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Introduction
Many people enjoy going to the
beach, but few know how the tides
work. People who earn their living

on the sea have a special need to understand
the tides; the rest of us need to understand
the tides for different reasons. Knowing how
tides work can help us avoid accidents and
perhaps prevent tragedy.

There is also a political component to tides.
Because coastlines undergo constant change
caused by geological forces, seaward bound-
ariesthe lines that separate state from
national waters and one nation from an-
otherare defined in relation to mean tidal
elevations. In some states, such as Oregon,
boundaries between state and private lands
have become a critical issue. Changes in
mean sea level that may occur with climatic
changes such as global warming may further
cloud the issue.

Tide tables are useful guides when planning
activities along the coast, but they are only a
prediction. More than a dozen significant
factors determine where the waters of the
ocean will be at any given time, and none of
these factors depends on the tide tables.

Predictions are based on things we know,
such as the positions of the sun and moon,
the basic laws governing gravity, and most
important, a record of how tides have be-
haved in the past. Some unpredictable factors
can dramatically alter the tide level. Changes
in air pressure or strong winds easily can
change the tide from the predicted level by
more than a foot. When planning activities
involving the sea, you must be aware that



tide tables are only the best estimate of
where the tide will stand.

Tides are different in different parts of the
world. Tides in New York do not behave the
same as tides in Seattle; and Hawaii, al-
though surrounded by the ocean, experi-
ences very little tidal range. Tide tables
printed for Seattle are generally useless on
the rest of the Pacific coast, and tide tables
for most of the Gulf of Mexico show not two
high and two low tides each day, but just one
of each.

To keep track of and use mean tide eleva-
tions, scientists have established standard
reference points. The most effective refer-
ences are the tidal datafixed references
from which we determine tide heights as well
as ocean depths. There is a variety of such
points, including mean low water, mean
lower low water, mean high water, mean
higher high water, and mean sea level (figure
1). These tidal reference points can be 1cated
on the ground and mapped.

Mean Sea Level

Mean Low Water

Figure 1. Tidal reference points.



How Tides Human beings have
understood since the

Are Created time of ancient

A question of
Greece that tides are

balance
related to the moon.

The rise and fall of
ocean waters follows the same pattern as the
apparent motion of the moon. As observed
from the earth, the moon appears to rise
about 50 minutes later each night, and the
time of high tide also occurs about 50 min-
utes later each day. As our understanding of
physical laws has improved, we also have
come to understand that the gravitational
attraction between earth and its neighbors in
space is what creates the phenomenon we
call tides.

The relationship between the motion of the
moon and the ocean tides was first explained
by Sir Isaac Newton in the late 1600s. His
laws of motion describe the relationship
between force and acceleration. In what has
come to be known as the Universal Law of
Gravity, Newton explained that every object
in the universe exerts a gravitational force on
every other object. The magnitude of this
force depends on the size of the bodies and
the distance between them. Gravitational
force between celestial bodies and the earth
cause the surface of the earthboth liquid
and solidto be deformed along a line
connecting the center of the earth with the
center of the other body.



The Moon Although a num-
ber of forces work

is the together to pro-

Primary Force
the gravitational

forces of the sun and moon for now. The
moon's gravity is the primary tide-producing
force (figure 2). The tide-producing gravita-
tional force of an object is directly propor-
tional to the mass of the object; that is, if the
moon had twice the mass, its gravitational
force would be twice as strong. The gravita-
tional force of a body is also inversely pro-
portional to the cube of its distance. Simply
stated, this means that if the moon were
twice as far from the earth, its tide-producing
force would be only one-eighth (one over
two cubed) as strong. Obviously, distance is
far more important determin-
ing the tide-producing force. Using this
relationship to compare the tide-producing
force of the sun and moon, we find that the
moon is just slightly more than twice as
important as the sun in creating our tides.

MOON

EARTH

Figure 2. The moon gravity is the primary tide-producing
force on the earth.

