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INTRODUCTION

Because of the interdisciplinary nature of marine sci-
ence, the authors decided that a subject approach is
more appropriate than a discipline-based one. Ency-
clopedia of Marine Science contains approximately
600 entries, arranged alphabetically to enable the
reader or researcher to find major marine science
topics and concepts easily. The authors describe the
essence or fundamental character of each headword
as a word picture. The index also provides a detailed
listing, which supports research across many dispa-
rate topics relevant to oceans, marginal seas, and
estuaries. For many closely related marine science
topics, entries include cross-references to related top-
ics and links to online information. There are more
than 150 black-and-white photographs, charts, or
diagrams that complement selected entries.

The authors have considerable experience work-
ing with other scientists on projects directly relevant
to the coastal ocean. They have both taught ocean-
ography courses and have worked together as ocean-
ographers at the National Oceanic and Atmospheric
Administration and on a variety of projects for
industry relevant to waves, tides, and currents. Their
backgrounds and interests in operational oceanogra-
phy make the Encyclopedia of Marine Science par-
ticularly applicable to operators who consider
environmental factors in their decision making. Sev-
eral contributors to the encyclopedia come from
industry, academia, and government. Various marine
technologists have supported this work through
technical reviews and by providing background

materials. Consequently, some entries include excit-
ing essays about marine technology and suggestions
for further reading. References include the name of
the author, title of the work, and year of publication.
Print and Web resources, many of which were used
in completing this work, are either provided within
the entries or in an appendix. The full name of a
contributor author and his/her professional affilia-
tion can be found in the list of contributors in the
front matter. In selecting the topics, the authors
made every effort to remain unbiased and to provide
the reader with a representative and contemporary
view of marine science.

In this work, the authors have attempted to
compile a comprehensive alphabetical treatment of
marine science. This work is unique because it
greatly expands upon the many important terms
that are generally found in oceanography or ocean-
ology encyclopedias. This work provides descrip-
tive definitions for many terms that could be found
only by reading numerous Earth science reference
books and glossaries. The scope of this volume
includes applied science, engineering, and technol-
ogy disciplines. The Encyclopedia of Marine Sci-
ence has been written for high school and college
students, mariners, teachers, scientists, engineers,
librarians, and anyone with an interest in the field.
This material is intended for use by a range of read-
ers, students to professionals, young and old, and
everyone who sails the seas or just walks the

beach.



A NOTE ON
MEASUREMENTS
AND CONVERSIONS

Most recently acquired data in the marine sciences
are given in the International System of units, or SI
system, from the French Systéme international
d’unités. In the United States, measurements are
often given in U.S. Customary units, formerly known
as the English System, especially in engineering proj-
ects, weather reports and forecasts, and in reports by
the media. However, in order to maintain competi-
tiveness in the current global economy, the United
States government continues to promote the SI sys-

tem. Most scientific journals require that all units be
given in the SI system. In view of the interdisciplinary
and often international nature of most major marine
science projects, consistency in data reporting is a
matter of major concern for marine scientists.

In this encyclopedia, measurements are given in
SI and U.S. Customary units, with the U.S. Custom-
ary unit given first, and the SI unit following in paren-
theses, such as 300 miles (500 km). Example units
commonly used in marine science are listed below:

S| Base Units from Which All Others Are Derived

Quantity Name
amount of Substance mole
electric current ampere
length meter
luminous intensity candela
mass kilogram
temperature kelvin
time second

SI Derived Units Used in Marine Science

Abbreviation
Mol

A

m

cd

kg

K

S

Quantity Name Abbreviation
acceleration meters per second squared m/s2

plane angle radian rad

solid angle steradian sr

Celsius temperature degree Celsius °C



xii A Note on Measurements and Conversions

Quantity Name
electric capacitance farad
electric charge coulomb
electric conductance siemens
electric potential difference volt
electric resistance ohm
energy, work, quantity of heat joule
force newton
frequency hertz
inductance henry
power watt
pressure, stress pascal
speed, velocity meter per second
magnetic flux weber
magnetic flux density tesla
radioactivity becquerel

Conversion factors are given below to convert from
SI units to U.S. Customary units.

CONVERSION FACTORS
Some important constants:

Acceleration due to gravity at sea level at an arbi-
trary value of 45.5 degrees of latitude 1 g =
9.80665 m s2 = 32.17405 ft s2

Base of Natural Logarithms (Euler’s number) e =
2.718281828 (and more . . .)

Density of air at 15°C at sea level = 1.275 kg/m3 =
0.079596 pounds/ft3

Density of freshwater at 4°C = 1,000 kg/m3 = 62.43
pounds/ft3

Density of seawater at 0°C = 1,025 kg/m3 = 63.99
pounds/ft3

Density of ice = 917 kg/m3 = 57.2 pounds/ft?

Equatorial radius of the Earth = 6,378.137 km =
3,963.19 statute miles

Normal standard seawater has a salinity of 35 Prac-
tical Salinity Units (PSU) in accordance with the
Practical Salinity Scale of 1978 (see SALINITY).

Speed of sound in air at 15°C and 1 ATM = 340.4
m/s = 761.45 miles per hour (mph)

Speed of sound in freshwater at 20°C = 1,481 m/s =
3,312.90 mph

Abbreviation

zZ o< v o m

T

Pa
m/s
Wb

Bq

Specific Gravity (density of a fluid/density of

freshwater)
freshwater = 1.0
seawater = 1.025
Specific weight (weight/volume)

9,810 N/m3 = 62.4 1b/ft3 (freshwater at 10°C)
10,062 N/m3 = 64 1b/ft3 (seawater at 0°C)
Standard atmosphere = 1,013.25 millibars (mb) =

14.7 pounds/in?

Angle and Angular Speed
1 rad = 57.30 deg

1 deg=1.745 x 102 rad
1 rev/min = 0.1047 rad/s
1 rad/s = 9.549 rev/min

Area
hectare = 2.471054 acres
km? = 0.38610 mi?

Density
1 kg/m3 = 10-3 kg/L = 10-3 g/cm3

Energy

1 Btu = 252 cal = 1.054 kJ
1J=1Ws=.10197 kgm = 107 erg
1cal = 4.1840 ]



Force
1N =105 dyn = .10197 kg Wt = .22481 Ib Wt
1 kg Wt = 2.20462 1b Wt

Length
2.54cm=11in
1m=3.2808 ft

1.8288 m = 1 fathom
1 km = .62137 mi (statute)
1 mm =0.0394 in

1 nanometer (nm) = 0.001 micrometers = 3.937 x
108 in

Mass
1kg=6.852x102slug=2.204621batlg

Power
1 W =1.341 x 103 hp = 0.7376 ft Ib/s

Pressure

1 atmosphere (atm) = 1.0332x10% kg m2 = 1,013.2
mb =2116.2 b ft2 = 14.7 psi = 76 cm Hg
=1.0132x10° Pa = 197.1 dB SPL (Swing from
total vacuum to 2 atm)

1Pa=1Nm2=293.98 dB SPL =.000145 pound
per square inch (psi)

