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1. The technical report transmitted herewith represents the results of
Work Unit 1BO8 of Task 1B, Movements of Dredged Material, of the Corps
of Engineers' Dredged Material Research Program (DMRP). It has been a
part of the Environmental Impacts and Criteria Development Project
(EICDP), which has a general objective of developing techniques for
determining the spatial and temporal distribution of dredged material
discharged into various hydrologic regimes. The study reported on

| herein was part of a series of research contracts developed to achieve
b the EICDP general objective.

| 2. Regardless of the location or character of a disposal site, an
\ integral part of the problem of assessing the environmental impact of

| open-water disposal operations is the ability to determine the fate of
dredged material mounds subjected to storm conditions. Dredged material
placed on an estuarine bottom is subject to dispersion by the tidal
stream, estuarine circulation, waves, and disturbances of the hydraulic
flow by storms. In shallow coastal waters, sediment may be transported
periodically by tidal currents or episodically by storm-generated currents.
Storms may play a major role in the movement of sediment but occur
irregularly and with variable intensity. A major objective of this
investigation was to evaluate the susceptibil! .y of sub-aquatic dredged
material mounds to these disturbances.

3. This report describes investigations conducted in Long Island Sound
where the dominant source of energy for the suspension and transport of
sediment is the tide. However, dredged material placed on the bottom

may be affected by currents and waves from other energy sources. Selected
dump sites in Long Island Sound were investigated following winter

storms and a hurricane and the studies utilized continuous records of
quantities such as wind velocity, water level, and current speed for at
least a year to estimate the intensity of infrequent major events.
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4. The study concluded that the tidal stream is the dominant source of
energy for the resuspension and transport of sediment and that waves do
not contribute significantly to dispersion in water depths greater than
60 ft. During a storm, fluctuations in water velocity increase in
intensity and are important agents of sediment resuspension. During
extreme storm conditions, resuspension of the bottom in deep water is
limited to a layer of sediment with an average thickness of less than 1 cm.
Bathymetric surveys of a dredged material dump site showed that after
initial self-consolidation of the mound, no significant changes in site
configuration occurred over a three-year period. The data obtained show
that to best contain silt-clay dredged material, the disposal site should
be a naturally accreting mud bottom; the disposal operation should emplace
a large volume of material on the site expeditiously; and the deposits
should be built to an optimum configuratiom.

5. The information and data published in this report are contributions
to the further understanding of the complex nature of sediment transport
and stability of sub-aquatic dredged material deposits and establish

a baseline from which to develop meaningful evaluations for the selection
of an environmentally compatible disposal alternative. It is expected
that the methodology employed in this study and the resultant interpreta-
tion of the physical interactions will be of significant value to those
persons concerned with CE dredged material permit programs.

PVo—

JOHN L. CANNON
Colonel, Corps of Engineers
Commander and Director
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EXECUTIVE SUMMARY

In shallow coastal waters, sediment may be transported period-
ically by tidal currents or episodically by storm-generated currents.
An important characteristic of any repository for dredged materials is
its susceptibility to these disturbances. Storms may play a major
role in the movement of sediment but occur irregularly and with vari-
able intensity. As a result, evaluating their effects on the trans-
portation of material requires continuous records of quantities such
as wind velocity, water level, and current speed for at least a year
coupled with some method of estimating the intensity of infrequent
major events. Such a field evaluation of storm effects was made for
Long Island Sound.

The silt bottom of central Long Island Sound is regularly resus-
pended by the tidal currents. Because the Sound is nearly surrounded by
land, large-wavelength water waves are not generated and waves do not
significantly disturb the bottom sediment in water depths greater than
60 ft. Strong winds, however, may produce fluctuations in the water
velocity near the sediment-water interface which are as large as the
tidal velocities. These random fluctuations in the flow may resuspend
sediment even in the deepest waters of the Sound.

Storm winds may increase the volume of water in the Sound by an
amount comparable to the tidal prism. This results in a large increase
in the energy available for the transport of sediment. Turbidity
observations show that the amount of sediment in suspension can be
increased by a factor of three during stormy periods.

Both yearly and seasonal variations in storm energy may be esti-
mated from wind records and water level data. This information is
routinely collected and is available from the Coast Guard, National
Oceanic and Atmospheric Administration (NOAA), airports, or the National
Weather Service. The amount of storm energy entering the Sound is
about a factor of three greater during the winter months than during
the summer months. The winter storm energy may vary from year to year
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by a factor of two. The evidence indicates that disturbances of the
bottom sediment are limited to a layer less than a half inch thick in
the deeper waters of iong Island Sound.

At the New Haven disposal site in Long Island Sound (water depth
= 60 ft) 1.5 million yd3 of silt and sand was emplaced and monitored

by repeated bathymetric surveys over three years. The disposal operation

produced a conical mound of sediment about 30 ft high with a 1200-ft
radius. During the first 200 days the mound self-consolidated by about
25 percent of its height, but thereafter no large changes were detected
even though several intense winter storms and a hurricane passed over
the area. Apparently, during this period, any dredged material that
was displaced from the disposal site was removed from a thin layer on
the surface of the mound. The thickness of this layer is estimated to
be between 4 in. and 2 ft. The former value is the depth to which ben-
thic animals mix bottom sediments and the latter value is the smallest
change in height that could have been distinguished by the bathymetric
surveys.

On the basis of these observations, a capacity of a disposal site
may be estimated as that volume of dredged material that can be placed
at the site without a significant fraction of material being dispersed.
The capacity of the New Haven disposal site ranges up to 1.7 million
yd3 of unarmored silt-sized, dredged material, but larger volumes
can be contained if the deposit surface is armored with sand.




PREFACE

A study of the role of storms in determining the fate of dredged
material in Long Island Sound at the New Haven and Eatons Neck disposal
sites was made as part of the environmental impacts and criteria
development project in the Dredged Material Research Program (DMRP)
of the U. S. Army Engineer Waterways Experiment Station (WES) in
Vicksburg, Mississippi. This study was performed under Contract No.
DACW51-75-C-0008 to Yale University, Work Unit 1B08, monitored by
Mr. Barry Holliday, Environmental Resources Division of the Environ-
mental Effects Laboratory (EEL), WES. The Contracting Officer was
COL Thomas C. Hunter.

This report was written by Henry J. Bokuniewicz, Jeffrey Gebert,
Robert B. Gordon, Peter Kaminsky, Carol C. Pilbeam, Matthew Reed, and
Catherine Tuttle, all of the Department of Geology and Geophysics,
Yale University. Many of the measurements reported were made by
Matthew Reed and Robert Kerley. This report was edited by Jane Higgins,
who also drafted many of the figures, and the typing was done by Wanda
Stark and Peggy Keating, all of the Department of Geology and Geophysics,
Yale University. Barbara Ford, of Branford, Connecticut, read current
meter records. Tidal data were obtained from the Tides Branch, Oceano-
graphic Division of the National Ocean Survey.

Directors of YES during the study and preparation of this report
were COL G. H. Hilt, CE, and COL J. L. Cannon, CE. Technical Director
was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply

inches

feet

yards

fathoms

miles (U. S. statute)
miles (U. S. nautical)
square feet

square yards

square miles (U. S. statute)
cubic feet

cubic yards

miles (U. S. statute)
per hour

knots (international)
foot-pounds (force)
degrees (angular)

B -

N
(8]

O O O N O O — = - O O

.4

. 3048
.9144
.8288
.609344
.852
.09290304
.8361274
.589988
.02831685
. 7645549
.44704

0.5144444
1.355818

.01745329

To Obtain
millimetres

metres
metres
metres
kilometres
kilometres
square metres

square metres
square kilometres
cubic metres
cubic metres
metres per second

metres per second
newton-metres
radians




PART I: INTRODUCTION

1. Dredged material that is placed on the sea bottom at an open-
water disposal site with the intention that it remain in place may be
moved by tidal currents or by waves generated during storms. Thus, an
important characteristic of any site selected as a repository for
dredged material is its susceptibility to disturbance by these natural
agents. The "stability" of the dredged material placed on a given site
is measured in terms of the fraction of material which remains immobile.
In this report we address the problem of determining the stability of
dredged material placed at an open-water disposal site. We do this by
first identifying the various ways in which deposited material can be
dispersed in a coastal or estuarine area and then describing a program
of measurements that can be used to evaluate the importance of these
sources of disturbance. Emphasis is placed on defining a program that
can be completed in a relatively short time and which makes maximum
use of oceanographic and meteorological data most likely to be already
available for a given area. The analysis is developed by a study of
disposal sites in Long Island Sound that have been used recently to
receive dredged material.

