The Dynamic
Ocean

F 0 c Us 0 N Each statement represents the primary
LEARNING OBJECTIVE for the corresponding
CO N C E PTS major heading within the chapter. After you complete
the chapter, you should be able to:
15.1 Discuss the factors that create and influence

ocean currents and describe the affect ocean
currents have on climate.

15.2 Explain the processes that produce coastal
upwelling and the ocean’s deep circulation.

15.3 Explain why the shoreline is considered a
dynamic interface and identify the basic parts of
the coastal zone.

15.4 List and discuss the factors that influence the
height, length, and period of a wave and describe
the motion of water within a wave.

15.9 Describe how waves erode and move sediment
along the shore.

15.6 Describe the features typically created by wave
erosion and those resulting from sediment
deposited by longshore transport processes.

15.7 Summarize the ways in which people deal with
shoreline erosion problems.

15.8 Contrast the erosion problems faced along
different parts-of America’s coasts. Distinguish
between emergent and submergent coasts.

15.9 Explain the cause of tides, their monthly cycles,
and patterns. Describe the horizontal flow of
water that accompanies the rise and fall of tides.

North Carolina’s Outer Banks. Oregon Inlet Bridge connects
Bodie Island (foreground) and Hatteras Island. These narrow
wisps of sand are part of an extensive barrier island system. The
beach and dunes on the left face the Atlantic Ocean. On the right
are the quieter waters of Pamlico Sound. (Photo by Michael Collier)
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CHAPTER 15

The ‘Dynamic Ocean
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I he restless waters of the ocean are constantly
in motion, powered by many different forces.
Winds, for example, generate surface currents,

which influence coastal climate and provide nutrients

that affect the abundance of algae and other marine
life in surface waters. Winds also produce waves that
carry energy from storms to distant shores, where

their impact erodes the land. In some regions, density
differences create deep-ocean circulation, which is
important for ocean mixing and recycling nutrients. In
addition, the Moon and the Sun produce tides, which
periodically raise and lower average sea level. This
chapter examines these movements of ocean waters
and their effect on coastal regions.

‘ 1 5.1 | THE OCEAN,S SURFAGE GIRGULATIDN Discuss the factors that create and

influence ocean currents and describe the affect ocean currents have on climate.

You may have heard of the Gulf Stream, an important
surface current in the Atlantic Ocean that flows
northward along the East coast of the United States
(FIGURE 15.1). Surface currents like this one are set in
motion by the wind. At the water surface, where the
atmosphere and ocean meet, energy is passed from moving
air to the water through friction. The drag exerted by winds
blowing steadily across the ocean causes the surface layer
of water to move. Thus, major horizontal movements of
surface waters are closely related to the global pattern
of prevailing winds.' As an example, the small map in
FIGURE 15.2 shows how the wind belts known as the trade
winds and the westerlies create large, circular-moving
loops of water in the Atlantic Ocean. The same wind belts
influence the other oceans as well, so that a similar pattern
of currents can also be seen in the Pacific and Indian
Oceans. Essentially, the pattern of surface-ocean circulation
closely matches the pattern of global winds but is also
strongly influenced by the distribution of major landmasses
and by the spinning of Earth on its axis.

The Pattern of Ocean Currents

Huge, circular-moving current systems dominate the sur-
faces of the oceans. These large whirls of water within an
ocean basin are called gyres (gyros = circle). The large map
in Figure 15.2 shows the world’s five main gyres: the North
Pacific Gyre, the South Pacific Gyre, the North Atlantic Gyre,
the South Atlantic Gyre, and the Indian Ocean Gyre (which
exists mostly within the Southern Hemisphere). The center
of each gyre coincides with the subtropics at about 30° north
or south latitude, so they are often called subtropical gyres.

Coriolis Effect As shown in Figure 15.2, subtropical gyres
rotate clockwise in the Northern Hemisphere and counterclock-
wise in the Southern Hemisphere. Why do the gyres flow in dif-
ferent directions in the two hemispheres? Although wind is the
force that generates surface currents, other factors also influence
the movement of ocean waters. The most significant of these
is the Coriolis effect. Because of Earth’s rotation, currents are
deflected to the right in the Northern Hemisphere and to the left
in the Southern Hemisphere.? As a consequence, gyres flow in
opposite directions in the two different hemispheres.

North Pacific Currents Four main currents generally
exist within each gyre (see Figure 15.2). The North Pacific
Gyre, for example, consists of the North Equatorial Current,
the Kuroshio Current, the North Pacific Current, and the Cali-
fornia Current. Tracking of floating objects that are released
into the ocean intentionally or accidentally reveals that it takes
about 6 years for the objects to go all the way around the loop.

North Atlantic Currents The North Atlantic Ocean has
four main currents, too (see Figure 15.2). Beginning near the
equator, the North Equatorial Current is deflected northward
through the Caribbean, where it becomes the Gulf Stream.
As the Gulf Stream moves along the East Coast of the United
States, it is strengthened by the prevailing westerly winds and
is deflected to the east (to the right) offshore of North Carolina
into the North Atlantic. As it continues northeastward, it gradu-
ally widens and slows until it becomes a vast, slowly moving

'Details about the global pattern of winds appear in Chapter 18.
The Cariolis effect is more fully explained in Chapter 18.
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] SmartFigure 15.2 Major Surface-Ocean Currents The ocean's surface circulation is organized into five major gyres. Poleward-
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moving currents are warm, and equatorward-moving currents are cold. Ocean currents play an important role in redistributing heat around the
globe. Note that cities mentioned in the text discussion are shown on this map. In the smaller inset map, broad arrows show the idealized surface E
circulation for the Atlantic, and the thin arrows show prevailing winds. Winds provide the energy that drives the ocean’s surface circulation. (NOAA)

current known as the North Atlantic Current, which, because
of its sluggish nature, is also known as the North Atlantic Drift.

As the North Atlantic Current approaches Western
Europe, it splits, part of it moving northward past Great Brit-
ain, Norway, and Iceland, carrying heat to these otherwise
chilly areas. The other part is deflected southward as the cool
Canary Current. As the Canary Current moves southward, it
eventually merges into the North Equatorial Current, com-
pleting the gyre. Because the North Atlantic Ocean basin
is about half the size of the North Pacific, it takes floating
objects about 3 years to go completely around this gyre.

The circular motion of gyres leaves a large central area
that has no well-defined currents. In the North Atlantic, this
zone of calmer waters is known as the Sargasso Sea, named
for the large quantities of Sargassum, a type of floating sea-
weed encountered there.

Southern Hemisphere Currents The ocean basins
in the Southern Hemisphere exhibit a similar pattern of flow
as the Northern Hemisphere basins, with surface currents that
are influenced by wind belts, the position of continents, and
the Coriolis effect. In the South Atlantic and South Pacific,
for example, surface ocean circulation is very much the same
as in their Northern Hemisphere counterparts except that the
direction of flow is counterclockwise (see Figure 15.2).

Indian Ocean Currents The Indian Ocean exists mostly
in the Southern Hemisphere, so it follows a surface circulation
pattern similar to other Southern Hemisphere ocean basins
(see Figure 15.2). The small portion of the Indian Ocean in
the Northern Hemisphere, however, is influenced by the sea-
sonal wind shifts known as the summer and winter monsoons
(mausim = season). When the winds change direction, the
surface currents also reverse direction. During the summer,
winds blow from the Indian Ocean toward the Asian landmass.
In the winter, the winds reverse and blow out from Asia over
the Indian Ocean. You can see this reversal when you compare
the January and July winds in Figure 18.18. When the winds
change direction, the surface currents also reverse direction.

West Wind Drift The only current that completely
encircles Earth is the West Wind Drift (see Figure 15.2).
It flows around the ice-covered continent of Antarctica,
where no large landmasses are in the way, so its cold sur-
face waters circulate in a continuous loop. It moves in
response to the Southern Hemisphere prevailing west-
erly winds, and portions of it split off into the adjoining
southern ocean basins. Its strong flow also helps define the
Southern Ocean or Antarctic Ocean, which is really the
portions of the Pacific, Atlantic, and Indian Oceans south of
about 50° south latitude.
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Ocean Currents Influence Climate Surface-
ocean currents have an important effect on climate. It is
known that for Earth as a whole, the gains in solar energy
equal the losses to space of heat radiated from the surface.
When most latitudes are considered individually, however,
this is not the case. There is a net gain of energy in lower
latitudes and a net loss at higher latitudes. Because the
tropics are not becoming progressively warmer, nor are the
polar regions becoming colder, there must be a large-scale
transfer of heat from areas of excess to areas of deficit. This
is indeed the case. The transfer of heat by winds and ocean
currents equalizes these latitudinal energy imbalances.

IGURE 15.4 Chile’s
tacama Desert This is

e driest desert on Earth.
verage rainfall at the

ettest locations is not more
an 3 millimeters (0.12 inch)
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)00 kilometers (600 miles),
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ountains. The cold Peru
urrent makes this slender
ne cooler and drier than it
ould otherwise be. (Photo by
\ques Jangoux/Science Source)

Ocean water movements account for about one-quarter of
this total heat transport, and winds account for the remain-
ing three-quarters.

The Effect of Warm Currents The moderating effect
of poleward-moving warm ocean currents is well known.
The North Atlantic Drift, an extension of the warm Gulf
Stream, keeps wintertime temperatures in Great Britain and
much of Western Europe warmer than would be expected
for their latitudes. London is farther north than St. John's,
Newfoundland, yet is not nearly so frigid in winter. (Cities
mentioned in this section are shown in Figure 15.2.) Because
of the prevailing westerly winds, the moderating effects are
carried far inland. For example, Berlin (52° north latitude)
has a mean January temperature similar to that experienced
at New York City, which lies 12° latitude farther south. The
January mean at London (51° north latitude) is 4.5°C (8.1°F)
higher than at New York City.

Cold Currents Chill the Air In contrast to warm
ocean currents like the Gulf Stream, the effects of which
are felt most during the winter, cold currents exert their
greatest influence in the tropics and during the summer
months in the middle latitudes. For example, the cool
Benguela Current off the western coast of southern Africa
moderates the tropical heat along this coast. Walvis Bay
(23° south latitude), a town adjacent to the Benguela Cur-
rent, is 5°C (9°F) cooler in summer than Durban, which
is 6° latitude farther poleward but on the eastern side of
South Africa, away from the influence of the cold cur-
rent. The east and west coasts of South America provide
another example. FIGURE 15.3 shows monthly mean tem-
peratures for Rio de Janeiro, Brazil, which is influenced
by the warm Brazil Current, and Arica, Chile, which is
adjacent to the cold Peru Current. Closer to
home, because of the cold California Cur-
rent, summer temperatures in subtropical
coastal southern California are lower by 6°C
(10.8°F) or more compared to East coast
stations.