Temperature
0°C=273.15K

100°C = 212 °Fahrenheit (°F)
72°F =22.2°C=2954K
F=9/5x°C+32

°C =5/9 (°F - 32)
K=°C+273.15

A Note on Measurements and Conversions  Xiii

Velocity
1 m/s = 3.6 km/hour = 2.2369 mph
0.5144 m/s = 1 knot = 1.1515 mph

Volume

1 barrel (water) = 31.1 gallons

1 barrel (crude oil) = 42 gallons = 315 pounds
1 liter = 0.2642 gal

1m3 = 1,000 L = 35.315 ft3

Volume Flow
0.0281317 m3/s = 1 ft3/sec
6.30888 = 10 m3/s = 1 gal/min

Nautical Units

Some units have been traditional in the maritime
environment. Conversion factors for these units
are given below:

1 barrel x 7.2 = 1 metric ton of crude oil
1 fathom = 6 feet = 1.8288 m
1 nautical mile = 1.1508 statute mile = 1,852 m

1 knot = 1 nautical mile per hour = .5148 m/s =
51.48 cm

1 league = 3 nautical miles = 5.56 km

1 displacement ton = 35 cubic feet = 1 long ton =
cubic meter of seawater

1 long ton = 2,240 lbs = 1.016 metric tons

1 metric ton = 1,000 kg = 2,205 Ibs = 7.2 barrels of
crude oil

1 short ton = 2,000 lbs = 0.907 metric tons
1 Sverdrup = 106 m3/s

32 points of a compass = 360 degrees; 1 point of a
compass = 11.25 degrees

Commonly Used Units in Marine Science Literature

Parameter Units Comment

air temperature C Absolute zero is -459.67°F (-273.15°C)

atmospheric pressure mb millibars

concentration mg/| Parts per million is an outdated expression of mg/l.

day of year DoY A running count of days up to 365 or 366

density kg/md Seawater is denser than freshwater

depth m Average depth of ocean is 16,000 feet (5,000 m)

heading degrees Clockwise from true North

height m Especially important when talking about surface roughness and waves

Julian day JD

Running count of days since January 1, 4713 B.C.E.



xiv A Note on Measurements and Conversions

Parameter Units Comment
latitude degrees + north, - south
liquid precipitation mm Linear depth in millimeters (mm)
longitude degrees + west, - east
particle size (pa) um Diameter (d) in micrometers (um); ultrafine (dya < 0.1 pm), fine (0.1 ym
<0pa < 2.5 um), coarse (2.5 um < dya < 10.0 um), and supercoarse
(dpa >10.0 pm)
radiation W/m? Heat flux density
relative humidity percent 100 percent is total saturation
seawater salinity PSU Dissolved salt content, ratio of conductivity of seawater and a standard
potassium chloride solution
seawater temperature C Measure of heat or kinetic energy
solid precipitation cm Linear depth in centimeters (cm)
specific humidity a/kg Ratio of water vapor to dry air in a particular volume
speed m/s Scalar rate at which an object covers distance
time minutes A fundamental scalar quantity
velocity m/s Vector rate of change of position with time
For additional information on the above units or con-  Nelson, Robert A. Guide for Metric Practice. Available
versation factor, please refer to the following sources: online. URL: http://www.physicstoday.org/guide/metric.
pdf. Accessed September 14, 2007.
Cleave Books. “A Dictionary of Units.” Available online. The NIST Reference on Constants, Units, and Uncertainty.
URL: http://www.cleavebooks.co.uk/dictunit/index. Available online. URL: http://physics.nist.gov/cuu/Con-

htm. Accessed October 17, 2007. stants/index.html. Accessed September 14, 2007.



able-bodied seamen Entry-level mariners, men or
women, capable of performing as efficient deck
hands with certifiable abilities in basic seamanship
are classified as able-bodied seamen. Their usual re-
sponsibilities include vessel maintenance and house-
keeping, assisting in loading and unloading cargo,
and standing watches on the wheel and lookout.
Routine tasks include chipping rust, buffing surfaces,
cleaning and painting, and assisting in the mainte-
nance of the engine room. Important marine safety
duties involve firefighting and lifeboat operations.

Obtaining an able-bodied seaman license usu-
ally involves written tests, proof of certain training
courses, and at-sea experiences. Some able-bodied
seamen are graduates from an accredited maritime
academy or training facility. They are the skilled
crew working under the supervision of the mate,
engineer, and captain. Able-bodied seamen receive
room, board, and medical coverage in accordance
with maritime laws and pay from shipping firms,
marine science organizations, and government agen-
cies that own and operate research vessels.

Able-bodied seamen are employed aboard oil-
field support vessels, seismographic boats, dive
boats, research vessels, and offshore tugs. Life
onboard the ship can be very rigorous. For this rea-
son, able-bodied seamen must meet certain physical
requirements such as climbing a 12-foot (3.7 m) lad-
der, lifting weights of approximately 100 pounds
(45.4 kg), and swinging on a rope with no foot sup-
port. Living accommodations vary with ship and
company. Most able-bodied seamen receive a single
stateroom or share cabin facilities with others. Meals
are provided on a specific schedule and are taken in
a crew mess facility.

Aboard research vessels or survey ships, able-
bodied seamen operate WINCHES and other forms of
deck equipment in support of marine scientists. They
become intimately involved in the deployment and
recovery of oceanographic instruments such as CUR-
RENT METERS or samples such as finfish from otter
trawls. Aboard ships such as the 238-foot (72.5 m),
1,978-gross ton R/V Maurice Ewing, able-bodied
seamen have participated in worldwide deep-sea
oceanographic research with scientists affiliated
with Columbia University’s LAMONT-DOHERTY
EARTH OBSERVATORY. The R/V Maurice Ewing was
in service from 1988 to 2005 and has been replaced
by the R/V Marcus G. Langseth.

See also BOAT; MARINE TRADES; NETS.

Further Reading

Office of Marine Operations, the Lamont-Doherty Earth
Observatory. Available online. URL: http://www.ldeo.
columbia.edu/res/fac/oma/langseth/index.html. Accessed
January 5, 2007.

Welcome to the Marine Technology Advanced Education
(MATE) Center, Monterey Peninsula College, Mon-
terey, California. Available online. URL: http://www.
marinetech.org. Accessed August 17, 2004.

abyssal hills Abyssal hills are topographic volca-
nic mounds found along the seaward margins of
most abyssal plains and originating from the spread-
ing of mid-ocean ridges. They rise less than 0.6 mile
(.97 km) above the seafloor and have widths from
0.6 to 6.0 miles (.97-10 km). Abyssal hills generally
decrease in height moving away from the ridges due
to SEAFLOOR SPREADING, erosion, and deposition.
The abyssal hills merge into the flat and nearly level



2 abyssal plain

deposit of sediments on the deep-ocean floor known
as the abyssal plains (see ABYSSAL PLAIN).

Abyssal hills and plains make up only about
one-third of the floor of the ATLANTIC and INDIAN
OCEAN basins, but about three-quarters of the
Paciric OCEAN basin. In many locations, bottom
currents have transported fine-grained sediments
from coastal margins to abyssal hill regions, where
they have filled in the valleys between the hills.
These topographic features are actually formed near
the axis of the mid-ocean ridges in groups.

