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EXECUTIVE SUMMARY

The Center for Coastal Studies (CCS) developed a quantitative, century-scale sediment budget
for the Towns of Sandwich and Barnstable along 16.5 miles of shoreline from the Cape Cod
Canal to Nobscusset Point in Dennis. Sediment budgets document the direction and volume of
sediment movement as well as the sources and sinks of sediment in the nearshore zone. Sediment
budgets can be used by coastal mangers to better understand coastal evolution in general and
inform decisions about the impacts associated with altering the nearshore zone with coastal
engineering structures, beach replenishment projects and other related activities.

Historical and contemporary three-dimensional surface models were developed for this project.
Volumetric changes between these surfaces were used to generate the sediment budget and
document other phenomena. Data from the 1930-40s and from 2010-11 were used to produce the
historical and contemporary surfaces respectively. Preliminary analysis suggested sediment
deposition was occurring seaward of ‘wave base’, the depth at which waves begin to interact
with the seafloor. Under such a scenario, material deposited beyond wave base would be lost to
the nearshore system and of concern along an eroding shoreline such as the Sandwich/Barnstable
coast. In order to address this important question vessel-based acoustic data were collected in
April/May of 2016 beyond the areas covered by the contemporary data and an older dataset from
1860 was also included in the analysis to provide greater historical context.

The commonly held belief that the jetty is preventing sediment from bypassing the Canal is not
true. Ongoing accretion at the shoreline is evidence that some sediment is being captured by the
jetty, however bypass is occurring at depth at the seaward end of the jetty. In fact, the jetty was
being bypassed as early as 1940 and perhaps earlier. Our findings show that sediment appears to
be deposited at depths between 15-20 m in Cape Cod Bay perhaps as a result of rapid, flood tidal
currents flowing eastward out of the Canal and into the bay. These currents entrain sediment that
has bypassed the jetty west of the Canal and subsequently transported to depths well beyond
wave base. If so, this material is effectively lost to the nearshore system, representing a sink for
this littoral cell.

Findings of the sediment budget analysis also suggest that the net movement of material in and
around Town Neck Beach is westward toward the Canal. This material would also likely be lost
to the system after being entrained in the flood tidal flow of the Canal. Although this study was
designed to develop a sediment budget for the study area, based upon the work conducted and
the unexpected findings additional work should be pursued to address newly identified questions
that may have significant implications for the characterization of littoral cells proximate to the
Canal.



INTRODUCTION

In 2005 the Center for Coastal Studies (CCS) began developing and evaluating a sediment
budget-based geomorphic model to determine long-term volumetric coastal change and
longshore sediment transport along outer Cape Cod (Giese, et al., 2011). The methodology
developed as part of this work was subsequently applied to the Cape Cod Bay coast, and between
2012 and 2015 CCS completed work on assessments of the coastal sediment budget between
Long Point and Macmillan Wharf in Provincetown Harbor; between Macmillan Wharf and
Jeremy Point in Wellfleet and between Nobscusset Point in Dennis and Rock Harbor on the
Orleans/Eastham town line. These studies demonstrated that comparisons of contemporary
bathymetric and terrestrial lidar with high quality 1930s/40s hydrographic and topographic data
along evenly spaced cross-shore transects provide an effective means of estimating century-scale
sediment budgets along Cape Cod Bay’s sandy shores. The results of these assessments were
documented in five technical reports funded by the Island Foundation (IF) (Giese et al., 2012;
Giese, Borrelli, Mague and Hughes, 2013) the Massachusetts Bays Program (MBP) (Giese et al.,
2014);and most recently the Massachusetts Office of Coastal Zone Management (CZM) for the
Towns of Provincetown and Brewster (Giese et al., 2015a, b).

As shown in Figure 1, the present study conducted for the Towns of Sandwich and Barnstable,
and funded by the Coastal Resiliency Grants Program of the Massachusetts Office of Coastal
Zone Management (CZM), extends east from the Cape Cod Canal area of Sandwich to the
Nobscusset Point/Chapin Beach area of East Dennis. While the focus of this work is the
Sandwich-Barnstable shoreline, it was necessary to extend the analysis slightly to the west of the
Canal and east to Nobscusset Point, as denoted by the transects, in order to develop a preliminary
sediment budget and link this analysis to that done for the Brewster shoreline.

In addition to this alongshore expansion of the scope, further temporal and spatial expansions
were necessary to help understand the potential effects of the Canal on alongshore sediment
movement. First, U.S. Coast Survey hydrographic data from 1860 was analyzed to characterize
pre-Canal, alongshore sediment movement. Second, as a result of initial transect plots indicating
that cross shore sediment movement extended seaward of the 10-meter contour and available
bathymetric lidar, three additional days of vessel-based surveys were conducted out to depths of
approximately 15 -20 meters in the area of the Canal and the entrance to Barnstable Harbor
(Figure 1). Notwithstanding the future need to expand the geographic scope, the results of this
study provide a quantitative assessment of sediment transport and budget for 26.5 km (16.5
miles) of the southerly Cape Cod Bay coast. As with previous studies, this information provides
the basis for understanding the historical conditions that contributed to the present position,
shape and orientation of the coastline and will contribute to understanding and estimating future
shoreline changes. Accordingly, these data can be used to reduce the vulnerability of
communities and ecological systems to the impacts of a changing climate and rising sea levels.
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Figure 1: A) Study Area. B) Study area with transects. White transects were developed for this study to extract
data from contemporary and historical surfaces. Green transects extending beyond the estimated preliminary
wave base were data collected over three vessel-based surveys after initial analysis suggested significant
deposition beyond extent of lidar. C) Historical surface (1930-40). D) Contemporary surface (2010-11).

METHODS

As discussed above, the present study represents a continuation of work by CCS to develop a
century-scale sediment budget for Cape Cod Bay. The completion of this work represents a
significant step towards quantifying the longshore sediment transport processes and “littoral
cells” for the entire shore of Cape Cod Bay discussed and described qualitatively by Berman
(2011). In addition, it identifies several unanswered questions for further study such as the depth
of sediment movement in Cape Cod Bay and the effect of the Cape Cod Canal on the south shore
sediment budget. The geomorphic model used in this work has been discussed in Giese et al.
(2011) and is repeated here as the framework for presenting the project’s historical data
compilation and processing.

Theoretical Model Framework

The sediment budget-based geomorphic model applied to the Cape Cod Bay coast is based on

the conservation of mass, coastal wave mechanics, and the coastal morphodynamic concept of
transport within littoral cells. It can be used to quantify the longshore sediment transport rates

and to estimate local sediment sources and sinks and the boundaries between littoral cells. The



model depends upon two fundamental principles: 1) the smooth, regular form of most exposed
sandy coasts is primarily the product of wave action and 2) waves striking the coast at an angle
produce a flow of sediment along the shore in the direction of wave travel.

The net flow of sediment along the coast over an extended time period, generally annualized, is
termed littoral drift or (net) longshore sediment transport. This transport is quantified in the
model as a vector, @, the volume rate (e.g., cubic meters per year) of sediment crossing a shore-
perpendicular transect. Q has a positive value when sediment flow is along shore to the right (+x
direction) when viewed from offshore. Negative Q values indicate flow to the left (-y direction).
Transects extend across the active coast from the landward limit of wave-produced sediment
transport to a depth representing the assumed offshore limit of sediment movement.