2. It is unlikely that disposal can continue indefinitely at any
given site without a large fraction of the dredged material being widely
dispersed. At most localities there will be, therefore, a site capacity
that is defined in terms of the site characteristics and some set of
criteria that establish the unacceptable consequences of continued use
of the site. It may be anticipated that there is also a maximum rate
at which a disposal site can accept dredged material. When disposal
sites in Long Island Sound are examined in these terms it is found that
a natural limit to the amount of material that can be successfully
retained on them may be set in terms of the susceptibility of the
deposited material to dispersion. The capacity of the New Haven disposal
site with respect to these criteria is estimated by way of example to
show how such evaluations might be made for other localities.
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PART II: STUDY AREA

3. For purposes of this study, data were obtained in Long
Island Sound (see Figure 1) with particular attention given to the
New Haven and Eatons Neck disposal sites. Long Island Sound is an
estuary 80 miles long and 18 miles at its greatest width; it receives
fresh water from the Connecticut, Housatonic, and East Rivers (and a
number of lesser streams) and communicates with the sea principally
through the Race at its eastern end. The length and depth of the
Sound are such that it forms a naturally resonant basin. Consequently
there is a strong tidal oscillation (Redfield, 1950); the tidal range
increases to 6 ft at the western end while spring tide currents in
the Race attain speeds of 4 knots. Superimposed on the tidal oscil-
lation is an estuarine circulation (Riley, 1952 ; Gordon and Pilbeam,
1975 ; and Wilson, 1976) with inflow of saline bottom water, outflow
of fresher surface water, and strong mixing in zones bordering the
north and south shores. The margins of the Sound and the eastern end
have a sandy bottom while the center contains a large deposit of
marine mud. Essentially all sediment entering the Sound is retained
(Bokuniewicz, Gebert, and Gordon, 1976). Both disposal sites studied
are located on the mud bottom. Many important characteristics of
Long Island Sound are summarized in a recently published book by
Koppelman, et al. (1976).

4. There are few records of early dredging and disposal activity
in Long Island Sound. Major harbor improvements were undertaken more
than 100 years ago at New Haven and were vigorously pursued along
the Connecticut coast as long as coastwise trade remained economically
viable. Disposal sites appear to have been chosen for each harbor on
the basis of the shortest haul to water 10 fathoms deep, this having
been judged a sufficient depth to prevent disturbance of the dredged
material by waves. Shoreside sites for the disposal of dredged mat-
erial are not generally available, and the cost of hauling dredged
material outside the Sound is great. The size and frequency of dis-
posal operations since 1954 can be determined from records of the U. S.
Army Corps of Engineers contracts. The maintenance and improvement
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of navigable channels in the Sound have required the open-water disposal
of about 25 x 108 yd3 of dredged material between 1954 and 1973 (per-
sonal communication, 1976, Denis Cunningham, Connecticut Department

of Environmental Protection). A typical channel maintenance program

in Long Island Sound requires dredging of about 0.1 x 106 yd3 of sediment
every 100 months. Average channel sedimentation rates may be estimated
from the frequency of dredging required, the size of the last dredging
project, and the plane area of the channel; results of these estimates
are given in Table 1. The average rate of 3.9 cm/yr is ten times
greater than the average sedimentation rate in the Sound itself (Bokun-
iewicz, Gebert, and Gordon, 1976). Most of the sediment in the harbors
was probably carried in from the Sound rather than being directly
supplied by rivers.
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Table 1
Dredging Characteristics
of Connecticut Harbors

Volume of
oredging  Lest Dredging  Chamnel  pcnlityo,
Frequency 4 3 4 2 Rate
Harbor iMonths 10" m 10" m cm/yr
Branford 100 7.1 11.3 7.6
Bridgeport 150 13.5 95.0 1.0
Clinton 100 2.4 5.4 9.2
Five Mile River 120 3.6 5.6 6.4
Greenwich 110 3.0 5.4 1.5
i Guilford 120 5.6 7.3 1
| Mianus River 150 1.4 5.9 1.9
| Milford 170 3.0 11.8 1.8
} Horwalk 70 4.8 43.0 1.9
| Average Accumulation Rate for all Sites 3.9
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PART III: METHODS

5. An estimate of the stability of a disposal site depends upon
a prediction of the amount of dredged material that will be mobilized
and dispersed. The currents in coastal waters are affected by the
tides and winds. As a resuit, both currents and the amount of sediment
in motion in the water column are quite variable in time and space.
Since significant sediment dispersion can occur at very low rates over
long periods of time, direct measurements of sediment transport are
difficult and costly. It is more efficient, therefore, to estimate
the rates of resuspension, erosion, and deposition by indirect measure-
ments of such quantities as bottom currents, wind velocity, water level,
and the thickness of accumulated sediment in the disposal area. From
these observations, some of which are collected routinely by the Coast
Guard or National Oceanic and Atmospheric Administration (NOAA), the
amount of sediment transport and deposition may be estimated either
empirically or theoretically.

6. To supplement the information available on the circulation
and deposition in Long Island Sound discussed earlier, the methods
used in the field were designed to yield three types of information.
The first is the characterization of the response of the water in
Long Island Sound to storms., Data were obtained principally from a
wave recorder, arrays of current meters, and from water level (tide
gage) records. Wind data were obtained from all National Weather
Service and Coast Guard stations on the Sound and from local power
companies; some additional continuous records of our own were also
made. Second, to determine the response of the bottom of the Sound
near the disposal sites to storms, observations of resuspension of
bottom sediment were made. The integrated sediment content of the
water column was used for this purpose. Additional data were obtained
from examination of bottom photographs and cores. The final set of
observations comprise determinations of changes in the deposited
material at disposal sites after the passage of storms. Precision

14
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bathymetric surveys of the New Haven disposal site are the principal
source of information.

Water Level

7. Most of the water level data used in this study were obtained
from the National Ocean Survey's tide gage installations around Long
Island Sound. Additional data were obtained from a gage operated by
the New York District, U. S. Army Corps of Engineers, at the Eatons
Neck Coast Guard Station and from a gage maintained in New Haven
Harbor by the United Il1luminating Company. Water level measurements
at the New Haven disposal site were made with a Bass model WG100 wave
recorder placed on the bottom for a period of 15 days. This instru-
ment records the water pressure for 2 min each hr. The average pres-
sure for each interval is converted to water depth using the density of
Long Island Sound water and graphed to generate the tidal curve. The
errors at all gages are small compared to the water level changes in
Long Island Sound caused by storms.

8. In order to detect storm-induced changes in water level, it
is helpful to separate the observed height into tidal and nontidal ¢
components. There are a number of methods by which this can be done
ranging from the semi-graphic tidal analysis, which requires no access
to computation facilities, to numerical harmonic analysis. The method
used for most of the data obtained in this study is a least-square
regression of 18 sinusoids with tidal periods over 15 or 29 days
(Bokuniewicz et al., 1976 ; Dronkers, 1964).

Currents

9. Two types of current meters have been used to record the
water flow in Long Island Sound. The Braincon histogram meter type
381 records the average flow and average direction over 20-min inter-
vals, while the General Oceanics model 2010 records instantaneous E'ii\
current velocities at a fixed sampling interval that can be set between §‘ :: i

15 \




15 sec and 30 min. Each type of meter can operate for up to six weeks
unattended. They are suspended on taut-line moorings, usually 6 ft
above the bottom, in water sufficiently deep so as to be unaffected

by surface waves, normally 60 ft below the surface.

