collection efforts that may further support the modeling program are also presented.
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e Section 3.0 presents the requirements of the model, based on the goals and objectives of
the model program, and potential models that may be used to simulate the complex
processes of the Herring River estuary. This section also includes a “model matrix” that
details a number of potential modeling candidates, with short descriptions of the
limitations and capabilities. More detailed descriptions of the most suitable programs,
addressing their particular abilities for simulating the unique combination of physical
processes that occur within the Herring River Estuary, is also presented. Finally, Section
3.0 provides the final model selection, decided jointly by the HRTC and Woods Hole
Group, as the most suitable modeling program or package for simulation of the complex
physical processes of this estuarine system.

e Section 4.0 presents the proposed model approach, identifying the major tasks within the
modeling scope and identifies key discussion points for evaluation of the modeling
performance and progress. This allows for a flexible approach that can include the
incorporation of new data, and/or a re-direction of the effort based on the results of the
current modeling phase.

e Section 5.0 presents the development of the hydrodynamic and salinity model of the
Herring River system. The purpose of the model is to aid in planning for tidal restoration
of the estuary by predicting time dependent water levels, velocities, and salinity levels for
various restoration alternatives. This section of the report describes how the model was
calibrated and validated to existing conditions within the system, and then presents the
use of the calibrated model to evaluate some initial alternatives. The report presents the
results of a number of simulations with the estuary in its existing restricted state to aid in
understanding of the current behavior of the system and to provide a baseline for
comparison with future alternative simulations. These existing conditions simulations
include: simulation of 1 and 100 year return period tidal floods, and simulation of 50 and
100 years of sea level rise.

e Section 6.0 presents the initial alternative simulations for evaluating changes at the
Chequessett Neck Road dike. The alternatives included simulation of the Herring River
system with the removal of all anthropogenic features (a representation of potential
maximum restoration levels), optimization of the dike opening (ranging from a 10 meter
(32 feet) opening to a 100 meter (330 feet) opening), assessment of the removal of the
flood tidal shoal, and the potential impact of lowering the dike culvert inverts.

e Section 7.0 presents recommendations and next steps for further model development and
marsh restoration alternatives.
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20 MODEL SCOPING

2.1 MODEL GOALS AND OBJECTIVES

The overall goal of the Herring River Restoration Project is to create a productive environment
that will sustain itself with improved water quality and a strengthened ecosystem by restoring
tidal flow to the estuary. While it would be desirable to allow the Herring River Estuary to
simply resume its previous natural state of un-impeded tidal flow, human and environmental
constraints pose limitations on the extent to which the natural tidal flow can be restored. The
success of the project will largely depend on the successful implementation of a comprehensive
restoration plan, which addresses all the important issues related to those limitations.
Hydrodynamic modeling will be central in developing this plan as it allows for the evaluation of
specific questions about the potential changes to surface water flow, velocities, water surface
elevation, and salinity levels within the estuary. Once constructed and properly calibrated, a
hydrodynamic model can be applied to numerous alternative restoration scenarios with relative
ease and expedience.

Restoring tidal flow to the Herring River is likely to increase both the tidal range and the salinity
levels within the estuary. A hydrodynamic model can predict these increases and therefore help
evaluate potential impacts to the habitat areas as well as property and low-lying structures. In
addition, spatially-variable, time-dependent predictions of water surface elevation allow for
assessment of flooding and drying, which will determine the extent of the inter-tidal zone and aid
in identifying potential restoration zones and ponding or stagnation areas. Expanding the
openings in the Herring River dike control structure may also have substantial effects on the
current velocities within the system and especially near the dike, which could impact fish
passage or result in significant changes in sedimentation patterns. With the increased tidal flow,
saline water will also travel much further into the system than it has in the past century.
Therefore, the numerical modeling can also directly provide information on the extent and
concentration of salt within the estuary. Salinity levels can then be used to deduce the potential
effects on water chemistry, groundwater levels, and flora and fauna. Understanding these
changes will be necessary for successful restoration planning. Specifically, the modeling
program should meet a number of well-defined goals addressing all pertinent limits on the
restoration of tidal flow to the estuary. For example, some of these potential goals that have
been initially developed include, but are not limited to:

e A restored water surface elevation not to exceed 9.1 feet NAVD 88, which corresponds to
the 100-year flood elevation throughout most of the system

e A restored water surface elevation not to exceed 5.1 feet NAVD 88 in the Mill Creek
tributary which has critical upland infrastructure (first floor elevations of local homes and
the Chequessett Neck Country Club)

e Evaluate hydroperiod and percentage of time high tides wet the marsh in key areas

e Assess potential changes in the velocity regime and sedimentation patterns (near the dike
specifically)

e Assess potential impacts to wells that are located within the floodplain (as presented in
Table 2-1) to avoid saltwater intrusion

e Assess potential impacts to low-lying roads and structures (as presented in Table 2-2)

e Assess potential impacts to property, including upland flooding
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e Ata preliminary level, assess vegetation changes and vegetation die off due to saltwater
intrusion

e Assess potential water ponding and stagnation

e Identify extent of Mean High Water (MHW), Mean High Water Spring (MHWS), and
Annual High Water Spring (AHWS) for each alternative

Table 2-1. Low lying wells within the Herring River floodplain.

Map | Lot Owner Address City Zip Northing Easting
12 | 601 |Sarah Rosenberg, Trustee 70 Way 672 Wellfleet 02667 4643912 412650
12 | 235 Judith Ellis 27Way 672 | Wellfleet | 02667 | 4643844 | 412607
12 | 602 | Gerald & Hila Feil 90 Way 672 | Wellfleet | 02667 | 4643782 | 412631
19 | 10 Martin Nieski 119 West Main St. Dudley 01571 4643099 412700
1 | 66 | FaveyF. Sonwallie oo il Creek Lane| Wellfleet | 02667 | 4642741 | 412998
19 | g | AmEtD SNaPIO fap i Creek Lane| Wellfleet | 02667 | 4642831 | 413000
19 | 15 Sarah James 65 Way 60 Wellfleet | 02667 | 4642958 | 413305
19 | 67 Kather"%enﬁief"mo”r’ 70 Mill Creek Lane | Wellfleet | 02667 | 4642792 | 412994

Although not all these objectives will be directly accomplished by the surface water model
developed as part of this scope of work, the results of the surface water model will provide
information and input needed to address these objectives. Additionally, another more general
objective of the modeling effort will keep in mind that additional goals may be identified in the
future. Therefore, the model should be flexible enough to allow for future integration of a
sediment transport model, water quality model, and/or biological model. Some possible future
goals may include:

e Direct simulation of sediment transport

e Direct simulation of water quality constituents

e Assess impacts to aquaculture beds due to historic presence of high fecal coliform
bacteria

e Assess impacts on mosquito population

2.2 DATA AVAILABILITY

2.2.1 Previous Studies

Following an eel kill in the fall of 1980, which drew attention to the poor and declining water
quality in the Herring River upstream of the newly (1974) re-built dike, a significant amount of
literature has been generated documenting studies conducted within the area. Ecological and
biogeochemical investigations have indicated the detrimental impact caused by diking and
ditching of the river; and call for restoration of tides to the river in order to revitalize the
ecosystem (Beskenis and Nuzzo, 1984; Portnoy, 1984; Portnoy et al., 1986; Portnoy and Giblin,
1997; Portnoy, 1999; Portnoy and Allen, 2006). However, the potential restoration also raised
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concerns that the re-introduction of tides may cause saltwater intrusion into nearby wells. This
led to studies of groundwater in the area, which to some extent have quelled these concerns
(Fitterman et al., 1989; Fitterman and Dennehy, 1991; Martin, 2004; Masterson and Portnoy,
2005; Martin, 2007). Additionally, due to concerns of groundwater impacts and upland flooding
in the Mill Creek region, a study of stream flow in Mill Creek was undertaken to examine
options for a potential dike that may be required as part of the restoration plan (Nuttle, 1990).
Sedimentation concerns, particularly stability of “the Gut” and potential effects on shellfish beds
below the dike, have been addressed using historic evidence and existing hydrodynamic model
results (Dougherty, 2004). Some of the above studies have used results provided by two
previous hydrodynamic modeling efforts (Roman, 1987; Spaulding and Grilli, 2001). In the
development of a more advanced model, as part of this scope of work, a brief summary of the
two previous modeling efforts is presented below.

Table 2-2. Low lying structures within the Herring River floodplain.

Elevation (ft, NGVD

Map | Lot Structure 1929)

19 81 |CYCC fairways >2

. 19 24 |Basement floor 6.95
Mill Creek 19 10 [Basement floor 5.04
19 | 66 |Garage floor 8.38

House Floor 7.6

12 | 601 |Cesspool Land Surface 5

Lower basin Basement floor 2.9
House Floor 8.76

12 | 602 |Cesspool Land Surface 5.8

Basement floor 1.57

House Floor 6.16

131691 Septic Land Surface 15.7

13 69 |House Floor 9.01

8 258 Rest_aurant floor 9.73

Septic Land Surface 10.6

Pol 14 26 |Basement floor 7.22
g?kieéreoeli 14 30 Garage basement floor 8.72
14 34 |Studio basement floor 6.51

14 35 |Basement floor 7.32

8 234 |Apt. first floor 8.24

8 231 |Garage slab 8.39

Septic Land Surface 9.7

8 232 Barn first floor 9.96

High Toss Road 4.5

Pole Dike Road 5.85

Roadways |Old County Road @ Bound Brook 3.86
Bound Brook |. Road @ Herring River 5.62

Old County Road @ Paradise Hollow 4.56

Twenty years ago, a group of researchers evaluated alternatives for restoration and management
of the Herring River Ecosystem (Roman, 1987). In their report, they presented results of the first
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hydrodynamic modeling effort for the estuary (Roman et al., 1995). This model used stage data
collected both above and below the dike over a single semi-diurnal tidal cycle on three occasions
(August 21, 1984; December 4, 1984; May 17, 1985) with three different sluice gate openings
(0.51m, 1.3m, 0.61m) to calibrate a “tide-height” model for the estuary. The model was
formulated using the principles of conservation of momentum and conservation of volume
considering the area upstream of dike the as a reservoir with an instantaneously horizontal water
surface. Momentum is conserved by balancing the horizontal pressure gradient across the dike
with friction losses using Manning’s formulation, while volume is conserved assuming that
surface area of the reservoir (which in turn determines the volume) can be represented by a
piecewise linear function of the water surface elevation. Bottom profiles of the river channel in
combination with marsh surface elevations were used to determine the required surface area
function while Manning’s n was determined by calibration to the three data sets. Once calibrated,
the model was applied to nine different cases over a semi-diurnal tide period with a typical mean
tide range and different configurations of sluice gate and tide gate openings. In addition,
simulations were conducted for four cases using conditions from the February 1978 storm
representing a 100-year storm event.

The Roman et al. (1995) model results present high and low water elevation and tide range in the
reservoir, and flood and ebb volumes. They also developed a one-dimensional salinity model for
the Herring River in order to predict flushing time and tidally averaged salinity distribution
within the estuary. This model was based on balancing the downstream advection of freshwater
with the upstream turbulent diffusion of salt caused by tidal mixing and requires input of a
diffusion coefficient and freshwater inflow. A freshwater inflow of 0.28m%/s was used based on
data collected between April and August 1985, and salinity data collected on August 23, 1984
was used to determine the diffusion coefficient. Once the diffusion coefficient was determined,
the model was applied to the nine restoration alternatives modeled with the tide-height model.

More recently, an “inlet-basin” model similar to the previous tide-height model was developed
(Spaulding and Grilli, 2001). Like the tide-height model (Roman et al., 1995), this model applies
the principles of conservation of momentum and conservation of volume while considering the
“basin” upstream of the dike as a simple reservoir. However, it is more elaborate in its
formulation of bottom friction allowing for the inclusion of multiple inlet channels with variable
cross-section, and allowing for the use of empirical coefficients to account for friction losses
associated with jet formation within the inlets. A significant improvement over the previous
model comes from the use of a more accurate surface area vs. elevation curve that was
determined from topographic data collected by the NPS in 1999 combined with USGS provided
0, 3 and 6 m contours. This model was calibrated using a December 4, 1984 data set collected
from the Roman et al. (1995) report, then validated using data collected May to November of
2000. Additional intensive data collections were conducted over the period of a single semi-
diurnal tidal cycle on July 25, 2000 and September 27, 2000. These included measurements of
depth and current velocities within the culverts under the dike and the culvert under High Toss
Road, while salinity and temperature data were collected throughout the water column at a
number of stations along the river. A salinity model was also developed, which is based on a
steady-state salt balance similar to the Roman et al. (1995) model. This salinity model was
calibrated and validated with the salinity measurements made on July 25, 2000 and September
27, 2000. These models were applied to the same restoration alternatives used by the previous
model with inclusion of additional simulations that progressively increased the width of the inlet
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at the river mouth. This model was later adapted and applied to additional alternatives that
included a series of sluice gates at the Herring River dike (Spaulding and Grilli 2005). A more
detailed review of the Spaulding and Grilli modeling effort can be found in the peer review
conducted by Woods Hole Group (WHG, 2006). These modeling efforts provide a good initial
evaluation of potential restoration options for Herring River. The model to be developed as part
of this scope of work will further advance the hydrodynamic understanding throughout the entire
Herring River estuarine system.

Overall, the previous modeling efforts demonstrated that larger openings in the dike would cause
increases the mean tidal elevation and the tidal range. Increasing the opening will also increase
the saltwater penetration distance. Using their model, Spaulding and Grilli found that increasing
the opening in the dike to 30 m will allow fully unrestricted flow and that larger opening(s)
would not substantially increase the tidal range within Herring River. While these models
provide reasonable results for water surface elevation just above the dike, the results are less
certain further upstream. The reservoir representation of the river neglects frictional effects
upstream of the dike that will likely cause phase shift and attenuation of the tidal signal in the
real system. Additionally, Spaulding and Grilli (2001) point out the difficulty in modeling
systems with large flat marsh areas. In flat marsh plains, a small change in water surface
elevation can result in a large change in the volume of water in the estuary. In order to
accurately model this situation, it is imperative to have highly precise topographic data,
especially within the range of the marsh surface elevation. For the tide-height and inlet-basin
models, this constitutes creating a more accurate surface area versus elevation curve. However,
it is not enough to consider only the flooded area of the estuary, its shape also has significant
impact on the resulting water elevation and currents. Because it takes time to flood the marsh, a
long narrow estuary will behave differently than a short wide one. Similarly, the one-
dimensional salinity models give reasonable results for the steady-state conditions to which they
are applied, but they should not be applied to conditions that are significantly different from
those to which they were calibrated. In their formulation, they use a constant empirically
determined longitudinal dispersion coefficient to account for mixing of the salt and fresh water.
Actual dispersion, however, is highly dependent on velocity gradients and therefore, in a
dynamic tidal system, its magnitude is both temporally and spatially variable. Variations in the
volume of fresh water inflow, residual tidal currents, stagnation, and other factors all contribute
to mixing within the estuary and can have significant effects on the resulting saltwater
penetration. Considering the limitations of the earlier models, a more complex model is
developed herein to provide improved accuracy in water surface elevation, tidal circulation, and
salt concentration throughout the estuary. The model identified and developed in this report
more precisely represents the geometry of the estuary (including its plan form); considers
variable frictional effects throughout the estuary; allows for flooding, drying, and ponding of
water; produces accurate current velocities and water surface elevations throughout the estuary;
and properly represents the physics of mixing for a wide range of forcing conditions.