Coastal erosion and deposition do not depend directly on the magnitude of Q, but rather on its
rate of change alongshore, dQ/dy (cubic meters per meter per year), that is, the slope of @ when
it is plotted against alongshore distance, “y”. Erosion results when transport, Q, increases
alongshore (i.e., d@Q/dy is positive); deposition results when Q decreases alongshore (negative

dQ/dy). This relationship can be expressed explicitly as:
dA/dt = - dQ/dy

where “dA/dt” (square meters per year) is the time (“t”) rate of change in cross-sectional area
(“A”) between two cross-shore transects for different points in time at a single location.

In addition to the role of sediment transport change along the shore, a shore-perpendicular
transect typically loses (or gains) area due to (net) cross-shore transport of sediment such as
wind-transported sand exchange between a beach and coastal dunes, tidal inlet losses, or offshore
transport of very fine sediment by turbulent seas during storms. These gains or losses are
designated by ¢, defined as the net cross-shore transport per unit shoreline distance (square
meters per year). The change in cross-sectional area at any point along the shore depends upon
the total contributions of longshore and cross-shore sediment transport at that location:

dA/dt = - dQ/dy - q.

To simplify this relationship, we introduce the symbol, E, to represent the negative of “dA/dt”,
the volume rate of coastal change per unit shoreline distance, i.e., erosion. Substituting, this gives

E=dQ/dy +q.

Application of this expression along a coastal segment enables a volumetric analysis of shoreline
change, a 3-dimensional estimate of change as opposed to the more common 2-dimensional view
derived from a linear analysis of shoreline advance or retreat. If the segment is sufficiently large



to contain an entire littoral cell including all source regions, transportation paths, and sinks, then
integration of dQ/dy will yield the total values of Q at each point along the shore. At the updrift
and downdrift cell boundaries are points where @ equals zero; these are termed “null points”
(Dean and Dalrymple, 2002), and their location is required for a meaningful evaluation of Q at
other locations.

Cell boundaries, or null points in net longshore sediment transport, can be located by considering
the implication of our initial assumption that net longshore sediment transport results from waves
striking the coast at an angle, thereby producing a flow of sediment along the shore in the
direction of wave travel. When referring to the long-term sediment flow at any particular coastal
location (as we are in this study), the actual waves concerned are the composite of all waves that
acted on that shore over the entire time period of the study. We replace those “actual” waves
with a single “model” wave which, acting continually over that time period, would have
produced the same net sediment flow. Thus, the littoral cell boundaries (null points) are located
at those locations where the model waves approach onshore in a direction that is at right angles
to the shoreline, i.e., the angle, “0”, between wave approach and a line drawn perpendicular to
the shore is zero.

This specific relationship between longshore sediment transport, @, and wave angle, “0”, is
consistent with the general expression between the two (e.g., Komar, 1998):

0 ~sin20.

At the null point, “0 = 0. Since the derivative of “sin 2 0 is proportional to “cos 2 67, it follows
that

dQ/dy ~ cos 2 6.
Thus dQ/dy is maximum at the null point (6 = 0).

Model Adjustment

Numerical integration of d@Q/dy to calculate @ is valid when the transects are approximately
perpendicular to the coastline and parallel to each other (Figure 1). For this study, Q was also
calculated by summing AQ values derived individually for each pair of transects. AQ, in turn, is
the annualized change in volume between transect pairs - found from (1) the vertical change
between profiles along each 1934/40 - 2010/11 transect pair and (2) the horizontal distances
separating them - reduced by the volume lost due to cross-shore processes at each transect pair
segment of the study area. Details are provided below in “Transect Construction, Volumetric
Analysis and Sediment Flow Calculation.”



Historical Data Compilation and Processing

Data Sources

Based on previous work of CCS in Cape Cod Bay, the historical base map for the current study
was developed from hydrographic and terrestrial data sets compiled for the period 1933 — 1940.
For this study, U.S. Coast & Geodetic Survey (USC&GS - predecessor to NOAA’s National
Ocean Service) survey data consists of three hydrographic surveys conducted in eastern Cape
Cod Bay in 1933 and 1934 and three conducted in the western parts of the Bay during 1940
(Figure 2). These surveys were combined with topographic survey information for the same time
period to provide a relatively seamless, synoptic coverage of the entire Cape Cod Bay study area.
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Figure 2: NOAA Hydrographic Survey Point Coverage for Cape Cod Bay, Massachusetts (Red shades denote 1940
surveys. Blue shades denote 1933-34 surveys).

Historical hydrographic survey data were downloaded from the NOAA National Geophysical
Data Center (http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html), including Descriptive
Reports, color image Hydrographic Smooth Sheets (H-Sheets), digital point data in ASCII XYZ
format, and metadata. Original survey data were compiled at scales of 1:10,000 (or in some cases
1:5,000) and related horizontally to the North American Datum of 1927 (NAD27), or its
predecessor, the North American Datum (NAD), and vertically to local mean low water (MLW)
for the geographic area covered by each survey.

The historical terrestrial data incorporated into the historical base map was limited to the active
coast or terrestrial area influenced by marine and coastal processes including wave-produced
sediment movement, wind-transported sand exchange between beaches and coastal dunes, tidal
inlet losses, etc. This data was derived from USC&GS 1933 and 1938 T-sheets, U.S. Geological



Survey (USGS) quadrangles surveyed between 1932-1940, and 1938 aerial photographs obtained
from the U.S. Department of Agriculture — Natural Resources Conservation Service (USDA-
NRCS). These photographs were flown on November 21, 1938 after the Hurricane of 1938, near
the time of local high water and were used to help identify landforms such as coastal banks and
dunes and to verify changes to the terrestrial environment resulting from the recent hurricane.

USC&GS T-sheets for the study area (and accompanying Descriptive Reports) were downloaded
as non-georeferenced survey scans from the NOAA NOS Special Project web site at
http://nosimagery.noaa.gov/images/shoreline surveys/survey scans/NOAA_Shoreline Survey
Scans.html. Non-georeferenced scans of USGS historical quadrangles were downloaded from the
University of New Hampshire at http://docs.unh.edu/nhtopos/nhtopos.html.

The USGS topographic work provides the basis for broad, synoptic coverage of topographic
conditions existing at the time of the survey. In addition to limiting the inland extent of the
study to the active zone, information derived from each Quadrangle was supplemented with the
following data to minimize uncertainties associated primarily with the compilation or mapping
scale.

1) USC&GS T- and H-Sheet Descriptive Reports.

2) The elevations of the mean low water (MLW) and mean high water (MHW) lines
obtained from the 1930s/40s Coast Survey T- and H-sheets.

3) Profiles obtained from contemporary survey work to characterize representative
beach and bluff profiles.

4) The location of natural features shown on historical T-Sheets, H-sheets, and acrial
photographs such as the toe of coastal banks, the edges of salt marshes, and their
estimated elevations with respect to MHW and MLW. (Ayers, 1959; Redfield,

1972; Van Heteren & Plassche, 1997; and Giese 2012).

5) The elevations of physical features such as road intersections, railroad centerlines,
building corners, etc., common to both historical and contemporary data sets and
not likely to have changed over time.

Elevation data from these supplemental sources were incorporated into the historical data set
derived from USGS topographic information to increase the reliability and density of the limited
landside topography used in the analysis.