10. The dominant water flow in Long Island Sound is the tidal
stream. As in the analysis of water level, it is again useful to
separate the tidal and nontidal components of the current. The tidal
constituent may be removed from the record by the same procedure as is
used in the analysis of water level. The nontidal part of the current
can be further subdivided into an average, or long-term flow and a
fluctuating flow. The separation of an observed current into tidal,
long-term, and fluctuating components is illustrated in Figure 2. When
only the long-term component of the flow is desired it is easily ob-
tained to a good approximation by summation of the velocity vectors
over successive tidal cycles (12.4 hrs). We will call each such sum
a "resultant vector." The average flow is associated with the estuarine
circulation in the Sound and is usually steady for days or weeks at
a time (Gordon and Pilbeam, 1975). The fluctuating part contains all
of the irregularities in the flow such as those associated with the
turbulence in the tidal stream. We will see later that the fluctuating
component of the current is particularly important in the evaluation
of the response of the Sound to storms.

11. During the spring of 1975 an intercomparison of five dif-
ferent types of current meters was made at a location near the New
Haven disposal site (Bokuniewicz et al., 1977). It was found that
all the meters tested gave generally comparable resulis for the tidal
and fluctuating components of the flow; difference between the meters
was greatest for the long-term flow. In the results reported here,
inadequacies in the data due to meter characteristics are small com-
pared to those due to gaps in the continuity of the data and to the
1imited number of locations at which measurements could be made.

Waves

12. Data on the height and period of waves on Long Island Sound
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Figure 2. Mathematical separation of a velocity, u, into a periodic
component, ugsin(wt); a mean component, u; and a random,
fluctuating component, u'.

' For convenience, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix A).
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generated during storms were obtained with a Bass model WG100 wave
recorder. This device, placed on the bottom, records water pressure
continuously for a certain fraction of each hour. (The recording time
can be adjusted as desired.) The recorder is sensitive to pressure
changes equivalent to 0.05 ft of water. The height of wave which can
be detected depends on the wavelength and the water depth. Pressure
difference due to a wave becomes very small when the water depth is
greater than the wavelength. For example, with the recorder on the
bottom in water 41 ft deep, only waves with a period greater than 3.5
sec can be detected.

13. The wave height, h, is calculated from the observed pressure
fluctuation it produces on the bottom, §p, from the relation

=28 d
h=2 tg cosh 2w 0y

where t is the wave period, g is the acceleration due to gravity, d is
the water depth and A is the wavelength. The latter is found by
graphical solution of the equation

gtz o A
" tanh 2n (d/))
For a given locality, this solution need be done only once.

Wind

14. To supplement wind data available from various observing
stations around the Sound, a continuous record of wind speed and
direction was made with a wind recorder placed at the Falkner Island
lighthouse. This site is particularly useful because it is exposed
in all directions; offshore wind speeds are substantially reduced at
shoreside stations because of the relatively large ground friction.
Unfortunately, the recording equipment and much of the data were lost
when the keeper's dwelling at Falkner Island was destroyed by fire in
March 1976.

18




Suspended Sediment

15. The amount of suspended sediment at a fixed place and time
in the water column can be determined accurately by filtration of a
water sample. However, the number of such samples that can be examined
is Timited and without some kind of continuous analog indicator of
sediment concentration, there is no way of knowing if the sampling
is adequate. This is particularly important when the integrated sedi-
ment content in the water column is desired. In this application
rapidity and continuity of measurement are more important than absolute
accuracy. For this reason, sediment concentrations are measured with
a white-Tight transmissometer. The method works well in Long Island
Sound because the optical attenuation due to sediment appears to be
large compared to that from other sources, such as substances in solution.

16. The transmissometer path length appropriate for the sediment
concentrations found in Long Island Sound is 10 cm. The instrument
used is fitted with a pressure sensor so that transmittance as a func-
tion of depth can be plotted directly on an X-Y recorder. The trans-
missometer is calibrated with weighed amounts of bottom sediment from
the study area resuspended in a tank of sea water. The calibration
curve is shown in Figure 3. With this system, instrument errors are
small compared to uncertainties associated with the adequacy of
sampling in space and time.

Sediment Properties

17. Sediment samples in the study area have been collected as
short cores. The size distribution of the mineral constituents was
determined by standard soil mechanics laboratory procedures by Haley
and Aldrich, consulting soil engineers of Cambridge, Massachusetts.
The actual structure of the sediment-water interface has been examined
with both diver-made and profile photographs, as described by Bokunie-
wicz et al. (1975). The acoustic reflectivity technique reported by
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Figure 3. Calibration curve for the optical transmissometer used in
this study relating percent transmittance to the suspended
sediment concentration in grams of sediment per gram of water.
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Bokuniewicz, Gebert, and Gordon (1976) has been used to observe the
distribution of sand (characteristic of dredged material) over the
natural mud bottom at the New Haven disposal site.

Bathymetric Surveys

18. The best method available at this time for determining the
form and distribution of deposited material at a disposal site is by
precision bathymetric surveys. Since dredged material at the New Haven
site is present in an area of only a few hundred yd radius and the
site is 8 miles offshore, great care must be taken with the navigation
procedures. This problem is discussed in the following section.

19. Al1 soundings were made with Raytheon model DE-719 survey
fathometers operating at 200 kHz. Absolute measurement of water
depth relative to a geodetic datum is not required to detect changes
in bottom topography at a disposal site if individual survey lines are
long enough to extend beyond the disposal area to an area having a
stable bottom. However, if several fathometer tracks made over a
period of hours are to be combined in the construction of a contour map,
correction for the change in tide height that occurs between successive
tracks is required. Two procedures have been used to effect this
correction. In one, all survey tracks are begun or terminated at one
fixed reference point outside the disposal area, which then serves
as a local datum. Alternatively, a water level recorder may be placed
on the bottom near the disposal site and its record used to correct
all surveys to such a reference water level. The initial bathymetric
survey of the New Haven disposal site was made by the New England
Uivision, U. S. Army Corps of Engineers, and tidal corrections were
based on tide staff observations in New Haven Harbor. Comparison of
tide gage records from the Harbor with water pressure records from the
disposal site shows a very close correspondence in the water level
changes. It is estimated that the errors due to tide height correc-
tions are less than 1 ft (1.7 percent) in all the surveys reported
here.
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20. The overall configuration of the deposited material is
shown by a contour map. UWhen it is desired to show the thickness of
the deposit, height differences relative to the initial (predisposal)
survey are mapped and a correction applied for the deflection of the
bottom under the superimposed load of dredged material (see Bokuniewicz
et al., 1975 for a full discussion of this procedure). Small differ-
ences in bottom topography, such as would be expected near the outer
limits of the area on which dredged material has been placed, are not
easily detected by comparison of contour charts. The most sensitive
method is a direct comparison of successive fathometer records made
along identical tracks. This has proved to be a very useful technique
at the New Haven disposal area.

Navigation

21. Three basic methods of positioning are capable of yielding
the accuracy required to detect changes in the configuration of disposed
material in Long Island Sound. These are:

a. Measuring the horizontal angles between shoreside land-
marks from the sounding vessel with a surveying quintant.

b. Measuring two angles to the vessel from theodolite
observing stations ashore.

c. Measuring the ranges to two shore stations from the
boat with microwave interferometer equipment.