In this deep-sea benthic (ocean floor) environ-
ment that is well below the photic zone there is no
sunlight, and hence no photosynthesis taking place.
Ambient temperatures are cold, and pressures are
high. Dissolved oxygen levels are surprisingly high,
on the order of 4-5 milliliters per liter due to the low
temperature and low oxygen demand of deep-sea
creatures.

The mid-19th-century biologist Sir Edward
Forbes (1815-54) hypothesized that the deep ocean
was devoid of life below about 1,800 feet (548.6 m).
He classified this region as the “azoic zone” follow-
ing his analysis and interpretation of bottom dredge
samples taken aboard the HMS Beacon during 1841.
The azoic zone theory was abandoned following evi-
dence collected during research studies such as the
HMS Challenger Expedition from 1872 to 1876, led
by Sir Charles Wyville Thomson (1830-82), which
found living organisms in the deep sea, using bottom
dredges. Subsequent deep-sea expeditions of the
20th century found living creatures on the ocean
floor in increasing abundance and diversity as larger
numbers of samples were taken with sophisticated
equipment. Deep-sea cameras have taken many pho-
tographs of benthic (bottom-dwelling) organisms in
the ocean basins.

Today it is known that creatures living in the
abyssal hill province either depend on sinking
organic material from the photic zone or are sup-
ported by chemosynthesis-based food webs (chemo-
synthesis is the chemical metabolism of bacteria that
form the base of the food chain) in locations near
hydrothermal vents (see HYDROTHERMAL VENTS).

Further Reading

Bathymetry and Topography, National Geophysical Data
Center. Available online. URL: http://www.ngdc.noaa.
gov/mgg/bathymetry/relief.html. Accessed January 7,
2007.

abyssal plain The abyssal plain includes the ocean
floor at depths from 16,400 to 23,000 feet (4,998.7-
7,010 m) with slopes that are less than 1:1,000. The
abyssal plain, which is considered to be the flattest

region on Earth, is the region between the continen-
tal rise and the ABYSSAL HILLS. It is one of the three
major physiographic provinces within the ocean ba-
sin; the others being the oceanic ridges and the deep-
sea trenches that often bound the abyssal plain. The
plain is formed by the accretion of sediments that
cover the rugged volcanic rocks of the ocean crust.
These graded beds of silt and sand are normally de-
rived from TURBIDITY currents that emanate from
the continental rise. Sediment thickness therefore in-
creases from the mid-ocean ridge to the continental
rise. The mid-ocean ridges rise hundreds of feet (me-
ters) above the surrounding ocean floor and stretch
approximately 37,000 miles (59,545.7 km) across the
Atlantic, Indian, and Pacific basins. The deepest
parts of the ocean are the trenches, which are sub-
duction (tectonic plate plunging under an adjacent
plate down into the mantle) zones running along the
edge of destructive margins (see PLATE TECTONICS).
The depth at the deep-sea TRENCHES can be from
9,400 to 16,400 feet (2,865-4,998.7 m).

Early mariners used lead lines, such as a hemp
line with a weight on it or a piano wire with a can-
nonball, to measure depths. Given the time required
and the difficulty of making these measurements,
few were made. It was not until the widespread
application of acoustic fathometers to deep-sea
sounding following World War II that the features of
ocean basins were revealed. Highly accurate fathom-
eters coupled with paper charts, called precision
depth recorders, or PDRs made possible detailed
bathymetric maps of the world’s oceans. The abyssal
plains were first identified during the 1947 and 1948
mid-Atlantic ridge expeditions and the 1948 Swed-
ish deep-sea expedition in the INDIAN OCEAN.
Researchers aboard the Woobps HoLE OcEaNoO-
GRAPHIC INSTITUTION’s R/V Atlantis found that the
sediment layer on the floor of the Atlantic was much
thinner than originally thought. Echo sounding and
submarine photography were used to conduct this
deep-sea research. Today, not only soundings, but
mappings of bottom and sub-bottom structures are
made using sonar along with observations by still
and video cameras supplemented by deep sediment
core samples to allow geological oceanographers to
make very detailed charts of the ocean floor.

Marine geologists drilling into the deep ocean
floor have found accumulations of sediments in the
abyssal plain to be 1.8-3.0 miles (2.9-4.8 km) deep.
They have found that deep-sea sediments (see SEDI-
MENT) are composed of various materials such as
black, red, or brown terrigenous (eroded from the
land surface) materials, biogenous (remains of living
creatures) materials such as shells and skeletons, and
hydrogenous (water-absorbing) minerals such as



MANGANESE NODULES that precipitate from seawa-
ter through chemical reactions. Similarly, ocean
explorers make visual inspections of the abyssal
plain with remotely operated vehicles to find ship-
wrecks such as RMS Titanic, found by Robert Bal-
lard in 1986.

Further Reading

Ballard, Robert D. The Eternal Darkness: A Personal His-
tory of Deep-Sea Exploration. Princeton, N.].: Prince-
ton University Press, 2000.

Charton, Barbara. A to Z of Marine Scientists. New York:
Facts On File, 2003.

MMS, Minerals Management Service, U.S. Department of
the Interior. Available online. URL: http://www.mms.
gov. Accessed January 6, 2007.

OceanWorld, Texas A&M University. Available online.
URL: http://www.oceanworld.tamu.edu. Accessed Jan-
uary 7, 2007.

abyssal zone The extensive physiographic province
described as the bottom of the deep ocean is classified
as the abyssal zone. In these high-pressure and low-
temperature regions, depths are generally from
11,500 to 18,000 feet (3,505-5,486.4 m) and tem-
peratures range from 32° to 39°F (0°-3.9°C). The
abyssal zone includes the substrates (sub-bottom sed-
iment layers) and supports many species of bottom-
dwelling life. Even though the number of organisms
per unit area is low compared to the continental
shelves, the biological diversity is high. Cost-effective
technologies have not been invented to sustain com-
mercial fishing, or to extract minerals in this zone.

Features common to abyssal zones include the
mid-ocean ridges that contain hydrothermal vents
(see HYDROTHERMAL VENTS). These vents have been
classified based on their temperatures and precipi-
tates as warm-water vents, white smokers, and black
smokers. Chemosynthetic (chemical metabolizing)
bacteria thrive near the hydrothermal vents because
of the large amounts of hydrogen sulfide and other
minerals from which they derive their energy. These
bacteria form the bottom of the food web and are
eaten by giant tubeworms, specialized species of
crabs, and shrimp.

The deep ocean is an active system, where condi-
tions are maintained by complex interactions among
biological, chemical, geological, and physical pro-
cesses. The rates of these processes may be relatively
slow, but they result in a state of dynamic balance.
The ecosystems they support may be damaged by
humans, but seem to be resilient to both natural and
anthropogenic changes. It is imperative that the
knowledge base for these regions be increased. Many
proposals have been developed to use the abyssal

abyssopelagic zone 3

depths for waste disposal, including nuclear waste;
opponents argue that leakage of toxic waste into the
deep sea would produce an environmental disaster
of global proportions.