Data Compilation

As discussed above, comparisons of historical and contemporary hydrographic and topographic
datasets can be important sources of information for quantifying changes in landform volume
and net sediment movement. Where the land and sea interact along the sandy shores of Cape
Cod, such volumetric comparisons can be used to estimate long-term, regional scale sediment



flux and sediment budgets. As discussed further below, to effectively use historical geospatial
data, such as those central to the methodology discussed above, however, potential sources of
uncertainty inherent in data collection methods must be minimized and accounted for to ensure
that quantitative estimates provide reliable information at the scale of the analysis (Byrnes et al.,
2002).

For this study, all contemporary data is referenced horizontally to the Massachusetts State Plane
Coordinate System (North American Datum of 1983 (NADS83)) and vertically to the North
American Vertical Datum of 1988 (NAVDS8)). Original historical data were referenced
horizontally to the North American Datum of 1927 (NAD27) or its predecessor datum the North
American Datum (NAD) and vertically to local tidal datums (either Mean Low Water (MLW)
for the hydrographic surveys or Mean Sea level (MSL) for the USGS quadrangles. All datasets
must, therefore, be translated to the project datums in order to provide a direct comparison of
historical and contemporary points extracted to calculate dA/dt along each transect.

The original horizontal reference system for three USC&GS hydrographic data sets (H5543,
H5588, and H5589) used to create the easterly section of the historical base map was the North
American Datum of 1927 (NAD27). The mathematical process for translating horizontally from
NAD27 to NADS83 is well established (Giese and Adams, 2007). Two additional USC&GS
hydrographic surveys (H6561 and H6563) necessary to extend this study west to the Canal were
referenced to the North American Datum (NAD). The conversion from this short-lived datum to
NADS3 required additional steps, including archival research to identify survey control points
and associated coordinate values, the development of a localized mathematical relationship
between NAD and NADS3, and finally the conversion of the entire soundings data set to the
project’s horizontal datum.

The process for developing an accurate vertical translation from multiple local tidal datums used
as the plane of reference for the hydrographic surveys to NAVDS8S required research to retrace
the historical survey office and field work. As discussed more fully below, when recoverable, a
significant source of uncertainty associated with historical hydrographic surveys can be
minimized by reoccupying reference stations or benchmarks established to memorialize the
plane of reference. In the absence of recoverable reference points the short term nature of the
tidal observations, inter-annual variations in tidal cycles, rising sea levels, and changing
environmental conditions make development of reliable translations of local, historical vertical
reference systems to contemporary systems problematic and can greatly increase the uncertainty
associated with quantitative comparisons (Jakobsson et al., 2005; Van der Wal and Pye, 2003).
This can be particularly true for volumetric change analyses where rising sea levels can introduce
a significant bias towards erosion when the original plane of reference must be estimated using
general assumptions of relative sea level rise and short-term tidal records.



To minimize this potential source of uncertainty, all historical data points were translated
vertically based on research, recovery, and reoccupation of historical tidal benchmarks identified
in the 1930s and 1940s Hydrographic Descriptive Reports. Beginning in the late 19" century, the
reports were prepared by the USC&GS at the conclusion of each survey mission, and among
other things describe the plane of reference and one or more benchmarks to which this plane was
referenced. Where benchmarks can be recovered, they can be occupied with high accuracy GPS
survey equipment to provide a direct translation to NAVDS88. When USC&GS tidal benchmarks
have been destroyed, the historical record can be further investigated to establish relationships
between other extant benchmarks that can be recovered and occupied. These relationships can be
used to determine the elevation of the tidal benchmark and the relationship of the data set to
NAVDS88 (Mague, 2012).

Benchmarks established in the late 19" century through the mid-20"™ century have been
recovered and occupied to relate historical data sets to NAVDS8S for the Center’s work along the
Outer and Cape Cod Bay shores. (Giese et al., 2012; Giese, Borrelli, Mague and Hughes, 2013;
Giese et al., 2015a, b; Giese, Borrelli, Mague, Smith, et al., 2013; Giese et al., 2014). The present
study relied on field work conducted on Sandy Neck in May of 2014 to recover Tidal Benchmark
1 set by the United States Coast & Geodetic Survey in 1934 (TBM 1 of 1934). This tidal
benchmark was occupied with the Center’s Real-Time Kinematic (RTK) GPS equipment and the
survey results used to relate hydrographic survey data sets H5543, H5588, and H5589 to
NAVDSS. Conducted as part of the Brewster project (Giese et al., 2015a), the relationship
between local mean low water of 1934 and NAVDS88 is shown on Figure 4.
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Contemporary & Historical Datum Comparisons

Barnstable & Sesuit Harbors
NAVD88 Units: Feet

Barnstable Harbor Sesuit Harbor
USC&GS BM 1/1934 Contemporary 2011

=4.84 (1.48 m)

MHW = 4.39(1.34m
Ml - 3.67 (112 m) (134m)

Mwill =-5.83(-1.78m) T

Mean Range

9.50 feet (2.90 m) 9.74 feet (2.97 m)

Figure 4. Contemporary and Historical Datum Comparisons for
Easterly portions of the study area. Units: Feet (meters)

Descriptive Reports for H6561 and H6563 were reviewed for information about benchmarks
used to memorialize the local mean low water datum to which additional 1940s hydrographic

work necessary for this study was referenced. These reports noted that the vertical plane of
reference for both surveys was:

...mean low water reading -0.1 feet on [the] tide staff at [the] Cape Cod Canal, East Entrance
(gage maintained by U.S. Engineers), 16.7 feet below [tidal] B.M. “Breakwater” [TBM
Breakwater]...[The] height of [the] mean high water above [the] plane of reference [the mean
range] is 9.4 feet.

A review of various benchmark resources (Cole, 1929; USC&GS, 1938) and conversations with

the Survey Division of the US Army Corps of Engineers provided no further description of this
benchmark (TBM-Breakwater).

11
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Figure 5. Left image taken from USC&GS, 1940 smooth sheet H-6563 showing location of United States
Engineers Tide Gauge (red asterisk) and the initial estimate for the location for the tidal benchmark (white circle).
Right image shows 2014 Orthophoto and the likely location of the tide gage.

Figure 5 shows a portion of smooth sheet H6563 showing the location of the tide gage used to
establish the plane of reference and tidal reductions for the 1940s surveys. Based on past
experience most tide gages or stations used in hydrographic surveys have been observed to be
referenced to at least one benchmark (usually a minimum of three), within sight of the tide
station. Based on this assumption, and observing the location of the tide station shown on H6563,
TBM-Breakwater was assumed to be located on northerly jetty, near the gauge (Figure 5). Using
the project GIS to obtain the
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Figure 6: Left: US Engineering Department disk found in granite boulder located at the westerly end of the Cape
Cod Canal north jetty. Right: Disk shaft and lead plug inserted into granite boulder in the jetty opposite the location
of the 1940s US Engineering Department tide gauge.
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coordinates of the former tide station, field reconnaissance was conducted on October 11, 2015
to recover TBM-Breakwater. During the site visit, a U.S. Engineering (USE) survey disk (Figure
6) was recovered at the westerly end of the north jetty. Using a handheld GPS, the
reconnaissance proceeded east along the top of the jetty to a point opposite the location of the
former tide station. While no disk, such as that discovered at the westerly end was present, a lead
plug and disk shaft were observed in one of the granite stones of the breakwater. As shown in
Figure 6, a circle worn into the stone from a former disk is clearly visible surrounding the shaft.

