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to achieve an equilibrium with those forces shaping
it. The activity of our shorelines is of great human
concern because nearly two-thirds of the world 's
inhabitants live along the ocean margins .
Considering the variability and fragility of the
world' s coastlines, we clearly need to understand
the forces sculpting shorelines and how these
fragile boundaries respond . Our knowledge of the
complex interactions between the atmosphere,
oceans, and land masses is incomplete. Our ability
to predict variability in this system is woefully
i nadequate at times (the most common example of
this is the media weatherman, who opens himself to
violent criticism with each broadcast). Coastal zone
management must rely heavily on scientific
knowledge to be effective in protecting and
preserving the nation's shorelines, while
minimizing the adverse impact on man and his
cultural relicts along the coasts. Only by
understanding the dynamic nature of the coastal
zone ca n we i ntelligently manage the limited and
fragi le resource separating the continents from the
oceans.
Most of our nation' s coastline includes a thin
border of beach sand or other clastic material,
backed by either sea cliffs, more water, or low-lying
plains. Stretches of shoreline lacking beaches
generally have sea cliffs plunging directly to the
water' s edge. Both beaches and sea cliffs serve to
buffer the continents from the oceans' fury. Some
regions are highly successfu l, others fail alarmingly.
Beaches on the south shore of the island of Martha's
Vineyard, Massachusetts, are receding at the rate of
3 meters per year. The Atlantic-facing shores of
Cape Cod , Massachusetts, are backed by sea cliffs
eroding at a rate of 1 meter per year. Lighthouses

and other structures have been relocated inland to
avoid the tenacious reclamation of land by the sea.
The major forces modifying beaches on a
brief time scale are winds, waves, tides, storm
surges, and man. On geological time scales, the
slow sea-level rise along much of the nation's coast
causes beaches to migrate landward and to
contract. Hurricanes and winter storms provide
vivid demonstrations of the frailty and vulne rabil ity
of beaches; this, combined with local sea-level rise ,
dooms many of our beaches to recede , accelerating
coastal damage during hurricanes and storms.
Barrier beaches represent a special type of
shoreline, bordered on one side by an ocean, sea, or
gulf, and on the other by a protected body of water
(Figure 1). These beaches may be completely
separated from land, in which case they are called
barrier islands. Barriers attached on one side to land
are called barrier spits. When completely enclosing
an embayment with only a single channel to the
ocean, they are known as baymouth bars. In this
article, these classifications are implied in the
general term barrier beach. The distinction among
these different structures is often temporary, as
storms often remold shorelines into a different form
within a few hours.
All beaches, including barrier beaches, are in
many ways similar in their response to nature' s
forces. Storm waves , most frequent in winter
months, erode beaches, whereas more quiescent
waves return sediment shoreward and rebuild
beaches. Waves approaching at an angle move sand
along the beach. This longshore transport may have
no net effect on the appearance of the beach, or it
may accrete or erode the beach , depending on
whether equal or unequal amounts of sand enter

Cliffs of clay at Gay Head, Martha's Vineyard, move back about 3 meters per year through wave action and wind erosion.
(Photo by jan Hahn)

.Going to the Beach
lhis has been the Year of the Coast, an effort
principally by envi ronmentalists to focus national
attention on the more than 80,000 miles of
American fringe lands. It's about time, and it may be
way past time.
On a recent assignment for Smithsonian, I
had occasion to travel a fair section of the coaststartmg at Galveston and working east from Mobile
around the thumb of Florida and north through the
Outer Banks of North Carolina to New York. There
are still plenty of wild stretches, miles we have left
lonely. But generally where development has
occurred, it has been fast and formless. The west
coast of Florida has semblances of style- a domino
skyline, a sweep of bay bridge- but the net effect is
surfeit. The Outer Banks are protected as a national
seashore, but where protection stops, a kind of
fancy, second-home shantytown begins. Prices are
phenomenal, particularly on barrier islands; a
thousand dollars a shoreline foot is often asked and
gotten, sometimes two thousand . " People are
going to live on the coast," the mayor of an Alabama
beach resort told me. "And they' re not making any
more coast."
The national centrifuge has spun three
of four Americans out to within a hundred miles of
some coast, oceanic or lacustrine. By the end of the
decade, three out of four will be living within SO
miles of the sea, some predictors say. If they are
right , the pressures on some of our most beautiful,
delicate, and productive areas will be placed under
severe stress. The trends are there: we have
drained, filled, o r otherwise los t about 40 percent of
our wetlands, and the process continues at the rate
of some 300,000 acres a year; that shrinkage, plus
pollution of nursery bays and estuari es, has caused
sharp drops in local shell and finfish harvests.
The risk is not entirely to the envi ronment.
Sea level is rising, a fact the buying public does not
seem to have g rasped. Precise measurements are
difficult, but most scientists will settle for a mean
val ue of about one foot a century worldwide. As the
sea rises, coasts submerge- except in areas of
glacial rebound - and coastlines retreat inland. We
can armor choice shorelines with sea walls and
groins, but even these brutally expensive structures
can't give property owners more than a few decades
of protection.

Curiously, the beach boom has been going
o n dunng a lull in hurricanes. More than a hundred
of them have come ashore since the start of the
century, but the incidence is down now. The result
is that around eight out of ten Americans living on
the coast have had no experience with really heavy
weather; many of them tell poll takers they don't
pay much mind to killer storms. That insouciance
simply is not healthy. Few people know, or seem to
care, that the worst natural disaster by far in th1s
country occurred when a hurricane slammed into
the barrier island of Galveston, Texas, in 1900,
killing 6,000 in the city and another 2,000 or so
nearby. Today, experts say, if a big storm like
Camille, rated five on a scale of five, were to come
ashore in a heavily urbanized area like, say, Miami,
the results would dwarf Galveston.
Scientists and government officials are
paying much more attenti on today to coastal
processes and their interaction with social stresses
of coasta l crowdi ng. Nearshore oceanography
tends to be difficult work: tides and topography can
make a washing machine out of the inshore ocean.
But as the articles in this issue indicate, we are
learning. We are beginning to understand how the
sea shapes beaches, how to predict where storms
may open inlets, how to spot high-hazard areas. We
are beginning to understand the effects on the
coastal biota of at least some pollutants, including
oil and some heavy metals. We can, upon occasion,
identify and correct the causes of dangerous
siltation or variation in the salinity of lagoons and
estuaries.
Equally important, we are facing up to the
impact of governmental policies on shoreline
development. Much of the infrastructure of that
development is underwritten to a degree by federal
programs. Thm.e wou ld include roads and bridges,
sewage treatment facilities, flood control, and
hurricane protection. Coastal commun ities
meeting flood-related building standards are
eligible for federal insurance at bargain premiums.
Revision of these programs may not halt our rush to
the salt, but it cou ld make it more likely that the
costs of living in ha rm's way will be more equitably
apportioned.