Further Reading

Ocean Explorer, National Oceanic and Atmospheric
Administration, U.S. Department of Commerce. Avail-
able online. URL: http://oceanexplorer.noaa.gov.
Accessed January 7, 2007.

OceanLink: All about the ocean. Available online. URL:
http://oceanlink.island.net/index.html. Accessed Janu-
ary 7,2007.

abyssopelagic zone The vertical province over the
ABYSSAL PLAIN is the abyssopelagic zone. These bot-
tom depths are found seaward of the continental rise
and generally extend from 11,500 feet (3,505 m)
depth to the seafloor. The only deeper zone is the
hadopelagic zone, which includes deep-sea trenches
and canyons. The depth at the deep-sea trenches can
be from 16,400 to 9,400 feet (4,998.7-2,865 m).
Temperatures in the abyssopelagic zone range from
32° to 39°F (0°-3.9°C) and pressures are greater
than 350 atmospheres. Abyssal waters are quite dis-
tinct from shallow seas found on the continental
shelves. Sunlight is completely absent, and CURRENTS
and turbulence are relatively weaker than those mea-
sured in shallower surface and intermediate-depth
waters. Despite this incredibly harsh environment,
there is life.

Abyssopelagic organisms live and feed in open
waters between 11,500 and 19,685 feet (3,505-6,000
m) deep. At 19,685 feet (6,000 m) depth, the pressure
is a crushing 600 atmospheres. These deep waters
support many species of invertebrates such as basket
stars and deep-water squid. Most species are scaven-
gers called detritivores, living on the constant rain of
dead creatures from the upper sunlit part of the ocean
(the detritus). Organic aggregates in the water column
are also called marine snow. There are predators,
however. The deep-sea medusa, a relative of the jelly-
fish, captures small crustaceans, larva, and organic
debris with its tentacles and digests it in its central
cavity. Fish have evolved special features such as large
mouths, elastic jaws, and bioluminous lures to attract
prey in order to survive in the deep. The abyssal gren-
adier (Coryphaenoides armatus) or smooth-scale rat-
tail is found at those depths, worldwide.

BIOLUMINESCENCE is extremely important to
many creatures of the deep sea. It occurs in a wide
range of organisms from bacteria to vertebrates and
occurs on land as well as in the sea. Within deep and
bottom waters, glowing and flashing creatures cre-
ate their own light in order to survive. Two major
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chemicals are required for bioluminescence. Lucif-
erin produces the light when the enzyme luciferase is
present to drive or catalyze the reaction. Biolumines-
cence in the abyssopelagic zone is credited with aid-
ing navigation, attracting prey, confusing predators,
communicating, and attracting mating partners.
There are at present no cost-effective technolo-
gies to utilize abyssopelagic resources. This is the
realm of bottom-water masses and currents, a possi-
ble future source for energy. In recent years, only
Japan has been developing vehicles capable of trans-
porting humans to the deepest parts of the ocean.

Further Reading

Ballard, Robert D. The Eternal Darkness: A Personal His-
tory of Deep-Sea Exploration. Princeton N.].: Princeton
University Press, 2000.

JAMSTEC, Japan Agency for Marine-Earth Science Tech-
nology. Available online. URL: http://www.jamstec.
go.jp. Accessed January 6, 2007.

OceanWorld, Texas A&M University. Available online.
URL: http://www.oceanworld.tamu.edu. Accessed Jan-
uary 7, 2007.

U.N. Atlas of the Oceans, United Nations Foundation.
Available online. URL: http://www.oceansatlas.org.
Accessed January 6, 2007.

academic programs Academic programs in marine
science are presented from grade through graduate
school, and students participating in these programs
can obtain professional recognition of completion by
means of certificates through diplomas. In Washing-
ton, D.C., the Consortium of Ocean Leadership rep-
resents more than 95 of the nation’s academic insti-
tutions, aquaria, nonprofit research institutes, and
federal research laboratories with the common goal
of promoting and enhancing ocean research and ed-
ucation. The Consortium of Ocean Leadership was
formed during 2007 through the merging of the
Consortium for Oceanographic Research and Edu-
cation (CORE) and the Joint Oceanographic Institu-
tion (JOI). This nonprofit organization hosts the
popular academic competition known as the Na-
tional Ocean Sciences Bowl. Marine science pro-
grams provide students opportunity to explore this
fascinating career area while testing their sea legs
during at-sea experiments. Many students visit
aquaria, trawl the ocean bed, take bottom samples
with corers, collect water samples for analysis, inter-
pret oceanic weather information, and learn the fun-
damentals of marine navigation. Viable programs in
marine science expose students to all aspects of the
ocean. Instruction relates to the application of the
classical scientific fields to the marine environment.
Typical programs offer classes in introductory ocean-

ography, coastal oceanography, marine biology, ma-
rine geology, marine chemistry, marine mammology,
marine aquarium science, and provide opportunities
for participation in research projects. The MARINE
ADVANCED TECHNOLOGY EDucCATION CENTER at
Monterey Peninsula Community College offers op-
portunities for hands-on, internship-based experi-
ence in a variety of topics such as designing, building
and operating REMOTELY OPERATED VEHICLES.
Marine science departments usually have research
vessels, small craft, oceanographic instruments, a
“wet” marine laboratory, wave tanks, and a marine
operations facility with access to the coastal ocean.
At a community college, students can earn an associ-
ate of arts degree in a topic such as biology while
emphasizing marine studies during their first two
years. They may then transfer to a baccalaureate
program in marine biology or oceanography at one
of several private or state universities. Students an-
ticipating transfer to a four-year college should con-
sult admission counselors for curriculum planning
assistance. The bachelor of science degree programs
are meant for students planning to continue with
graduate studies in marine science, or for those pur-
suing technical careers. Graduate degree programs
leading to the master of science and doctor of philos-
ophy degrees usually show that the student has suc-
cessfully completed basic research in marine and
atmospheric chemistry, marine biology and fisheries,
marine geology and geophysics, meteorology, physi-
cal oceanography, and applied marine physics. Many
students can gain part-time employment at laborato-
ries such as the United States Army Corps of Engi-
neers’ Field Research Facility, government agencies
such as the NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION, and marine science or oceano-
graphic companies as they complete their studies.
These experiences help tie theoretical classroom dis-
cussions and laboratory experiments to real-world
marine science applications.

Further Reading

American Geophysical Union. Available online. URL:
http://www.agu.org. Accessed January 6, 2007.

ASLO: Advancing the science of limnology and ocean-
ography, American Society of Limnology and Ocean-
ography. Available online. URL: http://www.aslo.org.
Accessed January 6, 2007.

Consortium for Ocean Leadership. Available online. URL:
oceanleadership.org. Accessed on February 25, 2008.
Marine Technology Society. Available online. URL: http://

www.mtsociety.org. Accessed January 6, 2007.

National Research Council. 50 Years of Ocean Discovery:
National Science Foundation 1950-2000. Washington,
D.C.: National Academy Press, 2000.