Contemporary & Historical Datum Comparisons
Cape Cod Canal Breakwater

U.S. Engineers Tide Gauge
NAVDS88 Units: Feet (Meters)

USC&GS 1940° Contemporary 2011

MHHW = 4.79 (1.46)

MHWII| =4.34 (1.32)
MHWHI = 3.43 (1.05)
MsLill= -0.42(-0.13)
=-0.57 (-0.17)
HTL |l =-1.27 (- 0.387)
MLW = - 5.48 (-1.67)
=:5.79(-1.76)
MLW Il =-5.97 (- 1.82)
Mn 9.4 feet (2.87) 9.82 feet (2.99)

—5.97" - MLW,yq, = NAVDS8

Note: Elevation of BM “Breakwater”
1) Without disk (actual) = 10.682 feet NAVDSS
2) Assuming Disk of 3/8” convexity = 10.727 feet NAVDS8

Figure 7: Contemporary and Historical Datum Comparisons for Westerly portions of the study area. Units: Feet
(meters).

The potential benchmark was occupied with the RTK-GPS and the results of this fieldwork,
when compared with the tidal elevations of previous recovery surveys for the Provincetown and
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Brewster studies strongly support the conclusion that this was the location of TBM-Breakwater.
The elevation of this point (10.682> NAVD8S8) was used to develop the relationship between the
vertical plane of reference for surveys H6561 and H6563 and NAVDSS (Figure 7) and to convert
the soundings data of hydrographic surveys H6561 and H6563.

Over 80,000 soundings from the five survey missions were translated horizontally to NADS3
and vertically to NAVD88. When compiled into one commonly referenced data set, the
information provided by the soundings results in quantitative 80-year old data that covers an area
of Cape Cod Bay in excess of 1800 km* (420 mi®). Significantly, half of these soundings
(42,305) were located in the 303 km? (117 mi®) nearshore area of this study, providing a valuable
and reliable record upon which to apply this sediment budget-based geomorphic model approach
of this study.

After establishing the 1930s/40s vertical datum relationships, historical terrestrial contours from
the USGS Quadrangles were digitized and supplemented with physiographic data derived from
USC&GS T- and H-sheets. All data points were translated horizontally (NAD27 to NADS83) and
vertically (ca. 1940 local MSL to NAVDS88) and combined into the comprehensive point file
used to create the 1930s/40s three-dimensional surface, or surface model. This surface model
formed the basis for quantitative comparisons with a similar surface derived from U.S. Army
Corps of Engineers 2010 bathymetric lidar data, 2011 USDA-NRCS terrestrial lidar data and
CCS’s 2016 vessel-based acoustic surveys.

Historical 1930s/40s Surface Model

With the conversion of the historical data to the project datums, a 3-dimensional model of the
historical surface was developed from the comprehensive, digital point database used to create a
point shapefile within the ArcGIS v10.x software suite. These points were then converted into a
Triangulated Irregular Network (TIN) using the 3-D analyst extension within ArcGIS. These
triangles are formed using 3D data from three points to create a plane that represents a real-world
surface. The TIN was then converted into a raster with latitude (y), longitude(x), and elevation
(z) attributes. A krigging method was chosen as the best interpolation method for this study and
utilized to represent changes in natural topography and/or bathymetry. Before finalizing the
surface model, CCS coastal geologists reviewed the surface to identify potential data issues as
well as to remove outliers from the final transects used to develop the sediment budget. This was
found to be a critical step in previous studies to ensure that a processes-based assessment is
conducted prior to accepting or rejecting points within the surface and proceeding with the
analysis.

Contemporary Data and Surface Models

Contemporary surface models for the study area were compiled from two data sets of terrestrial
and bathymetric lidar. The terrestrial lidar was flown in the spring of 2011 by the U.S.
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Department of Agriculture’s Natural Resources Conservation Services. The bathymetric survey
was flown in May of 2010 by the U.S. Army Corps of Engineers. As part of its QA/QC program,
representative areas of terrestrial lidar data were tested and confirmed with values using data
collected with the Center’s GPS equipment. The 2010 had horizontal and vertical uncertainties of
0.5 m and 0.15 m, respectively. The 2011 lidar had horizontal and vertical uncertainties of 0.5 m
and 0.07 m, respectively.

Acoustic data were acquired by CCS in areas without bathymetric lidar coverage (Figure 1)
using a Tritech PA500/6-S altimeter side-mounted to the R/V Shackleton in late April and early
May 2016. The data were processed using Hypack 2014 software and appended to the transect
data set within ArcGIS. The acoustic data were also collected in areas that overlapped the
bathymetric lidar. QA/QC included the comparison of the overlapping 2016 acoustic data with
the 2010 lidar data in order to test for gross offsets. The RTK-GPS unit was mounted onto the
same pole as the altimeter to reduce offsets and sources of uncertainty. The altimeter has a
resolution of 1 mm and is accurate to ~0.5% of water depth.

Accounting for Uncertainty

Comparisons of historical and contemporary data can form the basis for assessing and
quantifying changes to a variety of terrestrial and coastal landforms. To discuss the significance
of these changes, however, the results of such comparisons must be considered in the context of
the uncertainties of the underlying historical spatial data (Mague, 2012). For this reason, when
spatial data from different time periods is compared to quantify coastal change, estimates of the
uncertainty associated with the acquisition and processing of the underlying data ensure that
study conclusions are considered at appropriate scales - e.g., regional v. site-specific (Byrnes et
al., 2002).

For both contemporary and historical hydrographic surveys, the accuracy of the final data
product is related directly to the error associated with obtaining measurements. Measurement
error, defined as the difference between the measured value and the true value, can be blatant
(human error), systematic, and/or random (Byrnes & Hiland, 1994a; Jakobsson et al., 2005).
Recognizing that the true value (and, therefore, the true error) can never be known, accuracy is
increasingly being characterized in terms of uncertainty or error budgets based on an analysis of
residuals (IHO, 2008). When considering hydrographic or bathymetric surveys these budgets
must consider not only the uncertainty associated with horizontal (x, y) positioning but that
associated with measurement of elevations (z).

The primary sources of potential error associated with two-dimensional analyses, such as
shoreline change, where highly accurate contemporary data is compared with historical surveys
are well-documented (e.g., Anders and Byrnes, 1991; Byrnes and Hiland, 1994a and b; BSC,
2007; Crowell et al., 1991; Ruggerio et al., 2003; and Shallowitz, 1964). These uncertainties
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typically derive from the random and systematic error associated with equipment and
measurement methods used in the field survey, the plotting of data to produce a cartographic
product, the registration of historical work to a contemporary datum, and the process of
digitizing historical data. For the U.S. Coast Survey (and its successor agencies the U.S. Coast
and Geodetic Survey (USC&GS) and NOAA'’s National Ocean Service) horizontal positioning
errors associated with archived topographic surveys (T-sheets) have been found to range between
8 and 10 meters with accuracy limited largely by mapping scale and not based on the document
age or surveying techniques used. (BSC, 2007; Crowell et al., 1991; and Daniels & Huxford,
2001). This has been demonstrated with several post-compilation accuracy assessments of
Atlantic and Pacific Coast T-sheets and H-sheets (US Coast Survey hydrographic smooth
sheets), including Massachusetts, where horizontal positioning error was found to be less than 8
meters and typically met or exceeded National Map Accuracy Standards at the published scale
(BSC, 2007; Crowell et al., 1991; and Daniels & Huxford, 2001).