Cold Currents Increase Aridity In
addition to influencing temperatures of adja-
cent land areas, cold currents have other
climatic influences. For example, where
tropical deserts exist along the west
coasts of continents, cold ocean cur-
rents have a dramatic impact. The prin-
cipal west coast deserts are the Atacama
in Peru and Chile and the Namib in
southwestern Africa (FIGURE 15.4). The
aridity along these coasts is intensified
because the lower atmosphere is chilled
by cold offshore waters. When this
occurs, the air becomes very stable and
resists the upward movement necessary
to create precipitation-producing clouds.




In addition, the presence of cold currents causes tem-
peratures to approach and often reach the dew point, the
temperature at which water vapor condenses. As a result,
these areas are characterized by high relative humidities
and much fog. Thus, not all subtropical deserts are hot
with low humidities and clear skies. Rather, the pres-
ence of cold currents transforms some subtropical deserts
into relatively cool, damp places that are often shrouded
in fog.

15.1 CONCEPTCHECKS

1 What is the primary driving force of surface-ocean currents?
| 2 How does the Coriolis effect influence ocean currents?

3 Name the five subtropical gyres and identify the main
surface currents in each.

4 How do ocean currents influence climate? Provide at least
three examples.

15.2 | UPWELLING AND DEEP-OCEAN CIRCULATION

Explain the processes that produce coastal upwelling and the ocean’s deep circulation.

The preceding discussion focused mainly on the horizontal
movements of the ocean’s surface waters. In this section,
you will learn that the ocean also exhibits significant ver-
tical movements and a slow-moving, multilayered deep-
ocean circulation. Some vertical movements are related to
wind-driven surface currents, whereas deep-ocean circula-
tion is strongly influenced by density differences.

Coastal Upwelling

In addition to producing surface currents, winds can also
cause vertical water movements. Upwelling, the rising of
cold water from deeper layers to replace warmer surface
water, is a common wind-induced vertical movement.
One type of upwelling, called coastal upwelling, is most
characteristic along the west coasts of continents, most
notably along California, western South America, and
West Africa.

Coastal upwelling occurs in these areas when winds blow
toward the equator and parallel to the coast (FIGURE 15.5).
Coastal winds combined with the Coriolis effect cause sur-
face water to move away from shore. As the surface layer
moves away from the coast, it is replaced by water that
“upwells” from below the surface. This slow upward move-
ment of water from depths of 50 to 300 meters (165 to 1000
feet) brings water that is cooler than the original surface
water and results in lower surface-water temperatures near
the shore.

For swimmers who are accustomed to the warm waters
along the mid-Atlantic shore of the United States, a swim in
the Pacific off the coast of central California can be a chilling
surprise. In August, when temperatures in the Atlantic are
21°C (70°F) or higher, central California’s surf is only about
15°C (60°F).

Upwelling brings greater concentrations of dissolved
nutrients, such as nitrates and phosphates, to the ocean sur-
face. These nutrient-enriched waters from below promote the
growth of microscopic plankton, which in turn support exten-
sive populations of fish and other marine organisms. Figure
15.5 includes a satellite image that shows high productivity
due to coastal upwelling off the southwest coast of Africa.

Deep-0cean Circulation

Deep-ocean circulation has a significant vertical compo-
nent and accounts for the thorough mixing of deep-water
masses. This component of ocean circulation is a response
to density differences among water masses that cause

1 2 a [i]
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Coastal Upwelling
Coastal upwelling occurs
along the west coasts of
continents, where winds
blow toward the equator an
parallel to the coast. The
Coriolis effect (deflection

to the left in the Southern
Hemisphere) causes
surface water to move awal
from the shore, which bring:
cold, nutrient-rich water to
the surface. This satellite
image shows chlorophyll
concentration along the
southwest coast of Africa
(February 21, 2001). An
instrument aboard the
satellite detects changes in
seawater color caused by
changing concentrations
of chlorophyll. High
chlorophyll concentrations
indicate high amounts of
photosynthesis, which is
linked to the upwelling
nutrients. Red indicates
high concentrations,

and blue indicates low
concentrations. (Provided by
from the SeaWIFS Project, NAS
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Space Flight
Center and
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GURE 15.6 Sea Ice Near Antarctica When seawater freezes, sea salts do not become part
the ice. Consequently, the surface salinity of the remaining seawater increases, which makes it
nser and prone to sink. (Photo by John HigdonAGE Fotostock)

Most water involved in deep-ocean currents (thermo-
haline circulation) begins in high latitudes at the surface.
In these regions, where surface waters are cold, salinity
increases when sea ice forms (FIGURE 15.6). When seawa-
ter freezes to form sea ice, salts do not become part of the
ice. As a result, the salinity (and therefore the density) of
the remaining seawater increases. When this surface water
becomes dense enough, it sinks, initiating deep-ocean cur-
rents. Once this water sinks, it is removed from the physical
processes that increased its density in the first place, and so
its temperature and salinity remain largely unchanged for the
duration of the time it spends in the deep ocean.

Near Antarctica, surface conditions create the highest-
density water in the world. This cold saline brine slowly
sinks to the seafloor, where it moves throughout the ocean
basins in sluggish currents. After sinking from the surface of
the ocean, deep waters will not reappear at the surface for an
average of 500 to 2000 years.

GURE 15.7 The Ocean
nveyor Belt Source
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converts to dense water, and
returns toward the equator as
cold deep water that eventually
upwells to complete the circuit.
As this “conveyor belt” moves
around the globe, it influences
global climate by converting
warm water to cold and liberat-

denser water to sink and slowly spread out beneath the
surface. Because the density variations that cause deep-
ocean circulation are caused by differences in temperature
and salinity, deep-ocean circulation is also referred to as
thermohaline (thermo = heat, haline = salt) circulation.

An increase in seawater density can be caused by either
a decrease in temperature or an increase in salinity. Density
changes due to salinity variations are important in very high
latitudes, where water temperature remains low and rela-
tively constant.

ing heat to the atmosphere.

15.2 CONCEPT CHECKS

1 Describe the process of coastal upwelling. Why is
| an abundance of marine life associated with these
1 areas?

i

| 2 Why is deep-ocean circulation referred to as thermohaline
| circulation? '

| ) )

| Describe or make a simple sketch of the ocean’s conveyor-
belt circulation.

15-3 THE SHOHELINE: A DYNAMIG INTEHFAGE Explain why the shoreline is

considered a dynamic interface and identify the basic parts of the coastal zone.

Shorelines are dynamic environments. Their topography, geo-
logic makeup, and climate vary greatly from place to place.
Continental and oceanic processes converge along coasts to
create landscapes that frequently undergo rapid change. When
it comes to the deposition of sediment, coasts ate transition
zones between marine and continental environments.

Nowhere is the restless nature of the ocean’s water more
noticeable than along the shore—the dynamic interface
among ait, land, and sea. An interface is a common boundary
where different parts of a system interact. This is certainly an
appropriate designation for the coastal zone. Here we can see
the thythmic rise and fall of tides and observe waves rolling




in and breaking. Sometimes the waves are low and gentle. At
other times they pound the shore with awesome fury.

The Coastal Zone

Although it may not be obvious, the shoreline is constantly
being modified by waves. Crashing surf can erode the
adjacent land. Wave activity also moves sediment toward
and away from the shore, as well as along it. Such activity
sometimes produces narrow sandbars that frequently
change size and shape as storm waves come and go.

Present-Day Shorelines The nature of present-day
shorelines is not just the result of the relentless attack of the land
by the sea. The shore has a complex character that results from
multiple geologic processes. For example, practically all coastal
areas were affected by the worldwide rise in sea level that
accompanied the melting of glaciers at the close of the Pleis-
tocene epoch. As the sea encroached landward, the shoreline
retreated, becoming superimposed upon existing landscapes that
had resulted from such diverse processes as stream erosion, gla-
ciation, volcanic activity, and the forces of mountain building.

Human Activity Today, the coastal zone is experiencing
intensive human activity. Unfortunately, people often treat the
shoreline as if it were a stable platform on which structures can
safely be built. This attitude inevitably leads to conflicts between
people and nature. In October 2012, this fact was tragically rein-
forced when the storm surge from Hurricane Sandy struck parts
of New York City and the narrow barrier islands along the coast
of New Jersey (FIGURE 15.8). Many coastal landforms, espe-
cially beaches and barrier islands, are relatively fragile, short-
lived features that are often inappropriate sites for development.

Basic Features

In general conversation, several terms are used when refer-
ring to the boundary between land and sea. In the preced-
ing paragraphs, the terms shore, shoreline, coastal zone,
and coast were all used. Moreover, when many think of the
land—sea interface, the word beach comes to mind. Let’s take
a moment to clarify these terms and introduce some other
terminology used by those who study the land-sea boundary

15.3 The Shoreline: A Dynamic Interfac_e/
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FIGURE 15.8 Hurricane Sandy A portion of the New Jersey shoreline shortly after this huge
storm struck in late October 2012. The extraordinary storm surge caused much of the damage
pictured here. Many shoreline areas are intensively developed. Often the shifting shoreline sands
and the desire of people to occupy these areas are in conflict. There is more about hurricanes and
hurricane damage in Chapter 19. (Photo by REUTERS/Tim Larsen/Governor’s Office/Handout)

zone. You will find it helpful to refer to FIGURE 15.9, which
is an idealized profile of the coastal zone.

The shoreline is the line that marks the contact between
land and sea. Each day, as tides rise and fall, the position of the
shoreline migrates. Over longer time spans, the average posi-
tion of the shoreline gradually shifts as sea level rises or falls.

The shore is the area that extends between the lowest
tide level and the highest elevation on land that is affected
by storm waves. By contrast, the coast extends inland from
the shore as far as ocean-related features can be found.
The coastline marks the coast’s seaward edge, whereas the
inland boundary is not always obvious or easy to determine.

As Figure 15.9 illustrates, the shore is divided into the
foreshore and the backshore. The foreshore is the area
exposed when the tide is out (low tide) and submerged
when the tide is in (high tide). The backshore is landward
of the high-tide shoreline. It is usually dry, being affected

Low-tide Shoreline High-tide Berm Coastline Dunes
shoreline shoreline l
| el
\\ lh
3 = S i +
¢ . - % ':\f s -
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FIGURE 15.9 The Coastal
Zone This transition zone
between land and sea
consists of several parts.
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FIGURE 15.10 Beaches
A beach is an accumulation
of sediment on the landward
margin of an ocean or a
lake and can be thought

of as material in transit
along the shore. Beaches
are composed of whatever
material is locally available.
(Photo A by David R. Frazier
Photolibrary, Inc./Alamy; photo B by
E. J. Tarbuck)

The black sands on this beach in Hawaii were
derived from the weathering of nearby basaltic
EVER{[TH ) -

by waves only during storms. Two other zones are com-
monly identified. The nearshore zone lies between the
low-tide shoreline and the line where waves break at low
tide. Seaward of the nearshore zone is the offshore zone.

erosion of adjacent cliffs or nearby coastal mountains. Other
beaches are built from sediment delivered to the coast by rivers.