22. Various combinations of these three methods, such as measur-
ing one range and one theodolite angle, are possible. Best precision
is obtained with the optical methods but their use is confined to
periods of good visibility. The electronic ranging systems suffer
from problems of reliability, signal attenuation under unfavorable
atmospheric conditions and the difficulty of obtaining sufficient
averaging time in readings taken from a moving vessel. All of the above
methods have been used at various times during surveys of the New Haven
disposal site, depending primarily on equipment availability. A full
account is given in two reports to the New England Division, U. S. Army
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Corps of Engineers (Bokuniewicz et al., 1975, 1976). Some of the survey
results were not of satisfactory quality because of the poor perfor-
mance of a chartered microwave ranging system. The radius of the pro-
bable error circle due to random errors in nearly all of the data
presented in this report is less than 20 ft. Larger systematic errors
may be present because there was no opportunity to intercompare the
different navigation systems used.
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PART IV: RESULTS

23. The passage of a storm results in the generation of waves
on the water surface and, usually, a change in water level. These
are manifestations of the transfer of energy to the waters of the Sound,
energy which may result in disturbance of the sediments on the bottom.
First, data must be presented that establish the response of the water
of the Sound to storms and the magnitude of the resultant disturbance
of the bottom compared to the normal tidal disturbance. In order to
be able to describe the importance of any given storm as a source of
disturbance of the bottom, it is necessary to have a measure of the
frequency of occurrence of storms of different magnitudes. An analysis
of water level variations over the past 38 years is used to provide
this information.

24. When a large amount of dredged material is placed at a dis-
posal site, its susceptibility to dispersion by storms or other natural
causes is increased. Consequently, an upper bound on the amount of
material that can be accommodated at any given site can be set in
terms of the degree of dispersion that is acceptable. This limit is
determined for the New Haven site. The optimum configuration of dis-
posed material to make the most effective use possible of the site is
also examined.

Response of the YWaters of Long Island Sound to Storms

Waves

25. The generation of waves and surf is the most obvious response
of a coastal body of water to the passage of a storm. Resultant shore-
side erosion, longshore drift, and resuspension of the bottom sediments
in the surf zone are easily observed; the effect of storm-generated
seas on the bottom in deeper water has to be determined. The horizontal
component of the orbital water particle velocity due to the passage of
waves on the surface may exceed the critical erosion velocity of the
sediment. Material so activated by wave-induced oscillating currents
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is susceptible to transport by whatever net bottom water flow may
accompany the waves.

26. Because Long Island Sound is almost completely surrounded
by land, estimates of the sea state resulting from varjous wind condi-
tions can be made by the methods developed to evaluate the waves
generated in large reservoirs. According to Saville, McClendon, and
Cochran, as quoted by Linsley and Franzini (1972), the period, t (sec),
length, X (ft), and height, h (ft), of fully developed waves on an
enclosed body of water are given by

i bl pEsa.
AABdZ A
h = 0.034 v1-06¢0-47

where V is the wind speed in mph measured at a height of 30 ft, and F
is the effective fetch in miles. The effective fetch is the average
fetch projected on the wind direction over a 90% arc centered on the
wind arrow. At the center of Long Island Sound near the New Haven dis-
posal site, F = 26 miles and the greatest value of F in the Sound is
about 30 miles.

27. In the simplest theory of gravity waves the maximum hori-
zontal component of the water particle velocity at the bottom is

2 Th
Un = Tsinh (2nd/A)

where d is the water depth and h, t and A are, respectively, the wave
height, period and length. The relations above can be used to estimate
the range of water depths in Long Island Sound in which u, can be

large enough to cause significant disturbance of sediment. In central
and western Long Island Sound the amplitude of the tidal stream is

~ 25 cm/sec and, as shown later, the sediment on the muddy bottom is
regularly resuspended by the tide. If Up 2 25 cm/sec, waves will
significantly increase the amount of resuspension but if Up << 25
cm/sec, the net effect of waves on the bottom will be small compared

to that of the tide.
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28. Figure 4 shows the depths at which e = 1, 10, and 25 cm/sec
for different wind speeds, as calculated from the equations above.

When an estimate of the greatest depth to which waves will disturb the
bottom under extreme storm conditions is made, it is necessary to allow
for the time required to raise a fully developed sea. This time, T,

is shown in Figure 4; it decreases slowly as V increases. On Long Island
Sound high wind speeds are associated with intense, fast moving storm
systems and so are of short duration. The length of time that the wind
may be expected to blow in different ranges of speed was estimated

from the continuous wind record made in December 1975 and January 1976
at the Falkner Island Light House. This is shown as curve "D" in
Figure 4 and is a conservative estimate because the anemometer was at

a height of 100 ft whereas the calculations of u, are based on winds

at a height of 30 ft above the water surface. Comparison of the "D"
and "T" curves in Figure 4 shows that when the wind speed exceeds 29
mph it is unlikely to blow long encugh to raise a fully developed sea;
U will then be less than that predicted. The data presented in

Figure 4 indicate, then, that U is expected to be large enough to
significantly disturb the bottom only when the water depth is less

than ~ 60 ft.

29. To test the above estimate of bottom disturbance by waves
the wave recorder was placed on Cable and Anchor Reef near the Eatons
Neck disposal site from 19 February to 27 March 1975. (There is no
shoal near the New Haven disposal site on which the wave recorder
could be placed.) The water at the reef is 41 ft deep so waves with
periods as low as 3 sec can be recorded. Several major storms occurred,
but pressure fluctuacions were detected only when the wind was blowing
from between northeast and southeast, the only direction with a rela-
tively large fetch. Gale force winds from other directions do not
cause detectable pressure fluctuations; although they raise a steep
sea, the wavelength remains relatively short. Water particle speeds
at the bottom calculated for the wave record are shown in Figure 5
for the duration of one winter gale. The square of the wind speed,

proportional to the wind stress, and the average value of u, over each
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Figure 4. Plot of the maximum orbital wave velocity at the bottom, uy,
as a function of water depth, d, and wind speed, V, for
the largest fetch available in Long Island Sound, F = 26
miles. Also shown is the time, T, required to generate fully
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3-min recordina interval are shown for the time that the wind was
blowing from the quadrant between northeast and southeast. The hori-
zontal water velocities at the bottom due to waves are in accord with
the predictions. for this storm made with the data in Figure 4.

30. Addifiona] evidence that wave-induced water motions are
relatively unimportant in Long Island Sound below a depth of 60 ft
is found in the records made with the General Oceanics current meters.
The photographs of the tilt indicator made by the camera in this meter
are blurred when the meter is subject to the accelerations caused by
waves. In over 40 records of up to 6 weeks duration made throughout
the Sound, blurred images of this kind are found only for meters operat-
ing in depths of less than 60 ft.
Currents

31. Current meter records extending over a period of several
years have been obtained at the New Haven disposal site. These show
that the flow of water over the bottom of Long Island Sound is variable
over a wide range of length and time scales. These data can be used
to define the hydraulic characteristics of disposal sites in the Sound;
they are also helpful in establishing procedures for the design of a
current-measuring program for other estuaries. -

32. The method of separating an observed record of currents into
a long-term flow, a tidal stream, and a fluctuating component is pre-
sented in Part III of this report. In Long Island Sound, the tidal
stream is the largest constituent. It may be adequately predicted from
current meter data taken over 29 days. In the wide, central part of
the Sound the current is rotary but the major axis of the tidal ellipse
is long compared to the minor and is oriented nearly in the east-west
direction. Hence, for many purposes, attention can be focussed on the
east-west component of the current, Uy The harmonic constants for both
uy and the water level have been calculated from current and depth
records made simultaneously at the New Haven disposal site. These are
listed in Table 2. Inspectinn of the table shows that the semidiurnal
constituent, "2’ is the largest. For an ideal, resonant, co-oscillating
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Table 2

Harmonic Constants for Tides and Tidal Streams,

New Haven Disposal Site

Tide Stream
Phase, Amp1itude, Phase, Amplitude,

Component deg ft _deg cm/sec
K1 99 0.36 197 2.1
01 145 0.24 285 1.2
Q1 225 0.03 265 1.3
L2 349 0.27 328 8.3
M2 323 2.86 46 e2.9
MU2 10 0.05 189 1.3
N2 292 0.64 28 10.8
s2 322 0.47 359 4.2
MK3 318 0.02 62 0.2
MO3 53 0.01 201 0.7
M4 150 0.00 234 1.0
MN4 114 0.01 2N 0.5
MS4 122 0.01 259 0.6
M6 263 0.10 179 2.6
2MN6 247 0.06 359 0.8
2MS6 270 0.04 210 0.9
MSN6 5 0.03 334 2.4
25M6 353 0.01 56 0.4
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tide the phase difference between the water level and the velocity is
900; the observed phase difference is 83°. The difference of 7° is
due to the effects of friction and can be used to estimate the amount
of tidal power dissipated in the Sound (Ippen and Harleman, 1966). It
will be shown later that this quantity is useful in evaluation of the
relative importance of different energy sources in the resuspension

of sediment in the Sound. The harmonic constants listed in Table 2
can be used to make predictions of both the tidal height and the tidal
current at the New Haven disposal site.