William H. Macleish
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Figure 1. Barrier beach
systems are composed ofa
thin vegetated beach
separating a major body of
water from a protected bay
and adjacent land mass.

and leave a particular coastal stretch. Beaches may
be lo ng or short, straight or si nuo us, depending on
the forces modi fyi ng them and the available
sediment. Two major processes are unique to
barrier beaches: tidal inlet changes (both their
formation and migration) , and overwash processes .
Du ri ng storm conditio ns, these processes can
control th e poststorm barrie r beach co nfiguration,
fa r outweighing other agents that are modifyi ng the
beach at that time.
Geological Factors
Th e shape and characteristics assumed by a stretch
of coas tline reflect a myriad of geological forces and
present-day processes. A majo r geological factor
contro lling shore line features appears to be plate
tectonics (see Oceanus, Vol. 17, No.3), which
influences the width and bathymetric detail of the
continental shelf as w ell as the local ri se or fall of sea
level. Th e rate of denudation of inland regions
coupled with th e supply of sed iment to the
coastline are other factors. The local condit ions of
some sho relin es mirro r river drainage patterns,
faulting, and slumpi ng, as well as biological
processes (such as on coral beaches o r mangrove
beaches). Wind patterns, climate, and tidal range all
contribute to the complex natu re of shorelines.
Sea-level chan ges, both eustatic (worldwide)
and local , play an imp o rtant role in long-term beach
develo pm ent. A eustatic sea-level change results
from glacial activity; as glaciers melt, worldwide sea
level tends to rise, while as glaciers enlarge,
worldwide sea level tends to fa ll . Since the world is
currently in an interglacial period, sea level is
relatively high. A schematic sea-level curve for the
eastern United States (Figure 2) shows a sea-l evel

stillstand near 15,000 years before present (BP),
followed by a relatively rapid ri se up to 5,000 years
BP, when sea level was approximately 5 meters
below the present level. Sea-level ri se si nce then
has averaged approximately one mi llimeter per
year, gradually encroaching on th e co ntinents.
Superimposed on the e ustatic sea-l evel curve
are other sea-level flu ctuations that result in
nonunifo rm rates of relative sea-level rise around
the world. Th e primary forces causi ng no neustatic
relative sea-level changes are tectonism (such as
along the Pacific coast), glacial rebound resulting
from land masses gradually readjusting to remova l
of glacial loading (such as in Scandinavia) , and
seasonal changes in sea level that are the result of
fres hwater inflow and heating and cooling cycles in
the ocean (steric effects). Tide gauge records from
the United States over th e last 40 yea rs show th e
entire mainland coast subme rgent relative to the
oceans, with rates ranging from 3 millimeters per
year in New England to about 15 millimeters per year
THOUSA NDS OF YEA RS AGO
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Figure 2. A sea-level cuNe for the last 35,000 years clearly
shows the rise and fall of sea l evel associated with
worldwide glaciation . (After Milliman and Emery, Science
1968)
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along the Gulf coast. Clearly both eustatic and local
effects are important factors in determining relative
rates of sea-level rise, and the ultimate fate of
beaches.
Nearshore Hydrodynamics
Besides the geological factors, water motions
impinging on beaches in large part control the
behavior of the shoreline. The major events
modifying beaches are hurricanes and winter
storms. Hurricanes often have dramatic effects on
coastal regions, bringing with them large waves,
storm surges, and devastating winds. Hurricane
Frederic in September, 1979, caused approximately
$1 billion in damages along the Gulf coast (see page
47). The last major hurricane to devastate the
Atlantic coast was Donna in 1960. Many coastal and
atmospheric scientists believe a major hurricane
will strike a populated U .S. coastal region in the
next few years, and will surely cause widespread
damage.
Winter storms also are responsible for
extensive coastal destruction, often affecting much
greater stretches of coastline than a single
hurricane. Large waves, winds, and storm surges
are also associated with these winter storms. The
Ash Wednesday storm of March 7,1962, caused
millions of dollars of damage along the eastern
seaboard. Each year, nearly a hundred such storms
along the U .S. coast shape and modify the beaches.
The mean circulation in the nearshore zone
can be schematically represented by a generalized
circulation cell (Figure 3). Waves approach the
shore at an angle, driving a longshore current in the
direction of wave propagation , interrupted
periodically by seaward-flowing rip currents. This
simple model illustrates the major components of
nearshore circulation, but obscures the complexity
of the mutual interactions of these various flow
fields . To understand how a beach responds to a
hurricane, storm, or calm-weather wave field, we

-

first need to know how waves behave as they
approach the shoreline.
Surface gravity waves, which are the waves
we observe on the sea surface, are fueled by winds
blowing over the oceans. As waves propagate
across the open ocean, they lose some energy, but •
can remain coherent over distances of thousands of
miles. Once the waves reach shallow water,*
however, they begin to transform and lose energy
more rapidly. The loss of wave energy in shallow
water is primarily through bottom friction; as waves
pass over the bottom, energy is dissipated in the
bottom boundary layer. Some of the dissipated
energy results from moving sediment, the rest goes
into the production of turbulence which eventually
is dissipated as heat.
The bottom boundary layer is the transition
region near the seabed where the wave and current
motions decay to zero. The detailed structure and
dynamics of this boundary layer are as important as
they are complex; to understand the mechanics of
near-bottom sediment transport (both bedload,
which is material transported along the bed , and
suspended load, which is material transported off
the bed) , we must improve our modeling of the
boundary layer.
The changes that waves undergo as they
move shoreward or shoal are complex and not
entirely understood. The simplest transformation
predicts no changes in wave symmetry or period,
only changes in height and wavelength. Except for
dissipation , a shoaling wave conserves its rate of
flow of energy (energy flux) from deep water up to
the breaker point. As it shoals, the wavelength
constantly decreases; since the period remains the
same, the wave speed (wavelength divided by
period) also decreases. The wave height initially
decreases as shoaling occurs, then increases
shoreward. This linear shoaling model predicts
symmetrical wave forms and symmetrical
near-bottom wave motions.
Waves can change direction as they move
shoreward; this phenomenon, called wave
refraction , is analogous to optical refraction. As
waves propagate into shallower water, their
direction changes such that wave crests become
more parallel to shore; in very shallow water waves
break nearly parallel to the shoreline. Other wave
shoaling effects are diffraction and reflection,
where the seafloor changes the wave properties
because of sudden bottom irregularities, steep
bottom slopes, or longshore bathymetric
discontinuities.
Field observations show that the linear
shoaling model does not adequately represent

BEACH

Figure 3. Nearshore circulation cell consisting of incident
waves, wave-driven longshore currents, and
seaward-flowing rip currents.
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*Shallow water here is roughly defined as water depth less
than half the deep-water wavelength, approximately 175
meters for a 15-second wave or 38 meters for a 7-second
wave.

