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ABSTRACT

This study assesses the current hydraulic characteristics and water quality of the
Pamet Estuary in Truro, Massachusetts. The project focuses on Wilders Dike, which has
altered flow characteristics, consequently reducing the tidal prism and natural flushing
capability of the system. The current water quality was assessed, and an existing
computer model of the system was validated and utilized to determine current hydraulic -
conditions. Preliminary hydraulic designs of Wilders Dike were presented, and a hydraulic
analysis of each was performed.
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1 INTRODUCTION

The Pamet River Estuary is located on Cape Cod in Truro, MA. This estuary,
which is shown in Figure 1.1, has been significantly altered from its natural state due to the
construction of a number of dikes. Because of the potential for flooding due to
overwashes at Ballston Beach, the town has recently expressed an interest in conducting
further research for altering the existing dikes.

The objective of this Major Qualifying Project (MQP) is to evaluate the impacts of
dike construction on the Pamet River Estuary and develop a preliminary design for the
modification of the channel characteristics in an attempt to maintain or improve the water
quality in the Pamet River.

This report is submitted to serve as a Major Qualifying Project (MQP), which is a
degree requirement established by the Worcester Polytechnic Institute in Worcester,
Massachusetts. The MQP is used to expose students to a tangible application of the
theory énd design that they have obtained throughout their undergraduate career.
Conducting and analyzing several water quality and hydraulic experiments, along with the
design of several preliminary alternatives to the existing Wilders Dike in the Pamet River
Estuary, fulfills the MQP requirements in the Departments of Civil and Environmental
Engineering at WPL.

This préjéct presénts the analysis of pertinent past research results, and personally
obtained data along with several alternatives to the existing situation. The specific |
procedures for each component of our project are elaborated on.in the body of the report,
but an overview can be satisfied here.

A detailed study was completed in 1989 by Graham S. Giese, Carl T. Friedrichs,

and David G. Aubrey of Woods Hole Oceanographic Institution in cooperation with
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Figure 1.1: Map of Pamet River Estuary
(Taken from The Greenway Management Plan, 1986)




Richard G. Lewis II of Massachusetts Institute of Technology. In that study, a general
one-dimensional numerical model was appliéd to the Pamet River Estuary to determine the
hydrodynamic effects involved in the removal of Wilders dike, and several other barriers to
tidal flow in the estuary. The resulting shallow-water tidal system model, which is
described in Chapter 4 of this report, is a key component in this project. Therefore, field
measurements and other analyses were used to verify parameters that may have changed in
the past five years.

To update the model, several visits were taken to the Pamet to evaluate the
existing conditions. The primary visit to the Pamet included several field surveys for
characterizing any changes in channel properties. Four tide gages were checked
periodically throughout a complete tidal cycle to determine the changes in volume of flow
entering and exiting the estuary. Surveying was also completed to record significant
alterations in the topography of the channels and the surrounding area. Additional
surveying was performed during a second field trip for predicting the area that could
possibly be engulfed in water if the dikes were removed. Measured flow and elevation
data were compared to the existing data, and the model was updated. Complete
descriptions of the techniques and methods used for obtaining and analyzing this data are
detailed in Chapter 4.

The second visit to the Pamet was also used to obtain water quality data for
characterizing the present condition as compared to previous data of The Massachusetts
Division of Water Pollution Control, and Richard G. Lewis II. The recently collected data
includes conductivity, salinity, temperature, and pH analysis along with totalv.and‘fecal
coliform levels, nitrates, nitrites, and ammonia. The results of these tests were used for
determining the rate and significance of the water quality changes in the estuary. Chapter
3 discusses the past and present data along with the analysis and comparison of all tests.

With all of the collected and analyzed data, the model was finally verified. The

model was then used to predict the effects of dike failures on tidal elevations and flow




characteristics in the estuary. It was also used to ebtain fairly accurate flow rates
necessary in the design phase of our alternatives. Utilizing the model’s outputs, several
preliminary designs for modifying channel characteristics were prepared. Six alternatives,
presented in Chapters 5 and 6, were developed and analyzed to gain an approximate
representation of the hydraulic capacity of the Pamet.

While it is noted that additional research is necessary to fully develop an
appropriate design for the removal of Wilders Dike, these analyses should provide a better
understanding of the effects of dike removal on the flow characteristics in the vicinity of
Wilders Dike. In addition, a goal of this project was to provide some preliminary data on
the effects that dikes have on the water quality. Therefore, to start the report, some
general background is presented in Chapter 2 on estuaries along with some aspects of

human intervention on estuaries.




o
&, BACKGROUND

2.1 Definition of Estuary

A contemporary definition of an estuary ig “a semi-enclosed body of water having
a free connection with the open sea, and within which the sea water is measurably diluted
with fresh water drained from the land. This broad definition may include bays, sounds,
inlets, fords, and lagoons.”’ This report will focus on the bar built estuary. The bar built
estuary is a low relief inlet found along sandy coastlines. Generally, a bar built estuary

follows an L shaped plan with the lower course parallel to the coastline. (see Figure 2.1).

Figure 2.1: Bar Built Estuary

2.1.1 Importance of Estuaries

Estuaries have been of extreme importance to human activities both in the present
and the past. The numerous desirable qualities that estuaries have to offer are what

makes them so attractive to humankind. An estuary’s unique physical qualities, including




tidal flats, dunes, salt marshes, shrub swamps, and woodlands, make it an ideal place for a
great diversity of plants and wildlife to thrive. The fact that estuaries usually offer some
type of barrier to protect against the open sea’s rage during stormy weather makes them
an excellent harbor for sea vessels. The tidal prism volume (the large volume of water
exchanged during the tide cycle) produces a natural flushing ability that removes wastes<\
from estuaries. Keeping these factors in mind, it is easy to understand why many early

American settlements were concentrated on estuaries, and it is not surprising that two

thirds of the world’s larger cities are located on or near estuaries.

2.1.2 Human Intervention With Estuaries

The quality of a water supply is very important in determining the uses that it is
suitable for. Pollutants from years of human activities and waste disposal have been
extremely detrimental in destroying the quality of water in rivers, streams, and lakes. Our
realization of this problem has been too late in far too many areas where the once pristine
water supporting various life forms has evolved into foul open sewers with few life forms
and fewer beneficial uses.” Although these water sources may not always be necessary for
providing high quality drinking water, they are instrumental in entertaining safe swimming,
boating, and fishing opportunities along with the prevention of water borne diseases, the
protection of surrounding wildlife, and the maintenance of an aesthetic natural
environment.

Many of the world’s estuaries are presently undergoing some kind of stress directly
related to past or present human activities. Altered river flows, the filling in of salt and
fresh water wetlands, dredging, effluent disposal, industrial cooling and recreational use
are some of the numerous activities that cause stress in estuaries. These forms of stress
have increased enormously over the last century and will most likely continue to intensify

in the future. Until recently, little thought was given to the possible effects of human




intervention with estuaries. However, the results of continued estuary pollution have
begun to show in the form of:

e eutrophication

e chemicals in estuarine mud deposits

e toxic substances in food chains

e increased coliform counts

2.1.3 Estuary Preservation and Recovery

Today, there is a growing concern about the future of estuaries and the cleaning up
of estuarine environments. Meeting the challenge of recovery and preservation in
estuarine environments is extremely difficult. The science of estuaries is very complex
compared to that of rivers, lakes, and deep oceans. There are many different disciplines
required to understand estuaries, including hydrology, geohydrology, oceanography,
hydro-dynamics, biology, and chemistry.

Water quality measurements are an essential part of estuary preservation. Water
quality monitoring can give clues as to what type of pollution exists as well as where the
pollution source is located. Biological water quality analysis includes microbial density
determination in the form of fecal and total coliform counts. Physical and chemical water
quality analysis includes a much larger variety of tests including pH, salinity, temperature,
conductivity, nutrient concentrations and a large list of chemical compound concentration
tests.

E In attempting to manage the ql;ality of a water source, it is first essential to
familiarize oneself with the properties of that source. The assimilation of wastes varies
with each water source, and is dependent on the type of pollutant discharged and the

manner in which it affects water quality, the mineral heritage of the watershed, the

geometry of the terrain, the climate of the region, and various other natural factors.”
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Along with familiarizing oneself with the broperties of the source itself, it is also
vital to identify the types of pollutants, and their origins. Domestic sewage and industrial
wastes are referred to as point sources since they are connected by a network of pipes and
are conveyed to a single point of discharge into the surface water.* Non-point sources are
characterized by multiple discharge points such as urban and agricultural runoff that may
flow over the surface of the land and through natural drainage channels to the water
supply. The significant amounts of non-point pollufion tend to occur during spring snow
melt or rain storms when the flow rates toward the water supply are greatly increased.

The study of estuarine hydraulics is also critical in estuary preservation efforts.
Estuaries possess a natural flushing ability that helps minimize pollution concentrations.
This flushing process is due to the exchange of a large volume of water during the tide
cycle which is referred to as the tidal prism. Estuaries that have been altered naturally, or
by man made structures can become stagnant in areas, and therefore lose their original
flushing cépabilities. Hydraulic measurements including flow, tide measurements, and
channel characteristics are important in determining if the existing tidal prism is sufficient

for naturally flushing pollutants.

2.2 The Pamet River and Estuary

This study focuses on the Pamet River and Estuary located in Truro,”
Massachusetts (refer to Figure 1.1). The Pamet River éystem is of extreme importance
not only to surrounding residents, but also to the state of Massachusetts. As a local
resource, the Pamet offers beautiful scenery, recreational activity, navigability (only at
high tide), shell fishing, and a habitat to several threatened plant species. The Pamet is one
of 46 rivers classified as Scenic Rivers in Massachusetts. In 1986, the Pamet was the

state’s second priority for protection, behind the North River in Marshfield.’




2.2.1 History of the Pamet
The Pamet River Valley is rich in historical events directly involved with early

explorations of the New World. In November of 1620, the Pilgrims aboard the
Mayflower explored the Pamet River Valley with the hopes that they had found a New

World home. The Pilgrims found that the Valley offered much of what they were looking
| for including a harbor, hills, marshes, timber, game, fish and fowl. The one important
feature that the valley lacked was a freshwater spring. This one reason alone was enough
to turn the Pilgrims away and they discovered Plymouth on their next voyage.6 However,
Pamet Harbor was carefully considered as a settlement due to the outstanding features

that it still offers today.

2.2.2 Current Physical Description

The Pamet River system consists of three stream branches that meet before
emptying into Cape Cod Bay (refer to Figure 1.1). The Pamet River is the main branch of
this system, and it meanders approximately four miles from the head near Ballston beach,
adjacént to the Atlantic Ocean on the East, to Pamet Harbor, a.djacent to Cape Cod Bay
on the West. The Pamet’s two smaller tributaries, Little Pamet River to the North, and
Eagles Neck Creek to the South, each span a distance of approximately one and a half
miles prior to meeting the Pamet at right angles in Pamet Harbor.

The Pamet system’s natural physical characteristics have been drastically altered
over the last two centuries. During the 1800’s, the Pamet was divided into many different
sections as a result of the numerous dikes being put into place. Currently, the fresh water
head of Pamet River is located approximately 100 yards from the coast at Ballston beach.
From here the Pamet flows west towards Pamet harbor. The river does not become tidal
until west of the Route 6A dike (Wilders Dike), where a clapper valve prohibits further
eastward flow . It is estimated that before Wilders Dike was put in place, the Pamet

remained tidal for as much as three quarters of its length. Diking and ditching activity
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over the centuries have resulted in the Pamet system being separated into 16 different

areas, each of which has experienced hydraulic alterations.

2.2.3 Present Day Concerns with the Pamet

The Pamet River Basin requires improvement in many areas. Most problems that
are being seen today in the Pamet are directly related to man’s altering of the system over
the years. This section discusses the important issues of concern in a format that shows
how many of the problems are interrelated.

It wasn’t until the mid 1980s that the water quality of the Pamet System was
seriously assessed. During the summer of 1988, Richard G. Lewis II, an MIT graduate |
student, conducted a study which revealed that fecal coliform counts in the Pamet
exceeded the limit for shell fishing throughout the entire summer. High coliform counts
are a serious matter since they are one of the only groups of organisms that act as an
indicator species when pathogenic bacteria is present in a water supply. These pathogens,
or disease-producing organisms, are discharged along with fecal wastes and are very
difficult to detect in water supplies.7 Shellfish tend to concentrate these pathogens, since
they filter water for food, and become extremely toxic when they are exposed to a
polluted water.® When a body of water is found to contain high coliform counts, it is
unsafe not only to harvest shellfish, but also for activities such as swimming and bathing.

* Although data collected in the harbor during incoming tide periods was slightly
below the shell fishing limits established by The Massachusetts Division of Marine
Fisheries of 14 organisms per 100 ml, the limit for swimming closure was frequently
exceeded at low tide in the river, at all times in the creeks, and the entire basin after rain
events.” Since the levels of fecal coliform were higher during a rain event, it is common
to assume that the main source of contamination is due to non-point discharges.'’ Even
with the low density predominantly seasonal residential land use, the absence of point

source discharge, and the presence of broad marshes and wetlands, the runoff that is
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emptied into the Pamet through pipes found at Wilders Dike, South Pamet Road, and
Meeting House Road can carry significant amounts of oils, metals and organic wastes,
litter, chemicals, and salts.!’ Most of the runoff from route 6 between Edgewood Farm
and Unionfield Road collects in highway catch-basins and eventually discharges into the
Pamet River." |

Another water quality concern that the Pamet is currently experiencing is
eutrophication. The acceleration of the eutrophication process in the Pamet is occurrinbg
in the fresh water portions. Man-made nutrient sources, as well as the stagnation of many
fresh water areas due to the extensive diking and ditching are the main contributors to this
process. Currently, pondweed and water lilies strangle most of the freshwater portions of
the Pamet, making any form of navigation difficult.

Although ground water quality is generally good in the Pamet System, there is
some concern about possible high groundwater sodium levels in the vicinity of Route 6.
There is a possibility that high sodium readings in some well waters may be caused by the
nearby salt water environment, however, it is also possible that some of the high readings
are directly related to road salting during snowfall. It is vital that Route 6 remain clear
during winter weather, and therefore it is heavily salted. This major source as well as
smaller surrounding roads may be contributing to higher than normal readings. The
reason why sodium contamination is of such great concern is because, unlike other
contaminants that can be removed through processes such as filtration or adsorption, salts

rapidly dissolve into ground water making them impossible to remove.

2.2.4 Effects of Ditching & Diking

Human intervention with the Pamet in the form of ditching and diking is often
referred to in this report, as it is in most other research on the Pamet. These past acts of
compartmentalizing the Pamet into many different sections have something to do with

most problems that the system is currently experiencing. Reasons for ditching and diking
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in the past have included better drainage, mosquito control, vehicle travel, and flood
protection. All of the original reasons for ditching and diking techniques can be dealt with
through the use of modern techniques, such as low maintenance bridge building, advanced
culvert design, and biological agents for mosquito control efforts.”