2.2.2 Existing Data

The data required for the development of this model are of two distinct types, topographic and
hydrographic data are required to construct the model geometry, and hydrologic data is required
for model forcing and proper calibration and verification to ensure the model will provide
accurate predictions. Massachusetts Coastal Zone Management (MCZM) has provided recent
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photogrammetric data (2007) for the Herring River area. These data provide high-resolution
land surface elevation, including approximately 200,000 points within the estuary above the
mean low water elevation. The photogrammetry will provide the necessary high resolution and
precision required to accurately model the flooding and drying of the marsh surface. For the
river and stream bottoms (below the lower limit of the photogrammetry data), two sources of
data were used. Hydrographic data collected by the National Park Service (NPS) in 1999 and
used by Spaulding and Grilli (2001) in there model, as well as supplementary data collected by
NPS in 2008 were used to provide the depths within the creeks and streams of the Herring River
estuary system. These data provide the necessary river bottom profiles for the model and in
some areas, overlap the photogrammetry into the marsh. Figures 2-1 and 2-2 show the
distribution and density of the topographic and hydrographic data sets, respectively. The blue
dots in Figure 2-2 show the location of the 1999 creek elevation data, while the green dots show
the location of the 2007 elevation data.

Figure 2-1. Land elevation data from MCZM photogrammetric survey collected in 2007
(background image courtesy of Google Earth).
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Figure 2-2. Bathymetric data from 1998-1999 NPS total station surveys (blue dots) and
2008 NPS RTK Surveys (green dots) - (background image courtesy of Google
Earth).

Once the model geometry is in place, the model is calibrated and verified with hydrologic data.
This process is described in more detail in Chapter 4.0. In terms of hydrologic data, recent water
surface elevation data at six (6) key locations were collected at 15-minute resolution from
August 30 to October 4, 2007 by NPS (Figure 2-3). Additional water surface, salinity, and
temperature data were also collected at 15-minute resolution at two (2) more locations between
June 1 and October 26, 2007 (Figure 2-3). Subsets of these data can be used for both model
calibration and verification. Other hydrologic data that was also used in model verification
includes the data collected for the earlier modeling studies (Roman 1987, Spaulding and Grilli
2001). These data also allow for direct comparisons to the previous models. Table 2-3 shows a
summary of all the hydrologic data observed within the Herring River System.
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Figure 2-3.  Hydrologic data gage locations (background image courtesy of Google
Earth).

Table 2-3.  Hydrologic data availability (X indicates no data available).

Roman (Spaulding & Grilli NPS

Locations 12/4/84 8/12/99 -9/17/99 -|9/29/99 -|5/23/00 -|6/1/07  -|8/30/07 -|10/04/07 -

8/27/99  [9/24/99  |10/13/99 |11/02/00 |8/30/07  |10/04/07 |10/26/07
Just Below Dike X X X X : X X X
Just Above Dike |wse* X X X X 1 X X X

1

1km Above Dike X X X X : X X X
Above Dike X wse*, temp*, salinity, pH X _:_ X X X
Below Dike X : X wse*, temp*, salinity, pH X X X
BB,Up __)Z__:___)Z__ X X X .__X___ __X___

1 |
PD, Down X | X X X X 1 X X

1 1
Rt6,Down X X X X X X X

! ! wse*
OC, Down X 1 X X X X 1 X X

1 1
PD, Up X : X X X X : X X
HT, Up X ., X X X X ., X X

1
Dog Leg-River X 1+ X X X X o

! wse*, temp*, salinity, pH
Old Saw_Harbor X . X X X X

* wse = water surface elevation, temp = temperature
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2.3 DATA LIMITATIONS

A model, at best, is nothing more than a good approximation of its prototype. The better the data
used to build it, the more potential it has to give accurate predictions. The elevation data
available to construct this model comes from the combination of two different data sets. Where
the photogrammetry data are comprehensive (Figure 2-1), the bathymetric data (Figure 2-2) are
not nearly as dense. As such, the model domain will require some interpolation for certain
bathymetric areas in the river, especially some of the upper reaches of the estuary. However, the
amount of bathymetric data is sufficient to provide a reasonable model of the system, especially
in the areas where the most significant changes are expected (e.g., lower Herring River, Mill
Creek, etc.).

Water surface elevation data are available at eight (8) locations throughout the system, which
will allow for comprehensive calibration and verification of the model with respect to this
variable; however, there is limited velocity data and salinity data for this same time period.
Therefore, the calibration to salinity and velocity will not be as robust as to water surface
elevation.

Finally, although some limited vertical salinity data has been collected (over a single day), it is
unclear the level of stratification that may exist within the system. Spalding and Grilli (2001)
indicate the possible presence of a salt wedge, but the magnitude, distance, and persistence of the
feature cannot be adequately determined from their limited data set. The level of stratification
may be an important feature of the system that could influence circulation and mixing dynamics,
and as such, vertical salinity data observations (during periods of low and high outflow) may
want to be considered to more accurately assess salinity. If significant stratification is identified
in the system, a three-dimensional model should be considered. The model developed for
Herring River is flexible enough such that transitioning from a 2-D model to a 3-D model will be
relatively seamless.

Overall, there is sufficient data to develop a reasonable two-dimensional hydrodynamic model of
the system. No significant data gaps exist that would limit the model’s calibration or potential
performance. Model improvements can always be made with collection of additional data,
model refinements, and expanded calibration, verification, and validation procedures; however,
the data currently available will not limit the model’s ability to function at the conceptual design
level, for which it was intended.

24 FUTURE DATA RECOMMENDATIONS

Although no additional data was required to develop a reasonable two-dimensional
hydrodynamic model, increased accuracy of the model could be obtained by specific data
collection activities, such as:

e More recent bathymetric data (cross-sections) of the upper reaches of Herring River
would provide for a more accurate representation of the geometry and reduce
interpolation of the river bottom elevations in the upper reaches of the system. This
additional data would likely result in limited improvement in the model; however, since
the upper reaches of the system will experience limited tidal forcing, even for significant
restoration cases.
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Cross-channel velocity profiles at a few critical locations within the estuary,
simultaneously collected with water surface elevation, would provide more details related
to the velocity distribution within the estuary, and allow for further model verification.
Verifying the model to velocities would ensure confidence in the model’s ability to
produce accurate results for both water surface elevation and velocity. These velocity
data would supplement the velocity profiles collected by Roman (1987).

Observations of discharge at some of the key smaller tributaries throughout the Herring
River system would provide improved freshwater discharge values for modeling of the
system.

As discussed in the previous section, vertical salinity observations should be considered
to better define the river stratification and determine the potential need for a three-
dimensional numerical model.

Since a potential future goal of the modeling effort is to allow for the incorporation of
water quality and/or sediment transport capabilities, the Town of Wellfleet and the MAC
may desire to plan for future collection of data to support these models as well. This
would include collection and analysis of sediment samples, water samples, and sediment
flux observations at key constriction in the system.
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3.0

3.1

MODEL SELECTION

MODEL REQUIREMENTS

A successful model aids in restoration planning by providing information needed to meet the
goals detailed in Section 2.0. These goals require a model that incorporates the physics
necessary to solve for water surface elevation, current velocities, and salinity, as well as potential
future expansion into water quality and sediment transport. The model needs to be dynamic,
capable of handling bi-directional flow, high resolution to identify important processes, and
capable of being forced at its downstream boundary with an elevation time series, and at
upstream boundaries with a freshwater, inflow discharge. Additionally, the Herring River
estuary has a number of features that require specialized model abilities, including:

In order to improve on previous modeling efforts, and due to the complex shape of the
estuary, it will be necessary to build, at a minimum, a two dimensional (depth-integrated)
model. The model selected should also have the ability to quickly adapt to three
dimensions, if required by the physical processes being simulated.

Herring River is bounded by a large relatively flat flood plain that used to be salt marsh
prior to construction of the dike in 1908. With tidal restoration, it will once again
become an active salt marsh and therefore must be included within the model domain.
This flood plain has undergone substantial subsidence caused by the past century’s
dewatering of the marsh soils. This has created a unique topography that will be
intermittently flooded and drained. Additionally, as the tide falls, depressions in the
flood plain will likely trap water in a network of ponds that could have a significant
impact on the overall circulation patterns throughout the estuary. To effectively model
this situation the chosen model must be able to efficiently handle wetting and drying of
the flood plain without error while having sufficient detail to resolve this ponding
network.

Variable vegetation and soil types throughout the estuary cause variable bottom friction.
The successful model should be able to handle this by allowing for specification of
variable bottom friction coefficients. Existing vegetation maps were used to determine
bottom friction coefficients. Additionally, soil types, depth levels, and grain size
information will be a requirement if the model is extended to simulate sediment transport
throughout the system.

Another important feature that must be considered when choosing a model for the
Herring River is the flow control structures in the dike. The selected model must be able
to simulate the control that these structures (flap gates, culverts, and sluice gates) have on
flow within the estuary; and do so with consideration of the proper hydraulics involved,
for example super-critical versus sub-critical flow through the sluice gate.

Therefore, in selecting the model best suited for the Herring River estuary, some of the key
required features that should be considered are:
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At minimum, a 2-D depth integrated model

At minimum, solves for water surface elevation, velocity, salinity
Sufficient grid resolution and flexibility to represent important details
Wetting and drying, and ponding

Control structures (flap gates, culverts, sluice gates)

Variable bottom friction

Elevation and inflow specified boundary conditions

In addition, to meet the goal of flexibility for future model enhancements:

e Ability to expand to 3-D
e Sediment transport abilities
e Water quality abilities

3.2 MODEL MATRIX

There are numerous numerical, hydrodynamic models available, both commercial and non-
commercial. A smaller subset of these meets the requirements for Herring River.
Hydrodynamic models differ in many ways, all having their unique strengths and weaknesses. In
order to help in choosing the most suitable model of this application, Table 3-1 presents a model
matrix summarizing the features of a number of models that could be reasonably considered as
candidates for use in developing the Herring River model. There are a number of additional
hydrodynamic models that were considered (e.g., FVCOM); however, each of these had a
significant limitation in respect to the requirements of the Herring River estuary system, or were
still in development stages.

From this matrix of twelve (12) candidate models, Woods Hole Group has identified a short list
of three (3) models (RMA/TABS, ADCIRC, and EFDC) that we believe to have the greatest
potential for development of the Herring River estuary model. A brief description of these
models is provided below.

RMAJ/TABS actually represents a suite of models. The models that would be applied for Herring
River are: (1) RMAZ2 for simulating 2-D water surface elevation and horizontal velocity and, (2)
RMA4 for simulating 2-D transport of conservative and/or non-conservative substances (i.e.,
salt). RMAZ2 computes a finite element solution of the depth-integrated, 2-D shallow water
equations using a combination of triangular and quadrilateral finite elements. The solution uses
linear basis functions for water surface elevation and quadratic basis functions for velocity
requiring elements with mid-side nodes. The solution is implicit in time allowing for relatively
large time steps in the solution. Subsequently, RMA4 uses the hydrodynamic solution provided
by RMAZ2 to calculate a finite element solution of the 2-D advection-diffusion equation for the
vertically well-mixed concentration of up to six (6) constituents. Unstructured finite element
grids have the advantage of easily representing complex coastlines and allowing high grid
resolution in areas where it is needed with easy transitions to lower grid resolution where it is
not.

The ADvanced CIRculation model (ADCIRC) solves the shallow water equations for water
surface elevation and velocity using a modified form of the continuity equation called the
Generalized Wave Continuity Equation (GWCE). It employs the finite element method using
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grid linear triangles and is explicit in time. ADCIRC can be run in either a 2-D depth integrated
mode or 3-D mode. When run in the 3-D mode, an equation of state is simultaneously solved
including salinity and temperature. ADCIRC’s wetting and drying is accomplished by elemental
elimination in which an element is considered dry and removed from computations when one of
its nodes becomes dry. This method of wetting and drying can create unwanted channelization
and blocking of flow and can be disadvantageous when applied to broad flat shallow areas.
However, ADCIRC is also a modern code with an efficient matrix solver and an available
multiple processor parallel version allowing for efficient simulations even with very large grids.
Thus, an ADCIRC model with a large number of nodes and higher resolution may be able to
explicitly resolve the micro-topographic features.

The Environmental Fluid Dynamics Code (EFDC) solves the shallow water equations for water
surface elevation and velocity simultaneously with dynamically coupled transport of salt and
temperature. The EFDC model is a two and three-dimensional model capable of simulating a
diverse range of environment flow and transport problems. The model has been applied to
studies of circulation, discharge dilution, water quality, TMDL, and sediment transport. EFDC is
capable of predicting hydrodynamics and water quality in multiple dimensions and is a widely
accepted EPA approved model. EFDC is also capable of simulating 21 water column state
variables (e.g., nitrogen, algae, DO, phosphorus, carbon, etc.).

The EFDC model solves the three-dimensional, vertically hydrostatic, free surface, turbulent-
averaged equations of motions for a variable-density fluid. The model includes dynamically
coupled transport equations for turbulent kinetic energy, turbulent length scale, salinity and
temperature. In addition, the EFDC model simulates cohesive and noncohesive sediment
transport, eutrophication processes, both near field and far field dilution of discharges, and the
transport and fate of toxic contaminants. The model is capable of simulating multiple size
classes of cohesive and noncohesive sediments along with the associated deposition and
resuspension processes and bed geomechanics. The transport of toxics in both the water and
sediment phases is simulated. The model allows for the wetting and drying of shallow areas
using a mass conservation scheme. EFDC also includes measures for simulating flow control
structures and highly vegetated areas. An embedded single and multi-port buoyant jet module is
also included for coupled near and far field mixing analyses.

The model matrix, presented in Table 3-1 provides a comparative tool for evaluating the various
hydrodynamic models available to simulate the Herring River estuary. Key abilities and other
factors that may be critical to success of the modeling effort, or are important from the HRTC’s
perspective, were evaluated through using this matrix. The matrix was ultimately used by
Woods Hole Group and the HRTC to help guide the selection of the most appropriate model.
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Table 3-1.

Model selection matrix.

RMA/TABS EFDC ADCIRC ELCIRC SELFE MIKE DELFT3D ROMS/TOMS ADH TELEMAC TRIM/unTRIM
2D Hydrodynamics  |yes (EWMAZ) ‘fes Yesg Yes fes fes (Mike 213 es fes fesg TELEMAC-2D fes
3-D Hydrodynamics  |ves (EMAITD) fes Yeg Yes Yes Yes (Mike J) Yes Yes Yesg TELEMALZ-3D Yes
Unstructured Curilinear Orthogonal
Unstructured Triangles Orthogonal Triangles Unstructured Triangles cumilinear, sigrna- curdlinear Orthogonal, Unstructured
Grid Type and Quadrilaterals Curvilinear Orthogonal  |Unstructured Triangles  [and Quadrilaterals and Quadrilaterals hlany different options  [verticle terrain folowing Unstructured Unstructured Triangles  |Orthogonal
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3.3 FINAL MODEL SELECTION

The final model selection was made through a joint selection process with Woods Hole Group
and the HRTC. The model selection focused on:

e the technical abilities of the model

e the ability of the model to meet the specific needs of the Herring River estuary system

e the ability of the model to provide visualizations and results to foster public
understanding

e the flexible nature of the model to expand and adapt to future technical requirements

Based on the information presented herein, a discussion between stakeholders was conducted
focusing on the pros and cons of the models on the “short list” (ADCIRC, RMA/TABS, EFDC).
The discussion also raised specific technical questions related to the ability of these models, in
addition to the numerous requirements defined above, including:

e The models ability to provide velocity data at various structure types (to deduce effect on
fish passage), including sluices, weirs, and for a variety of flow types (sub and super
critical, transition flow, etc.)

e The accuracy of the model at predicting water surface elevation, velocities, and salinity

e Ability to simulate additional physical processes, including wind, freshwater inflow, sea
level rise, groundwater

e The reliability and methodology for simulation of sediment transport, including rates of
erosion and deposition

e The ability to spatially variable bottom drag appropriate values will be chosen for
different bottom conditions (higher drag for marsh grasses lower drag for sandy bottom).

After a detailed discussion, the Environmental Fluid Dynamics Code (EFDC) was selected
because of its ability to meet all necessary requirements for the Herring River Estuary model,
specifically the flexible nature of the model to handle future technical requirements and data
integration as it is developed. A detailed explanation of the EFDC model is presented in the
following section.
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40 MODELAPPROACH

This section presents the overall model approach that was applied to develop the hydrodynamic
model for the Herring River system. The approach identifies the major tasks within the model
development, and provides key points for evaluation of the modeling performance and progress.
This allows for a flexible approach that can include the incorporation of new data, and/or a re-
direction of the effort based on the results of the current modeling phase. Therefore, the
modeling approach is presented in phases, all of which follow the model selection task (Section
3.0) of the overall scope of services. The scope of services for this contract consist of the
complete model development phases, including model calibration and validation, as well as the
initial alternative simulations. As such, this report does not complete the entire Herring River
modeling scope, as additional simulations, as well as simulation of additional physical processes,
are likely to be developed in subsequent simulations.