Field and laboratory observations are
cons istent with theories about nearshore edge
waves, suggesti ng their importance in nearshore
sand movement. Th ese longshore peri odic waves
may influence rip current fo rmation and even the
beach configuration itself.
Storm systems affect beaches other than just
through waves. Storm surges ca n raise the mean
water level near the coast, enabling destructive
waves to erode the beach at higher and higher
levels. Storm su rge is composed of several
compo ne nts. The first is an " inverse barometer"
effect, where sea level rises in response to lowered
atmospheric pressure associated with storms. A
d rop in atmospheric pressure of 2 millimeters of
me rcury is equivalent to a sea-l evel rise of 3
centim eters. Combined with this barometric effect,
a wind blowing onshore during a storm can raise sea
level by several meters. Th e combined storm surge
can significantly co ntribute to storm damage along
coasts, and the development of overwashes and
i nlets along barrier beaches. Other water motions
also may influe nce beach processes, but generally
to a lesser degree. Interna l waves, shelf ci rculation
patte rn s, Gulf Stream ed dies, and other
low-frequency moti o ns may influence any
parti cular beach in an i ntricate fashion.
Beach Response
Our understanding of how beaches respond to
waves an d tides is largely empi ri cal, although
significant theoretical ad va nces have increased o u r
knowledge of the physics of sediment transport.
The U.S. National Oceanic and Atmospheric
Administration' s Sea Grant program recently has
been sponsoring a major effo rt to b etter understand
how beaches work; this program is called the
Nearshore Sediment Transport Study (NSTS).
Approximately 10 scientists serve as principal
investigators on thi s project, designed to " perfect
relations for the prediction of sediment transport by
waves and currents in the nears ho re environment."
The study emphasizes field measurement of
nearsho re wave and cu rrent behavior at three
different sites, as well as th eoretical and empirical
modeling of su rf zone hydrodynamics and
sediment transport. Thi s study is contributing to our
understanding of the behavior of different beaches
as they are exposed to various driving forces.
Although beaches change in a comp lex
manner, som e aspects of their behavior ca n be
correlated with particular aspects of the forcing
conditions. Th e most obvious example is the
gradual encroachment of the sea onto beaches,
responding in part to local sea-level rise . As sea level
rises, beaches retreat landward, often leaving p eat
deposits, tree stumps, and other coastal forest
remnants exposed on the open-ocean beaches.
Accompanying this shoreward migratio n may be a
narrowi ng of the beaches and conseq uently a
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reduction in their capacity toad as buffers to ocean
storms and waves. Thi s beach ret reat and narrowing
is not a result of sea-level rise alone; it also reflects
fluctuations in the availability of sediment in the
nearshore zon e as well as variations in storm and
wave climates.
The movement of sediment along a beach is '
co nve niently divided into o n/offshore sand
transport and longshore sand transport. Altho ugh
this division i s arbitrary and ignores the very real
mutual interactions between these modes,
o n/offsho re and longshore transport do respond
generally to different featu res of the incident wave
field. Both modes of transport ca n be responsible
for pattern s of beach erosion o r accretion at a
particular location ; it is important to distinguish
which mechanism is respon si bl e fo r coastal change
whenever sho relin e stabilization methods are
considered .
O n/offshore transport results from shoali ng
asymmetrical waves, moving sediment both
landward and seaward, alternately acting with and
against th e influ ence of gravity. Wind- and
wave-induced currents within the surf zone may
modify this transport pattern. Field and laboratory
experiments suggest t hat long, low waves b uild up a
beach to a " berm profile," whereas steep , short
waves erode the beach face, causi ng a " bar profile."
Since coastal wave cli mates have a seasonal
variability, beach changes also have a seasonal
characte r to them. To better understand the
mechanics of on/offshore sediment move ment, we
n eed to better unde rstand nonlinear wave shoaling,
nonlinear surf zone energy transfers, wave breaking
phenomena, wave boundary layer structure, and
th e bedload/suspe nded sedi ment transport transfer
functions.
As waves approach and break along a
shoreline at an angle, driving a lo ngshore curren t
within th e surf zone, sediment moves alongshore in
t he direction of wave advance. Surf zone structures
and tidal inlets interrupt this littoral drift, ca using
modifications of d owndrift beaches. If mo re
sediment enters a coas tal area than leaves thro ugh
longshore transport, the beach accretes. If mo re
longshore drift leaves an area than enters, erosion
results. The re are many notable exa mples of
longshore sand starvati o n caused by structures, and
the subsequent beach erosion (Figure 5).
Tidal inlets i nterrupt littoral drift, forcing
sand to bypass either by moving in and out of the
inlet, o r along an offshore delta. When new i nlets
are fo rm ed during storms, sand is taken from th e
nearshore sand budget to build flood and ebb tide
deltas. Once these features are we ll developed,
bypassing of sed iment to the downdrift barrier
beach ca n occur by natural processes. If the inlet is
modified by jetties, bypassing may be more di fficult
and often must be accompli shed by further h uman
intervention .
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Figure 4. The three primary
types of breaking waves
are classified according to
beach slope and wave
steepness (wave height
divided by wavelength,
H IL). The breaker type
influences the nature of
water and sand motions
near the surf zone.
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shallow-water wave behavior. As waves progress
shoreward, they steepen and become asymmetrical,
with steep, high crests and broad, low troughs.
Wave orbital motions become asymmetrical as well,
imparting unequal movement to sediment in the
onshore and offshore directions, resulting in a net
movement of sediment or a finite beach slope. The
description of nonlinear wave shoaling, with
increased wave asymmetry and transfer of energy
between waves of different periods, is of supreme
importance in nearshore sediment transport;
studies are under way to model and observe this
process more thoroughly.
The shoreward propagation of waves is
accompanied by variations in the momentum of
water waves as well as changes in energy. The
resulting force, termed the radiation stress, has
widespread ramifications for nearshore p~ocesses.
Wave set-up and set-down are two results ·of this
radiation stress. As waves shoal, there is an initial
slow decrease in wave height, followed by more
rapid increase in wave height up to the breakpoint
(if dissipation is low enough).
Accompanying the increase in wave height is
a tilting of the mean water level down toward the
shoreline; this is wave set-down . If the waves were
absent, this effect would not occur. Landward of the
breaker zone, the wave height decays toward
shore; this decay is accompanied by an increase in
the mean water level in the swash zone known as
wave set-up. Again, this effect is the result of the
presence of waves. Wave set-down does not have
profound ramifications in beach stability; wave
set-up is important, however, as it contributes to
the maximum water levels reached during storms
and can increase erosion. Radiation stresses also are
responsible for generating longshore currents;

( H,ll.)

these are strong currents (up to 2 meters per
second) moving parallel to the coast in the direction
of wave advance, confined in most part between the
breaker point and the shore.
The most dramatic phase of wave shoaling is
wave breaking, when the wave becomes so steep
and asymmetrical it is unstable. The breaker type is
dependent on beach slope and wave steepness
(wave height divided by wave length- see Figure
4). Spilling breakers occur with shallow beaches and
steep waves, surging breakers occur with steep
beaches and waves of low steepness, while
plunging breakers result from steep beaches and
waves of intermediate steepness. The steepness of
the beach has a direct influence on nearshore
hydrodynamics, and consequently on beach sand
movement. This influence has two major
expressions: it affects the transfer of energy from
wave motions to long-period motions in the surf
zone; and it correlates with run-up patterns in the
surf zone.
Field observations have shown that energy is
transferred from incident wave periods to
long-period motions within the surf zone. This
transfer shows up in surf zone measurements of
both run-up of waves on beaches and of swash
velocities. This transfer of energy could have several
causes; one might be the excitation of long-period
waves by incoming swell. Theoretical work has
demonstrated the possibility of taking energy from
incoming surface waves and pumping it into
longer-period fluctuations called " edge waves."
These edge waves have a longshore periodicity and
amplitudes decaying exponentially offshore, whose
energy is trapped against the shoreline by
refraction. Energy is supplied by incoming ocean
waves , and is lost through bottom friction or other
dissipation.
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Figure 7. Overwash event and inlet formation occurred in
February, 1978, on Monomoy Island, Massachusetts,
separating a barrier island into two distinct islands. Strong
tidal flows between the Atlantic Ocean and Nantucket
Sound keep the inlet open.

Figure 8. Multiple parallel offshore bars located off Truro,
Cape Cod, Massachusetts, along Cape Cod Bay, where the
tidal range is approximately three meters. The bars
intersect the shoreline to the north where they become
sinuous; bar spacing increases with distance offshore.

Figure 9. Multiple oblique nearshore bars are
superimposed on numerous, smaller-wavelength parallel
bars off Wellfleet, Cape Cod, Massachusetts, where the
tidal range in Cape Cod Bay is approximately 3 meters. The
spacing between oblique bars is several hundred meters.