Ditching and diking have resulted in various water quality problems due to
constricted stream flow, in'creased sedimentation, less oxygen, reduced flushing
capabilities, increased sensitivity to acidity, and more mobilization of toxic metals and
sulfides in sediment.’* Harbor management problems have also risen due to a smaller tidal
prism, lower current velocities, increases in shoaling, and again less flushing capability.
Wildlife has also paid a price through the reduction of shellfish beds, pollution effects on
fish, and the effects of eutrophication. Vegetation has suffered great losses due to the
destruction of wetlands, and eutrophication. Problems effecting recreational value
include limited opportunity for boating, decreased visual enjoyment, and swimming

closures due to high coliform counts.




&‘3 WATER QUALITY

In recent years, water quality in the Pamet estuary has become of great concern.

High coliform counts havé led to the closing of several shellfishing and recreational areas.
Speculation suggests that direct runoff and the reduced tidal prism resulting from various
dikes throughout the system are the major contributing factors to the contamination. To
evaluate the extent of these water quality problems, a general assessment of the estuary’s
present water quality conditions was completed. This evaluation included a comparison
between past and present data in an attempt to determine if conditions have worsened.
More specifically, the objectives of this chapter include (1) obtaining an understanding of
water quality conditions in recent years through a review of past research, (2) identifying
the current water quality conditions through a selective water quality analysis, and (3)
comparing of past and present data, in whether or not water quality conditions have

changed.

3.1 General Methodology *
To fulfill the objectives, a three step procedure was performed. The first step was |

to study past water quality analyses performed on the estuary. This was accomplished

through a review of the 1976 Massachusetts Division of Water Polluﬁon Control water

quality analysis, and the 1988 analysis conducted by Richard G. Lewis II of the

Massachusetts Institute of Technology. Once a general understanding of recent water

quality conditions and trends was obtained, a selective water quality analysis plan was
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developed. Water quality parameters were chosen based on their practicality of testing
procedures, and their comparability to previous data. Finally, present water quality data

was compared to that of previous research, and similarities and discrepancies were noted.

3.2 Past Research

In order to gain a general understanding of past water quality conditions, the 1976
Massachusetts Division of Water Pollution Control (referred to as MDWPC) water quality
analysis and the 1988 analysis conducted by Richard G. Lewis II of the Massachusetts

Institute of Technology were reviewed.

Table 3.1: Selected results from Massachusetts Division
of Water Pollution Control Water Quality Analysis (9/1/76)

Harbor Wilders Dike - Wilders Dike -

salt fresh
Temp (C) 20 18.9 18.9
pH 7.7 6.9 6.6
Ammonia (mg/1) 0.02 0.01 0.02
Nitrate (mg/l) 0 0 0.
Fecal Coliform 5 ‘ 50 30
Total Coliform <10 160 300

Table 3.1 presents selected data from the 1976 MDWPC water quality analysis on
9/1/76. Temperature, pH, ammonia, nitrate, fecal coliform, and total coliform were
measured at the Harbor, salt water side of Wilders Dike, and fresh water side of Wilders
Dike. As can be seen in Table 3.1, ammonia readings were relati.vely low at all stations,
and there was no concentration of nitrate at any of the stations. These results indicate

nitrate is not a significant pollutant in the estuary.
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Total coliform counts were high at the salt water side and fresh water side of
Wilders Dike. Fecal coliform exceeded the shell f:lshing limits of 14 colonies per 100ml
established by the Massachusetts Division of Marine Fisheries at the salt water side and
fresh water side of Wilders Dike.

Table 3.2 presents selected results from the water quality analysis conducted by
Richard G. Lewis II throughout the summer of 1988. Temperature, fecal coliform, and
salinity were only a few of the parameters measured at both the harbor and the salt water
side of Wilders Dike. These selected parameters are presented because they correspond
with tests performed in the general water quality analysis completed in this study.

Table 3.2: Selected results from water quality analysis conducted by Richard G.
Lewis during the summer of 1988

Harbor Wilders Dike - salt
Date 11 July™ 29 July* | 11 Aug.* | 14 July* 29 July* 11 Aug* | 17 Aug.’
Temp (C) 27 25 28 25 23 25 23
Fecal Coliform 13 10 97 217 188 surface | 55 surface 47
: 166 bottom | 76 botiom
Salinity (ppt) 26 33 23 17 2 surface 1 surface 0
14 bottom | 10 botiom

(¢ low tide) (“ mid-tide) (* high tide)

As shown in table 3.2, salinity measurements were taken at both the water surface

and channel bottom of the Wilders Dike salt water side on August 11 and 17. Salinity

measurements were low on top, indicating the presence of fresh water, and high on the

bottom, indicating salt water. This indicates that there is stratification in the area directly

below Wilders Dike. This stratification of fresh and salt water is a result of fresh water,

having a low density, being wedged up against the Dike by salt water, having a higher

density. This phenomenon occurs during high and mid tides.
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As can be seen in Table 3.2, fecal coliform counts were also takeh at both the
water surface and channel bottom of the Wilders bike salt water side on August 11 and
17. These fecal coliform counts exceeded the exceeded the limit of 14 per 100ml at both
locations. Fecal coliform limits were also exceeded at the harbor during high tide on
August 11, Wilders Dike during high tide on July 14, 29 and August 25, and during low
tide on August 17.

During the summer months of 1988, fecal coliform counts both in the river and in
the harbor were found to exceed the limit. One exception to the above took place during
dry weather on an incoming tide period in the harbor. Dry weather conditions usually
result in lower counts due to the absence of runoff for a period of time. Richard G. Lewis
II found that the limit for swimming closures was frequently exceeded at low tide in the

river, constantly in the creeks, and throughout the basin during rain events."®

3.3 Present Water Quality Analysis
In order to assess the current water quality conditions in the Pamet Estuary, a
general water quality analysis was performed. It was important to develop a detailed

analysis plan in order to make field trips as efficient as possible

3.3.1 Selection of Water Quality Parameters
The first process in planning the analysis involved choosing several water quality
parameters. There were several requirements in order to ensure that these tests were a

valuable tool for assessing trends in the estuary. The water quality tests performed had to
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reveal data that could be comparea to those in pre_viou.s studies in order to formulate any
valid conclusions about present conditions in the Pamet River Estuary. It was also
essential that tests be fairly straightforward to perform. It was require that tests could
either be conducted on site, or could provide accurate results after a long day of collecting
samples and a three hour trip back to the Worcester Polytechnic Institute water quality
lab. In addition, testing procedures were limited to those for which the appropriate
equipment was available in the water quality lab.

After considering all of the previously mentioned information, and conducting
further research into water quality analysis procedures, a list of tests that would be
feasible and beneficial was generated. The list included testing for: ammonia, nitrates,
nitrites, salinity, conductivity, pH, temperature, total and fecal coliform. These particular
tests were appropriate because they would provide information for preliminary analysis

that could eventually be expanded upon in future research.

3.3.2 Field and Laboratory Equipment

Obtaining field equipment that was easy to use was an important factor in making
field trips as efficient as possible. After reviewing the proposed test list, the possibility of
purchasing a portable kit that could be used for on site analysis of several of the tests was
considered. A HACH Saltwater Master Kit was used to complete ammonia, nitrate,
nitrite, and pH measurements quickly and accurately. This kit consists of a single carrying
case containing all that was needed for the determination of the above mentioned tests.

For a detailed description of the procedures for each test, refer to Appendix A. In
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addition to the Salt Water Master Kit, a salinity meter was obtained in order to read
salinity, conductivity, and temperature quickly and accurately.

Since coliform testing requires laboratory procedures, all the necessary laboratory
materials including petri dishes, filters and pads, broth and confirmation vials were ordered
form HACH Company. These materials were necessary in order to run membrane filter
tests for fecal and total éoliform. The procedures used to complete these tests were

gathered from the Water Analysis Handbook, published by HACH Company, and are

detailed in Appendix B.

3.3.3 Development of Field Program

In developing a field program, it was important to consider both the location of
sample stations, and sampling times. Sample station locations and sampling times were
strategically chosen so that trends could be identified, and present and past data could be

compared.

3;3.3.1 Sample Stations
A field sampling program was developed that could be used to define water quality
in the vicinity of Wilders Dike and the main branch of the Pamet. As shown in Figure 3.1,

three sampling stations were chosen: #1-the salt water side of Wilders Dike,
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could isolate Wilders Dike and station 3 was used to monitor the effects downstream. It

was also important that our stations correlated to the stations used in previous research.

3.3.3.2 Sampling Times

Once the list of water quality tests, the necessary equipment, and the sample sites
were determined, a day for collecting samples was selected. As noted previously, the
water levels and flows in the Pamet vary significantly throughout the day due to the tidal
variations. It is likely that the water quality will vary with the tide as well. Therefore, it
was vital that samples be taken during several different stages of the tidal cycle. The goal
was to capture at least 6 hours of the 12 hour tidal cycle during a one day field trip to the
Pamet River. The 1994 High & Low Wa"tre; tables for Boston, Mass. were used to
deterrﬁine high and low tide would occur at the Pamet harbor during the month of
December. A previous field trip to the Pamet on 10/1/94, during which hydraulic
characteristics were measured, revealed that high tide at Wilders Dike occurred two hours
after high tide in the harbor (refer to section 4.). A combination of this information and
tide tables was used to determine that we could capture a six hour portion of the tide cycle
on Sunday, 4 December 1994. This six hour portion offered an opportunity to obtain
water quality readings from low to high tide. With a high t“ide in the harbor expected at
11:36 a.m., the high tide at Wilders Dike would occur at approximately 2 p.m. and the low
tide would occur six hours earlier at approximately 8 a.m. Therefor, samples were taken

between 8am and 2pm.
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3.4 Dry Weather Results Analysis

Once the plan was implemented and all of the samples were taken, the data needed
to be analyzed. Table 3.3 shows the water quality field data that was obtained during this
field trip at three different locations including both the saltwater and freshwater side of
Wilders Dike as well as the harbor. These measurements were taken during a warm dry
day in December. All of the measurements were taken at three general times during the
day. The first time corresponded to low tide (approximately 8:00 - 9:00 a.m.); the second
time was midway between low and high tides (approximately 11:00 a.m. - 12:00 p.m.); the
third time represented high tide (approximately 2:00 - 3:00 p.m.). Table 3.3 represents the
water quality data for the dry weather measurements that were taken on 12/4/94.
Folléwing the table is a discussion of the results -and their possible significance to the
Pamet estuary.

Table 3.3: Dry Weather Field Water Quality Data

Wilders Dike - salt | Wilders Dike - fresh Harbor
8:00 {11:00| 2:00 { 8:45 {11:15] 215 | 9:00 | 12:00 | 3:00
AM | AM PM | AM | AM PM AM PM PM
Ammonia 0.00 | 06 06 | 06 | 0.6 0.00 | 0.00 | 0.00 | 0.00
mg/l
Nitrite 0.00{ 0.0O0O | 0.00 | 0.00{000| 000 | 000 | 0.00 | 0.00
mg/l
Nitrate 0.00 | 000 | 0.00 | 000|000 | 000 | 00O | 0.00 | 0.00
mg/| ~
pH 65 | 6.7 69 | 65 | 6.6 8 . 8 8.2 8.4
Fecal 0 0 0 0 0 11 1 1 4
Coliform
Total 3 1 -0 0 1 37 7 1 4
Coliform
Temp (°C) 7 7.5 7 7 8 7.5 6.9 7.5 7.8
Salinity 1 20 25 14 | 29 | 2475 | 195 | 27.75] 285
Conductivity| 120 | 217 | 260 | 179 | 24 260 210 282 | 295
(x100)|(x100){ (x100)] (x10) | (x10) | (x100) {(x100)| (x100) |(x100)
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3.4.1 Ammonia, Nitrite, Nitrate, pH, Fecal and Total Coliform, Temperature

Several water quality tests were performed at three different stations throughout
the estuary. These stations were the fresh and salt water side of Wilders Dike and the
harbor. Each of these three stations was sampled at different times to obtain results which
correlated to a half of a full tidal cycle. These tests included ammonia, nitrite, nitrate, pH,
fecal and total coliform, temperature, salinity and conductivity. A general discussion of
salinity and conductivity will be given here and a more detailed description will be given
later in this chapter.

By examining Table 3.3, it is clear that nitrite and nitrate were not a threat to the
well-being of the estuary. These measurements were consistently zero throughout the
measurement cycle, but ammonia results varied slightly. At the harbor, the level of
ammonia was found to be zero at low, mid-, and high tides. This was also true for the low
tide measurement on the salt side of Wilders Dike as well as at high tide on the fresh side
of Wilders Dike. The other measurements on both sides of Wilders Dike showed an
ammonia level of 0.6mg/l at high tide and at mid-tide. These results first indicate that
there is no form of ammonia pollution in the harbor at any time during the tidal cycle.
This is probably due to the fact that the volume of water is substantial enough to dilute
any ammonia that may be present to an extent that makes it undetectable. Considering
either side of Wilders Dike gives different results. It is shown in Table 3.3 that traces of
ammonia exist on the salt side of Wilders Dike late in the tidal cycle and on the fresh side
of Wilders Dike early in the tidal cycle. This indicates that the fresh water exhibited some

signs of ammonia pollution.. As the fresh water flowed through the culvert, the ammonia
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content was able to be detected on the salt water ’side due to the vertical stratification that
‘was present with the mixtu;e of the salt anbd fresh water. The topic of vertical
stratification will be discussed later.

The pH levels throughout the estuary varied from 6.5 on both sides of Wilders
Dike to 8.4 in the harbor. These pH levels are normal for conditions such as those in the
Pamet and are conducive to aquatic life.

Referring to Table 3.3, it can be noted that fecal and total coliform counts varied
for the different sampling locations. Regarding Wilders Dike, the fecal coliform counts
were found to be zero according to testing procedures discussed in the HACH Water
Analysis Handbook - Second Edition. There was an increase in the amount of detectable
fecal coliform during high tide on the fresh water side of Wilders Dike as well as in the
harbor at all times during the tidal cycle. The highest fecal coliform count was found at
high tide on the fresh water side of Wilders Dike. Although the levels of fecal coliform
ranged from O to 11 colonies pér 100ml sample, it never reached the limit of 14 colonies
per 100ml of sample.

The total coliform results differed from the fecal results. It was found that there
was no indication of total coliform contamination at Wilders Dike salt water side during
high tide and on the fresh side during low tide. Increased levels were noticeable with all
the other samples taken. The levels ranged anywhere from 1 colpny per 100ml of sample
to 37 colonies per 100ml sample. The highest total coliform counts were again found to

be on the fresh side of Wilders Dike at high tide. These results indicate that the fresh
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water on the upstream side of Wi'lders Dike is a contributor to the coliform contamination
in the estuary.

The temperature of the water did not vary significantly throughout the
measurement cycle. The temperatures remained very cold in the estuary and ranged from

6.9°C in the harbor to 8.0°C on the freshwater side of Wilders Dike.

Finally, salinity and conductivity were tested and found to be variable. The general
observation that appears to be true is that as the tidal stage increases, conductivity and
salinity also increase. This could indicate that there are somewhat elevated levels of
contaminants such as total dissolved solids during high tide. A more detailed description

concerning salinity and conductivity are given in the next section which deals exclusively

with Wilders Dike.