4.1 PHASE | — MODEL CALIBRATION

Model calibration is the process by which adjustments are made to the model parameters to
ensure the model appropriately simulates measured water surface elevation, salinity, and other
observed parameters. This requires conducting a series of iterative model simulations to ensure
the model is stable, and results compare favorably with measured data. Calibration can be a
lengthy process involving hundreds of model simulations. Specifically, the model coefficients
are adjusted (within acceptable ranges) until the modeled water surface elevation, salinity, and
temperature closely approximates the measured field observations.

In practice, hydrodynamic models require input of some physical parameters that are unknown or
only known within a reasonable range. For example, bottom friction parameters, because their
formulations often account for a combination of frictional effects, leave some freedom in
choosing an appropriate value. The calibration process involves “tuning” the model by
systematically adjusting some unknown parameters, such as bottom friction, so that its results
match reasonably well to a set of observed data. Horizontal eddy viscosity is another parameter
that can reasonably lie within a significant range, however for different models its effect on
results is considerably different due to the use of different numerical methods. In addition,
different models have numerous different parameters that can be tuned to achieve better model
results. To accomplish this, the observed data set must provide both the necessary information
outside the model domain to drive the boundaries, while also providing information within the
model domain for comparison to model output. Once a set of parameters has been found that
produces the best possible fit to the data (and the selected parameters are reasonable compared to
empirically defined values), the parameters are fixed for subsequent model simulations. The
more extensive the calibration data set in terms of duration, spatial extent, and observed
quantities, the better chance the model has at matching other independent sets of data and
producing accurate predictions.

4.2 PHASE Il — MODEL VALIDATION

Model validation is achieved by applying the calibrated model, with its fixed parameters, to one
or more sets of observed data that are independent from the calibration data. Typically, sets of
data for validation are collected at a different time and under conditions that differ from the
calibration period. Results from validation simulations are quantitatively compared to the
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observed data in the same way as in the calibration process. However, during validations there is
no freedom to tune parameters. This demonstrates that the model performs reasonably under a
different set of conditions. As such, validation simulations act as a check to see how well the
model is capable of predicting accurate results under conditions that differ from calibration. A
model must be satisfactorily verified before it can be used for forecasting (e.g., alternative
simulations or different forcing conditions).

4.3 PHASE 111 — EXISTING CONDITIONS SIMULATIONS

Once the model has been calibrated and validated, further simulations using the unmodified
model provide a better understanding of the behavior of the system over a broader range of
forcing conditions. In addition to elucidating the present state of the Herring River estuary, these
existing conditions simulations will also provide a baseline for comparison to proposed
restoration alternatives in order to provide a gauge of the potential benefits and/or risks
associated with different components of the restoration design.

4.3.1 Normal Tidal Conditions

While the calibration and validation results ensure the accuracy of the model, they represent the
behavior of the system during specific time periods and may not be fully representative of the
normal function of the estuary. Harmonic analysis of historically observed water surface
elevation data from nearby NOAA tidal stations provides forcing conditions that include average
spring and neap tide events. Evaluating the existing Herring River system under normal
conditions will allow for assessment of the flushing characteristics, the overall hydrodynamics,
and the regular volume flux that occurs between Wellfleet Harbor and the Herring River
upstream of the Chequessett Neck Road Dike.

4.3.2 Storm Scenarios

Perhaps one of the biggest risks involved in restoring tidal flow the Herring River is the
increased potential for upland flooding associated with storm events. Therefore, simulation of
storm events is important. At a minimum, water levels representing storms with 1-year and 100-
year return periods will be simulated for the system. Storm surge elevations were developed
from historical records in the U.S. Army Corps of Engineers (USACE) New England Coastline
Tidal Flood Survey of 1988, as well as the Federal Emergency Management Agency (FEMA)
Flood Information Study for Wellfleet, MA. In addition, winds associated with large storms can
have a significant impact on water levels, therefore wind forcing is included in these model
scenarios. Understanding how the existing system responds to storm forcing, will be critical in
assessing the potential impacts/risks that will be involved with each potential restoration
scenario.

4.3.3 Sea Level Rise

The current degraded state of the Herring River estuary is the result of a century of
anthropogenic modifications. With restoration, in another century, the state of the estuary may
be significantly improved. However, progression into the 21* century and beyond, it is feasible
that other long-term processes may have a significant effect on the state of the system. While the
topic of accelerated sea level rise is still heavily debated, The Intergovernmental Panel on
Climate Change (IPCC) has undergone a considerable effort to analyze and review the current
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state of the knowledge and provide an estimated range of predicted sea level rise into the next
century. Sea level rise estimates are evaluated from a number of sources, including NOAA and
IPCC estimates. Ultimately the model will be simulated for a range of sea level rise predictions
once the preferred alternative(s) are finalized, using estimates to help determine potential
impacts of rising sea levels on future conditions within the Herring River system. In the current
scope of work, model simulations are conducted for predicted sea level rise using projected 50-
year and 100-year sea levels based on historical rates of measured sea level rise, which provide a
reasonable median estimate of sea level rise predictions.

4.4 PHASE IV — INITIAL ALTERNATIVE SIMULATIONS

This contract for this scope of work called for the simulation of three alternatives. The focus of
these alternatives is on changes to the Chequessett Neck Road dike. The alternatives simulated
are presented in detail in section 6.0. Each alternative will be evaluated for three (3) tidal forcing
events (average spring tide, 1-year tide forcing, and 100-year tide forcing), as well as analysis of
an appreciable sea level rise (i.e., 50 years of average sea level rise or greater).

4.5 PHASE V — LEVEL 2 ALTERNATIVE SIMULATIONS

The Level 2 alternative simulations will consist of evaluation of new structural crossings and
modifications to openings upstream of the Chequessett Neck Road dike. This may include
expansion of culverts, instillation of flow control structures, a dike at Mill Creek, etc. Based on
the results of the initial alternative simulations presented herein, the Level 2 alternative
simulations may be modified and adjusted. Recommendations for subsequent model simulations
and alternatives are presented in section 7.0.
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5.0 MODEL DEVELOPMENT

This section describes the development of the hydrodynamic model for the Herring River
estuary. In addition to describing the configuration, calibration, and validation of the model, this
section presents the results of a number of simulations for the existing estuary conditions. These
simulations, with the estuary in its existing restricted state, aid in developing an understanding of
the current behavior of the system, and provide a baseline for comparison with alternative
simulations. All data observations presented in this report were provided to Woods Hole Group
by the HRTC. Therefore, the accuracy of the observations, corrections to the proper datum,
instrument models, setups, and calibration, were not a component of this modeling study. Data
provided was assumed to be correct and appropriate for model development of the Herring River
system.

5.1 THE ENVIRONMENTAL FLUID DYNAMICS CODE

After careful consideration of a number of hydrodynamic, numerical models, the Environmental
Fluid Dynamics Code (EFDC) (Hamrick, 1996), originally developed at the Virginia Institute of
Marine Science (Hamrick, 1992), was selected as the most appropriate tool for modeling the
Herring River estuary. EFDC has been applied to numerous aquatic systems including Chesapeake
Bay (Hamrick, 1994), Mobile Bay in Alabama, Cape Fear River in North Carolina, and the
Suwannee River in Florida. The model has been applied to studies of circulation, discharge dilution,
water quality, TMDL, and sediment transport. EFDC is capable of predicting hydrodynamics and
water quality in multiple dimensions and is a widely accepted EPA approved model. EFDC was
chosen because of its ability to meet all necessary requirements for the Herring River Estuary
model including the ability to simulate in two-dimensions time dependent water levels, current
velocities, salinity, wetting and drying, and hydraulic control structures; and because it can be
easily extended to simulate sediment transport and water quality parameters if needed in the
future.

The EFDC model solves the three-dimensional, vertically hydrostatic, free surface, turbulent-
averaged equations of motions for a variable-density fluid. The model includes dynamically coupled
transport equations for turbulent kinetic energy, turbulent length scale, salinity and temperature. In
addition, the EFDC model can simulate cohesive and noncohesive sediment transport, eutrophication
processes, both near field and far field dilution of discharges, and the transport and fate of toxic
contaminants. The model is capable of simulating multiple size classes of cohesive and noncohesive
sediments along with the associated deposition and resuspension processes and bed geomechanics.
The model allows for the wetting and drying of shallow areas using a mass conservative scheme.
EFDC also includes measures for simulating flow control structures and highly vegetated areas.

To represent the geometry of a water body, the EFDC model uses Cartesian or curvilinear-orthogonal
horizontal coordinates and, when applied in three dimensions, terrain-following vertical coordinates.
A finite difference numerical scheme is employed within EFDC with two time levels and a procedure
that splits the internal-external modes. The free-surface gravity wave or barotropic external mode is
solved explicitly along with the simultaneous computation of a two-dimensional surface elevation
field using an iterative conjugate gradient solver. Calculating the depth-integrated barotropic
velocities using the newly computed surface elevation completes the external solution. Horizontal
boundary condition options for the external mode solution include specifying the water surface
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elevation, the characteristic of an incoming wave, free radiation of an outgoing wave, or the normal
volumetric flux on arbitrary portions of the boundary.

The EFDC model implements a mass conservation solution scheme for the Eulerian transport
equations, which is at the same time step or twice the time step of the momentum equation solution.
The advective step of the transport solution uses either a central difference scheme or a hierarchy of
positive definite upwind difference schemes. The horizontal diffusion step is explicit in time, while
the vertical diffusion step is implicit. Horizontal boundary conditions include material or constituent
inflow concentrations, which can be specified as being depth-dependant and both constant and time-
variable. The EFDC model can be used to drive a number of external water quality models using
internal linkage processing procedures described in Hamrick (1994).

5.2 MODEL CONFIGURATION

The development of the Herring River hydrodynamic model required configuration so that this
particular application of EFDC would best approximate the form and function of the real system
(i.e., the Herring River Estuary). Model configuration involves compiling observed data from
the actual estuarine system into the format required for the execution of EFDC. This can be
broken down into three major steps that are described below.

e First, topographic and bathymetric data are used to generate the computational grid on
which EFDC’s finite difference calculations are performed.

e Second, observed water levels, salinity, and atmospheric conditions are used to define
boundary conditions for driving the model. The development of boundary conditions
also includes the assignment of bottom friction for the various types of marsh substrate
throughout the estuary system.

e Third, for this application, additional subroutines were applied within the EFDC code to
dynamically compute discharge through three the different types of hydraulic control
structures that are present in the estuary and have a significant effect on the hydraulics.
Thus, the methods used to compute discharge through sluice gates, flapper gates, circular
pipe culverts, and box culverts, and their parameterization in the Herring River
hydrodynamic model are also described.

It is not critical that the reader be familiar with the concepts and/or equations presented in this
section in order to understand the results of the Herring River model. This model configuration
section presents details on the setup of the model, including the explicit steps followed to
generate the grid, input boundary conditions, and determine flow dynamics at control structures.
Following model setup, the governing equations are solved at each grid point through an iterative
method. The model is then able to calculate the water surface elevation, velocity, and salinity at
each time step. Once a certain level of accuracy is attained, the model advances to the next time
step in the simulation and repeats the calculations. This methodology is continued until the
model has simulated the entire time period of interest.
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5.2.1 Grid Generation

After choosing the appropriate model, the first step in building the model is constructing the
model grid. The grid is a digital abstraction of the prototype’s geometry that provides the spatial
discritization on which the model equations are solved. Different numerical methods require
different types of grids, each having unique geometrical requirements. The grid building process
involves using geo-referenced digital maps or aerial photos to define the model domain, then the
grid is generated within this domain providing the desired degree of spatial resolution, and
topographic data is incorporated by interpolation of elevation values to grid nodes or cells within
the domain.

For EFDC, the computational grid defines the spatial domain on which EFDC performs its finite
difference calculations. EFDC requires a structured grid, either Cartesian or curvilinear
orthogonal, comprised of a number of grid cells on which model the variables are computed.
The accuracy of the model is highly dependent on accurate representation of the form of the real
system expressed through the model grid. While a curvilinear orthogonal grid is more difficult
to implement than a strict Cartesian grid, the curvilinear option was chosen because of its
increased flexibility, allowing grid boundaries to better follow natural irregular boundaries. The
curvilinear orthogonal grid also allows gradual variation in horizontal resolutions, such that
higher resolution areas can be defined in areas where greater detail is required. The model grid
developed for the Herring River model is complex, and the generation of a satisfactory grid
required modification of the typical methods used to generate computational grids for EFDC. To
create the Herring River grid system, a method for ‘nearly-orthogonal’ grid generation (Akcelik
et. al. 2001) was implemented and is described in detail within this section.

Topographic data from a number of sources were provided to Woods Hole Group for use in
constructing the Herring River model grid. These data include: (1) a collection of RTK-GPS
data, total station data, and map estimates collected in 1998-1999 used in the previous modeling
study conducted by the University of Rhode Island for the National Park Service (Spaulding and
Grilli, 2001) shown in Figure 5-1; (2) recent photogrammetric survey data provided by
Massachusetts Coastal Zone Management shown in Figure 5-2; and (3) additional RTK-GPS
river cross section data collected by the National Park Service in March 2008 in order to better
define the bathymetry in the lower portion of the Herring River shown in Figure 5-3.
Furthermore, the low-lying road survey conducted in December 2006 by Slade and Associates,
Inc. was used to ensure that all roadways were accurately represented in the model grid and
additional RTK-GPS “observation points” collected by the National Park Service in August 2008
were compared to the grid to verify its accuracy.
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Figure 5-1. Bathymetric and topographic data collected in 1998-1999.

Figure 5-2.  Photogrammetric data collected in 2007 and provided by Massachusetts
Coastal Zone Management.

Herring River Hydrodynamic Modeling
Final Modeling Report 26 June 2009
Town of Wellfleet, MA



Woods Hole Group, Inc.

Figure 5-3.  Additional RTK-GPS bathymetric cross sections collected by National Park
Service in 2008.

All topographic and bathymetric data were checked for consistency, and when necessary
converted to the Massachusetts Mainland State Plane NAD83 horizontal datum and NAVD88
vertical datum, then merged into a single data set. The 12 foot NAVD88 contour line from the
merged data set was then used to roughly define the domain’s boundaries in block rectangular
fashion. Figure 5-4 shows the 12 foot NAVDS88 contour in green and the rough block
rectangular boundary used for initial grid generation in red.

The block rectangular boundary definition is required input for the EFDC companion grid
generation code, GEFDC. Definition of the grid boundary as a block rectangular boundary is the
first step in grid generation and is constrained such the number of “east” facing sides is equal to
the number of “west” facing sides and the number of “north” facing sides is equal to the number
of “south” facing sides. Figure 5-5 shows how the block rectangular boundary is represented in
the logical domain where the orientation of the block rectangular boundary segments is more
evident. Once the boundary of the domain has been approximated in this way grid points are
distributed along the boundary with spacing that ultimately determines the resolution of the final
grid.

Herring River Hydrodynamic Modeling
Final Modeling Report 27 June 2009
Town of Wellfleet, MA



Woods Hole Group, Inc.

Figure 5-4. 12 foot contour from merged elevation data (green) and block rectangular
boundary definition in the physical domain (red).