Figure 10. Multiple bars exposed at low tide off El Golfo,
Sonora, Mexico, in the Gulf of California, where the tidal
range is approxtmately ten meters. The bars form a
confused pattern with both oblique and parallel bars
separated by short distances.

formation of a submerged bar under a breaking
wave (a breakpoint bar), which moves shoreward
under favorable conditions, eventually to weld onto
the shoreline as an accretionary feature. As one bar
is migrating shoreward, a second breakpoint bar
may form , which in turn migrates shoreward. This
sequence occurs in both tidal and tideless seas,
although it is more common in the latter.
Multiple oblique bars also exist along coastal
regions (Figure 9). Their existence is often ascribed
to shallow longshore tidal currents; they can exist
superimposed on multiple parallel bars that may be
wave related. Sometimes oblique bars and
parallel bars of the same scale cover the same
coastline (Figure 10); although wave forcing is

believed responsible for this feature, tidal flows are
often contributory (the tidal range in Figure 10 is
approximately 10 meters). Crescentic bars often
form offshore, with distinct cusps and horns. Their
occurrence has been linked by A. j. Bowen and D. L.
Inman (1971) to standing edge waves trapped
between two longshore features (such as
headlands). The region (see introductory photo)
has no apparent trapping mechanisms, so other
forcing may control the spacing and occurrence of
these crescentic bars.
Other longshore periodic features of similar
spatial scales include shore-attached hooked bars,
with hooks pointing in the direction of longshore
transport (Figure 11). The hooked ends of the bars
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Figure 5. 5anra Barbara,
California, presents a
notable example of
longshore sand
entrapment by a coastal
structure and resultant
severe erosion of
down drift beaches.

Storms can damage coasts severely over very
short time intervals. Because of the larger wave
energies present during storms, much more sand is
moved than during quiescent conditions, both
alongshore and on/offshore. The effects of rapid
storm erosion were measured at Santa Barbara,
California, in February, 1980, by the author and R. J.
Seymour of Scripps Institution of Oceanography, as
part of the NSTS (Figure 6). Vertical beach changes
of up to 2.5 meters occurred over a period of several
days. In contrast, the recovery of the subaerial
beach to its prestorm configuration will take
months or years, emphasizing the mismatch of time
scales for erosion and accretion of beaches.
Storms acting on barrier beaches often
modify them by two additional processes:
overwash and inlet formation (Figure 7). Overwash
occurs when the combined effects of erosion, wave
set-up and run-up, and storm surge, cause the water
to overtop the barrier beach , channeling sand and
water into the bay. The overwash process has
several major effects. It helps to push sand
shoreward, causing the barrier to migrate toward
shore. It also destroys the protective dune structure
and vegetation, thereby temporarily weakening the
barrier and making it more suscep tible to future
overwash events. Finally, it partly fills the bay
(hence reducing the volume of water exchanged by
the bay and ocean through tides), and can kill
existing vegetation and shellfish.
Tidal inlets, or breakthroughs, can be formed
on barrier beaches during storms, often as a result
of overwash events. These new inlets can change
the flushing characteristics of bays, as well as
interrupt longshore sand transport, robbing th e
nearshore of valuable protection. Inlets may remain
open for long periods of time, either coexisting with
or replacing former inlets. In many cases, storm
inlets close after a short period, leaving tidal
flushing to the prestorm inlets. These two processes

are instrumental to the shoreward migration and
evolution of barrier beach systems; their long-term
benefits partly offset the immediate removal of sand
from the local sand budget.
In addition to the general on/offshore and
longshore transport of sand, nearshore water
motions also result in the creation of periodic beach
forms; this periodicity may be in either the
longshore direction (oblique forms) or shore
normal direction (parallel forms). These periodic
bed structures most likely result from a periodicity
in the driving forces; researchers have been only
partly successful in isolating the mechanisms
generating these features. One common type of
periodic form is the multiple parallel offshore bar
(figure 8): these forms have wavelengths of tens or
hundreds of meters and heights of approximately
one meter. As with most nearshore features,
multiple parallel bars can be formed in a number of
ways. One documented sequence consists of the
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Figure 6. Beach erosion resulting from a series of storms
battering Santa Barbara, California, in February, 1980,
causing vertical cuts in the beach of up to 2.5 meters, and
horizontal beach retreat of up to 60 meters.
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are in the zone of most active longshore transport,
averaged over a tidal cycle. These features originally
may have been bars separating longshore periodic
rip curre nts. If the shore-attached hooked bars
result from periodic rip currents, then the origin of
periodic rip currents needs to be explained.
Edge waves are frequ ently blamed fo r many
of these longsho re periodi c bedforms. Indeed, R.
Do lan, B. Hayden, and C. Jones (1979) have even
postulated large-scale edge waves as sculpting the
numerous false capes along the eas tern seaboard.
R. T. Guza and Inman (1975), among others, have
suggested subharmonic edge waves as a generating
mechanism for beach cusps, with some field
evidence to support this associ ation. Edge waves
are convenient because they have a longshore
pe riodicity and have an infin ite number of modes
(hence wavelengths) . It is straightforward to match
the spacing of any longshore p eri odic featu re to
some edge-wave mo de. Carefully p lan ned,
well-instrumented experiments are needed to
assess the role of edge waves and o ther long waves
in nearshore hydrodynamics. Other alternative
mechanisms, such as surf zone instabilities, need to
be explored in g reate r detail as well.
A look to the Future
The beaches of the United States, w hich i ncl ude the
most extensive barrier beaches in the world,
co nstitute a va luable and delicate resource that
must be managed intelligently to avoid loss of their
recreational benefits, storm protection , and
aesthetic appeal. Beaches are complex systems:
they are forced by complex atmospheric and
oceanic behavior and respond in an equally
complex manner.
Our scientific understanding of beaches in
some respects is not sufficient to meet the
requirements of coastal zone management in
esta blishing beach policies and guidelines. Active
research in beach processes in general, including
barrier beach systems, mu st conti nue in order to fi ll
this need. In addition to co ntinued research, the
scientific com munity must work closely with the
publi c, educating them and communicating th e
various scientific alternatives available for managing
ou r nation's beaches. The public in turn must
become concerned and better informed if we wish
to most effectively and least destru ctively utilize o ur
va luable beaches.
David G. Aubrey is an Assistant Scientist in the Department
of Geology and Geophysics, Woods Hole Ocean ographic
Institution.

All photos taken by the author, unless otherwise noted.