3.4.2 Salinity and Conductivity

The following table represents the salinity and conductivity measurements made at
Wilders Dike at low tide (8:00 a.m.), mid-tide (11:00 a.m.), and high tide (2:00 p.m.).
Following this table is a description of salinity and conductivity, as well as the results of
the field tests.

Table 3.4: Salinity and Conductivity Measurements at Wilders Dike

8:00 AM 11:00 AM 2:00 PM

surface | 2 ft. | surface | 2 ft. | 4 ft. | bottom | surface | 2 ft. | 4 ft. | bottom
Temp 7 6.5 8 7 7 7 8 7 7 7
©)
Salinity 1 1 4.6 20 | 21.5 22 20.5 25 {255 26
(ppt)
Conduct, 105 120 59 217 | 225 230 225 260 | 265 266
(x100) (x10) | (x10)
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Salinity and conductivity measurements are directly related. Salinity of water “is

»16 whereas the electrical conductivity

determined by measuring its electrical conductivity
of water is “a measure of total dissolved solids (TDS)”"” and together they describe the
level of certain contaminants in a water source. These measurements were taken to
discover the level of contamination at the dike. It was also possible that because of the
presence of a salt wedge or vertical stratification, coliform or other contaminants present:

in the fresh water might be concentrated into a smaller area, increasing the level of

bacterial contamination at this location.

3.4.3 Vertical Stratification - the ‘Salt Wedge’

The term ‘vertical strétiﬁcation’ (also called a ‘salt wedge’) refers to a condition
that occurs at Wilders Dike at mid- and high tide. At that time, there is fresh water
present on the salt side of the dike because as the tide rises, the fresh water on the salt
water side remains in the general vicinity of Wilders Dike. Because the density of salt
water is higher than that of fresh water, the fresh water remains on the surface while the
heavier salt water cbmprises the volume below. This is important because the effects of
this salt wedge could cause contaminants, including coliform, to be concentrated in the
fresh water at Wilders Dike.

The salinity and conductivity varied significantly throughout the day due to the
differing tidal stages at the dike. They were measured at the three different times
mentioned above. At low tlide, the salinity was measured at the surface and two feet

below the surface. The measurements were the same at this time because the water in the
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channel at this point consisted of only fresh water flow from the upstream side of the dike.
The next time measurements were taken was at 1 i:OO a.m. Because the tide was
substantially higher at this time, the salinity was able to be measured at four different
depths instead of only two. Data was obtained at the water surface, two and four feet
below the surface, and at the bottom, as seen in the table above. It can be noted that the
levels of salinity and conductivity increase with the depth. This occurs because the
concentration of fresh water is greater on-the surface due to its low specific gravity.
Moreover, the water at the channel bottofn would have a greater level of salinity due to its
higher content of salt water. Finally, measurements were made at 2:00 p.m., the point
corresponding to high tide. Measurements were taken at the same four depths, and
although the results differed, they again increased with depth for the same reasons given
-above. Because of the way that the salinity and conductivity meter was calibrated, for
many of these measurements it was necessary to use different magnification factors to
describe the results, also shown in Table 3.4.

These results of the conductivity and salinity tests indicate the presence of vertical
stratification. This salt wedge could potentially contribute to concentrated levels of
coliform as well as total dissolved solids.

There was no precipitation to take into consideration in the above analysis, hence
snowfall and/or runoff did not play a role in these results. If precipitation was a factor, the

results would have most likely been different.
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3.5 Wet Weather Results

- Water quality testing results will differ between dry weather and wet weather.
Precipitation of any type could alter the results if runoff is taken onto account. Generally,
during rainstorms, the levels of pollutants increase in this estuary possibly due to sources

such as road runoff.

The following table of results indicates the levels of coliform bacteria and salinity

found on both sides of Wilders Dike as well as at the harbor.

Table 3.5: Wet Weather Field Water Quality Data

Pamet Estuary Water Sample Tests From 13 January 1995

Wilders Dike - salt Wilders Dike - fresh Harbor
9:30PM | 545PM | 9:35PM 10 PM 5:25PM | 9:45PM
Total 40 60 80 20 0 1
Coliform
Temp. (C) 7 5 6 7 10 4
Salinity 3 .05 1 1 17.5 31
(ppt)

It can be seen from this table that there are great differences in the amount of total
coliform bacteria during wet weather conditions and dry weather conditions. Samples
were taken at both sides of Wilders Dike and at the harbor. On the salt side of Wilders
Dike, a measurement was taken at 9:30 p.m. More measurements were taken on the
fresh side of Wilders Dike at 5:45 p.m., 9:35 p.m,, and at 10:00 p.m. Finally, samples
were taken at the harbor at 5:25 p.m. and at 9:45 p.m.

The result of running the coliform tests indicates that there is a very low
concentration of coliform bacteria in the harbor. This is probably because the harbor has

the capability to dilute the contaminants due to its vast size. The rest of the tests indicate
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that the coliform levels are greatly increased during a rain event. Recalling Table 3.3, it

can be noted that in general, the coliform levels have increased due to the wet weather.
For example, on the fresh water side of Wilders Dike, the bacteria level during dry
weather reached a maximum level of 37 colonies pef 100ml of sample, whereas during wet
weather the maximum level attained was 80 colonies per 100ml of sample. The overall
increase also holds true for the salt water side of Wilders Dike. During dry weather, the
levels of coliform contamination reached a maximum of 3 colonies per 100ml of sample,
but during wet weather that value reached 40 colonies per 100ml of sample. The results
were slightly different at the harbor, but it appears generally true that during a rain event,

the coliform contamination does appear to be elevated.

3.6 Comparison of Past and Present Data

Due to seasonal variations in coliform concentrations, it is inappropriate to
compare summer and winter data. Coliform counts are considerably higher during warm
weather due to higher water temperatures allowing for optimum conditions. However,
dry weather and wet weather trends can be compared. Richard G. Lewis II found that wet
weather conditions resulted in higher coliform counts. This trend also occurs in the water
quality anélysis performed during this study. In most cases, it was found that wet weather
coliform counts were higher than that of dry weather counts. This indicates that runoff is

probably still a major contributor to microbial contamination.
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Salinity measurements taken at Wilders Di}<e in 1988 by Richard G. Lewis
indicated that a salt wedge existed in the area just downstream of Wilders Dike. Current
data confirms that this condition has not varied.

Through a comparison of 1976 data and present water quality data, it was
determined that nitrate concentrations have remained low. This indicates that nitrate
concentrations are not of concern in the Pamet Estuary.

In comparing levels of ammonia found in 1976 to present data, it was found that
ammonia concentrations were higher on the4 fresh water side of Wilders Dike. Levels were
measured at .02mg/l in 1976 and approximately 0.6mg/l in 1994. This may indicate the
possibility of reduced levels of dissolved oxygen in the fresh water region. However,
ammonia toxicity generally should not be of concern for pH values less than 8 and an
ammonia concentration of less than 1.0mg/1.'®

In general, a higher level of water quality will result in the Pamet if there is a
greater capability for natural flushing of contaminants. Greater flushing capabilities can be
obtained for through the redesigning of Wilders Dike which presently restricts upstream

flow. The following chapters will identify current hydraulic conditions and will present

several design alternatives for the present Wilders Dike.
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= PAMET SYSTEM HYDRAULICS '

4.1 Introduction

The hydraulics of the Pamet are important because they describe fluid transport
throughout the estuary.and the potential effects upon certain areas in the system. The
term hydraulics is defined as “the science that deals with the laws governing water or other
liquids in motion and their applications in engineering”.'> With respect to our study of the
Pamet estuary, the system hydraulics refers to how and where the water flows in the
Pamet as well as the quantity of water flowing throughout the estuary.

To understand the Pamet’s hydraulics, we need some way to represent the system
as accurately as possible. Since the hydraulics of the Pamet are so complex, a
mathematical computer model must be invoked. Fortunately, an existing mathematical
model was originally developed to describe the characteristics of the Pamet estuary,
discussed in Section 4.2. Because this model was available, it is used here to confirm the
existing hydraulic conditions in the estuary. To accurately use this tide model, the effects
of certain alterations concerning the Wilders Dike area of the system were analyzed to
check their contributions to the system. In Section 4.3, it is shown that these alterations
had little effect on the values obtained by the model, and consequently helped demonstrate
the validity of this model.

When the project concerning man-made alterations on the natural tidal system was
completed by Graharﬁ S. Giese et al. (1985), this model was the most accurate

representation of the Pamet estuary. However, the model now requires validation
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because of alterations to the system hydraulics. Since the introduction of this computer
model in 1985, the railroad dike breached at Mill Pond and the harbor has experienced
additional sedimentation. Therefore, it was unknown whether the model was as accurate
as possible.

One of the main objectives of this chapter was to demonstrate that.the model was
still a good representation éf the system’s characteristics even after these system changes
were taken into consideration. This chapter delves into the question of model validity and
it poses several different methods of doing this. It was attempted to prove that this model

does, in fact, describe the present hydraulic conditions of the Pamet estuary system.

4.2 Model Description

The Pamet Shallow Water Numerical Tide Model was submitted in 1989 by Carl
T. Friedrichs and David G. Aubrey (Woods Hole Oceanographic Institute), and Richard
G. Lewis II (Massachusetts Institute of Technology). This is a FORTRAN one
dimensional Vmodel in which velocity is averaged over cross-sectional area. In order to
obtain valid results from this one dimensional model, the length of the tidal channel is
assumed to be a much greater value than the width, and the width of the channel is
assumed to be much greater than the channel depth. This model is based on the
conservation of mass equation and the conservation of linear momentum equation. These
two equations can be used to solve forl S(x,t) (surface water ele\)ation) and V(x,t) (cross-

sectional averaged velocity).”
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The basic model layout is shown in Figure 4.1. The model is composed of five
branches representing the Great Pamet, Little Pamet, Mill Creek, the inlet channel, and a
central region connecting all of these branches. Each branch is subdivided into surveyed
cross sections referred to as grid points. The grid points are spac.ed 125 meters apart
along the length of the river. Channel characteristics were determined at each grid points
in order to obtain cross sections. Figure 4.2 illustrates the idealized cross section obtained
from the field measurements.

The model output provides the surface elevations above mean sea level. The cross
section consists of a lower channel which extends up to a level defined as h1, and an
additional over-marsh region that extends to a level defined by h2 (which is approximately
at mean high tide). For some analyses however, the depth of water above the channel
bottom was required. For these analyses, to obtain the depth of flow, the difference in
elevation between h’(height to mean sea level) and h2 for each particular node must be
either added to or subtracted from the S(x,t) value depending on whether the channel
bottom lies above or below mean sea level. This new value is the water surface elevation

in reference to the channel bottom for the particular node.
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Numerical Model Plan

Intertidal marsh
Mapped cross-section

Numerical grid

Pamet
Mill Creek

Figure 4.1: Layout of Model
(Tzken from “Application of a Shallow Water Tide Model”, Carl Friedrichs, 1989)
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Figure 4.2: Idealized Model Cross Section
(Taken from “Application of a Shallow Water Tide Model”, Carl Friedrichs, 1989)

Branch 5 (The Great Pamet) consists of 23 grids when Wilders Dike is assumed to
be in place. An additional 23 grids can be attached to branch 5 in order to model the
effects of the removal of Wilders Dike. The plan view of the model, shown in Figure 4.1,
represents the case where Wilders dike is assumed to be in place. .The figure includes the
grid points at which channel characteristics were measured, including channel depths and

tidal flat areas.
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In order to run the model, the user must first choose to examine either 23 (with
Wilders Dike) or 46 (without Wilders Dike) nodes. Next, the model offers the user the
choice of selecting any combination of four nodes from any of the five branches for
analysis. After the user has entered four nodes, the model requires that the user choose
mean tide conditions or spring tide conditions. Mean tide conditions account for average
tide conditions, and spring tide conditions account for the natural process in which high
tide elevations increase approximately every two weeks. After the user has entered all the
appropriate data, the model produces an output file consisting of 600 water surface
elevations S(x,t) and averaged veloclities‘ This data can then be manipulated on a
spreadsheet program in order to obtain tide variations, flow measurements, the tidal prism

and other various hydraulic characteristics.
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4.3 Model Validation

Since the tide model is so important to this study, a model validation was
imperative. The estuary has undergone physical change since the creation of the model.
One important change that is continually taking place is known as shoaling. Shoaling is
described as the process of sediment deposit in an estuary.” As the tide comes in, sediment
is transported into the channel and deposited before the tide rushes out. Another change
to the Pamet system occurred in 1991 when a storm surge resulted in a breakthrough of
the railroad dike in the Mill Pond Region. System changes like these have caused
alterations in the hydraulic characteristics of the Pamet. It was essential to check whether
or not this change was significant enough to cause discrepancies between the model and
actual field characteristics. Model validation was accomplished through a three step

process involving:

1. A comparison of elevation vs. time plots of field stations and their
corresponding model nodes

2. A comparison of a flow measurement (taken approximately at the
midpoint of the Great Pamet) against model flow data.

3. A comparison of channel widths and elevations (obtained both from
surveying as well as from topographic maps) with corresponding
model widths and elevations.

The data to perform these calculations was obtained during a field trip to the Pamet on

10/1/95.
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4.3.1 Tide Measurements - Methodology

In order to obtain flow vs. elevation validation, it was necessary to use tide gauges
and to record the river stage elevation with the elapsed time. During the first field trip to
the Pamet River and Wilders Dike, tide gauges were installed to record tidal elevations for
use in validation of the computer model. The gauges were installed at stations 1 (Harbor),
2 (Wilders Dike), 3 (Wilders Dike fresh side), 4 (Mid-Pamet) and 5 (Railroad Dike
breach), as shown in Figure 4.3. These stations were chosen in an attempt to give an
accurate representation of flow and river stage throughout the entire system. The stations
provide information on hydraulics throughout the Pamet over a representative range of the

tidal cycle because of their distributed locations throughout the estuary.

4.3.2 Use of Tide Gauges

The gauges that were utilized in this study were comprised of long, flat wooden
sticks with a measuring tape secured on the entire length. The gauges were graduated in
increments of one inch with a range between zero and sixty inches. Although the gauges
could have been made any length, sixty inches was the maximum acceptable length due to

space limitations during transportation. Because of their limited measurement capacity, as
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the water level fose above sixty inches due to the incoming tide, the gauges would become
submerged. The opposite was true regarding the ebbing tide. That is, as the tide went
out, the gauges were left suspended out of the water, again making measurements
impossible. The tidal range that was measured varied slightly depending on the location of
the gauges in the Pamet. A review of thfa tidal variations in the Pamet show that our tidal
range was expected to be about {9}n§1eters Upon arrival at the site, the tide had not quite
reached it’s peak and the gauges were installed while the stage of the river was still high.
To use the gauges in a 1.89 meter tidal range, each gauge had to be referenced to a
particular landmark using appropriate surveying equipment. This was done such that each
tide gauge could be removed from it's initial location and re-referenced to a higher or
Jower elevation, depending on the particular river stage at that time. By using the same
reference point when moving the gauges, the measured tidal elevations would be on the

same scale, which could make it possible to measure the 6-hour tidal cycle using a single

elevation reference.

