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ABSTRACT

There is a high degree of site-gpecificity to the
coastal environmments of the Virginia Chesapeake Bay. The
varigbility is influenced by (1) the relict Pleistocene
high order dendritic drainage system, resulting in a large
diversity of shore orientations; (2) the moderate, but high-
ly varisble wave energy in the Bay system and highly varia-
ble submergence rates, resulting in a spectrum of shoreline
transformation from primary to secondary types (Shepard,
1973); (3) eroding fastland exposures of sediments of
widely varying composition and volume, and (4) diverse salt
marsh development.

Eighty percent of the shore is beaches composed of
three morphologically distincet beach environments, each re-
flecting different susceptibilities to erosion: (1) per-
meable beaches, composed entirely of sand-sized material,
comprise 59% of the beaches (mean erosion = 0.85 m/yr) and
have the largest vertical and horizontal dimensions. This
provides the largest vertical buffer to the effects of storm
surge and waves. (2) Impermeable beaches, composed of a
veneer of sand overlying impermeable, pre-Holocene sedi-
ments, comprise 24% of the beaches. The combined influence
of low swash infiltration, low beach elevation, and ground-
water effects result in the highest mean erosion (1.14 w/yr).
(3) Marsh barrier beaches, composed of a veneer of sand
overlying peat contains a resistant rhizome framework, re-
sulting in the least erodable beach environment (0.66 m/yr).
Marsh margins, the remaining 20% of the shoreline, are the
least erodable shore environment (0.54 m/yr).

Different areas in the Bay are in different stages of
succession from primary to secondary types (Shepard, 1973).
These rates are controlled by variations in shoreline sub-
mergence and wave energy.

There is a direcf relationship between tide range, total
beach elevation, and supratidal elevation.. Tidal range
is inversely related to shoreline erosion.

Wave refraction studies of the Virginia Chesapeake
Bay show (1) wave energy is a direct factor controlling
coastal succession, and (2) the bidirectional wave field
resulting from the interaction of the wind field and the

ix



fetch restrictions of this elongate basin are causing the
initiation of shoreline reorientation forms on both shores
of the Bay.

There is a large variability in the local subsidence
rates along the shoreline. The subsidence highs correspond
to areas of largest nearshore terraces, and the main con-
centrations of salt marsh development. An equilibrium
situation exists as a result of salt marsh development:

The marsh is resistant to shore erosion, yet it occurs
at the areas of highest submergence where shoreline retreat
should be highest.

Application of the Bruun model to the Virginia
Chesapeake Bay shoreline demonstrates sea level rise ac-
counts for thec measured erosion rates. It 'is apparent,
though, that sea level rise "...pleys only a permissive
role in coastal erosion, not a causitive one" (Davis,
et al., 1973). The action ‘of short-term processes (waves,
tide, surge, ground water effects) ‘can therefore be regarded
as the smaller scale agents effecting the larger scale trend.



THE MORPHOLOGY AND PROCESSES
OF THE VIRGINIA CHESAPEAKE BAY SHORELINE



INTRODUCTION

The Chesapeake Bay shoreline is characterized by a
high variability in the morphology and processes of the
shoreline over a relatively small area. This results in
highly site-specific shore environments.

Investigations of coastal processes are typically de-
signed to measure the effect of processes on the coastal
form by monitoring the variation in that process and the
concomitant shoreline response over time. In the Chesa-~
peake Bay, the large variability of such processes as sea—
level rise, tide range, and wave energy over a relatively
small area offers the opportunity to investigate the shore-
line response to areal variations in these processes.

This study is designed to monitor these variations as a
cross-sectional, stratified sampling of the shore environ-
ments of the Virginia Chesapeake Bay. The generalizations
are reached by inductive logic and yield a conceptual model
of the regional shoreline system.

Time-series process studies of the Chesapeake Bay
shoreline are necessary to understand the system, but
without a regional framework to work from, such results
are myoptic.

The Chesapeake Bay is one of the largest estuaries

2



5
in the world. The Bay is approximately 290 km long, with

a mean width of 25 km (Wolman, 1968). This study examines
the regional shoreline processes of the 115 by 40 km
area of the Virginia Chesapeake Bay.

The Chesapeake Bay is the result of submergence of the
high-order dendritic drainage system of the Susquehanna
River. The basin is very shallow, with a mean depth of
nine meters. The relict main channel of the Susquehanna
River remains as a deep (40 m) channel running down the
axis of the basin, The shorelines of the basin have a
high variability in orientations, as the shore is a relict
form of the highly dissected drainage system.

While fluvial sediments are an important input to the
Upper Bay system, shore erosion is the most important
sediment input into the Lower (Virginia) Bay. Four major
rivers discharge into the western shore of the Virginia
Chesapeake Bay (Potomac, Rappahannock, York, and James
Rivers). Most of the fluvial sediments in these systenms
are deposited in their upper reaches and do not reach
the main basin of the Bay (Schubel, 1972).

There is a high, and very wvariable rate of erosion
along the Virginia Chesapeake Bay shoreline. Byrne and
Anderson (1973) have estimated over 270,126,000 cubic
yards of sediment in the last century were eroded and lost
to the system. ZErosion rates often exceed 18 acres per
mile per century. It is estimated that the Chesapeake

Bay has one of the highest rates of tidewater erosion in



the United States (Slaughter, 1964). The processes
effecting these shoreline changes are the major focus of

this investigation.



LITERATURE REVIEW

MORPHOLOGY

An assessment of the shoreline erosion trends in the
Virginia Chesapeake Bay was initiated by the Virginia Insti-
tute of Marine Science (Byrne, Anderson and Sallenger,

1972; Byrne and Anderson, 1973). Despite the fact that
this is a moderate energy system affected only by locally
generated seas, shoreline erosion is a critical problen.

It was estimated that 270,126,000 cubic yards of sediment
in the last century were eroded and lost to the system.
Erosion rabtes were estimated to exceed 18 acres/mile/cen-
tury. The magnitude of the erosion rates were delineated
by counties. Further work (Athearn, Anderson, Byrne, Hobbs,
and Zeigler, 1974, and successive volumes) provide an
inventory of the shoreline erosion history, present status,
and physiographic characteristics for each county in
Tidewater, Virginia.

The Virginia Agricultural Experiment Station (1962)
attempted to analyze the causal processes of riverbank
erosion on the Potomac and Rappéhannock Rivers. They
concluded that regional factors were too complex to be
delineated. The present study offers progress in this

areca.



A detailed inventory of shoreline erosion in the
Maryland Chesapeake Bay was presented by Singewald and
Slaughter (1949). This study detailed the magnitude and
local variability of the erosion problem. As well, the
use and effectiveness of various shore protection structures
was considered. Clark, Murdock, and Palmer (1973) pro-
vided an analysis of shoreline erosion in the Chester
River, Maryland to account for the riverine sedimenta-
tion. Slaughter (1964) and Schubel (1968) each discussed
the shore erosion problem in the Maryland Chesapeake Bay
using compubtations of volumes of sediment lost to the
system. Slaughter concluded that the Chesapeake Bay region
has one of the highest rates of tidewater erosion in the
United States. Slaughter (1966, 1967a, 1967b) further
outlined the magnitude of erosion in the Maryland Chesa-
peake Bay, showing that over 24,712 acres of land/century
have been lost. The thrust of these investigations were to
examine the effectiveness of different types of shore
protection structures. Each report concluded that a
clearer understanding of the total processes of the
shoreline system were necessary to improve the attempts
to control shore erosion.

Schubel, Carter, Schiemer and Whaley (1972) used long-
term patterns in shoreline erosion to delineate prevailing
littoral drift trends. This technique revealed local
reversals in the drift system of the western shore of the

Maryland Bay. These local reversals, resulting in
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convergences of drift systems, are similar to those delin-
eated in this report by the use of wave refraction
modelling.

Trident Engineering Associates (1968) submitted a
planning analysis of the Chesapeake Bay shoreline. Wolman
(1968) presented a thorough review of the geology and
geography of the Maryland Chesapeake Bay shoreline.

Jordan (1961) and Hunter (1914) described local bathy-
metric changes at the mouth of the Choptank River, Maryland,
and postulated as to the processes:of nearshore terraces.
O'Brien (1968) studied the distribution, origin, and
sediment movement of the multiple nearshore bar systems
which flank most of the Chesapeake Bay shoreline.

Ryan (195%) described the sedimentary framework of the
Chesapeake Bay. This study shows that sands are confined
to the margins of the Bay, while deeper portions of the
Bay consist of finer silts and clay. This observation
supports the assumptions of the application of the Bruun
model in the present study.

Bond and Mead (1966) investigated the grain size
distribution of suspended sediments in the Chesapeake Bay
and offshore waters. They found no relationships between
the Lower Bay and the Upper Bay or offshore waters.
Briggs' (1962, 1967, 1970) studies of suspended and bottom
sediments in the Maryland Chesapeake Bay resulted in an
estimate of the sedimentation rate at 1.1 mm/year.

Shideler (1975) concluded the bottom sediments of the



Lower Bay are the result of multiple sources, including
shoreline erosion. Harrison, Lynch, and Altshaefl (1964)
presented data on the bottom sediments of the Virginia
Chesapesake Bay, with emphasis on mass properties.
Palmer (1974) investigated the sources and distribution
of bottom sediments in the Chester River Estuary, Maryland.
Wolman (1968) 'hindcasted' the increase in sedimentation
rates in the Chesapeake Bay with the advent of man.

The coastal plains geology of the Chesapeake Bay region
is described by Stephenson, Cooke, and Mansfield (1933).
Carter (1951) studied the soils and landforms of the
Chesapeake Bay margins. Wolman (1968) outlined the geo-
logic history of the Chesapeake Bay as a submerged dendritic

drainage system.

PROCESSES

Very few shoreline process studies have been undertaken
in the Chesapeake Bay. Sallenger and Rosen (1974) inves-
tigated the accretional cycle on a permeable beach.
Accretion occurs as both beach-face sedimentation and ridge-
and-runnel migration. The occurrence of ridge-and-runnel
systems on an adjacent impermeable beach is much less
common. Palmer (1973) described the role of ground water
in the erosion processes of impermesble beaches. Ground
water runoff effects spalling of impermeable backbeach
bluff, which augments erosion.

Bruun (1962) proposed a model relating sea-level change



to shore erosion based on the onshore-nearshore sediment
budget. Schwartz (1965, 1967, 1968) and DuBois (1975)
have attempted to confirm the universality of the Bruun
model.

Recent rates of relative sea-level rise were deter-
mined from maredgraph records by Hicks (1972) and Hicks
and Crosby (1974). Unpublished data from this study
(Hicks, written communication, 1975) provides a detailed
history of the varying rates of submergence in the Chesa-
peake Bay. Recent rates of subsidence were determined by
Holdahl and Morrison (1974) for the Chesapeake Bay by
comparisons of releveling data for tidal bench marks.
These data provide a basis for the application of the Bruun
model in the Chesapeake Bay.

Geologic evidence for vertical changes in sea level
are discussed by Harrison, Malloy, Rusnak, and Terasme
(1965) who suggested possible post-Pleistocene uplift in
the Chesapeake Baymouth area. Various estimates of rates
of shore submergence are offered by Newman and Rusnak
(1965), Walcott (1975), Redfield (1967) and Kay and
Barghoorn (1964).

The tides and currents in the Chesapeake Bay are
outlined by Haight, Finnegan, and Anderson (1933). The
magnitude of the tidal currents in the main basin of the
Chesapeake Bay are small, due to the microtidal nature of
the area. lThe tidal wave characteristics of the Bay are

described by Hicks (1964), based on the 241 tide stations



occupied by the U.S. Coast and Geodetic Survey. Pore
(1960) described the nature of hurricane surges in the

Chesapeake Bay. This work showed that the storm path

10

affects the distribution of surge heights along the shore-

line. Hurricanes passing to the west of the Bay result

in higher surges in the northern portion of the Bay, while

hurricanes passing to the east of the Bay result in higher

surges to the south. Bretschneider (1959) presented a
model for the prediction of hurricane surge heights in
the Bay.

Both Bretschneider's model and Pore's analysis of
Chesapeake Bay hurricane surge demonstrate that surges
are event-specific, both in occurrence and regional
variations in amplitude. As the design of the present
investigation is site-specific, storm surge is addressed
only in terms of backbeach elevation. This is a measure
of susceptibility to erosion from storm surge. Warnke
et al. (1966) showed that the rise in water elevation
itself effects erosion. The superposition of waves on a
surge increases the erosional potential, as the waves
are acting on a zone above the normal shofe buffer zone
(beach).

The meteorological framework of the Chesapeake Bay
area is described by the U.S. Weather Bureau (1956), and
the U.8. Navy (1963, 1972).



METHODOLOGY

The study area comprises the margins of the Virginia
Chesapeake Bay (Figs. 1 and 2).

A large variability of shoreline types, and site-
specificity of environments is dominant in the study area.
In order to elicit the regional trends in the morphology
and processes of the system, a stratified, cross-sectional
sample of the morphology and processes was taken by divid-
ing the 3%%6 kxm of shoreline under consideration into 209
reaches of varying length. These reaches were determined
to be approximately process-constant coastal environments.
The boundaries of the reaches were determined initially
through topographic map interpretation based primarily on
shore orientations and evidence for similar shore environ-
ments and later refined by field reconnaissance (see
Appendix 4).

A long term erosion rate was determined by comparison
of the 1860 and 1940 shoreline positions (U.S. Coast and
Geodetic Burvey triangulation sheets printed on stable-
base acetate) and averaged over each reach to determine
a mean retreat rate. The 1940 shoreline position was
chosen as an endpoint because of the availability of the
data, and, as well, the retreat rates in this period are

assumed to be more purely a result of natural processes.
11
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Figure 1:

Counties surrounding the Virginia
Chesapeake Bay.
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The length of each reach was determined for use in
the computation of weighted means, so the region can be
described with minimal sampling bias.

The following variables, which represent morphologic
characteristics (process—re5ponse), or a process, were
chosen on the criteria that (a) the processes they repre-
sent have an effect on the erodability of the shoreline;
(b) there is a regional variation in each, so the effect
can be determined within the design of this experiment;
and (c) the variable can be measured on bthe regional
scale. Sampling and measurements were taken at the mid-
point of each reach.

1. Orientation: An average shoreline orientation
was measured for each reach. The azimuth direction (re-
corded to the nearest whole degree) was to the right of
the shoreline, facing landward.

2. Re-orientation: If the orientation of a shoreline
in any reach measurably varied between 1860 and 1940, the
amount of rotation was recorded. A clockwise rotation is
+, and counter clockwise is -.

3. TFetch: The fetch for each reach was measured at
30 intervals at the center of each reach.

4. Nearshore terrace: The margin of the nearshore
terrace was defined for measurement at the 3.6 m (12 £t.)
contour. This distance was determined normal to the shore
at each reach by measurements from charts.

5. Bluff height: The Reight of the bluff agjacent
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to the beach was measured in the field.

6. Fastland type: Four major shoreline types, per-—
meable (Holocene OT pre-Holocene fastland), impermeable
(beach underlain by clay), and marsh barrier and marsh
margin were determined by field observations.

7. Backbeach type: Each reach was described in
terms of dune, bluff or other.

8. Mide range: The tide range for each reach was
determined from Hicks (1964). The data is based on the
241 tide stations occupied in the Chesapeake Bay by the
U.S. Coast and Geodetic Survey.

9. Subsidence rates: Subsidence rates for each
reach were determined from data by Holdahl and Morrison
(1974). The interpolations of subsidence rates at each
reach are based on the 51 tidal benchmarks releveled around
the margins of the Chesapeake Bay.

