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tidal day, ideally there should be two low and two high 
tides per day. Because the moon’s position relative to the 
earth’s equator shifts from 28.5° N to 28.5° S, the relative 
heights of high and low water diff er geographically owing 
to changing vectors of gravitational attraction.

� e sun interacts with the moon to cause variation 
in the vertical range of the tide. During times of full or 
new moon, when the sun, earth, and moon are in line 
(Figure 2.28), the gravitational force exerted by the sun 
amplifi es that of the moon, and maximal tidal range at 
spring tide is achieved. When the sun, earth, and moon 
form a right angle at times of quarter moon, the gravi-
tational eff ects tend to cancel each other out, and neap 
tide occurs, with the minimum vertical range. Two spring 
tides and two neap tides occur each lunar month (approx-
imately 29.5 days).

Tidal periodicity has both a semidiurnal component 
and a diurnal component. In semidiurnal tides, one fi nds 
two approximately equal high tides and two approximately 
equal low tides each day. Such cycles are characteristic of 
the east coast of the United States. At the other end of 
the spectrum, some coasts under some conditions (e.g., 
the Gulf of Mexico at the time of the equinoxes when 
the sun’s declination is zero and the moon’s declination is 
nearly zero) are dominated by the diurnal tide component 
with a single high tide and a single low tide each day. 
Finally, mixed tides are also common, where the semidi-
urnal and diurnal components combine to give two high 
and two low tides each day but with unequal ranges. On 
the west coast of North America, it is common to have 
one strong low tide and one very weak low tide each day. 
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� e force of gravity acting between any two bodies is pro-
portional to the product of the masses of the two bodies 
and inversely proportional to the square of the distance 
between them. Both the sun and the moon exert signifi -
cant gravitational attraction on the ocean, but the moon 
dominates the tides because it is closer to the earth. Keep 
in mind that the earth is rotating about an axis once per day, 
but the earth is also rotating about the sun with a period of 
about 365.26 earth days. � e moon is rotating about the 
earth counterclockwise with a period of about 27.32 earth 
days. Tidal motion can be measured throughout the ocean, 
but it is especially noticeable at the shoreline in the form of 
tidal currents and vertical water motion.

� e extent of the tide is largely determined by the dif-
ference in gravitational attraction on either side of the 
earth relative to the moon and sun. On the side closer to 
the moon, which has more gravitational eff ect than the sun, 
the gravitational attraction pulls water toward the moon. 
On the opposite side of the earth, a minimum of gravita-
tional attraction combines with the earth’s spin to produce 
a net excess of centrifugal force, creating a tidal bulge away 
from the earth. Corresponding depressions (low tide) will 
exist on parts of the earth between the bulges, where there 
is no net excess of gravitational pull relative to centrifugal 
force. Because the moon “passes over” any point on the 
earth’s surface every 24 hours and 50 minutes, or once each 
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coast of Panama have almost no vertical tidal movement. 
Water levels in these places tend to be dominated by 
wind action.
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An estuary is a partially enclosed coastal body of water 
that has a free connection with the open sea but whose 
water is diluted by fresh water derived from a source of 
land drainage, such as a river. On the large end of the 
spectrum, Chesapeake Bay (Figure 2.30) drains fi ve 
major rivers and includes a complex set of creeks, bays, 
and main channels. On the small end of the spectrum are 
individual rivers whose salinity changes with every tide. 
Nearly all large estuaries have been strongly infl uenced 
by the rise in sea level since the last glacial maximum. 
Chesapeake Bay’s present extent stems from the drown-
ing of the Susquehanna and adjacent rivers. Many estu-
aries, especially those on the east and Gulf coasts of the 
United States, owe their general form to the rise of sea 
level and the formation of barrier bars, which enclose 
lagoons of relatively lower and more variable salinity than 
the open ocean. � e Outer Banks of North Carolina are 
barrier bars that protect an inland water system of great 
biological richness.