4.3.3 Field Procedures to Develop Tide Surface Plot

The field procedures for each tide location were as follows:

1) Installed tide gauges and made measurements/recording at regular
intervals

2) Referenced gauges to established benchmarks

3) Recorded tidal elevations periodically for approximately one half of a

tidal cycle (measured high and low tides)

4) Repositioned tide gauges as necessary to compensate for tidal variations
by re-referencing them to the previously established benchmarks
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3)

6)

7)

Reworked field books to reflect the actual elevations after adjustments in
the field were made relative to the benchmark

Redefined times-of-day to reflect elapsed time instead of instant time
measurements

Plotted tide surface variations vs. time so that these plots could be
compared to those produced by the model. A positive comparison would
partially demonstrate the validity of the model to represent the present
estuarine conditions. The completed tide plots and comparisons are
shown in Figures 4.4 through 4.7

4.3.4 Model Procedures to Develop Tide Surface Plot

In order to obtain a model elevation vs. time plot comparable to the corresponding

field plot, the following procedure was followed:

1)

2)

3)

The model was run under mean tide conditions with branch 5 consisting of
only 23 nodes. This allowed the analysis of the Pamet with Wilders Dike
in place (current conditions)

The four nodes analyzed were 5,1 (Harbor), 5,23 (Wilders Dike), 5,12
(Mid-Pamet), and 4,4 (Railroad Dike) which corresponded to the points at
which the tide gauges were installed (see fig. 4.3)

Since field data was only taken for a portion of the tide cycle, model
elevation vs. time data was plotted for the portion of the tide cycle
coinciding with recorded field data

Plots were obtained for both the field and corresponding model data for each of

the following four locations: the Harbor, Mid-Pamet, Railroad dike breach and Wilders

Dike. Then, comparisons were analyzed as seen below.
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Station 1 ‘- Harbor

Comparisons between field data and model data at the harbor can be found in
Figure 4.4, which represents tidal elevation vs. time for station 1 (Harbor) and that of the
corresponding model node (5,1). The comparison of the plots shows that both curves
follow the same general sinusoidal pattern. The field plot has an elevation range of
approximately 2.7 m and the model plot has an elevation range of approximately 2.5 m.
This 20 c¢m difference in range could be partially due to human error during field
measurement techniques. It could also result if field measurements did not coincide with
the extreme high and low tide conditions for that day. Another, more likely, source of
discrepancy could be that the model’s mean tide conditions are, in fact, an average of tide
cycle fluctuations over a period of time. Therefore, differences between the measured
variations on a particular day and the model’s predicted variation (which represents an
average variation) would be expected. Considering all of these, the field station is

accurately represented by the model.
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Station 2 - Wilders Dike

‘The plots in Figure 4.5 represent tidal elevation vs. time for station 2 (Wilders
Dike) and that of the corresponding model node (5,23). The comparison of the plots
shows that both curves follow the same general pattern. The tide rises to a peak and then
immediatély begins decreasing until it reaches an extreme low, and then remains constant
for approximately 4.6 hours. The tide level remains at this extreme low stage for a long
time period because the harbor’s tidal elevation has dropped below the e]evation of the
channel bottom at this location (as is typical of an intertidal estuary). For this reason, the
clapper valve at Wilders Dike opens at low tide and a steady water level is attained due to
the influx of fresh water. The measured tidal stage is not necessarily constant at this point
- instead the amount of fresh water entering from upstream is constant. The type of
profile that is seen here is generally expected when dealing with a flood dominant estuary,
meaning that the tide rises in the channel much more quickly than it falls. The field plot
has an elevation range of imatel %Y(K d th del plot h levati

ge of approximately 1.1 m and the model plot has an elevation range

of approximatéi)‘/‘ 1.25 m. This 15 cm difference in range is possibly due to error involved
in tide gauge measurements as well as the failure to obtain the extreme high and low tide
measurements. As for station 2, another possible source of discrepancy is that model’s

mean tide conditions are, in fact, an average of tide cycle fluctuations over a period of

time. Again however, the field station is accurately represented by the model.
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Station 4 - Mid-Pamet

The plots in Figure 4.6 represent tidal eleva.ltion vs. time for Station 4 (Mid-Pamet)
and that of the corresponding model node (5,12). The comparison of the plots shows that
the curves differ towards the end of the tide cycle portion. This is probably due to the
inherent fluctuations that are present when considering tidal estuaries accompanied with
the fact that it was not attended to with the regularity that we anticipated. Due to time
constraints during the day, this station was left unattended often and could only be
checked occasionally. As a result, only six readings were taken over the tide cycle.
Because the proper amount of data was lacking, the plot generated from the field
measurements could not be expected to yield the smooth curve that was obtained from the
model. For this case, the field plot has an elevation range of approximately 1.65m and the
model plot has an elevation range of approximately 1.8m. This 15 cm difference in range
could have been due to failure to obtain the extreme high and low tide measurements, or
due to the fact that the model’s mean tide conditions are an average of tide cycle -
fluctuations over a period of tirﬁe. Although the measured profile was limited by the

number of readings taken, there is close agreement between the measured and model
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Station 5 - Mill Pond Railroad Dike Breach

The plots in Figure 4.7 represent tidal elev;ltion vs. time for Station 5 (RR-dike
breach) and that of the corresponding model node (4,4). The comparison of the plots
shows that the curves have similar ranges. The field plot has an elevation range of
approximately 1.9m and the model plot has an elevation range of approximately 2.1m.
However the curves do differ throughout the tidal cycle. Measured data shows a slow,
relatively uniform decrease in surface elevation. The modeled profile, however, shows a
more rapid drop with extremely low steady conditions similar to that at Wilders Dike.

Differences are probably due to a few important factors. First, the model was
created in 1985, before the railroad dike break through occurred. This breakthrough
resulted in a large volume of water being displaced into this basin, possibly affecting the
flow characteristics of the rest of the estuary. It is possible that the model can not account
for the new hydraulic characteristics of this section. Second, the tide gauge was
unknowingly placed in a poor location because of the fact that the channel bottom was not
visible at that time. The first location that was chosen was on a small plateau in the
channel. As the water level decreased, the tide gauge was left submerged in water while
the surrounding water decreased to a lower level. Due to error, the final two tide readings
are not reliable.

From this data, it has been determined that the model. no longer accurately
represents this portion of the Pamet. Although it seems as though this section of the
Pamet does not conform to the model, it must be noted that by using the same procedures,

it was found that the remainder of the Pamet system was modeled well.
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4.3.5 Flow Data Comparison

The second step in validating the model was performed using a single flow
measurement at station 4 - the Mid-Pamet (see Fig. 4.3). The field flow data was
compared to that given by the model showing their similarities and discrepancies. The
measurement was taken as the tide was flowing out toward the harbor. This means that
the stage of the river, and éonsequently the volume, velocity and flowrate, were
continuously changing during the measurement period. This estimate of velocity in time at
a single location provided a measurement which could be compared to the model for a
single output for the same tidal condition. However, it can not be expected that the model
would exactly correspond to this measurement. It does, though, give an indication that

the model can provide accurate flow rates.

4.3.5.1 Field Flow Measurement

The field flow measurement was taken at the Mid-Pamet using a number of
velocity measurements taken over a cross section with a flow meter. The analysis yielded
a flow rate of approximately 150 cfs. More specifically, the procedure for taking the flow
measurement was as follows:

1) A tape (called a ‘tag line’) was stretched across the river to get width of
entire river and of the measuring section.

2) Measurement locations were determined. These locations were defined in
terms of lengths measured along the tag line from the reference on the
bank.

3) At each measurement location, a single velocity and depth measurement

was taken. This velocity was taken at a depth of .2, .6 or .8 of the overall
depth which provided a close approximation of the depth-averaged
velocities according to USGS guidelines.
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4) Used depth measurement to obtain an area for each interval.
5) Once the velocities and areas for each section were obtained, the flow rate

(in cfs) for each area was measured. Then these incremental flow rates
were summed to get the overall river flow rate.

It must be noted that the flow measurement was taken during a decreasing tidal

period. This means that the stage of the river was constantly changing. If, for instance,
the river was not tidal, an accurate flow could have been calculated from a steady velocity
multiplied by a steady area. Because of'it’s tidal nature, however, the Pamet did not
conform in this respect. Because the stage was continuously changing over the
measurement cycle, the area of the cross section and the velocity of the flow were
changingl as well. Because flow was calculated using the equation Q = (V)(A), variations
existed due to the continual changes in these two parameters. From the start of the
measurement to the end, the total change in stage was approximately one foot, or nearly

30.5 centimeters,

4.3.5.2 Model Flow Predictions

Since the tide elevation varied during the field flow rate measurement, the field
flow measurement of 150 cfs was compared to the flowrate predicted by the model for the
same tidal variation. First, predicted flowrates were obtained from the model by running it
under spring high tide conditions and with 23 nodes because the existing conditions
include Wilders Dike at node 23. The results gave a plot of elevation versus time in

minutes as seen in Figure 4.6. (See also Appendix C)
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Arrivél in Truro at 7:45 am corresponded to time zero on the model plot. It was
necessary to find the point which represented the time that the field flow measurement was
taken. The field flow measurement was taken between 12:00 noon and 12:20 pm. The
elapsed time between 7:45 am and 12:00 pm was taken and plotted on the x-axis of the
graph so that the elevation on the y-axis could be obtained. This elevation was then
examined against the elevation given by the model. In addition to elevation, the model
also could be used to determine flow. During the period of the measurement, which lasted
20 minutes, the change in flow due to the stage fluctuation was shown to vary between
approximately 118 and 158 cfs. Therefore, the field flow measurement of 150 cfs matched
relatively well with the model values when the duration of the measurement is taken into

consideration.

4.3.6 Channel Width and Elevation Comparison

Validation of the model included alternate methods such as checking different
widths of Branch 5 against a USGS topographical map as well as with a map that was
utilized by Graham Giese during his previous studies. The widths on the two maps were
examined using an engineering scale. Once these measurements were obtained, they were
compared with those defined in the model’s parameters. For example, in Figure 4.2 the
values denoted with a ‘b’ (including b1 - b4) represent widths of different sections of
Branch 5. The ones which were examined most carefully includé b2, b3 and b4. The sum
total of these parameters represents the surface of the entire cross section and it was these

that were verified using the maps and engineering scale.
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4.3.7 Mill Pond Volume Calculation

Another measurement was performed on the Mill Pond region of the Pamet
estuary to discover the volume enclosed in that area and whether or not that volume
affected the model. At the time that the model was developed, the railroad dike at Mill
Pona was still intact. However, after the dike failed, an new channel formed and a large
volume of salt water pervaded the Mill Pond area. This volume altered the tidal prism for
the Pamet and changed the hydraulic characteristics in the vicinity of this land.

To discover if this volume has any effect on the model and it’s calculation of flow
and velocity, the first thing that ﬁeeded to be done was to calculate the quantity of water
enclosed in the basin. The volume of salt water exchanged in the Mill Pond area was
estimated using the data obtained from the surveying and the tide gauge flow
measurements.

First, the surface area was calculated by a scale representation of the area
encompassed on a topographic drawn on engineering grid paper. The grid paper was
divided into one inch sections, each of which was estimated using the topographic map to

have a scale length of 800 feet per side. With 25 subdivisions to each 1 inch square plot,
the individual subdivisions were approximated at 25,600 ft>. This value was obtained by
making the length of each square subdivision (800 /5) = 160 ft. Therefore, the are of one
subdivision was (160 ﬁ)2 = 25,600 ft’. Upon sketching the appfoximate area of the basin
on the grid paper, the number of subdivisions enclosed in the entire area was estimated to

be approximately 23.25. Therefore, the total estimated surface area was calculated to be
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(23.25)(25,600 %) = 595,200 ft”.

Next,'the area was surveyed to determine hydraulic elevations so that an accurate
toéographjc representation could be found. This was completed during low tide. While
the entire area of land was submerged during relatively high tide periods, a small channel
runs through the interior of the region during low tide periods. Elevations of this were
also measured when performing topographic surveying. These channel elevations could be
used to update the numerical model if necessary. It was estimated that the volume of this
channel would most likely have a negligible effect on the total volume exchanged in Mill
Pond due to the channel’s small size with respect to the entire volume.

Table 4.1: Surveying Calculations at Railroad Dike Region

BS Hi FS Ele.
TP1 13.05 94 .46
location 10.05 97.46
1
on sand 104.27 11.6 92.67
in 12.88 91.39
marsh
in 97.7 10.12 87.58
channel
on bank . 6.97 90.73
Mill Pond Road 2.2 95.5
BS = backsight
FS = foresight
H! = height of instrument
TP = turning
point
Ele. = elevation

Table 4.1 shows the different elevations that were obtained while performing the

surveying in the Mill Pond region. Different elevation measurements were taken for



different areas in the basin and are showed above. These areas included the original
placément location of the tide gauge (location 1) as well as other places on the sand, in the
rﬁarsh, in the small channel running through the basin as well as on the bank. The average
elevations of these areas in the basin were gathered and analyzed with respect to the
previously established benchmark. The midpoint of the marsh area in the basin (see Figure
4.8) was approximated to have an elevation of 92.0 feet. This elevation was determined
utilizing the elevations obtained in the marsh area and the sandy area of the basin and
averaging the two together:
(91.39 feet + 92.67 feet) /2 = 92.03 feet =~ 92.0 feet

These data were obtained using basic surveying and referencing techniques. All of these
points were referenced to a wooden wall-like structure and the values were obtained in
reference to this established benchmark

Figure 4.8 shows a representation of the cross section for the Pamet estuary. It is
assumed that this cross section also represents the volume of water in the Mill Pond
region. In approximating the cross sectional shape for the Mill Pond region as in Figure

4.8, the basis for using the figure 93.27 feet was obtained by solving for ‘x ' in the equation

midpoint of marsh region (appx. 92.0 feet)
; 95.61 ft. “a

\ 93.27 ft, —=
1 3.15 ft.

Figure 4.8: Cross section of Mill Pond region

90.73 ft.—

87.58 ft—»
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[(x +90.73)/2] = 92. Finally the total volume was calculated by using the simple formuia
Vol. = (Area)(Height). Taking the difference in the spring tide elevation and the midpoint
of the marsh area gave (95.61 feet - 92.0 feet) = 3.61 feet. This was then multiplied by the
previously estimated area of approximately 600,000 square feet to get a final volume of
2,166,000 cubic feet.

The model was run at this station with and without this additional volume
incorporated into the system at branch 4 and node 4 to check whether or not it made a
difference in the model’s flow calculation in the main branch of the Pamet. Although there

was a slight difference in the flow calculation, these effects proved to be negligible.
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4.4 Conclusion

Since the time when this computer model was created, the Pamet flow
characteristics have been altered due to a dike failure and inlet channel shoaliné. Because
of this it was not known if the model could still be considered adequate with respect to
describing the estuarine characteristics. It was of great importance to validate this model
because it was going to be used later in the project to estimate the consequences of
modifying Wilders Dike.