Figure 11. Multiple, shore-attach ed hooked bars stretching
from Provincetown, to points further south along the
Atlantic shore of Cape Cod, Massachusetts. The hooks
p oint in the direction of longshore transport, and occur
with a spacing of hundreds of meters.
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by Robert J. Livingston
D espite considerable publicity in this " Year of the
Coast," consistent coastal resource management is
still an elusive goal. In fact , although real gains have
been made in applying research to practical
decisions concerning our major drainage systems,
there are growing problems with long-term
planning and management initiatives. Effective
resource management requires more than a
superficial understanding of the ecological system
in question. Unfortu nately, few environmental
scientists are willing to participate in the long-term,
multidisciplinary research programs, which are
necessary for such understanding. There are several
reasons for this situation. Funding for
systems-oriented projects in coastal and marine
areas is almost nonexistent. The handful of federal
agencies that have the funds and the mandate to
carry out such research have often discouraged
long-term investigation. There are usually few
publications during the early years of a project, and
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universities, with the tenure system and the
publish-or-perish ethic, do not encourage such
work.
Our coastal systems, central to t he
productivity of t he seas, remain under intensifying
pressure from development and pollution. Mi llions
of acres of productive coasta l shellfish beds have
been condemned or destroyed because of
pollu tio n. Public education and general knowled ge
of the environment are still lacking. In short,
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A Valuable Addition to any Marine Science Library
Oceans and Climate, Vol. 21 :4, Fall 1978-This issue examines how the oceans
interact with the atmosphere to affect our climate. Articles deal with the numerous
problems involved in cl1mate research, the El Nino phenomenon, past ice ages, how
the ocean heat balance is determined, and the roles of carbon dioxide, ocean
temperatures, and sea ice.
General Issue, Vol. 21:3, Summer 1978-The lead article looks at the future of
deep-ocean drilling, which is at a critical juncture in its development . Another
piece-heavily illustrated with sharp, clear micrographs-describes the role of the
scanning electron microscope in marine science. Rounding out the issue are articles
on helium isotopes, seagrasses, red tide and paralytic shellfish poisoning, and the
green sea turtle of the Cayman Islands.
Marine Mammals, Vol. 21:2, Spring 1978-Attitudes toward marine mammals are
changing worldwide. This phenomenon is appraised in the issue along with articles
on the l:iowhead whale, the sea otter's interaction with man, behavioral aspects of
the tuna/ porpoise problem, strandings, a radio tag for big whales, and strategies for
protecting habitats.
The Deep Sea, Vol. 21:1, Winter 1978-0ver the last decade, scientists have become
increasingly interested in the deep waters and sediments of the abyss. Articles in this
issue discuss manganese nodules, the rain of particles from surface waters, sedi ment
transport, population dynamics, mixing of sediments by organisms, deep-sea
!l'icrobi?logr-and .th~ possible threat to freedom of this kind of research posed by
mternat1ona negotiations.
General Issue, Vol. 20:3, Summer 1977-The controversial200-mile limit constitutes
a mini-theme in this issue, including its effect o n U.S. fisheries, management plans
within regional councils, and the complex boundary disputes between the U.S. and
Canada. Other articles deal with th e electric and magnetic sense of sharks, the
effects of tritium on ocean dynamics, nitrogen fixation in salt marshes, and the
discovery during a recent Galapagos Rift expedition of marine animal colonies
existing on what was thought to be a barren ocean floo r.
Sound In The Sea, Vol. 20:2, Spring 1977-Beginning with a chronicle of man's use of
ocean acoustics, this issue covers the use of acoustics in navigation, probing the
ocean, penetrating the bottom, studying the behavior of whales, and in marine
fisheries. In addition, there is an article on the military uses of acoustics in the era of
nuclear submarines.
Estuaries, Vol. 19:5, Faii1976--0f great societal importance, estuaries are complex
environments increasingly subject to stress. The issue deals with their hr.drodynamics, nutrient flows, and pollution patterns, as well as plant and animal hfe-and the
constitutional issues posed by estuarine management .

ISSUES OUT OF PRINT: Sea-Floor Spreading, Vol. 17:3, Winter 1974 Air-Sea
Interaction, Vol. 17:4, Spring 1974 Energy And The Sea, Vol. 17:5, Summer 1974
Marine Pollution, Vol. 18:1, Fall1974 Food From The Sea, Vol. 18:2, Winter 1975
Deep-Sea Photography, Vol. 18:3, Spring 1975 The Southern Ocean, Vol. 18:4,
Summer 1975 Seaward Expansion, Vol.19:1, Fall1975 Marine Biomedicine, Vol. 19:2,
Winter 1976 Ocean Eddies, Vol. 19:3, Spring 1976 General Issue, Vol. 19:4, Summer
1976 High-Level Nuclear Wastes In The Seabedl Vol. 20:1, Winter 1977 Oil In Coastal
Waters, Vol. 20:4, Fall1977
Out -of-print issues and those published prior to Winter 1974 are available on
microfilm through University Microfilm International, 300 North Zeeb Road, Ann
Arbor, Michigan 48106.
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to achieve an equilibrium with those forces shaping
it. The activity of our shorelines is of great human
concern because nearly two-thirds of the world 's
inhabitants live along the ocean margins .
Considering the variability and fragility of the
world's coastlines, we clearly need to understand
the forces sculpting shorelines and how these
f ragile bounda ries respond. Our knowledge of the
complex interactions between the atmosphere,
ocea ns, and land masses is i ncom p lete. Our ability
to predict va riabili ty in this sys tem is woefu lly
inad equate at ti mes (the most common example of
this is the media weatherman, who opens himself to
violen t criticism with each b roadcast). Coastal zone
management must rely heavily on scientific
knowledge to be effective in protecting and
preserving the nation's shorelines, while
minimizing the adverse impact on man and his
cultural relicts along the coasts. Only by
understanding the dynamic nature of the coastal
zone can we intelligently manage the limited and
fragile resource separating the continents from the
oceans.
Most of ou r nation's coas tline includes a thin
bo rder of beach sand or o ther clastic material ,
backed by either sea cliffs, more water, or low-lying
p lains. Stretches of shoreline lacking beaches
generally have sea cliffs plunging di rectly to the
wa ter's edge. Both beaches and sea cliffs serve to
b uffe r the conti nen ts from the oceans' fu ry. Some
regions are highly successful , others fail alarm i ngly.
Beaches on the south shore of the island of Ma rtha' s
Vineyard, Massachusetts, are receding at the rate of
3 meters per year. The Atlantic-facing shores of
Cape Cod, Massachusetts, are backed by sea cliffs
eroding at a rate of 1 meter per year. Lighthouses

and other structures have been relocated inland to
avoid the tenacious reclamation of land by the sea.
The major forces modifying beaches on a
brief time scale are winds, waves, tides, storm
surges, and man. On geological time scales, the
slow sea-level rise along much of the nation 's coast
causes beaches to migrate landward and to
contract. Hurricanes and winter storms provide
vivid demonstrations of the frailty and vu lnerability
of beaches; this, combined with local sea-level rise,
dooms many of our beaches to recede, accelerating
coastal damage d uring hurricanes and storms.
Barrier beaches represent a special type of
shoreli ne, bordered on one side by an ocean, sea, or
gulf, and on the other by a protected body of water
(Figure 1). These beaches may be completely
separated from land, in which case they are called
barrier islands. Barriers attached on one side to land
are called barrier spits. When completel y enclosing
an embayment with only a single channel to the
ocean, they are known as baymouth bars. In this
article, these classifications are implied in the
general term barrier beach. The distinction among
these different structures is often temporary, as
storms often remold shorelines into a different form
within a few hours.
All beaches , including barrier beaches, are in
many ways similar in their response to nature' s
forces. Storm waves , mos t frequent in winter
months, erode beaches, whereas more quiescent
waves return sediment shoreward and rebuild
beaches. Waves approaching at an angle move sand
along the beach. This longshore transport may have
no net effect on the appearance of the beach , or it
may accrete or erode the beach , depending on
whether equal or unequal amounts of sand enter

Cliffs of clay at Gay Head, Martha's Vineyard, move back about 3 meters per year through wave action and wind erosion.
(Photo by jan Hahn)

Figure 1. Barrier beach
systems are composed of a
thin vegetated beach
separating a major body of
water from a protected bay
and adjacent land mass.