Although the mineral makeup of many beaches is domi-
nated by durable quartz grains, other minerals may be dominant.
For example, in areas such as southern Florida, where there are
no mountains or other sources of rock-formi ng minerals nearby,
most beaches are composed of shell fragments and the remains
of organisms that live in coastal waters (FIGURE 15.1 0A). Some
beaches on volcanic islands in the open ocean are composed of
weathered grains of the basaltic lava that comprise the islands
or of coarse debris eroded from coral reefs that develop around
islands in low latitudes (FIGURE 15.10B).

Regardless of the composition, the material that com-
prises the beach does not stay in one place. Instead, crash-
ing waves are constantly moving it. Thus, beaches can be

Beaches

For many a beach is the sandy area where people lie in the sun
and walk along the water’s edge. Technically, a beach is an
accumulation of sediment found along the landward margin of
an ocean or a lake. Along straight coasts, beaches may extend for
tens or hundreds of kilometers. Where coasts are irregular, beach
formation may be confined to the relatively quiet waters of bays.

Beaches consist of one or more berms, which are rela-
tively flat platforms often composed of sand that are adjacent

to coastal dunes or cliffs and marked by a change in slope
at the seaward edge. Another part of the beach is the beach
face, which is the wet sloping surface that extends from the
berm to the shoreline. Where beaches are sandy, sunbath-
ers usually prefer the berm, whereas joggers prefer the wet,
hard-packed sand of the beach face.

Beaches are composed of whatever material is locally
abundant. The sediment for some beaches is derived from the

thought of as material in transit along the shore.

15.3 CONCEPT CHECKS

1 Why is the shoreline considered an interface?
2 Distinguish among shore, shoreline, coast, and coastline.
3 Whatis a beach? Distinguish between beach face and berm.




1 5 .4 OGEAN WAVES List and discuss the factors that influence the height, length,

and period of a wave and describe the motion of water within a wave,

Ocean waves are energy traveling along the interface between
ocean and atmosphere, often transferring energy from a storm
far out at sea over distances of several thousand kilometers.
That’s why even on calm days, the ocean still has waves that
travel across its surface. When observing waves, always remem-
ber that you are watching energy travel through a medium
(water). If you make waves by tossing a pebble into a pond,
splashing in a pool, or blowing across the surface of a cup of
coffee, you are imparting energy to the water, and the waves you
see are just the visible evidence of the energy passing through.
Wind-generated waves provide most of the energy that
shapes and modifies shorelines. Where the land and sea meet,
waves that may have traveled unimpeded for hundreds or thou-
sands of kilometers suddenly encounter a barrier that will not
allow them to advance farther and must absorb their energy.
Stated another way, the shore is the location where a practically
irresistible force confronts an almost immovable object. The
conflict that results is never-ending and sometimes dramatic.

Wave Characteristics

Most ocean waves derive their energy and motion from the
wind. When a breeze is less than 3 kilometers (2 miles) per
hour, only wavelets appear. At greater wind speeds, more sta-
ble waves gradually form and advance with the wind.
Characteristics of ocean waves are illustrated in FIG-

the horizontal distance between successive crests or successive
troughs is the wavelength. The time it takes one full wave—
one wavelength—to pass a fixed position is the wave period.

The height, length, and period that are eventually achieved
by a wave depend on three factors: (1) wind speed, (2) length
of time the wind has blown, and (3) fetch, the distance that
wind has traveled across open water. As the quantity of energy
transferred from the wind to the water increases, both the
height and steepness of the waves increase. Eventually, a criti-
cal point is reached where waves grow so tall that they topple
over, forming ocean breakers called whitecaps.

For a particular wind speed, there is a maximum fetch
and duration of wind beyond which waves will no longer
increase in size. When the maximum fetch and duration are
reached for a given wind velocity, the waves are said to be
“fully developed.” The reason that waves can grow no further
is that they are losing as much energy through the breaking
of whitecaps as they are receiving energy from the wind.

When the wind stops or changes direction, or the waves
leave the storm area where they were created, they continue
on without relation to local winds. The waves also undergo a
gradual change to swells, which are lower in height and longer
in length and may carry a storm’s energy to distant shores.
Because many independent wave systems exist at the same

Wave movement
URE 15.11, which shows a simple, non- =
. Crest Crest Crest
breaking waveform. The tops of the — _. o -
waves are the crests, which are A Trough g Trouzh g
’ y L Wavelength =
separated by troughs. Half- " 7o 7= Wave 4

way between the crests and
troughs is the still water level,
which is the level that the water
would occupy if there were no
waves. The vertical distance
between trough and crest is
called the wave height, and

EYE ON
= A DT
. This surfer is enjoying a ride on a large wave

along the coast of Maui. (Photo by Ron Dahlquist/
Getty Images)

QUESTION 1 What was the source of energy that
created this wave?

QUESTION 2 How was the wavelength changing just prior to
the time when this photo was taken?

QUESTION 3 Why was the wavelength changing?

QUESTION 4 Many waves exhibit circular orbital motion. Is that
true of the wave in this photo? Explain.

“height

Negligible water movement
below depth of /2 wavelength
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FIGURE 15.11 Wave

Basics An idealized drawing
of a nonbreaking wave,
showing its basic parts and
the movement of water with

increasing depth.
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p as they traveled through the Pacific Ocean basin. After
| SmartFigure 15.12 Toy boat > meore than 10,000 kilometers (more than 6,000 miles), the
sage of a Wave The movements [ waves finally expended their energy a week later, along the
€:1ay baat show that the. wavetorm shoreline of the Aleutian Islands of Alaska. The water itself
inces, but the water does not s . .
nce appreciably from the original doesn’t travel the entire distance, but the waveform does.
ion. In this sequence, the wave As the wave travels, the water passes the energy along
s from left to right by moving in a circle. This movement is called eircular
& boat (and the orbital motion.
rin which it is Observation of an object floating in waves shows that it
ng) rotates in an moves not only up and down but also slightly forward and
inaeyiclicle, backward with each successive wave. FIGURE 15.12 shows
that a floating object moves up and backward as the crest
approaches, up and forward as the crest passes, down and
forward after the crest, down and backward as the trough
approaches, and rises and moves backward again as the next
crest advances. When the movement of the floating toy boat
shown in Figure 15.12 is traced as a wave passes, it can be
seen that the boat moves in a circle and it returns to essentially
the same place. Circular orbital motion allows a waveform (the
wave’s shape) to move forward through the water while the
individual water particles that transmit the wave move around
in a circle. Wind moving across a field of wheat causes a simi-
lar phenomenon: The wheat itself doesn’t travel across the
field, but the waves do.
The energy contributed by the wind to the water is trans-
mitted not only along the surface of the sea but also down-
8 ward. However, beneath the surface the circular motion
% rapidly diminishes until, at a depth equal to one-half the
wavelength measured from still water level, the movement
of water particles becomes negligible. This depth is known
as the wave base. The dramatic decrease of wave energy
time, the sea surface acquires a complex and irregular pattern, ~ with depth is shown by the rapidly diminishing diameters of
sometimes producing very large waves. The sea waves that water-particle orbits in Figure 15.11.
are seen from shore are usually a mixture of swells from fara-

way storms and waves created by local winds. waves i“ the surf zo ne

. . . As long as a wave is in deep water, it is unaffected by
C|rC|.|Ia|' Drbltal MOtlon water depth (FIGURE 15.13, left). However, when a wave

Waves can travel great distances across ocean basins. In approaches the shore, the water becomes shallower and
one study, waves generated near Antarctica were tracked influences wave behavior. The wave begins to “feel bottom”
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at a water depth equal to its wave base. Such depths interfere
with water movement at the base of the wave and slow its
advance (see Figure 15.13, center).

As a wave advances toward the shore, the slightly faster
waves farther out to sea catch up, decreasing the wavelength.
As the speed and length of the wave diminish, the wave steadily
grows higher. Finally, a critical point is reached when the wave is
too steep to support itself, and the wave front collapses, or breaks
(see Figure 15.13, right), causing water to advance up the shore.

The turbulent water created by breaking waves is called
surf. On the landward margin of the surf zone, the turbulent
sheet of water from collapsing breakers, called swash, moves
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up the slope of the beach. When the energy of the swash has
been expended, the water flows back down the beach toward
the surf zone as backwash.

15.4 CONCEPTCHECKS =

1 List three factors that determine the height, length, and
period of a wave.

2 Describe the motion of a floating object as a wave passes.

j 3 How do the speed, length, and height of a wave change as
the wave moves into shallow water and breaks?

15.5 THE WORK OF WAVES

Describe how waves erode and move sediment along the shore.

During calm weather, wave action is minimal. However,
just as streams do most of their work during floods, waves
accomplish most of their work during storms. The impact
of high, storm-induced waves against the shore can be awe-
some in its violence (FIGURE 15.14).

Wave Erosion

Each breaking wave may hurl thousands of tons of water
against the land, sometimes causing the ground to literally
tremble. The pressures exerted by Atlantic waves in winter-
time, for example, average nearly 10,000 kilograms per square
meter (more than 2000 pounds per square foot). The force
during storms is even greater. It is no wonder that cracks and
crevices are quickly opened in cliffs, seawalls, breakwaters,
and anything else that is subjected to these enormous shocks.
Water is forced into every opening, causing air in the cracks
to become highly compressed by the thrust of crashing waves.
When the wave subsides, the air expands rapidly, dislodging
rock fragments and enlarging and extending fractures.

In addition to the erosion caused by wave impact and
pressure, abrasion—the sawing and grinding action of the
water armed with rock fragments—is also important. In
fact, abrasion is probably more intense in the surf zone than
in any other environment. Smooth, rounded stones and pebbles
along the shore are obvious reminders of the relentless grinding
action of rock against rock in the surf zone (FIGURE 15.15A).
Further, the waves use such fragments as “tools” as they cut
horizontally into the land (FIGURE 15.15B).

Sand Movement on the Beach

Beaches are sometimes called “rivers of sand”” The reason is
that the energy from breaking waves often causes large quanti-
ties of sand to move along the beach face and in the surf zone
roughly parallel to the shoreline. Wave energy also causes sand
to move perpendicular to (toward and away from) the shoreline.

Movement Perpendicular to the Shoreline 1f
you stand ankle deep in water at the beach, you will see that
swash and backwash move sand toward and away from the

shoreline. Whether there is a net loss or addition of sand
depends on the level of wave activity. When wave activity
is relatively light (less energetic waves), much of the swash
soaks into the beach, which reduces the backwash. Conse-
quently, the swash dominates and causes a net movement of
sand up the beach face toward the berm.

When high-energy waves prevail, the beach is saturated
from previous waves, so much less of the swash soaks in.
As a result, the berm erodes because backwash is strong and
causes a net movement of sand down the beach face.