The model was validated through the use of field and model plots of time vs.
elevation, as well as flow comparisons. Surface comparison required comparison of
measured tidal elevations with tidal elevations predicted by the model. Extensive
fieldwork was completed in order to measure the elevation vs. time plots. This involved
installing tide gauges at different locations as well as surveying them with respect to
established benchmarks, allowing for comparison of field and model results. These plots
were shown to in close agreement, with few exceptions. The fact that the field plots
resemble those given by the model proves that the model is a good representation of the
field conditions.

Another method of validation included making comparisons‘ of the results between
field and model flows at Station 4, the Mid-Pamet. Again, the results of this comparison
proved that the model did adequately represent the characteristics of that section of the
estuary.

The overall objective of this section was to demonstrate that the model was still a

valid representation of the conditions in the Pamet estuary. The flow comparisons
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between the field conditions and the model were in satisfactory agreement as well as the
plots generated using field and model data. Although there are some differences
concerning the graph construction, the majority were found to be in agreement. This
shows that the model does describe the estuary adequately for our purposes. Some
variance did exist with respect to the plots, but overall, branch 5 was represented well by
the model. This was the most important section in the model to validate because it was in
this branch that Wilders Dike is located. One of the most noticeable differences between
the model and the field characteristics existed at the railroad dike breach, but the area
around Wilders Dike was represented well. The analysis of Wilders Dike and the
alternatives associated with it are the focus of the next chapter. Our objective of
validating the .rr;odel was met and hence the model could be used for further work

including Wilders Dike alternatives analysis.
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5 WILDERS DIKE ALTERNA TIVES'

5.1 Objectives

One of the main purposes of this study is to assess Wilders Dike and its impact on
the Pamet River System. Wilders Dike has been the subject of some controversy in past
years. There many who feel that removing Wilders dike in its entirety would promote
better water quality in general. On the other hand, there are also opponents of this plan
who are concerned with increased tidal characteristics further up the river and how they
will effect freshwater wetlands and privately owned property.

This section explores six possible alternatives for Wilders Dike, and they are as
follows:

1. Leave Wilders Dike as is
2. Total removal of Wilders Dike
3. Removal of clapper valve from existing dike
4. Clapper valve removal in conjunction with enlarged culvert
5. Multiple culverts
6. Box Culvert

The above alternatives were evaluted based on hydraulic characteristics, their
potential effects on the surrounding environment, and feasibility. This was accomplished
by completing the following three objectives. First, the alternatives were defined and
reasons for choosing each alternative for evaluation were discussed. This was followed by
a general background in culvert hydraulic concepts pertinent to the analysis section.

Finally each alternative was analyzed hydraulically, and potential effects resulting from

implementation were discussed.
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5.1.1 Description of Alternatives

Alternative 1: Leave Wilders Dike as is

Figure 5.1 and 5.2 illustrate the current conditions at Wilders Dike. This
alternative was evaluated in order to obtain the present hydraulic characteristcs in the
region. Flow is allowed from the fresh side to the salt side during low tide periods
through a 42in by 56ft concrete culvert. This is accomplished through the use of a
clapper valve in place over the 42 in. culvert on the salt side. The clapper valve is forced
open when the fresh water produces enough pressure on the valve. This allows for fresh
water flow into the salt water portion of the Pamet. As a result, the portion of river just
downstream of Wilders Dike is considered stratified. When there is enough force placed
on the valve by salt water during increasing tide periods, the valve closes and ideally

eliminates flow in either direction.
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Figure 5.1: Current section of Wilders Dike at high tide
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Figure 5.2: Current section of Wilders dike at low tide
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Alternative 2: Total Removal of Wilders Dike

Alternative 2 involves the total excavation of Wilders Dike. The Dike would be
replaced with a vehicle bridge. This alternative was evaluated because it is most similar to
the system’s natural state. Unrestricted flow would be allowed in both directions as shown
in Figure 5.3. As a result, the river could regain original tidal characteristics that once
stretched for as much as three quarters of the river’s length. This tremendous increase in
flow could increase the estuaries flushing capabilities, which would aid in the flushing

pollutants.

Vehicle

Bridge_\
E ﬁ

h "";‘:w m

Figure 5.3: Cross sectional view of Wilders Dike region after excavation and
replacement with a vehicle bridge
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Alternative 3: Removal of Clapper Valve from Existing Dike

Alternative 3 involves leaving Wilders Dike as is with the exception of removing
the clapper valve. Evaluation of this alternative was performed due to the fact that it
represents the cheapest and labor free method of allowing for two directional flow at
Wilders Dike. Removal of the clapper valve will allow for constricted flow in either

direction as shown in Figure 5.4.

concrete

clapper valve road surface culvert

removed —\ diameter =42in

Figure 5.4: Cross sectional view of Wilders Dike with clapper valve removed
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Alternative 4: Clapper Valve Removal in Conjunction with Enlarged Culvert

In Alternative 4, the clapper valve is removed, and the existing culvert is replaced
with a larger one. This alternative was evaluated in case it was determined that the
existing culvert is not sufficient for the increased flowrate. Figure 5.5 shows Wilders Dike
with an enlarged culvert in place of the existing culvert. This will increase flow capability
in both directions. As a result, salt water would flow further up river and increase tidal

characteristics in the system.

enlarged

concrete
clapper valve road surface

culvert
removed \

7770 7

Figure 5.5: Cross sectional view of Wilders Dike with an enlarged culvert in
place of the existing culvert
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Alternative 5: Multiple Culverts

Alternative 5 would add an additional culvert to the existing culvert with the
clapper valve removed. This alternative was evaluated because it may represent the most
inexpensive way to obtain a greater flow rate than that of the existing culvert alone.

Figure 5.6 shows the additional culvert in place parallel to the existing one.

-56ft

existing concrete
culvert

additional
concrete
culvert

O QX

Figure 5.6: Plan view of Wilders Dike with additional culvert installed

parallel to the existing culvert
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Alternative 6: Box Culvert

Alternative six involves installing a box culvert in place of the existing culvert.
This alternative was evaluated because box culverts allow for more flow than do round
culverts of the same height. This is due to the fact that box culverts possess a greater
cross sectional area than do round culverts. This alternative may prove to be useful at
Wilders Dike, because as great a flow rate as possible is desired in a limited space. Figure

5.7 illustrates Wilders Dike with a box culvert in place of the existing culvert.

road surface !
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.’I o2
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%

box culvert

V

Figure 5.7: Cross sectional view of Wilders Dike with box culvert in place of
existing culvert
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5.2 General Hydraulics

Before the alternatives in redesigning Wilders Dike can be discussed, a basic
understanding of general culvert hydraulics must be understood. This section attempts to
describe some basic culvert characteristics as well as general assumptions that must be
made while designing culverts. Some of different design considerations which must be
taken into account are also discussed here, but most of the ideas presented here relate to
the redesign of Wilders Dike, which will be discussed later.

There are as many different styles of culverts as there is applications for culverts.
Culverts are systems utilized for the transportation of water from one place to another and
are used for a variety of specific applications including wastewater removal, storm water
sewers, water distribution systems and others. ‘One of the general applications of a culvert
could include exactly what is seen by looking at Wilders Dike, which involves transporting
water from one side of the dike to the other.

Culverts come in many different shapes and sizes - each designed specifically to
meet the needs presented by the client. The different styles of culverts include rounded
culvert pipes, square or rectangular ‘box’ culverts, trapezoidal culverts, and a variety of
other less frequently used styles. Each of these culverts has it’s own particular subtleties
which make it a challenge to design. For one example, a circular culvert may have‘either a
square edged inlet or a rounded edged inlet. The decision thét is made with respect to
designing this culvert edge is based on the hydraulic conditions of the area in question as

well as what the goal of designing the culvert. An experienced designer will know all of
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the nuances concerning each style of culvert and can employ some freedom with respect to

it’s layout,

5.2.1 Design Assumptions

The engineer must make certain assumptions when it comes to the planning and
design of each individual culvert. Flowing water (as in most culverts) acts quite differently
than stagnant water, which results in characteristics which require alternate assumptions
be made. For example, it must be known whether or not the pipe is experiencing full or
partially full flow. This is determined, in part, by whether or not the inlet is submerged. If
the inlet is submerged, then it is probable that there will be enough head generated before
the culvert to propel the water through with greater force than if the inlet was not
submerged. If the inlet is submerged and the culvert is flowing full, then it can be assumed
that the water will experience different levels of frictional resistance. An increased amount
of friction (iﬁ the case of full flow) would cause a slower velocity at the edges of the
culvert and would therefore produce a different velocity and flow profile.

An additional assumption is made regarding the roughness of the pipe material
being utilized. For example, a culvert pipe made of PVC is much smoother than one made
of concrete. Although the coefficient of roughness for most materials is tabulated, there is
still some debate concerning which wo‘uld be more valid for particular situations. For the
purpose of this project, this means that this value must sometimes be assumed, and can

consequently cause a noticeable difference in the characteristics of the culvert.
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Another irﬁportant assumption is whether or not the proposed culvert, as in
Wilders Dike, would have a free outfall on either side. This is an important assumption to
make because it affects the area around the point of discharge. In other words, it is
possible that if the culvert is not placed at the elevation of the channel bottom, the
discharge could cause erosion in the area of the free fall.

It is important to know whether or not the culvert has a slope or if it is simply
horizontal. If there is a vertical slope, the water will flow through the culvert with a
greater velocity than if the slope was horizontal. This could affect the amount of
turbulence the flow experiences as well as adding to the amount of erosion that could take
place on the discharge side

All of these qssumptions contribute to the behavior of the flow through the culvert
and thus must be taken into aécount. There are other assumptions which must be taken
into account, but the ones mentioned above were the ones that were focused upon while

evaluating Wilders Dike as discussed in section 5.3.

5.2.2 Pamet System Dikes

The Pamet system includes a variety of culverts which allow for the transport of
water. This report focuses on Wilders Dike especially, but the others in the system include
the Route 6 culvert as well as the culvert that was present in the railroad dike at the Mill
Pond region. While it is obviously not necessary to examine the broken railroad dike
culvert, it would be essential to examine the culvert under the nearby Mill Pond Road.

Although the Route 6 culvert was not taken into consideration during this report, it would
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also be important to perform an analysis of that region. Alterations in the Route 6 culvert
would affect the flow and hydraulics of the rest of the estuary, especially around the area

of Wilders Dike due to its proximity to Route 6.

5.2.3 Design Considerations

When redesigning Wilders Dike, two culvert designs were considered. The first
one was the round culvert. Although there were different concerns with the utilization of
the round culvert (see Section 5.3), the basic design relationships remained the same. For
the purpose of this project, a conservative design was used. The pipe was considered to
be flowing full, and the upstream head was based on high tide values. This provided
estimates for determining flow rates through a round culvert by utilizing the following

equation:

—]i—l+£: 8 (1+Ke+£—)(—g;j (5-2)
D 2 D =g D

E
This equation, including all the variables, is discussed in detail in section 5.3.

The other culvert design fhat was performed was that of a box culvert. Although
it requires a different analysis, most of the assumptions remain the same as for a round

culvert. It was found that the box culvert could be analyzed using the following equation:

_D_ LY. Q| L : ;
== (1+K"+f(4RD[BzD2j 2g (5-4)

This equation is used in the analysis section (Section 5.3) for the box culvert as well as the

description of how this equation was generated.
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Now that the general hydraulics of culverts and culvert design have been
introduced, the different alternatives that were selected for redesigning Wilders Dike may

be examined.

5.3 Preliminary Analysis of Alternatives
Each of the six alternatives described in Section 5.1.1 was analyzed in order to
estimate the allowable flow past Wilders Dike. These analyses, including brief discussions

on the consequences of each alternative, are summarized below.

Alternative 1: Leave Wilders Dike as is

The effects of the current design of Wilders Dike can be seen on a daily basis.
These effects include the fact that the dike has effectively cut off the upper portion of the
estuary and allowed for the transformation of salt water wetlands to fresh water wetlands.
As a result, the tidal prism of the estuary has been considerably reduced, and flushing
capabilities have been decreased.

Another important consideration involves Ballston Beach, which separates the
Atlantic Ocean from the head of the Pamet. This barrier has been breached several times
during storms. Due to the clapper valve at Wilders Dike, this new volume of salt water
can be trapped upstream. As a result, flooding can occur in the upstream portions of the
river. While estimating the volume and frequency of flooding is beyond the scope of this
project, flooding associated with the recent overwash clearly shows that this is of concern.
The dike presently provides only limited capacity to release any salt water which could

accumulate due to an overwash.
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Alternative 2: Total Removal of Wilders Dike

If Wilders Dike is totally removed, the maximum flow passing through the
remaining area would be of interest. The maximum flow, assuming removal of Wilders
dike, at Station 2 can be estimated by obtaining the appropriate values of velocity (V) and

cross-section area (A) from the existing numerical model described in chapter 4. These

values can be used to determine the flow (Q, L3/t) at any given time through the use of

the following equation.
Q=VA (5-1)

The model was run with branch 5 consisting of the full 46 nodes, in order to obtain
the appropriate values assuming that Wilders Dike was removed. Spring tide conditions
were chosen so that maximum values of V, and S(x,t) could be obtained.

As illustrated in Figure 5.8, the cross-sectional area described by the numerical
model consists of a momentum carrying channel, and two non-momentum carrying
channels. For flow calculating purposes, it is necessary to consider both the area of the
momentum carrying channel, and that of the non-momentum carrying channel. The shape
of the momentum carrying channel during high tides at Wilders Dike (Node 5,23) consists
of a trapezoid of constant area, on top of which lies a rectangle with a variable area that is
a function of S(x,t) at any given time. The area of the non-rﬁomentum channel is equal to
the sum of two triangles located on both sides of the rectangle. ADun'ng lower tides, the
area of the momentum carrying channel consists of only the varying trapezoidal area as a

function of S(x,t). At this time, the non-momentum carrying channel area is equal to zero.
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Figure 5.8 : Model cross section at Wilders Dike (5,23)

When obtaining S(x,t) from the model, it is important to note that all
measurements are in reference to Mean Sea Level. In the Case of Node 5,23, the
distance between the channel bottom elevation and Mean Sea Level was measured to be
.12m. If .12m is subtracted from each S(x,t) value, the correct value of S(x,t) in reference
to the channel bottom can be obtained. This process of calculating flow was made less
cumbersome through the use of a spreadsheet (shown in Appeﬁdix D). When all of the
higher tide flow rates are calculated, maximum values could be picked. The maximum

values of V and S(x,t) were then substituted into Equation 5-1, and the maximum flow

ICDCM 7% n .

Qeny 2= o )
)( " Z"i—!u«,\.f*i RV ATa 29,5
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(Qmax) was determined. The maximum values obtained through the above analysis are

presented in Table 5.1.