To understand how the tides form, it's useful
to think of the earth as if were made totally
of water. This imaginary ball of water would
move through space responding to the moon



and sun just as the real earth with its liquid
oceans does. The earth and moon would
mutually revolve around their common
center of mass.

Newton's First Law of Motion tells us that a
body in motion will stay in motion unless
that body is acted upon by an outside force.
This is called inertia. A car skidding on ice
travels in a straight line until it either hits
another object or its tires regain traction.
Tires and stationary objects qualify as "out-
side forces." If we think of earth as a sphere
of water that has inertia, we see that the tide-
producing force of the moon would affect
the water nearest the moon more than the
water at the center. This is because the sur-
face water is closer to the moon. The tide-
producing force of the moon would be
greater than the inertia of the water, and the
water would bulge slightly toward the moon.
Likewise, the water on the far side of the
sphere would be attracted less than the water
at the center. The tide-producing attraction
of the moon for this water would be slightly
less than the inertia, and the water would

MOON

EARTH

Figure 3. Two tidal "bulges," on opposite sides of the earth,
are formed by the difference between the gravitational forces
and the inertia of the water as the earth revolves around the
center ofmass of the earth-moon system.



bulge away from the moon. Thus, two bulges
are created (figure 3).

The Sun: Celestial bodies other
than the moon exhibit

Secondary the same kind of tide-

Tidal Force producing forces, but
only the sun signifi-
cantly affects the tides.

Although the sun is many times larger than
the moon, it is much farther away from the
earth, which reduces its tide-generating force
to about 46 percent of the moon's force.

To understand why tidal heights vary from
day to day, we must remember that while the
moon and earth are in orbit around their
common center of gravity, both also are in
orbit around the sun. This means that the
sun, moon, and earth are constantly chang-
ing their positions relative to each other. In
addition, these orbits are not perfect circles.
They are actually ellipses (ovals), which
causes the distance between the three bodies
to change predictably over time. Remember
that distance is very important in establishing
tide-generating forces, and even small
changes in the distance create observable
changes in the height of the tide.

In addition, the earth is tilted at 23.5° with
respect to its orbit around the sun, and the
moon's orbit also lies at a 5° angle to the
plane of the earth's orbit around the sun. This
explains why we rarely experience eclipses of
the sun and moon. Nevertheless, the changes
in the positions of the earth, moon, and sun
are regular and predictable. The complex
interplay of all these factors is the reason we
have to have a new tide table every year.



The Moon Anyone who has ob-
served tides or studied a

and Sun tide table has noted that
the difference betweenInteract high and low tides
changes throughout a

month. The difference between low and high
tide is known as the tidal range. The range
changes as the positions of the sun and
moon change with respect to the earth.

It takes roughly 29.5 days for the moon to
move through all its phases. Many cultures
have marked the passage of time by the
changing phases of the moon. In fact, our
word month is derived from the same root
word as moon.

Figures 4a and 4b show the positions of the
earth and the moon with respect to a distant
sun over one month. In that time, the moon
will twice align with the sun and earth and
will twice be at a right angle (quadrature).

When the earth, moon, and sun form a
straight line in space, we experience either a
new moon or a full moon. At these times, the
tide-generating force of the sun and moon
are aligned and reinforce each other. This
alignment results in the highest high tides
and the lowest low tides. Frictional forces
between the earth and the ocean cause these
tides to occur about a day after the actual full
or new moon. These are called the spring
tides. Their name derives from the fact that
the water appears to spring away from the
earth. They occur twice each month through-
out the year.

10



(
FULL

MOON

TO SUN>

EARTH

(
NEW

MOON

Figure 4a. During times offull and new moon, the earth,
sun and moon are in a line, resulting in "spring tides."
During spring tides, the difference in height between high
and low tide is at its most extreme.
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Figure 4b. When the moon is at its first and third quarter,
the sun and moon are at right angles to the earth, resulting
in "neap tides." During neap tides, the difference between
high and low tides is at its minimum.
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When the earth, moon, and sun are at
quadrature, we experience either first quarter
or last quarter moon. At these times, the
moon and sun are working in opposition.
The moon is still the stronger tide producer
and the tidal bulges remain aligned with the
moon, but the tidal range decreases as we
experience lower highs and higher lows.