and leave a particular coasta l stretch . Beaches may
be long or short, straight or sinuous, depending on
the forces modifying them and the available
sediment. Two majo r processes are unique to
barrier beaches: tidal inlet changes (both their
formation and migration), and overwas h processes.
During storm conditions , these processes can
control th e poststorm barrier beach configuration ,
far o utweighing other agents that are mo difying the
beach at that time.
Geological Factors
The shape and characteristics assumed by a stretch
of coas tline reflect a myriad of geological fo rces and
present-day processes. A major geological factor
controlling shorel ine features appears to be plate
tecton ics (see Oceanus, Vol. 17, No.3), which
influ ences the width and bathymetric detail of the
continen tal shelf as well as the local rise or fall of sea
level. The rate of denudation of inland regions
coupled with the supply of sediment to th e
coastline are other factors. Th e loca l co nditions of
some shorelines mirro r river drainage patterns,
faulting, and sl umping, as w ell as biological
processes (such as on co ral beaches o r mangrove
beaches). Wind patterns, climate, and tidal range all
con tribute to the complex nature of sho relines.
Sea-level changes, both eustatic (worldwide)
and local, play an important role in long-term beach
development. A eustatic sea-level change results
from glacial activi ty; as g laciers melt, worldwide sea
level tends to ri se, while as glaciers enla rge,
worldwide sea level tends to fall . Since the world is
currently in an interglacial peri od, sea level is
relatively hig h. A schematic sea-level curve for the
eastern United Sta tes (fi gure 2) shows a sea-l evel

stillsta nd near 15,000 years before present (BP),
followed by a relatively rapid rise up to 5,000 years
BP, when sea level was approximately 5 meters
below the present level. Sea-level rise si nce then
has averaged approximately one millimeter per
yea r, gradually encroaching on the continents.
Superimposed on the e ustatic sea-level cu rve
are other sea-level flu ctuation s that result in
nonuniform rates of relative sea-l evel rise around
the world. The primary forces causing noneustatic
relative sea-level changes are tectonism (such as
along the Pacific coast) , glacial rebound resulti ng
from land masses gradually readj usting to removal
of glacial loading (such as in Scandinavia), and
seasonal changes in sea level that are th e result of
freshwater inflow and heating and cooling cycles in
the ocean (steri c effects). Tide gauge reco rds from
th e United States over the last 40 years show the
entire mainland coast submergen t relati ve to the
oceans, with rates ranging from 3 millimeters per
year in New England to about 15 millimeters per year
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Figure 2. A sea-level curve for the last 35,000 years dearly
shows the rise and fall of sea level associated with
worldwide glaCiation. (After Milliman and Emery, Science
1968)

7

along the Gulf coast. Clea rly both eustatic and local
effects are important factors in determinin g relative
rates of sea-level rise, and the ultimate fate of
beaches.
Nearshore Hydrodynamics
Besides th e geological factors, water motions
impingi ng o n beaches in large part con tro l the
behavior of the shoreline. Th e major events
modifying beaches are hurrica nes and winter
storms. Hurricanes often have dramatic effects on
coastal regi ons, bringing with them large waves,
storm surges, and devastatin g winds. Hurrica ne
Frederic in September, 1979, ca used approximately
$1 billion in damages along the Gulf coast {see page
47). The last majo r hurrica ne to d evasta te th e
Atlantic coast was Donna in 1960. Many coastal and
atmospheric scien ti sts believe a major hurricane
will strike a popu lated U .S. coasta l region in th e
next few years, and wi ll surely cause widespread
damage.
Winter storms also are responsible for
extensive coas tal d estructi on, often affecti ng much
greater stretches of coas tline than a single
hurrica ne. Large waves, winds , and sto rm surges
are also associated wi th these w inter sto rms. Th e
Ash W ednesday sto rm of March 7,1962, ca used
millions of dollars of damage along the eas tern
seaboard. Each yea r, nearly a hundred such storms
along the U.S. coas t shape and modify the b eaches.
The mean ci rculation in the nearshore zone
ca n be schema ti cally represented by a generalized
circulatio n ce ll (Figure 3) . Waves approach the
sho re at an angle, drivi ng a longshore current in the
d irecti o n of wave propagation , interrupted
periodically by seaward-flowing rip currents. Thi s
simple model illustrates th e major components of
nearshore ci rculation, but obscures th e co mplexity
of th e mutual i nteract io ns of these vari o us flow
fields. To understand how a beach responds to a
hurricane, storm, o r ca lm-weath er wave field, we

first need to know how waves behave as they
approach the shoreline.
Surface gravity waves, which are the waves
we observe on the sea su rface, are fueled by winds
blowing over the oceans. As waves propagate
across the open ocean, th ey lose some energy, but
can remain co herent over distances of thou sa nds of
miles. Once the waves reach shallow water, •
however, they begin to transform and lose energy
more rapidl y. The loss of wave energy in shallow
water is p rimari ly through bottom friction; as waves
pass over the bottom, ene rgy is d issipated in th e
bottom boundary layer. Some of the dissipated
energy resu lts from moving sedim ent, the rest goes
into the productio n of turbu lence which even tually
is dissipated as heat.
The bottom boundary layer is the transition
region near the seabed where the wave and current
motions decay to zero. The detai led structure and
dynamics of this boundary layer are as important as
they are complex; to understand th e mechanics of
near-bottom sediment transport (bo th bedload,
which is material tran sported along the bed, and
suspended load , which is material transported off
the b ed), we must i mprove our modeling of the
boun dary layer.
Th e changes that waves undergo as they
move shoreward or shoal are com plex and not
en tirely understood. Th e si mplest transformati on
predicts no changes in wave symmetry or period,
only changes in height and wave length. Except for
dissipation, a shoaling wave conserves its rate of
flow of en ergy (energy fl ux) from deep water u p to
the breaker point. As it shoals, th e wavelength
constan tly decreases; since the period remains the
same, the wave speed (wavelength divided by
period) also d ecreases. Th e wave height initially
decreases as shoaling occurs, then increases
sho reward. This linear shoaling model predicts
symmetrical wave forms and symmetrical
near-bottom wave motions .
Waves can change direction as they move
shoreward; this phenomenon, called wave
refraction , is analogous to optical refracti o n . As
waves propagate into shallower water, their
direction changes such that wave crests become
more parallel to shore; in very shallow water waves
break nearly parallel to the sho reline. Other wave
shoaling effects are di ffraction and reflection ,
where the seafl oor changes the wave p roperties
because of sudden bottom irregularities, steep
bottom slopes, or longshore bathymetric
discontinuities .
Field observa tions show that the li near
shoali ng model does not adequa tely represen t

BEACH

Figure 3. Nearshore circulation cell consisting of incident
waves, wave-driven longshore current s, and
seaward-flowing rip currents.
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•shallow water here is roughl-y defined as water depth less
than half the deep-water wavelength, approximately 175
meters for a 15-second wave or 38 meters for a 7-second
wave.
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shallow-water wave behavio r. As waves progress
sho reward , they steep en and b ecome asymmetri cal,
with steep , high crests and broad , low troug hs.
Wave o rbital motions b ecom e asymmetrical as w ell ,
imparti ng unequal movement to sediment in th e
o nsho re and offsho re directio ns, resulting in a net
move ment of sed iment o r a finite beach slo pe. Th e
descrip tio n of no nlinear w ave shoaling, with
increased w ave asymmetry and transfer of energy
between waves of different perio d s, is of supreme
impo rtan ce in nearsh o re sediment transport;
studies are under way to model and observe thi s
p rocess mo re thoroughly.
The sho reward propagati o n of waves is
accompanied by variatio ns in the mom entum of
wate r waves as well as chan ges i n ene rgy. The
resulti ng fo rce, term ed th e radiati o n stress, has
wid espread ramifications fo r nearshore p~ocesses.
Wave set-up and set-down are two results ·of this
radiation stress. A s waves shoal , there is an initial
slow d ecrease in w ave height, foll owed by more
rapid increase i n wave height up to the breakpoint
(if dissipation is low e no ugh).
Accompanying th e increase in w ave height is
a tilting of t he mean water level down toward th e
sho reli ne; this is w ave set-down . If the waves w ere
absent, th is effect would not occur. Landw ard of th e
breaker zone, th e wave heig ht decays towa rd
sho re; th is d ecay is accompanied by an i ncrease in
the mean water level in th e swash zone known as
wave set-up. Agai n, thi s effect is th e resul t of the
presence of waves. W ave set-dow n does no t have
profo und ramifications in b each stability; w ave
set-up is impo rtant, however, as it contributes to
the maximum water levels reached during storm s
and ca n increase erosio n. Radiation stresses also are
responsi ble fo r gene rat ing lo ngsho re currents;