Along many beaches, light wave activity is the rule
during the summer. Therefore, a wide sand berm gradu-
ally develops. During winter, when storms are frequent
and more powerful, strong wave activity erodes and nar-
rows the berm. A wide berm that may have taken months
to build can be dramatically narrowed in just a few hours

by the high-energy waves created by a strong winter storm. FIGURE 15.14 Storm
Waves When large waves
break against the shaore, the
force of the water can be
powerful, and the erosional
work that is accomplished
can be great. These storm
waves are breaking along
the coast of Wales. (The
Photolibrary Wales/Alamy)

Wave Refraction The bending of waves, called wave
refraction, plays an important part in shoreline processes
(FIGURE 15.16). It affects the distribution of energy along the
shore and thus strongly influences where and to what degree
erosion, sediment transport, and deposition will take place.
Waves seldom approach the shore straight on. Rather,
most waves move toward the shore at an angle. However,
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IGURE 15.15
\brasion—Sawing and
irinding Breaking waves
irmed with rock debris can
lo a great deal of erosional
vork. (Photo A by Michael Collier;
hoto B by Fletcher & Baylis/
cience Source)
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when they reach the shallow water of a smoothly sloping bot-
tom, they are bent and tend to become parallel to the shore.
Such bending occurs because the part of the wave nearest the
shore reaches shallow water and slows first, whereas the end
that is still in deep water continues forward at its full speed.
The net result is a wave front that may approach nearly paral-
lel to the shore, regardless of the original direction of the wave.

Because of refraction, wave impact is concentrated against
the sides and ends of headlands that project into the water,

- This sandstane Cliffrat
British Columbia, was'underc
action.

whereas wave attack is weakened in bays. This differential
wave attack along irregular coastlines is illustrated in Figure
15.16. As the waves reach the shallow water in front of the
headland sooner than they do in adjacent bays, they are bent
more nearly parallel to the protruding land and strike it from
all three sides. By contrast, refraction in the bays causes waves
to diverge and expend less energy. In these zones of weak-
ened wave activity, sediments can accumulate and form sandy
beaches. Over a long period, erosion of the headlands and dep-

osition in the bays will straighten an irregular shoreline.
\s these waves approach nearly straight on, refraction causes the
vave energy to be concentrated at headlands (resulting in erosion)
ind dispersed in hays (resulting in deposition).

Beach
deposits

Waves travel
at original speed

] Waves “feel hottom”
in deep water

and slow down
in surf'zone

Result: waves bend
so that they strike the

shore more directly i

Wave refraction at Rincon Point, California

@B SmartFigure 15.16 Wave Refraction As waves first touch bottom in the shallows along an irregular coast, they are slowed, causing them to
bend (refract) and align nearly parallel to the shoreline. (Photo by Rich Reid/Getty Images, Inc.)




Path of sand
particles

Beach
drift

Beach drift.occurs as incoming waves
cany sand atan angle up the beach,
while the water from spent waves carries
it directly down the slope of the heach.
Similar movements oceur offshore in the
surf zane to ereate the langshore current.

These waves approaching the heach at a slight
angle near Oceanside, California, produce a
longshore current moving from left to right.

@B smartFigure 15.17 The Longshore Transport System The two
components of this sediment-moving system, beach drift and longshore
currents, are created by breaking waves that approach the shoreline at an angle.
These processes move large quantities of material along the beach and in the
surf zone. (Photo by University of Washington Libraries, Special Collections, John Shelton

Collection, KC14461)

Longshore Transport Although waves are refracted,
most still reach the shore at some angle, however slight. Con-
sequently, the uprush of water from each breaking wave (the
swash) is at an oblique angle to the shoreline. However, the
backwash is straight down the slope of the beach. The effect of
this pattern of water movement is to transport sediment in a zig-
zag pattern along the beach face (FIGURE 15.17). This move-
ment is called beach drift, and it can transport sand and pebbles
hundreds or even thousands of meters each day. However, a
more typical rate is 5 to 10 meters (16 to 33 feet) per day.

Waves that approach the shore at an angle also produce
currents within the surf zone that flow parallel to the shore and
move substantially more sediment than beach drift. Because
the water here is turbulent, these longshore currents easily
move the fine suspended sand and roll larger sand and gravel
along the bottom. When the sediment transported by longshore
currents is added to the quantity moved by beach drift, the total
amount can be very large. At Sandy
Hook, New Jersey, for example, the
quantity of sand transported along
the shore over a 48-year period
averaged almost 750,000 tons annu-
ally. For a 10-year period in Oxnard,
California, more than 1.5 million
tons of sediment moved along the
shore each year.

Both rivers and coastal zones
move water and sediment from one
area (upstream) to another (down-
stream). This is why the beach has
often been characterized as a “river
of sand.” Beach drift and longshore
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Net movement

: \’—"’“’“‘/ of sand grains  currents, however, move in a zigzag pattern,

whereas rivers flow mostly in a turbulent,
swirling fashion. In addition, the direction of flow of long-
shore currents along a shoreline can change, whereas
rnivers flow in the same direction (downhill).
Longshore currents change direction because
the direction that waves approach
the beach changes seasonally.
Nevertheless, longshore currents
generally flow southward along
both the Atlantic and Pacific
shores of the United States.

Rip Currents Concentrated
movements of water that flow in
the opposite direction of break-
ing waves are called rip cur-
rents. (Sometimes rip currents
are incorrectly called rip tides,
although they are unrelated to
tidal phenomena.) Most of the
backwash from spent waves
finds its way back to the open
ocean as an unconfined flow
across the ocean bottom called
sheet flow. However, sometimes
a portion of the returning water moves seaward in the form of
surface rip currents. These currents do not travel far beyond the
surf zone before breaking up and can be recognized by the way
they interfere with incoming waves or by the sediment that is
often suspended within the rip current (FIGURE 15.18). They
can be hazardous to swimmers, who, if caught in them, can be
carried out away from shore. The best strategy for exiting a rip
current is to swim parallel to the shore for a few tens of meters.

15.5 CONCEPT CHECKS

Describe two ways in which waves cause erosion.

Why do waves that are approaching the shoreline often bend?
What is the ef‘ft-.jct of wave refraction along an irregular coastline?

N =

Describe the two processes that contribute to longshore
transport.

Rip current extends outward from shore
and interferes with incoming waves.

FIGURE 15.18 Rip
Gurrent These concentrated
movements of water flow
opposite the direction of
breaking waves. (Photo by A.P.
Trujillo/APT Photos)
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1 5- 6 SHURELINE FEATUHES Describe the features typically created by wave erosion

and those resulting from sediment deposited by longshore transport processes.

A fascinating assortment of shoreline features can be observed
along the world’s coastal regions. Although the same pro-
cesses cause change along every coast, not all coasts respond
in the same way. Interactions among different processes and
the relative importance of each process depend on local fac-
tors. The factors include (1) the proximity of a coast to sed-
iment-laden rivers, (2) the degree of tectonic activity, (3) the
topography and composition of the land, (4) prevailing winds
and weather patterns, and (5) the configuration of the coastline
and nearshore areas. Features that originate primarily because
of erosion are called erosional features, whereas accumula-
tions of sediment produce depositional features.

Erosional Features

Many coastal landforms owe their origin to erosional pro-
cesses. Such erosional features are common along the rug-
ged and irregular New England coast and along the steep
shorelines of the West coast of the United States.

Wave-Cut Cliffs, Wave-Cut Platforms, and
Marine Terraces As the name implies, wave-cut cliffs
originate in the cutting action of the surf against the base
of coastal land. As erosion progresses, rocks overhanging
the notch at the base of the cliff crumble into the surf, and
the cliff retreats. A relatively flat, benchlike surface, called
a wave-cut platform, is left behind by the receding cliff
(FIGURE 15.19, left). The platform broadens as wave attack
continues. Some debris produced by the breaking waves may
remain along the water’s edge as sediment on the beach, and

FIGURE 15.19 Wave-Cut Platform and Marine Terrace This wave-cut platform is exposed
at low tide along the California coast at Bolinas Point near San Francisco. A wave-cut platform was
uplifted to create the marine terrace. (Photo by University of Washington Libraries, Special Collections, John

Shelton Collection, KC5902)

~ Wave-cut
platform

the remainder is transported farther seaward. If a wave-cut
platform is uplifted above sea level by tectonic forces, it
becomes a marine terrace (Figure 15.19, right). Marine ter-
races are easily recognized by their gentle seaward-sloping
shape and are often desirable sites for coastal roads, build-
ings, or agriculture.

Sea Arches and Sea Stacks Because of refraction,
waves vigorously attack headlands that extend into the
sea. The surf erodes the rock selectively, wearing away the
softer or more highly fractured rock at the fastest rate. At
first, sea caves may form. When caves on opposite sides
of a headland unite, a sea arch results (FIGURE 15.20).
Eventually, the arch falls in, leaving an isolated remnant,
or sea stack, on the wave-cut platform (see Figure 15.20).
In time, it too will be consumed by the action of the waves.

Depositional Features

Sediment eroded from the beach is transported along the
shore and deposited in areas where wave energy is low.
Such processes produce a variety of depositional features.

Spits, Bars, and Tombolos Where beach drift and
longshore currents are active, several features related to the
movement of sediment along the shore may develop. A spit
(spit = spine) is an elongated ridge of sand that projects
from the land into the mouth of an adjacent bay. Often the
end in the water hooks landward in response to the domi-
nant direction of the longshore current. Both images in
FIGURE 15.21 show spits. The term baymouth bar is applied

FIGURE 15.20 Sea Arch and Sea Stack These features at
the tip of Mexico’s Baja Peninsula resulted from the vigorous wave
attack of a headland. (Photo by Lew Robertson/Getty Images)

=




Baymouth bar

g Mohile Field Trip

) 15.21 Some
Depositional
Features A.
High-altitude image of a well-
developed spit and baymouth
bar along the coast of Martha'’s
Vineyard, Massachusetts. (Image
courtesy of ASCS/USDA) B. This
photograph, taken from the International
Space Station, shows Provincetown Spit
at the tip of Cape Cod. (NASA Earih Observing
System)

to a sandbar that completely crosses a bay, sealing it off from
the open ocean (see Figure 15.21A). Such a feature tends to
form across bays where currents are weak, allowing a spit to
extend to the other side. A tombolo (tombolo = mound), a
ridge of sand that connects an island to the mainland or to
another island, forms in much the same manner as a spit.

Barrier Islands The Atlantic and Gulf Coastal Plains are
relatively flat and slope gently seaward. The shore zone is char-
acterized by barrier islands. These low ridges of sand parallel
the coast at distances from 3 to 30 kilometers (2 to 19 miles) off-
shore. From Cape Cod, Massachusetts, to Padre Island, Texas,
nearly 300 barrier islands rim the coast. The chapter-opening
photo and FIGURE 15.22 show examples from North Carolina.
Most barrier islands are 1 to 5 kilometers (0.6-3
miles) wide and between 15 and 30 kilometers (9-18
miles) long. The tallest features are sand dunes, which
usually reach heights of 5 to 10 meters (16-33 feet);
in a few areas, unvegetated dunes are more than
30 meters (100 feet) high. The lagoons separating these nar-
row islands from the shore are zones of relatively quiet water
that allow small craft traveling between New York and north-
ern Florida to avoid the rough waters of the North Atlantic.
Barrier islands probably formed in several ways. Some
originated as spits that were subsequently severed from the
mainland by wave erosion or by the general rise in sea level
following the last episode of glaciation. Others were created

1

15.6 Shoreline Features J‘

when turbulent waters in the line of breakers heaped up sand
that had been scoured from the bottom. Finally, some barrier
islands may be former sand dune ridges that originated along
the-shore during the last glacial period, when sea level was
lower. As the ice sheets melted, sea level rose and flooded
the area behind the beach—-dune complex.