Figure 5-5.  Block rectangular boundary definition in the logical domain.
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Curvilinear-orthogonal grids are created by determining the computational domain coordinates
(§m) in the interior of the domain that correspond to the physical domain coordinates (X,y).
Given that physical Cartesian coordinates (x,y) are linear in nature, Equation 1 can be used to
determine grid vertex points in the interior of the domain.
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is the scale factor ratio, and the scale factors are described by
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GEFDC uses the method of Ryskin and Leal (1983) to generate the horizontal model grid. In
this method, f is allowed to vary throughout the domain as it is first calculated on the boundary
then interpolated into the domain in an iterative fashion until a sufficiently converged solution
for the grid is found. In areas where the scale factors iterate towards zero, the GEFDC code was
modified to incorporate the method of (Akcelik et. al., 2001) for nearly orthogonal two-
dimensional grid generation with aspect ratio control. Using this method, additional terms are
added to Equation (1) which makes the local scale factors approximately the mean scale factor
across each grid line. Equation (4) shows the additional inhomogeneous source terms that are
added to Equation (1).
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P(hs) and Q(h,) favorably control the value of the scale factors and thus improve the aspect ratio
of the resulting grid. They act as distributed forces repelling or attracting neighboring grid
points, preventing grid lines from collapsing, when the local scale factor deviates from the mean
scale factors h-and h, (computed on grid lines of constant n and constant &, respectively). The
aspect ratio forcing constant, c, controls the strength of the forcing functions and can be varied
throughout the domain. Also to improve grid quality, GEFDC was modified to allow the grid
boundary points to “slide” along the boundary from their initial evenly distributed positions
during the iterative grid generation process resulting in boundary point distribution that allows
for better orthogonality of the generated grid.

After the grid was generated by this method, grid cells that lay outside the 12 foot contour were
removed from the grid resulting in a better approximation of the upper bounds of the marsh
surface. The resulting grid has 85,157 cells ranging in size from less than 10 ft wide near the
Chequessett Road Dike to more than 100 ft wide in the kettle ponds. The grid has satisfactory
orthogonality and aspect ratio, as well as smooth boundary point distribution and smooth
resolution change. A histogram showing the deviation from orthogonality for the Herring River
model grid is presented in Figure 5-6 and a color contour plot in Figure 5-7 shows how this
deviation is distributed throughout the model domain. More than half of the grid cells have less
than 1 degree deviation from orthogonality while more than 90% of the cells have less than 6
degrees deviation. Essentially, this means the Herring River grid is of sufficient quality and has
more than adequate resolution.

Figure 5-6.  Histogram of grid cell deviation from orthgonality.
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Figure 5-7.  Color Contours showing deviation from orthogonality.

After the horizontal definition (2-D) of the grid was defined, the merged elevation data set was
linearly interpolated to the model grid and the grid was carefully checked to ensure accurate
elevation information. Bathymetric data were initially limited below the Chequessett Road Dike
region known as “The Gut” (although this was subsequently updated — see section 6.0), and
therefore, reasonable estimates to represent this region were utilized. Bathymetric data were also
limited for most of the estuary’s upper reaches including Mill Creek, Bound Brook and the upper
parts of Pole Dike Creek and the Herring River. In all these areas, cell elevations were
interpolated between measured data points to best represent the channel and marsh plain. The
final grid with colored elevation contours is presented in Figure 5-8, and a closer viewpoint of
the Chequessett Road dike region is shown in Figure 5-9, to illustrate the detailed resolution in
this region.
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Figure 5-8.  Herring River model grid bottom elevation contours.

Figure 5-9.  Detail of model grid showing bottom elevation contours and individual grid
cells near the Chequessett Neck Road Dike.
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5.2.2 Boundary Conditions

In order for the Herring River model to compute a hydrodynamic solution it is necessary to
specify the model variables on the domain boundaries. Most of the model’s boundary is
considered to be a “land” boundary, which for the Herring River model was specified at an
elevation of 12 ft NAVDS88. This elevation provides the upper limit of expected water surface
elevation during extreme storm events (100-year return period). At these land boundaries, water
is constrained to flow only parallel to the boundary. The primary forcing for the model is
provided by an open boundary at the southern end of the model domain in Wellfleet Harbor. At
this location, time dependant water surface elevation and salt concentration is specified.
Freshwater inflow volumetric flux is also specified in the model at three separate locations
(Bound Brook, upper Herring River, and Pole Dike Creek) to simulate freshwater inflow into the
estuary. The approximate location of these freshwater boundary conditions is shown in Figure 5-
10. The red arrows show the freshwater influx locations, while the blue line shows the primary
forcing boundary condition for water surface elevation and salinity. Figure 5-10 also shows the
location of observation gauge stations in green. These stations are referenced throughout the
report. All hydrologic data collected for this project was provided by various agencies that are
part of the HRRC and provided to Woods Hole Group referenced to a vertical datum and
corrected for atmospheric pressure.

Figure 5-10. Locations of boundary conditions and observation gage locations.
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Additional boundary conditions are applied over the entire model domain. These include
atmospheric forcing and bottom frictional coefficients. For the Herring River model rainfall is
input over the entire domain when appropriate and spatially variable bottom roughness length is
specified and was varied to help achieve model calibration.

5.2.2.1 Tidal Forcing Data

Tidal data observed at the Old Saw location (Figure 5-10), including water surface elevation and
salinity measurements for the time period between September 4, 2007 and October 4, 2007 are
shown in Figure 5-11. These data were used to provide the tidal boundary conditions for the
model calibration period. During this time period, the tide progress through an entire spring-
neap-spring cycle representing a good range of conditions for model calibration. Figure 5-11
represents one specific example of the tide data specified at the Wellfleet Harbor boundary
condition. Additional tidal boundary conditions were used for model validation and simulation
of various conditions and return period storm events. The observed salinity data from September
4 to approximately September 8, 2007 indicate there was a measurement error for the initial part
of the observations.

Figure 5-11. Water surface elevation and salinity at the Old Saw location during
September 2007 (collected by NPS).
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5.2.2.2 Freshwater Input

Freshwater input into the Herring River comes from a combination of rainfall, direct runoff, and
groundwater flow. While the volume rate of freshwater input is known to be quite low, less than
11 cubic feet per second (Spaulding and Grilli, 2001; Roman 1987), actual fresh water input
rates vary in time and spatial distribution, and are difficult to measure. Measured stream flow
discharge data are not available for the river during the time periods used for model calibration
and validation. However, estimates of freshwater inflow by sub-basin produced by a USGS
groundwater model (Masterson, 2004) were used as a starting point for providing freshwater
inflow to the model domain at the Bound Brook, Upper Herring River, and Pole Dike Creek
locations shown in Figure 5-10. The USGS groundwater model data is presented in Figure 5-12.

Figure 5-12. USGS groundwater model sub-basins and freshwater discharge by sub-
basin.
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Through sensitivity testing, the Herring River model was determined to be somewhat sensitive to
the volumetric flux of freshwater inflow, particularly in the upper reaches of the estuary where
the tidal influence is less significant. In order to match the observed water surface elevation, the
freshwater inflow was varied within reasonable ranges at the three input locations. Ultimately,
constant freshwater inflow was specified for model calibration and validation at the constant
flow rates shown in Figure 5-10 (1.24 cfs for Bound Brook, 1.41 cfs for upper Herring River,
and 2.16 cfs Pole Dike creek). These flow rates, while somewhat smaller, are reasonable upon
comparison to output from the USGS groundwater model and information from the previous two
modeling studies (Roman 1987, Spaulding and Grilli 2001). They also provide good agreement
for observed water surface elevations for calibration of the Herring River model. These rates
will ultimately vary given different environmental conditions; however, they are good
approximations of the freshwater inflow during the typical time periods associated with the
calibration and validation. As tides are restored to the estuary system, the relative contribution
of freshwater input will become less important when compared to tidal influences, and therefore
the model is less sensitive to freshwater inflow variations for the restoration alternative
simulations.

5.2.2.3 Atmospheric Data

Bihourly precipitation data collected at the National Atmospheric Deposition Program (NADP)
station MAO1, as shown in Figure 5-13, was used to provide rainfall input to the model. Figure
5-14 shows the bihourly rainfall totals collected during September of 2007. Rainfall from this
single location is assumed to fall uniformly over the entire model domain when applicable,
which may not be an accurate assumption considering the significant land area that comprises the
Herring River estuarine system.

5.2.2.4 Bottom Friction

EFDC uses the log law roughness length to parameterize bottom drag forces. Roughness length
is a composite resistance including both form-drag and skin friction of the sediment and is a
dynamic length rather than a mere geometric scale. EFDC utilizes a quadratic friction
relationship to relate the bottom stress to the velocity in the bottom cell layer. The bottom stress
(7) is calculated as:

e T

(6)

Where Cy is a quadratic drag coefficient, i and 7 are the x and y components of the velocity, and
p is the water density. Assuming that the bottom boundary layer exhibits a logarithmic velocity
profile, the drag coefficient can be related to the dimensional roughness length (Z,) by:

1
C,—,- =| k -
In {=—
In ¢'z|} (7)
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Figure 5-13. Location of rainfall observations used to specify rainfall levels within the
model during calibration and validation time periods.

Figure 5-14. Bihourly rainfall collected at NADP station MAO1 during September 2007.
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Where k is the Von Karman constant and H is the depth of the flow. In EFDC values of Z, are
specified by cell to control the bottom drag forces. Physically, Z, represents the distance from
bottom within the bottom boundary layer at which the velocity appears to go to zero based on the
logarithmic velocity profile.

Each grid cell may have a different value for roughness length. Physically, bottom drag forces
depend on a number of phenomena that are difficult to characterize. These include bottom
material type, growth of biota, and the amount of channel meander, which all contribute to the
overall energy loss that are accounted for by the roughness length. Because the bottom friction
parameterization in the model accounts for the effect of a number of different factors, it is
difficult to determine a priori what values will provide the best results and thus it is typically
used as the primary parameter for “tuning” the model to reproduce the observations during the
model calibration process. For the Herring River model a value of 0.033 m was initially used
throughout the model domain then local adjustments were made to the roughness length values
in order to improve the model results to match observed data. Table 5-1 summarizes the
roughness length values used for the final calibration of the Herring River model. These values
are considered within the range of normal bottom friction values determined through empirical
laboratory testing. However, the value used in the lower portion of Pole Dike Creek is relatively
high. Observed data at the Pole Dike Creek gauge locations show the complete dampening of
the tidal signal at this point in the estuary. This is likely due to the dense submerged aquatic
vegetation (SAV) that exists in this creek. Observations conducted in 2008 indicated the creek to
be almost impenetrable by canoe. Therefore, there are significant frictional and/or constriction
influences in this portion of the estuarine system. In order to match the observed water surface
elevations in this portion of the estuary, a higher roughness length value was specified for the
Pole Dike Creek portion of the estuary.

Table 5-1. Bottom roughness length for the Herring River model.

Location Description Roughness length
(meters)
Herring River between Chequessett Neck Rd dike and High Toss Rd 0.025
Herring River between High Toss Rd. and Bound Brook Is. Rd. 0.05
Herring River between Bound Brook Is. Rd. and Route 6 0.06
Lower Pole Dike Creek 0.20
Remaining Model Domain 0.033

5.2.3 Control Structures

In addition to the culverts and gates at the Chequessett Neck Road dike, there are sixteen
additional hydraulic control structures found within the Herring River estuary. Therefore, due to
the high number, as well as varying type, of anthropogenic influences, EFDC was upgraded to
specifically model these types of control structures. Additional subroutines were applied within
the EFDC code, using well established methods to dynamically compute discharge though the
control structures. Flow charts showing the decision tree and equations used by these
subroutines for calculating flow through circular pipe culverts, sluice gates, and flapper gates are
described in more detail throughout this section. The locations of the control structures within
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the Herring River estuary are shown in Figure 5-15, with the control structures that are directly
modeled labeled in blue. Control structures that were of less importance, specifically those
located in the far upper reaches of the system, are shown in red and were not directly included in
the model simulations. Circular pipe culverts that were installed throughout the system are of
various lengths, pipe diameters, and construction materials.

5.2.3.1 Culverts

The characteristics of flow through culverts are complicated by many variables including the
geometry, slope, size, roughness, approach, and headwater and tailwater conditions. Chow
(1959) classified flow through a culvert into six flow types based on culvert slope, culvert height,
headwater depth and tailwater depth and presents a method for approximating the flow. This
method was simplified by assuming only hydraulically long culverts (limiting the number of
flow types to four) and implemented in a subroutine within EFDC to dynamically calculate the
flow though the culverts in the Herring River model. Figure 5-16 presents a flowchart which
describes how the flow is determined within this subroutine. At each model time step the
discharge through each culvert is determined and the appropriate volume is moved from the
upstream culvert cell to the downstream culvert cell. The downstream and upstream end of each
culvert, as well as the tailwater and headwater depths, change dynamically in the model since the
tidal fluctuations result in bidirectional flow through each of the culverts.

For the Herring River model, culvert invert elevations and construction material detailed in the
2006 Slade and Associates Inc. low-lying road survey were used to provide input for the culverts
in the model. Culvert lengths were estimated from aerial photographs since no measurements of
each culvert were provided in the survey data. An initial typical value of 0.035 was used for
Manning’s n for each culvert. During model calibration some culvert roughness values were
adjusted to provide better agreement between model results and observations. The final culvert
parameters used in the calibrated model are summarized in Table 5-2.
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Figure 5-15. Location of culverts in the Herring River estuary. Locations presented in
blue were dynamically simulated within the model, while those in red were
treated as simple hydraulic connections.

Circular Pipe Culvert Flow Calculations

Culvert flow classifications from Chow, 1959. Open Channel Hydraulics.

Mannings equation used to compute discharge

Outlet submerged? yes
no .
yes Pipe full flow
Headwater greater than 1.5
times diameter?
no yes Subcritical flow
Tailwater greater than critical / . tailwater control
depth?
no -
n Subcritical flow
Pipe slope greater than critical //0—/'
Slope? control at outlet
yes

Supercritical flow
upstream control

Figure 5-16. Flow chart for culvert flow type determination in the Herring River model.
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Table 5-2. Herring River model circular pipe culvert details.

Upstream Downstream
Length | Dia. Invert Invert Manning's
Location Material (ft.) (ft) | (ft - NAVD88) | (ft - NAVD88) n
Herring River @
High Toss Rd. Concrete 39 5 -3.8 -4.3 0.035
Pole Dike Creek @
Pole Dike Rd. Ceramic 46 3 -1 -1.3 0.035
Pole Dike Creek @
Rt. 6 Concrete 86 3 -0.44 -0.64 0.035
Herring River @
Bound Brook Is. Rd. | Concrete 46 5 -3.3 -3.5 0.04
Bound Brook @
Old County Rd. Ceramic 36 2 -2.1 -2.3 0.08
Paradise Hollow @
Old County Rd. Ceramic 49 0.5 -0.1 -0.75 0.035
Bound Brook @ Corrug.
Railroad Metal 82 2 -2.6 -2.6 0.035
Herring River @ Rt. 6 | Concrete 82 7 -2.2 -2.2 0.035

5.2.3.2 Sluice Gates

Tidal flow from Wellfleet Harbor into the Herring River estuary is entirely controlled by a single
sluice gate in the Chequessett Neck Road dike. An accurate model of the entire estuarine system
in its existing state depends greatly on accurate representation of this single control structure.
Therefore, a subroutine designed specifically for dynamically calculating the discharge through a
sluice gate was incorporated into the EFDC code. Flow through a sluice gate can be
characterized by two basic parameters: the nature of the flow (subcritical or supercritical flow)
and the water depth (gate submerged or not). Figure 5-17 shows how the sluice gate flow is
characterized in the model based on these parameters. When the water surface is effectively
determined to be below the top of the gate, the gate is modeled as a broad crested weir. When
the gate is submerged, the appropriate equation for either free sluice flow (super-critical) or
submerged orifice flow (sub-critical) is applied. To determine the flow through the sluice gate at
a given model time step the depth of water on the upstream side of the gate is compared to the
depth on the downstream side of the gate. If the depth on the downstream side is less than 0.64
times the depth on the upstream side, the red colored path in Figure 5-17 is applied and the
appropriate super-critical flow equations are used. If the ratio of downstream head to upstream
head is greater than 0.68, the purple colored path is applied and the appropriate formula for
subcritical flow (sub-critical weir or submerged orifice) is applied. Otherwise both discharges
are computed and a weighted average of the two is used (the yellow path). The equations for
calculating broad-crested weir flow are the same as those applied to barrier flow in SIMSYS2D
(Leendertse 1987). For super-critical weir flow,

for sub-critical weir flow,

2 2 2
Q=CIxWx—=x, -G xH,3 (8)
3 3
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Q=C2xW xHg,x/2G(H,, —H,,) (9)

where C1 and C2 are the super-critical and sub-critical discharge coefficients respectively, W is
the width of the gate, G is acceleration due to gravity, and Hy, and Hqy are the upstream and
downstream depths above the gate bottom. The equations used to compute free sluice flow and
submerged orifice flow are the same as those applied in the Brunner (2002). For free sluice
flow,

Q=C3xW xBx,/2GH, (10)
and for submerged orifice flow,
Q=C4xWxBx\/ZG(Hup—HdW) (11)

where C3 and C4 are discharge coefficients for free sluice flow and submerged orifice flow
respectively and B is the height of the gate opening. The invert elevation, gate opening, and
discharge coefficients applied in the calibrated Herring River model are shown below in Table 5-
3. The opening height refers to the distance between the bottom of the culvert and the bottom of
the sluice, or in other words, the vertical distance of the opening.