Nichols, Charles R., David L. Porter, and Robert G. Wil-
liams. Recent Advances and Issues in Oceanography.
Westport, Conn.: Greenwood, 2003.

The Oceanography Society. Available online. URL: http://
www.tos.org. Accessed January 6, 2007.

Acoustical Society of America (ASA) The Acous-
tical Society of America is a professional society that
promotes the study of acoustics and the interests of
acousticians. Acoustics is a branch of physics con-
cerned with sound and sound waves. Acoustic scien-
tists come from many diverse fields, including physics,
engineering, computer science, meteorology, oceanog-
raphy, and biology.

The society was founded on May 10-11, 1929,
with a charter membership of about 450. The ASA
joined, in 1931, with three other societies to found
the American Institute of Physics to unite physics-
related groups and to provide publishing and meet-
ing facilities.

Since its inception, the society has promoted
the development of acoustic standards for terminol-
ogy, measurement, and criteria for the study of
noise and vibration. The society has been a leading
advocate in the development of the theory and
applications of underwater sound in such diverse
areas as SONAR, underwater communications,
underwater location, marine bio-acoustics, geo-
physical studies of the ocean floor and overlying
sediments, the remote sensing of temperature, water
velocity, and wave height.

Papers on these and many other fields of acous-
tics are presented at biannual meetings of the Soci-
ety. Peer-reviewed papers, new patents, and meeting
information are provided in the Journal of the
Acoustical Society of America, published monthly.
The journal was first published in 1929.

The ASA recognizes achievements in acoustics
by a series of awards. Awards, in the field of under-
water sound, include the Pioneers of Underwater
Acoustics Medal and the Silver Medal in Acousti-
cal Oceanography and Underwater Acoustics. The
A. B. Wood Medal and Prize of the Institute of
Acoustics is awarded to young scientists for distin-
guished contributions in the applications of acous-
tics; preferences are given to candidates whose
studies involve marine science. Albert Beaumont
Wood (1890-1964) was a pioneer in underwater
acoustics and is credited with designing the first
directional hydrophone.

The ASA awards fellowships and grants each
year, including minority fellowships, and the Med-
win Prize in Acoustical Oceanography. The Medwin
prize was established from a grant by Herman Med-
win and his wife, and recognizes effective use of
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sound in the discovery and understanding of physi-
cal and biological parameters in the sea. Professor
Medwin was a leading researcher for many years at
the U.S. Navy Postgraduate School in Monterey,
California. Today, there are more than 7,000 mem-
bers of Acoustical Society of America worldwide.

Further Reading

Acoustical Society of America. “A History of the Acousti-
cal Society of America.” Journal of the Acoustical Soci-
ety of America 26 (1951): 874-905.

Acoustical Society of America. “An Introduction to the
Acoustical Society of America.” Available online. URL:
http//www.asa.aip.org/intro.html. Accessed May 3,
2004.

acoustic Doppler current profiler (ADCP) An
instrument for measuring water CURRENT that use
the transmissions of high-frequency (kilohertz to
megahertz) acoustic signals in the water is called an
acoustic Doppler current profiler. The current is
measured by means of a Doppler shift in the back-
scattered echo (see BACKSCATTER) resulting from
plankton, suspended sediments, and bubbles, all as-
sumed to be moving at the mean speed of the water.
A Doppler shift occurs in sound waves whenever the
source, the receiver, or the target is in motion. In this
case, the “sources” are the moving objects, which
scatter the sound back to the transmitter/receiver,
called a “transducer.” Usually, the transmitter and
receiver are in the same location. By the Doppler
principle, there is a slight increase in frequency for
objects moving toward the receiver and a slight de-
crease in frequency for objects moving away from
the receiver. Christian Johann Doppler (1803-53)
was the first investigator to relate the frequency of a
source to its velocity relative to an observer in a sci-
entific paper. In an ADCP, the changes in frequency
are proportional to the speeds of the target objects.
By accurately detecting the time differences between
the transmitted and received pulses, the time delays
are related to range, making possible the measure-
ment of current speeds at increasing ranges from the
transducer. The current velocities are then sorted
into “range bins,” permitting the construction of a
profile of current velocity versus range.

Generally, ADCPs use multiple transducer heads,
the most common being two pairs in orthogonal
planes, known as the “Janus configuration” after the
Roman god Janus, who had two faces looking front
and back. By beaming the acoustic signals in at least
three directions, the total current vector is obtained.
The fourth beam adds redundancy and improves
accuracy. The individual current components are
combined by vector addition, giving the resultant



6 acoustic Doppler current profiler

Depth (feet)
S
L

Depth (feet)
S
1

»
>

T iy T
90 180 270 360
Direction (degrees)

1!0 1!5 2!0
Speed (knots)

iy

© Infobase Publis ing-

Sea surface -

-

Bottom-mounted
acoustic Doppler
current profiler

An acoustic Doppler current profiler (ADCP) deployed on the seafloor

velocity vector. The angles of the beams to the trans-
ducer axis are typically 20 to 30 degrees.

ADCPs operated from ships or buoys, or towed
platforms must also measure the velocity, pitch, roll,
and yaw of the supporting platform so that these
motions can be removed from the beam velocities
prior to computing the water velocity profiles. Sci-
entists and engineers have developed algorithms
that record vessel position and heading and then
subtract out the unwanted vessel motions from the
current meter measurements. Such capabilities are
very important, especially in supporting drill ships.
To ensure safety at sea, vessels may record positions
using several systems such as GLOBAL POSITIONING
SYSTEM, multiple gyrocompasses, and magnetic
compasses. Shipboard computer systems may inte-
grate data from the various measurement systems.
Redundant systems are particularly important so
that a faulty sensor can be bypassed. Intercompari-
son tests with other current meters can be completed
to assess the validity of ADCP measurements.

The range of a sound beam in water is inversely
proportional to frequency, such that lower frequen-
cies give longer ranges. However, the lower the fre-
quency, the poorer the resolution, so that for a given
range one wants to use as high a frequency as possi-
ble. ADCPs are available in several operating fre-
quencies, from 75 kilohertz with an 1,800-foot
(548.6 m) range to 1.2 megahertz, with a 45-foot
(13.7 m) range. The resolution of the 75-kilohertz
units is on the order of several feet (m), whereas the

resolution of the 1.2 megahertz units can be as fine
as several inches (tenths of a meter). Because the
uncertainty in a single measurement or “ping” is
quite high, it is necessary to average many pings to
obtain a single velocity measurement. This charac-
teristic is typical of most sonar and radar systems.

ADCPs are deployed from ships, tow bodies,
moored BUOYS, submersibles, REMOTELY OPERA-
TOR VEHICLES (ROVs), bottom platforms, and oil
drilling rigs. They are usually deployed in the verti-
cal mode (axis of the transducer vertical), so that the
beams scan upward or downward, thus obtaining a
vertical profile of currents. However, they are some-
times employed in the horizontal (axis of the trans-
ducer horizontal) mode, so that the beams scan
outward horizontally to obtain a cross current or
cross channel profile. This mode of operation is usu-
ally possible only in deep water, because in shallow
water reflections from the surface and bottom would
dominate the received signal.