The Evolving Shore

A shoreline continually undergoes modification, regardless of
its initial configuration. At first most coastlines are irregular,
although the degree of and reason for the irregularity may dif-
fer considerably from place to place. Along a coastline that is
characterized by varied geology, the pounding surf may ini-
tially increase its irregularity because the waves will erode
the weaker rocks more easily than the stronger ones. How-
ever, if a shoreline remains stable, marine erosion and deposi-
tion will eventually produce a straighter, more regular coast.
FIGURE 15.23 illustrates the evolution of an initially
irregular coast that remains relatively stable and shows many
of the coastal features discussed in the previous section. As

FIGURE 15.22 Barrier Islands Nearly 300 barrier islands
line the Gulf and Atlantic coasts. The islands along the
coast of North Carolina are excellent

examples. (Photo by Michael Collier)
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URE 15.23 The
lving Shore These
yrams illustrate changes
 can take place through
= along an initially

gular coastline that
ains tectonically stable.
 diagrams also serve to

trate many of the features

cribed in the section on
reline features. (Top and
om photos by E. J. Tarbuck;
ile photo by Michael Collier)
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Wave-cut
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headlands are eroded and erosional features such as wave-cut
cliffs and wave-cut platforms are created, sediment is pro-
duced that is carried along the shore by beach drift and long-
shore currents. Some material is deposited in the bays, while
other debris is formed into depositional features such as spits
and baymouth bars. At the same time, rivers fill the bays with
sediment. Ultimately, a smooth coast results.

Se arch

Tombolo

Beach
- deposits

15.6 CONCEPT CHECKS

1 How is a marine terrace related to a wave-cut platform?

2 Describe the formation of the features labeled in Figure
w 15.20 and Figure 15.21.

| 3 List three ways that barrier islands may form.
\

15.7 STABILIZING THE SHORE

Summarize the ways in which people deal with shoreline erosion problems.

The coastal zone teems with human activity. Unfortunately,
people often treat the shoreline as if it were a stable platform
on which structures can be built safely. This approach jeop-
ardizes both people and the shoreline because many coastal
landforms are relatively fragile, short-lived features that are
easily damaged by development. As anyone who has endured
a tsunami or a strong coastal storm knows, the shoreline is not
always a safe place to live. Figure 15.8 illustrates this point.

Compared with natural hazards, such as earthquakes,
volcanic eruptions, and landslides, shoreline erosion appears
to be a more continuous and predictable process that causes
relatively modest damage to limited areas. In reality, the
shoreline is one of Earth’s most dynamic places that changes
rapidly in response to natural forces. Storms, for example, are
capable of eroding beaches and cliffs at rates that far exceed
the long-term average. Such bursts of accelerated erosion not




Jetties interrupt the movement

of sand causing depasition
on the upcurrent side.

only have a significant impact on
the natural evolution of a coast
but can also have a profound
impact on people who reside
in the coastal zone. Erosion
along the coast causes sig-
nificant property damage. Huge
sums are spent annually not only to
repair damage but also in an attempt
to prevent or control erosion. Already a
problem at many sites, shoreline erosion
is certain to become increasingly serious as
extensive coastal development continues.
During the past 100 years, growing affluence
and increasing demands for recreation have brought unprec-
edented development to many coastal areas. As both the num-
ber and the value of buildings have increased, so too have
efforts to protect property from storm waves by stabilizing
the shore. Also, controlling the natural migration of sand is an
ongoing struggle in many coastal areas. Such interference can
result in unwanted changes that are difficult and expensive to
correct.

Hard Stabhilization

Structures built to protect a coast from erosion or to prevent
the movement of sand along a beach are known as hard sta-
bilization. Hard stabilization can take many forms and often
results in predictable yet unwanted outcomes. Hard stabiliza-
tion includes jetties, groins, breakwaters, and seawalls.

Jetties Since relatively early in America’s history, a
principal goal in coastal areas has been the development and
maintenance of harbors. In many cases, this has involved
the construction of jetty systems. Jetties are usually built in
pairs and extend into the ocean at the entrances to rivers and
harbors. With the flow of water confined to a narrow zone,
the ebb and flow caused by the rise and fall of the tides keep
the sand in motion and prevent deposition in the channel.
However, as illustrated in FIGURE 15.24, a jetty may act as a
dam against which the longshore cur-
rent and beach drift deposit sand. At
the same time, wave activity removes
sand on the other side. Because the
other side is not receiving any new
sand, there is soon no beach at all.

Groins To maintain or widen
beaches that are losing sand, groins
are sometimes constructed. A groin
(groin = ground) is a barrier built
at a right angle to the beach to trap
sand that is moving parallel to the
shore. Groins are usually constructed
of large rocks but may also be com-
posed of wood. These structures often
do their job so effectively that the
longshore current beyond the groin
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Erosian by sand-starved
currents oceurs dewncurrent
from these structures.

—Jetties

becomes sand-starved. As a result, the current erodes sand
from the beach on the downstream side of the groin.

To offset this effect, property owners downstream from
the structure may erect a groin on their property. In this man-
ner, the number of groins multiplies, resulting in a groin field
(FIGURE 15.25). An example of such proliferation is the
shoreline of New Jersey, where hundreds of these structures
have been built. Because it has been shown that groins often
do not provide a satisfactory solution, they are no longer the
preferred method of keeping beach erosion in check.

Breakwaters and Seawalls Hard stabilization
can also be built parallel to the shoreline. One such struc-
ture is a breakwater, the purpose of which is to protect
boats from the force of large breaking waves by creating
a quiet water zone near the shore. However, when this is
done, the reduced wave activity along the shore behind the
structure may allow sand to accumulate. If this happens,
the boat anchorage will eventually fill with sand, while the

FIGURE 15.24 Jetties
These structures are built
at entrances to rivers and
harbors and are intended
to prevent deposition in

the navigation channel.
The photo is an aerial view
at Santa Cruz Harbor,
California. (Photo by U.S. Army
Corps of Engineers, Washington)

FIGURE 15.25 Groins
These wall-like structures
trap sand that is moving
parallel to the shore. This
series of groins is along the
shoreline near Chichester,
Sussex, England. (Photo by
Sandy Stockwell/London Aerial
Photo Library/Corbis)
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URE 15.26
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iURE 15.27 Seawall
abright in northern New
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reters (16 to 18 feet) high
1 8 kilometers (5 miles)

g was built to protect the
/n and the railroad that
ught tourists to the beach.
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downstream beach erodes and retreats. At Santa Monica,
California, where the building of a breakwater has created
such a problem, the city uses a dredge to remove sand from
the protected quiet water zone and deposit it farther down-
stream, where longshore currents continue to move the sand
down the coast (FIGURE 15.26).

Another type of hard stabilization built parallel to the shore
is a seawall, which is designed to armor the coast and defend
property from the force of breaking waves. Waves expend
much of their energy as they move across an open beach. Sea-
walls cut this process short by reflecting the force of unspent
waves seaward. As a consequence, the beach to the seaward
side of the seawall experiences significant erosion and may, in
some instances, be eliminated entirely (FIGURE 15.27). Once
the width of the beach is reduced, the seawall is subjected to
even greater pounding by the waves. Eventually this battering

takes such a toll on the seawall that it will fail and a larger,
more expensive structure must be built to take its place.

The wisdom of building temporary protective structures
along shorelines is increasingly questioned. The opinions of
many coastal scientists and engineers is that halting an erod-
ing shoreline with protective structures benefits only a few and
seriously degrades or destroys the natural beach and the value
it holds for the majority. Protective structures divert the ocean’s
energy temporarily from private properties but usually refocus
that energy on the adjacent beaches. Many structures inter-
rupt the natural sand flow in coastal currents, robbing affected
beaches of vital sand replacement.

Alternatives to Hard Stahilization

Armoring the coast with hard stabilization has several poten-
tial drawbacks, including the cost of the structure and the
loss of sand on the beach. Alternatives to hard stabilization
include beach nourishment and relocation.

Beach Nourishment One approach to stabilizing
shoreline sands without hard stabilization is beach nour-
ishment. As the term implies, this practice involves adding
large quantities of sand to the beach system (FIGURE 15.28).
Extending beaches seaward makes buildings along the
shoreline less vulnerable to destruction by storm waves and
enhances recreational uses.

The process of beach nourishment is straightforward.
Sand is pumped by dredges from offshore or trucked from
inland locations. The “new” beach, however, will not be the
same as the former beach. Because replenishment sand is
from somewhere else, typically not another beach, it is new
to the beach environment. The new sand is usually different



in size, shape, sorting, and
composition. These differ-
ences pose problems in terms
of erodibility and the kinds of |
life the new sand will support. r

Beach nourishment is not a
permanent solution to the prob-
lem of shrinking beaches. The
same processes that removed
the sand in the first place will
eventually remove the replace-
ment sand as well. Neverthe-
less, the number of nourishment
projects has increased in recent
years, and many beaches, espe-
cially along the Atlantic coast,
have had their sand replenished
many times. Virginia Beach,
Virginia, has been nourished
more than 50 times.

Beach nourishment is
costly. For example, a modest
project might involve 50,000
cubic yards of sand distributed
across a half mile of shoreline. A good-sized dump truck
holds about 10 cubic yards of sand. So this small project
would require about 5000 dump-truck loads. Many projects
extend for many miles. Nourishing beaches typically costs
millions of dollars per mile.

Relocation Instead of building structures such as groins
and seawalls to hold the beach in place or adding sand to
replenish eroding beaches, another option is available. Many
coastal scientists and planners are calling for a policy shift
from defending and rebuilding beaches and coastal property
in high-hazard areas to relocating storm-damaged buildings
in those places and letting nature reclaim the beach. This
approach is similar to an approach the federal government
adopted for river floodplains following the devastating 1993
Mississippi River floods, in which vulnerable structures were
abandoned and relocated on higher, safer ground.

P EYE on
A EARTH

This structure along the eastern shore of Lake
Michigan was built at the entrance to Port Shel-
ton, Michigan.

QUESTION 1 What is the purpose of the artificial
structure pictured here?

QUESTION 2 What term is applied to structures such as this?

QUESTION 3 Suggest a reason there is a greater accumula-
tion of sand on one side of the structure than the other.

15.7 Stabilizing the Shore ]
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Such proposals, of course, are controversial. People with
significant nearshore investments want to rebuild and defend
coastal developments from the erosional wrath of the sea.
Others, however, argue that with sea level rising, the impact
of coastal storms will get worse in the decades to come, and
oft-damaged structures should be abandoned or relocated to
improve personal safety and reduce costs. Such ideas will no
doubt be the focus of much study and debate as states and
communities evaluate and revise coastal land-use policies.

r1’5‘7' _CONCEPT CHECKS

| 1 List three examples of hard stabilization and describe
| what each is intended to do. How does each affect sand
distribution on a beach?