Different values of the discharge coefficients were used during an ebb and flood flow to achieve
the best agreement between model results and observations. A similar approach was taken by
Spaulding and Grilli (2001) in their inlet-basin model, where less frictional loss was applied
during a flooding tide. Considering that the modeled sluice gate must reproduce the observed
flow in the real system, the sluice gate asymmetrically placed in the downstream end of a box
culvert, and that flows observed during flood and ebb tides exhibit different set-down
characteristics, the use of variable discharge coefficients should be acceptable and provides the
best agreement between modeled results and observations.
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Sluice Gate / Flap Gate Flow Calculations

‘ Compare Upstream Head (H,,) to Downstream Head (Hgyn) ‘

/\

%dwn <0.64 0.64 < Hom 068 Han . 068

up up up

— Weighted average of —
| Supercritical flow | Supercritical and Subcritial | Subcritical flow |

‘ Compare Upstream Head (H,,) to Gate Opening (B) ‘

Hyp> 1.25*B 1.25*B>H,, >B Hyp< B

Free sluice flow | supercritical I transitional | subcritical || Supercritical weir flow |
Weighted average |

Weighted average of weir and Weighted average |

| Submerged orifice flow | sluice flow | Subcritical weir flow |

Sluice equations based on HEC-RAS river analysis system hydraulic reference manual Nov. 2002 Chapter 8 "HYDRAULIC COMPUTATIONS THROUGH GATED SPILLWAYS".
Weir flow equations are same as broad-crested weir formulas applied by ADICRC and SIMSYS2D.

Figure 5-17. Flow chart for sluice and flap gate flow type determination for the Herring
River model.

Table 5-3.  Sluice gate invert elevation, opening height, and discharge coefficients.

Invert
Elevation
(ft- Opening
Gate NAVD88) Height (ft) Cl|C2|C3|cC4
Sluice Upstream -3.38 1.67 1.375|1.375( 1.4 |1.35
Sluice Downstream -3.38 1.67 1 1 0.6 0.8

5.2.3.3 Flap Gates

While a flooding tide is severely limited by the sluice gate, ebbing tide has significantly greater
conveyance since the flap gates on the two neighboring box culverts open during an ebb flow.
The flap gates are modeled like the sluice gate with a few modifications. The flap gates are
modeled at all times as broad crested weirs with an additional head loss, HL, which reduces the
depth Hy,. The additional head loss is varies depending on the how much the flap is open. Itis
assumed, in order to open the flap some additional energy is required. As the flap opens, the
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energy required to hold it open decreases, as the water level increases. The additional head loss
is calculated by:

1(H + Hdw)

up
HL = HL x| 1- 22— (12)
DHL

The values used in the calibrated Herring River model are presented below in Table 5-4.

Table 5-4.  Flap gate discharge coefficients and additional head loss parameters.

Gate HLmax (ft) Dp (ft) | C1 | C2

Flapper gates 1.97 2.9 1.375|1.375

5.3 MODEL CALIBRATION

Model calibration is the process in which model parameters are systematically adjusted through a
range of acceptable values and results are examined using standard measures of error. Through a
number of iterative simulations the configuration of model parameters that provides the best
agreement between modeled variables and observed measurements is determined. Parameters
adjusted during calibration of the Herring River model include: bottom roughness lengths, pipe
culvert roughness coefficients (Manning’s n), and sluice gate and flap gate discharge
coefficients. The values presented in Tables 5-1 thru 5-4 are those used in the calibrated model.
Additionally, because observed stream flow data were not available, reasonable constant flow
rates for freshwater input into the upper reaches of the estuary were applied and adjusted during
the calibration process to provide better agreement between observations and model results.

The Herring River model was calibrated to observations collected between September 5, 2007
and October 3, 2007 at seven locations throughout the estuary. These locations are shown in
Figure 5-10 and descriptions of their locations are given in Table 5-5.
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Table 5-5.  Description of observation station locations.

Gauge Name | Location/Description

Dogleg Approximately 5000 ft upstream of the Chequessett Neck Road Dike

HT up Immediately upstream of the culvert at High Toss Road

PD_down Immediately downstream of the Pole Dike Creek culvert under Pole
Dike road

PD_up Immediately upstream of the Pole Dike Creek culvert under Pole Dike
road

OC_down Immediately downstream of the culvert on the main stem of the Herring
River under Old County road

BB_up Immediately upstream of the culvert on Bound Brook under Old County
Road

Rt6_down Immediately downstream of the culvert on the main stem of the Herring

River under Route 6

The model performance is evaluated by comparing time series output from the model at specific
observation points to the observed time series of both water surface elevation and salinity. The
results are presented visually as time series plots and scatter plots, and absolute error of the
model is quantified by calculating the bias and Root Mean Square Error (RMSE). Additionally,
the most dominant tidal constituents (both amplitude and phase) as determined from tidal
constituent analysis are compared.

The time series plots allow for a direct visual comparison of how the observed and modeled
variables evolve through time and provide a “first glance” at the performance of the model. On
the scatter plots, a point is plotted showing the modeled value for each discrete observed value.
When the model has perfect agreement with the observed data, the points lie on a line with slope
of unity (45 degrees) passing through the origin. The vertical distance between a point on the
scatter plot and the line of perfect agreement represents the model error for that particular
measurement. The overall error for a given observation time series is quantified in two ways:

n

Z(pmod — Pos )

Bias = -1 - (13)
Z(pmod ~ Pons )2
RMSE = || - (14)

Where Pmog and Pops are the modeled and observed values respectively and n is the number of
discrete measurements in the time series. The bias provides a measure of how close on average
the modeled results are to the observed data. A positive value indicates that the model is over-
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predicting the observation while a negative value indicates that the model is under-predicting the
observations; a bias of zero indicates that the on average over the time series the model
reproduces the observations. The RMSE is an average of the magnitude of the error of each
measurement in the time series. RMSE is always positive with smaller values indicating better
model performance. Both the bias and RMSE are measures of absolute error having the same
units of the measured quantity from which they are computed.

The U.S. EPA provides technical guidance on error statistic criteria for estuarine water quality
models recommending that hydrodynamic variables (i.e. water surface elevation) have relative
error less than 30% and transport variables (i.e. salinity) have relative error less than 25% (EPA,
1990). To compute relative error for water surface elevation the RMSE is normalized by the
mean tidal range for Wellfleet Harbor of 9.74 ft, or a salinity value of 30 ppt.

5.3.1 Water Surface Elevation Calibration

This section presents the results of the calibrated Herring River model for water surface
elevation. Visual comparison for the Dogleg and just upstream of the High Toss Road locations
are shown in Figures 5-18 and 5-19, respectively. Figures 5-20 through 5-26 show scatter plots
for all observation gauge locations, and include the bias and rmse error on the plot. Error
measures for all observation gauge locations are summarized in Table 5-6. Overall the
agreement is reasonable. The magnitude of the bias is less than 0.11 ft for all locations meaning
that the calibration simulation reproduced average water levels that are within an inch or two of
observed levels. RMSE is less than 0.4 ft for all locations indicating that on average the modeled
water level is within a few inches of the observed level at any given time.

Table 5-6. Calibration water surface elevation error measures.

Gauge Location | Bias (ft) | RMSE (ft) | Relative Error (%)
Dogleg -0.01 0.097 1.00
HT up 0.05 0.102 1.05
PD down -0.11 0.150 1.54
PD _up -0.06 0.133 1.37
OC_down 0.06 0.166 1.70
BB_up 0.08 0.357 3.67
Rt6_down -0.10 0.179 1.84

At the Dogleg gauge results have a relative error less than 1% of the Wellfleet Harbor tidal
range. Upstream of High Toss Road (HT_up), the error is nearly as small with a slight over-
prediction of the peak water levels corresponding to rainfall events and a slight over-prediction
of the overall tidal range. Downstream of Old County Road (OC_down) and upstream of Bound
Brook (BB_up), the discrepancy in rainfall induced peaks and tidal range becomes more
apparent, however the error is still quite small and well within recommended limits. For
example, the peak that occurs after the September 15 rain event at the BB_up location that is
over predicted by nearly one foot may be accounted for by the potentially oversimplified
assumption of equally distributed rainfall amounts. Additionally, actual runoff rates into the
main channels are potentially slowed by the resistance of the multitude of small streams and
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ditches which feed the larger channels, infiltration into the soil, resistance to flow from
vegetation, and evapotranspiration. However, since the main goal of the model is accurate
prediction of tidal propagation, and not rainfall runoff directly, this is not a significant concern.

Generally, in the locations where tidal influence is apparent, the modeled water surface is
characterized by a slight over prediction of the tidal range, which increases with distance
upstream of the dike. In other words, the tidal range predicted by the model is slightly larger
than the observed tidal range. This result can somewhat be expected when considering that the
streams above High Toss road are quite narrow, in some places only a few meters wide. While
the model grid resolution is quite high, it is not able to fully resolve the narrower streams and
their meanders in the upper reaches of the estuary. Because of this and other less understood
factors (e.g. resistance due to algal growth, micro-topography, storage in the marsh soils, SAV
growth) in the upper reaches and marsh plains of the actual estuary, there is slightly greater tidal
attenuation than that shown in the model. At the gauge locations above the realm of tidal
influence, PD_down, PD_up, and RT_6 down the results are good, with average water levels
within 0.1 ft of those observed.

Overall, the calibrated model reproduces the observed water levels within inches at all locations.
The RMSE relative to the Wellfleet harbor tidal range is less than 3.7% for all gages and is well
below the 30% limit recommended by the EPA for model calibration.

Figure 5-18. Dogleg water surface elevation comparison for modeled (red) and measured
(blue) time series.
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Figure 5-19. Upstream of High Toss Road (HT_up) water surface elevation comparison
for modeled (red) and measured (blue) time series.

Figure 5-20. Dogleg water surface elevation scatter plot comparing modeled and
measured water surface elevations.
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Figure 5-21. HT _up water surface elevation scatter plot comparing modeled and
measured water surface elevations.

Figure 5-22. PD_down water surface elevation scatter plot comparing modeled and
measured water surface elevations.
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Figure 5-23. PD_up water surface elevation scatter plot comparing modeled and
measured water surface elevations.

Figure 5-24. OC_down water surface elevation scatter plot comparing modeled and
measured water surface elevations.
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Figure 5-25. BB_up water surface elevation scatter plot comparing modeled and
measured water surface elevations.

Figure 5-26. Rt6_down water surface elevation scatter plot comparing modeled and
measured water surface elevations.
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5.3.2 Tidal Constituent Calibration

To further verify the calibration of the Herring River model, model and data comparison are
made for five dominant tidal constituents within the system. Table 5-7 presents the tidal
constituent amplitude and relative phase for modeled and measured tides at the four locations
that were primarily tidal. The constituent calibration resulted in satisfactory agreement between
modeled and measured tides. Standard errors between the modeled and observed tides were less
than 0.1 feet in all cases, and a majority of the time less than 0.03 feet. Tidal phase errors were
also reasonable (less than 15-20 minutes in most cases) and were typically equal or less than the
time step of the data observations (15 minutes). Ultimately simulating tidal components
accurately is important for proper simulation of restoration alternatives since the restoration
parameters are based on the tidal fluctuations and not episodic events (precipitation, wind, etc.).

Table 5-7. Tidal constituents for measure water surface elevation data and calibrated
model output, with modeled error amplitudes and phases during the modeled
calibration time period.

Measured Data
Constituent Amplitude (ft) Phase (degrees)

Location M, S N, K, 0, DM, S, ON, DK, ®0O,
Dog Leg 0.96 0.12 0.16 0.08 0.09 39.60 88.78 36.00 198.44 173.16
HT up 0.87 0.11 0.14 0.08 0.09 76.79 122.26 71.06 224.46 192.13
OC_down 0.09 0.02 0.02 0.02 0.03 162.23 181.96 137.20 296.19 248.38
BB_up 0.07 0.01 0.02 0.02 0.02 174.82 192.83 148.83 297.61 254.27

Modeled Calibration Data
Constituent Amplitude (ft) Phase (degrees)

Location M, S, N Ky 0, oM, @S, ON, 0K, @0,
Dog Leg 0.93 0.12 0.16 0.09 0.11 43.15 80.84 41.66 203.55 180.90
HT _up 0.89 0.11 0.15 0.09 0.11 46.43 85.00 45.65 207.98 184.38
OC_down 0.19 0.08 0.04 0.05 0.05 116.26 134.01 105.31 273.49 227.74
BB_up 0.17 0.02 0.04 0.05 0.05 129.10 123.62 113.88 285.33 222.07

Error
Constituent Amplitude (ft) Phase Error (minutes)

Location M, Sy N Ky O, oM, S, ON, OK; ®0,
Dog Leg 0.02 0.00 0.01 -0.01 -0.01 -1.42 3.18 -2.26 -2.04 -3.10
HT_up -0.02 -0.01 -0.01 -0.02 -0.02 12.14 14.90 10.16 6.59 3.10
OC_down -0.10 -0.07 -0.02 -0.03 -0.03 18.39 19.18 12.76 9.08 8.26
BB_up -0.10 -0.01 -0.02 -0.03 -0.03 18.29 27.68 13.98 491 12.88

5.3.3 Salinity Calibration

Salt penetration in the Herring River in its current restricted state is not normally observed above
High Toss Road. However, at the Dogleg gauge location, salt concentration is observed to
significantly vary during a tidal cycle. Salinity data was collected at the dogleg location for the
calibration time period by the NPS. Figure 5-27 and Figure 5-28 show the time series
comparison (between modeled and measured data) and scatter plot for salinity at the Dogleg
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location, respectively. Because the Herring River model is a two-dimensional depth integrated
model, the salinity computed by the model represents depth averaged salinity. Based on limited
vertical observation data Spaulding and Grilli (2001) used depth-averaged salinity values to
calibrate their hydrodynamic model. Although this data were not available for review, Spaulding
and Grilli (2001) indicate that the water column was vertically well-mixed during their
observation time period.

Lateral and longitudinal dispersion is computed within the numerical scheme of EFDC based on
the physical processes that are simulated in the estuary system (as determined by the
hydrodynamic model). The coefficients for dispersion are based on the work of Smagorinsky
(1963). This eliminates the need for selection of dispersion coefficients for model simulation
and more accurately represents dispersion since it is based solely on the physical processes that
are being represented in the model.

The model slightly under-predicts the time-averaged salinity over the duration of the calibration
period as indicated by the bias of -0.85 ppt. The RMSE of indicates that for discrete
measurements, on average, the model computed salinity at the dogleg location is within 3.3 ppt
of observed salinity. Overall the model is well calibrated for salinity with a relative error of 11%
which is well below the EPA recommended value. Although relatively small, the 11% error is
likely related to potential depth variations that may exist in the system during the calibration time
frame. For example, the salinity observations were collected at a single depth level in the water
column, while the model assumes a depth-averaged result. Although limited historical data
(Spaulding and Grilli, 2001) seem to indicate the Herring River system is fairly well mixed, this
may not have been the case during the calibration time period. Due to the flexible nature of the
model selected, the model can be easily extended to 3-D if additional data reveals seasonal or
temporary stratification or if increased resolution and processes handling is desired.
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Figure 5-27. Dogleg salinity time series comparison between modeled (red) and measured
(blue) salinity data.