Table 5.1: Maximum design values for alternative 2

Maximum Maximum Maximum
Velocity, Area, Amasy, 0 Design Flow,
Viax, RVS Qo M/

0.33 32.4 10.7

This alternative allows for a significant amount of flow past Wilders Dike at a
reasonable velocity, and would result in the estuary taking on characteristics similar to
those of its natural state. However, the values obtained through this process may differ
from actual conditions. Through a comparison of channel characteristics directly west of

Wilders Dike and channel characteristics at node 5,23 of the model, it was determined that

Lthe model’s representation of the channel is somewhat larger than that of the area dlrectly )

e, e—

adjacent to the west side of erders lee (refer to Section 4.3.6). This dlscrepancy could
exist because node 5,23 is not located directly adjacent to Wilders Dike. Instead, it is
located further west (closer to the harbor) than the measured cross section at Wilders
Dike. If the available cross section was actually smaller than that assumed by the model,
then the model outpr)t may predict larger flowrates and smaller velocities than realistically
obtained through the removal of the Dike. It is recommended that additional
measurements be taken to further address this concern.

Effects of the implementation of this design on the surrounding area cannot be
overlooked. Since the time of the Dike’s construction in 1869, many parcels of land,
including the small public park across from the general store in Truro Center have been

developed on what was originally salt marsh. Due to this tremendous increase in volume,
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it is unavoidable that some land will be reclaimed by the estuary. By performing a rough
survey of thé park and the immediate surrounding area of Wilders Dike, an estimate was
obtained for the determining the reclaimed area if the dike were removed. The extent of
this new water line can be seen in Figure 5.9. In order to obtain this estimate, it was
assumed that the water would rise to the same elevation east of Wilders Dike as it

presently does on the west side of Wilders Dike.
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Alternative 3: Removal of Clapper Valve from Existing Dike

The analysis of Alternative 3 involved estimating how much flow will be allowed
by the present culvert if the clapper valve was to be removed. In order to determine the
maximum design flow, Q, that the existing culvert can allow, it was necessary to obtain
the maximum head above the culvert bottom. This value was obtained t?y surveying
Wilders Dike. It was determined that the maximum head above the culvert bottom on
10/02/94 was 4.56ft. Although the highest head observed was 4.56ft, in order to account
for spring tide, it was estimated that the maximum head could reach up to 5ft above the
culvert bottom. This estimate is based on the observance of spring tide conditions on
12/4/94 (see Appendix E, 1994 High & Low Water-Boston Mass.). On this day, the tide
rose approximately 5 inches higher than on 12/3/94 and subsequently the maximum head
was calculated to be approximately 5ft.

Assumed characteristics of the Wilders Dike culvert include a submerged inlet, a

free outlet, and a horizontal slope. These characteristics allow for the use of the following

equation.
£—1+ = 8 (1+Ke+—j-l—)( Q,j (5-2)
D 2 n°g D/\ p:

Where:

H = Head(ft)

D = Culvert Diameter(ft) = 3.5ft

Z = vertical drop in culvert length, L = 0 for horizontal slope

K¢ = entrance loss coefficient = .5

L = culvert length = 56ft

J= friction loss coefficient for full flow = .02 \,\ ) "'\'//,
SR

N
- g\/)

- [}\{_T
kS \
pe Y
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Figure 5.10 shows the general schematic of Alternative 3 including the removal of
the existing clapper valve. Utilizing Equation 5-2, it was determined that the existing
culvert dimensions will allow for a maximum flow (Qpa) of 103.12ft"/s, and a velocity (F)

of 9.37ft/s when the head above the culvert bottom is equal to 5ft.

. free outlet
maximum

head = 5.0ft

submerged
inlet

Figure 5.10: Alternative 3, submerged inlet with maximum head equal to 5ft.

This flow is considerably less than that achieved through Alternative 2 (Total
Removal Qf Wilders Dike). Velocity is approximately ten times the velocity obtained
through Alternative 2. A velocity of 9.37 is generally considered to be foo high in
recreational areas such as Wilders Dike. This high velocity may ‘be a potential danger to

canoeists and fisherman, and might also result in erosion in the immediate area.
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Alternative 4. Clapper Valve Removal in Conjunction with Enlarged Culvert

The amount of flow allowed by an enlarged culvert will increase with diameter
(D). Several diameters larger than that of the existing culvert were chosen, and then
plugged into Equation 5-2. Equation 5-2 was simplified into equation 5-3 in order to
make spreadsheet calculations more convenient. The corresponding flow rates were then

solved for.

HD* -1D?

¢ =\/E§E(I+Ke+§)

(3-3)

Since equation Eq. 5-3 can only be applied in the case of a submerged inlet, the
chosen diameter could not exceed 5ft, the maximum head above the culvert bottom.

Table 5.2 presents the corresponding Q and V' values of various culvert diameters.

Table 5.2: Varying culvert diameters using Eq. 5-3

Head(ft) Culvert Flow(Q)(f'/s) Velocity(V)(ft/s)
Diameler(ﬁ)

E 3.5 103.12 9.38
5 3.6 108.52 9.60
5 38 119.55 10.01
5 4.0. 130.85 10.41
5 4.2 142.37 10.79
5 4.4 154.06 11.15
S 4.6 165.88 11.48
5 4.8 177.76 11.79
5 5.0 189.64 12.07
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When designing concrete culverts, it is generally excepted that velocities below
10ft/s are safe. However, velocities near 10ft/s are considered high in recreational areas.
As shown in table 5.2, cplvert diameters above approximately 3.8ft result in velocities
above 10fi/s. This may result in culvert damage or excessive erosion, and a possible
hazard to people in recreational areas. It should also be noted that as culvert diameters
near 5ft, the design head above culvert, drawdown will result in a case where the culvert is

no longer submerged. In this case, equation 5-3 is no longer valid.

Alternative 5: Multiple Culverts

A detailed analysis was not performed on this alternative. However, it is assumed
that adding an additional culvert with the same dimensions as that of the existing culvert
will allow for double the original flow. This new flow of approximately 200cfs is still
considerable less than allowed in Alternative 2 (Total Removal of Wilders Dike). In
addition velocities would be approximately 9ft/s, which is too high in recreational areas
such as Wilders Dike. However, the implementation of this alternative may be

advantageous due to the limited ground cover at Wilders Dike.

Alternative 6: Box Culvert

In order to estimate the amount of flow allowed through a box culvert, Equation
5-2 was altered in such a manner as to incorporate a rectangular cross sectional area rather
than a circle. This was accomplished by substituting 4(R), where R is equal to the

hydraulic radius of the box culvert, for D (diameter of a circle). The hydraulic radius (R)
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is obtained by dividing the product of the base and height by two times the sum of the base

and height. This yields the following equation:

D _ LN2 )L ]
M5 (1 A +f(4RD(B3D2) 28 4

Where:

H = Head (ft)

B = Culvert base (ft)

D = Culvert height (ft)

Z = vertical drop in culvert length, L = 0 for horizontal slope
K = entrance loss coefficient = .5

L = culvert length = 56t
f = friction loss coefficient for full flow = .02

A culvert base of six feet was chosen in order to maximize the cross sectional area
of the culvert, while keeping in mind that wider rectangular culverts allow for less
overhead support than do narrow culverts. A height of 4.25ft was chosen on the basis that
heights near 5ft, th¢ maximum head above the culvert bot'gom, allow for a drawdown
condition, therefore rendering Equation 5-4 invalid.

A culvert base of 6ft and a height of 4.25ft will allow for approximately 150cfs and
a velocity of 9.8 ft/s. The box culvert is the most efficient single culvert design in terms of
flow. However resulting velocity is still to high for a recreational area such as Wilders

dike.
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5.4 Summary of Analysis

Table 5.3 presents a summary of the preliminary design results. According to this
analysis, total removal of Wilders Dike (Alternative 2) and replacing the existing culvert
with a box culvert (Alternative 5) allow for the two highest flowrates. However, it is
important to note that further analysis is necessary to verify whether the flow and velocity
values obtained for the total removal of Wilders Dike would match field conditions. In
addition, it has been determined that the addition of any type of culvert, including
Alternative 5 (box culvert), will result in velocities much too high for a recreational area
such as Wilders Dike.

Table 5.3: Summary of Preliminary Analysis Results.

Alternative Maximum Flow, Q.. | Maximum Velocity, V.,
| cfs f/s

2) Total Removal of ‘

Wilders Dike 377.6 L1
3)Removal of Clapper

Valve 103 9.4
4) Enlarged Culvert

(4ft Diameter) 131 10.4
5) Multiple Culverts 103 per culvert 9.4 per culvert
6) Box Culvert 150 9.0
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7o :
1) CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER STUDY

6.1 Conclusions

The objective of this project was to evaluation the impacts of dike construction on
the Pamet River Estuary in Truro, MA and develop a preliminary design for the
modification of channel éharacteristics in an attempt to maintain or at improve the water
quality in the Pamet River. Analyses of water quality and hydraulic characteristics were
used to meet this objective.

First, water quality testing was performed to examine the present water quality and
compare the results with past water quality in an attempt to determine whether
improvement was necessary. Ammonia, nitrate, nitrite, and pH were estimated using a
HACH Saltwater Master Kit which was taken out into the field. Fecal and total coliform
were determined from laboratory analyses of samples taken back to a laboratory at
Worcester Polytechnic Instititute. Water quality measurements were taken during dry
weather and wet weather conditions. In addition, thé measurements were taken at different
times during the tidal cycle to better define the variation of water quality for different tidal
conditions.

Results of the tests indicate that the water quality of the Pamet River in the winter
months is similar to that of previous years and has not changed substantially. Low
concentrations for nitrogen compounds confirmed that nitrogen is not presently a
significant problem in the Pamet River.Fecal and total coliform were found to exceed

criteria for shellfishing during dry and wet weather, and total coliform counts were found

85




to be somewhat higher during wet weather. Water quality measurements also-showed
that salt water leaks through Wilder’s Dike and that salinity stratification exists at in the
vicinity of Wilder’s Dike at high tide conditions. It is noted that these measurements were
completed in relatively cold conditions (in December and January) and represent Winter
conditions. It is likely that the coliform counts and nutrient concentrations would be
higher during summer conditions. Therefore, it is likely that criteria would be exceeded
during summer conditions as well. It is also noted that wet weather data was limited to
total coliform. Additional wet weather measurements over a tidal cycle are recommended
to better define the water quality in the Pamet River.

In addition to water quality measurements, tidal measurments we;e obtained and

used to verify the accuracy of a previously completed hydraulic model of the estuary.

Flow analysis was performed to check the current hydraulics of the Pamet River and to
determine if a mathematical computer model could be used. The model was developed by
Giese et al in 1989, but due to alterations in channel characteristics in the estuary, the
model required validation before it could be used. Specific methods for validating the
model were presented in Chapter 4. Through these methods, it was shown that the model
provided an adequate representation of the estuary. Therefore, the model could be used
to estimate flowrates which would provide general guidelines for developing preliminary
design alternatives for modifications to Wilders Dike.

The preliminary alternative designs were developed for allowing flow past Wilder’s
Dike. Allowing tidal flow past Wilder’s Dike would increase the tidal prism and increase
tidal flushing in the vicinity of Wilder’s Dike. The preliminary designs were developed

using estimated flows from the model along with standard hydraulic equations for culverts.
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Five alternatives include no change to Wilder’s Di.ke, complete removal of the dike, use of
the existing culvert with removal of the clapper valve, use of one or more enlarged circular
culverts, and use of a box culvert. These alternatives are described and evaluated in
Chapter 5. Of the three alternatives making use of a culvert, the box culvert would most
likely be the optimum design. This culvert would allow for the most flow to pass by
Wilder’s Dike, consequently increasing the tidal prism from its present state. As noted
above, it is anticipated that the increased prism would have the ability to transport a

~ greater amount of contamination (eg as indicated by fecal and total coliform) out of the
estuary. However, it is noted that the velocity estimated for the box culvert at maximum
flow conditions is quite high, which could pose a hazard for recreational use in the vicinity
of the culvert. Therefore, while use of a culvert is a cheaper alternative, use of a bridge

(full removal of the dike) would be a preferred alternative is funds are available.

6.2 Recommendations for Future Study

Although this project did involve somewhat rigorous analysis of water quality,
hydraulics and culvert design in an estuary, the corresponding results can only be used as a
preliminary assessment of dike construction in the Pamet River. There are several areas
which require further research in order to develop a complete assessment. First, the
culvert under Route 6 should be investigated for redesign in order to allow for increased
flow into the.upper Pamet. Second, more water quality data should be obtained to better
understand the water quality characteristics in dry and wet weather, as well as in warm

conditions in the summer. Third, a more detailed analysis of the flow conditions in the
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vicinity of Wilder’s Dike are necessary. Channel characteristics near Wilder’s Dike which
would exist upon removal of the dike should be more accurately defined in the future.
Also, a more accurate culvert flow model (such as the HEC2 Model) should be used to
characterize flow in the region. This more accurate model would also require more
accurate information on the topography in the Upper Pamet Basin. Finally, it is noted that
the use of a flow control device should be investigated to control velocities near the Dike

and to allow for slow introduction of tidal flow into the Upper Pamet Region.
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Appendix.A
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Ammonia Test Procedures

Rinse and fill the test cube with water from sample up to the indicated mark
Empty one Ammonia Reagent No. 1 Powder Pillow into cube

Invert the cube several times to mix

Empty one Ammonia Reagent No. 2 Powder Pillow into cube

Shake for one minute :

Match the color of sample to the closest color on cube

Nitrate Test Procedures

Rinse and fill the test cube with water from sample up to the indicated mark

. Empty one Nitrate Low Range Reagent Powder Pillow into cube
. Invert for one and one-half minutes to mix

Empty one Nitrite Reagent Powder Pillow into cube
Invert the cube for 30 seconds
Wait five minutes. then match sample to closest color on cube

Nitrite Test Procedures

Rinse and fill the test cube with water form sample up to the indicated mark
Empty one Nitrite Reagent Powder Pillow into cube

Shake cube for one minute

Wait ten minutes. then match sample to the closest color on cube

pH Test Procedures

Rinse and fill the test cube with water from sample up to the indicated mark
Empty one pH High Range Indicator Powder Pillow into cube

Shake to mix ,

Match the sample to the closest color on cube
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Appendix B
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Total Coliform Test Procedures

. Autoclave the filtering apparatus (membrane filter, filter holder, filter flask, and aspirator) along with

50 ml graduated cylinders, and beakers

. Clean the counter top with a 90% ethanol solution

. Wash hands with a 70% ethanol solution

. Set up the Membrane Filter Assembly

. Using forceps, place one absorbent pad in a sterile petri dish and label

Empty the contents of one m-Endo medium onto the pad, replace the lid

. Using sterile forceps, place one membrane filter (grid side up) onto the assembly
. Mix the sample, pour S0 m} through the assembly

Rinse through with distilled water

. Turn off the vacuum

. Using sterile forceps, remove the filter from the assembly, and place grid side up in petri dish
. Be sure the filter touches the pad completely, and no air bubbles are trapped beneath it

. Invert the petri dish and incubate at 35 +/- S degrees C for 48 hours

ARler filtering each sample, boil the apparatus for at feast 20 min. and repeat
Confirm the samples ’
1. Sterilize an inoculating needle by heating to red hot in a Bunsen burner
2. Let needle cool, touch it to the sheen colony and transfer to a single-strength Lauryl
Tryptose Broth Tube
. Touch the needle to the same colony and transfer to a Brilliant Green Bile Broth Tube
. Invert both tubes and place in an incubator at 35 +/- .5 degrees C
. If gas bubbles appear in one hour, invert tubes to remove them
. Afier 24 +/- 2 hours, gas bubbies in both tubes confirms the colony
. If no gas is found in the Lauryl Tryptose, the colony is not a coliform
. If gas is found in the Laury! Tryptose only, inoculate another BGB and check afler 24 hours