These instruments are an outgrowth of the Dop-
pler speed logs, which have been used for many years
to measure ship speed over the bottom by transmit-
ting an acoustic pulse down to the ocean floor,
which is reflected back to the transmitter and passed
to electronic circuitry, which measures the ship’s
speed by means of the Doppler shift in the received
signal, in a fashion similar to the police Doppler
radar guns for determining vehicle speed on the
highway. Research was performed to extract water
velocity information by modifying the speed logs
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An acoustic Doppler current profiler (ADCP) installed on a research vessel

during the 1960s and 1970s. By the 1980s, water
velocity measurements were being routinely mea-
sured by acoustic Doppler current meters. The pro-
filing capability of the instruments gave rise to the
name acoustic Doppler current profiler (ADCP).
Steady improvement in these instruments has
resulted in multiple capabilities for measuring the
ocean’s dynamical properties. ADCPs are now
available for making measurements in the ocean in
water depths as great as 19,685 feet (6,000 m), for
profiling across navigation channels, for deploy-
ment in hazardous areas such as bottom fishing
grounds, and in measuring the directional wave
spectrum by adding a vertically directed acoustic

beam sensing wave height above the transducer,
and by integrating the directional particle velocities
from the Janus beams. Self-recording ADCPs can
be deployed in the deep ocean to 19,685-feet (6,000
m) depths and recovered one year later with the
data recorded internally on solid-state devices. In
shallow deployments from moored buoys or bot-
tom platforms, the data are usually transmitted by
satellite or direct radio link to receiving stations on
shore and fed to computers for real-time presenta-
tion for navigation, as in the case of the NOAA
PORTS® system (see essay, NOAA’s PHYSICAL
OCEANOGRAPHIC REAL-TIME SysTEM). ADCPs are
also available in miniature versions to be used in
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An acoustic Doppler current profiler (ADCP) mounted on a catamaran for a NOAA survey of Chesapeake Bay (NOAA/NOS—Rich

Bourgerie)

channels, streams, and aqueducts. They can easily
be deployed by divers.

The ADCP is generally recognized by oceanogra-
phers as being the premier current measuring instru-
ment of our time. It has revolutionized the measurement
of water velocities in lakes, rivers, and the sea.

Recovery of an RD Instruments acoustic Doppler current pro-

filer (ADCP) from a deep-sea deployment  (RD Instruments)

Further Reading

Gordon, R. Lee. Acoustic Doppler Current Profiler Princi-
ples of Operation: A Practical Primer. San Diego, Calif.:
RD Instruments, 1996.

acoustic release A mechanism designed to hold a
MOORING in place until released by a coded acoustic
signal from a command console onboard a recov-
ery vessel is called an acoustic release. Upon release
from the ANCHOR attached to the bottom, the buoy-
ancy of the floats supporting the mooring line will
propel the mooring to the surface. In this scenario,
the anchor is generally expendable. There are situ-
ations when salvage divers are used to retrieve the
anchor. Usually, the mooring supports oceano-
graphic instruments for measuring CURRENT,
TEMPERATURE, SALINITY, and other variables. For
subsurface deep-ocean moorings well below diver
depth, acoustic releases are especially important.
The instruments on these moorings usually record
data internally on either magnetic tape or solid-
state recorders and must be recovered to download
the data. On a typical operation, the buoys are de-
ployed for several months before being retrieved by
a research vessel. Deep moorings usually employ



acoustic releases in pairs, so that if one fails to re-
lease, the second (backup) responds.

Acoustic releases are generally preferable to
timed releases that release the mooring at a preset
time, because if the mooring is released prematurely,
no one will be there to recover it. Acoustic releases
provide more control in instrument recoveries than
inexpensive timed releases. The least sophisticated
timed releases rely on galvanic action to release
transmitters, trigger the uncovering of sediment
traps, underwater deployment of drogue-chutes, or
to serve as a backup to expensive electronically timed
or acoustic releasing devices. Although acoustic
releases are most common for deep-ocean moorings,
they are also used for subsurface moorings in shal-
low water when recovery by divers is inconvenient or
impractical. A concern in shallow water is that
marine growth may foul the release mechanism,
since the mooring will be in the photic zone, and
barnacles and plant life may cover the release mech-
anism. To avoid this problem, the linkages of the
instrument are coated with anti-fouling paint or
compound prior to deployment.

Acoustic releases are also used to retrieve arrays
of acoustic sources and receivers and oil drilling and
recovery gear. They typically have acoustic operat-
ing frequencies on the order of tens of kilohertz with
30 hertz (Hz) being frequently used. A hertz is a unit
of frequency equivalent to one cycle per second. A
research vessel recovering a mooring equipped with
acoustic releases usually positions itself as close as
possible over the mooring using GLOBAL PosITION-
ING SYSTEM (GPS) navigation. Once positioned to
retrieve the mooring, the marine technician will send
the acoustic signal to release the mooring, so that the
ship will be able to use its deck gear to retrieve it.
Ranges of the acoustic transmitter on the recovery
vessel are on the order of a mile (1.6 km) or so. Prior
to deployment, surface marker buoys would have
been installed on the mooring line painted in inter-
national orange to improve the visibility of the moor-
ing when it breaks the surface. In the event of high
winds and heavy seas, the mooring will be difficult
to see from the recovery ship. To make recovery eas-
ier, an acoustic transponder may be placed in the
mooring line for location while it is still underwater,
and a radio transponder for location on the sea
surface.

The signals sent by the recovery vessel to release
the mooring have been coded so that spurious ambi-
ent noise or acoustic signals from other vessels will
not release it prematurely. In the commercial sector,
recovery vessels may use acoustic releases to retrieve
arrays of acoustic sources, receivers, fishing nets,
and oil drilling gear.
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acoustic tomography A technique for studying
the ocean by measuring the travel time of sound be-
tween multiple known transmitters and receivers is
known as acoustic tomography. Changes in sound
speed are related to changes in the physical proper-
ties of seawater such as TEMPERATURE, SALINITY,
and PRESSURE. Thus, sound is a useful tool to re-
motely sense vast regions of the ocean. The name
“tomography” comes from the Greek words tomos,
meaning “to slice,” and graphein, meaning “to
write.” A similar method used to image the human
body is called X-ray tomography.

Sensing of ocean temperature from satellites has
been a boon to oceanographers, filling in the blanks
of vast areas of the ocean, such as the South Pacific,
for which there is little data. However, satellite mea-
surements provide information only about the sea
surface. Acoustic tomography has the potential of
providing information on the internal temperature
structure of the ocean, essential to understanding
ocean circulation and air-sea interaction.

By deploying multiple acoustic sources/receivers
equipped with very accurate clocks, the changes in
sound speed over a large number of acoustic paths
provide slices of the ocean’s acoustic structure of a
region, typically around 100 miles (several hundred
kilometers) on a side. The equations for sound speed
as a function of temperature, salinity, and pressure
can then be used to solve for one of these variables,
usually the temperature, in terms of the variations in
the acoustic signals.