Figure 5-28. Dogleg salinity scatter plot comparing modeled and measured salinities.
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5.4 MODEL VALIDATION

Prior to using a hydrodynamic model as a predictive tool it is common practice to validate a
calibrated model to confirm the model’s applicability to a reasonable range of conditions.
Validation involves applying the calibrated model to set of observed data that are independent
from the calibration data set without changing the model configuration or parameterization.
Error statistics for model validation should meet the same guidelines as those applied to model
calibration.

Observations of salinity and water levels collected for a previous modeling study (Spaulding and
Grilli, 2001) shown in Figure 5-29 were used to validate the Herring River model. These data
were collected at two locations, “Riverside” and “Harborside”, shown in Figure 5-10. Data
collected at the Harborside location were used to provide boundary conditions for the validation
simulations. The impact of t shoals and mudflats in “The Gut” is apparent when comparing the
water surface elevation data collected at Old saw (Figure 5-11) and the water surface elevation
time series at the Harborside location (Figure 5-29). The shape of the tidal observations,
particularly at low tide, shows the effect on water levels as the lower portion of the tidal signal is
limited by the Gut bathymetry. Therefore, it would be inappropriate to apply the Harborside
boundary condition at the same open boundary used for model calibration, and for the validation
simulation the grid was modified slightly to move the open boundary closer to the Harborside
location. Beyond this necessary modification the model configuration and parameterization
remains unchanged for everything upstream of the Chequessett Neck Road dike.

Figure 5-29. Water surface elevation and salinity boundary conditions used for model
validation.
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5.4.1 Water Surface Elevation Validation

Results for water surface elevation at the Riverside location are presented in Figure 5-30 and
Figure 5-31. The agreement is reasonable with a slight (0.068 ft) under-prediction of the average
water surface elevation and a RMSE of 0.136 ft. The relative error is 1.7% which is well below
the recommend value.

5.4.2 Salinity Validation

Results for salinity at the Riverside location for the validation simulation are presented in Figure
5-32 and Figure 5-33. The results are again reasonable, with a model over prediction of the
average salinity at the Riverside location by about 3.6 ppt; even thought the modeled salinity
peaks are lower than the observed salinity peaks. Overall, the relative error of 20 % is within the
acceptable limits, and the peaks and troughs of the salinity values are reasonable captured. The
increased error, when compared to the calibration case is likely due to (1) the slight offset in
phasing between the modeled and measured salinities, (2) the potential inconsistencies when
comparing depth averaged model results to observations collected at a single depth level, and (3)
the potential limitation associated with assuming a well mixed estuary at this location due to
limited data. Due to the flexible nature of the model selected, the model can be easily extended
to 3-D if additional data reveals seasonal or temporary stratification or if increased resolution and
processes handling is desired.

Figure 5-30. Riverside water surface elevation comparison for modeled (red) and
measured (blue) time series.
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Figure 5-31. Riverside water surface elevation scatter plot comparing modeled and
measured water surface elevations.

Figure 5-32. Riverside salinity time series comparison between modeled (red) and
measured (blue) salinity data.
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Figure 5-33. Riverside salinity scatter plot comparing modeled and measured salinities.

5.5 EXISTING CONDITIONS

The calibrated and validated model was further applied to simulate a number of hypothetical
situations to aid in understanding the behavior of the Herring River estuary in its current
restricted state. In addition to providing better understanding of the current system, these
simulations will also be useful by providing a baseline for comparison to alternative simulations.
For example, the impact of opening the Chequessett Neck Road dike on the potential storm surge
signal throughout the estuary system can be evaluated. Storm events and forecasted sea level
rise (SLR) scenarios are simulated, and the results presented in this section. Boundary
conditions for these simulations were created by modifying the water levels observed at the Old
Saw boundary conditions station to represent storm surge and/or long-term sea level rise
increases. The baseline results used for comparison to the tidal flood and sea level rise
simulations were taken from a simulations of normal tidal conditions which are identical to the
calibration case without the inclusion of atmospheric forcing (wind, rainfall, etc.).

5.5.1 Tidal Flood Events

Tidal flood elevations (1-year and 100-year return periods) acquired from The New England
Tidal Flood Profiles published by the U.S. Army Corp of Engineers (1988) were used to create a
representative water surface elevation boundary condition for simulation of the tidal flood
events. To create the boundary conditions, the water surface elevation data used for model
calibration was modified by adding the surge (a sinusoidal peak with a 24 hour period) to the
spring high tide that occurred on September 28" 2007. This produces three high tides that are
higher than the normal conditions and represent the tidal flood conditions that might occur with
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the passing of slow moving Nor’easter, somewhat like the conditions that occurred during the
Northeast Blizzard of February 1978. The 1 year return period storm peaks at 6.9 feet NAVD88
and is just slightly higher than the spring high tide observed at noon on September 28" 2007.
The 100-year return period storm peaks at 9.3 feet NAVD88 and is slightly less than the
maximum high water level of 9.7 ft observed during the 1978 blizzard (Roman, 1987), indicating
that the blizzard of 1978 was larger than a 100-year event for this location. The water surface
elevation boundary conditions used for these simulations are shown in Figure 5-34.

A summary of the peak water surface elevations at the gauge locations shown in Figure 5-10 is
provided in 5-8 and time series plots showing the water surface elevation at the various locations
are given in Figure 5-35 thru Figure 5-41. After day 2.5 in the simulation, the storm has passed,
and the time series for the return period storm (tidal flood) conditions matches the normal
conditions (or baseline). The 1-year flood case is not clearly distinguishable from normal
conditions. In fact, at the locations further up in the estuary (the Pole Dike gauges and the
Rt6_up gauge) the tidal attenuation caused by the system produces results that are similar to
spring tide conditions. The Rt6_up location is not affected by the storm surge for any of the
flood scenarios since the current restrictions throughout the system render this location
completely non-tidal. The return-period tidal flood simulations demonstrate the effectiveness of
the Chequessett Neck Dike in reducing storm surge. For example, during the 100-year flood
event, the greatest increase in peak elevation over the base line is 0.7 ft at the Dogleg location.
This increase is only 27% of the increase that occurs due the return period storm at the boundary
in Wellfleet Harbor. In other words, these results show a 63% reduction in storm surge height
between Wellfleet Harbor and High Toss Road.

Table 5-8.  Peak water surface elevation for return period tidal flood simulations (ft-

NAVDSS).

Location Normal Conditions | 1-Year Flood 100-Year Flood
Dogleg 0.75 0.80 1.44

HT up 0.72 0.77 1.37

PD down 0.79 0.79 0.95

PD up 0.79 0.79 0.95

OC down 0.65 0.71 1.33

BB up 0.71 0.73 1.1

Rt6 down NA NA NA
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Figure 5-34. Open boundary water surface elevation boundary condition for return
period storm simulations.

Figure 5-35. Tidal flood water surface elevation time series at Dogleg.
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Figure 5-36. Tidal flood water surface elevation time series at HT_up.

Figure 5-37. Tidal flood water surface elevation time series at PD_down.
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Figure 5-38. Tidal flood water surface elevation time series at PD_up.

Figure 5-39. Tidal flood water surface elevation time series at OC_down.
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Figure 5-40. Tidal flood water surface elevation time series at BB_up.

Figure 5-41. Tidal flood water surface elevation time series at Rt6_down.
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Salinity results for the tidal flood simulations are summarized in 5-9 and time series plots for
salinity at Dogleg and HT up are shown in Figure 5-42 and Figure 5-43, respectively. The
results for the 1-year return period flood show very little difference from normal conditions,
while the 100-year return period flood indicates an increase at both locations. As for the water
surface elevation, the dike significantly reduces salt water intrusion even during significant storm
events. Results from the 100-year return period storm simulations shows minimal salt
penetration north of High Toss Road.

Table 5-9.  Peak salinity for tidal flood simulations (in ppt).
Location Normal Conditions 1 Year Flood 100 Year Flood
Dogleg 24.0 24.4 27.35
HT up 5.1 6.6 16.4

Figure 5-42. Tidal flood salinity time series at Dogleg.
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Figure 5-43. Tidal flood salinity time series at HT _up.

5.5.2 Sea Level Rise

Further simulations were conducted to provide an estimate of future predicted water levels and
salinity in the Herring River over the next century as relative sea level increases. Specifically,
simulations for 50 and 100 years of sea level rise were conducted assuming a constant, linear sea
level rise rate of 2.63 mm/year over the next century. The rate of sea level rise is highly debated
and varies significantly depending on the source. For these initial sea level rise simulations at
Herring River, project rates are based on actual sea level rise observations to provide a
reasonable first-order estimate of sea level rise. This rate is based on observations of monthly
mean tide levels in Boston and is provided to the public by the National Oceanic and
Atmospheric  Administration’s  Center  for  Operational  Oceanographic  Products
(http://tidesandcurrents.noaa.gov/sltrends/sltrends.shtml). The sea level rise simulations were
created by simply increasing the water level boundary condition at the open boundary by the
appropriate amount (i.e., 0.44 ft in 50 years and 0.88 ft in 100 years).

Since there is such a wide range of predicted sea level rise rates, as the model continues to be
developed, additional sea-level rise scenarios will be conducted in order to simulate a more
diverse range of projected rates of sea level rise. For example, increased rates of sea level rise
will provide an upper bound of expected influence of future projections. Specifically, additional
sea level rise scenarios will be developed and simulated once the alternative analysis narrows
down the alternatives to a short list of preferred alternatives. In this manner, significant model
simulation time will be conserved by running sea level rise simulations for only the alternatives
that pass the normal tidal conditions screening for an effective restoration.
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To quantify the effect of the sea level rise on water levels in the estuary, Mean High Water
(MHW) and Mean Low Water (MLW) were computed over the six days of each of the three
simulations (normal conditions or baseline, 50 years of sea level rise and 100 years of sea level
rise) at each of the gauge locations shown in Figure 5-10. These values should not be considered
representative of actual mean tidal data because of the short time period over which they were
calculated; however they are useful for a relative comparison of water levels for these
simulations. The sea level rise increases in MHW and MLW and are presented in Table 5-10
and Table 5-11, respectively.

Table 5-10. Increase in mean high water above normal conditions due to sea level rise

(Ft).
Location 50 year sea level rise 100 year sea level rise
Dogleg 0.05 0.35
HT up 0.05 0.34
PD down 0.04 0.09
PD up 0.01 0.05
OC down 0.06 0.34
BB _up 0.12 0.39
Rt6_down NA NA

Table 5-11.  Increase in mean low water above normal conditions due to sea level rise (ft).

Location 50 year sea level rise 100 year sea level rise
Dogleg 0.04 0.35
HT up 0.04 0.37
PD_down 0.06 0.07
PD_up 0.00 0.03
OC _down 0.07 0.15
BB _up 0.15 0.22
Rt6 down NA NA

This approach to predicting the effect of sea level rise is simplistic and does not consider a
number of other factors that may also cause significant changes to tidal flows in the Herring
River over the next century. For example, sea level rise may not cause a uniform increase in
water levels over the entire tidal range, (i.e. the tidal range might change as the mean level
increases). The seas level rise consider is only projects absolute (eustatic) sea level rise and does
not include land/marsh based elevation changes (e.g., subsidence). For example, as water levels
increase, vegetation will likely grow and cause marsh surfaces to accrete. It is also impossible to
predict future anthropogenic activities or adaptive management activities. However, these sea
level rise simulations are useful in increasing our understanding of the behavior of the Herring
River Estuary system in its current restricted state, albeit not necessarily a perfect prediction for
the future.
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In general, the results are similar to what is seen in the tidal flood scenarios with the mean water
levels analogous to the peak flood levels. The increases in water levels induced by the increase
at the boundary are uniform throughout the time series, shown in Figure 5-44 through Figure 5-
49. Since the change in water surface elevations was minimal for the 50 year sea level rise
simulation, the time series for these results is not presented in the figures. After 50 years of sea
level rise, with an increase of 0.44 ft in mean water levels in Wellfleet Harbor, there is hardly
any change to water levels upstream of the dike. The greatest effect is observed in Bound Brook,
where the increase in MHW is still only 30% of the sea level rise at the boundary. With 100
years of sea level rise, the change in sea levels upstream of the dike become a more apparent, but
the maximum increase is still less than half the sea level rise in Wellfleet Harbor. Thus the dike,
in its current state, provides significant attenuation of sea level rise, as it does for storm surge.
For all cases, at the locations that currently do not experience significant tidal fluctuations under
normal conditions (e.g., Pole Dike Creek and Route 6), the effect of rising sea level is
insignificant. At the Rt6_down location there is no discernable difference in water level even
after 100 years of sea level rise.

Figure 5-44. Sea level rise scenario for water surface elevation at Dogleg station. Normal
conditions (baseline) compared to 100 years of projected sea level rise.
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Figure 5-45. Sea level rise scenario for water surface elevation at HT _up station. Normal
conditions (baseline) compared to 100 years of projected sea level rise.

Figure 5-46. Sea level rise scenario for water surface elevation at PD_down station.
Normal conditions (baseline) compared to 100 years of projected sea level
rise.
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Figure 5-47. Sea level rise scenario for water surface elevation at PD_up station. Normal
conditions (baseline) compared to 100 years of projected sea level rise.

Figure 5-48. Sea level rise scenario for water surface elevation at OC_down station.
Normal conditions (baseline) compared to 100 years of projected sea level
rise.
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Figure 5-49. Sea level rise scenario for water surface elevation at BB_up station. Normal
conditions (baseline) compared to 100 years of projected sea level rise.

In order to quantify the effect of sea level rise on salinity, an average over all the tidal cycles of
the peak salinity was computed. These mean peak salinity values for each scenario at the Dogleg
and HT _up gauges are presented in Table 5-12.

Table 5-12. Mean peak salinity values for sea level rise scenarios (ppt).
Location Normal Conditions | 50 Years SLR 100 Years SLR
Dogleg 22.52 22.62 25.09
HT up 0.80 1.00 7.03

The results for salinity are similar to those for water levels. Fifty years of sea level rise does not
significantly impact the salinity upstream if the dike, while doubling that increase does lead to a
small increase in peak salinity values and slightly more salt penetration above High Toss road, as
shown in Figure 5-50 and Figure 5-51.
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Figure 5-50. Sea level rise scenario for the salinity time series at Dogleg.

Figure 5-51. Sea level rise scenario for the salinity time series at HT _up.
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5.6 MODEL ANIMATIONS AND VISUALIZATIONS

Model animations and visualizations are provided on the DVD entitled “Herring River
Hydrodynamic Model — Model Animations and Visualizations, June 2009) that accompanies this
report. The DVD includes a digital copy of the report, a digital copy of the final model
presentation provided to the HRRC, animations of a number of different simulations, including a
collection of representative animations of water surface and salinity for:

Model calibration

Model validation

Storm and sea level rise simulations

Alternative simulation scenarios as presented in the following section

Readme files are provided on the DVD to explain the files present, as well as provide
instructions for special viewing options.
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6.0

INITIALALTERNATIVE SIMULATIONS

This section provides results and discussion from a series of initial alternative simulations using
the calibrated and validated hydrodynamic model of the Herring River System. The focus of
these initial alternatives is related to evaluation of the opening at the Chequessett Neck Road
dike, which is the primary restriction for the Herring River system. Specifically, the alternatives
simulated include:

1)

2)

3)

4)

Simulation of a representative “natural” Herring River system through the removal of all
anthropogenic features (e.g., culverts, dikes, railroad beds, etc.). As such, system was
allowed to be fully open to tidal flow and allow relatively uninhibited exchange
throughout the entire estuarine system. This alternative simulation could be considered a
reasonable representation of the greatest restoration level that may be expected for a
natural system (excluding natural and/or anthropogenic changes to the
bathymetry/topography).