10. Beach dimensions: At each reach a beach profile
was taken using the method described by Emery (1961).
From thig a measurement of beach width, maximum elevation
and foreshore slope was determined. The low water line
was assumed to be at the break-in-slope at the lower limit
of the beachface. A series of eight test profiles at
Gloucester Point, Virginia showed a maximum error of
15 cm. vertically.

As well, the following list of descriptors was used
as they applied to each reach:

l. Bayfront shoreline
2. Bpit
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3. Island

4., Marsh margin

5. Marsh barrier

6. Mobjack Bay

7. Offshore Bar present now

8. Creek shoreline

9. South of major creek

10. North of major creek
11. Extensive fringe marsh
12. Intermittant fringe marsh
A compilation of this information is shown in Appendix B.

Sediment sampling was performed as follows: At the
midpoint of the foreshore of each reach, one or two samples
of beach sediment were taken. When trenching revealed
stratified sedimentation, each layer was sampled separately.
On impermeable beaches, the material underiying the
beach sand was sampled, and the thickness of beach sedi-
ments at the midpoint of the foreshore was measured. When
an exposed bluff was on a beach, a mixed sample of this
sediment was taken.

The sediments were analyzed as follows:

Clayey material was separated from sand by wet sieving
to determine sand/mud ratios by the method described by
Folk (1968, p. 21). Beach sand samples and sand residueals
from clays were analyzed in the Rapid Sediment Analyzer at

the Virginia Institute of Marine Science.

ANATYSIS

The above basic shoreline varigdbles were initially
regressed on erosion rate using a stepwise multiple re-
gression program. The purpose of this procedure was to

screen the data for variables correlated with long-term
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erosion. This procedure also analyzed the noise level
in both the data and the system.

The data was analyzed also by graphical-means. The
shoreline in the study area was straightened to form a
U-shaped representation of the area. The variables were
plotted on this format to help discern regional relation-
hships.

The arguments presented are the result of the graphical
and statistical evidence. The result is a conceptual model
for the regional trends in the Virginia Chesapeake Bay
shoreline erosion processes. As noted previously, tThe
shoreline of the Virginia Chesapeake Bay is extremely vari-
able. The only unifying factors in the region are a common
geomorphic setting (submerged dendritic drainage system),
and the restricted fetch environment. Since the region
is a geographic entity, this study is designed to define
the regionally unifying trends in the shoreline. This
conceptual process-response model is meant to serve as a
study of moderate energy beach processes, as a tool for
regional shoreline planning and enhancement, and as an
investigation of shoreline processes.

A study of beach processes is best designed as a time
series sampling, so process-variations can be compared over
time (i.e. Fox and Davis, 1971). This model results
from cross-sectional sampling, so variations in process
over time are not addressed while process and response

variagtions over space can be defined.



20

Krumbein (1960) stated, "Most geological processes
are very complex and involve (1) interaction of a large
number of variables, and (2) simultaneous variation of
all or most variables." The problems of applying statistics
to geology "...revolve in part around at least three
considerations: severe sampling restrictions in some geo-
logical studies, the multiplicity of wvariables in even
the seemingly simplest geologic situation, and the high
'noige level' of some geologic data."

Krumbein and Sloss (1963, p. 501) suggested that in
the search for "...gemeralizing principles it is a useful
philosophical device to recognize models--actual 61' concep-
tual frameworks to which observations are referred as an
aid in identification and a basis for prediction".

Whitten (1964) suggested an "initial hypothesis can
be structured into a conceptual model process-response
model. For e:x:amplé, the broad outlines of the interrela-
tionships of process-factors (wind, waves, etc.) and
the observed nature of a beach may be embraced in a single
conceptual model." In this study, the empirical and
statistical evidences are used to justify the nature of
the conceptual model, but the noise level and geophysical
complexity in the system prevents expressing the system
purely statistically.

Krumbein (1960) stated, "Geological factors operate
at more than one level temporally and geographically,

so that many small-gcale fluctuations are superimposed on
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- broader large-scale effects, giving rise tb a high degree
" of variability in some geologicsl measurements." This
study addresses the large scale effects, in both the
dimensions of area and time. The noise level in this
particularly diverse region makes a more rigofous statis-
tical treatment of the data unrealistic. Statistical
reasoning, whether formal or informal, is implicit in some
aspects of virtually all geological studies.

The large variability in the Virginia Chesapeake Bay
system presents some difficulty in relating process-
variables over area. However, this same high variability
presents an opportunity %o define the role of such regional
trends as tide range, subsidence rates, and nearshore terrace
widths on shoreline morphology. Each has a large varia-
tion over a relatively small area in this system.

The effects of variations in wave energy along the
Virginia Chesapeake Bay shoreline was investigated by
adapting the Virginia Sea Wave Climate Model (Goldsmith,
et al, 1974) for use in a restricted fetch area. The Ches-
apeake Bay Wave Refraction Model was used to predict wave
patterns in a growing sea. The input wave rays in the model
were designed to follow the upwind shore, and uniformly |
cover the entire study area, so any regional trends are
evident. Histograms of predicted wave height, energy,
period, and orthogonal dehsity along the shoreline show
graphically the effeét of waves on the shoreiine. Statis-

tical comparison of wave-related variables with shore



erosion under various data stratifications are used

to attempt to measure the intensity of this relationship.
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COASTAT, MORPHOLOGY OF THE VIRGINTA CHESAPEAKE BAY

The morphology of the shoreline of the Virginia Chesa-
peake Bay is dominated by a lerge variability in coastal
epvironments. The major factors causing this rapid change
in coastal types are:

(A) The relict Pleistocene high-order dendritic
drainage system (Hack, 1957), which results in a large di-
versity of shoreline orientations. |

(B) The moderate, but variable, energy in the Chesa-
peake Bay system and the small-scale variations in submer-
gence rates results in a spectrum of shoreline transforma-
 tion from primary to secondary types (Shepard, 1973).

(¢) The erosional nature (Fig. 3) of most of the
shoreline exposes fastland sediments (coastal plain) of
highly variable composition which effects different coastal
forms.

(D) The abundance of biologic activity (salt marsh)

causes variations in coastal forms.

BEACH ENVIRONMENTS

Table 1 summarizes the shoreline characteristics of
all beach environments in the study area.
Eighty percent of the shoreline of the Virginia

Chesapeake Bay is beaches. Figure 4 deplcts the types,
23
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Figure 3:

Longterm erosion rates (1860~1940),
Virginia Chesapeake Bay. The shoreline
of the margins of Bay have been

straightened to interpret the regilonal
trends.
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Figure 4:

Distribution of beach environments
and longterm erosion rates in the
Virginia Chesapeake Baye.
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distribution and erosion rates of beach environments,
There are three morphologically distinct beach environments;
permeable, beach composed entirely of sand-gized material;
impermeable, beach underlain by impermeable clay layer;
and marsh barrier, beach underlain by salt marsh peat.
The response of each to erosional processes results in
differing susceptibilities to shoreline erosion. |

A Bartletts' chi-square test of the erosion data
showed a (log ;o(x + 1)) transformation of the data
fulfilled the assumptions that the data was homogeneous
and normally distributed. An analysis of variance indi-
cated there are significant (p < .0l) treatment effects;
that is, there are significant differences among means of

erosion rate for three beach environments:

ANATYSIS OF VARIANCE

Sum of Degrees of Mean
Treatment Squares Freedom Sguare F
Among groups 0.1747 2 0.873 4.,8075**
Within groups %.65%6 201 0.0181
Total 3.8284 203

** Bignificant at .0l level

A Student-Newman-Keuls Test was used to make an

a posterio;i multiple comparison among the three means.

It was determined that all three means are significantly

different (p < .05) from each other (Sokal and Rohlf, 1969).
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Permeable Beaches

Permeable beaches are defined as beaches composed
totally of sand-sized material in cross-section (Fig. 5).
This is the most prevalent coastal environment in the
Bay system. DPermeable beaches comprise 59% of the
beaches in the area, and 47%% of the total shoreline. A
permeable beach results from either (A) an accretional beach
adjoining any fastland; (B) an accretional feature such
as a spit; or (C) an erosional beach where the fastland is
sandy. Twenty-five percent of the permeable beaches in
the system are the result of erosion into a sandy, pre-
Holocene fastland. Seventy-five percent of the permeable
beaches are some sort of accretional coastal landform
(although presently may be eroding).

Table 2 summarized the regional morphology and dis-
tribution of permeable beaches in the Virginia Chesapeake
Bay. The mean erosion of these beaches is 0.85 m/yr.

The large standard deviation (o = 1.52) around this mean
is typical of the wvariability of environments in the
system. The erosion rate of this environment is about
the mean rate for the whole system (0.86 m/yr). Seventy-
three percent of the permeable beaches have some form of
dune development in the back beach.

Permeable ‘beaches have the largest beach dimensions
(vertical and horizontal) of any environment in the
system. The mean beach width is 14 meters. The broadest

beaches are in the Hampton/Norfolk physiographic
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subdivision (south end of the Bay) whererthe beaches

have the dimensional characteristics of, and a source
material from, ocean beaches. Their mean width is 29
meters, and elevation is 2.0 meters. On an average, beaches
elsewhere in the Bay have smaller dimensions.

The mean elevation above mean low water of permeable
beaches in the Bay is 1.3 meters ( o= 0.5). These beaches
generally provide the largest vertical buffer to changes
in water elevation. Permeable beaches have the largest
average supra-tidal elevations, (i.e. distance from mean
high water to the maximum elevation of the backbeach)
(Table 3). As well, the sand composition of these beaches
results in the greatest potential for infiltration of the
swash into the foreshore. This reduces the volume of
backwash, which, in effect, inhibits erosion. Field
reconnaissance and studies have shown accretion on these
beaches result from ridge-and-runnel migration, as well as
direct beach facg sedimentation (Sallenger and Rogen,

1974) .

Impermeable Beaches

Impermeable beaches are composed of a veneer of sand
overlying impermeable, pre-Holocene sediments having a
high clay content (Fig. 6). They are the result of
erosion into clay-rich pre-Holocene sediments, and
generally have an erosional bluff adjacent to the

backbeach. The regional morphology of impermegble
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beaches is summarized in Table 4. Impermeable beaches
comprise 30% of the Virginia Chesapeake Bay shoreline,
and 24% of the beaches.

The thickness of the veneer of sediment overlying
the impermeable layer ranged, in this sampling, from 1 to
30 cm. No apparent relationship between this thickness
and the longterm erosional history of the area, or with
the composition of the underlying sediment was revealed by
stepwise multiple linear regression analysis with regionally
stratified samples.

The contact between clay and sand in all cases was
sharp contact (Fig. 7). No impermeable beaches were
observed having exposed clay without a lag of sand at
least partially covering it. Clay is most typically ex-
posed at the low water line.

Despite short-term variations in weather, during
reconnaissance, 64% of the impermeable beaches sampled
had perched water tables. The impermeable layer served
to elevate the beach water table, so when trenched the
water drained from the overlying .sand. This perched water
serves to make these beaches more susceptible to wave
erosion. Grant (1948) and Emery and Foster (1948) showed
that high beach water tables promotes erosion of the beach
face. Isaacs and Bagscom (1949) measured water tables on
ten Pacific beaches and recognized the damping of the tidal
wave as it passes through the sand body. Duncan (1964),
Strahler (1966) and Geise (1966) showed that zones of
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FPigure /:

Photograph showing trench in an imperme-
able beach. The thin veneer of sand
overlays the impermeable Preholocene
sediments. The beach groundwater table is
often perched above this agquaclude.
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erosion and deposition migrate up and down the foreshore
in response to the relative positions of the water table.
Harrison, et al. (1971) investigated the variations of the
water table in a -bidal beach and found a three hour lag-
time in the passage of the tidal wave through the beach.
Bagnold demonstrated in model studies (1940) that an
impermeable layer underlying a beach serves to decrease
.in_filtration of the swash into the beach, hence increasing
the force of the backwash, which augments erosion. This
effect is demonstrated in the beachface sediment distri-
bution. Regionally, impermesble beaches have a finer grain
size (X = 1.64 @ ) than permeable beaches (X = 1.32 ¢ ).
Presumébly, the increased backwash in impermesble beaches
winnows part of the fine sediments. Palmer (1974) dis-

. cussed the tendency for impermeable bluffs in the Chesa-
peake Bay to readily spall as a result of ground water flow.
This results in a relatively increased shore retreat.

The dimensions of impermeable beaches are the
smallest 'of all beach environments in the system. This
is another factor resulting in the increased erodability

—-of this environment due to increased susceptibility to
storm surge. The mean width and elevation of beaches on
the eastern shore are greater than the western shore.

An influencing factor in this is the larger bluff heights
on the éastfern shore (X = 2.2 m) as compared to the
western shore (X = 1.3 m) as well as the sand composition

of the highest bluffs (Northampton County) on the eastern
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shore 1is 11,9 meters, and is 7.8 meters on the western
shore.

A major variable influencing a shoreline's erodability
in the Bay is beach elevation, as observations show storm
surge 1s a major factor in the erosion resulting from
storms (Warnke et al., 1966). The mean elevation on
the eastern shore for impermeable beaches is 1.1 meters
( 6= 0.4) and on the western shore, 0.8 meters (o = 0.2),
These variations in elevation are statistically corre-
lated to the higher average tidal range on the eastern
shore as compared to the western shore. Impermeable beaches
are low, and many are totally covered at high tide, with
the high water level at the base of the bluff. Hence,
fastlands fronted by impermeable beaches are most sSus-
ceptible to erosion caused by increases in water level
by storm surge and wave activity.

As well, the bulk of the landform is not composed of
sand, which is the only accretional beach material in
the system. When fine material is eroded from the shore
(over 80% by weight), it is not recovered by the beach
system.

If a longterm accretional trend occurs on an imper-
meable beach, the beach will become a permeable envir-
onment. Thus, the environment is by definition an indi-
cator on an erosional shoreline.

These changes in beach dimensions are demonstrated

at Gloucester Point (Fig. 8). There, the contact
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Figure 8:

Variations in beach width and elevation,
Gloucester Point, Virginia. Permeable
beaches have formed adjacent to the
Holocene fastland, and impermeable beaches
adjacent to the Pleistocene fastland.
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between the impermeable Norfolk Formation and permeable
Holocene spit deposits intersects the present shoreline.
The reach is essentially process—constant, except for the
change from an impermeable to permeable environment. Both
the width and elevation of the beach decreases in the
impermeable environment. The slope of the impermeable
beach is lower than the permeable beaches.

These factors result in the increased erodability of
impermeable beaches. The regional means for this environ-
ment are significantly higher than all other environments
in the system. The mean shoreline retreat rate for all
impermeable beaches is l.14 m/yr with a rate of 1.07 m/yr

on the eastern shore, and 1.18 m/yr on the western shore.

Marsh Barrier

Marsh barrier beaches are composed of a veneer of
sand overlying salt marsh peat (Fig. 9). They result
from the erosion and overwash of a marsh margin., ILong-
shore sand input may increase the amount of sand on the
beach. Figure 10 shows the distribution of marsh barrier
beaches in the Virginia Chesapeake Bay. The main concen-
trations of this environment are in the northeast and
southwest ends of the Bay, which corresponds with the
higher subsidence rates on either side of the Bay (Morri-
son and Holdahl, 1974; see Fig. 31). These higher
subsidence rates result in greater marsh development.

A1l marsh barriers sampled have some forms of dune
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vegetation in the backshore.

A set of 10 randomly selected peat samples from
throughout the study area were analyzed for composition
by the procedure described by McCormick (1968). This
reconnalissance sampling showed the peat to be composed of
gbout 50%. sand, 40% silt and clay, and 10% organic material
by weight. This material is less permeable than sand,
but more permeable than the-clay in impermeable beaches,
as no,perched water tables weré observed. Permeability
does not appear to be a controlling factor influencing
the érodability of these beaches.