33. There are no well-defined periodicities in the flow over
the bottom of Long Island Sound other than the tidal ones. Therefore,
the division of the nontidal component of the observed flow into a
fluctuating part and a long-term, net flow has to be made at an arbitrary
point. It has been suggested that a useful division point is a time
scale of about 15 days (Gordon and Pilbeam, 1975) because the net flow
shown by resultant vectors usually remains nearly steady for times
ranging between several days and several weeks.

34. During much of the year 1973, current meters were maintained
at the New Haven disposal site and at a "control" site 1 mile south.
The net flow at the two sites is similar. This is shown by the simi-
larity of the time variation of the north-south and east-west components
of the fluctuating velocities displayed in Figure 6. The correspon-
dence of the two sets of resultant vector components shows that the
length scale of many of the fluctuations in the resultant flow is
larger than 1 mile, the spacing between the two current meters.

35. The longest series of data are available for the control
site (a meter could not be kept at the disposal site while dredged
material was being placed). The resultant flow vectors for the year
1973 are shown in Fiqure 7. The net flow is to the west and south
throughout the year with the range of direction being about 600.
However, even data over a year are of insufficient duration to char-
acterize the net flow at this locality. This is shown by the resultant
flow vectors for the first half of 1975 (see Fiqure 8). While still
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15 Dec-16 Jan

10 km
19 Jan-11 Feb

| 6 Sept-12 Nov

7 28 Nov=9 Dec

Figure 7. Resultant flow veg tors msusod 6 ft above the bottom in the
central Sound (4 07.4'N, 72752.9'W) between 15 December
1972 and 9 December 1973,
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14 April-12 May
22 May-24 June

10-22 March

—

10 km

28 Jan-21 Feb

Figure 8. Resultant flow vectors measured 6 ft above the bottom in the
central Sound (41007.4'N, 72052.9'W) between 28 January and
24 June 1975.
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to the west, the net flow now has a northerly rather than a southerly
component over much of the interval. The westward flow over the

bottom is identified as the estuarine circulation driven by the density
difference between the eastern and western ends of the Sound (Wilson,
1976). The cause of the north-south component of the net flow has not
been identified.

36. At the HNew Haven disposal site Lono Island Sound is wide
compared to the tidal excursion, and geographical constraints on the
net flow are small. At the Eatons lleck disposal site in the western
end of the Sound, this is no longer true. There the net flow shows much
less spatial variation (Bokuniewicz et al., 1976). Even though the net
flow velocity is small compared to the tidal velocity, it is, nonethe-
less, important in prediction of the dispersion of dredged sediment.
Material mobilized by the tidal currents will, on the average, drift
in the direction of the small, long-term flow. At the disposal areas
in Long Island Sound the net flow measured over periods longer than
three weeks is generally parallel to the shore and proceeds at speeds
of less than 10 cm/sec.

37. Tidal flow can be predicted from relatively short spans
of data because the agents that cause the tides are well defined.

Any geophysical flow, however, also contains unpredictable variations
in the flow velocity. Instantaneous velocities may only be predicted
statistically and no attempt is made to assign a cause and effect
relationship to specific observed velocities. In dealing with the
stability of particulate material placed on the bottom of a large
estuary like Long Island Sound, it is necessary to define all com-
ponents of the observed flow other than the tidal and mean over the
record interval as fluctuating and to describe these in statistical
terms. The importance of the fluctuating component, u', of the bottom
water velocity in Long Island Sound is illustrated by the data pre-
sented in Figure 9. The magnitudes of the fluctuating component of
the observed velocity for a period of a month at the Eatons Neck dis-
posal site are displayed here. The magnitude is expressed as a fraction

e Tl
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of the amplitude of the tidal stream, U, and it is seen that values of
' ranging from 0.5U to U are not uncommon. This means that there will
be a number of occasions when velocity over the bottom may be nearly
double for a period of 20 min due to the tidal stream alone. Ve may

u

anticipate that such episodes of unusually high velocity can result in
erosion of sediments which would otherwise remain undisturbed. In order
to characterize the hydraulic characteristics of a disposal site, it
is necessary, therefore, to have a measure of the probability of occur-
rence of such unusually high velocities.

38. The characteristics of the fluctuating velocity component
can be represented in two different graphical forms, distribution
curves of the x and y components of u', u'x and u'y, and the polar
histogram. Both are illustrated in Figure 10. The distribution curve
shows the relative number of times that the fluctuating velocity com-
ponent falls in successive velocity intervals. The data presented in
Figure 10b show that both u'x and u'y have a unimodal, symmetric distri-
bution. The width of the distribution can be characterized by its
standard deviation, which is shown in the figure. In the polar histo-
gram representation in Fiqure 10a, each "box" represents a 5 cm/sec
increment in velocity within a 36° range of direction. The number of
observed values of u' falling in each box is counted and the resultant
totals represented by different shading. The polar histogram in Figure
10 shows that the probability of occurrence of a velocity fluctuation
is about the same in all directions and decreases steadily for successive
greater magnitudes.

39. Some inferences about the fluctuating velocity can be made
with the aid of a polar histogram even when the recorded velocities
have not been separated into mean, tidal, and fluctuating parts. Polar
histograms of the actual recorded velocities and of the fluctuating
component calculated from it are shown for comparison with each other
in Figure 11. The histogram of the total velocity lacks circular
symmetry because of the high east-west velocities of the tidal stream
and is not centered on u = 0 because of the net, long-term flow of




cm/sec

Velocity, cm/sec

b. Distribution curves of
the x and y components

a. Polar histogram

Figure 10. a. Polar histogram of 951 observations of the fluctuating
velocity component 6 ft above the bottom at a station in
the central Sound (41008.9'N, 72048.0'W) between October
18 and October 22, 1974. The darkest shading indicates
the frequency, P, with which a velocity was observed in
a range 36° by 5 cm/sec is 5% < P < 7.5%, intermediate
shading, 2.5% < P < 5%, and the lightest shadina 0 <
P < 2.5%. 5]

! b. The distribution of the east-west and north-south con-
stituent of the fluctuating velocity. The thin line
superimposed on the distribution is a Gaussian distri-
bution with the same mean and variance as the observa-
tions. The standard deviation of each distribution is o.
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Polar histogram of observed current velocity at the New
Haven disposal site between 19 January and 26 March,
1973. See Figure 10 for an explanation of the shadina.

Polar histogram of the fluctuating velocity component
of the record shown in Figure 10a.
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bottom water to the west. The probability of occurrence of velocities
outside the range of the tidal stream and mean flow can still be recog-
nized in this diagram.

40. The distribution of fluctuatinag velocities recorded in Lona
Island Sound is quite different in the surmer and winter months. This
is illustrated by the data presented in the polar histograms in Figure
12. During the winter there is increased probability that velocities
well in excess of the tidal velocities will be encountered. This broad-
ening of the velocity distribution in winter is found at all stations
in Long Island Sound. Even when the water is too deep for the bottom
to be affected by waves, storms may cause resuspension or other distur-
bance of sediment by increasing the probability of unusually large
velocities (Bokuniewicz, Gordon and Pilbeam, 1975).