Where study objectives involve vertical positioning, such as comparisons of historical and
contemporary bathymetric data, estimates of uncertainty must also consider the methods and
equipment used to determine elevations (referred to as soundings) measured from a dynamic
plane of reference (Byrnes et al., 2002; Higgins et al., 2007; NOAA, 2007). In addition to the
horizontal positioning errors associated with topographic work, factors contributing to the
uncertainty of hydrographic surveys include the method used measure depth (e.g., lead line v.
echo sounder); the units and rounding protocol used to record depth measurements; the density
of soundings and interpolation between data points; tidal reductions (i.e., corrections
representing equipment calibration and the stage of the tide above or below the plane of
reference); the evenness of the seafloor (i.e. whether it is irregular (i.e. high rugosity) or smooth
and gradually sloping); and the plane of reference (historically for the Atlantic Coast a mean low
water (MLW) tidal datum) from which depths were measured (see e.g., Byrnes et al., 2002;
Byrnes and Li, 1999; Byrnes and Hiland, 1994b; Calder, 2006; Gibbs and Gelfenbaum, 1999;
Gorman et al., 1998; Hare, 2011; Hawley, 1931, Wong et al, 2007;). For the comparison of
historical and contemporary bathymetric datasets, the most significant source of error is
frequently that associated with the historical plane of reference and the ability to relate it
accurately to a contemporary vertical datum (Byrnes, et al, 2002; Gorman et al., 1998; Jakobsson
et al., 2005; and Van der Wal & Pye, 2003).

For historical surveys conducted in the mid-1930s, horizontal uncertainties for work performed
within sight of shore (v. offshore and beyond the sight of land), in relatively shallow water (10 —
12 m), and on relatively regularly contoured seafloors contribute approximately 0.3- 0.5m to the
vertical uncertainty (Adams, 1942). Tidal reductions for work in these types of coastal areas can
be expected to introduce additional vertical error on the order of 0.1 to 0.3 m (Byrnes and Li,
1999) while lead line measurements can be expected to contribute an additional 0.1 to 0.2 m to
the vertical uncertainty budget (Adams, 1942; and Hawley, 1931).
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Elevations reported in early surveys, were routinely referenced to a local tidal datum, such as
local mean low water. Derived from tide gauges installed in the survey area and based on a
relatively short time frame (typically on the order of several months) these tidal observations
were used to calculate the mean for the plane of reference and to reduce soundings. Due to the
dynamic and local nature of tidal datums (e.g., changes in relative sea level, and fluctuation of
water surface elevations in response to long-term astronomical and short term meteorological
conditions) high uncertainty can be associated with the conversion of historical local datums to
contemporary datums. Significantly, in the absence of additional information such as
recoverable benchmarks, conversion to a common or contemporary vertical datum must be based
on numerous assumptions that can contribute a systematic bias approaching two feet (~0.6 m),
limiting the use of historical and contemporary data comparisons (Gibbs and Gelfenbaum, 1999;
Van der Wal & Pye, 2003). Where reliable relationships between historical and contemporary
vertical datums can be established by reproducing original survey stations, however, a significant
component of the uncertainty associated with the comparisons of elevation data can, however, be
eliminated or minimized (Mague, 2012).

As discussed above, to develop reliable conversions of historical sounding data to NAVDS8S for
CCS’s Cape Cod Bay sediment budget work, geospatial descriptions of the benchmarks used by
the USC&GS to memorialize low water planes of references for the mid-1900s hydrographic
survey work were developed through research in various archives including the those of the
Coast Survey, the Army Corps of Engineers, the American Society of Civil Engineers (ASCE),
and the Massachusetts Geodetic Survey. These descriptions were then used to conduct field
reconnaissance in an effort to recover those benchmarks that have not been damaged or
destroyed. Those benchmarks that were recovered were occupied and with the use of RTK-GPS
the relationship between the historical plane of reference and NAVDS88 established to facilitate
volumetric comparisons with contemporary bathymetric data.

The Hydrographic Descriptive Reports and accompanying Hydrographic Smooth Sheets (H-
Sheets) prepared by the USC&GS to describe its mid-1900s work are listed in the Reference
section of this report. A review of this information reveals that the historical hydrographic survey
data used this study was collected using lead lines and reduced daily to the plane of reference.
While covering all of Cape Cod Bay, as described above, the focus of this study is on a subset of
depth measurements from 0 m to 12 m obtained within 2.5 nautical miles of the shore. As shown
on the H-sheets, in shore soundings are closely spaced with depths recorded along shore-parallel
lines spaced at 50 meter intervals with line spacing increasing to about 100 meters at depths of
10 meters. Depth curves drawn on the H-sheets depict a gradually sloping, sandy bottom and, as
supported by contemporary data, minimal bathymetric irregularities from the shoreline out to the
seaward extent of the study. In areas where shoals, bars, and other subsurface features (e.g.,
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Scorton Ledge) were discovered the density of the soundings was increased to define the
irregularity.

From its inception, the U.S. Coast Survey topographic and hydrographic surveys have been
conducted subject to detailed quality-control instructions describing requirements and survey
procedures for both horizontal positioning and depth measurements. While these instructions did
not necessarily result in more accurate survey information over time, they do provide a means of
estimating potential error associated with the work of different epochs (Sallenger, 1975). Using
the information provided in these instructions, a reasonable potential error for water depth
measurements obtained in the mid-1900s has been estimated to be between +2 and +3 feet (0.6 to
0.9 m) (Byrnes et al., 2002). For surveys conducted close to shore in shallow water (< 20 m)
along regular seafloors such as the study area, the potential error associated with the use of lead
lines in areas of adequate survey control is estimated to be + 1.5 feet (+ 0.5 m) (Sallenger, 1975).
This estimate compares favorably with the standards and accompanying commentary on the
methods and quality control procedures required for USC&GS hydrographic surveys in the mid-
1900s (Hawley, 1931; Adams, 1942).

Although more detailed analysis is required, this initial estimate of uncertainty can be used to
inform the quantitative conclusions of this study and in particular to identify areas of no
significant change in comparisons between mid-1900s and contemporary bathymetric surfaces.
Based on current hydrographic standards for survey work in less than 100 feet (30 meters), the
potential positioning and depth measurement error allowed for surveys in less than 100 feet (30
meters) of water is + 0.5 to + 1 feet (+ 0.1 to + 0.3 m) (Byrnes et al., 2002; IHO, 2008). These
values have been used in several studies to quantify change resulting in an estimate of the
combined RMS error for bathymetric surface comparisons between mid-1900s and late-1900s on
the order of 1.5 to 2.0 feet (~0.5 to 0.6 m) to denote areas of no significant change on surface
comparison maps (Byrnes and Li, 1999; Byrnes & Hiland, 1994a and b).

The historical bathymetric data depicted on the H-sheets of the U.S. Coast Survey and its
successor agencies can be an important source of information for assessing and
quantifying changes in coastal landforms. In order to achieve meaningful results from
comparative analyses, however, among other things historical data must be translated
accurately to common, contemporary horizontal and vertical datums. Further, detailed
analyses of potential errors and uncertainties associated with the comparisons must be
conducted to evaluate the significance of the comparative analysis and the resulting
sediment volumes. With horizontal and vertical uncertainties accounted for, these
calculations may be used to quantify the net movement of sediment into and out of a
study area and associated long-term net transport rates, to assess changes to sediment
volumes, to evaluate changes in nearshore bathymetry, and to predict geomorphological
changes (Byrnes et al., 2002; Van der Wal & Pye, 2003).
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Transect Construction, Volumetric Analysis and Sediment Flow Calculation

While the historical and contemporary surface models were being developed, a shore-parallel
baseline and shore-perpendicular transects were constructed along the 18 km shoreline of the
study area. These transects were combined with transects of previous studies, as shown in Figure
1. Transects were spaced at 150-meter intervals (approx. 120 transects) and extended initially out
to a depth of 10 meters.