During the sampling, 65% of the beaches had peat
‘exposed on the foreshore, with an eroding peat scarp
about 30-50 cm in height. Peat is a highly resistant mater-
ial, due to the extensive rhizome gystems serving as a
framework for the cohesive fine sediments. The integrity
of the peat results in marsh barriers being the least
erodable beach environment in the study area.

The regional beach characteristics for marsh barriers
are summarized in Table 5. The mean width of marsh
barrier beaches is 9.7 meters, and the mean elevation is
1.0 meters with little regional variation. These dimen-
sions are similar to impermeable beaches.

There is little variation in these dimensions between
the eastern and western shores of the Bay. This is
probably due to the fact that the beach form is controlled

by the physical characteristics of the salt marsh peat
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rather than the coastal processes.

Marsh barriers are the least erodable beach environ-
ment in the Virginia Chesapeake Bay. The mean erosion
rate is 0.66 m/yr with 0.67 m/yr on the eastern shore and
0.65 n/yr on the western shore. The marsh barriers be-
twéen Gwynns Island and New Point Comfort (Mathews County)
have an unusually high erosion rate of 1.38 m/yr, but all
beach environments in this area have a similarly high
erosion rate. This high rate is probably related to the
narrow nearshore terrace width in this area (856 m) and

direct exposure to the Bay (see Appendix D).

MARSH ENVIRONMENTS

Marsh barrier beaches are also a form of marsh shore-
line, and so they are included in Figure 10, which shows
the distribution and erosion rates of marsh shorelines.
The main concentration of marsh shorelines are in the
northeast and southwest regions of the Virginia Chesapeake
Bay. The presence of marsh concentrations correlates
with the higher subsidence rates in the area, which
provides broad, shallow terraces, as environment more

conducive to marsh growth (Chapman, 1972).

Marsh Margin Shorelines

Marsh margins compose 20% of the shoreline of the Bay,
over half of which is in Accomack County. They are the

least erodable coastal environment in the Virginia
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Figure 10:

Distribution of marsh environments
and longterm erosion rates in the
Virginia Chesapeake Bay.
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Chesapeake Bay (Fig. 11). This is due, as in marsh
barrier beaches to the extensive root systems serving as

a framework for cohesive fine sediments. The distribution
of extensive marsh development is not related to variations
in tidal range. An eroding marsh margin could presumably
become a marsh barrier, if sufficient sediment existed

in the system. If the sand were derived from an authi-
genic source, a marsh barrier may be the resultant landform
from a high marsh margin erosion rate. There is no direct
evidence for this, however, as marsh barriers generally
flank on the higher-energy exposures in extensive marsh
systems. This also suggests that a higher wave energy

is necessary to break down the peat and redistribute the
sand on the eroding marsh margin.

Teble 6 summarizes the distribution and erosional
trends on marsh margin shorelines. The erosion rates are
lower than in marsh barriers. This is partially due to
the greater cohesiveness of living marsh exposed on the
shoreline rather than exposed dead peat material. As
well, marsh barriers often occur in areas of higher fetch.

The average marsh shoreline retreat for the study area
is 0.54 m/yr. The eastern shore shows typically less
erosion, with a mean retreat rate of 0.45 m/yr, as com-
pared to 0.64 m/yr for the western shore. The anomalously
high erosion rates in Mathéws County (1.25 m/yr) is
typical of the area. This discrepancy may in part be due

to the relatively small nearshore terrace (856 m) as
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compared to the nearshore of other marsh environments.
As well, the extengive marsh in this area is fully exposed

to the maximum fetches of the Bay (see Appendix D).

Fringe Marsh

Fringe marsh (Fig. 12) in the Virginia Chesapeake Bay

igs composed of a narrow band of Spartina alterniflora

that runs parallel to a beach along the intertidal zone.
Figure 10 shows that the distribution of fringe marsh is
much more extensive than other marsh forms, however, it al-
so shows a concentration along the northeast and south-
west margins of the Bay.

Fringe marsh is effective at dampening the shoreline

wave energy. Wayne (1976) found Spartina alterniflora

reduced wave heights by as much as 71%, and wave energy
by 92%, measured over a 20 meter distance. This yields

a wave height gradient of 3.6% per meter, and a wave
energy gradient of 4.6% per meter. For this reason marsh
grasses should be considered as an alternative in shore
protection design. Table 7 shows the amount of fringe
marsh shoreline in the Bay, and a comparison of beach
environments with and without fringe marsh. In nearly
every case, the long-term erogion rate is lower on beaches
with fringe marsh. Over the study area, fringe marsh de-
creases erosion by 20% on permeable beaches, 38% on im-
permeable beaches, and 50% on marsh barriers. The

higher stabilization rate on marsh barriers is due to
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fringe marsh recolonizing the exposed peat outcrop on the
foreshore, forming an environment similar to marsh margins
seaward of the beach.

Forty-seven percent of the beaches in the study area
showed the presence of either extensive or intermittant
fringe marsh. Over €0% of the fringe marsh in the system
occurs on marsh barriers, and most of these occur in

Accomack County (eastern shore).



COASTAT: SUCCESSION

According to Shepard's (1973) classification of shore-
line types, the Chesapeske Bay is classified as a primary
shoreline--one whose form is dominated by terrestrial
processes. By looking at the Bay on a smaller scale, it
is evident that different areas are going through the
succession from primary to secondary, or marine-dominated,
characteristics at differing rates. These areas are
shown in Figure 13, and form the only identifiable physio-
graphic subdivisions of the Virginia Chesapeake Bay. The
characteristics of thése regions are summarized in
Table 8.

The classification of the physiographic subdivisions
of the Lower Bay into units representative of the degree
of coastal succession is based on the following criteria:
Barly primary shorelines are characterized by a highly
dissected shoreline, a complex array cf shore orientations,
and many breaks in the shore for stream drainage.

Liate primary coasts show a moderate degree of straighten-
ing of the shoreline by marine processes. All but major
creeks have been closed by longshore drift. Secondary
shorelines show the greatest straightening of the shore-
line. Any drainage outlets along the shoreline have
taken on the form of a coastal inlet.

68
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TABLE 8

CHARACTERISTICS OF PHYSIOGRAPHIC SUB-DIVISIONS
VIRGINIA CHESAPEAKE BAY

EARTY SECONDARY:

Mean
Nearshore
Terrace
Width

(meters)

HAMPTON AND NORFOIK/

VIBRGINTA BEACH

LATE PRIMARY:

POTOMAC RIVER TO
GREAT WICOMICO
RIVER

NORTHAMPTON COUNTY

MARSH BARRIER:

GWYNNS TSLAND TO
NEW POINT COMFORT

EARTY PRIMARY:
ACCOMACK COUNTY

GREAT WICOMICO RIVER
TO PTANKATANK RIVER

MOBJACK BAY TO
YORK COUNTY

291.

024,
1%6l.

1000.

4018.
1134,

1438,

Mean Mean Mean
Bluff Bluff Erosion
Height Sand (meters/

(neters) Content vear)
1.58 100% 0.84
2.358 8% 1.09
2.68 97% 0.82
0.79 100%  1.37
0.52 24%  0.73
0.49 36% 1.0l
0.12 43% 0.56
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The south shore of the Bay is most exposed to ocean
wave activity through the Bay mouth, and is exposed to
maximum fetch from the north. This shoreline has taken
on the more mature secondary characteristics of adjacent
ocean shorelines: The shoreline is straight, with few
breaks from stream drainage. The beach is broad and
high, similar to ocean beaches. This shore is considered
to be in an early secondary stage of development. The
secondary characteristics of this shore has resulted in
the most economic development; hence the greatest
concern about erosion, even though it has one of the lower
measured beach erosion rates in the study area, 0.79 m/yr.
The mean nearshore terrace width is 380 m, the smallest
in the study area. The nearshore terrace in this region
does not exist as a geomorphic entity. The nearshore has
a gradual slope into deeper water, without evidence of
an erosional-remnant bench at or near the 3.6 m (12 ft.)
contour as in other areas. This is another secondary
alteration of this shore, that is probably a function of
the longshore sediment input from Cape Henry, at the
Chesapeake Bay Mouth.

Two areas are classified as late primary in develop-
ment: Northampton County, at the south end of the
eastern shore, and the Potomac River to Great Wicomico
River region on the western shore. The shoreline of each
of these regions has been straightened, and is dominated

by the highest bluffs on their respective sides of the
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Bay. The mean bluff height in Northampton is 2.7 m, and
2.3 m in the Potomac River to Great Wicomico River region.
All but major creeks have been closed in these areas by
longshore drift.

The nearshore terraces in all areas considered to be
in a primary stage of development, within the sampling
interval of the field reconnaissance, appear to be flat
erosional benches representing a base level of shoreline
retreat, with modifications of nearshore bar development.
The late primary shoreline regions are each located in
the areas of lower submergence (Holdahl and Morrison,
1974) on their respective sides of the Bay, and, as a
result, have the narrowest nearshore terrace widths,

924 m on the western shore, and 13561 m on the eastern
shore.

According to Shepard's shoreline classification,
biologic activity (i.e. salt marsh development) is a
marine-dominated, or secondary characteristic. In the
Chesapeake Bay, marsh development coincides with higher
subsidence rates. The fastland drowning in these areas
results in a highly dissected, more youthful, shoreline.
So salt marsh development in the case of the Chesapeake
Bay must be considered a primary shoreline feature.

In one region of the Bay, marsh barriers have
straightened the highly dissected fastland shoreline.
This is the Gwynns Island to New Point Comfort area on

the western shore. This region is classified undexr the
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non-nominal category of marsh barrier.

The remaining areas on the western shore, Great Wicom-
ico River to Piankatank River, and Mobjack Bay to York
County, and Accomack County on the eastern shore, are
classified as early primary, due to the highly dissected
coastal form caused by submergence of the relicti dendritic
drainage system.

Many factors influence these differing degrees of
coastal succession, including salt marsh development, and
nature of the fastl-and form. However, the sediment supply
is an important controlling factor.

The wide sandy beaches of the south shore of the Bay
are fed by longshore currents from Cape Henry, a large
stockpile of sand in turn fed sand by the ocean beaches
to the south. The large sand supply in the longshore
drift system has facilitated the straightening of the
early secondary shoreline, and modification of the near-—
shore.

The late primary shorelines each have the highest
bluffs on their respective sides of the Bay. This is
probably influenced by the lower subsidence rates in these
areas, which also results in narrower nearshore terraces.
These narrower terraces would be expected to present
less of a buffer to wave energy. As well, the sediment
sampling has shown & higher sand content in the eroding
fastland material in each of these regions.

The early primary shorelines are characterized by
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low bluffs, if any, and a higher clay content in the
eroding sediments, resulting in sand-starved environments.
This appears to dampen the succession rates.

Since the late primary shorelines occur in areas of
lower subsidence, the rate of further shoreline dissection
by submergence of the relict Pleistocene drainage system
is diminished. On the early primary shorelines in the
higher subsidence areas, sea level is encroaching on
the coastal plain at a higher rate, forming new primary
shoreline faster than the shore processes can progress

in the succession towards shore simplification.



WAVE REFRACTION

The distribution of wave energy throughout the Lower
Bay is a significant variable affecting the changes in
the morphology of the shoreline. The regional variations
in wave energy were investigated by the application of a

wave refraction model.

MODEL DEVELOPMENT

The Chesapeake Bay Wave Climate Model (Rosen, Goldsmith,
Sutton and Richardson, 1976) is designed to simulate wave
refraction in a growing sea situation. The model is a
further development of the Virginian Sea Wave Climate
Model (Goldsmith et al, 1974), which has the capability
of simulating the refraction of swell. The wave (signifi-
cant period and height) is continually re-forecasted at
each step along each wave orthogonal using Wilson's
(1965) forecast equation. Input for this equation is
fetch and wind velocity. This technigue was initially
devised by Thrall (1973). The Chesapeake Bay model has
several significant improvements, which include: 1) The
wind input at each step interval is the resultant vector
component of the wind parallel to the direction of wave
propagation, and 2) the fetch input is the absolute fetch,

or distance to land in the direction into the wind.
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Figuré 14 demonstrates how, as a wave refracts, the wind

resul tant vector will decrease, and the total fetch

will increase, but in diminishing amounts. A point is

reached where the increased fetch component is not suffi-

ciently large to overcome the decreased wind component.

At this point the wave is propagated as swell until such

time that the reforecasted wave is larger than the previous

forecast. This technique more accurately models a growing

sea situation. The Chesapeake Bay Wave Climate Model

also has the capability of simulating the effect of ocean

swell (generated by the Virginian Sea Wave Climate Model)

entering the Bay Mouth, and ocean swell entgring the

Bay and coming under the effect of the local wind regime.
The significant waves predicted from winds oblique

to the long axis (N-S) of the basin, cross the basin,

saturating the area and shoreline of the Bay with wave

information. The significant waves predicted from winds

parallel to the long axis of the basin tend to refract

to the flanks of the basin. This effect is more pro-

nounced as wind velocity increases (resulting from a

larger significant wave which refracts more from the

bathymetry). To overcome this effect, waves resulting

from northerly winds were re-started at six positions

in the Lower Bay, each with increasing input fetches.

In this way, several components of the wave spectrum

are simulated to create full coverage of the wave climate

in the Bay for these wind conditions.
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- MODEL INPUT

Wave input data for each selected wind direction
(WE, N, NW, SW) was designed to fully cover the study
area with wave orthogonals. The input for each direction
is designed to follow the upwind shore, 1-2 km from
shore to avoid the refraction effects of the shallow
nearshore. An initial input fetch was determined for
each orthogonal at each initial direction, to take into
account the effects of irregular shorelines and river
mouths (especially on the western shore). The input
orthogonals are evenly spaced normal to the wind direction,
with four orthogonals per nautical mile.

The Lower Chesapeake Bay depth input to the wave '
refraction model consists of data from National Ocean
Burvey original sounding sheets, on a 0.25 n. mile grid.
The grid dimensions are 360 (N-8) x 94 (E~W), or 166 km
(N-8) x 43 xm (E-W). This results in 33,840 depths.

The boundaries of the depth grid are:
W su SE NE

Latitude  38°23'N  36°55'N  36°55 N 38°23 N

Longitude 76%°25'w 76%25'w  75°55'w 75055y

The major feabures of the Lower Chesapeake Bay
bathymetry include the main channel of the Susquehanna
River, running down the long axis of the basin with
depths of over 40m. The mean depth of the Chesapeake

Bay is about 9m. The submergent nearshore area is

dominated by shallow { < 4 m) flat terraces.
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WIND CLIMATE

There is considerable regional and annual variation
in wind direction and speed in the Lower Chesapeake Bay.
The preveiling wind has a steadiness of only sixteen
percent on the average, and blows from the northwest
during the winter months and southwest in the summer
months. Gale winds, greater than 14 m/s, have been
recorded approximately 15% of the time in winter, and
approximately 1.5% of the time in summer.

In the winter, slow moving cold fronts tend to
become stationary near the Gulf Stream. The resulting
convergence may produce strong northeasterly winds.

As well, the most extreme winter phenomenon is the
Nor'easter, a subtropical storm which moves northeastward
from the Gulf of Mexico and commonly passes offshore

in the Cape Hatteras or Virginia Capes area. Increased
winds occur while the storm is still several hundred
miles away. As the low passes through the area, contact
with the relatively warm coastal water may produce rapid
intensification of winds. These high winds may persist
for 12-24 hours during its passage. Winds in the spring
are predominantly from two directions; northwest and
south. The southerly winds are normally of moderate
intensity. Northeast storm winds continue, although
decreasing in number and intensity.

Summer winds are dominated by south to southwestern

directions. Frontal-type thunderstorms most commonly
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approach from the west or northwest.