2 What are two alternatives to hard stabilization, and what
potential problems are associated with each?

Michael Collier

FIGURE 15.28 Beach
Nourishment If you visit

a beach along the Atlantic
coast, it is more and more
likely that you will walk into
the surf zone atop an artificial
beach. In this image, an
offshore dredge is pumping
sand to a beach. (Photo by
Michael Weber/Alamy)




472 J_CHAPTEF! 15

IGURE 15.29 Relocating
e Cape Hatteras
ighthouse Despite a
umber of efforts to protect
lis 21-story lighthouse, the
ation'’s tallest, from being
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15.8 CONTRASTING AMERICA’S COASTS

Contrast the erosion problems faced along different parts of America’s coasts. Distinguish
between emergent and submergent coasts.

The shoreline along the Pacific coast of the United States is
strikingly different from that of the Atlantic and Gulf coast
regions. Some of the differences are related to plate tecton-
ics. The West coast represents the leading edge of the North
American plate; therefore, it experiences active uplift and
deformation. By contrast, the East coast is a tectonically
quiet region that is far from any active plate margin. Because
of this basic geologic difference, the nature of shoreline ero-
sion problems along America’s opposite coasts is different.

Atlantic and Gulf Coasts

Much of the coastal development al ong the Atlantic and Gulf
coasts has occurred on barrier islands. Typically, a barrier
island consists of a wide beach that is backed by dunes and
separated from the mainland by marshy lagoons. The broad
expanses of sand and exposure to the ocean have made bar-
rier islands exceedingly attractive sites for development.
Unfortunately, development has grown more rapidly than has
our understanding of barrier island dynamics.

Because barrier islands face the open ocean, they receive
the full force of major storms that strike the coast. When a
storm occurs, the barriers absorb the energy of the waves
primarily through the movement of sand. FIGURE 15.29,
which shows changes at Cape Hatteras National Seashore,

reinforces this point. This process and the dilemma that
results have been described as follows:

Waves may move sand from the beach to offshore areas or,
conversely, into the dunes; they may erode the dunes, deposit-
ing sand onto the beach or carrying it out to sea; or they may
carry sand from the beach and the dunes into the marshes
behind the barrier, a process known as overwash. The com-
mon factor is movement. Just as a flexible reed may survive
a wind that destroys an oak tree, so the barriers survive hur-
ricanes and nor’easters not through unyielding strength but by
giving before the storm.

This picture changes when a barrier is developed for homes
or a resort. Storm waves that previously rushed harmlessly
through gaps between the dunes now encounter buildings and
roadways. Moreover, since the dynamic nature of the barriers
Is readily perceived only during storms, homeowners tend to
attribute damage to a particular storm, rather than to the basic
mobility of coastal barriers. With their homes or investments at
stake, local residents are more likely to seek to hold the sand in
place and the waves at bay than to admit that development was
improperly placed to begin with.?

Pacific Coast

In contrast to the broad, gently sloping coastal plains of the
Atlantic and Gulf coasts, much of the Pacific coast is character-
ized by relatively narrow beaches

Various attempts to protect the lighthouse
failed. They included building groins and
beach nourishment. By 1999, when this

photo was taken, the lighthouse was only
36 meters (120 ft.) from the water.

2stroyed due to a receding
1oreline, the structure finally
ad to be moved. (Photos by
5GS National Center and AP
1oto/Virginian—Pilot, DREW C.
ILSON)

that are backed by steep cliffs and
mountain ranges (FIGURE 15.30).
Recall that America’s western mar-
gin is a more rugged and tectoni-
cally active region than the eastern
margin. Because uplift continues,
the rise in sea level in the West is
not so readily apparent. Never-
theless, like the shoreline erosion
problems facing the East’s barrier
islands, West coast difficulties also
stem largely from the alteration of
natural systems by people.

A major problem facing
the Pacific shoreline—particularly along southern Califor-
nia—is a significant narrowing of many beaches. The bulk of
the sand on many of these beaches is supplied by rivers that
transport it from the mountainous regions to the coast. Over
the years, this natural flow of material to the coast has been
interrupted by dams built for irrigation and flood control. The
reservoirs effectively trap the sand that would otherwise nour-
ish the beach environment. When the beaches were wider,

Former location

- —

To save the famous candy-striped

landmark, the National Park Service

authorized moving the structure, After the -
>12 million move, it is expected to be safe for
0 years or more. i

Frank Lowenstein, “Beaches or Bedrooms—The Choice as Sea Level
Rises,” Oceanus 28 (No. 3, Fall 1985): 22. Copyright © 1985 Woods
Hole Oceanographic Institution. Reprinted with permission.




they protected the cliffs behind them from the force of storm
waves. Now, however, the waves move across the narrowed
beaches without losing much energy and cause more rapid
erosion of the sea cliffs.

Although the retreat of the cliffs provides material to
replace some of the sand impounded behind dams, it also
endangers homes and roads built on the bluffs. In addition,
development atop the cliffs aggravates the problem. Urbani-
zation increases runoff, which, if not carefully controlled,
can result in serious bluff erosion. Watering lawns and gar-
dens adds significant quantities of water to the slope. This
water percolates downward toward the base of the cliff,
where it may emerge in small seeps. This action reduces the
slope’s stability and facilitates mass wasting.

Shoreline erosion along the Pacific coast varies con-
siderably from one year to the next, largely because of the
sporadic occurrence of storms. As a result, when the infre-
quent but serious episodes of erosion occur, the damage
is often blamed on the unusual storms and not on coastal
development or the sediment-trapping dams that may be
great distances away. If, as predicted, sea level experiences
a significant rise in the years to come because of global cli-
mate change, increased shoreline erosion and sea-cliff retreat
should be expected along many parts of the Pacific coast.

Coastal Classification

The great variety of shorelines demonstrates their complexity.
Indeed, to understand any particular coastal area, many fac-
tors must be considered, including rock types, size and direc-
tion of waves, frequency of storms, tidal range, and offshore
topography. In addition, practically all coastal areas were
affected by the worldwide rise in sea level that accompanied
the melting of Ice Age glaciers following the Last Glacial
Maximum. Finally, tectonic events that uplift or downdrop
the land or change the volume of ocean basins must be taken
into account. The large number of factors that influence
coastal areas makes shoreline classification difficult.

P _EYEon
& EARTH

This is an aerial view of a small portion of a
coastal area in the United States.

OQUESTION 1 /s this an emergent coast or a
submergent coast?

QUESTION 2 Provide an easily seen line of evidence to
support your answer to Question 1.

QUESTION 3 s the location mare likely along the coast of
North Carolina or California? Explain.

Michael Collier

15.8 Contrasting America’s Coasts |
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Many geologists classify coasts based on changes that
have occurred with respect to sea level. This commonly
used classification system divides coasts into two general
categories: emergent and submergent. Emergent coasts
develop either because an area experiences uplift or as a
result of a drop in sea level. Conversely, submergent
coasts are created when sea level rises or the land adjacent
to the sea subsides.

FIGURE 15.30 Pacific
Coast Wave refraction
along the steep cliffs of the
California coast south of
Shelter Cove. (Photo by Michael
Collier)




= the opening into the bay may only be a few
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&0 A small portion of the Cape
Cod coast shows the entrance to
Nauset Bay. Depending on the whims of recent
storms and the strength of coastal currents,

hundred feet wide. Tidal currents have created
an underwater sandbar just inside the harbor.

ealice hugs Alaska's north
slope near Barrow. The Arctic
shore is locked in ice for
much of the year.

0 North Carolina's Outer Banks. Oregon-
Infet Bridge connecting Bodie Island’
(foreground) and Hatteras Island.
These narrow wisps of sand aré pa
an extensive barrier island system.
beach and dunes on the left facesis
Atlantic Ocean. On the right ares

s quieter waters of Pamlico S

o

~

L

\iPrepared with the assistance of Michael Collier,
Al photos by Michae| Collier.
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meters (44,000 miles).

0astal zone is a maze of loy
088y |slands that:are barely
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f natural distributaries and
artificial channels. ™

. Waves have aggressively

 attacked the'coast north of
: ~ La Push Harbor, Washington.

. ERL 3 In places, remnants of the

@ soruceand ﬁr coverTurtle @ Wobjack Bay near Gloucester, Virginia, is : s oliff remain as sea stacks.

Island; e's Acadia part of the much larger Chesapeake Bay L ; :

National F%'Fk: Is region was These bays, called estuaries, are actually

sculpted by lce Age glaciers, river valleys that were drowned when sea

then flooded when sea level level rose at the end of the Ice Age.

rose as the ice sheets melted.
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20 SmartFigure 15.31
East Coast Estuaries The
lower portions of many river
valleys were flooded by the
rise in sea level that followed
the end of the Quaternary
Ice Age, creating large
estuaries
such as the
Chesapeake
and
Delaware
Bays.

sayd
s

feg oyeade

Emergent Coasts In some arcas, the coast is clearly
emergent because rising land or falling water levels expose
wave-cut cliffs and marine terraces above sea level. Excel-
lent examples include portions of coastal California where

uplift has occurred in the recent geologic past. The elevated.

marine terrace in Figure 15.19 illustrates this situation. In the
case of the Palos Verdes Hills, south of Los Angeles, Cali-
fornia, seven different terrace levels exist, indicating at least

seven episodes of uplift. The ever-persistent sea is now cut-
ting a new platform at the base of the cliff. If uplift follows,
it, too, will become an elevated marine terrace.

Other examples of emergent shores include regions that were
once buried beneath great ice sheets. When glaciers were pre-
sent, their weight depressed the crust, and when the ice melted,
the crust began gradually to spring back. Consequently, prehis-
toric shoreline features today are found high above sea level. The
Hudson Bay region of Canada is one such area; portions of it are
still rising at a rate of more than 1 centimeter (0.4 inch) per year.

Submergent Coasts In contrast to the preceding
examples, other coastal areas show definite signs of submer-
gence. Shorelines that have been submerged in the relatively
recent past are often highly irregular because the sea typi-
cally floods the lower reaches of river valleys flowing into
the ocean. The ridges separating the valleys, however, remain
above sea level and project into the sea as headlands. These
drowned river mouths, which are called estuaries, character-
ize many coasts today. Along the Atlantic coastline, Chesa-
peake and Delaware Bays are examples of estuaries created
by submergence (FIGURE 15.31). The picturesque coast of
Maine, particularly in the vicinity of Acadia National Park,
is another excellent example of an area that was flooded by
the postglacial rise in sea level and transformed into a highly
irregular submerged coastline.

Keep in mind that most coasts have a complicated geologic
history. With respect to sea level, many coasts have at various
times emerged and then submerged again. Each time, they
retain some of the features created during the previous event.

15.8 CONCEPTCHECKS

1 Briefly describe what happens when storm waves strike an
undeveloped barrier island.

2 How might building a dam on a river that flows to the sea
| affect a beach?

3 What is an observable feature that would lead you to
classify a coastal area as emergent?

| 4 Are estuaries associated with submergent or emergent
‘ coasts? Explain.