41. The increased intensity of velocity fluctuations during stormy
periods is thought to be due to the transfer of momentum from the wind
to the water surface. The relation between wind stress and the fluctua-
tions in velocity is shown by the data in Figure 13. A General Oceanics
current meter set to record the velocity every 5 min was placed near
the Hew Haven disposal site at a height of 6 ft above the bottom. !ind
data from Stratford Point consisting of a 3-min average speed and direc-
tion recorded every 3 lir are used for comparison with the current
record. The square of the wind speed, proportional to the wind stress,
is plotted for the observing period in Figure 13. Shown for comparison
is the mean square fluctuating current over 3-hr intervals, u'". There
is a close correspondence between the wind stress and u' when JTf is
plotted with a 3-hr time delay as in Figure 13. Thus, the local wirnd
stress appears to increase the level of the velncity fluctuations but
it takes about 3 hr for this effect to be transmitted to the water
near the bottom. If this is true, there should be a good correlation
between the level of u' and the wind speed throughout the year. A
test of this for a four-week winter period is shown in Figqure 14, The
average of fluctuating velocity component for each day and a correspond-
ing measure of the wind stress is shown. The windy period at the
start of the test interval corresponds closely with the increase of u"
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cmy sec cm/scc
2706 observations 1120 observations

Figure 12.
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Station 72-2

A comparison of the current velocity distributions 6 ft above
the bottom during the summer (20 June to 17 August, 1973) and
win&er (19 Jansary to 11 February, 1973) at station 72-2
(41707.4'N, 72Y52.9'W). See Figure 10 for an explanation

of the shading,
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October 1974

Figure 13. Plots of the wind speed squared (knots2, speckled histogram)
measured on the Connecticut shore (Stratford Point) and the
mean squared f1uct3at1n velocity 6 ft above the bottom over
3-hr intervals (cm¢/secé, heavy solid 1ine) recorded at

41008.9'N, 72048.0'W. Wind speed histogram is shifted to
lead the current by 3 hr.
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Figure 14. Comparison of the east-west component of the fluctuating
current velocity measured 6 ft above the bottom in the
central Sound (41008.7'N, 72952.9'W) with the wind
factor at this time. The wind speed factor used here was

n(u < 20) + 4n(u > 20) + 6.2n(u > 25) + 9n(u > 30) , fetch
24 miTes

where n is the number of wind speed observations in the
specified range per unit time.
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from the value of 2 cm/sec characteristic of calm periods to 9 cm/sec.

42, Since it is evident that storms can significantly increase
water velocities over the bottom throughout Long Island Sound, some
ineasure of storm frequency and intensity is neecded in an evaluation of
disposal sites. One such measure is presented in the following section.
wWater level

43. Storms passing over southern flew England often cause water
level deviations at the shore ranging up to ~1 m (Miller, 1953). These
deviations result principally from set-up, sloping of the sea surface
due to wind stress. Easterly storm winds also generate strong along-
shore currents in the waters of the continental shelf; the pressure
gradient due to the set-up and the along-shore current are found to be
nearly balanced (Beardsley and Butman, 1974). Miller (1958) found that
the water level deviation at any given observing station can be separated
into a regional component (due to the sea surface tilt) and a local
component, which is influenced by the configuration of the land near
the site of observation. This implies that energy from a storm reaches
the shore both from local winds and from the regional winds blowing
over the waters of the continental shelf. \later level deviations may,
therefore, be a useful measure of the amount of storm energy released
in Long Island Sound. To investigate this possibility it is helpful
to examine the tide gage records from stations within the Sound for a
major winter storm. The "northeaster” of 15-16 December 1972 is chosen
because simultaneously recorded water height, current meter and wind
velocity data are available for it.

44, Deviations of observed water levels from predicted tidal
heights ("residuals", éh) at New Haven and New London, Connecticut,
and Newport, Rhode Isiand, were calculated for an eight-week period
starting in mid-December 1972, Additional residuals were also used
(personal communication, 1975, J. laniello, U. S. Naval Underwater
Systems Center, iew London) for thz days of the major storm of 15-16
December. Two current meters set 6 ft above the bottom and located
1.5 miles apart were in operation near the New Haven disposal site
throughout the study period. These meters are in water sufficiently
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deep to be unaffected by waves at the water surface. The recorded
velocity is resolved into east-west (ux) and north-south (uy) com-
ponents. Tidal and nontidal components of the flow were separated
as described in Part III.

45, The residual water levels at lew Haven, MNew London, and
Newport, the residual currents (i.e., the sum of the mean and fluctua-
ting components), and the square of the east-west and north-south
components of the wind speed measured near Bridgeport, Connecticut, at
Stratford Point (assumed proportional to the components of the wind
stress on the water surface, Oy and oy) are shown for the duration of
the storm in Figure 15. Under strong easterly winds the water level
at New Haven, New London, and Newport rises; the subsequent fall in
level begins when o, reverses. The times of the maximum and zero Sh
for these three water level stations are nearly coincident but the
magnitude of &h increases to the westward. Since the greatest 6h
occurs earlier at New Haven than at New London, the rise in water level
in Long Island Sound is not a surge advancing as a progressive wave
from the sea. Evidence of a storm surge in Lona Island Sound is found
only for very intense, rapidly moving storm systems such as the 1938
hurricane (Redfield and Miller, 1957).

46. The water level residuals observed at successive times
during the 15-16 December 1972 storm are shown in Figure 16 for all
observing stations. Station locations are projected onto a line
running along the axis of Long Island Sound (075o True from Throgs
Neck) to construct the abscissa of the qraphs. Wind speeds and direc-
tions are shown on an adjacent set of maps. The residual water levels
at Bridgeport and Port Jefferson, nearly opposite each other across
the Sound, are almost the same throughout the storm event. Hence,
there is little change in water level across the Sound and the levels
shown in Figure 16 define the longitudinal slope of the water surface
throughout the study area.

47. The water level and the wind data suggest that ‘he following
sequence of events occurred during the December 1972 storn: easterly
winds set water on the continental shelf in motion towards the west,
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Figure 15. Nontidal water level deviation recorded at New Haven

and New London, Connecticut, and at Newport, Rhode Island;
the mean flow recorded 6 ft above the bottom in central

Long Island Sound; and the wind stress during a winter
storm, 1972.
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20 knots

Wind vectors around Long Island Sound (LIS) and Block
Island Sound (BIS) and the resultant nontidal water level
for a winter storm, 1972. Observing stations are New
Rochelle (NR), Bridgeport (Bpt), New Haven (NH) and New
London (NL), Connecticut; Newport (Npt), Rhode Island;
and Port Jefferson (PJ), Long Island, New York.
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increasing water levels along the coast and tilting the sea surface
upward, as observed for similar storms by Beardsley and Butman (1974).
(There is also an increase in water level along the coast due to the
reduced barometric pressure,but this is small compared to the change
due to wind stress; no correction for local barometric pressure is
made in calculating the residual water levels.) l!later raised along
the coast is driven into Block Island Sound and Long Island Sound.
The movement of the storm center and the resulting change in wind
speed and direction are sufficiently slow so that approximate balance
between wind stress and surface slope is maintained. The inflow of
water to Long Island Sound is seen in the current meter records
(Figure 15) as a residual flow to the west (ux < 0) during the period
of water level rise. (The observed residual flow (Fiqure 15) accounts
for the observed increase in water volume within Long Island Sound
westward of the north-south section at the location of the current
meters to within the accuracy of measurement. The water level at
the extreme western end of Long Island Sound is influenced by the net
flow through the East River, but the volume invoived is negligible
compared to that entering through the eastern passages to Block Island
Sound and the Atlantic Ocean.) When the along-shore component of the
wind reverses direction, the excess water level begins to fall and,
as the intensity of the west wind increases, the surface slope reverses.
An outward net flow of water from Long Island Sound is then indicated
by the current meters.

48. The mean tidal prism of Long Island Sound is 1.93 x 1011 £¢3,
The greatest excess volume of water in the Sound during the 15-16
December storm is 1.2 x lonft3
Introduction of this additional water results in an increase in energy
in the Sound, part being the kinetic energy of the inflowing water and

or 62 percent of the mean tidal prisin.

part being the work done against tiie tide producing forces of the sun
and moon, Both of these are small, however, compared to the work done
against the hydrostatic pressure of the accumulated water in the Sound.
A convenient way to estimate the storm energy flux is to find the
potential energy of the excess water at the maximum Sh, when the resi-

dual velocity is zero. This is 13.3 x lolzft-1b; the potential energy

a8

A
o R S S — - R o ——— gy




:

1
12 ¢t-1p.