Fall winds are characterized by gusty northeasterly
winds resulting from intense lows which form in Texas or
the Gulf of Mexico, and move to the northeast. Hurricanes
reach their maximum frequency in the fall. Resulting
winds are highly variable, depending on the path of each
hurricane (U.S. Navy, 1963).

Annual wind roses for four stations in the Virginia
Chesapeake Bay area, Norfolk and Tangley AFB, Virginia,
at the south end; Patuxent River, Maryland and Fort
Belvoir, Virginia, at the north end; are shown in
Figs. 15-18. The data is presented as a total annual
wind rose, frequency of winds greater than 5 m/s and 11 m/s,
and annual peak-gust frequency. The variability of the
winds in a small area is evident, due to the effects of
the local geography.

Four wind directions were chosen for application of
the Chesapeake Bay Wave Climate Model. It should be
noted that a single wind is input in the wave model, while
the wind records suggest such uniformity is rarely the
case. However, for the initial application of this model
for regional interpretation of shore morphology, this
agssumption is utilized. The northwest wind component
dominates the peak gusts of the region (Fig. 18), as
well as storm and moderate winds (Figs. 16 and 17).

This is the winter prevalent wind. Southwest winds are

the summer prevalent winds. Northeast and north wind
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Figure 15:

Total annual wind roses showing percent
frequency and mean velocity at the
following stations:

Station Years of Record
Langley AFB, VA 1946-1970
Norfolk, VA 1946-1.970
Fort Belvoir, VA 1957-1970

Patuxent River, MD 1945-1966
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ANNUAL WIND ROSE
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PATUXENT RIVER, MD.
ANNUAL WIND ROSE
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Figure 16:

Frequency of winds greater than 11 m/s
at Langley AFB, Norfolk, and Fort Bel-
voir, Virginia, and Patuxent River, MD.
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Figure 17:

Frequency of winds greater than 5 m/s
at Langley A¥B, Norfolk, and Fort Belvoir,
Virginia, and Patuxent River, Maryland.




Ve

LANGLEY AFB, VA, PATUXENT RIVER, MD. .
WINDS > 5 M/S WINDS ) 5 M/S
PERCENT FREQUENCY PERCENT FREQUENCY

NORFOLK, VA, FORT BELVOIR, VA.
WINDS > 5 M/S WINDS > 5 M/S
PERCENT FREQUENCY PERCENT FREQUENCY
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Figure 18:

Frequency of highest monthly peak gusts
at Langley AFB, Norfolk, and Fort Belvoir,
Virginia, and Patuxent River, Maryland.
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directions are each important higher wind components

in the area.

MODEL OUTFPUT

Output from the model includes estimates of 19 wave

parameteré at each step on each orthogonal, a plot of wave
orthogonal patterns, and punched output of wave parameters
along the shoreline of the Lower Bay. The punched output
is then plotted as histograms along the three (East,
West, South) shorelines of the study area. Shoreline
histograms of the significant wave period, height, and
energy show the highest value in one nautical mile class
intervals. Histograms of shoreline orthogonal density
depict number of orthogonals approaching the shoreline
per nautical mile.,

The wave ray diagrams and shoreline histograms from

this study are in Appendices C and D, respectively.

DISCUSSION

The wave parameters (wave height, period, energy,
and orthogonal density) along the shoreline of the Bay
were regressed against the nearshore terrace widths and
long-term erosion rates for each wave condition. A
number of models, including multivariate ones, revealed
no significant trends despite stratification by shore
environment. It is suggested that multivariate nature of

the wave processes precluded the statistical specification
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of the role of wave energy on the shoreline trends.

Winds from the north (parallel to the long axis of
the basin) show an increasing deflection of wave orthog-
onals along the flanks of the basin with increasing wind
velocities. Ten knot winds (Fig. C-1) produce waves whose
main concentration is on the southern shore, reflecting
only the geographic fetch, while 25 and 40 knot wind
conditions (Figs. C-2, C-3) result in a more uniform
distribution of wave energy throughout the basin.

Winds from the north produce a gradually increasing
wave size (period) going to the south along the western
shore of the Bay due to the increasing fetch (Figs. D-25,
D-28, D-31). The growbth rate increases with increasing
wind velocities. Both northerly and northeasterly
winds produce marked wave energy concentrations (orthog-
onal density) on the seawardmost headlands; the Potomac
River to Great Wicomico River interfluve, Piankatank
River to New Point Comfort, and Hampton-Norfolk (Figs. D-1,
D-4, D-?). The largest period waves from north or
northeast winds occur in the Potomac River area; these
larger waves result from the waves travelling down the
Upper Bay (Figs. D-34, D-36, D-38). On the northeasterly
direction, the second largest fetch is from the Pokomoke
River embayment.. Waves generated in this area show no
significant larger growth on the oppésing western shore
area.

The largest wave energy concentrations occur on all
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the areas that are not early-primary sections of shoreline.
Wave energy is a controlling factor in the succession of
the shore to a secondary, or marine-dominated form
(Shepard, 1973).

Northerly winds on the eastern shore also demonstrate
the gradual growth of wave period going to the south
(Fig. D-26). However, the greatest concentration of wave
energy (orthogonal density) occurs on the Northampton
County shoreline. The OO, 40 kt. case shows this concen-
tration is limited to the area north of Cheapside (Fig. D-8)
Northwest winds produce a more uniform distribution of
wave periods along the eastern shore (Fig. D-43, D-45,
D-47). The 315°, 25 and 40 kt. cases show a marked increase
in wave period along the Smith Island area. Comparison
of shoreline histograms with wave ray diagrams show
this area is most affected by waves travelling south
from the Upper Bay. A slight increase in wave period near
the Tangier Island area is due to the increased upwind
fetch due to the Potomac River. The waves from the Upper
Bay show a distinct contact with locally generated waves,
since this model does not evaluate the effects of wave
diffraction, this area of larger waves is probably a broad
gradation.

Both the southwest and northwest wave conditions
(Figs. D-42, D-47) show that the increased fetch due
to rivers on the western shore show no measurable increase

in wave period on the eastern shore (with the exception
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of a slight effect from the Potomac River, the largest

river emptying into the Lower Bay).

SHORELINE REORTIENTATTION

While north and northwest winds produce a divergence
of wave energy (low orthogonal density) south of Cheap-
side (Northampton County) (Figs. D-5, D-21), the south-
westerly winds (10, 25, 40 kts.) (Figs. D-16, D-17,

D-18) produce a convergence of wave energy on this area.
The section of shoreline south of Cheapside is oriented
into the southwest wind. ILewis (1938) stated that a shore-
line will tend to orient into dominant wave-approach
directions as a result of net longshore transport. Wave
orthogonals are approximately normal to the shoreline

in this area, while striking the shoreline more obliquely
to the north of this area. This is suggesting that the
shoreline south of Cheapside has reoriented into this
prevalent wave approach in comparison with the shore to
the north.

The intersection of the shoreline with wave rays from
the northeast wind condition (25 kts) demonstrates
several shorelines re-oriented into this wave direction,
including the south Potomac River shore, the Windmill
Point area, Gwynns Island and south, and the Poquoson marsh
area (Fig. C-5).

The Church Neck area of Northampton County shows shore

reorientation through the formation of hooked spits
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(Fig. 19), although this trend is not discernable from
the wave ray diagrams. The lower Northampton County
shore has reoriented into the southwest winds.

Each of these areas agppears to be the initiation
of a shoreline reorientation feature (Rosen, 1975).

The initiation of these forms is either a function of
present shoreline processes (i.e. Gwynns Island area),

or remnants of the relict pre-submergence terrestrial
processes (i.e. Potomac River shore, Windmill Point).

In either event, the present wave regime is strongly
polarized by the geographic restrictions of this elongate
basin, and the shore is reorienting in response to

these different wave components in different areas on
both shores of the Lower Bay. The poorly defined form

of some of these features is a function of the sand-starved
nature of the shoreline.

Examination of aerial photographs shows several of
these areas do show a conveTrgence of longshore drift
systems at the break-in-orientation of the shoreline,
including Cheapside, Church Neck, Smith Point (Potomac
River), and Poquoson marsheS. Generally, the high rate
of sea level rise in the Lower Bay results in submergent,
dissected topography to be the dominating shoreline
form. However, if an equilibrium shoreline condition is
reached, the form will not be a straightened shore, but
a series of reorientation features (similar to cuspate
spits) in response to the local bi-directional wave

system on each shore of the Bay.
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Figure 19:

Photograph showing the development of
hooked spits on Church Weck, Northampton
County, Virginia (looking north).






SHORELINE SEDIMENTS

Analysis of the shoreline sediment samples has shown
the regional trends in grain size distribution. The
sampling grid consisted of one set of samples at a repre-
sentative location at each reach (see Appendix A).
Three environments were sampled, when present, at each
locality. The beachface sediments commonly contained
two distinet, interlayered modes of sedimentation.
Representative samples of each mode were taken from a
trench at the mid-point of the foreshore. In an imper-
meable beach, the trench was dug to the surface of the
underlying, pre-Holocene sediments. This material was
sampled, and the depth of the veneer of sand recorded.
The backshore material (dune or bluff) was sampled at
the same location. One hundred sixty five beachface
samples were analyzed, 26 samples beneath impermeable
beaches, and 29 bluff samples.

Samples containing mud were analyzed by the method
described by Folk (1968) to determine sand/mud ratios.

The sand samples, and residual sands from the above
analyses, were analyzed with the Virginia Institute of
Marine Science rapid sediment analyzer, similar to one
described by Zeigler, Whitney and Hayes (1960). The

system measures pressure changes induced in a column

98
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of water by sediment settling through a measured distance.
The readout of "the rapid sediment analyzer is time vs.
percent of sample passing the one meter fall line. This
data was corrected for temperature changes, and converted
to phi-equivilent units using the settling curves of
Zeigler and Gill (1959). A shape factor of 0.7 was
assumed. A conversion scale for settling time (one meter
fall) and phi-equivilents is shown in Figure 20. This
conversion was confirmed by visual comparison of seived
sand and the samples.

Figure 21 shows the distribution of coarse and fine
mode sediment sizes of beachface samples along the margins
cf the Virginia Chesapeake Bay. The results are summarized
in Table 9. The coarse mode regional mean is 0.68 @,
which does not deviate greatly throughout the flanks of
the Bay. The regional mean grain size for the fine mode
ig 1.46 @, which is also fairly consistent.

Table 10 shows the summary of samples from bluffs.

The regional mean is 1.52 @, which approximately corresponds
to the regional mean of 1.63 @ for samples beneath imper-
meable beaches (Table 11, Figure 22).

The beachface sediments along the flanks of the
Virginia Chesapeake Bay showed a strikingly similar
pattern of sedimentation. A fine mode and coarse mode of
sand were typically interlayered, with a sharp contact
between them (Figure 23). The sampling of bluffs, and

material beneath impermeable beaches is an estimate of
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Figure 20: Fall velocity - PHI equivilent
conversion scale.
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Figure 21: Mean grain size of beachface samples,
Virginia Chesapeake Bay. Both the
coarser and finer modes are shown on
a shoreline that has been straightened
to form a "U" for ease of data display.

A summary of this data is shown in
Table 9.
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TABLE 10

SUMMARY OF SEDIMENT GRATIN SIZE
SAMPLES FROM BACKSHORE BLUFFS

VATUES IN PHI UNITS

Mean Median Standard  Number of
(B (3) Deviation Samples

VIRGINIA CHESAPEAKE BAY

Total Sample 1.52 1.49 0.45 29

Impermeable Beaches 1.54 1.5% 0.44 24.

Permeable Beaches 1.26 1.2% 0.52 2
EASTERN SHORE

Total Sample 1.55 1.51 0.48 11

Impermeable Beaches 1.62 1.58 0.47 9

Permegble Beaches 1.26 1.23 0.52 2
WESTERN SHORE

Total Sample 1.48 1.47 0.4% 18

Tmpermeable Beaches 1.48 1.47 0.4% 18

Permeghle Beaches —_—— ———— —_—— 2
NORTHAMPTON COUNTY

Total Sample 1.34  1.30 0.49 4.

Impermeable Beaches 1.42 1.%6 Q.47 2

Permeable Beaches 1.26 1.23 .52
ACCOMAC COUNTY

Total Sample o 1.47 1.46 0.42 7

ITmpermeable Beaches 1.4% 1.46 0.42 7

Permeable Beaches ———— —_—— —— 0
NORTHUMBERLAND COUNTY

Total Sample 1.5% 1.49 O.44 10

Tmpermeable Beaches 1.5% 1.49 Q.44 10

Permegble Beaches —— ———— ——— 0
TANCASTER COUNTY

Impermeable Beaches 1.85 1.75 0.46 3

Permegble Beaches —— —_—— —— 0
MIDDLESEX COUNTY

Total Sample . 1.43 1.41 0.45 1

Tmpermeable Beaches 1.43 1.41 0.45 1

Permeagble Beaches ———— ———— ——— 0
MATHEWS COUNTY

Total Sample 1.84 1.83 0.49 2

Tmpermesble Beaches 1.84 1.83 0.49 2

Permegbhle Beaches ——— ——— ——— 0



TABLE 10 (cont'd)

SUMMARY OF SEDIMENT

GRATIN SIZE

SAMPLES FROM BACKSHORE BLUIFEFS

Mean Median Standard Number of

() (@ Deviation Samples

GLOUCESTER COUNTY

Total Sample 1.43 1.40 0.45 1

Impermeable Beaches ——— ———— —— 0

Permeable Beaches 1.43 1.40 0.45 1
YORK COUNTY

Total Sample 144 1.42 0.43% 1

Impermeable Beaches 1.44 1.42 0.43% 1

Permeable Beaches - —_——— 0

HAMPTON
Total Sample ——— ———— ————
Impermeable Beaches S —— ———
Permeable Beaches —— — ——

OO0 O



VATUES IN PHI UNITS

VIRGINIA CHESAPEAKE BAY
EASTERN SHORE
WESTERN SHORE
NORTHAMPTON COUNTY
ACCOMACK COUNTY
NORTHUMBERLAND COUNTY
LANCASTER COUNTY
MIDDLESEX COUNTY
MATHEWS COUNTY
GLOUCESTER COUNTY
YORK COUNTY

HAMPTON

TABLE 11
SUMMARY OF SEDIMENT GRAIN SIZE
SAMPLES BENEATH IMPERMEABLE BEACHES

Mean Median Standard  Number of
(%) (8 Deviation _Samples
1.63% 1.58 0.48 21
1.52 1.48 0.49 14
1.84 1.8 0.45 11
1.46 1l.41 0.45 >
1.56 1.53 0.52 9
1.95 1.86 0.46 4
1.69 1.67 O.44 3
1.74 1.74 0.43 1
1.75 1.74 0.41 1
1.80 1.72 0.49 1
1.76 1.68 0.41 1
—— ——— —— 0



110

Figure 22:

Mean grain size of fastland samples,
Virginia Chesapeake Bay. The plot
shows samples from exposed backshore
bluffs and from beneath impermeable
beaches. A summary of this data is
shown in Tables 10 and 1l1l.
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the regional sand input into the system. Correspondence

of the fine-mode beachface mean (1.46 @) and the bluff

mean (1.52 @) suggest a direct source for this mode. The
coarse mode is probably a re-sorting of this material.

The ends of accreting spits were typically composed entire-
ly of the coarse mode of sediments. The mechanism for

this sorting is beyond the scope of this investigation.

The coarse mode of beachface sediments showed no
differentiation by beach environment. However, the fine
mode generally was coarser on impermeable beaches than
on permeable beaches (Table 9). This trend may be a
function of the increased backwash on impermeable beaches
resulting from decreased infiltration of the swash. This
results in a winnowing of the finer tail of the sediment
distribution. This is an equilibrium process, as the
resulting coarser sediments can be expected to have a
higher rate of infiltration.