A review of initial transect plots indicated that cross-shore sediment movement extended
seaward of the 10-meter contour and the seaward extent of bathymetric lidar. As a result, 35
transects were extended offshore to depths of approximately 15 -20 meters in the area of the
Canal and the entrance to Barnstable Harbor (Figure 1) using the CCS survey vessel and the
side-mounted altimeter. As discussed below, the extension of these transects was necessary as
the available data indicated that offshore sediment deposition may be occurring at depths greater
than the normally expected 10 meters.

Using the historical surface model and the contemporary lidar data sets, 20" and 21*' century
elevations were extracted at 2 meter intervals along each transect. Using MATLAB software,
elevations and cross-shore and longshore distances derived from the historical and contemporary
data sets were plotted together to determine the local change in sediment volume, AV, between
adjacent pairs of transects over the intervening time period. These, annualized, provided AV/At
rates for each segment. Subsequent analysis based on profile comparisons of historical and
contemporary data, documented changes in sediment volume and form permitting estimates of
cross-shore gain and loss rates, ¢, for each segment. The local rate of change in net longshore
transport, AQ, was determined from AV/At and ¢q at each transect-pair segment, i.e.,

AQ =-AV/At - q.

Finally, estimates of the volume, rate and direction of sediment movement along each segment
of the shoreline, Q, were determined by summing AQ, both east and west of the source “null
points”.

RESULTS

The comparison of the historical and contemporary surfaces provides valuable information. A 2-
value surface (erosion or deposition) provides for an initial assessment of the study area and
highlights potential areas of interest (Figure 8A). For example, deposition in the offshore area
near the Canal was somewhat unexpected and after further analysis additional vessel-based data
collection was conducted to validate this observation. Similarly, many of the tidal channels near
the entrance to Barnstable Harbor show deposition while the channels further away from the
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entrance show erosion, in contrast to the presence of nearby depositional salt marsh over this
time period. Refining the data range of elevation differences provides additional information for
characterizing the magnitude of change, while accounting for the estimated uncertainty
associated with the data sets as discussed above.

Net Erosion
Net Accretion

>-3m
(-2.9)-(-2)
(-1.9

Figure 8. Elevation difference between 1933 and 2010-11. A) 2-value surface where red represents erosion and
green deposition. B) 7-value surface with warmer colors representing erosion and cooler colors deposition.
Values between +/- 0.5 m are depicted in gray to characterize areas of no significant change.

Another example of a preliminary geomorphological assessment change is illustrated by the
eastward movement and straightening of the main tidal channel in Barnstable Harbor. As shown
in Figure 8B, the channel has migrated eastward approximately one channel width from 1933 to
the present day. Represented by the nearly vertical green area located directly to the east of
Beach Point, the 1933 channel and adjacent areas experienced significant deposition as it
migrated eastward to its present location represented by the red area.

Based on a review of records and available bathymetric data, it is clear that the jetty immediately
updrift (to the west) of the Canal has and continues to minimize the amount of sediment from
entering and shoaling the east end of the Canal. This is partially illustrated by the amount of
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deposition and accretion updrift of the jetty (Figure 9). In spite of the effectiveness of the jetty,
however, as evidenced by dredging records some sediment bypasses the jetty and is deposited
within the Canal. This is supported by the 2010 bathymetric lidar data, which illustrates clearly
that sediment is readily bypassing the updrift jetty (Figure 9). Although the Canal was only
constructed a decade and half earlier (ca. 1917), looking at this historical surface it would appear
that bypass was also occurring by 1940 (Figure 9). Based on this observation, a profile from an
1860 dataset (datum referenced by CCS as part of on-going work) was drawn to represent
nearshore conditions prior to the construction of the Canal. Comparison of the profiles from each
time period (1860, 1940, and 2010) updrift of the Canal show ongoing shoreline accretion above
depths 3-4 m (NAVDSS), but little to no deposition below depths 4-5 m (NAVD 88).
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Figure 9. Top: bathymetry from the 2010 lidar. Bottom: Shore-normal profiles from three time periods (1860,
1940, 2016) inset 2014 aerial photograph with location of profile in white.

While it is clear that material has been actively moving around the jetty, given the erosional
nature of the shoreface immediately downdrift of the Canal it is not clear where this material is
being deposited. Based on initial observations, however, it appears likely that sediment is being
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deposited beyond the extent of lidar (~10 m water depth) and the commonly accepted wave base
for a moderately energetic shoreline.

Recognizing the significance of this observation, 2016 altimeter data was collected and
compared to the 1933 surface. These data further demonstrate deposition in water depths well
beyond wave base. As shown on Figure 10, several areas experienced deposition between 0.3 —
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Figure 10. Change along the seafloor from 1933 to 2016. Note: change is expressed in meters and the
underlying nautical chart shows depths in feet.

0.9 m as well as some deposition >1m in water depths ranging from 15-18 m, and in some areas
>20m. At these depths this material is effectively lost to the nearshore littoral cell and
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fairweather waves cannot move that material back onshore; information that was critical in
developing a more representative sediment budget.

Sediment Budget

Net cross-sectional erosion/accretion (E) rates at each transect within the study area are
presented in Figure 11. Strikingly, appreciable accretion was found only in the vicinity of Beach
Point at the eastern extremity of Sandy Neck. The estimated location of the null points (Q = 0)
separating littoral cells are indicated by the vertical red lines on the figure. There are two null
points marking centers of sediment source zones, one at transect 2526 and one at transect 2976.
The null point of the sediment sink zone is marked by lines at transect 2628 and transect 2634
which flank Barnstable Harbor channel — the tidal conduit to and from Barnstable Marsh.

Nobscusset Point to Cape Cod Ganal Erosion (E) Rates
Lo T ! *. T !
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Alongshore "distance” using CCS ID numbers (increase westward @ ¢. 150m)

Figure 11: Distribution of £ for all transects (net cross-sectional erosion/accretion rate) within the study area.
Vertical red lines represent the estimated location of the null points (Q = 0) separating littoral cells. Negative £
values indicate accretion. The extreme accretion near transect 2634 resulted from fill of the former channel.
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Figure 12 presents the direction and rate of net alongshore sediment transport, Q, from
Nobscusset Point to the Cape Cod Canal. Calculated from the information illustrated in Figure
11 together with estimated cross-shore losses (¢), Figure 12 shows the results for all transects.
Geographic points-of-interest are superimposed to assist interpretation and application to
management issues. Negative “Q” values indicate eastward transport; positive values, westward
transport. As presented in the Discussion below, red lines indicate shoreline conditions that are
characterized primarily by increasing “Q” values. These are areas of erosion — source areas for
the littoral drift in the region. Similarly, the green lines (decreasing “Q”) indicate primarily areas
of accretion, while black denotes fairly constant net transport with little total erosion or
accretion. Black dots designate the “null points” determined as explained in “Methodology”.

Sediment Budget Summary — Nobscusset Point to the Cape Cod Canal
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Figure 12: Preliminary distribution of Q for all transects. Solid blue dots denotes null point; red Line denotes
eroding (source); green line denotes accretion (sink); and blue triangle denotes approximate boundary of littoral cell.