00~ O\ bW

Fecal Coliform Test Procedures
Autoclave the filtering apparatus (membrane filter, filter holder, filter flask, and aspirator) along with
50 ml graduated cylinders, and beakers
Clean the counter top with a2 90% ethanol solution
Wash hands with a 70% ethanol solution
Set up the Membrane Filter Assembly
Using forceps, place one absorbent pad in a sterile petri dish and label
Empty the contents of one m-FC medium onto the pad. replace the lid
Using sterile forceps, place one membrane filter (grid side up) onto the assembly
Mix the sample, pour 50 ml through the assembly
Rinse through with distilled water

. Tum off the vacuum

. Using sterile forceps. remove the filter from the assembly. and place grid side up in petri dish
. Be sure the {ilter touches the pad completely, and no air bubbles are trapped beneath it

. Invert the petri dish and incubate at 44.5 +/- 5 degrees C for 24 hours

. Afier filtering each sample. boil the apparatus for at least 20 min. and repeat

. Confirm the samples

1. Sterilize one inoculating needle to red hot in a Bunsen bumer

2. Let needle cool, touch to a typical blue colony and transfer to a Lauryl Tryptose broth tube

3. Invert the tube and incubate for 48 +/- 3 hours at 35 +/- degrees C

4. If gas is not produced, the colony was not fecal coliform

5. If gas is produced. use a sterile loop to inoculate one EC Medium Broth tube from each
gas positive tube

6. Incubate the EC Medium tubes at 44,5 +/- .2 degrees C for 24 +:- 2 hours

7. Any gas confirms the presence of fecal coliforms .
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43.623 14.581 6.164 0 129.839 117.603 103.76 98.185
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43.015 10.413 4.129 0 151.84 146.795 144.99 144.944
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51736 -14.14 -5.953 0 146.735 156.361 160.571 161.711
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-0.649 -0.288 -0.138 0 -68.366 -33 -2.783 2 240 60.416
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575 -18.45 - 41.95 - 29.95 -5.516: 0 0 0
580 -18.33 41562 29562 -5.64016. 0 0 0
(585 1822 41184 20184 576112 0o )
590 | -18.06 40814 26.814 587952 0 0 0
59571788, 40.454 28454 . 599472, 0 O v
600 i 17.5 40.124 : 28.124 : .6.10032: ok 0 0
605 1656 39903 1 27003 617104 0 O 0
610 ' -13.87 40.096 28.096 - -6.10928 00 0
615 . -6.748 41616 20616 .- 562288 0.0 0
620 . 5.86 45743 33743 430224 0 0. 0
625 11.666 49.956 37956, 285408 0o 0 0
630 :17.399: 53,993 41.993 T 166224, 0. 0: 0
635 22135 58981 46981 : -0.06608 0 0 0
640 26.024 64.716 52.716 176912 0: 0 0
645 29583 71,073 59.073 | 380336, 0, 0
| 650 32276 T7.835 65.835 | 5.0672; 0: 0, 0
6551343871 84794 72794 7 8194088 0. 0 0
660 35990 91768 79768 | 10.42576 O 0. 0
665 1 3721 ' 98622 L ..86622 1261904, O 0i 0
(670 138064, 105248 I 93249 1a73eesl 0. o o
| 675 38555 111566 | ©9.566 .18 761,12, T L
680 | 38.751 117.495 105,495 e 186584, 0 0] 0
685 | 38.44 | 122818 T 110818 1 2036176 0i o 0
_699_ 57785 127369 | 115360 12181808 O 0.0
695 '36.985 131262 L 119262 72306384F 0. o o
700 136225 134504 122504 2413008 0: 0: 0
705 ;35360 - 137.519 126519 i25086080 0 O 0
710 | 34.677 . 140.07 128.07 © 258824- Ol 0 0
715733902 142,432 130432 ' 2663824 2663824, 0.0300; 379.4494
720 133 326 144561  :  132.561 { 27.31952. 27.31952. 9.1045; 382.5422
725 esz_gg_z 146577 184577 27.964641 27.96464. 9.18555! 385.9473
730 32728, 148502 | 136.502 . 28.58064: 2858064 9.35387" 393.0198
735 32762 150.298 138,208 ' 20.15536. 20,15536 9.55188 4013305
740 : 3281 152.002 140,002 | 29.70084° 29.70064: 9.74478: 409.4445
| 745 __3_2 907  153.645 ~ 141.645 302264 30.2264° 0.9466° A417.9244
750 " 33.08 155.216 143216 3072912 30.72912 10.1652  427.1089
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755 3319 . 156.689 144,680  © 31,20048; 31.20048: 10.3554. 435.1026
760 " 33 ?,.ou i "__1‘%8 065 146.065 | 31.6408° 31.6408° 19__51_2_7, 441.7082
765 ¢ 158,343 147343 3204976  3204976; 10.6274] 446 5280
770 . S AB0A6E - 48,488 - = BDHOD7E 240976 AT 7
| 775 ~ 161.385 149385 ] 827032 327032 10.5657| 4439391
| 780 : 31. 236 162.013 150013 - 32.90416- 32.00416. 10_@7_7_@ 431.8464)
] _7§§_ 2941 . 162221 150221 3297072 3297072 989689;__40_/‘4239
790 |27.042  162.005 ... 150005 i 326016 329016, 889725 373.8341)
795 124,612 - 161.536 | 149536 1 _32_7_51_5_59?2 32, 751_52 806081 338.6842
800 22.096 160.867 148.867 | 3253744! 3253744: 7.180947' 302.0787
805 19.321 150098 | 147.908 | 3225036 32.26936' 623283 261.8637
810 1 16.225 158915 i 146015 . 31.9128; 310128 517785] 217.5568
815 125471 ~ 157605 1 145605 _ | 314936 314936 3.9515) 1660295
820 8,001 ; 156.004 ‘ 144.004 _ 30.98128! 3098128 247881‘1 104151%
825 . 243 | 154064 | 142064 | 30.36048: 30.36048: 0.73776] 30.89831
| 830 -3194 ° 152007 140.007 j 129.70224° 29.70224' 0948_6_9; -39.8609
835 - -8148  fdges4 i 137 98(1\_'"_____‘§ 05488’ 20.05488 -2.36739, -99.4702|
840 -13.05 . 147708 135709 | 28.32688; 28.32688; -3.69751! -155.357]
845 -18.5 144.733 432733 172737456, 27374561 -5.06539; 212,831
850 -21.22 142.071 130.071 _ | 26.52272! 26522727 562865 -236.498
8552288 130630 ' 127639 _ .2~> 74448; 0] O "0
860 -24.4 137.276 125276 | 24.98832; 0: of 0
865 2573 . _  135.041 123041 34_2_7_312 L
870 _-26.93 ' 132.806 . 120,896 ; 2358672, _ O, O 0
875 -27.97 . 130.871 118.871 ____z_z 93872, o1 0. 0
880 289 - 128927 116,927 2231664 ol o ¢
885 -29.69  127.085 115065 . 217208, 0. 0 "0
890 < -30.35 , 125254 113.254 . 21.14128° 0 0 0
895 -30.86 123464 111464 . 2056848° 0. __ O 0
900 3131 121714 0 109.714 _ i 20.00848 O, .0 0
905 -31.67 120.003 108.003 . 19.46096, O 0O )
910 - -31.93 - 118314 106314 7 '18.92048: 0i 0 0
915 3208 116623 ' 104623 1837936 0 0 0
920 321 114.897 102.897  17.82704' 0 0, 0
925 -32.01 113109 101109 1725488 0. O 0
930 -31.82 111252 99.252 1666064 0 0. 0]
935~ -31.66 . 109372 . 97372 ' 16.05904 oF 0. 0
940 -31.5 107.51 ' 9551 . 15.4632: 0: o 0
945 -31.35.  105.674 93.674 ; 14.87568. 0 0 0
950 3119 103,873 91873 1420836 _ 01 O G
956 -31.03. 102112 0 0 00412 ;1373584 9, ...0. 0
960 . -30.87 100394 88.394 " 13.18608 o 0- 0
96_5__j 30,7 98719 86.719 ! 12.65008 o 0 0
rg? [-30.53 . 97.09 . .8500 12,1288 0. .0, -0
975 ;_3135 95504 83,504 L1162128° 0. 010
980 -30.18 93.962 81.962 '; 11.12784; S0 0) 0
985 ' -30 92464 80464 _'1064848.  0i O 0
990 ' -29.82 91.008 : 79.008 1018256 0 0 0
995 -2963 89692 77862 | 972944; _ _ O o 0
1000 -29.45 88.218 - 76218 . 9.28976 0 0 0
1005 2026 86882 ' 74882 . 88624 Ol 0O .0
1010_-28.08 | 85.585 73.585 B.4472. 0, 0: 0
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1015 -289 ° 84325 i 72825 . 8044 0. O 0
10201 2872 3102 | 71402 | 7.65264; 0p .00
1025 .28.54 81.915 : 69.915 7.2728 0 0 0
11030} -28.37  80.763 68763 6.90416 T
1035! 282 79646 T 67646 8546728 0ol g
1040} -28.03 . 78563 66563 _ . 6.20016, o, .. G o
10451 -27.87 - 71515 17 65515 i 5.8648: o oo
10501 2772 . 76.501 : 64.501 | 5,540321 0 0; 0
1085 -2757 75521 @ 53521 522672° . 0. 0 O
1060 -27.43 74576 62576 4.92432 0: 0’ 0
1085 -27.3 . 73664 61664 463248 0. o 0
1070: 2747 72786 60.786 4.35152. 00 0
1075 27057 71.941 © 59,941 408112 0 00
1080 -26.94 | 71.128 59.128 . 3.82006 0; 0. 0
1085 -26.83 70.346 58,346 3.57072. 0 0 v
1090 2672 69593 . 57693 ! 832976' 0 0 0
11095’ -26.61  68.866 56866 300712, 0o o, o
11100 -26.49 68.161 56161 . 287152 0 0 0
1105 -26.36 67.474 55474 265168 0o o0
1110 -2622 66.8 54.8 2.436 o 0 0
(1115 -26.05 66133 | 54133 2220560 0 0 0!
1120 -25.87 : 65.469 53.469 2.01008! 0: 0! 0l
1125 2567  64.803 52,803 1.78695. 0 0 ol
1130 -25.45 64.133 52133  1.58256 0 0 0
1135 -2521 63458 | 51458 . 136656. 0, 0O, 0O
1140, -24.97 62.776 50776 1.14832, 0; 0 0
1145°-2471 62087 50087 ' 0®o784r o' O 0
1150: -24.45 .  51.393 T 4393 070578, O 0 0
1852419 60695 48695 1 04824, 0 0 _ 0
11601 -23.93 . 50.905 T = L o T « I+
1165.-23.68 ; 80203 | 47203 U 003876 O, 0l _ 0O
11707 -23.42 . '58.593 46593 . -0.19024; 0: 0: 0
11752318 57.895 45895 1 .04136' 0 0: 0
1180 2293 57.201 45201 -0.63568. 0 0 0
1185! 227 1 BEB13 44513 -085584: 0, 0 0
1190 -22.47 55,832 43832 1 407376 0. 0O 0
1195 2225 55158 43158 17.4,28044. ol o o
12000 -22.04  54.494 “aza94 TV Ak0ie2. 7 o 0 0
1205 °21.83 53,839 4183 ' 4714520 00 0 e
1210,2163 53195 [ 41195 ;49176 ' 0 o 0
1215, -21.44 . 52562 40562 - @ 2120160  0f 0 0
1220] 2125 51941 39941 | 2.31888! 00 o 0
1225/ 2107  51.331 739331 2514080 O 0.0
128012089~ 50733 38733~ .2.70544 o ol 0
1235, -20.72 50,148 38148 . 289264, 0, 0o 0
12401 2056 ~ 49.574 37574 1 .3.07632 0 0 0
11245 -20.4 49.013 37013 - -3.25584 S0 o o
1250, -2024 48463 36463  -5.43184, 0. 0, 0
1255 -20.09 47.926 35.926 ~ -3.60368, 0 0 0j
1260 -19.95 - 47.401 35.401 . 377168 0 0 G
1265 188 . 46888 . 34883  .3.93584 0 o 0
1270 -19.67  46.387 34,387 . -4.09616 0 0O 0
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1275 1953, 45898 33898  ° -425264. O O, (
(1280 | -19.4 ! 45420 33.422 i 2440496, 0. 0. 0
12851 -18.28 44957 " 30957 | 455376, )] ol 0
1290; -19.16 44503 | 32503 | -469904. of o] 0
1295} -19.04 . 44.061 32061 . -4.84048. o0l 0
1300{ -18.92 4363 3163 _ -49784i o ol 0
1305, -18.81 43208 31208 _ | -511344; R R |
1310*”3‘369 42795 . 30795 . -5.2456 o o0 0
_13_15 1857 42389 ' 30389 v BA7HS2 0. 0i 0
1320 -18.45 - 44631 29.991 -5.50288" 0 0 0
1325.-16.34 41602 20602 . -562736° 0 0 -0
1330 4-18 22 41203 29223 | 574864, 0 0 o
1335 : 18, 09: 40852 1 28852 ! 586736 0 o 0
1340 -17.89 1 40.492 .. 28492 -5.98256 ol 0 0]
1345 1752 . - 40.159 L 28158 | 608912, 0; 0. 0
1350, -16.62 ©  39.93 £ 2793 1 616240 0: 0. 0
1355 -14.03° 140.005 28095 . _6_1_096 0’ 0! 0
1360 -7.118 41538 20539 584752 0 0, 0
1365 5451 4557 3357 1 43576, 0 0. 0
13701 11.411 49.841 37.841 - -2.99088: 0: 0. 0
1375 17.2 53832 41832 471376 0. 0O 0
1380 21.961 58.795 46,795 - .0.1256 0, 0 0
1385 26.075 1 64.496 52.496 160672 [ 0. 0j
1300 29.46 7083 58.83 37256 0 0 0
1395 . 32178 77.578  65.578 588496 0 0 ol
1400 34.3 8453 72.53 81086 0 0 _ 'og
1405 35, 942 91.505 79508 103416 0. 0. 0O
1410'37.167 . 98.364 86.364 | 12.53648 0. 0 0
141538026 105 93 : 1466° 0. 0 0
1420 3854 | 111329 99320 1668528 0. O 0
1425 38 749 117.215 105275 . 18588 o 0. 0
1430 38.462 122.629 . 10829 12030128 0 O 0
1435 §7_§314 127207 i 115.207 2176624 0l o 0
1440137.019 131.124 119.124 “; 23018680 0. 0O 0l
144536257 . 134474 . 122474 . 2409168, 0} 00
\1‘450 354 187418 1 125416 _ 1 2503312, 0: 0 0
14551347037 139977 127.977 ,i 25.85264 [ o 0
1460 33,927 142,346 130346 | 26.61072! 26.61072! 9.02822; 379.3369
1465733348  144.482 132,482 7 2729424’ 2729424 910208 382.4405
147032864 146501 1 134501 | 27.940321 2794032 1 9.18231: 385.8112
1475 32.728 14843 . 13643 .1 28 _55_79 28, §5_76 93_4&_333 392703
1480 | 32]9_} ©150.231 1 138.231 . 129.13392; 26,13392, 9.54427. 401.0188)
148532808 : 151938 _ : 139 938_.,_,.__29_@8.016 29.6?016‘..‘?1@7_@ _409.1373]
1490| 329 153,582 141,582 | 30.20624; 30.20624] 9.93785° 417.5568
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BCLTCuv, Mim3S.
42-21N x 71-03W
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DD D D
Y Qr SEPTEMBER 214 OCTOBER
olo o] [¢]
| w HIGH LOW |5 |& HIGH LOW
OI|E o] E
N J|E N E
;I; K| am. Ht pom. Ht |am.|p.m. ;l‘{ K am. Ht. p-m. Ht [am.|p.m.
V\T) 721 . 84 | 735 95 [106|118] 1|S | 733 91 | 751 99 118( 138
2/F) 812 87| 826 99 |158|210| 2|s | 822 98| 841 104 | 208{ 230
3151900 92 | 914 103 |246|300| 3|M| 908 105 | 931 108 256|320
41S 944 98 |1000 10.7 | 332 348] 4| T 954 11.1 1020 11.1 {343 409
5 |MJ1028 104 |1046 11.1 |416]435| 5|w|1040 11.7 | 1109 11.3 [ 430| 458
6(T|1111 109 |1132 112 |500|521| 6| T [1127 121 | 11 59 113 {517 547
7 wW|1155 113 w .. |544|609| 7] F e e | 1215 122 | 605] 638
81T 1219 112 (1241 116 {630|658| 8(S [1250 11.1 | 106 12.1 [ 655 730
9IF| 109 11.0 | 129 116 | 718 749| 9|S | 144 107 | 200 11.7 | 747 825
10|S 201 107 221 115 808|844|10|M 241 102 253 112 {8431 924
111S1 257 102 | 316 111 | 902 942|11|T | 343 98 | 400 107 | 942 10 26
12|/M| 357 97 | 417 108 [1000fo4a{12|W | 447 95 506 102 [046 11130
13|T| 501 94 | 522 105 [110271148|13| T | 554 04 614 100 1152] ..
14 |W| 608 92 | 628 103 - 1207 |14 F | 658 95| 718 99 h234l1258
15(T}| 714 93 733 103 1253111115 s 755 97 817 99 {134] 158
16{F| 814 95| 833 104 155{212]16|S | 846 100 | 908 99 226|252
17151908 98 | 926 104 |250|307[17|M| 930 102 | 953 99 [313( 338
18151 95 101 |1013 104 |338/356{18|T {1010 103 | 1034 938 354} 420
19 /M1 1037 103 |1056 104 [421(441]|19|w 1047 104 | 1113 97 433| so0
201 TI1115 103 (1136 102 {502{523{20|T {1123 104 | 1152 96 |511 539
21 (w]1153 103 w .. |5401603[21) F {1159 103 w .. |549]| 618
22 [T11216 100 11230 103 [619|644(22| S [1230 94 | 1237 102 [ 628{ 658
23 [F[125 97 | 108 101 |[658|725|23s | 110 92 117 100 {708 739
24151137 94 | 149 99 [738|808{24{M| 152 89 | 159 97 750| 823
5151221 90 232 96 [821)|854|25|T | 237 87 | 245 95 835( 909
26 M| 307 87 | 320 94 [907|943|26|wW/| 325 85 334 93 1924|959
27/T| 35 84 | 411 92 [95710035]|27|T | 416 85 428"' 92 1017|1051
28 |\W) 452 83 ) 506 91 [105171130{28|F | 509 87 | 524 9.3 11131145
29\ T| 547 83 | 602 92 1147| ..[29|S|.603 91 | 620 95 .. [1210
30| F| 642 86 | 657 95 1225/1244(30|S | 655 96 | 716 o8 12391 106
M