Thus, the storm-driven influx of water more than doubles the eneray

at the top of a tidal oscillation of mean range is 9.07 x 10

content of the Sound above the mean tidal energy. This enerqgy is
available to.drive processes of sediment erosion and transport.

49. Since &h is a measure of storm energy in Long Island Sound,
records of tidal deviations over a long period of time can be used to
evaluate the relative intensity of individual storms or the total amount
of storm energy released in a given season. later level deviations
were calculated for the 38-year period that tide gage records are avail-
able for New London in order to make this evaluation of storminess in
Long Island Sound. The water level residuals were displayed graphically
so that individual storms could be identified. The results are illus-
trated by the data in Figure 17, which shows the calculated water level
residuals for a winter month and a summer month; the succession of win-
ter storms is clearly shown as is the great difference in storm energy
release between winter and summer. The seasonal variation in storm
energy released to the Sound can be seen by comparing the average stan-
dard deviation of the water level residuals for each month of the 38-
year period, which is shown in Figure 18. These results indicate that
disturbance of the bottom by storms is most likely to occur in the months
of December, January, and February when it is most difficult to obtain
data on the Sound.

50. The water level residuals can also be used to evaluate the
relative amount of storminess in successive years. This information
is particularly valuable in establishment of how representative any
one year is of conditions on the Sound. The standard deviation of the
water level residuals for each month of the 38-year record was computed
and used to calculate an averaged standard deviation for the five
winter and the five summer months. The results are shown in Fiqure 19.
The standard deviation is plotted because, as was shown above, this is
a measure of storm energy. During the summer months the standard
deviation is lTow and shows little variation from year to year. HNot only
is the seasonal standard deviation high in the winter months, it varies
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Figure 17. HNontidal water level deviations for a winter month (Febru-

ary, 1960) and a summer month (August, 1960) recorded at
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by as much as a factor of 1.5 between different years. For example,
the storm energy release for the 1972-3 winter was unusually high.
Therefore it is believed that data for storm effects obtained during
this winter may be considered representative of the most severe
season likely to be encountered on the Sound.

Storm Effects on the Bottom of Long Island Sound

51. A useful measure of the intensity of any given storm is
the magnitude of the tidal deviation that it produces at New London.
It may be supposed that large storms will occur in an extreme value
distribution in much the same way as floods on a river and that storms
of a given magnitude can then be assigned a recurrence interval. In
order to investigate the distribution of major storms on Long Island
Sound a Tist of all tidal deviations of 2 ft or greater for a 38-year
period was prepared. This contained 60 events of which three were hur-
ricanes. These were graphed as a partial duration series after the
method described by Linsley and Franzini (1972) with the result shown
in Figure 20. It can be seen that aside from the hurricanes, the
stornis follow the curve of the extreme value distribution. This graph
can then be used to define a recurrence interval for any given storm.
The data are not extensive enough to permit assignment of recurrence
intervals to the hurricanes.
Sediment resuspension

52. Both the New Haven and Eatons Neck dredged material disposal
sites are located on muddy bottoms in water depths greater than 60 ft.
Bottom sedinents are subject to regular resuspension by the tidal stream
and up to 200 mgm/cm2 of resuspended sediment is found in the water
column (Gordon and Pilbeam, 1974). It has been shown that waves are
unlikely to have much effect on the mud bottom but that velocity
fluctuations associated with stormy periods may cause unusually strong
currents to flow. Hence, increased resuspension of the bottom and
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possibly erosion of deposited material may be expected during stormy
periods. Observations of suspended sediment in the water column during
two stormy periods show the amount of bottom disturbance which occurs.
53. One set of resuspension data was taken at the time the
\ current meter observations presented in Figure 13 were recorded. The
total amount of suspended sediment was determined from optical trans-
‘ mittance profiles made each 30 min over a 24-hr period from a boat
r anchored 3 miles east of the New Haven disposal site. The bottom in
| this area is a featureless plane of muddy sediment; both the sediment
| composition and the hydraulic regime are uniform for at least 4 miles
around this site while the tidal excursion is only about 1.5 miles.
Therefore, it is reasonable to assume that all sedimentary processes
within the tidal excursion are simultaneous and equivalent. Trans-
mittance profiles made throughout the area confirm this. Changes in
the sediment content of the water column must result, then, from
erosion or deposition at the bottom.
54. Tne total suspended sediment, the observed current speed
6 ft above the bottom, and the mean square of the fluctuating component
of the current speed averaged over a 3-hr time period are shown in
Figure 21. The increase of the fluctuating velocity component over
the observing period is due to increasing wind speed. The total amount
of resuspended sediment, S, depends on the strength of the tidal current
: and on the level of the velocity fluctuations. Thus, S is large at,
or slightly before, the time of maximum flood or ebb current. Super-
imposed on this variation is an overall increase in S as the magnitude
of u'™ increases. This set of data is not long enough to permit
separation of total variation in S into components that can be identi-
fied with the tidal and fluctuating components of the velocity, although
the general trends noted above are reasonably well defined. The areatest
amount of sediment in the water column at any time durinag this observing
period is equivalent to resuspension of a layer of bottom material
. about 1 mm thick. The greatest observed flux of sediment particles out
% of the bottom is 1.7 x 105 gm/(cmzsec).
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Figure 21. Total concentrations of suspended material measured in
central Long Island Sound (41008.9'N, 72048.0'W) compared
with simultaneous measurements of the near-bottom current
speed and the mean of the fluctuating current velocity
component over three-hour intervals.
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55. The suspended sediment data in Figure 21 show that sediment
particles can drop out of the water column in about 3 hours. This
requires that the settling velocity be ~1 cm/sec. The mean diameter
of mineral grains of the sediment in this part of Long Island Sound is
0.02 mm; quartz grains of this diameter have a settling velocity of
only 0.03 cm/sec. Examination of sediment collected in net tows in
this part of the Sound shows that nearly all mineral particles are
bound into aggregates by organic matter, mostly in the form of fecal
pellets produced by benthic animals (Benninger, 1976). Nuclea annulata,

a dominant bivalve deposit feeder in the Sound, produces pellets with a
settling velocity of ~0.7 cm/sec (Young, 1971). Thus, the suspended
sediment data support the idea that all of the material on the mud
bottom available for resuspension consists of organically bound
mineral aggregates. The presence of this material is confirmed by
bottom photography (Bokuniewicz et al., 1975).

56. An experiment similar to that just described was performed
in March 1975 under more severe weather conditions. In this case the
ship was anchored 1 mile south of the llew Haven disposal site. The
wind was from the northwest and its speed was measured by the ship's
anemometer (height 30 ft) and ranged up to speeds of 40 knots. The
integrated sediment content of the water column was calculated from
turbidity profiles made each 30 min. Currents 6 ft above the bottom
were measured each 30 sec. The total suspended sediment as a function
of time is shown in Figure 22. Also plotted is the average u' for
15-min intervals. In this case there appears to be a close corres-
pondence between the time variation of S and u' but with a 3-hr delay
in S. The greatest amount of sediment in the water column corresponds
to resuspension of a layer about Z mm thick from the sediment-water
interface. Since the maximum u™ observed in the Sound reaches about
10 cm/sec, it is estimated that resuspension of more than a cm of
the bottom sediments is unlikely where the water is too deep to be
directiy «"fected by waves.

57. Contaminated sediment which has accumulated in the harbors
around Long Island Sound is in shallow water where it is regularly
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resuspended by waves. During a storm, intense mixinag occurs in the
water of Long Island Sound; with this in mind, a sample model may be
developed to estimate the amount of harbor sediment which is dispersed
throughout the Sound. Let us assume that during a storm a Tayer of
bottom sediment of thickness ]H is resuspended in the harbor and a
thickness ]S is resuspended in the deeper, main body of the Sound.