Viewed from east to west (increasing “distance” using transect numbers), sections of four littoral
cells are apparent: the western section of the Brewster cell, ending at transect 2526; the
Yarmouth cell, ending at Barnstable Harbor channel which is centered at transect 2631; the
Barnstable cell, ending at transect 2976; and the Town Neck cell. Three significant estuarine

24



areas are located within the Barnstable cell along the project shoreline from the Cape Cod Canal
east to Barnstable Harbor (Figure 13).

These results indicate eastward transport in the Brewster cell and, in the Yarmouth cell,
westward transport toward Barnstable Harbor, increasing in intensity to a maximum of some
50,000 cubic meters/year at the harbor channel. West of Barnstable Harbor, transport is eastward
toward the harbor in the Barnstable cell with a rate of approximately 100,000 cubic meters/year

at the channel. Westward transport, up to about 40,000 cubic meters per year, toward the Cape
Cod Canal, is indicated in the Town Neck cell.
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Figure 13: Three significant estuarine areas are located along the project shoreline from the Cape Cod Canal east to

Barnstable Harbor. These include; Old Sandwich Harbor (254 ha (630 acres)); Scorton Creek (169 ha (417 acres));
and the Barnstable Marsh (2342 ha (5,787 acres)).

DISCUSSION

The results of this study provide further insight into, and questions about, the sedimentary
conditions and processes associated with the southerly shore of Cape Cod Bay. At first glance
the sediment transport patterns shown in Figure 12 are not surprising. Eastward transport in the
Brewster cell has been described by Giese et al. (2015), and Redfield (1972), summarizing many
sources, has described the patterns of sediment movement into Barnstable Marsh. Wave
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transported sediment (of the Barnstable cell), moving eastward along Sandy Neck, is carried into
the marsh by strong tidal currents in the Barnstable Harbor channel. Sand that bypasses the
channel is carried to the broad tidal flats to the eastward where it is joined by sediment from the
east (Yarmouth cell). Net transport over the flats is southwestward, into the marshes. It is
interesting to note the linking of the two littoral cells (Barnstable and Yarmouth) in this instance.
It is believed that the three marshes in the system are sediment sinks and changes seen in those
areas were taken into account when developing the sediment budget.

Altogether, Figure 12 indicates that some 150,000 cubic meters of sand is deposited in
Barnstable Marsh each year; about two-thirds of this arrives from the west and about one-third
from the east. This rate is understandable in consideration of the fact that some 60,000 cubic
meters per year are required to prevent marsh submergence due to relative sea level rise (c. 3
mm/yr), while observations indicate that the entire marsh system is growing and channels
shoaling.

What is surprising, however, is that all (or most, see below) of the material moving eastward past
Sandy Neck, some 100,000 cubic meters per year, is supplied by coastal erosion east of
Sandwich Harbor, while historically (i.e., prior to construction of the Cape Cod Canal) the major
source of that sediment was “erosion of the sea cliffs which extend from Manomet Point to the
Cape Cod Canal” (Redfield, 1972). Where once one large littoral cell extended from Manomet
Point to Sandy Neck/Barnstable Harbor, there now appear to be three cells, one west of the
Canal, and two (Town Neck and Barnstable) east of the Canal. If so, these three cells are
certainly “linked” as are the Barnstable and Yarmouth cells, but net sediment transport between
them appears to be limited. On the other hand, perhaps the Town Neck cell is in fact a “nested”
cell lying within a single and much larger littoral cell extending from Manomet Point to Sandy
Neck/Barnstable Harbor (e.g., Berman, 2011). It is clear that further study is required to resolve
this question and to provide a satisfactory determination of sediment transport patterns in the
vicinity of the Cape Cod Canal.

Town Neck Cell

The structures, channels and tidal hydraulics associated with Cape Cod Canal severely interrupt
alongshore sediment transport patterns in the study area. The Town Neck region of Sandwich
shows the effects of this disturbance (Figure 14). This region lies just east of the Canal, and
while its coast is directly exposed to the impacts of easterly storm waves which transport
sediment westward, toward the Canal, there appears to be much less return, i.e., easterly,
transport. We suggest that Canal-associated structures and tidal flows cause this imbalance by (1)
sheltering the Town Neck area from northerly and westerly wave action, and (2) deflecting
offshore the eastward-directed littoral drift at the Canal mouth. There is evidence that the strong
(~ 4 knot) flood tidal currents entrain and carry out to deep water sediment that arrives from both
east and west of the Canal.
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It should be noted that an ongoing, but unrelated project conducted by the USGS mapped the
thickness and distribution of sand deposits in the area of the Canal that are consistent with
findings in this report (pers. comm. D. Foster).
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Figure 14: Profiles along transect 2994 at Town Neck in Sandwich showing erosion extending
to depths of 10 m, producing a steep shore face.

CONCLUSIONS

A detailed, quantitative sediment budget was developed for the study area extending east from
the Cape Cod Canal to Nobscusset Point in Dennis. Findings from this study suggest that

some commonly held ideas about the processes associated with sediment transport in this portion
of Cape Cod Bay may need to be re-evaluated. While the data products developed in this study
can be used to guide decision-makers to better manage the dynamic nearshore coastal systems,
further study is needed.

Results of this study suggest that sediment is being deposited at depths between 15-20 m in Cape
Cod Bay perhaps as a result of rapid, flood tidal currents entraining sediment that has bypassed
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the jetty west of the Canal and subsequently transported to depths well beyond wave base. If so,
this material is effectively lost to the nearshore system, representing a sink for this littoral cell.
Findings of the sediment budget analysis also suggest that the net movement of material in and
around Town Neck Beach is westward toward the Canal. This material would also likely be lost
to the system after being entrained in the flood tidal flow of the Canal. Additional work is
required to characterize the littoral cells proximate to the Canal.
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GLOSSARY OF TERMS

Term

Symbo
1

Units

Description

Alongshore gradient
of annual net
longshore transport

do/dy

2
meters”/year or
meters’/meter/y

ear

The slope of Q@ when it is plotted against
alongshore distance “y”. It describes the
gains or losses in area at a shore-
perpendicular transect due to longshore
sediment transport.

If q = 0, erosion results when dQ/dy
increases alongshore (i.e., positive dQ/dy);
deposition results when dQ/dy decreases
alongshore (i.e., negative dQ/dy).

Negative of annual
rate of change in
cross-shore area

2
meters”/year, or
meters’/meter/y

ear

Total loss (+) or gain (-) per year in cross-
sectional area of the “active” zone (wave
transport zone) of beach at any specific
location along the shore. Equals dQ/dy + ¢.
(+) E = erosion; (-) E = deposition or
accretion.

Annual rate of
change in cross-
shore area along a
transect

dA/dt

meters’/year or
meter’/meter/y
ear

Time (“t”) rate of change in cross-sectional
area (“A”) between two cross-shore
transects at a single location or the volume
rate of coastal change per unit shoreline
distance. (Note: dA/dt = - dQ/dy — ¢q).

Littoral cell

A coastal compartment that contains a
complete cycle of sedimentation including
sources, transport paths, and sinks. Cell
boundaries delineate the geographical area
within which the sediment budget is
balanced, providing the framework for the
quantitative analysis of coastal erosion and
accretion. (See Berman, 2011, for full
discussion)

Littoral drift or
(net) longshore
sediment transport

meters’/year

The annual net flow of sediment along the
coast expressed as the volume rate of
sediment crossing a shore-perpendicular
transect that extends across the active coast
from the landward limit of wave-produced
sediment transport seaward to the
approximate limit of sediment movement.
(The result of the integration of dQ/dy along
the shore).