Simulation of a range of opening sizes replacing the existing dike at the Chequessett
Neck Road crossing. These alternative simulations removed the existing dike and
replaced them with box culverts of varying sizes, ranging from the current 10 meter
opening to 100 meter opening. These alternatives also eliminated all flap gates and/or
manual control from the culvert opening(s), which could be added in subsequent model
alternatives. Therefore, full flow was allowed in both the flood and ebb direction through
the dike. Ultimately, the results of these alternative simulations were used to determine
the opening size that maximized the tidal range and salinity penetration in the lower
portions of the Herring River estuary system (downstream of High Toss Road). The
model results indicate that increasing the opening beyond an optimal size does produce
diminishing returns in terms of tidal exchange and restoration potential.

Removal of the significant flood tidal shoal that has formed just upstream of the
Chequessett Neck Road dike in response to the restriction imposed by the existing
culverts in the dike. Proposed restoration alternatives with larger openings in the dike
have raised concerns that this shoal may begin to impose a restriction, influencing tidal
propagation farther up into the estuary as the current limiting restriction imposed by the
dike’s culverts is removed. In order to assess any potential restriction the shoal may
cause in the restored Herring River, a simulation was conducted with the flood tidal shoal
removed.

An assessment of lowering the culvert inverts at Chequessett Neck. This alternative
briefly examined if lowering the culvert inverts would significantly reduce tidal
attenuation, improve tidal flux, or significantly impact water surface elevations or salinity
levels. This alternative was also geared to determine if the local bathymetry was more of
a limiting factor in the tidal attenuation.
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6.1 REMOVAL OF ALL ANTHROPOGENIC STRUCTURES

Figure 6-1 presents the locations where anthropogenic features were removed from the model
domain. This included the removal of all culverts, dikes, bridge crossings, and other
anthropogenic structures that were directly restricting the tidal propagation in the system. The
modification did not include changes that may have been made to the bathymetry/topography of
the system through direct or indirect anthropogenic influences.

Figure 6-1.  Locations within the model domain that were modified to represent removal
of anthropogenic features.

At this initial stage, the model alternatives were simulated for normal conditions only in order to
evaluate the potential feasibility of a restoration option. If the restoration alternative proves
fruitful for normal conditions, then additional conditions (e.g., return period storms, sea level
rise) can be simulated.

As an initial measure of the impact caused by the anthropogenic structures, the maximum water
surface elevation level reached for existing conditions was compared to the maximum water
surface elevation level reached for the simulation with anthropogenic structures removed. Figure
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6-2 presents a comparison of the maximum water surface elevation for existing conditions (upper
panel) and for the simulation that removed all anthropogenic structures (bottom panel).

Figure 6-2. Maximum water surface elevation for existing conditions (upper panel) and
for the no anthropogenic structures alternative (bottom panel). Color
contours present water surface elevation in feet NAVDS8.
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Figure 6-3 presents a comparison of the fraction of the time the marsh surface is submerged
during typical a tidal cycle for existing conditions (upper panel) and the no anthropogenic
structure alternative (lower panel). Blue areas represent regions that do not ever get wet during
normal tidal conditions, while red areas indicate areas that remain submerged throughout a
normal tidal cycle.

Figure 6-4 presents a comparison of the maximum salinity levels for existing conditions (upper
panel) and the no anthropogenic structure alternative (lower panel). Color contours range from
freshwater (blue) to salinity levels equal to the Wellfleet Harbor salinity (30 ppt shown in red).

Significant increases in water level and salinity are clearly shown in Figure 6-2 and Figure 6-4
when comparing existing conditions to the fully open alternative. Maximum water levels
increase by over 3.5 feet, while maximum salinities increase from freshwater to 30 ppt in
numerous places. The spatial extent of the increases also illustrates the amount of historic marsh
area that may have existed centuries ago. Similarly, the fraction of time the marsh plans remain
submerged significantly increases throughout the region.

Although the fully open alternative is not likely a reasonable final solution given the upland
infrastructure that has been developed over the last century, this alternative does provide a
reasonable estimate of the maximum restoration potential for the Herring River system.

Additionally, specific tidal water elevations (e.g., MHW, MLW, tidal range) and time series
comparison plots were determined for each of the restoration alternatives evaluated. This
information is comprehensively presented in databases on the companion DVD to the report.
Some specific water surface values and time series information for the fully open scenario are
presented in the following section in order to ease comparison to various dike openings.
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Figure 6-3.  Fraction of time submerged during a typical tidal cycle for existing
conditions (upper panel) and for the no anthropogenic structures alternative
(bottom panel). Color contours present time submerged between 0% (blue)
to 100% (red).
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Figure 6-4. Maximum salinity levels for existing conditions simulation (upper panel) and
for the no anthropogenic structures alternative (bottom panel). Color
contours present the salinity level with blue being freshwater.
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6.2  OPTIMIZATION OF THE CHEQUESSETT NECK ROAD OPENING

A critical part of the restoration success for Herring River will be based on the selection and
optimization of the Chequessett Neck Road opening. As such, a wide range of potential
openings, from 10 meters to 100 meters, were simulated in order to identify the optimal opening
that will maximize restoration potential. Model results were evaluated in terms of both modeled
water surface elevation and salinity levels. In these scenarios, no additional upstream changes
were made to the Herring River estuary. So unlike the fully open scenario, which included the
removal of all upstream anthropogenic features, these alternatives focus solely on the dike
opening.

Table 6-1 provides detailed results of the tidal water levels and tidal range at selected locations
throughout the Herring River estuary system for each of the simulated Chequessett Neck opening
alternatives, as well as the fully open scenario presented in the previous section. For locations
that are non-tidal, as indicated in Table 6-1, the MHW value represents the mean water surface
elevation for the time period of the simulation. The locations were model comparisons were
made are located within the major subembayment creeks throughout the system, as shown in
Figure 6-5. There are three stations within each major subembayment creek. This data, along
with additional information, is also presented within the databases presented on the DVD
included with this report.

Figure 6-5.  Station locations throughout the Herring River estuary system within all
major subembayment creeks.
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Table 6-1.  Tidal water levels and tidal range at stations shown in Figure 6-5.

Location Datum [~ Existing +|10m ~]20m = |30m [~ |a0m [~ |50m [~ |60 m ~|100m [+ Fully Dpen
Lower HR 1
MLW -1.83 -1.24 -1.84 -1.98 -2.00 -2.01 -2.02 -2.03 -1.94
Range 2.36 4.11 5.55 5.95 6.05 6.18 6.24 6.35 6.16
MLW -1.80 -1.12 -1.39 -1.41 -1.38 -1.37 -1.36 -1.33 -1.19
Range 2.19 3.93 4.98 5.19 5.24 5.32 5.39 5.67 5.37
MLW -1.68 -0.79 -0.30 -0.13 -0.05 -0.02 -0.01 0.04 0.10
Range 2.08 3.54 3.77 3.86 3.88 3.91 3.92 4.15 3.89
MLW -1.83 -1.23 -1.70 -1.80 -1.80 -1.80 -1.80 -1.80 -1.69
Range 2.16 3.98 5.20 5.56 5.68 5.75 5.82 6.09 5.81
MLW -0.92 -0.51 -0.57 -0.57 -0.57 -0.57 -0.57 -0.56 -0.58
Range 1.07 3.17 3.95 4.18 4.28 4.34 4.43 4.67 4.52
MLW -0.89 -0.50 -0.54 -0.54 -0.53 -0.53 -0.53 -0.52 -0.55
Range 1.02 3.14 3.91 4.13 4.23 4.30 4.38 4.66 4.51
wigrrs  mew [ om | 229 [ 270 [ s20 | sar [ 57 [ am | aos [ aes |
MLW -1.59 -0.42 0.92 2.31 2.64 2.77 2.84 3.04 0.12
Range 2.00 2.71 1.79 0.89 0.77 0.80 0.90 1.02 3.82
ware2  [mew | oes [ 216 [ 249 [ 285 | 306 | 320 [ a3 [ 3ss | a1 |
MLW -0.24 0.80 1.67 2.54 2.76 2.86 2.92 3.08 2.13
Range 0.67 1.36 0.81 0.31 0.29 0.34 0.39 0.50 1.00
wigrRs  fmew [ oss | 20 [ 248 [ 2m | 29 [ 308 [ 3y | 23 [ a7 |
MLW 0.37 1.41 2.10 2.61 2.75 2.82 2.84 2.98 2.51
Range 0.18 0.63 0.34 0.17 0.21 0.26 0.32 0.41 0.25
Uoperpo1  [mbw | 119 [ 215 | 248 | 285 [ 309 [ 328 [ 3a0 | 368 | 337 |
MLW 1.12 2.10 2.39 2.56 2.72 2.81 2.86 3.02 2.60
Range 0.07 0.06 0.09 0.29 0.37 0.47 0.54 0.66 0.77
Uoperp02 w138 [ 223 | 260 | 288 [ 302 [ 313 | 320 | 345 | 296 |
MLW non-tidal | non-tidal 2.35 2.84 2.99 3.08 3.13 3.29 2.67
Range non-tidal | non-tidal 0.05 0.04 0.03 0.05 0.07 0.15 0.29
Uoperp3 w139 [ 223 | 260 | 287 [ son [ a1 [ 319 | 343 | 206 |
MLW 1.31 2.18 2.35 2.84 2.98 3.07 3.12 3.28 2.67
Range non-tidal | non-tidal 0.05 0.03 0.03 0.05 0.07 0.15 0.29
MLW -0.25 0.79 1.67 2.52 2.74 2.84 2.89 3.05 2.14
Range 0.67 1.34 0.78 0.29 0.28 0.32 0.37 0.47 0.89
MLW non-tidal | non-tidal 211 2.50 .70 2.80 2.85 3.01 .26
Range non-tidal | non-tidal 0.23 0.27 0.27 0.31 0.36 0.46 0.70
MLW non-tidal | non-tidal | non-tidal | non-tidal 2,72 2,81 2.86 3.02 2,73
Range non-tidal | non-tidal | non-tidal | non-tidal 0.25 0.30 0.35 0.46 0.24
MLW non-tidal | non-tidal 2.38 2.61 2.75 2.79 2.86 2.99 2.48
Range non-tidal | non-tidal 0.12 0.20 0.27 0.39 0.38 0.44 0.32
MLW non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal 2,54
Range non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal 0.16
MLW non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal 2.55
Range non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal 0.13
UpperAl  fwew [ oso | 199 [ 248 [ a7 | 299 [ 310 [ am | am [ am |
MLW 0.44 1.56 2.33 2.65 2.81 2.88 2.95 3.08 2.53
Range 0.16 0.44 0.11 0.11 0.17 0.22 0.19 0.24 0.19
UoperrR2 [mbw | aen [ 19a | 235 | 264 [ 287 [ 299 [ 306 | 326 | 265 |
MLW non-tidal | non-tidal | non-tidal | non-tidal 2,77 2.85 2.89 3.04 2.50
Range non-tidal | non-tidal | non-tidal | non-tidal 0.10 0.14 0.17 0.22 0.16
UoperhR3  [mbw | 210 [ 217 | 239 | 254 [ 266 [ 275 | 285 | son | 256 |
MLW non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal 2.75 2.88 2,48
Range non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal 0.10 0.14 0.08
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Water levels and range are also evaluated at specific locations throughout the marsh plain, as
shown in Figure 6-6. Table 6-2 presents the MHW at these locations. The values in the tables
can be used to assess the relative changes throughout the estuarine system.

Figure 6-6.  Station locations throughout the Herring River estuary system at selected

marsh locations.

Table 6-2. Mean High Water Elevations at selected marsh stations shown in Figure 6-6.
Location |Existing [10m 20m 30m 40 m 50m 60 m 100 m Fully Open
Marsh 1 dry dry dry 2.63 2.81 2.93 3.00 3.20 2.59
Marsh 2 dry dry  [non-tidal | non-tidal | non-tidal | non-tidal | non-tidal | non-tidal 2.66
Marsh 3 dry |non-tidal| 2.39 2.69 2.88 2.99 3.07 3.26 2.68
Marsh 4 |non-tidal| 2.02 2.35 2.77 2.98 3.11 3.22 3.48 2.97
Marsh5 |non-tidal| 2.02 2.38 2.72 2.90 3.02 3.10 3.33 2.70
Marsh 6 |non-tidal| 1.97 2.37 2.67 2.86 2.97 3.05 3.24 2.64
Marsh 7 0.39 2.71 3.42 3.67 3.76 3.83 3.86 4,13 3.93
Marsh 8 dry dry dry 2.84 3.06 3.23 3.36 3.72 3.39
Marsh 9 0.33 2.69 3.43 3.71 3.78 3.91 3.95 4.23 4.06
Marsh 10| 0.28 2.79 3.59 3.78 4.09 3.91 4.13 4.43 4.08
Marsh 11| dry 2.22 2.58 2.84 2.99 3.10 3.17 3.42 3.14
Marsh 12 |non-tidal|  2.57 3.31 3.53 3.63 3.69 3.79 4,03 3.86
Marsh 13 | non-tidal |non-tidal|  2.60 2.86 2.99 3.10 3.18 3.41 2.95
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From a water surface elevation perspective, the tidal attenuation between Wellfleet Harbor and
Herring River is reduced the most when the dike opening is increased from existing conditions to
30 meters. Within the Lower Herring River and Mill Creek sub-basins, a 30 meter opening at
the dike maximizes tidal exchange. Larger opening at the dike continue to increase the MHW
level and tidal exchange; however, these increase result in less significant gains with diminishing
returns. Figure 6-7 shows the water surface elevation (WSE) results at the lower Herring River
station 1 location (just upstream of the dike) for all alternative cases. The figure also shows the
river bottom elevation, the offshore tidal signal in Wellfleet Harbor, and the existing tidal range.
MHW, MLW, and tidal range for the 30 meter opening are reasonably close to those produced
by the 100 meter opening. For example, the tidal exchange achieved using a 100 meter opening
is not significantly greater than a 30 meter opening. Additionally, the low tide level does not
approach low tide in Wellfleet Harbor (Old saw) for any of the alternatives, including the fully
open case due to the combined effect of the local dike bathymetry and the culvert inverts. The
potential impact of lowering the culvert invert is further investigated in section 6.4 of this report.

Figure 6-7. Water surface elevation (WSE) results at the Lower Herring River station 1
location for all alternative cases.

The potential optimal opening at Chequessett Neck Road was also evaluated from a salinity level
perspective. While 30 meters appears to maximize the restoration potential from a water surface
elevation perspective, a slightly larger opening maximizes the restoration potential from a
salinity perspective. Figures 6-8 through 6-12 show the salinity concentrations throughout the
Herring River system for dike opening sizes of 20 meters, 30 meters, 40 meters, 50 meters, and
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60 meters, respectively. Based on visual observations of the results, as well as time series of
salinity levels, a 50 meter opening best maximizes the salinity levels throughout the system.
Increasing from a 50 meter opening to a 60 meter opening indicates minimal improvement in
salinity levels. Therefore, openings beyond 50 meters indicate diminishing returns in terms of
restoration potential.
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Figure 6-8.  Salinity concentration throughout the Herring River system with an opening
of 20 meters at the Chequessett Neck Road. Salinity contours are presented

in ppt.
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Figure 6-9.  Salinity concentration throughout the Herring River system with an opening
of 30 meters at the Chequessett Neck Road. Salinity contours are presented

in ppt.
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Figure 6-10. Salinity concentration throughout the Herring River system with an opening
of 40 meters at the Chequessett Neck Road. Salinity contours are presented

in ppt.
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Figure 6-11. Salinity concentration throughout the Herring River system with an opening
of 50 meters at the Chequessett Neck Road. Salinity contours are presented

in ppt.
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Figure 6-12. Salinity concentration throughout the Herring River system with an opening
of 60 meters at the Chequessett Neck Road. Salinity contours are presented

in ppt.
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6.3 REMOVAL OF THE FLOOD TIDAL SHOAL

With the exception of the removed flood tidal shoal, this simulation was the same as the 30 meter
dike opening simulation conducted as part of the second alternative. The section describes the
changes made to the model grid, and the effect of the removal of the shoal on water levels and
depth-averaged current velocities.