1 5. 9 TIDES Explain the cause of tides, their monthly cycles, and patterns. Describe the
- horizontal flow of water that accompanies the rise and fall of tides.

Tides are daily changes in the elevation of the ocean sur-
face. Their rhythmic rise and fall along coastlines have been
known since antiquity. Other than waves, they are the easiest
ocean movements to observe (FIGURE 15.32),

Although known for centuries, tides were not explained
satisfactorily until Sir Isaac Newton applied the law of gravi-
tation to them. Newton showed that there is a mutual attrac-
tive force between two bodies, as between Earth and the
Moon. Because both the atmosphere and the ocean are fluids

and are free to move, both are deformed by this force. Hence,
ocean tides result from the gravitational attraction exerted
upon Earth by the Moon and, to a lesser extent, by the Sun.

Causes of Tides

To illustrate how tides are produced, consider an idealized
case in which Earth is a rotating sphere covered to a uniform
depth with water (FIGURE 15.33). Furthermore, ignore the




effect of the Sun for now. It is easy to see how the Moon’s
gravitational force can cause the water to bulge on the side
of Earth nearer the Moon. In addition, however, an equally
large tidal bulge is produced on the side of Earth directly
opposite the Moon.

Both tidal bulges are caused, as Newton discovered, by
the pull of gravity. Gravity is inversely proportional to the
square of the distance between
two objects, meaning sim-
ply that it quickly weakens
with distance. In this case,
the two objects are the Moon
and Earth. Because the force
of gravity decreases with dis-
tance, the Moon’s gravitational
pull on Earth is slightly greater
on the near side of Earth than
on the far side. The result of
this differential pulling is to
stretch (elongate) the “solid”
Earth very slightly. In con-
trast, the world ocean, which
is mobile, is deformed quite dramatically by this effect, pro-
ducing the two opposing tidal bulges.

Because the position of the Moon changes only moder-
ately in a single day, the tidal bulges remain in place while
Earth rotates “through” them. For this reason, if you stand on
the seashore for 24 hours, Earth will rotate you through alter-
nating areas of higher and lower water. As you are carried
into each tidal bulge, the tide rises, and as you are carried
into the intervening troughs between the tidal bulges, the tide
falls. Therefore, most places on Earth experience two high
tides and two low tides each day.

In addition, the tidal bulges migrate as the Moon revolves
around Earth about every 29 days. As a result, the tides, like
the time of moonrise, shift about 50 minutes later each day.
In essence, the tidal bulges exist in fixed positions relative to
the Moon, which slowly moves progressively eastward as it
orbits Earth. After 29 days the cycle is complete, and a new
one begins.

Many locations may show an inequality between the high
tides during a given day. Depending on the Moon’s position,
the tidal bulges may be inclined to the equator, as in Figure
15.33. This figure illustrates that one high tide experienced by
an observer in the Northern Hemisphere is considerably higher
than the high tide half a day later. In contrast, a Southern Hemi-
sphere observer would experience the opposite effect.

Monthly Tidal Cycle

The primary body that influences the tides is the Moon,
which makes one complete revolution around Earth every
29 days. The Sun, however, also influences the tides. It is far
larger than the Moon, but because it is much farther away, its
effect is considerably less. In fact, the Sun’s tide-generating
effect is only about 46 percent that of the Moon’s.

Near the times of new and full moons, the Sun and
Moon are aligned, and their forces are added together

High tide

(FIGURE 15.34A). The combined gravity of these two tide-
producing bodies causes larger tidal bulges (higher high
tides) and larger tidal troughs (lower low tides), producing
a large tidal range. These are called the spring (springen =
to rise up) tides, which have no connection with the spring
season but occur twice a month, during the time when the
Earth—-Moon—Sun system is aligned. Conversely, at about the
time of the first and third quarters of the Moon, the grav-
itational forces of the Moon and Sun act on Earth at right
angles, and each partially offsets the influence of the other
(FIGURE 15.34B). As a result, the daily tidal range is less.
These are called neap (nep = scarcely or barely touching)
tides, and they also occur twice each month. Each month,
then, there are two spring tides and two neap tides, each
about | week apart.

N Lower

Higher high tide

high tide %

To
Moon

Tidal
bulge
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FIGURE 15.32 Bay of
Fundy Tides High tide and
low tide on Nova Scotia’s
Minas Basin in the Bay of
Fundy. Tidal flats are exposed
during low tide. (Photos courtesy
of left: Ray Coleman/Science
Source; right: Jeffrey Greenberg/
Science Source)

FIGURE 15.33 Idealized
Tidal Bulges Caused by
the Moon If Earth were
covered to a uniform depth
with water, there would be
two tidal bulges: one on the
side of Earth facing the Moon
(right) and the other on the
opposite side of Earth (left).
Depending on the Moon'’s
position, tidal bulges may be
inclined relative to Earth's
equator. In this situation,
Earth's rotation causes an
observer to experience two
unequal high tides in a day.
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FIGURE 15.34 Spring and
Neap Tides Earth—Moon-
Sun positions influence the
tides.

B SmartFigure 15.35
idal Patterns A diurnal
dal pattern (lower right)
hows one high tide and

ne low tide each tidal
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' approximately equal
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To Sun

Full moon New moon

A. Spring Tide When the Moon is in the full or new

position, the tidal bulges created by the Sun and
Moon are aligned and there is a large tidal range.

| First quarter
maon

Solar tide

B. Neap Tide When the Moon is in the first-ar
third-guarter position, the tidal hulges produced by
the Moon are at right angles to the bulges created by
the Sun and the tidal range is smaller.

Tidal Patterns

The basic causes and types of tides have been explained.
Keep in mind, however, that these theoretical considera-
tions cannot be used to predict either the height or the time

Two high tides and two low tides of
unequal heights during each tidal )

day 15 NORTH
i AMERICA

0 12 24 12 24

of actual tides at a particular place. Many factors—including
the shape of the coastline, the configuration of ocean basins,
the Coriolis effect, and water depth—greatly influence the
tides. Consequently, tides at various locations respond differ-
ently to the tide-producing forces. Thus, the nature of the tide
at any coastal location can be determined most accurately by
actual observation. The predictions in tidal tables and tidal
data on nautical charts are based on such observations.

Three main tidal patterns exist worldwide. A diurnal
(diurnal = daily) tidal pattern is characterized by a single
high tide and a single low tide each tidal day (FIGURE 15.35).
Tides of this type occur along the northern shore of the Gulf
of Mexico, among other locations. A semidiurnal (semi =
twice, diurnal = daily) tidal pattern exhibits two high tides
and two low tides each tidal day, with the two highs about
the same height and the two lows about the same height (see
Figure 15.35). This type of tidal pattern is common along the
Atlantic coast of the United States. A mixed tidal pattern is
similar to a semidiurnal pattern except that it is characterized
by alarge inequality in high water hei ghts, low water heights,
or both (see Figure 15.34). In this case, there are usually two
high and two low tides each day, with high tides of differ-
ent heights and low tides of different heights. Such tides are
prevalent along the Pacific coast of the United States and in
many other parts of the world.

Tidal Currents

Tidal current is the term used to describe the horizontal
flow of water accompanying the rise and fall of the tides.
These water movements induced by tidal forces can be
important in some coastal areas. Tidal currents that advance
into the coastal zone as the tide rises are called flood cur-
rents. As the tide falls, seaward-moving water generates ebb
currents. Periods of little or no current, called slack water,
separate flood and ebb. The areas affected by these alternat-
ing tidal currents are called tidal flats (see Figure 15.32).
Depending on the nature of the coastal zone, tidal flats vary

Two high tides and two low tides of
approximately equal heights during
each tidal day
o) T =110
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0
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from narrow strips seaward of the beach to zones that may
extend for several kilometers.

Although tidal currents are not important in the open sea,
they can be rapid in bays, river estuaries, straits, and other
narrow places. Off the coast of Brittany in France, for exam-
ple, tidal currents that accompany a high tide of 12 meters
(40 feet) may attain a speed of 20 kilometers (12 miles) per
hour. Tidal currents are not generally considered to be major
agents of erosion and sediment transport, but notable excep-
tions occur where tides move through narrow inlets. Here
they scour the narrow entrances to many harbors that would
otherwise be blocked.

Sometimes deposits called tidal deltas are created by
tidal currents. (FIGURE 15.36). They may develop either as
flood deltas landward of an inlet or as ebb deltas on the sea-
ward side of an inlet. Because wave activity and longshore
currents are reduced on the sheltered landward side, flood
deltas are more common and are actually more prominent
(see Figure 15.21A). They form after the tidal current moves
rapidly through an inlet. As the current emerges into more
open waters from the narrow passage, it slows and deposits
its load of sediment.
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FIGURE 15.36 Tidal
Deltas As a rapidly moving
tidal current (flood current)
moves through a barrier
island’s inlet into the quiet
waters of the lagoon, the
current slows and deposits
sediment, creating a tidal
delta. Because this tidal
delta has developed on the
landward side of the inlet, it
is called a flood delta. Such
tidal delta is shown in Figur
15.21A.

Because this tidal delta has
developed on the landward

side of the inlet, it is called
a flood delfa.
Barrier

ﬁ/ islan.cl.

Explain why an observer can experience two unequal high
tides during one day.

Distinguish between neap tides and spring tides.

How is a mixed tidal pattern different from a semidiurnal tidal
paitern?

Contrast flood current and ebb current.

CONCEPTS

N REVIEW
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15.1 THE OCEAN’S SURFAGE CIRCULATION

Discuss the factors that create and influence ocean currents and

describe the affect ocean currents have on climate.

KEY TERMS: gyre, Coriolis effect

m The ocean’s surface currents follow the general pattern of the world’s major wind belts.
Surface currents are parts of huge, slowly moving loops of water called gyres that are
centered in the subtropics of each ocean basin. The positions of the continents and the
Coriolis effect also influence the movement of ocean water within gyres. Because of

15.2 UPWELLING AND
DEEP-OCEAN CIRCULATION

Explain the processes that produce coastal
upwelling and the ocean’s deep circulation.

KEY TERMS: upwelling, thermohaline circulation

m Upwelling, the rising of colder water from deeper layers,
is a wind-induced movement that brings cold, nutrient-ri
water to the surface. Coastal upwelling is most characte

the Coriolis effect, subtropical gyres move clockwise in the Northern Hemisphere and
counterclockwise in the Southern Hemisphere. Generally, four main currents comprise
each subtropical gyre.

Ocean currents can have a significant effect on climate. Poleward-moving warm ocean
currents moderate winter temperatures in the middle latitudes. Cold currents exert their
greatest influence during summer in middle latitudes and year-
round in the tropics. In addition to cooler temperatures, cold cur-
rents are associated with greater fog frequency and drought.

Assume that arrow A represents prevailing winds in a
Northern Hemisphere ocean. Which arrow, A, B, or C, best
represents the surface-ocean current in this region? Explain. C

tic along the west coasts of continents.