It is also possible to estimate the current speed
by this method. If an acoustic source and receiver
are deployed in the direction of the CURRENT, the
travel time of a sound pulse will be less in the direc-
tion of the current and greater in the direction oppo-
site the current. The difference in travel times yields
the speed of the current.

In addition to covering large areas hundreds of
miles (several hundred kilometers) on a side, acous-
tic tomography offers the advantage of averaging out
the omnipresent short period fluctuations in ocean
properties, which cause “noise” in the measure-
ments, and make interpretation difficult.

A University of California oceanographic acous-
tic tomography experiment called Acoustic Thermom-
etry of Ocean Climate or “ATOC” began in 1995 to
better provide comprehensive measurements of the
variability in ocean temperatures. The study involves
the use of low-frequency rumbling sources, i.e., fre-
quencies of less than 1,000 hertz (kilohertz) off the
coasts of Hawaii and California, with receivers sited
around the Paciric OceaN. Declassified U.S. Navy
SOund SUrveillance System (SOSUS) stations in the
northeast Pacific were used to record many of the sig-
nals. SOSUS consists of bottom-mounted hydrophone
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arrays connected to shore facilities by undersea com-
munication cables. These arrays are found on CONTI-
NENTAL SLOPES and SEAMOUNTS at optimal locations
for undistorted long-range acoustic propagation.
Other ATOC receivers were located near the Big
Island of Hawaii and just north of the equator near
Christmas Island. Since the speed of sound is propor-
tional to the temperature of the water as noted above,
sound speed can be used to infer the average tempera-
ture or temperature trends in the Pacific. These data
taken over extended time and space scales could be
used to detect GLOBAL WARMING. Fine-resolution
analysis of shorter time and space scales, on the order
of weeks and tens of miles (km), could identify eddies
transporting water of anomalous temperatures.
Acoustic thermography tomography has raised
concerns among many environmental activists, since
these experiments employ powerful sonic impulses
that are intended to be received across ocean basins.
Environmentalists have been concerned that the high
levels of acoustic power required by tomography could
interfere with communications by whales, or even
cause hearing loss or other adverse conditions.
Researchers such as marine mammologists are evalu-
ating the response of MARINE MAMMALS and other
marine organisms to man-made sounds, and to pro-
vide information needed to direct policies for long-
term protection and conservation of marine species.
The NATIONAL OCEANIC AND ATMOSPHERIC ADMIN-
ISTRATION’s National Marine Fisheries Service has
delayed ATOC until the impact of low-frequency
noise on marine mammals is better understood.

Further Reading

NPAL, North Pacific Acoustic Laboratory, Scripps Insti-
tution of Oceanography, University of California, San
Diego. Available online. URL: http:/npal.ucsd.edu/
npal04/. Accessed July 21, 2008.

adaptive management Natural resource manage-
ment where decisions are made as part of an on-go-
ing and science-based process is called adaptive man-
agement. Observed information deficiencies and data
gaps need to be identified to improve monitoring ef-
forts. Statistical validity will generally increase over
the course of monitoring as information deficiencies
are corrected. Descriptive STATISTICS and new un-
derstandings developed over long observational peri-
ods are used to refine subsequent monitoring efforts.
The resulting scientific findings are evaluated against
societal needs to provide the basis for adapting re-
source management rules.

Adaptive management is a central theme for
coastal zone management. Managers of marine pro-
tected areas such as sanctuaries or estuarine reserves

monitor the results of actions in order to develop a
knowledge base that may indicate the need to change
a particular course of action. Monitoring is intended
to assess the effectiveness of management action in
maintaining or enhancing ecosystem integrity and
fitness. This management approach applies the con-
cept of experimentation to the design and implemen-
tation of natural resource strategies by testing clearly
formulated hypotheses about the response of a par-
ticular system such as the Channel Islands National
Marine Sanctuary in Southern California to manage-
ment decisions. Hypotheses may be tested empiri-
cally using spatial or temporal controls to evaluate
resource responses or through science-based models.

Adaptive management is much more than “learn-
ing by doing,” its data gathering and analyses focused
on management expectations and tests of the real
efficacy of management practices. This methodology
provides data to compare alternative policies, pre-
scriptions, and practices. Spatial statistics and sam-
pling issues are important as decision makers apply
numerical and statistical methods to understand
environmental data that is collected from various
sources. Adaptive management also ensures that
there is collaboration among the public, managers,
and scientists. This approach integrates the interests
of managers, scientists, and public users by generat-
ing information that can feed future research and
stimulate management actions benefiting the ecosys-
tem. It is a cycle involving planning, action, monitor-
ing, evaluation, and adjustments.

As an example, researchers during the late 1980s
used population matrix models and empirical data
to determine that the best plan to increase popula-
tion growth rates of loggerhead sea turtles (Caretta
caretta). Results indicated the modification of shrimp
nets to prevent the capture of large juvenile turtles.
Today, Turtle Excluder Devices or TEDs are added
to trawl nets to allow trapped turtles to escape before
they drown. The TED consists of a metal frame with
vertical bars about five inches (12.7 ¢cm) apart that is
fastened to the funnel of the trawl net. A flap of net
covers an opening, which turtles can swim through
to escape capture. Shrimp trawlers are required by
law to use these devices and face stiff penalties if
caught without them.

Further Reading

National Marine Sanctuaries, National Oceanic and Atmo-
spheric Administration. Available online. URL: http://
www.sanctuaries.nos.noaa.gov. Accessed January 6,
2007.

NOAA Coastal Services Center, National Oceanic and
Atmospheric Administration. Available online. URL:
http://www.csc.noaa.gov. Accessed January 6, 2007.



aerial survey Aerial survey operations provide a
reliable and economical means to produce topo-
graphical maps and bathymetric charts. Sensors are
carefully mounted on manned aircraft and unmanned
aerial vehicles. Some employ precision gyro-stabilized
image-capture systems. Aerial surveying includes cat-
aloguing, archiving and making images accessible,
creating maps and records based on aerial images,
and linking the images with information derived from
other sources. Commercially available software pro-
vides image processing capabilities and the ability to
store features in a database to rapidly build geospa-
tial products.

Typical aerial platforms include fixed-wing air-
craft such as DeHavilland Twin Otters, helicopters
such as Bell 206 Jet Rangers, and unmanned aerial
vehicles (UAV) such as the U.S. Department of
Defense’s Pioneer UAV system. An onboard GLOBAL
PosITIONING SyYSTEM (GPS) receiver records the
camera’s precise location as it gathers remotely
sensed data. The camera’s location is used to geo-
reference individual data elements, such as pixels
and video frames. Surveyors collect data for a host
of requirements from inspecting work or collecting
raw data for maps or charts. Products support
resource exploration, environmental impact assess-
ment, and mapping near-shore reefs, coastal vegeta-
tion, and pollution such as mine wastes.