These are called neap tides. The name implies
that the water is "nipped," or lowered. Neap
tides, like spring tides, occur twice each
month.

Effects of The moon completes one
trip around the earth-

Elliptical moon center of gravity

Orbits every 27.3 days. Because its
orbit is an ellipse, the
moon reaches a point

where it is closest to earth. This point is
called perigee (pen-, near; -gee, the earth).
About 13.6 days later, the moon passes
through its furthest point from the earth,
called apogee (apo-, away from; -gee, earth).

Figure 5. Elliptical path of the moon orbiting the earth.
Tidal range is greater when the moon is at perigee than
when it is at apogee.
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The range of tides increases at perigee and
decreases at apogee (figure 5).

Likewise, the earth reaches a maximum
distance from the sun (aphelion) in July, and
a minimum distance (perihelion) in January.
As with the moon, the change in distance
causes the sun's tide-generating force to
increase at perihelion and decrease at aph-
elion. This effect is less pronounced than
that caused by the moon because of the
greater distances involved, and of course this
occurs on a yearly basis instead of monthly.

The Angular We have all seen the
moon in the night

Relationship sky, but few people
have a clear idea of

its position relative to the earth. In fact, the
moon's orbit lies at roughly a 50 angle to
earth's equator. This is known as the moon's
declination. Add this to the 23.5° tilt of the
earth's axis with respect to the sun, and we
find that the relative positions of the earth,
moon, and sun can change by as much as
28.6 degrees throughout the moon's 27.3-day
declination cycle.

As the moon reaches its maximum declina-
tion twice each month (once north and once
south during each cycle), the tide-producing
force is distributed unevenly with respect to
the equator (figure 6). This causes the tides,
at least in the Pacific Ocean, to have a con-
siderable difference between two successive
high tides or two successive low tides. This
difference is called the diurnal inequality.
Diurnal means daily, so the diurnal inequal-
ity is the daily difference between successive
high tides.

13
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Figure 6. The difference in height of each day's two high
waters or of its two low waters increases as the moon moves
(declines) toward the earth's north or south pole. This
difference, called diurnal inequality, is generally greatest
when the moon is at maximum declination.

Diurnal inequality is greatest at maximum
declination. Twice each month we experi-
ence the tropic tides. The diurnal inequality
is at a minimum when the moon stands over
the equator, creating what we call equatorial
tides twice each month. It is possible to
determine the date on which the moon
stands over the equator by using a tide table
and finding the day on which the two high
tides are approximately equal. As one would
expect, tropic and equatorial tides occur
twice during each 27.3-day cycle.
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Interactions When we consider
that all of these
astronomical move-

ments occur simultaneously, each in its own
specific period of time, we begin to under-
stand why the tidal pattern varies from day
to day and from year to year.

Real tides vary from theoretical predictions.
If the tides behave this way in the Pacific
Ocean, why do we not see similar behavior
in the Atlantic Ocean? We have been talking
about tides as they ought to behave ideally
on a smooth planet covered by a fluid of
uniform depth. Clearly, this does not de-
scribe conditions on earth. The Pacific Ocean
is very large, and so tides there act much as
we would expect. The Atlantic is smaller and
irregularly shaped. Tidal forces there simply
are influenced by other factors that alter the
actual tides from those predicted by tidal
theory.

In this publication we have not discussed the
effects of friction within the fluid, the depth
of the ocean, the position of the continents,
and the rotation of the earth. All these fac-
tors must be taken into consideration when
we study tides as they really are. Tidal behav-
ior varies considerably throughout the
world's oceans. Equilibrium theory simply
gives us a basic understanding of the causes
and fluctuations of the tides.