If the average water depth in the harbor is D,, then the typical con-

centration of suspended sediment in the harboa waters as a result of
the storm is CH = ]HD/DL' where p is the bulk sediment density at the
sediment-water interface. Likewise, in the Sound the average suspended
sediment concentration is CS = 'lsp/DS where DS is the water depth. As
the tide ebbs from the harbor a volume of water, W, and its suspended
material is transferred from the harbor to the main body of the Sound.
If the wixing is very rapid, the harbor sediment will be mixed into

the waters of the Sound until a uniform concentration of CS is every-
where attained. The amount of sediment removed from the harbor on

ebb tide is
ol IH/DH

On the flood tide an amount, pV ]S/DS’ is returned to the harbor, so
that the net flux of material to the Sound per tidal cycle is

—t
o =

-1

pW ;—5§

L)

H

In Long Island Sound, ]S is about 2 mm (0.08 inch). Because the
water is shallower in the harbor and more storm energy can reach the
bottom, ]H is probably greater than IS; however, to minimize the flux
estimate, assume ]S = 1”. The typical water depth in the harbor is
about one-fifth the depth in the main body of the Sound co that the
net volume flux of material carried soundward per tidal cycle is

'. 4
g Wg () / D,
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For llew Haven Harbor, W v 6.6 X 107 yd3 and DH ~ 10 ft so that the net

soundward flux per tidal cycle is about 3.3 x 104 yd3 during a storm.
Bathymetric surveys
58. The New Haven disposal site is located on the mud bottom of

central Long Island Sound in a water depth of 60 ft. The data on waves,
currents, and sediment resuspension in this area indicate that regular
resuspension of silt-clay size dredged material at this site should
occur. This would produce an intermixing of deposited material with
sediments on the surrounding sea floor, but this intermixing should be
limited to a few cm depth on the deposited material. Larger changes in
the surface configuration of a pile of material placed on the bottom
could occur only if there were local erosion or deposition on the pile.
Sand-size deposited material is expected to be moved only very slowly
at this site. Repeated bathymetric surveys of the New Haven disposal
site after deposition of dredged material can be used to test these pre-
dictions about the stability of the material placed on the bottom.

59. A detailed bathymetric survey of the New Haven disposal
site was made in May-July 1972 by the New England Division of the Corps
of Engineers. At that time the site was essentially a featureless,
nearly piane surface. Between October 1973 and March 1974 1.5353 x 10
"scow yards" of dredged material, mostly silt from New Haven Harbor,
was placed on this site by "point dumping." A survey of the site in
March 1974 was used to prepare the contour map shown in Figure 23. A
roughly conical, 22-ft-high mound of deposited material is present.
(A small subsidiary mound to the west is present because the disposal
site was moved shortly after dumping began.) The slopes of the pile
faces are low enough that mass instability within the pile is not
expected to occur. Cores collected after completion of disposal show
that the central core of the pile is covered by sand (because the outer,
sandy part of the harbor was dredged last) while the flanks are silt-
type material. The critical erosion velocity of the sand is about
35 cm/sec and of the silt is about 20 cm/sec (personal communications,
1976, D. C. Rhoads, Department of Geology, Yale University). Regular
resuspension of the silt by the tidal stream is expected. The thickness
of deposited material was determined by comparison of the initial survey
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with that made after completion of placement of the dredged material

and correction for the deflection of the bottom under the superimposed
load of the deposit. Contours of the thickness of the deposited material
are shown in Figure 24. The volume of the deposit measured from these
contours equals the volume of material dumped to within the accuracy of
measurement.

60. Surveys of the disposal site were made from time to time
after the completion of dumping operations to detect any subsequent
changes in the configuration of the pile of deposited material. The
changes which occurred are most easily seen by comparison of the profiles
of the deposit along one east-west cross section. These are shown in
Figure 25. During the first eight months the pile thickness decreased
by amounts proportional to the initial thickness. This is due to
self-consolidation of the deposited material (Bokuniewicz and Gordon,
1977). The central part of the deposit showed no further change outside
the range of estimated errors. There is evidence of some changes
around the flanks of the pile with apparent loss of material on the east
side and gain on the west side. However, the reliability of the error
estimates in the surveys is not well enough established that full con-
fidence should be placed in this result. The difficulty arises from
two causes: first, because of lack of contractual continuity it was
necessary to use several different navigation systems for the various
surveys and there was no opportunity to intercompare these for systematic
errors; second, it is difficult to trace the effects of systematic and
random errors through the contouring process that precedes construction
of the cross sections shown in Figure 25.

61. A final test of the stability of the deposit was possible
because of the passage of Hurricane Belle over Long Island Sound on
10 August 1976. A current meter was placed one mile south of the dis-
posal site immediately before the arrival of the hurricane and a
bathymetric survey was made as soon as possible after the storm. The
storm center crossed the Sound about 30 miles west of the New Haven
site so there was a sudden shift of the wind from northeast to south-
west; wind speeds up to 81 knots were reported by the Traveler's

62

—— e —— e .




80/1

Figure 24. Contours (in ft) of the thickness of the deposit of dredged
sediment at the New Haven disposal site and an east-west
cross section through the center of the mound.
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Weather Service. Because of the high speed at which the storm center
advanced, hurricane winds lasted for only a few hours.

62. Successive 20-min flow vectors recorded during the hurricane
are shown in Figure 26 along with wind arrows as reported by the
National Weather Service at Stratford Point. Shown for comparison are
a set of current vectors from the same meter record but for a period
of calm weather. The bottom water response is quite different in the
hurricane than in a typical winter storm. In the hurricane the bottom
flow is first retarded and then accelerated as the wind direction
shifts from against to with the tidal current but no unusually high
fluctuating velocities are recorded. In a winter storm the reverse is
usually true. The absence of unusually high velocities over the bottom
in the deeper parts of the Sound during "Belle" is confirmed by an
examination of the diver-collected cores by R. Aller (personal com-
munications, 1976, Geology Department, Yale University). Cores from
sites where the water depth is 40 ft or less show reworking of the
bottom to a depth of several cm while cores from deeper water show no
evidence of disturbance. Comparison of the bathymetric surveys made
before and after the hurricane, Figure 27, shows no disturbance of the
pile of disposed material that is significant relative to the errors of
measurement.

63. The stability of the peak of the pile of disposed material,
which is high enough to penetrate the wave-affected zone, is due to two
causes. First, much of the peak is covered with sand, the last material
deposited on the site. Second, where silt-clay material is exposed,
it is in the form of cohesive clods, which are expected to be erosion
resistant. It is the unconsolidated material on the pile flanks that
is resuspended by the tidal stream and would be susceptible to distur-
bance by waves if it were exposed higher on the pile.

Capacity of the Disposal Site

64. The use of an open-water disposal site has a wide range of
possible consequences. These may include, for example, alteration of
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Figure 26. Progressive displacement vectors measured 6 ft above the

bottom in central Long Island Sound (41°07.4'N, 72052.9'W).
Hurricane Belle occurred between 1600R on 9 Auqust and 0720R
on 10 August, 1976. Wind vectors during this period are
shown. Also shown is a typical tidal progressive displace-
ment vector ellipse at this location.
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animal habitats and animal populations and the release of chemical
constituents from the disposed material into the water column. Many
of these consequences may depend on the total amount of material placed
on the site and on its rate of application. Then a "capacity" of the
site can be fixed relative to some set of criteria which define con-
sequences that are judged unacceptable. The discussion of criteria
falls outside the scope of this report but the establishment of the
relation between specific effects and the amount of disposed material
placed on a site, or the rate of application of material, is a problem
that can be addressed independently of any judgment about consequences.
To give the problem focus we will suppose that it is desired to carry
on the disposal operation in a manner that will minimize the contact
between the disposed material and the water column.

Disposal site location

65. Suppose that a disposal site is to be chosen so as to
minimize dispersion of the dredged material deposited on it. One
condition that should be met is that the site should be located where
there i