The model assumes that net longshore
sediment transport results from waves
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striking the coast at an angle, thereby
producing a flow of sediment along the
shore in the direction of wave travel.

Local rate of change
in net longshore
transport - estimate

AV/At-

meters’/year

Where AV/At represents the local change in
sediment volume, AV, between adjacent
pairs of transects over the intervening time
period, At (77 years).

Long-term sediment
flow

At any particular location along the shore,
the result of the composite of all waves (i.e.,
the actual waves) that acted on the shore
over the time period of the study

Model wave

A theoretical single wave representing the
composite of all “actual” waves which,
acting continually on the shore over the
time period of the study, would have
produced the same net sediment flow as the
actual waves.

Net cross-shore
transport per unit
shoreline distance

2
meters”/year or
meters’/meter/y

ear

Gain or losses in area at a shore-
perpendicular transect due to cross-shore
sediment transport, e.g., wind-transported
sand exchange between a beach and coastal
dunes, tidal inlet losses, or offshore
transport of very fine sediment by storm
seas.

Null point

A point along the shore that defines the
updrift or downdrift boundary of a littoral
cell. Where Q = 0, or dQ/dy is a maximum
(in the case of a source).

Located where model waves approach
shoreline at right angles, i.e., the angle, “0”,
between wave approach and a line drawn
perpendicular to the shore is zero. This
point is sometimes referred to as a nodal
point.

Wave angle

The angle between wave approach and a
line drawn perpendicular to the shore
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1909 - U.S. Coast & Geodetic Survey Topographic Survey, T-1062a. Tracing showing
topographic changes on original sheet No. 1062, by O.B. French, Assistant,19009.



1909 - U.S. Coast & Geodetic Survey Topographic Survey, T-1063a. O.H. Tittmann,
Superintendent. Tracing showing topographic changes on original sheet No. 1063, Collected and
plotted by O.B. French, Assistant,1909. Scale: 1/10,000.

1934 - U.S. Coast & Geodetic Survey Topographic Survey No. 6114, Yarmouthport to
Nobscusset Pt., Cape Cod, Massachusetts. Scale 1:10,000.

1934 - U.S. Coast & Geodetic Survey Topographic Survey No. 6122, Barnstable Harbor, Cape
Cod, Massachusetts. Scale 1:10,000.

1934 - U.S. Coast & Geodetic Survey Topographic Survey No. 6123, Scorton Neck, Cape Cod,
Massachusetts. Scale 1:10,000.

1934 - U.S. Coast & Geodetic Survey Hydrographic Survey No. 5543, Billingsgate Shoal, Cape
Cod, Massachusetts. Scale 1:20,000. (x,y,z soundings point data available for download at
http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html).

1934 - U.S. Coast & Geodetic Survey Hydrographic Survey No. 5588, Vicinity of Barnstable
Harbor, Cape Cod, Massachusetts. Scale 1:20,000. (x,y,z soundings point data available for
download at http://www.ngdc.noaa.gov/mga/bathymetry/hydro.html).

1934 - U.S. Coast & Geodetic Survey Hydrographic Survey No. 5589, Barnstable Harbor, Cape
Cod, Massachusetts. Scale 1:10,000. (x,y,z soundings point data available for download at
http://www.ngdc.noaa.gov/mga/bathymetry/hydro.html).

1938 — United States Department of Agriculture, Natural Resource Conservation Service, Aerial
Photographs. Date of Photographs: November 21, 1938. Ground Scale 1:24,000. Time of
photos: ~ 1000 HRS. Time of High Water: ~ 1000 HRS. Weather: Clear, west winds 10-15 mph.

1938 & 1941 - U.S. Coast & Geodetic Survey Topographic Map No. T-5611, Massachusetts,
Cape Cod Bay, Cape Cod Canal; Northeast Entrance. Scale 1:10,000.

1940 - U.S. Coast & Geodetic Survey Hydrographic Survey No. 6561, Massachusetts, Cape Cod
Bay, Sagamore Beach to Scorton Neck. Scale 1:10,000. (x,y,z soundings point data available for
download at http://www.ngdc.noaa.gov/mgag/bathymetry/hydro.html).

1940 - U.S. Coast & Geodetic Survey Hydrographic Survey No. 6562, Massachusetts, Cape Cod
Bay, Indian Hill to Sagamore Beach. Scale 1:10,000. (x,y,z soundings point data available for
download at http://www.ngdc.noaa.gov/mga/bathymetry/hydro.html).

1940 - U.S. Coast & Geodetic Survey Hydrographic Survey No. 6563, Massachusetts, Cape Cod
Bay. Scale 1:40,000. (x,y,z soundings point data available for download at
http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html).

1940 - U.S. Coast & Geodetic Survey Topographic Survey No. 6742, Massachusetts, Cape Cod
Bay, Indian Hill to Sagamore Beach. Scale 1:10,000.

1940 - U.S. Coast & Geodetic Survey Topographic Survey No. 6741, Massachusetts, Cape Cod
Bay, Sagamore Beach to Spring Hill Beach. Scale 1:10,000.
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http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html
http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html
http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html
http://www.ngdc.noaa.gov/mgg/bathymetry/hydro.html

1940 - U.S. Coast & Geodetic Survey Topographic Survey No. 6740, Massachusetts, Cape Cod
Bay, Spring Hill Beach to Scorton Neck. Scale 1:10,000.

1940 - U.S. Geological Survey, Sagamore Quadrangle. Based on Surveys performed in 1932,
’33, & ’37. Scale: 1:31,680.

1942 - U.S. Geological Survey, Hyannis Quadrangle. Based on Survey performed in 1939. Scale:
1:31,680.

1943 - U.S. Geological Survey, Dennis Quadrangle. Based on Survey performed in 1940. Scale:
1:31,680.

1943 - U.S. Geological Survey, Sandwich Quadrangle. Based on Surveys performed in 1932,
’33, & ’37. Scale: 1:31,680.

1951 - U.S. Coast & Geodetic Shoreline Manuscript, T-11185, Massachusetts, Cape Cod Bay,
Cape Cod Canal and Vicinity. Scale — 1:10,000.

1951, °54, & ’55 - U.S. Coast & Geodetic Shoreline Manuscript, T-11186, Cape Cod Bay,
Springhill Beach to Cape Cod Canal Entrance. Scale — 1:10,000.

1952, °53, & ‘55 — U.S. Coast & Geodetic Shoreline Manuscript, T-11187, Massachusetts, Cape
Cod Bay, Nobscusset Point to Quivett Creek. Scale — 1:10,000.

1951, °54, & °55 - U.S. Coast & Geodetic Shoreline Manuscript, T-11192, Massachusetts Cape
Cod Bay, Scorton Harbor. Scale — 1:10,000.

1952, °53, & ‘55 — U.S. Coast & Geodetic Shoreline Manuscript, T-11193, Massachusetts, Cape
Cod Bay, Barnstable Harbor. Scale — 1:10,000.

1952, °53, & ‘55 — U.S. Coast & Geodetic Shoreline Manuscript, T-11194, Massachusetts, Cape
Cod Bay, Dennis. Scale — 1:10,000.
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