Predicting One of the primary
objectives of studying

Tides tides is to predict the
tidal cycle. Tides are

relatively easy to predict because tide-produc-
ing forces are well understood and very

15



regular in time and space. The graphic record
of tides in a given location produces what is
known as a marigram. Marigrams are unique
for each location on earth, but they show
some common characteristics that assist in
tidal prediction.

Types of Diurnal tide
A diurnal tide has one high

Tides tide and one low tide
during each tidal day. The

tidal day is the same as the lunar day, 24
hours and 50 minutes. Diurnal tides are
caused by the changing declination of the
moon. They reach a maximum at maximum
declination. In the United States, diurnal
tides occur along the Gulf Coast.

Semidiurnal tide
A semidiurnal tide is characterized by two
high tides and two low tides during each
tidal day. The level of successive high tides is
nearly the same. This is also true of succes-
sive low tides. Semidiurnal tides are found
along the eastern coast of the United States.

Mixed tides
Mixed tides exhibit some of the characteris-
tics of each of the other two tide types. Like
diurnal tides, mixed tides are strongly influ-
enced by the declination of the moon.

Like semidiurnal tides, mixed tides have two
high tides and two low tides each tidal day,
but the highs can vary markedly, as can the
lows. Mixed tides are characteristic of the
west coast of the United States, as well as
Alaska and Hawaii.
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Phenomena It's important to
understand that tide

Associated predictions are that
and no more. Thewith Tides best one can hope is
that the tide predic-

tion will be accurate on a nice day with
gentle breezes. Nothing moves tides away
from predicted levels faster than a change in
the weather.

Meteorologicai effects
Depending on their severity, changes in the
weather can spoil a clamming expedition or
destroy structures along the coast. Simply
stated, there are two major weather phenom-
ena that directly influence tides. The first of
these is wind. Wind pushes against the water
and tends to move it roughly in the direction
it is blowing. If there is a strong onshore
wind, water will tend to pile up against the
edge of the continent, and the result will be
higher water levels for both high and low
tides. Offshore winds produce the opposite
effect.

The second major weather factor that influ-
ences tidal level is air pressure. Air pressure is
simply a measure of the weight the atmo-
sphere exerts on the surface of the earth.

When barometric pressure is high, the sea
surface is depressed and tides are lower than
predicted. In a period of low pressure (storms
generally exert very low pressure), the sea
surface rises higher than predicted levels.

Along the Pacific coast, low-pressure storm
centers accompanied by onshore winds can

17



lead to occasional coastal flooding. If these
happen to overlap perigee and perihelion,
the stage is set for severe damage.

Along the east coast and the Gulf of Mexico,
these effects are most often noticed during a
hurricane when unusually low pressure and
high winds produce a storm surge that inun-
dates the low coastal plains. Property damage
and loss of human life is more often due to
these flooding tidal pulses than to the strong
winds.

Seiches
A seiche (pronounced SAYsh) is a natural
oscillation that occurs in semienclosed
bodies of water such as bays. A seiche is
created by an outside force. On the Pacific
coast, the outside force usually is a storm.
Anyone who has ever tried to carry a full
bowl of soup from kitchen to table has
experienced a seiche. The soup tends to slosh
back and forth in a rhythm that depends on
the size and the shape of the container and
the gait of the carrier. Likewise, the pulse of a
storm and the geometry of a bay may com-
bine to create a seiche.

As the period of the seiche approaches that
of the tide, it's possible that the range of the
tide can be altered dramatically. Along the
Bay of Fundy in eastern Canada, a seiche
reinforces the natural tidal cycle and creates
some of the world's most spectacular tides
some with ranges exceeding 15 meters (50
feet).
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Tidal currents

While we generally consider tides to be a
vertical change in water level, it's also true
that tides create local horizontal movements
of water known as tidal currents. These
currents are periodic and can be analyzed
and predicted. Because they are two-dimen-
sional (they have both a direction and a
speed), their prediction is more complicated
than predictions of tidal height. Knowing
how tidal currents behave locally can be
extremely important to ships and boats
moving in and out of coastal waters during
periods of maximum tidal flow.