Water movement in estuaries depends on the 
amount of river discharge, tidal action, and basin shape. 
Some estuaries have remarkably predictable salinity 
gradients and circulation. Others are far less predict-
able, and salinity and circulation depend upon strong 
variations in freshwater flow from the watershed and 
variable connections with the open sea. Overall, there 
is a basic estuarine flow: relatively low-density river 
water flows downstream and eventually comes into 
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Figure 2.29 shows some tidal patterns over several days 
under diff erent tidal regimes.

� e presence of irregularly shaped basins, the tilt of the 
earth’s axis, and the Coriolis eff ect also cause signifi cant 
deviations from the idealized expectation of two highs 
and two lows each day. Each basin develops standing 
oscillations that resonate with tidal forces. If the travel 
times of these oscillations are short relative to the period 
of the tide-generating force, then the timing of the tide 
will be like that expected for an uninterrupted sphere cov-
ered with water. If travel time is long relative to the tidal 
period, the timing of the tide will be out of step with that 
expected for such a surface.

� e Coriolis eff ect has a great infl uence on tidal heights 
and currents. When aff ected by the earth’s rotation, tidal 
currents produce in the center of seas and oceans, rotating 
systems around amphidromic points, or points where no 
change in tidal height occurs over time.

In the open sea, both vertical tidal range and the 
strength of tidal currents tend to be modest. In coastal 
bays, however, volumes of water tend to be forced into 
ever-smaller blind bays, and as a result currents and ver-
tical tidal ranges are greater than on the adjacent open 
coasts. In areas with salt marshes, creeks tend to have 
higher tidal ranges than the adjacent open coasts. � e 
most dramatic examples, however, are funnel-shaped 
basins such as the Gulf of California and the Bay of 
Fundy, where vertical tidal range exceeds 10 m. Tidal 
currents are also strong there, and a pronounced incom-
ing tidal wave, or bore, can be seen, for example, on the 
tidal fl ats of the Bay of Fundy or in certain rivers such as 
the Yangtze in China. Usually, there is a great diff erence 
of timing of the tides of bays, relative to the adjacent 
open coast. Tides can also be extremely slight, given the 
proper conditions. Because of the various interference 
eff ects of landmasses, areas such as eastern Denmark, 
the Gulf coast of the United States, and the Caribbean 
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spring freshet, but only slightly. In the Hudson River, 
however, discharge varies a great deal, and salinity in the 
lower part of the estuary can change greatly seasonally 
and between years.

that sustain the productivity of the estuarine food web. 
If spring fl ow is small, relative to the total volume of 
water in the estuary, as is true in Chesapeake Bay, then 
lines of equal salinity (isohalines) move down with the 

� e world’s oceans can be divided into oceans and mar-
ginal seas. Only the Southern (Antarctic) Ocean has a 
continuous oceanic border with other oceans. Marginal 
seas diff er according to recent geological history, exchange 
with the open ocean, local precipitation, evaporation, and 
river input.

� e ocean fl oor can be divided into • plates by oceanic 
ridges, trenches, and other features. � e ocean fl oor 
is in continual motion, driven by production and 
movement of oceanic crust from the ridges, known as 
seafl oor spreading. Crust is consumed in the trench 
areas. Continents are embedded in the oceanic crust 
and move on the scale of hundreds of kilometers over 
millions of years.

Water has unique • physical properties and is a good 
solvent, owing to the asymmetric charge of the water 
molecule. Seawater temperature varies because of 
diff erential solar input at the surface with changing 
latitude and current mixing. Salinity is a measure 
of the dissolved inorganic solids in seawater; it 
increases with evaporation and sea ice formation and 
decreases with precipitation and river input. Oxygen 
is added to seawater by mixing with the atmosphere 
and by photosynthesis; it is lost by respiration and 
by chemical oxidation of various compounds. Both 
ultraviolet light and infrared light disappear in very 
shallow waters; blue light penetrates the farthest in 
clear ocean water.

Surface currents are controlled by the interaction • 
of winds and the earth’s rotation. Overall, surface 
circulation takes the form of gyres in the north and 
south Atlantic and Pacifi c. Western ocean boundary 
currents result in large-scale transport of surface water 
from the tropics to higher latitudes.