The sand content of the bluff samples shows a corre-
spondence to the physiographic sub-divisions (Table 8).
Early primary shorelines have a source material of 24-43%%
sand, so erosion of the shoreline inputs relatively
little sand into the system, despite the high rate of
erosion. The late primary and early secondary shorelines
all have high (78-100%) bluff sand content. As early
primary shorelines also have the smallest bluff heights
in the study area, these are the most sand-starved

environments in the Bay.
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In summary, the regional distribution of beachface
sedimentation in the study area is characterized by two
major modes of interlayered sediment. The finer mode
corresponds in means to a sampling of source material,
while the coarser mode is probably the result of re-~working.
Impermeable beach environments respond to the increased
backwash by a slightly coarser trend of the sediments.

The sand content and volume input into the beach system
by bluff erosion corresponds to, and probably is a
causitive factor of the succession of shorelines from

primary to secondary forms.



EFFECTS OF VARIATION IN TIDAL RANGE ON THE SHORELINE

The Virginia Chesapeske Bay has a 200% variation in
tidal range (0.3%6 m to 1 m) over a 120 km shoreline dis-
tance.

Although the tides throughout the Bay are classified
as microtidal, the effects of variations in tidal range
on the shoreline can be examined over a relatively small
area.

The tidal wave characteristics of the Chesapeake Bay
are described in detail by Hicks (1964), An earlier com-
pilation of tides and current data for the Bay was made
by Haight‘ et al (1930). Harris (1907) published an
early co-tidal chart for the Chesapeake Bay. Systematic
tide records were begun in the Chesapeake Bay in 1844
at Annapolis, Maryland and at 014 Point Comfort, Virginia.
Since then, 241 tide stations have been occupied by the
Coast and Geodetic Survey in the Chesapeake Bay.

The tides in the Virginia Chesapeake Bay are classified
as "semi-diurnal" in all agreas except for the 74 km of
shoreline from Gwynns Island to the Potomac River (western
shore), where the tides are considered to be "mixed,
semi-diurnal® (Courtier, 1938).

The tidal range in the Chesapeake Bay decreases from
one meter at the Bay Mouth, to about 0.36 m off Annapolis,

116
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and finally rises to 0.70 m at the northern end of the
Bay. The maximum range in the Chesapeake Bay is 1.2 m
at Walkerton, on the upper Mattaponi River, which flows
into the York River on the western shore.

The tide range is significantly larger on the eastern
shore of the Bay. This is due to the predominant pro-
gressive nature of the tidal wave. Since the strongest
flood currents occur near high water, and strongest ebb
currents near low water, the Coriolis effect augments
the height of high water and decreases the height of
low water on the eastern shore. This effect is most
pronounced in the lower (Virginia) portion of the Chesa-
peake Bay (Hicks, 1964). |

Figure 24 shows the variations in tidal range along
the shore margins of the Virginia Chesapeake Bay. The
general trend is a decrease in tidal range from the south
to the north, with a slight increase in northern Accomack
County (eastern shore). The distribution of the tidal
ranges in the study area varies from one meter at the
Bay mouth, to 0.% meter off the Potomac River. The
tide range is higher on the Eastern Shore at all points,
compared to the corresponding point on the western shore.
This disparity reéches a maximum of O.3% meter at the
northern end of the study area, but averages about 0.15
meter,

The elevation of The beach, measured from the low

water line to the meximum elevation of the backbeach, is
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Figure 24:

Variation in mean tidal range along

the Virginia Chesapeake Bay shoreline.
The shoreline of the margins of the
Bay have been straightened to interpret
the Teglonal trends.
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correlated to the tidal range. TFigure 25 shows the
relationship between beach elevation and tidal range for
each major coastal environment in the system. The co-~
efficient of determination (rg) for the sample of all
beach environments is .3%, and the tidal range coefficient
is significant at the 1% level. Considering the noise
level (Krumbein, 1960) of single variables extracted from
a complex geologic interface (the shoreline) over a large
area, this result is considered real. Each individual
beach environment in the system (permeable, beach
composed entirely of sand-sized material; impermeable,
beach.underlain by impermeable clay layer; marsh barrier,
beach underlain by salt marsh peat) shows a similarly
high coefficient of determination (ro= .43, .21, .25,
respectively) demonstrating the direct relationship
between total beach elevation and tidal range.

By substracting the tidal range from the total eleva-
tion of the beach, a measure of the supra-tidal elevation
of the beach is obtained. This is the elevation from the
mean high water level to the maximum elevation of the
back beach. As the supra-tidal elevation is a direct
function of tide range and beach elevation, the previous
statistical inferences also suggest higher tidal range
beaches have a higher supra-tidal elevation. The magni-
tude of the supra-tidal elevation in permeable beaches
is almost twice as large as the other environments.

The permeable beaches comprise 47% of the shore
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Figure 25: Variation in elevation of Virginia
Chesapeake Bay beaches as a function of
mean tidal range. The relationship

is direct. Statistical results shown
in Table 13,
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environments in the study area.

The inverse relationship between tidal range and
erosion rates in the Virginia Chesapeake Bay can be demon-
strated by comparing the areas of tidal range extremes
in the system. Table 12 shows the average erosion rates
of the highest tidal range areas in the Virginia Chesa-
peake Bay (Northampton County, Hampton and Norfolk, and
Mobjack Bay to York County), which comprises the southern
end of the Bay, and the lowest tidal range in the system
(Potomac River to Rappahannock River). In each shore-
line environment, the higher tidal range regions show
a lower average erosion rate than the low tidal range
area.

Figure 26 demonstrates the relationship between
tidal range and long-term (80 years) erosion rates.

The tidal range is inversely related to erosion, indi-
cating that a higher tidal range results in lower ex-
pected erosion from a given set of conditions. This
relationship is significant for the total beach system,
and the total shoreline system at the 2.5% and 1% levels,
respectively. The result in each beach environment
supports the overall trend of the system, but the}
greater relative variation in the smaller number of
samples result in a lack of statistical confirmation
(Table 13).

A physical explanation for this relationship can be
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based on three factors:

1. In areas of lower tidal range, storm waves and
surge have a greater probability of overtopping the beach,
regardless of the stage of the tide (i.e., low or high)
since the beach elevation is a function of tidal range.
In areas of higher tidal range, the beach face serves
as a buffer to raised water levels during lower tidal
stages. This corresponds to a large percentage of
the time during the occurrence of any storm surges.

Any given meteorologic tide (surge) is a smaller per-
centage of the astronomic tide in areas of larger tidal
range (Fig. 27). Thus, water levels increased by surges
less often reach the elevation of the fastland (dune or
bluff) material. This data documents the greater suscep-
tibility of areas with low tidal ranges to flooding

by storm surge. Warnke, et al. (1966) observed that
shoreline erosion 1s controlled by the occurrence of storm
surges raising water levels to the dune ridge behind

the backbeach, not the size of the waves, in the low
energy shore environment on the west coast of Florida.
The game trend is evident in the Chesapeake Bay.

2. 'Since the supra-tidal elevation of the beach
increases with higher tidal ranges, this increased
elevation serves as an additional buffer to direct wave
and surge effects on the backbeach and fastland areas,
especially at high tide.

%. In areas of higher tidal range, the plunge point
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of the breaking wave is distributed over a larger vertical
distance during the time of the tide cycle. Also, the
horizontal variation is quite large for the low gradient
Chesapeake Bay beaches. Thus, the bulk of wave energy
expended on the beach by the breaking waves is not concen-
trated on one point or a small area.

The inverse relationship between tidal range and
erosion is also significant on the marsh margin shore
environment. This is also probably a function of the
wave energy Dbeing distributed over a larger area of the
marsh margin through time, so any single point in the
rhizome framework of the exposed marsh is not attacked
and weakened, causing the eventual slumping of the peat,
which results in retreat of the marsh shoreline.

In summary, it is apparent that a larger tidal range
results in a more effective shoreline buffer for the
erosional Processes of the Chesapeake Bay shoreline, as
indicated by decreased rates of long-term shore retreat.
This relationship is explained by the observations that
the larger tide range causes a higher beach to form
than in areas of lower tidal range. Water levels in-
creased by surges less often reach the fastland material,
which is most susceptible to erosion by waves. This
also results in a distribution of the wave energy over
a larger vertical and horizontal area in the course of
a tidal cycle.

This relationship is readily demonstrable in the
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Chesapeake Bay since a large variation in tidal range
occurs over a relatively short distance. It is proposed
that this relationship is a general controlling factor

on all tidal shorelines.



NEARSHORE TERRACES

The morphology of the nearshore in the Chesapeake Bay is
dominated by a broad flat terrace, which extends from the
low water line to about the 3.6 m contour (12 ft.). 4
break-in-slope delineates the seaward margin of the terrace,
where the bottom then grades into deeper water. The
seaward margin of the terrace is sometimes poorly defined,
as the break-in-slope may be gradational; extending as
deep as the 5.4 m (18 ft.) contour. For the regional com-
pilation in this study, this margin is defined as the
3.6 m (12 ft.) depth. The mean slope of the terrace is
.002, but ranges from .024 to nearly zerd.

It is suggested by Athearn, et al. (1974) that the
nearshore terrace is a wave base phenomena, since the 3.6 m
contour is approximately wave base for a three second
wave. This may be an influencing factor in the terrace
processes, but the evidence to be presented suggest this
structure is primarily a remnant erosional platform. TField
reconnai.ssance shows that the terrace surfaces are often
an erosional cut into the pre-Holocene sediments. How-
ever, it is often unclear whether the surface material
of the nearshore is fine sediment deposition or autoch-
thonous bioturbation. In either event; superimposed on

the terrace in most exposed reaches are multiple offshore
133
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bar systems (O'Brien, 1968). The most extensive bar
systems occur in Northampton County, which has the greatest
fastland sediment supply, due to the large bluff heights
and high sand content in the bluffs. Generally, the
sand in the nearshore zone is not a continuous layer,
due to the paucity of sand in the total system.

The nearshore terrace structure on the south shore
of the Chesapeake Bay (Hampton and Norfolk) loses defini-
tion. The coastal environment in this physiographic
subdivision is unique in the study area and is apparently
due to the large sediment influx through the Chesapeake
Bay Mouth. The nearshore is sandy, and the beaches are broad
and high, similar to the adjacent ocean beaches. The
nearshore morphology is best defined as a continuous,
gradual slope. The wave climate in this area is an energy
maximum. The south shore of the Bay is exposed to maxi-
mun fetch from the north, and maximum exposure to the
Bay mouth. This suggests that the basic form of the
nearshore terraces along the flanks of the Bay are a
long-term erosional remnant, rather than a short-term
wave-response process.

Textbook examples of wave refraction (e.g. Garner,
1974) show a convergence of orthogonals on headlands and
divergence around embayments. This model assumes the
nearshore bathymetry is an extension of the shoreline
form. The nearshore terraces in the Virginia Chesapeake

Bay are commonly a flat bench that in highly dissected
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areas do not reflect the shoreline form. A contributing
factor is the lack of sand in the system. So waves reach-
ing the shoreline in these areas do not necessarily con-
verge on the headlands, within the small-scale variations
in the shoreline, effecting straightening of the shore-
line. This explains, at the sampling interval, that most
shoreline retreat was parallel, rather than effecting a
reorientation of the shore (see reorientation data in
Appendix B).

Figure 28 shows the distribution of nearshore terrace
widths in the Virginia Chesapeake Bay. The largest terraces
in the system occur in Accomack County, with a mean width
of 4018 m. The second largest regional terrace widths
occur in York County, with a mean width of 1923 m. 3Both
of these areas correspond to the highest submergence
rates on their respective sides of the Bay. The nearshore
terraces throughout the remainder of the Bay range from
600-1000 meters (Table 14).

The mean nearshore width (2897 m) on the eastern
shore is considerably higher than the western shore mean
width (1166 m). As well as a function of subsidence, an
additional factor is the higher degree of dissection of
the Western shore by river drainage. The many orders
of drainage channels cutting through the terraces may
decrease the regional averages.

The nearshore terraces of the Virginia Chesapeake

Bay are an erosional remnant feature, bounded by the
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Figure 28:

Variation of nearshore terrace widths
along the Virginia Chesapeake Bay
shoreline. The shoreline of the

margins of the Bay have been straightened
to interpret the regional trends.
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TABLE 14
NEARSHORE TERRACE WIDTHS
VIRGINTA CHESAPEAKE BAY

Welghted
Mean Mean
Width Standard Width  Standard

{(meters) Deviation (meters) Deviation

VIRGINIA CHESAPEAKE

BAY 1849 2068 1777 541
EASTERN SHORE 2942 2695 2897 3350
WESTERN SHORE 1006 605 1015 1862

WESTERN SHORE
(excluding Hampton/

Norfolk) 1070 595 1166 1946

COUNTIES:
NORTHAMPTON 1393 907 1361 623
ACCOMACK 4212 %003 4018 1992
NORTHUMBERLAND 1154 585 1129 48
LANCASTER 890 266 880 430
MIDDLESEX 44, Hid. 890 523
MATHEWS 1038 347 978 41%
GLOUCESTER 989 706 978 548
YORK 1150 1023 1923 547
HAMPTON 383 210 430 570
NORFOIK/VIRGINTA

BEACH 375 205 268 606
INTERFLUVES:
POTOMAC RIVER TO

RAPPAHANNOCK RIVER 1096 540 1065 687

RAPPAHANNOCK RIVER
TO0 YORK RIVER 1005 502 963 634



TABLE 14 (cont'd)
NEARSHORE TERRACE WIDTHS
VIRGINIA CHESAPEAKE BAY

Weighted
Mean Mean
Width  Standard Width Standard

(meters) Deviation (meters) Deviation

YORK RIVER TO
JAMES RIVER _ 895 919 1395 451

PHYSIOGRAPHIC
SUBDIVISIONS:

POTOMAC RIVER TO GREAT
WICOMICO RIVER 1002 4355 924 1134

GREAT WICOMICO RIVER TO
PTANKATANK RIVER 1135 586 1134 690

GWYNNS ISLAND TO
NEW POINT COMFORT 1053 368 1000 770

MOBJACX BAY TO YORK
COUNTY 1055 779 1458 3453

HAMPTON AND NORFOLK/
VIRGINIA BEACH 579 268 %01 614
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present shoreline, and on the seaward side by a bresk-in-
slope, where the bottoms grade more steeply into deeper
water. On the assumption that this feature is not a
wave-induced phenomenon, an explanation for the seaward
break-in-slope must be proposed. Factors considered
'noise' in the data with regard to this question include
varying rates of subsidence in the Bay, varying degrees
of river drainage dissection of the landform, .and varying
local coastal environments. The nearshore terraces all
terminate at approximately the same depth. This consistan-
cy suggests that this regional slope'change is due to a
singular regional event.

An estimate of the age of the terrace margins can be
made by extrapolating the measured shoreline erosion
rates (80 year interval) seaward to the terrace margins
for each reach, and averaging the results. Table 15
shows the estimates of the age of the terrace margins.
The weighted means are a more representative regional
sampling. The estimates of marsh reaches (including
marsh margins and marsh barrier beaches) are further
complicated by the effect of biologic activity on the
shoreline position and process, so the means of beach
reaches only are the best estimate. The age of the
terrace margins, averaged Bay-wide, is 3147 years. The
age of the Eastern shore terrace is 2938 years, and the
Western shore is 3249 years.

The event that caused the change in nearshore slope
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occurred about 5000 years ago. Figures 29 and 30 show
sea-level rise curves by Kaye and Barghoorn (1964)
and Redfield (1967) along the east coast the age of the
change in rate of sea level rise is 3000 years, which
corresponds to the initiation of terraces in the Bay.