31 745 103 811 102 | 131|201

Average Rise and Fall 9 1/2 ft.
When a high tide exceeds av. ht., the following low tide will be lower than av.

Since there is a high degree of correlation between the height of High Water and the
velocities of the Flood and Ebb Currents for that same day, we offer a rough rule of thumb

{)or estimating the current velocities, for ALL the Current Charts and Diagrams in this
ook.

Rule of Thumb: Refer to Boston High Water. If the hei
over, use the Current Chart velocities as.shown. When the
at 10.0', subtract 20%; at 9.0, 30%; at 8.0°, 40%;

ht of High Water is 11.0' or

eight is 10.5', subtract 10%;
below 7.5, 50%.

Al MBER
ek NOVEMBER $l4 DECE
Y
AL oW HIGH
ol HIGH LOW |u | ¥ |
¥ T E Ht. | 2
¥ ﬁ am. Ht pm Ht |am. |pm. '}r{ a.m. Ht. :;15:. i
}1{ T! 835 110 904 106 (2221254 1T 255?) 1;.2 ol
2 lw!| 924 117 | 956 109 312|345 :24 2 950 123 | 1029 107 ¢
402|436 X ;
3|T {1013 122 |[1047 111 e 124 > ar
1 las2|s27] afs |1 )
g l; 1111(5% 11:;2 114.?. el el sl |27 107 13; ﬁ%’ {
e |s 11233 109 |1246 123 |63a|712| 6| T 1:); 182 128 117
7|m| 128 106 | 141 118 728|807 7|W 20 103 | 219 111
g || 225 103 | 220 112 |824|904| 8|T 3; 01 | 317 104 |
o |lwl| 325 99 | 341 106 |92ah003| 9|F 3§e o8 | 416 97 )
wlT!| 427 97 | 445 100 1o§g 11 04 1(}) g ;53 o6 | 518 92
0 96 |55 96 s
3 ; ial 96 | 658 9.4 (20501236 1§ hTA gig gi Zﬁ gﬂ
3 |103|137]1 ] :
BIS| 72 o T wlwl| 827 98| 901 87
6 99 | 8a3 93 [155]230 7
1; h’: 2100 101 929 93 2421316115 T 911 [9)? 13;; 2'9
16 lwl a1 102 1011 93 {324|3s8|16|F | 952 10.2 oz 89
17 111019 103 |1051 .93 |404}4a37|17|S |103 1.2 o7 o
8 |F|1056 103 |1120 9.3 |443|s516{18|S {1110 10.3 .
:9 s 11133 103 . o I522l854 |19 M 1 43 1'(9)‘l 122‘.7. 10..5
201511208 92 (1211 102 160116331201 T 12%3 9.2 2y
21 |IM11247 91 1250 10.1 6411713121 |W 1 ) 9.2 1 100
2lTl 127 90 |15+ 99 |723|755)22|T ;gs 52 | 149 100 |
' 23| F ) .
8.9 215 9.7 (807|839 |
3 ‘; glsg 89 | 302 95 |855|926|24|s | 310 991,3 ii‘; gg
25 |F| 342 90 | 354 9.4 |946f1015(25(S 323 ARG
% 15| 433 92 | 449 94 hoa1firos|26|M 245 00 | 516 94
27 |s|vs2s 95 [ 546 94 38| ..|27|T 545 103 | 617 94
28 |IM}| 618 101 645 9.6 N202 1236 281w 00 11.2 T o7
o lt| 712 107 | 742 99 257 13: ;9) § 70 12| 819 97
30 twl| 805 11.3 839 102 1512 s 59 115 014 103

Average Rise and Fall 9 1/2 ft.
When a high tide exceeds av. ht,, the following low tide will be lowe

i ight of High We
i i i o of correlation between the heig
lSlq%? t}:)?;%lesF?o}g ta‘ndde beb Currents for that same day, végn oﬁ'tesr : rxl'g\i%l};g
‘i{:roecslti::aﬁng the current velocities, for ALL the Current Char
boi%(l‘lle of Thumb: Refer to B?stor_l High }Ygi:cgr:v&{; t;l;]etl}:zi Eitg%f"c I;ISI%%\SN,ZZ%
t Chart velocities as s . .
gzefél(l)?esmri‘::?gg%; ataQ.O', 30%; at 8.0', 40%; below 7.5, 50%.



. B T L TN - R L LE A LI FY 1) s Wil hatat et l'ilgh T T tim(
MAI;..‘, wuter voasi H.M.
RichmondlIsland .................. ... .. ... 015 before BOSTON
Wood Island Harbor ........................ 015 (’ ”
Cape Porpoise. ....................... ... same as ”
Kennebunkport ....................... .. . same as ”
York Harbor ..................... . ... .. 010  before ”
NEW HAMPSHIRE
Portsmouth....................... ... ... .. 005 afler BOSTON
Gosport Harbor, Isles of Shoals .............. 015  before ”
Hampton ..... ... ... ... ... .. ... ... " same as ”
MASSACHUSETTS, Outer Coast
Newburyport........................... ... 030  after BOSTON
Annisquam ......... ... ... ... .. .. .. . " same as R
Rockport ........................ ... ...~ 005 after »”
Gloucester ... ..........................~ same as ”
Manchester ....................... ... .. ... same as ”
Salem .......... .. ..o same as "
Marblehead..................... ... . 005 before ”
Broad Sound
Nahant....... ... ... ... ... . ... ... .. same as ”
LynnHarbor ................ .. ... ... .. 010 after ”
Neponset .......................... ... .. .. 005 before ”
Weymouth, Back River...................... 005 after "
Hingham ..... ... . ... ... ... .. .. ... ... same as ”
Cohasset Harbor ............... ... .. .. . same ag »”
Scituate ............ ... ... ... ... .. same ag »
Cape Cod Bay
GurnetPoint .............. . ... . ... . . . .. same as "
Plymouth ....... ... .. ... ... ... . ... same as "
Cape Cod Canal East..................... same ag "
Wellfleet ................................ 015 after ”
Provincetown ............... ... ... ... 015 ” ”
RacePoint ........ ... ... . .. .. ... .. .| 005 before "
Cape Cod
Nauset Harbor ......... high 030 after, low 055 after ”
Chatham, Stage Harbor .............. ..., 0565 " ar
Chatham, Qutside.............. ... .. . 030 " ”
Monomoy Point................. ... ... .. 035 ” ”
Meeting House Pond .................. ... 219 ” ”
Nantucket Sound
Dennisport ............ high 1 00 afier, low 035 after BOSTON
South Yarmouth, Bass R. Bridge........... 145 ” ”
Hyannisport . ... .. ... . high 1 00 after, low 030 ” ”
Cotuit ........... ... ... " 115 7 " 045 ” ”
Succonnesset..................... .. .. ... 050 ” "
Falmouth Inner Harbor............ ... .. .. same as "
Nantucket Island
Siascons?t ............................... 015 after BOSTON
Great Point ... ...... ... high 0 40 after, low 025 ” "
Nantucket........ ... ... ... ... ... ... 100 ” ”
Tuckernuck Island . ... .. highO 45 after, low 025 ” "
Muskeget Island, North side .............. 020 " ”

BOSTON Tables, p. 12-17

When a high tide exceeds av. ht., the
following low tide will be lower than av.

. “, * - *imes ~~- ~ven o= ~hen thav vary mora thgn L min. i 1= W“W nmex}‘\.)
h ™ HM. - )
Rige . ; | mf
e ] Magha o I\)’mey:r ....... high 045 afler, low same as BOS"'I‘ON g;
50 : deartonms - oo high 100 after, low 015  ofter . 2
g -t ‘high 030 after, low 015  before " 1
Y ot Chop ... high 025 after, low 015 " " L.
8.6 Ez.ast OP +evvnvnns I e er, ow 005 .
’ Vineyard Haven........ hig 3 i i T
8.6 WestChop ...........nn high 0 165 after, low (2) gg before B Y
Gnside)......c.cveviiecanann ‘
1621523 ’?::::n Iggck ....... high 0 15 afier, }ow (I'l) ig af,i,er NEW’I,’ORT g
..... high 0 05 after, low i : .
8.1 Menemsha........ ig 08 afer, o 50 . y
GayHead............. .ln.gh 8 3 oo i N >
g'g Squibnocket Point. . . . .. hi g: ggg b;fore, {g:vv 005 " ” 2.
) int .......... hig] afier, . . '
gg::::sl;gll:nd ......... high 0 15 before, low 025 3
) i d North Side
0 Vmgf&g fﬁ:‘: WdsHole high 035 ofter, low 225 ofer ~ NEWPORT 1
gg Oceanographic Inst. higiml gig a/’;er, }gv‘; % gg . i 2
) inCove......... hi ajter, ”» "
5% Tarpau'miic?ves',éide high 0 10 before, low 0 15 . 2
8.8 Quicks’s Hole,
0 ds Ba: BT 3
g.l Buzg‘z:;t}'hm);k' Pond Entrance ..........c..... ‘s)afsxe as before NEW 'PO, 3
Penikese Island. .........coceieiionnannn. 0 e ik . 3
9.0 W. Falmouth Harbor..........cc.ciaeenennn 0% A . :
9.2 Monument Beach ........c.cciiiianaaann 0z N . y
9.5 Pocasset Harbor.........cooriienneaenee P . i y
9.5 Wareham . .....ccovccctoncanasscannnaacnss o . . y
95 Bird Island ... ...ooooooneeseseseooees 010 " " ‘
8.8 Manon.: ............... : ‘. .. ......... ol N . :
9.0 Mattapoisett. . ..........0cenee . S . . :
. NewBedford .. ...c.ciiimrinrrarannenanes 030 . . :
9.2 South Daﬂll!nomll;h ........................ 030 & ‘ . ¢
) Dumpling Rocks .. ....ooeovnoiinnennneans " " :
28 Westgort Harbor ....... high 0 10 after, low 040
8.7 ] .
100 E ISLAND & MASS. Narragansett Bay '
20 N e 010 before  NEWPORT
o0 et I 030 ‘after .
Beavertail ........ccciiiiiiniiinanananns ga{r(l)e as after N
6.0 PrudenceIsland.....ccouveearrcnnnanaanees 0 A i
gg BristolPoint.............................::030 ” "’
37 oo SN high 110 after, low 225 oftr .
4.1 L O AR 4 . N
Providence .......c.ceveonessectssanssnnscns 0 N .
3.4 Pawtucket . . .oocvereeencneranconocnnaaensen 029 " .
2.8 East Greenwich . .......iiiiienieiniaaene. oL . N
3.1 WIiCKFOrd ....covveerenonsosssaoncacssnannns .
2.5 Narragansett Pier ............cooiieveeennn. 010 . before
1.9
15 RHODE ISLAND, Outer Coast |
Pt. Judith Harbor......... high 0 05 before, lo;vm 2 %2 after NE“CPORT
t Pond, BlockIs.. . ......... ... 8 ) .
éf %:etﬁisli:}ll . .Ct . , .......... high 0 45 after, low 120
26 When a high tide exceeds av. ht., the
gg I%%%;frl(’)gfl';a’?‘;?l,eg. ;112;:69 [olls;ing I%W tide will be lower than av.
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