these are st rong currents (up to 2 m eters p er
second) moving parallel to the coast in th e directio n
of wave adva nce , co nfined in most pa rt between th e
breaker p oint and the shore.
Th e mos t dramatic ph ase of w ave shoaling is
wave b rea king, w hen th e w ave becomes so steep
and asymmetrical it is unstable. Th e breaker type is
d ependent o n beach slo pe and wave steepness
(wave heig ht d ivided by wave length - see Figure
4). Spilling b reakers occur with shallow beaches and
steep w aves, surging breakers occur w ith steep
b eaches and waves o f low steepness, wh ile
plun gi ng breake rs result from steep b each es and
w aves of inte rm ediate steepness . Th e steepness of
th e beach has a d i rect in fluence on n ears hore
hydrodynamics, and consequently on beach sand
movement. This influe nce has two majo r
expressio ns: it affects th e transfer of energy fro m
wave mo tions to long-period mo ti o ns in th e surf
zone; and it correlates with run-up patterns in the
surf zone.
Field o bserva tions have shown that e nergy is
transfe rred fro m incident wave p eriods to
lo ng-pe riod moti o ns with i n th e surf zone. Thi s
transfer shows up in surf zone measurements of
both run-up of waves o n beach es and of sw ash
velocities. This transf er of energy could have several
ca uses; o ne might be the excitati o n o f lo ng-peri od
w aves by inco ming swell. Th eoretical wo rk has
d emo nstrated the possibility of taking energy fro m
i ncoming surface waves and pumping it in to
lo nger-p eriod fl uctuatio ns called " edge w aves."
These edge waves have a lo ngsho re peri odicity and
amplitudes decaying exponenti ally offsho re, w hose
e nergy is trapped again st the sho reline by
refracti o n . Energy is supplied by incomin g ocean
waves, and is lost thro ugh bo tto m f ricti o n or oth er
d issi pati o n .
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Field and laboratory observations are
consistent with theories about nearshore edge
waves, suggesting their importance in nearshore
sand movement . These longshore periodic waves
may influ ence rip current formation and even the
beach configuration itself.
Storm systems affect beaches other than just
through waves. Storm surges can raise the mean
water level near the coast, enabling destructive
waves to erode the beach at higher and higher
levels. Storm surge is composed of several
components. The first is an " inverse barometer"
effect, where sea level rises in response to lowered
atmospheric pressure associated wi th storms. A
drop in atmospheric pressure of 2 millimeters of
mercury i s eq uivalent to a sea-level ri se of 3
centimeters. Combined with this barometric effect,
a wind blowing onshore during a storm ca n rai se sea
level by several meters. The combined storm surge
can significantly contribute to sto rm damage along
coasts, and the development of overwashes and
inlets along barrier beaches . Other water motions
also may influence beach processes, but generally
to a lesser degree. Internal waves, shelf circulation
patterns, Gulf Stream eddies, and othe r
low-frequency motions may influence any
particular beach in an intricate fashion .
Beach Response
Our understanding of how beaches respond to
waves and tides is largely empirical, although
significant theoretical advances have increased our
knowledge of the physics of sediment transport.
The U.S. National Oceanic and Atmospheric
Admi nistration's Sea Grant program recently has
been sponsoring a major effort to better understand
how beaches work; this program is called the
Nearshore Sediment Transport Study (NSTS).
Approximately 10 scientists serve as principal
investigators on this project, designed to " perfect
relations for the prediction of sediment transport by
waves and currents in the nea rshore environment."
The study emphasizes field measurement of
nearshore wave and current behavior at three
different sites, as well as theoretical and e mpirical
modeling of surf zone hydrodynamics and
sediment transport. This study is contributing to our
understanding of the behavior of different beaches
as they are exposed to various driving forces.
Although beaches change in a complex
manner, some aspects of their behavior can be
correlated with particular aspects of the forcing
cond itions. The most obvious example is the
gradual encroachment of the sea onto beaches ,
responding in part to local sea-level rise . As sea level
rises, beaches retreat landward, often leaving peat
deposits, tree stumps, and other coastal forest
remnants exposed on the open-ocean beaches.
Accompanying thi s shoreward migration may be a
narrowi ng of the beaches and consequently a
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reduction in their capacity to act as buffers to ocean
storms and waves. This beach retreat and narrowing
is not a result of sea-level rise alone; it also reflects
fluctuations in the availability of sedimen t in the
nearshore zone as well as variatio ns in storm and
wave climates.
The movement of sedim ent along a beach is
conveniently divided into on/ offshore sand
transport and longshore sand transport. Although
this division is arbitrary and ignores the very real
mutual interactions between these modes,
on/offshore and longshore transport do respond
gene rally to different fea tures of the incident wave
field. Both modes of transport can be responsible
for patterns of beach erosion or accretion at a
particular location; it is important to distinguish
which mechanism is responsible for coas tal change
whenever sho reline stabilization methods are
considered.
On/offshore transport results from shoaling
asymmetrical waves , moving sediment both
landward and seaward, alternately acting with and
against the influence of gravity. Wind- and
wave-induced currents within th e surf zone may
modify thi s transport pattern. Field and laboratory
experiments suggest that long, low waves build up a
beach to a " berm profi le," whereas steep , short
waves erode the beach face, ca using a " bar profile."
Since coasta l wave clima tes have a seasonal
variability, beach changes also have a seasonal
character to them. To better understand the
mechanics of on/offshore sedimen t movement, we
need to better understand nonlinear wave shoaling,
nonlinear surf zone energy transfers, wave breaking
phenomena, wave boundary layer structure, and
the bedload/suspended sediment transport transfer
functions.
As waves approach and break along a
shoreline at an angle, driving a longshore current
within the surf zone, sediment moves alongshore in
the direction of wave advance. Surf zone structures
and tidal inlets interrupt this littoral drift, ca using
modifications of downdrift beaches. If more
sediment en ters a coastal area than leaves th rough
longshore transport, th e beach accretes. If more
longshore drift leaves an area than enters, erosion
results. There are many notable examples of
longshore sand starvation caused by structu res, and
the subsequent beach erosion (Figure 5).
Tidal inlets interrupt littoral drift, forcing
sand to bypass either by moving in and out of the
inlet, or along an offshore delta. When new inlets
are formed during storms, sand is taken from the
nearshore sand budget to build flood and ebb tide
deltas. Once these features are well d eveloped,
bypassing of sediment to the downdrift barrier
beach can occur by natural processes. If the inlet is
modified by jetties, bypassing may be more difficult
and often must be accomplished by further human
in tervention.

Figure 5. Santa Barbara,
California, presents a
notable example of
longshore sand
entrapment by a coastal
structure and resultant
severe erosion of
downdrih beaches.