� e • Coriolis eff ect increases with increasing latitude; 
it defl ects currents to the right of the wind in the 
northern hemisphere and to the left of the wind in the 

southern hemisphere. Winds and the Coriolis eff ect 
bring nutrient-rich deeper water to the surface. Every 
few years, persistent reversals of local current patterns 
occur in the eastern Pacifi c, causing a major shutdown 
of upwelling, known as El Niño.

Seawater density is controlled mainly by salinity and • 
temperature. Cold and saline high-density water forms 
in high latitudes, then sinks as it moves toward lower 
latitudes. � e surface and deep ocean are connected by 
means of a global conveyor belt.

In the • greenhouse eff ect, greenhouse gases trap heat, 
increasing lower atmosphere temperature and strongly 
aff ecting ocean climate. � e increase in greenhouse 
gases since the nineteenth century may lead to sea-
level rise and major changes in oceanic circulation.

Wind moving over the water’s surface near shore sets up • 
wave patterns, which cause oscillatory motion beneath. 
As a wave approaches shore, it becomes aff ected by the 
presence of the bottom when the depth is less than 
� /2; then the wave eventually breaks. Shorelines also 
strongly aff ect wave interactions and along-shore 
currents.

� e gravitational force of the moon and sun, • 
modulated by the earth’s rotation and basin shape, 
cause tides. During the full or new moon, when the 
sun, earth, and moon are in line, the force exerted by 
the sun amplifi es that of the moon and maximal tidal 
range at spring tide is achieved. � e minimal range of 
neap tides occurs when the moon, earth, and sun form 
a right angle.

In coastal • estuaries, water of the open sea mixes with 
fresh water from a river. Here circulation is controlled 
by a freshwater fl ow, wind mixing, and tidal motion. 
In a mixing zone, lower-salinity water near the surface 
moves seaward, and deeper, higher-salinity water 
moves up the estuary.
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  1. Why is the ocean crust about the same age on opposite 
sides of a midoceanic ridge?

 2. What process causes the formation of trenches?

 3. Why is the ocean salty?

 4. Why are the relative concentrations of some elements 
constant throughout the open ocean?

 5. How is salinity measured, and how is one method of 
measurement related to the use of Practical Salinity Units 
as a measure of seawater salt content?

 6. Why are ocean surface currents stronger and narrower on 
the west sides of oceans relative to the east sides?

 7. Why does wind cause erosion of bottom sediments?

 8. What is the main driving force of the ocean’s surface 
currents? Of the deep circulation?

 9. What processes cause the addition of oxygen to the ocean? 
Subtraction?

 10. In what type of oceanic environment is ultraviolet light a 
problem for organisms?

 11. What is the cause of upwelling along the western coasts of 
continents in the Atlantic and the Pacifi c Oceans?

 12. What two factors play the largest role in determining 
seawater density?

 13. Why is wave erosive action usually concentrated on 
headlands on the shore?

 14. Suppose an oceanic wave is 50 m long and the time 
between the passing of two wave crests is 25 seconds. 
What is the wave velocity?

 15. Suppose the wavelength of ocean waves in a strong Pacifi c 
storm off  the coast of California is 1 km. How deep will 
you expect bottom erosion to occur?

 16. Why is the tidal range maximal two times each lunar 
month?

 17. What is the principal cause of the gravitational pull that 
causes tides?

 18. What is the major cause of vertical water stratifi cation in 
an estuary?

 19. Suppose surface circulation of the ocean ceased to take 
place. How would climate and near-shore oceanic life be 
aff ected?

 20. How might recent ocean history, especially the rise and fall 
of sea level caused by glaciation, have aff ected the current 
biogeography of the ocean?

 21. It has been argued that estuaries are not very old 
geologically and that the resident species therefore 
immigrated and adapted to them recently. Does this make 
estuaries unworthy of protection? Why or why not?

 22. Seafl oor spreading resulted in India moving northward 
toward the Asian continent and merging with it, producing 
a mountain chain. If India began moving 71 million years 
ago and moved a distance of 6,100 km before crashing 
into Asia 10 million years ago, what was the average rate 
of seafl oor spreading?
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