The hypothesis that the rate of sea level rise has a
causal relationship with the nearshore gradient is further
substantiated by evidence of Bruun (1962), who investi-
gated the role of sea level rise and shore erosion in
Florida. Bruun found areas of steeper offshore slope
corresponded to higher local rates of sea level rise,
and the lower slopes to lower sea level rates.

An alternative hypothesis is that the shelf break
at the seaward margin of the nearshore terraces represents
the limits of the ancestral Susquehanna River flood
plain. The terraces represent a sea level rise and wave
induced phenomenon whose form is controlled by the
previous, fluvial geomorphic agent.

It is proposed that the nearshore terraces in the
Chesapeake Bay were initiated at the change in rate
of sea level rise agbout 3000 years ago. The steeper
slopes seaward of the terraces correspond to the
morphology resulting from a higher sea level rise rate,
and the flat terraces are the wave-base erosional plat-
form left by the transgression of the sea during the

present, lower rate of sea level rise.
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Figure 30: Sea level curve of Redfield (1969).
Note break in slope at 3000 years B.P. |
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SEA LEVEL RISE

The best local estimates for relative sea level rise
rates is obtained by long term compilation of mareograph
data. Hicks and Crosby (1974) present estimates for many
stations on the Atlantic shore. With mareograph data
provided by Stacey Hicks (personal communication, 1974),
estimates of sea level rise rates were computed for 10
stations in the Chesapeake Bay (Table 16). Although
the different time-spans associated with the samples
vary the reliability of estimates, the data demonstrates
the high degree of local variation in sea level rise in
the Chesapeake Bay area. The rates vary from 5.43 mm/yr
at 0ld Point Comfort (Hampton County) to -0.46 mm/yr in
Richmond, Virginia.

Relative sea level rise is the result of two compo-
nents; the eustatic sea-level rise and crustal movements.
As the eustatic rate is assumed to be constant worldwide
at about 1.2 mm/yr (Wolcott, 1975), variations in sea
level rise rates are a function of crustal movements.
Figure 31 shows the regional distribﬁtion of subsidence
rates along the shoreline of the Virgnia Chesapeake Bay.
There is a large variasbility in a small area. The
average subsidence rate is about 2 mm/yr. The subsidence
increases going to the north on the eastern shore, and

147
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estimates of sea level rise rates were computed for 10
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at 01d Point Comfort (Hampton County) to -0.46 mm/yr in
Richmond, Virginia.

Relative sea level rise is the result of two compo-
nents; the eustatic sea~level rise and crustal movements.
As the eustatic rate is assumed to be constant worldwide
at about 1.2 mm/yr (Wolcott, 1975), variations in sea
level rise rates are a function of crustal movements.
Figure 31 shows the regional distribution of subsidence
rates along the shoreline of the Virgnia Chesapeake Bay.
There is a large variability in a small area. The
average subsidence rate is about 2 mm/yr. The subsidence
increases going to the north on the eastern shore, and
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Figure 31: Distribution of subsidence rates along
the Virginia Chesapeake Bay shoreline
(adapted from Holdahl and Morrison,
1974,
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increases to the south on the western shore. These subsi-

dence rates are determined by comparisons of leveling

data of the Vertical Network Branch of the National Geo-

detic SBurvey. The first set of leveling was performed

between 1920 and 1942, and the last leveling was accom-

plished during 1971 and 1972 (Holdahl and Morrison, 1974).
Figure 32 shows a comparison of mareograph records

and releveling data for the 10 stations in the Chesapeake

Bay. Although the inaccuracy in the releveling process

is greater than mareograph data, this process affords

comparison of local changes in relative sea level.

THE EFFECT OF VARTATIONS IN SUBSIDENCE ON SHORELINE
MOREHOLOGY

The regions of highest subsidence in the Virginia
Chesapeake Bay are the northeast (1.6 mm/yr) and southwest
(2.4 mm/yr) margins. These areas correspondingly have
the largest nearshore terrace widths in the system. The
mean width in Accomack County is 4010 m, and the mean
in York County is 1923 m. This correspondence demonstrates
that the nearshore terraces are a remnant featuré, with
the larger terraces resulting from increased shore retreat
from higher submergence of the fastland. Conversely,
this relationship serves as a geomorphic verificabtion
of the subsidence data.

Comparison of the distribution of subsidence rates

along the shoreline (Fig. 31) with the distribution of marsh
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Figure 32:

Subsidence rates of Holdahl and

Morrison (1974) compared to mareograph
data of Hicks (written communication,
1975) for ten localities in the Chesapeake
Bay. Six out of eight complete data

sets fall within one standard deviation

of each other.
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environments (Fig. 9) demonstrates that the concentrations
of marsh corresponds to the subsidence highs: at the
southern end of the western shore and northern end of the
eastern shore. This suggests that an increasingly submer-
gent setting is conducive to the propagation of marsh in
the Virginia Chesapeake Bay. The subsidence is a con-
trolling factor in the distribution of salt marsh.

Shaler (1886) and Mudge (1858), and later Redfield
(1958) discussed salt marsh growth as a function of the
.interaction of the accumulation of sediment and a rising
sea level. Chapman (1964) states that salt marshes can
occur on coasts that are stable, sinking or rising. On
a sinking coast, the rate of sedimentation must be greater
than the rate of subsidence for salt marsh development.
Chapman also states that salt marsh development is also
controlled by nearshore slope. A gently sloping near-
shore is more conducive to salt marsh development. This
criterion is met in the distribution of salt marshes in
the Virginia Chesapeake Bay. A gently sloping nearshore
(1) serves to decrease wave energy on the marsh shoreline,
and (2) increases the concentration of locally derived
suspended sediments in the water column and hence increases
the amount of source material for vertical marsh growth.
Thus, the broad nearshore terraces in the higher subsi-
dence areas is the intermediary factor in the direct
relationship between subsidence and salt marsh formation

in the Virginia Chesapeake Bay.
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APPLICATION OF THE BRUUN MODEL IN THE VIRGINIA CHESAPEAKE
BAY

Bruun (1962) proposed a model relating shoreline
erosion and sea level rise. The model is based on the
assumptions: (1) there is a shoreward displacement of
the beach profile as the upper beach is eroded; (2) the
material eroded from the upper beach is equal in volume
to the material deposited on the nearshore bottom; and
(3) the rise of the nearshore bottom as a result of this
deposition is equal to the rise in sea level, thus main-
taining a constant depth of water in that area. Figure 33

shows the relationship:

X (B + D) = AB'
X = shore retreat
B = fastland elevation
D = 1limiting depth between predom-
Where inant_nearshore and offshore
: material
A = rate of sea level rise
B'= distance to limiting depth

In applying the model on ocean beaches, Bruun assumed that
the 60 £t. depth contour as the limiting depth between
predominant nearshore processes and offshore processes
(the limit of offshore transport of sediment).

Bruun applied the model at several sites in Florida
with successful results. Schwartz (1966) attempted to
verify the model by using the variation between spring
and neap tides to simulate sea level rise, and in a model
wave basin. Dubois (1975) applied the Bruun model %o

seasonal lake-level changes on liake Michigan. .No large
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scale verification of the Bruun model exists in the
literature applying it directly to the case it was
intended for, shoreline changes as the result of long
term sea level rise.

The Bruun model suggests that an area with higher
bluffs will erode slower than an area with lower bluffs.
When observationally applied to the Virginia Chesapeake
Bay, the physiographic sub-divisions having the highest
bluff heights on their respective sides of the Bay (Northamp-
ton County and Potomac River to Great Wicomico River) each
have the narrowest nearshore terraces. As well, the areas
with lowest bluff heights, Accomack County and Mobjack
Bay to York County, have the correspondingly largest
nearshore terraces. As the seaward margin of the nearshore
terraces are proposed as a time constant shoreline loca-
tion, these regional trends substantiate the Bruun model.

The Bruun model was applied to the Chesapeake Bay
in an effort to account for the regional shnreline erosion
in the system, and, conversely, as a large-scale veri-
fication of the Bruun model. The model was applied with
the following additional assumptions:

(1) The calculations were performed on each reach
in the study area, and averaged over various regions.

As the model assumes longshore equilibrium by applying
it over the whole region, longshore dis-equilibrium at
individual reaches will be averaged out.

(2) Calculations for beach reaches were separated
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from marsh reaches (including marsh margins and marsh
barriers). The model loses physical meaning on marsh
reaches. The beach calculations were further stratified
by (4) whole area, (B) permeable beaches only, and

(C) impermeable beaches only.

(3) The 1limit of the nearshore zone was defined at
the 3.6 m (12 ft.) contour. A regional break-in-slope
in the bathymetry occurs at this depth, and 3.6 m is
approximately wave base for a three second wave. Ryan
(1953) showed that sand deposition on the bottom is
confined to this area.

(4) The total vertical distance cut by erosion is
%.6 m + beach elevation + bluff height. If the beach
elevation was less than the tidal range, then the tidal
range was assumed to be the beach elevation. The minimum
bluff height is assumed to be three feet, as this para-
meter is intended to describe the fastland elevation.

(5) The local rate of relative sea level rise was
computed for each reach using the subsidence data from
Holdahl and Morrison (1974), adding 1.2 mm/yr for eustatic
sea level rise (Wolcott, 1975). Weighted means were
used to take regional averages of erosion rates, to model
more precisely the Bay System.

Table 17 shows the results of calculations for all
beach reaches in the Virginia Chesapeake Bay. The
calculated mean erosion rate for the study area is 0.98

m/yr, which fits the long term measured rates with only
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a 3% error. The western shore (excluding Hampton and
Norfolk) predicted mean erosion within 7% error. The
large error observed (58%) on the eastern shore is the
result of the influence of Accomack County, which is
dominated by an overwhelming majority of marsh shoreline,
so the beach processes are a minor influence. A truer
Picture of the eastern shore beaches is obtained by con-
Sidering Northampton County, which is primarily beach.
The predicted erosion in Northampton Gounty is 0.76 n/yr,
resulting in an error of 13% compared to measured ero-
sion rates.

The largest errors are encountered in the regions
dominated by marshes. Accomack County showed a 224%
error, York County showed 199% error, and Gloucester
County, 85% error., The fit was poor in Hampton and
Norfolk (67% error), which is enigmatic, since the mea-
sured erosion rates (0.84 m/yr) was much higher than cal-
culated (0.28 m/yr), despite the external influences
of the large sediment input from Cape Heary, and the most
extensive Shore'protection projects in the study area.

By applying the Bruun model to impermeable and per-
meable beach environments only, the overall fit is good
(9% error in impermeable beaches only, and 24% error
for permeable beaches only). The trends of the regional
fits are similar to the total beach environment. In
the permeable beaches, sand is the material in the

model. Ryan (1953) demonstrated that sand on the
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Chesapeake Bay bottom is confined to the margins of
the basin, and is derived from erosion of the fastland,
rather than by transport by rivers. However, in the
impermegble environments, part of the eroded materials
are silts and clays (see sedimentology section). This
suggests that mud is deposited on the nearshore from a
local source, although field reconnaissance provided no
evidence supporting this.

The fit of the Bruun model on the shoreline of the
Virginia Chesapeake Bay demonstrates that sea level rise
could account for all the shoreline erosion in the systen.
It is apparent though, that sea level rise "...plays
only a permissive role in coastal erosion, not a causi-
tive one." (Davis, et al., 1973). The action of the
short term processes (waves, tide, surge, groundwater
flow) can therefore be regarded as the agents effecting

the larger scale trend.



SUMMARY AND CONCLUSIONS

There is a high degree.of site-specificity in the
coastal environments of the Virginia Chesapeake Bay. The
variability is influenced by (1) the relict Pleistocene
high~order dendritic drainage system, resulting in a
large diversity of shore orientations, (2) the moderate
but highly variable wave energy in the Bay system and
highly variable submergence rates, resulting in a spec-
trum of shoreline transformation from primary to
secondary types (Shepard, 1973), (3) eroding fastland
exposures of sediments of widely varying composition
and volume, and (4) salt marsh development.

Erosion as a Function of Beach Type: Eighty percent
of the shore is beaches composed of three morphologically
distinct beach environments, each reflecting different
susceptibilities to erosion: (1) Permeable beaches,
composed entirely of sand-sized material, comprise
59% of the beaches (mean erosion = 0.85 m/yr) and have
the largest vertical and horizontal di@ensions. This
provides the largest vertical buffer to the effects of
storm surge and waves and greatest potential for infil-
tration of swash into the foreshore. (2) Impermeable
beaches, composed of a veneer of sand overlying imper-

meable, pre-Holocene sediments, comprise 24% of the
164
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beaches. The combined influence of low swash infiltra-
tion, low beach elevation; and ground water effects result
in the highest mean erosion (l.l4 m/yr). (3) Marsh
Barrier beaches, composed of a veneer of sand overlying
peat contains a resistant rhizome framework, resulting

in the least erodably beach environment (0.66 m/yr).

Marsh margins, the remaining 20% of the shoreline, are

the least erodable shore environment (0.54 m/yr).

Succession of Shoreline Types: The Virginia Chesa-
peake Bay shoreline, although classified as a primary
shoreline by Shepard (1973), is composed of a succession
of shoreline types. Different areas are succeeding at
different rates from primary to secondary, or marine
dominated, characteristics. These variations are con-
trolled regionally by the variations in shoreline sub-
mergence rates and variations in shoreline wave energy.
The volume of sand in the shoreline system is a direct
controlling factor in shoreline simplification.

Influence of Tide Range on Erosion Rate: The Virginia
Chesapeake Bay has a 200% variation in tidal range (0.36 m
to 1 m) over a 120 km shoreline distance. Tidal range
increases going to the south on both shores of the Lower
Bay, and is slightly greater on the eastern shore, due
to the Coreolis deflection of the prograding tidal wave.

There is a direct relationship between tide range,
total beach elevation, and supra-tidal elevation (eleva-

tion from the mean high water line to meximum elevation
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of the backbeach). Tidal range is inversely related to
shoreline erosion. The physical basis for this relationship
appears to lie in the fact that areas of lower tidal
range have a greater probability of overtopping the

beach during storm waves or surge than on a higher eleva-
tion, higher tidal range beach. Any given meteorologic
tide (surge) is a smaller percentage of the astronomic
tide in areas of larger tidal range. ©Since supra-tidal
elevation of the beach increases with higher tidal ranges,
this increased elevation serves as an additional buffer
to raised water levels, especially at high tide. Thus,
water levels increased by surges less often reach the
elevation of the fastland (dune or bluff) material.

It is proposed that the inverse relationship between
tide range and shore retreat is a general controlling
factor on tidal shorelines.

Wave Refraction in Chesapezke Bay: Wave refraction
studies of the Virginia Chesapeake Bay demonstrate a
convergence of wave energy on the seaward-most headlands
of the western shore and a divergence of wave energy away
from early primary shorelines on both shores of the Bay.
These data suggest that wave anergy, as affected by the
regional morphology of the basin, is one of the direct
processes affecting the succession from primary to
secondary shoreline types (Shepard, 1973).

Thus, the elongate nature of the Chesapeake Bay

causes geographic limitations on the fetch, resulting
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in a bidirectional wave field. The regional wave climate
is effecting a series of shoreline reorientation features
on both shores of the Bay. The initiation of these
forms is both due to the previous geologic framework and
present wave climate. The poorly defined development

of the shore reorientation forms is a function of the
sediment-starved nature of the shoreline.

Beachface Sedimentation: The regional distribubtion
of beachface sediments in the Virginia Chesapeake Bay is
characterized by two major modes of interlayered sedi-
mentation. The mean of the finer mode correspon&s to
the mean of a sampling of source material, while the
coarser mode is suggested to be the result of reworking.
Impermeable beach environments respond to the increased
backwash by winnowing the fines, resulting in a slightly
coarser trend of the sediments. The sand content and
volume of bluff erosion input into the beach system
corresponds to, and is probably a contributing factor
of the succession of shorelines from primary to secondary
forms.