Storms can damage coasts seve rely over very
short tim e intervals. Because of the larger wave
energies present during storms, much more sand is
moved than during quiescent condi tions, both
alongshore and on/offsho re. Th e effects of rapid
storm erosion were measured at Santa Barbara,
California, in February, 1980, by th e author and R. j .
Seymour of Scripps Institution of Oceanography, as
part of the NSTS (Figure 6). Vertica l beach changes
of up to 2.5 meters occurred over a period o f several
days. In co ntrast, the recovery of th e subaerial
beach to its prestorm confi guration will take
months or years, emphasizing th e mismatch of time
scales for erosion and accreti on of beaches.
Storms acting on barrier beaches often
modify them by two additional processes:
overwash and inlet formation (Figure 7). Overwash
occurs when the combined effects of erosion, wave
set-up and run-up, and storm surge, cause the water
to overtop th e barrier beach , channeling sand and
water into the bay. The overwash process has
several major effects. It helps to push sand
shoreward, causi ng th e barrier to migrate toward
shore. It also destroys the protective dune structure
and vegetation, thereby temporarily weakening the
barrier and making it more susceptible to future
overwash even ts. Finally, it partly fills the bay
(h ence reduci ng the volume of water exchanged by
the bay and ocean through tides), and ca n ki ll
existing vegetation and shell fish .
Tidal in lets, o r breakthroughs , ca n be formed
on barrier beaches during storms, often as a result
of overwash events. These new inlets can cha nge
the flushing characteristi cs of bays , as well as
interrupt longshore sand transport , robbing the
nearshore of valuable protection. Inlets may remain
open for long periods of time, either coexisting with
or replaci ng former inlets. In many cases, storm
inlets close after a short period, leaving tidal
flushing to the prestorm inlets. These two processes

are instrumental to th e shoreward migration and
evolution of barrier beach systems; their long-term
benefits partly offset the immediate removal of sand
from the local sand budget .
In addition to the gen eral o n/offsho re and
longshore transpo rt of sand, nearshore water
motions also result in th e creati on of periodic beach
forms; thi s p eriodi city may be in either the
longshore direction (oblique forms) or shore
normal direction (parallel forms). Th ese periodic
bed stru ctures mos t likely result from a periodi city
in the driving forces ; researchers have been o nly
partly successful in isolati ng the mechanisms
generating these features. One commo n type of
periodic form is th e multiple parallel offshore bar
(Figure 8): these forms have wavelengths of tens or
hundreds of meters and heights of approximately
one meter. As with most nearshore features,
multiple parallel bars can be formed in a number of
ways. One documented sequence consists of the
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Figure 6. Beach erosion resulting from a series of storms
battering Santa Barbara, California, in February, 1980,
causing vertical cuts in th e beach of up to 2.S meters, and
horizontal beach retreat of up to 60 meters.
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Figure 7. Overwash event and inlet formation occurred in
February, 1978, on Monomoy Island, Massachusetts,
separating a barrier island into two distinct islands. Strong
tidal flows between the Atlantic Ocean and Nantucket
Sound keep the inlet open.

Figure 8. Multiple parallel offshore bars located off Truro,
Cape Cod, Massachusetts, along Cape Cod Bay, where the
tidal range is approximately three meters. The bars
intersect the shoreline to the north where they become
sinuous; bar spacing increases with distance offshore.

Figure 9. Multiple oblique nearshore bars are
superimposed on numerous, smaller-wavelength parallel
bars off Wellfleet, Cape Cod, Massachusetts, where the
tidal range in Cape Cod Bay is apprOXImately 3 meters. The
spacing between oblique bars is several hundred meters.

Figure 10. Multiple bars exposed at low tide off El Golfo,
Sonora, Mexico, in the Gulf of California, where the tidal
range is approximately ten meters. The bars form a
confused pattern with both oblique and parallel bars
separated by short distances.

formation of a subm erged bar under a breaking
wave (a breakpoint bar}, which moves shoreward
under favorable condi ti o ns, eventually to weld onto
the shoreline as an accre ti o nary feature. As one bar
is migrating shoreward, a second breakpoint bar
may form , which in turn migrates shoreward. This
sequence occurs i n both tidal and tideless seas,
although it is more common in the latter.
Multiple oblique bars also exist along coastal
regions (Figure 9}. Their existence is often ascribed
to shallow longshore tidal currents ; they ca n exist
superimposed on multiple parallel bars that may be
wave related. Sometimes oblique bars and
parallel bars of the same scale cover th e same
coastline (Figure 10}; although wave forcing is

believed responsib le for this feat ure, tidal flows are
often co ntributory (the tidal range in Figure 10 is
approximately 10 meters}. Crescentic bars often
form offshore, with distinct cusps and horns. Th ei r
occurrence has been linked by A. ). Bowen and D . L.
Inman (1971 } to standing edge waves trapped
between two longshore features (such as
headlands}. The region (see introductory photo}
has no apparent trapping mechanisms, so other
forcing may control the spacing and occurrence of
these cresce ntic bars.
Other longshore periodic features of similar
spatial scales include shore-attached hooked bars,
with hooks pointing in the direction of longshore
transport (Figure 11}. The hooked ends of the bars
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are in the zone of most active longshore transport,
averaged over a tidal cycle. These featu res originally
may have been bars separating lo ngshore periodic
rip currents. If the shore-attached hooked bars
result from periodic rip currents, then the origin of
periodic rip currents needs to be explai ned.
Edge waves are frequ ently b lamed for many
of these longshore periodi c bedforms. Indeed, R.
Dolan, B. Hayden , and C. Jones (1979) have even
postulated large-scale edge waves as scu lpting the
numerous false capes along the eastern seaboard.
R. T. Guza and Inman (1975), among others, have
suggested subharmonic edge waves as a gene rating
mechanism for beach cusps, with some field
evidence to suppo rt this association. Edge waves
are co nvenient because they have a longshore
periodicity and have an infinite number of modes
(hence wavelengths). It is straightforward to match
the spacing of any longshore periodic featu re to
some edge-wave mode. Carefully planned,
well-instrumented experiments are needed to
assess the ro le of edge waves and other long waves
in nearshore hydrodynamics. Other alternative
mechanisms, such as surf zone instabilities, need to
be explored in greate r detail as well.
A Look to the Future
The beaches of the United States, which include the
most extensive barri er beaches in the world ,
co nstitute a valuable and delicate resource that
must be managed intelligently to avoid loss of their
recreational benefits, storm protection, and
aesthetic appeal. Beaches are comp lex systems:
they are forced by complex atmospheric and
oceanic behavior and respond in an equally
comp lex manner.
Our scientific understanding of beaches in
some respects is not sufficient to meet th e
requirements of coastal zone management in
establishing beach polici es and guidelines. Active
research in beach processes in general , including
barrie r beach systems, must continue in order to fill
this need. In addition to continued research , the
scientific comm unity must work closely with the
public, educating them and communicating the
various scientific alternatives available for managing
our nation' s beaches. The publi c in turn must
become concerned and better informed if we wish
to most effectively and least destru ctively uti lize o ur
valuable beaches.
David G. Aubrey is an Assistant Scientist in the Department
of Geology and Geophysics, Woods Hole Oceanographic
Institution.

All photos taken by the author, unless other.vise noted.

Figure 11. Multiple, shore-attached hooked bars stretching
from Provincetown, to points further south along the
Atlantic shore of Cape Cod, Massachusetts. The hooks
point in the direction of longshore transport, and occur
with a spacing of hundreds of meters.
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