® |n contrast to surface currents, deep-ocean circulation is
governed by gravity and driven by density differences.
The two factors that are most significant in creating a
dense mass of water are temperature and salinity, so the
movement of deep-ocean water is often termed thermo-
haline circulation. Most water involved in thermohaline
circulation begins in high latitudes at the surface, when
salinity of the cold water increases as a result of sea ice
formation. This dense water sinks, initiating deep-ocean
currents.
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15.3 THE SHORELINE: A DYNAMIC INTERFACE

Explain why the shoreline is considered a dynamic interface and identify the

basic parts of the coastal zone.

(EY TERMS: shoreline, shore, coast, coastline, foreshore, backshore, nearshore zone, offshore

one, beach, berm, beach face

® The shore is the area extending between the lowest tide level and the highest elevation on
land that is affected by storm waves. The coast extends inland from the shore as far as ocean-
related features can be found. The shore is divided into the foreshore and backshore. Seaward

of the foreshore are the nearshore and offshore ZOnes.

B A beach is an accumulation of sediment found along the landward margin of the ocean or a
lake. Among its parts are one or more berms and the beach face. Beaches are composed of
whatever material is locally abundant and should be thought of as material in transit along

the shore.

taken at high tide. On which part of the shore are you standing?

Assume that you are the photographer who took this photo and that the photo was

o - ; il

Shutterstock

5.4 OCEAN WAVES

List and discuss the factors that influence the height, length, and period of a wave and describe the motion of water within a wave.

EY TERMS: wave height, wavelength, wave period, fetch, circular orbital motion, wave base, surf

" Waves are moving energy, and most ocean waves are initiated by wind. The three factors that

influence the height, wavelength, and period of a wave are

(1) wind speed, (2) length of time the wind has blown, and (3) fetch, the distance that the wind has traveled across open water. Once waves leave a storm

area, they are termed swells, which are symmetrical, longer-wavelength waves.

" As waves travel, water particles transmit energy by circular orbital motion, which extends to a depth equal to one-half the wavelength (the wave base).

When a wave enters water that is shallower than the wave base, it slows down, which allows waves farther from

shore to catch up. As a result, wavelength

decreases and wave height increases. Eventually the wave breaks, creating turbulent surf in which water rushes toward the shore.

9.9 SHORELINE PROCESSES

Describe how waves erode and move sediment along the shore.

Y TERMS: abrasion, wave refraction, beach drift, longshore current, rip current

' Wind-generated waves provide most of the energy that modifies shorelines. Each
time a wave hits, it can impart tremendous force. The impact of waves, coupled with
abrasion from the grinding action of rock particles, erodes material exposed along the
shoreline.

Wave refraction is a consequence of a wave encountering shallower water as it
approaches shore. The shallowest part of the wave (closest to shore) slows the most,
allowing the faster part (still in deeper water) to catch up. This modifies a wave’s
trajectory so that the wave front becomes almost parallel to the shore by the time it
hits. Wave refraction concentrates impacting energy on headlands and dissipates that
energy in bays, which become sites of sediment accumulation,

Beach drift describes the movement of sediment in a zigzag pattern along a beach
face. The swash of incoming waves pushes the sediment up the beach at an oblique
angle, but the backwash transports it directly downhill, Net movement along the beach
can be many meters per day. Longshore currents are a similar phenomenon in the surf
zone, capable of transporting very large quantities of sediment parallel to a shoreline.

- What process is causing wave energy to be concentrated on the headland?
Predict how this area will appear in the future.

Less energy
%, = deposition
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15.6 SHORELINE FEATURES

Describe the features typically created by wave erosion and those
resulting from sediment deposited by longshore transport processes.

KEY TERMS: wave-cut cliff, wave-cut platform, marine terrace, sea arch, sea stack, spit,
baymouth bar, tombolo, barrier island

® Erosional features include wave-cut cliffs (which originate from the cutting action of the
surf against the base of coastal land), wave-cut platforms (relatively flat, bench-like surfaces
left behind by receding cliffs), and marine terraces (uplifted wave-cut platforms). Erosional
features also include sea arches (formed when a headland is eroded and two sea caves from
opposite sides unite) and sea stacks (formed when the roof of a sea arch collapses).

® Some of the depositional features that form when sediment is moved by beach drift and longshore currents are spits (elongated ridges of sand that project
from the land into the mouth of an adjacent bay), baymouth bars (sandbars that completely cross a bay), and tombolos (ridges of sand that connect an
island to the mainland or to another island). Along the Atlantic and Gulf coastal plains, the coastal region is characterized by offshore barrier islands,
which are low ridges of sand that parallel the coast.

Q@ Identify the lettered features in this diagram.

15.7 STABILIZING THE SHORE

Summarize the ways in which people deal with shoreline erosion problems.

KEY TERMS: hard stabilization, jetty, groin, breakwater, seawall, beach nourishment

® Hard stabilization is a term that refers to any structures built along the coastline to prevent
movement of sand. Jetties project out from the coast, with the goal of keeping inlets open.
Groins are also oriented perpendicular to the coast, but with the goal of slowing beach erosion
by longshore currents. Breakwaters are parallel to the coast but located some distance offshore.
Their goal is to blunt the force of incoming ocean waves, often to protect boats. Like breakwa-
ters, seawalls are parallel to the coast, but they are built on the shoreline itself. Often the instal-
lation of hard stabilization results in increased erosion elsewhere.

B Beach nourishment is an expensive alternative to hard stabilization. Sand is pumped onto a beach
from some other area, temporarily replenishing the sediment supply. Another possibility is relocat-
ing buildings away from high-risk areas and leaving the beach to be shaped by natural processes.

Q@ Based on their position and orientation, identify the four kinds of hard stabilization illustrated in this diagram.

15.8 CONTRASTING AMERICA’S COASTS

Contrast the erosion problems faced along different parts of America’s
coasts. Distinguish between emergent and submergent coasts.

KEY TERMS: emergent coast, submergent coast, estuary

® The Atlantic and Gulf coasts of the United States are markedly different from the Pacific
coast. The Atlantic and Gulf coasts are lined in many places by barrier islands—dynamic
expanses of sand that see a lot of change during storm events. Many of these low and
narrow islands have also been prime sites for real estate development.

® The Pacific coast’s big issue is the thinning of beaches due to sediment starvation. Rivers
that drain to the coast (bringing it sand) have been dammed, resulting in reservoirs that
trap sand before it can make it to the coast. Thinner beaches offer less resistance to
incoming waves, often leading to erosion of bluffs behind the beach.

= Coasts may be classified by their changes relative to sea level. Emergent coasts are sites
of either land uplift or sea-level fall. Marine terraces are features of emergent coasts.
Submergent coasts are sites of land subsidence or sea-level rise. One characteristic of
submergent coasts is drowned river valleys called estuaries.

@ What term is applied to the masses of rock protruding from the water in this photo?
How did they form? Is the location more likely along the Gulf coast or the coast of
California? Explain.

Michael Collier
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1 5_ 9 TIDES ® Tides are strongly influenced by local conditions, including the shape of
the local coastline and the depth of the ocean basin, Tida] patterns may
Explain the cause of tides, their monthly cycles, and be diurnal (one high tide per day), semidiurnal (two high tides per day),
patterns. Describe the horizontal flow of water that or mixed (similar to semidiurnal but with significant inequality between
accompanies the rise and fall of tides. high tides).

B A flood current is the landward movement of water during the shift
between low tide and high tide. When high tide transitions to low
tide again, the movement of Wwater away from the land is an ebb cur-

KEY TERMS: tide, spring tide, neap tide, diurnal tida] pattern, semidiurnal
tidal pattern, mixed tidal pattern, tidal current, tidal flat, tidal delta

® Tides are daily changes in ocean surface elevation. They are caused by rent. Ebb currents may expose tidal flats to the air. If a tide paspes
gravitational pull on ocean water by the Moon and, to a lesser extent, the through an inlet, the current may carry sediment that gets deposited
Sun. When the Sun, Earth, and Moon a]] line up about every 2 weeks (full as a tidal delta.

moon or new moon), the tides are most exaggerated. When a quarter moon
is in the sky, the Moon is pulling on Earth’s water at a right angle relative
to the Sun, and the daily tidal range is minimized as the two forces par-
tially counteract one another.

Q Would spring tides and neap tides occur on an Earth-like planet that
had no moon? Explain.

GNETSOVETHOUGHT

1. In this chapter you learned that global winds are the force that drive sur-
face ocean currents, A glance at the accompanying map, however, shows
a surface current that does not exactly coincide with the prevailing wind.
Provide an explanation,

current

John S, Shelton/University of Washington Libraries

2. During a visit to the beach, you get in a small rubber raft and paddle
out beyond the surf zone, Tiring, you stop and take a rest. Describe the
movement of your raft during your rest. How does this movement differ,
if at all, from what You would have experienced if you had stopped pad-
dling while in the surf zone?

3. You and a friend set up an umbrella and chairs at a beach, Your friend
then goes into the surf zone to play Frisbee with another person. Several
minutes later your friend looks back toward the beach and is surprised
to see that she is no longer near where the umbrella and chairs were
set up. Although she is still in the surf zone, she is 30 or 40 yards away
from where she started. How would you explain to your friend why she
moved along the shore?

4. Examine the accompanying aerial photo that shows a portion of the New
Jersey shoreline. What term is applied to the wall-like structures that
extend into the water? What is their purpose? In what direction are beach
drift and longshore currents moving sand? Is sand moving toward the
top or toward the bottom of the photo?

5. A friend wants to Purchase a vacation home on a barrier island. If con-
sulted, what advice would you give your friend?

6. The force of gravity plays a critical role in creating ocean tides. The
more massive an object, the stronger the pull of gravity. Explain why
the Sun’s influence is only half that of the Moon, even though the Sun is
much more massive than the Moon.

7. This photo shows a portion of the Maine coast. The brown muddy area
in the foreground is
influenced by tidal
currents. What term is
applied to this muddy
area? Name the type of
tidal current this area
will experience in the
hours to come.

Marli Miller
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EXAMINING THE EARTH SYSTEM

1. Palm trees in Scotland? Yes, in the 1850s and 1860s, amateur gardeners
planted palm trees on the western shore of Scotland. The latitude here is
57° north, about the same as the northern portion of Labrador across the
Atlantic in Canada. Surprisingly, these exotic plants flourished. Suggest
a possible explanation for how these palms can survive at such a high
latitude.

South West Images Scotland / Alamy

2. If wastage (melting and calving) of the Greenland Ice Sheet were to dra-
matically increase, how would the salinity of the adjacent North Atlantic
be affected? How might this influence thermohaline circulation?

Paul Souders/Corbis

3.

In this chapter, the shoreline was described as a “dynamic interface,” What
is an interface? List and briefly describe some other interfaces in the Earth
system. You need not confine yourself to examples from this chapter.

. This dam in the San Gabriel Mountains near Los Angeles was built on a

river that flows into the Pacific Ocean. What impact might this artificial
structure have on coastal beaches?

Michael Collier
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