Influence of Sea Level Rise on Erosion Processes:
There is a large variability in the local subsidence
rates (and hence, submergence rates) along the Virginia
Chesapeake Bay shoreline. Subsidence highs occur at the
northeast and southwest ends of the basin. These areas
correspondingly have the largest nearshore terrace widths

in the system, with mean widths of 4010 m and 1923 n
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respectively. This correspondence suggests that the near-
shore terraces are a remmnant feature, with larger terraces
resulting from increased submergence of the fastland.

The concentrations of salt marsh in the Lower Bay
also correspond to the subsidence highs. The gently
sloping nearshore in these areas (Chapman, 1964) is
conducive to salt marsh development. An equilibrium
situation exists as a result of the salt marsh development.
By the nature of its structure, this shoreform is more-
resistant to shoreline retreat, while it occuré in areas
.of highest submergence where shore retreat would be
expected to be the highest.

The Bruun model which relates sea level rise to shore
erosion has been applied to the beaches of the Lower
Chesapeake Bay. The results are a predicted longterm
erosion rate (0.98 m/yr) within 3% of measured rates.
Within the assumptions of the Bruun model, sea level
rise accounts for all the shore erosion in the system.

It is apparent, though, that sea level rise "...plays
only a permissive role in coastal erosion, not a
causitive one " (Davis et al., 1973). The action of
short-term processes (waves, tide, surge, groundwater
effects) can therefore be regarded as the smaller scale

agents effecting the larger scale trend.



Fastern Shore:

Western Shore:

South Shore:

APPENDIX A

REACH LOCATIONS

Fishermans Igland to
Hungar Creek

Hungar Creek to
Webb Island

Webb Island to
Pig Point

Yeocomico River to
Reedville

Fleeton to Mathews

Mathews to 014 Point
Comfort

Willoughby Spit to
Cape Henry

Figure
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SHORELINE REACH CHARACTERISTICS

VARIABLE
Tide Range
Subsidence Rate
Beach Width
Beach Elevation
Foreshore Slope
Backshore Type
Reach Length
Erosion Rate
Nearshore Terrace Width
Shoreline Orientation
Shoreline Reprientation
Bluff Height

Fastland Type

APPENDIX B

TABLE

B-1
B-1
B-2
B-2
B-2

B-3
B-3
B-3
B-3
B-3
B-3
B-3

177
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TABLE B-1: EXPLANATTION OF VARTABLES MEASURED SHORELINE
: REACH CHARACTERISTICS
VIRGINIA CHESAPEAKE BAY

COUNTY :
1. Northampton 6. Mathews
2. Accomack 7. Gloucester
3. Northumberland 8. York
4. Lancaster 9. Hampton
5. Middlesex 10. Norfolk/Virginia Beach
See Location Map, Figure 1.
REACH NUMBER:
See Appendix A for reach locations.
TIDE RANGE:

Mean tide range in meters. See Figure 24.

SUBSIDENCE RATE:
Mean subsidence rate in mm/yr. See Figure 3l.




SHORELINE REACH CHA
VIRGINIA__CHESAPEAKE. _BAY_
Q/Q*
O
S &
A S
S &K
> A2
o < <9

e & ) )
1 1 0.91 1.2
1 2 .91 1.2
1 3 0.91 l.2
1 4 0.91 1.2
1 5 0.91 1.2
1 6 J.85 1.2
1 7 .85 1.2
1 4 0.83 1.2
L 9 0.79 1.2
1 10 J. 79 1.2
1 | .79 1.2
l 12 0.73 1.2
1 13 0.73 1.2
1 14 0.73 1.2
1 LS 0.73 1.2
1 156 0.73 1.2
i 17 0.73 1.2
1 18 0.73 1.2
1 19 0.73 1.2
1 20 d.73 1.2
1 21 0.07 1.2
1 22 0.67 1.2
1 23 0.67 1.2
1 2% 0.67 1.2
1 25 Je 67 l.2
i 20 0.67 1.3
1 27 .67 1.3
1 28 Ja67 1.3
1 29 .61 1.3
1 30 .61 l.3
1 31 0.61 l.3
1 32 0.61 1.3
1 33 V.61l l.3
1 3% 0.55 13
i 35 0.55 1.3
1 30 0.55 l.3
1 ar D55 l.3
1 33 .55 1.3
1 39 U.55 l.3
1 44 U0.55 le4
1 41 0.55 |
2 42 V.52 la4
2 43 0.52 1.5

TABLE B-1.



_SHORELINE REACH CHARACTERISTICS
VIRGINIA CHESAPEAKE BAY.

. &
& & &
\3@ & , 0{(’
D & o O
A o RN
&R Ve
S & ¢ S &
O Q/?' S 0@ N\
¢ ¥ XL 2
2 44 0.52 1.5
2 45  0s5¢ 15
2 46 0,52 1.5
2 47 0.52 1.5
2 48  0.52 1.5
2 49  0.52 1.6
2 50 Ue.52 le6
2 51 0652 leb
2 52  0.52 le6
2 53 0452 1.6
2 54 052 1.6
2 55 0.52 le6
2 56 0.52 1.6
2 57  Ue52 lub
2 58 0,55 1la7
2 59 0455 le7
2 60  0.55 le7
2 61  0.55 1.7
2 62  U.55 1.7
2 63 0455 1.7
2 64 0.55 1.7
2 65 055 1.7
2 66  0.55 1.7
2 671 0.55 1.7
2 68 0.55 1.7
2 69 0.55 1.7
2 10 0.55 1.7
2 71 0.6l 1.7
2 72 Je 1 1.7
2 713 0.61 1.7
2 74 0461 1.7
2 15 Q.61 1.7
2 76  0.61 1.7
2 77 0.61 1.7
2 78  0.61 1.7
2 19 Veb1 1.8
2 80 0.61 1.8
2 81 0.61 1.8
2 B2 0.61 1.8
2 83 0.61 1.8
2 U4 0.61 l.8
2 85 0.6l 1.8

TABLE B-1 continued
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SHORELINE REACH CHARACTERISTICS
VIRGINA CHESAPEAKE BAY_

3 ¢
S & 0
4 < D AN
& R O E
S R\
® L K Ny
(@) *x AN )
2 86 0.67 l.8
2 87 0.67 1.6
2 ga Qe 67 1.8
2 b9 De67 1.8
2 90 D.67 1.8
2 91 Je 67 1.8
3 92 D.23 le2
3 93 D.43 1.2
3 G4 Ja43 1.2
3 95 0.43 1.2
3 96 Ue43 l.2
3 97 Ue 43 1.2
3 93 Oe43 1.2
3 949 Oe%0 1.2
3 100 040 1.2
3 101 0«40 1.2
3 102 .40 1.2
3 103 0.40 le.2
3 104 0.40 1.2
3 105 Je40 1.2
3 106 0.40 1.2
3 107 0.40 1.2
3 108 0.40 1.2
3 10v Ved? 1.2
3 110 0.37 1.2
3 111 0.37 le2
3 112 0.37 1.2
3 113 .37 1.3
3 114 0.37 le3
3 115 0.37 le3
3 116 0.37 1.3
3 117 0.37 i.3
3 118 .37 la3
3 119 0.37 l.3
3 120 0.37 le4
3 121 0.37 ‘leé
3 122 ' 0.37 le4
3 123 0.37 lad
3 124 0.37 1.4
3 L25 0.37 le&
3 126 0.37 l.4
3 127 037 1:4

TABLE B-1 continued
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- SHORELINE REACH CHARACTERISTICS_
VIRGINIA CHESAPEAKE BAY

&
N
& & KL
S F O
4 & S OB
> O O \&
Q o A S
3 128 0437 le4
3 129  0.37 le4
3 130 0437 le4
3 131 0.37 l.4
3 132 0.37 1l
3 133 0.37 l.4
3 136 0.37 le4
3 135 0437 l.4
3 136  0.37 1.4
4 137 0.37 1.5
4 138  0.37 1.5
4 139  0.37 1.5
4 140 0.37 1.5
4 141 0437 le5
4 142  0.37 1.5
4 143  0.37 1.6
4 144 0.37 1.6
4 145 0.37 1.6
4 146 0.37 leb
4 147 0.37 2.0
4 148 0.37 20
4 149 0.37 2.0
5 150 0.37 2.4
5 151 037 2.4
5 152 0037 2.4
5 153 0437 2.4
5 154 0.37 2.4
5 155 0437 2.4
6 156 0.37 2.4
6 15T 040 24
6 158 0.40 2%
6 159 0.43 2.4
6 160 0.46 2.8
6 161 Q.46 2.8
6 162 0.49 2.8
6 163 Q.52 2.8
6 164 0.55 2.8
6 165 0.6l 2.4
6 166 0.61 24
6 167 0.6l 24
6 163 0.61 28
6 169 0.6l 28

TABLE B-1 continued



SHORELINE REACH CHARACTERISTICS
VIRGINIA CHESAPEAKE BAY._

W\ 4@
S & O
RSP S P\
SR < N &Q

c$> > A )
6 17) 0.61 2.8
6 172 0.67 2.8
6 173 0.67 2.8
7  1T4  0.67 2.8
7 11> 0.73 2.8
7 176 0.73 2.8
7 177 0.73 2.8
7 178 0.73 2.8
7 119 Q.73 2.8
7 180 0.70 2.8
7 181 0.70 2.8
1 182 0.70 2.8
7 183 0.70 2.8
7 184 0.70 2.8
T 185 0.70 28
7 186 0.70 2.8
8 187 0.70 2.8
g8 1838 0.70 2.8
8 189 V.70 2.8
B 130 0.70 2.0
8 191 0.70 2.6
g8 193  0.70 2.4
H 194 .70 elt
8 195 Ja 70 24
8 196  0.70 2.4
8 197 0.70 2.%
8 198 0,70 2.4
9 199 V.70 2.2
] 201 O. 76 2e2
g 202 O.76 2.2
g9 203 V.T6 2e2
g 204 4 Y 76 2e%
10 205 0.76 2.4
lo 207 0.82 2.2
10 208 D.d5 2.0
10 20% V.85 2.0

TABLE B-1 continued



TABLE B-2:

COUNTY =

SN H
L]

184

EXPLANATION OF VARTABLES MEASURED SHORELINE
REACH CHARACTERISTICS
VIRGINTA CHESAPEAKE BAY

Northampton 6. Mathews

Accomack 7« Gloucester
Northumberland 8. York

Lancaster 9. Hampton

Middlesex 10. Norfolk/Virginia Beach

See Location Map, Figure 1l.

REACH NUMBER:

See Appendix A for reach locations.

BEACH WIDTH:

Distance in meters from low water line to backbeach.

BEACH ELEVATION:

Elevation in meters from low water line to maximum
elevation of backbeach.

FORESHORE SLOFE:

Average beach slope seaward of high water line.

BACKSHORE TYPE:

1.

2
5.

Dune
Bluff
Other



SHORELINE REACH CHARACTERISTICS
VIRGINIA  CHESAPEAKE BAY

&
N <
D Q <
¥ Q& N\ L &
o \Q \,Q’ OQ." 0Q~
A G R X o
S D &2
O\> Q’V- $) v.o OQ> ?’0
@ ¥ & &R
1 6" 21.0 2.45 4103 i =
1 7 22.5 2.45 <130 2
1 8 180 1.92 .130 2
1 9 21.0 2.59 130 1
1 10 24.0 2.06 .113 2
1 11 2i.0 1.90 .133 1
1 12 12.0 1.72 .140 2
1 14 12.0 1.32 106 2 .
1 15 15.0 1.74 106 1
I 16 15.9 1le62 o130 1
L 17 9.0 1,27 <145 3
1 18 12.0 1l.46 126 1
1 22 12.0 1.59 .l46 1
1 23 6.0 0.74 .126 2
1 24 24.0 1.34 073 2
1 25 21.0 1l.47 .0713. 2
1 26 15.0 1.79 130 2
1 27 7.5 1«32 <160 2
1 31 9.0 .93 L.083 2
1 34 14.0 Ll.40 .126 1
1 35 9.0 1.12 120 2
1 36 12,0 1.38 .133 I
1 37 18.0 1.33 L113 2
1 38 9.0 0.60 4106 2
1 39 9.0 0.58 .186 1
1 40 18,0 1l.69 L102 2
1 41l 6.0 0.65 100 2
2 42 6.0 0.98 <193 1
2 43 9.0 1l.02 120 1
2 45 12.0 0.33 .140 1
2 47 9.0 1.31 Jl40 1
2 49 9.0 lei2 .130 1
2 52 7.5 1.00 .146 1
2 53 6.0 0.78 130 1
2 54 12.0 0,67 .093 2
2 5% 3.0, 0.98 4173 1
2 58 9.0 lol4 140 1
2 61 6.0 0.71 106 1
2 6% 9.0 0.64 <123 1
2 66 6.9 072 120 L
2 67T 12.0 1.06 106 1
2 68 9.0 1.02 116 1
2 70 12.0 1.48 140 1

TABLE B-2



SHORELINE REACH CHARACTERISTICS

VIRGINIA CHESAPEAKE BAY

&
O
<
N (§> C?
Q: AN \
& & & & &

Al S

FE F F O or
2 Tl 12.0 1-54'-.156 2
2 T2 15.0 1l.956 al%4b 1
2 T4 L2.0 1.01 « 100 1
2 T5 12.0 0,83 + 066 2
2 82 12.0 0.92 .083 1
2 B84 9.0 1l.12 el33 1
2 85 L8.0 1.22 «133  §
2 89 620 0.60 «106 2
3 92 12.0 1.04 «1l1l6 2
3 93 12.0 1.22 123 |
3 94 9.0 0.47 133 1
3 95 9,0 1.01 «150 1
3 96 9.0 0.50 +113 i
3 99 6.0 0.84% 140 | §
3 102 6.0 079 el3l 1
3 103 6.0 0.57T <096 2 -
3 104 9.0 1.18 eld3  §
3 106 9.0 0.86 «101 2
3 107 9.0 1.17 .120 2
3 L08 9.0 1l.02 «150 1
3 109 9.0 0.8%4% 120 2
3 110 120 1.10 e1l20 2
3 111 9,0 1.20 el 3 1
3 112 18.0 1.83 el&b 3
3 113 18.0 1.53 .153 3
3 114 12.0 1.14% 130 2
3 116 9.0 0Q.82 100 2
3 1138 12.0 1.20 153 1
3 119 5.0 0,838 126 2
3 120 12.0 0496 126 1l
3 121 9,0 0949 L.100 1
-3 125 6.0 0.87 163 1l
3 126 D0 0886 (120 1
3 127 12.0 (0,99 ell3 1l
3 128 9.0 1.5 «133 1
3 129 12.0 1.38 143 1
3 130 9,0 1.10 «136 1l
3 132 9.0 0.83 «106 1
3 123 9.0 1l.11 130 2
3 134 G0 Q.86 «106 1
3 135 9.0 1.20 .130 1
3 136 4.0 0.48 116 2

TABLE_B-2 continued



SHORELINE REACH CHARACTERISTICS

VIRGINIA CHESAPEAKE BAY ~

K3

&
X
> s
\59 ﬁgg QSQ *8
S e &
& &K
N2 A 7« M S
o T < 3 Q %v.’
4 137 4.0 0.35 096 2
4 138 3.0 0.24 4080 2
4 140 3.0 0e30 <100 2
4 141 6.0 0.75 e 146 1
4 142 12.0 1.01 <113 1
4 144 12.0 1.48 .133 1
4 145 15.0 1459 <160 2
4 148 9.0 0.76 o180 1
4 149 15.0 138 173 1
5 150 12.2 1.08 « 140 3
5 152 1840 1.68 o123 1
5 153 9.0 1.02 «128 1
6 156 12.0 0.94 o116 2
6 157 15.0 1432 o146 1
6 158 12.0 0.96 <113 1l
6 159 12.0 1.0% 133 1
6 160 6.0 0.74 <106 )
6 1lol 6.0 0.68 «096 1
6 162 15.0 1.56 <136 1
6 1065 9.0 l1.07 1606 1
6 167 15.0 1759 <140 1
8 1817 6.0 0.93 106 2
8 1438 9.0 .76 «116 2
8 192 15.0 1.13 «133 1
8 195 6.0 0.64 106 1
6§ 198 9.0 1.12 120 1
9 199 15.0 0.98 <i26 1
9 202 420 2.27 <126 3
L0 205 2Tl 1a9% <176 3
10 207 30.0 2.46 a132 1
10 208 33.0 72.53 130 1
10 209 2f.0 199 126 1

'I_'_ABLE_B-.'Z_ continued
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TABLE B-3: EXPLANATION OF VARIABLES MEASURED
GHORELINE REACH CHARACTERISTICS
VIRGINIA CHESAPEAKE BAY

COUNTY :
l. Northampton 6. Mathews
2. Accomack 7. Gloucester
3. Northumberland 8. York
4. Lancaster 9. Hampton
5. Middlesex 10. Norfolk/Virginia Beach
BSee Location Map, Figure 1.
REACH NUMBER:

See Appendix A for reach locations.