6.3.1 Grid Modification

Figure 6-13 shows the bathymetry of the Herring River EFDC model grid in its current unaltered
state. The figure clearly shows the flood tidal shoal which has formed just upstream of the
Chequessett Neck Road dike. There is a significant portion of this shoal which lies between -1.5
and -1.0 feet-NAVDS88 and, during typical low tides, becomes exposed. The Herring River
model grid was modified to remove this shoal by reducing the elevation of grid cells to an
elevation of -3.4 feet-NAVD88. This elevation is same as the elevation of the culvert inverts in
the dike and is roughly the same as the surrounding river bottom. The resulting model grid
bathymetry is shown in Figure 6-14. Removing the flood tidal shoal to this elevation in the
actual river would require complete removal of approximately 6,000 cubic yards of sediment.
The channel thalweg, which is located to the south of the flood tidal shoal and is approximately -
6.0 feet NAVD88, may, like the shoal, be a response to the restriction imposed by the current
configuration of the dike and shoal combination.

Figure 6-13. Current bathymetry of the Herring River model showing the flood tidal
shoal.
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Figure 6-14. Bathymetry of the Herring River model with the flood tidal shoal removed.

6.3.2 Water Surface Elevation Results

In order to determine the effect of the flood tidal shoal on water levels in the proposed 30 meter
dike opening restoration alternative, Figure 6-15 presents water levels taken from the model
results at the Lower Herring River 2 observation location (Figure 6-5). This location is centrally
located within the lower Herring River sub-basin and provides a representative sample of the
water levels throughout lower sub-basin. Figure 6-15 shows the impact of the shoal removal on
water surface elevations is minor. The low tide elevations are slightly lower (about 1 inch) with
the shoal removed. This is evidence, that the shoal does provide some influential restriction to
the ebbing tide particularly when the tide is low and the top of the shoal become visible. While
this difference is quite small, it may be greater for larger dike openings. Besides the flood tidal
shoal there are other factors which may limit low tide elevations upstream of Chequessett Neck
Road. Potentially significant factors are the invert elevation of the culverts in the dike and
bathymetry of “the Gut”.
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Figure 6-15 Hydrographs at the Lowering Herring River 2 observation station for 30
meter dike opening simulations with and without the flood tidal shoal.

6.3.3 Depth Averaged Velocity Results

While the effect on water levels caused by the shoal removal is minor, there is a more
pronounced effect on current velocities in the area just upstream of Chequessett Neck Road. The
greatest velocities in the area around the flood tidal shoal are observed during ebb flows when
water is flowing out of all three culverts in the dike. Figure 6-16 shows the depth-averaged
current velocity during ebb tide when the current speed is greatest for the 30 meter dike opening
case with the flood tidal shoal present. Figure 6-17 shows a similar snapshot from the same time
in the simulation with the shoal removed. Comparison of these two figures illustrates that the
shoal causes the ebb current to be concentrated to the south of the shoal with current speeds over
3 feet per second. With the shoal removed, the maximum current speed is reduced by
approximately half. While the maximum speed is greatly reduced by the removal of the shoal,
the area with current speeds over 0.5 feet per second is greatly increased resulting in an overall
greater total volume flux. This increased volume flux allows for the slightly greater tidal range
shown in the lower sub-basin with the shoal removed.
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Figure 6-16. Depth averaged velocity contours and vectors during ebb for alternative with
30 meter dike opening.

Figure 6-17. Depth averaged velocity contours and vectors during ebb for alternative 30
meter dike opening and flood tidal shoal removed.
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6.4  LOWERING CULVERT INVERTS AT CHEQUESSETT NECK

As an initial test to evaluate the potential influence of modifying the culvert inverts (specifically,
lowering the inverts) at the Chequessett Neck Road dike, two additional simulations were
performed. The simulations were geared towards determining if the culvert invert alone (without
natural or dredging adjustment to the bathymetry) would influence the water surface elevation.
Updated Gut bathymetry (Section 6.5) and a 20 meter wide culvert opening were used for both
simulations; however, in one simulation the existing culvert invert elevation of -3.4 feet
NAVD88 was used while in the other the invert was lowered 1.5 feet to -4.9 feet NAVD88. The
tops of the culverts were set sufficiently high in both simulations to prevent them from flowing
completely full. The results for water surface elevation from these simulations in the lower
Herring River sub-basin are compared in Figure 6-18. These results show that the existing
culvert invert elevation is sufficiently low as to not pose a restriction of to low tide in the river.
This also likely indicates that the bathymetry surrounding the dike tends to be the limiting factor
for low tide levels in the river. Lowering the culvert does allow a greater volume of flow
(slightly higher tides); however, without an adjustment to the bathymetry, the low water level
does not decrease. In reality, it is likely that a lower culvert invert, combined with the increased
volumetric flow, would cause scour and an eventual lowering of the river bed, which may result
in a more significant change to the mean low water elevation.

Figure 6-18. Time series of modeled WSE with existing Chequessett Neck Road dike
culvert invert and with the invert lowered 1.5 ft.
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6.5 UPDATED GUT BATHYMETRY

Following the calibration and validation of the Herrin River model, additional bathymetric data
was collected in the Gut region to better define this region within the numerical model. After the
acquisition of this new bathymetric data collected on February 26, 2009, modifications were
made to the Herring River EFDC model. Since the addition of this new, more accurate data to
the model may affect the results, the new elevation data were incorporated into the model grid
and a number of simulations were re-run to quantify any effect this may have on model results.
Simulations conducted using the updated bathymetric data include a simulation of existing
conditions (to verify model calibration) and a simulation of the 30 meter wide dike culvert
alternative (to determine if the bathymetric update impacts alternative simulations that contain
more volumetric flux).

6.5.1 Bathymetric Data

Prior to the inclusion of the new Gut bathymetry in the Herring River hydrodynamic model, an
approximate idealized bathymetry was used in the region. This initial estimate was based on
outdated nautical charts of the area. Measurements indicate that there is an asymmetrical tidal
signal downstream of the Chequessett Neck Road dike. This asymmetrical tide is characterized
by a truncation of low tide portion just downstream of the Chequessett Neck Road Dike when
compared to tidal signal at observed farther into the harbor at Old Saw. Ultimately, the
bathymetry of the Gut limits the lower water level of the tidal signal. Therefore, accurate
bathymetric data within the Gut was critical to ensure accurate model results. Figure 6-19 shows
color contours of the idealized bathymetry initially used in the model, while Figure 6-20 shows
the new measured Gut bathymetry. Additionally, Figure 6-21 presents hypsometric curves for
the Gut area derived from both the estimated and measured bathymetries. In general, when
compared to the new data from the recent survey, the initial estimate was fairly accurate in terms
of the hypsometry of the region; however, the actual data provides a much more reliable surface
for use in simulation of the model.
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Figure 6-19. EFDC model grid showing idealized bottom elevation initially used in the
Herring River model.

Figure 6-20. EFDC model grid showing actual bottom elevation contours from recent
bathymetric survey and used in the updated Herring River model.
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Figure 6-21. Hypsometric curves of estimated bathymetry and the measured bathymetry
of the Gut.

6.5.2 Model Recalibration

In order to assess the potential impacts of the Gut bathymetry on the model calibration and
verification, a portion of the Herring River model calibration was re-simulated with the updated
model bathymetry. Representative time series plots showing a comparison of the observed water
surface elevation and salinity data used in calibration of the Herring River hydrodynamic model
are presented in Figures 6-22, 6-23, and6-24. In general the inclusion of the new bathymetric
data into the model did not have a significant effect on the model calibration. Figures 6-22 and
6-23 show time series plots of the water surface elevation comparing observed data to the
modeled results (for both the original estimated bathymetry and the new measured bathymetry)
at the dogleg and upstream of High Toss Road gauge locations. In these plots, all three lines are
in good agreement and similar results were observed at all gauge locations. Figure 6-24 shows a
time series of the salinity at the dogleg location, and the actual observed bathymetry within the
Gut has resulted and an improved salinity level prediction. Ultimately, the model does not need
to be re-calibrated based on the inclusion of the actual Gut bathymetry; however, the Gut
bathymetry will be used in all subsequent model simulations and alternative evaluations to
improve accuracy.
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Figure 6-22. Time series showing observed WSE and modeled WSE with both estimated
bathymetry and measured bathymetry at Dogleg.

Figure 6-23. Time series showing observed WSE and modeled WSE with both estimated
bathymetry and measured bathymetry upstream of High Toss Road.

Herring River Hydrodynamic Modeling
Final Modeling Report 94 June 2009
Town of Wellfleet, MA



Woods Hole Group, Inc.

Figure 1-24. Time series showing observed salinity and modeled salinity for estimated
bathymetry and measured bathymetry.

6.5.3 The Gut Bathymetry Impact on Alternatives

Currently, the combination of sluice and flapper gates in the Chequessett Neck Road Dike
restricts the water levels upstream of the dike. With this restriction potentially removed, tides in
the river may be limited by the bathymetry in the Gut. Thus, the actual measured Gut
bathymetry may have a more significant effect on model results for alternative simulations with
the dike restrictions removed since a greater volumetric flux will be exchanged.

As such, the alternative case with a 30 meter wide culvert opening in the Chequessett Neck Road
dike was re-simulated with the updated model bathymetry to identify the potential influence of
the actual Gut bathymetry on the restoration alternative simulations. Figure 6-25 shows a time
series plot of the water surface elevation from the 30 meter alternative with the initial estimated
bathymetry and with the updated bathymetry for a location in the lower Herring River sub-basin
(approximately halfway between Chequessett Neck Road and High Toss Road). Assessment of
the effect on water levels at this location is representative of the whole system. In general,
updating the bathymetry tends to cause a small increase in the low tide elevations and a nearly
negligible impact on the high tide elevations. This effect becomes less as the mean tide level
increases farther upstream in the system (as shown in Figure 6-26 for Mill Creek). Therefore,
the actual bathymetry in the Gut, combined with the proposed restoration alternatives, is slightly
more efficient at transferring water. As mentioned, the actual Gut bathymetry will be used for all
future scenario simulations to improve overall model accuracy.
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Figure 6-25. Time series of modeled WSE using estimated bathymetry and measured
bathymetry in the Lower Herring River sub-basin.

Figure 6-26. Time series of modeled WSE using estimated bathymetry and measured
bathymetry in the Mill Creek sub-basin.
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7.0 DISCUSSION AND NEXT STEPS

Based on the Woods Hole Group review of these initial alternative modeling simulations, as well
continued discussions with the HRTC, key results of the alternative model simulations include:

e The tidal attenuation between Wellfleet Harbor and Herring River is reduced the most
significant amount when the dike opening is increased from existing conditions to 30
meters. Within the Lower Herring River and Mill Creek sub-basins, a 30 meter opening
at the dike maximizes tidal exchange. Larger opening at the dike continue to increase the
MHW level and tidal exchange; however, these increase result in less significant gains
with diminishing returns. MHW, MLW, and tidal range for the 30 meter opening are
reasonably close to those produced by the 100 m opening. Therefore, from a purely
water surface elevation and tidal exchange perspective, a 30 meter opening would
reasonably maximize restoration.

e Salinity levels within the system increase substantially up to a dike opening of 50 meters.
Openings greater than 50 meters have limited gains in salinity concentration levels and
indicate diminishing returns. Therefore, although a 30 meter opening effectively
maximizes water exchange, a larger opening is required to maximize salinity throughout
the system.

e Dike opening widths greater than 10-20 meters cause overtopping of High Toss Road,
which leads to reduced tidal range and increased water levels upstream of High Toss
Road. When culvert widths at the dike become larger than 10 meters, water levels in the
Lower Herring River sub-basin begin to overtop High Toss road on some high tides.
Widths above 20 meters at the dike result in a significant volume of water flowing over
High Toss Road on each flood tide. Figure 7-1 shows the color contours of the water
surface elevation and velocity vectors at high tide during the simulation with a 60 meter
opening at the dike. Water continues to flow upstream over the road even as the tide
begins to fall causing a strongly asymmetrical tidal signal with a larger volume of water
flooding over the road than ebbing over the road. This increases the low tide level and
mean water level for all the basins upstream of High Toss Road. Figure 7-2 shows the
discharge through the High Toss Road culvert for selected alternative simulations. This
illustrates the strong asymmetry in the tide that occurs due to the overtopping of High
Toss Road as there is a much larger volume of water ebbing than flooding through the
culvert for alternative culvert widths greater than 10 meters. As such, the High Toss
Road area is much more complicated than a single culvert constriction once the dike is
opened a moderate amount. Future alternatives need to assess not only changes to the
culvert, but also to the road itself.
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Figure 7-1.  Water surface elevation and current velocity vectors at high tide for 60 m
opening.

Figure 7-2.  Discharge through the High Toss Road Culvert.
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e The hypsometry of the Mid Herring River sub-basin contributes to substantial reduction
in tidal range with in this sub-basin. The results of the fully open case indicate that the
natural geometry of the Herring River estuary causes a strong attenuation of the tidal
signal. Even without the presence of the elevated High Toss Road causeway, an
unrestricted tide propagating through the Herring River Estuary is significantly damped
through the system. The natural “neck’” across where High Toss Road was built poses a
significant restriction to tidal flow. Just above this narrow section of the river the marsh
plain expands extensively into the mid Herring River sub-basin, and also into the Upper
Pole Dike creek sub-basin to the east and the Duck harbor sub-basin to the west. The
effect in the upper sub-basins (i.e. Upper Herring River and Bound Brook) of the fully
open simulation is a lower mean water level when compared to the 100 meter opening
due to absence of the trapping effect of High Toss Road. The absence of additional
restrictions at the railroad beds and Old County Road allow the tidal signal to propagate
further into the Bound Brook and Upper Herring River sub-basins than it does during the
other alternatives. Therefore, in a fully open scenario, tidal signals do appear in even the
upper reaches of the estuary. This indicates that the fully open scenario, although not
directly shown in the water surface elevation results, is the most effective at completely
restoring tidal exchange throughout the entire system.

e Removal of the flood tidal shoal, either by natural process or by dredging, has minimal
impact on the tidal attenuation throughout the system. However, changes to the shoal and
the surrounding region due have a significant impact on tidal velocities and circulation
characteristics near the Chequessett Neck Road area.

e Lowering the culvert invert at the dike did not significantly influence the results
compared to the existing culvert invert. The surrounding bathymetry and river bed
elevation may have a greater influence on the low water elevations than the culvert
invert. Dredging and potential island building within the Herring River system should be
considered as a potential restoration strategy for certain areas of the system.

Based on the results of these initial alternative simulations and the key results discussed above,
Woods Hole Group recommends the following next steps:

1) Evaluation of the High Toss Road constriction - This evaluation would include a range
of scenarios for both the High Toss Road culvert and roadway. Based on the alternatives
simulated to date, the High Toss Road culvert and specifically the causeway/road, have a
significant influence on the tidal processes in the mid and upper portions of the estuary.
The complexity involved with the overtopping of the road, including the non-uniform
overtopping on ebb versus flood, indicate the High Toss Road crossing is an important
component of the overall restoration process. Due to the significant impact of not only
the culvert, but also the road itself, the Town of Wellfleet should determine the potential
options for High Toss Road (e.g., keep the road in place, replace with a walking bridge,
remove completely, etc.) such that the High Toss Road alternatives can be fully
developed.
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2) Extension of the hydrodynamic model to simulate sediment transport — Based on the
need to be able to predict potential changes to the Herring River system for potential
restoration alternatives, as well as address potential concerns related to changes to the
system, the HRTC should consider extending the hydrodynamic model to include
sediment transport. Since the hydrodynamic modeling approach was designed to be
flexible, sediment transport modeling is a relatively straightforward addition to the
modeling effort. The sediment transport modeling will provide sediment flux values,
prediction of areas of erosion, scour, accretion, and shoaling, and quantify rates of
erosion or accretion throughout the system. These results can be used to identify the
physical changes that will occur to the system for different alternatives, and can be used
to provide answers to potential environmental impacts. For example, the sediment
transport model extension would provide information on how ebb and flood tidal shoals
may adjust, predict potential impacts on shellfish beds, and identify areas that may
undergo significant scour that would need to be addressed during the engineering phase
of the restoration project.
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