REACH LENGTH:

Length of shoreline in meters characterized by
this sampling.

EROSION RATE:

Mean shoreline retreat over length of reach,
1860-1940.

NEARSHORE TERRACE WIDTH:

Distance from shore to 3.6 m (12 £t) contour
line.

SHORELINE ORTENTATION:

Azimuth. Orientation of sﬁore; bearing to
the right, facing landward.

SHORELINE REORIENTATION:

‘Change in orientation in degrees over
1860~-1940 period. + is clockwise change,
- is counter-clockwise change.

BLUFF HEIGHT:

Mean bluff height in meters over reach length.
FASTLAND TYPE:

l. Impermeable Beach
2. Permeable Beach
3. Marsh Barrier Beach
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TABLE B-3_continued

SHORELINE REACH CHARACTERISTICS
~ VIRGINIA_CHESAPEAKE BAY
& N
& oS
- \g
<& O &
QO S ST o _
S QR <> & P S
& & & & L LS
< ™ ’ > Y
& N & & SRR
S & & Q M & K
S & & F &E & & K@
& & <& ¢S X L & &
2 4‘4 548. 0.9 134l. 30. 0. 0. Z
2 45 36724 l.0 1615 30. 0. Oe 3
2 46 2438. D.b 91’*. 348. 0. 0. 3
2 47 1097. 1.2 701. 37 O le 2
2 48  9l4. 1.0  1249.  gs. 0e 0. 2
2 449 1554, 0.8 853. 40a 0. Oe 3
2 50 2453, 0.7 853. 92a 0 O 1
2 51 91%. 0.4 3139. 30. . 0. 0e. 2
2 52 11538, 0.6 44, 64, 0. le 2
2 53 1219, 0.5 2407. Qe O Oe 1
2 54 1798. 0.5 2438. 6% 0. Oe ) §
2 55 3657 l.5 1066. 39, Oe le 3
2 56 365. —=0ab 1066« 290. Oa Oe 2 .
2 57 1138. 0.6 2194, 67« (V% Oe 3
2 58 929. 0.6 914 32. 0d O 2
2 59 l463. 0.3 3413. l1l. Ce Oe 3
2 60 1249, 1.3 1798. 322. 0e 2. 2
2 61 2143, 0.0 1645- 62« O. D¢ 3 .
2 62 3688. 0.6 1676« 108 0a De 3
2 63 1584, V.6 2804. 60a Oe Ue 3
2 64 2743. 0.3 6705. 604a Oe Oe 3
2 65 3048. 0.8  518le 334, 0 1. 1
2 66  944. 0.8  3352..  52. 0e 1. 1
2 67 1828. 0.6  4876.  355. 0e 0. 1
2 &8 670 0.5 3139. Oe 0. Oe 3
2 69 304, 0.5  3139. 74. 0. 0. 3
2 70 701. - Q<5 3078. 330. 0. le 2
2 71 670. Ou4 4876, 25 O. le 1
2 72 609. 04  5486.  Bg, 0. 0. 3
2 73 304. Va4 5486 12. O. Oe 3
2 1% 883. D% 5638 100. 0. Oe 3
2 75 1524, Do & 5974 140 Oe Oe 1
2 76 701. 0.6 7315. 43. 0. Oe 2"
2 77 2438, O.4 5181 315 0. Ow 3
2 79 1249. Oe5 10668. lle 0. Oe 3 :
2. 80 2438. 0.3 10515. 280. O 0. 3
2 81 365. .0.3 10362 280 O. Oe 2
2 82  609. 0.4 10515«  32g. 0. 0. 3
2 83, 1llusd. 0.5 10972. 2454 O. Oe 3
‘2 84 2164, 0.6 10393« 210. 0. le 3
2 85 2_072. U4 4663, S54e O. Oe 3



_SHORELINE REACH CHARACTERISTICS
VIRGINIA CHESAPEAKE BAY
L RN
& & «°
< a SO
& & & & &
9 e AN & N Q A
@Q/’ A Q/ A OQ‘ @ «/ -\/,
S 2 ¥ ol S Y & ®
< "% g SR NS N S SOl
> & & € & RN RN XN
o ¥ < < < F ¥ ¥ ¥
86 670. 0e2 4937 332. 0. . O 3
87 243« U9 4815, 4le O. Oe 3
88 975. 0.7 4815 48. 0. Oe 3
69 3108. | 4815. 38 O. Q. 1
90 3962. 0.3 5486 56a Oe 1. 3
91 640. 0.9 5577« 121. Oe le 2
92 914 0.4 583 102. 0. 3a 1
93 975 0e6 B83. 104 O« Oe 3
94 1219 04 2011. 124. O« Oe 2
95 975. l.l 640. 180 Oe Ou 2
96 1341. 0.7 579 95. O. O. 2
97 243. Ou7 182, 884 O. Oe 2
98 1097. 3.2 1219. 125. O. e 2
99 243. 0.0 1828 176. O O. 2
100 228« 1.8 1524. 1254 O. Oe 2
101 1219. l.7 1584. 133. Oe l. 1
102 853. 0«0 1402, 133. O. O. 2
103 2804, 1.1 975, 110. 0. 3. 1
104 60. 1.0 883. 110« O l. 2
105 2560, 0.5 1341. 108 Oe 3. 2
106 36517« 0.6 1036. L22. De 4o 1
107 243 Oeb - 670. 12la Oe l. 1
108 4937. 0.6 518 121. Oa 3 2
109 2560a L% 70l 134. Qe 3. 1
111. 1219 l.8 640. 190. O Ve 2
112 1158. l.8 792 190« O 3. 2
113 . 914. l.9 1188. 212a O 2 2
114 579 0«3 134}. 183. Qe 3. 1
115 335‘ 1.0 9“'4. 20&. -30 U. Z
117 Yl4e 0.4 548 272« - O. 0. 2
118 304%. 0.0 518, 154. Oa 0. 2
119 1402 2«1 L371. 182. Q. l. l;
120 579 0.0 396. 212. Oa Oe 2
121 1045. 006 701' 98. 0. 0. 3
122 1280. 0.6 2255 161. Qe 0. 3
123 2773. 0.6 2194, 270. Oe 0. 3
124 070« 0.6 2072 185. Oe De .37
125 7192« 0.9 1950. 180. Oe 0. 1
126 1138 0.9 1924, 185, O. Qe 3
127 944, 0.8 134]. 150. 0. 0. 3
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TABLE B-3_continued
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TABLE B-3_continued

- SHORELINE REACH CHARACTERISTICS

\X A
{ Oé A
D o \9@ «‘55\ &
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NS & & SR A
KR < - < Q0 ¢ & <
N ¢ g ¢ F&£e
«_z 0‘2‘/ 0’2‘ SN Qfo QfO Ve QQ RV
& & o F L L O o
> Y & & N S 2 > <
- 128 1148, Q4 883 162 O. O. 2
129 1524. 0.4 883. 165« Q. 0. 2
130 243 . La2 T3l 145. O. Qe 3
131 609 ) 487. 140. O. Oe 2
142 1280 0.6 2346 154, O. O. 2
134 1158. l.7 2346. 154 Oe O. 1.
134 1036. 15 1097 191. Ce Ce 3
135 64Q0. 0.0 2042 2lle Ue O. 3
136 6"0. 0‘9 762. ZBO. —30 Oe 1
137 12404 2.0 1341. 193. Oe Oe 1
138 1310. .18 640. 192. O. O. 1
139 L341. 1.7 975. L46. Oe Os 1
140 12804 0.9 975. 170. 0. O. 1’
141 1310. 14 Y. B83, 108. Oe Oe 2
142 640. 0.6 883. 13. 0. Oe 2
143 1889. 0.6 883. 45. 0. 0. 3
144 1554, l.8 9l4. H4.a O Oe 2
145 28U0%. 2e4 1188 157 Oa Oa 2
146 Fl4. 2e2 1219 157. 0. Oe 2
147 1£80. 1.2 731l 281. 5e O. 2
148 lol5« 0.8 457. 296 Je Oe 2
149 2255a 0.0 487, 252. O O. 2
150 2164 1.0 1097 118. Oe le 2
151 1584. lo4 134l. 100. Ce Oe 3
152 2164%4. 00? 883. 226- -5 Oe 2
153 1280. "007 243- 280. 0. 0. 2
154 2499, 07 670 184. O. 3. 2
155 426, 0.7 1432. 212 O. 0. 2
156 2560 2e2 914%. 198. O. 1. 1
i57 929, 2ol 426. 156. Oe O 2
158 1950. 2el 640. 155. O. (V)8 2
159 2743 le3 1127. 165 De Oe 2
160 1859, 1.4 1127 175 0. Oe 3
161 Y44, 1.3 1615. 173 D. Q. ‘3
162 4846. 13 1005. 180. Oe Oa 2
163 1628 2.1 609, 212 Oa O. 3
164 9l4. 0.0 1310. 218 0. Qe 3
165 1554 Je3 1310. 170a O« Qe 2
166 335 Ue3 1554, 1704 O Q. 3
167 265l. 0.4  1005. 190. ° 0. l. 2
1643 i718. O.7 914 3l2. 0. Ce 3
169  929. 0.1 g83. 288. 0. 0. 1
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170 L310. Des 1219. 3306. O. Qe 1
171 670. 0.1 1402« 345 O. O. 3
172 1920, 0.7 457. 325. Q. Qe 1
173 1219. 0.2 1158. 270. 0c 0Oa 1
174 1524, 0.5 1219. 220, O. Oe 1
175 1767. 0.5 914. 133. O. 0. 3
176 975. 0.5 6U%. 196. O. Oe 3
177 731l. 0.7 213. 232« Ow O. 3
17138 2804 0.6 162« 90. O. Ue 3
179 9275. 1.3 853. l48. Oe 0. 3
180 853. 0-‘. 914. 170. -3. 0- 3
181 1219. 0.0 453. 105. 0. Oe 3
182 1036, 0.0 3200. 200, O. O. 3
183 670, 0.0 670. 260. Oe 0. 3’
184 1219. 0.3 7101 253. 3. O. 3 -
185 21944 0.5 883. 270. O. 0. 1
186 544. O L066. 270. 3. Oe 2 .
1817 2743, 1.0 548. 83. O- l. l
188 1524, 1.0 548. 75 O. Oe 1
189 2?4. 1.0 48’0 73. 0. 0. 2
190 609. 09 60Y. 98. O. Oe 2
191 25604, 0.9 640. 7l O. Oe 2
192 2621. 0.0 1554. 232. O. Ce 2
193 1036. l.l 365. 135. O O. 2
194 1371 l.1 1066. L42, Q. Oe 2
195 640, 1.1 1249. 190. O O. 2
136 1249 0.0 1005. 195, O. Oe 2
197 3718. 0.7 1615. 75. O. 0. 3
194 1680, 0.0 4ll4. 132. 0. Oe 3
199 1097. le2 304. 128e O. O. 2
200 2164, 1.9 9l4e 152« Ou l. 2
201 4145, le4 548. 200. Oe le 2
202 3169. - Qa5 * 3200 200. 0. Oe 2
203 2712. 0.0 l82. 195. —ba O. 2
204 944. 0.0 30. 270 0. O 2
205 1924 Oe4 396. 115« Oe l. 2
206 3566, 04 182« 115. -3. le 2
207 4267, 0.9 304. 108 7e lao 2
208 3474, 1.3 701. 110. O. l. 2
209 24486, 0.8 289. 65. O. 3. 2
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APPENDIX C
WAVE REFRACTION DIAGRAMS

Input Wind Figure Numbenr

Direction Velocit
(azimuth) (knotsg

0° 10 C -1
0° 25 c -2
0° 40 ¢ -3
459 10 ¢ -4
450 25 C -5
45° 40 C -6
225° 10 C -9
225° 25 c -8
225° 40 C -9
315° 10 C - 10
315° 25 ¢ - 11
315° 40 C - 12
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APPENDIX D

SHORELINE HISTOGRAMS

The shoreline histograms presented show the variation
in four wave parameters, orthogonal density, period, wave
height, and wave energy along the three shorelines of the
Virginia Chesapeake Bay (western, eastern, and southern)
ﬁredicted from varying input wind conditions.

The plots of wive period, height, and energy repre-
sent the highest value in each one nautical mile class
interval. The orthogonal density plots show the number
of orthogonals reaching the shore in each one nautical
mile class interval. This plot demonstrates the redis-
tribution of wave energy due to refraction. The waves
are input at the uniform spacing of four orthogonals
per nautical mile normal to each input wind condition. -

| Table D-1 shows the input wind conditions and

corresponding histograms.
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TABLE D-1. Shoreline Histograms Figure Numbers

Input Wind Figure Number
Direction Velocity, Western Eastern Southern
(azimuth) (knots) Shore Shore Shore

ORTHOGONAT, DENSITY

og 10 D-1 D-2 D-3

o2 25 Dt D=5 D-6

0% 40 D-7 D-8 D-9

452 10 © D-10 D-11
452 25 D-12 D-13
45° 40 D-14 D-15
2257 10 D-16

225 25 D-17

225 40 © D-18

3158 10 D-19 D-20
5150 25 D-21 D-22
215 40 D-23 D24

PERIOD (seconds)

0° 10 D-25 D-26 D-27
og 25 D-28 D-29 D-3%0
0° 40 D-31 D-32 D-33
459 10 D-34 D-32
452 25 D-3%6 D-37
459 40 D-38 D-39
2250 10 D-40

225 25 D41

2257 40 D-42

315, 10 D-43 Dt
2152 25 D-45 D-46
215 40 D47 D-48

WAVE HEIGHT (meters)

og 10 D-49 D-50 D-51
0o 25 D-52 D-53 D-54
0% 40 D-55 D-56 D-57
452 10 D-58 D-59
459 25 D-60 D-61
459 40 D-62 D-63%
2257 10 D64

2252 25 D-65

2257 40 D-66

315 10 D-67 D-68
315 25 D-69 D-70

3150 40 - D-71 D-72
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TABLE D-1, Cont'd

WAVE ENERGY (joules)

Input Wind Figure Number
Direction Velocity Western  Eastern Southern
(azimuth) (knots) Shore Shore Shore

og 10 D-73 D-74 D-75
Oo 25 D-76 D-77 D-7/8
0 4.0 D-79 D-80 D-81
459 10. D-82 D-83
45° 25 D84 D-85
450 40 D-86 D-87
2259 10 D-88

2258 o5 D-89

225 40 D-90

3150 10 D-9L1 D-92
515, 25 D-93 D-S4
315" 40 D-95 D-96 -
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