Some aircraft use aerial survey cameras such as
digital color and multispectral (imaging in several
wavelength bands) cameras or lasers such as light
detection and ranging (LIDAR) systems to collect
high-resolution hydrographic data. Applications of
multispectral imagery over bodies of water include
detecting pollutant plumes, monitoring CORAL
REEFS, finding shipwrecks, locating mines, and
tracking MARINE MAMMALS. Bathymetric LIDAR
can be used to accurately measure shallow depths
and underwater structures. Information can be pre-
sented either graphically on topographical maps or
in digital form as digital maps.

Viewing the Earth’s surface from the air pro-
vides unobtrusive access, fast data acquisition, high
accuracy, and lower field operation costs than ship
surveys. Aerial surveys are widely accepted as an
effective means of mapping large areas. Aerial sur-
vey products are used to preserve species, manage
marine sanctuaries and reserves, track ships, and
provide relief assistance. An example aerial survey
system is the Scanning Hydrographic Operational
Airborne LIDAR Survey or SHOALS that was devel-
oped by the U.S. Army. SHOALS has typically been
used to survey important navigation areas, such as
ports and harbors, shore protection structures, and
coral reefs worldwide.
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Further Reading

National Geospatial-Intelligence Agency. Available online.
URL: http://www.nga.mil. Accessed January 6, 2007.

Office of Coast Survey. National Oceanic and Atmospheric
Administration. Available online. URL: http://www.
chartmaker.ncd.noaa.gov. Accessed January 6, 2007.

Spatial Data Branch, Operations Division, Mobile District,
U.S. Army Corps of Engineers. Available online. URL:
http:///gis.sam.usace.army.mil. Accessed February 19,
2008.

United States Geological Survey, Science Topics. Available
online. URL: http://www.usgs.gov/science. Accessed
January 6, 2007.

aerographer’s mate A Navy aerographer’s mate—
also called an “AG”—collects, analyzes, and fore-
casts information on the weather and ocean condi-
tions, using a variety of data sources, equipment,
and instruments for the planning of naval expedi-
tionary operations.

These men and women are trained in the physical
sciences of meteorology and oceanography. Appren-
tice-level AGs (those who have been practicing naval
meteorology and oceanography for one to four years)
master the use of meteorological and oceanographic
instruments to monitor environmental conditions
such as barometric PRESSURE, air TEMPERATURE,
humidity, wind speed and direction, sea temperature,
SALINITY, and waves. They prepare and analyze
atmosphere and ocean-surface “synoptic” charts in
order to provide forecasters with a complete “snap-
shot” of environmental conditions over large geo-
graphic areas. They collect data on upper-level
atmospheric conditions, using instruments attached
to weather balloons to help forecasters determine the
best flight levels for aircraft. Some measurements are
used to determine wind and air density in order to
increase the accuracy of antiaircraft artillery, naval
gunfire, and the delivery of precision weapons by air-
craft. AGs often make use of climatological informa-
tion, automated wind and cloud height sensors,
satellite imagery, and numerical prediction model
runs on supercomputers located at the Fleet Numeri-
cal Meteorology and Oceanography Center in Mon-
terey, California. At the National/Naval Ice Center in
Suitland, Maryland, AGs work together with NOAA
and U.S. Coast Guard staffs to provide operational
global, regional, and tactical scale sea ice analyses
and forecasts tailored to meet the requirements for
polar ICEBREAKING ships and submarines. They also
provide specialized meteorological and oceanographic
support to Department of Defense agencies.

Those AGs who are the most skilled in meteoro-
logical and oceanographic data collection and analy-
sis, and who demonstrate the most leadership potential,
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are chosen to acquire more advanced training and
education in meteorology and oceanography in order to
earn the distinguished title of “forecaster.” This is the
single most important accomplishment of the AG’s
career and is quite difficult to attain. Forecasting is the
most crucial skill required of AGs when supporting
naval operations. Forecasters not only provide informa-
tion about current weather and ocean conditions, but
they are also best suited to predict future weather and
ocean effects and, more important, their influence on
specific operations, troops, and equipment. Their fore-
casts help naval leaders decide whether an airfield
remains open or shuts down, whether a multimillion-
dollar exercise is cancelled or continued, and sometimes
whether lives are lost or saved. Forecasters may also pro-
vide ships with “Optimum Track Ship Routing” (OTSR)
services, wherein they combine their understanding of
weather and ocean forecasting with navigation to pro-
vide ships’ captains with the safest and most fuel-efficient
paths across large ocean areas. Through the Depart-
ment of Labor Military Apprentice Program, an AG can
be certified as a practicing “meteorologist” by both the
Department of Defense and the Department of Com-
merce. Unlike civilian meteorologists, however, AGs are
also trained to interpret forecasts with regard to opera-
tional requirements of military missions.

A typical apprentice level AG performs weather
technician duties with minimal supervision aboard
COMBATANT SHIPS such as aircraft carriers and at
shore stations such as regional naval meteorology and
oceanography centers. A successful AG will often com-
plete a 20-year career and serve several times at sea and
at overseas duty stations. Overseas duty stations might
include Rota, Spain; Keflavik, Iceland; Guantanamo
Bay, Cuba; Yokusuka, Japan; and Bahrain.

Much like navy Meteorology and Oceanography
(METOC) officers, the most experienced, skilled,
and senior AGs become supervisors, spending less
time performing practical meteorology and ocean-
ography tasks and more time leading and managing
a team of METOC technicians and forecasters.
Together, AGs and METOC OFFICERS support navy
and marine corps missions by synthesizing and inter-
preting atmospheric, electromagnetic, surf, and
hydroacoustic information, and translating this
information into operationally relevant decision aids
for military commanders. They typically present this
information as weather and oceanographic briefings
to the officers and sailors assigned to U.S. Navy
ships and planning staffs.
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agnathans Agnathans are a group of jawless fishes
thriving during the late Ordovician (about 450 mil-
lion years ago) and Silurian (435 to 408 million years
ago) periods of the Paleozoic era. The Greek word
roots for the class Agnatha are a (“without”), gna-
thos (“jaw”), and an (“resembling”). Agnathans were
primarily represented by ostracoderms, which were
small fish covered by a bony external skeleton of
solid shields or scales. Ostracoderms became extinct
by the end of the Devonian (360 million years ago)
period. The only modern survivors of the Agnatha
are the hagfishes (Myxiniformes) and lampreys
(Petromyzontiformes).

Hagfishes and lampreys (Cyclostomata) have
eel-like bodies and are found in temperate waters
of the Northern and Southern Hemispheres and
some deep waters of the Tropics. Scientists have
identified about 50 different species of hagfish and
38 species of lamprey. Unlike jawed vertebrates
(Gnathostomata), which have gills that open
through slits in the side of the body, hagfishes and
lampreys have gill pouches that open through small
pores. Both lack dermal armor, paired fins, and
internal ossification (bones). The modern Agnatha
have a single median nostril and a round mouth
with a complex tonguelike structure bearing kera-
tinized teeth.

While lampreys and hagfishes have many appar-
ent similarities, there are significant differences that
distinguish the two fishes. Hagfishes do not have a
larval phase and spend their entire lives in the marine
environment. Dead or dying fish and bottom-
dwelling invertebrates in the deep sea serve as the
primary food sources. The hagfishes have the unique
ability to tie themselves into a knot and use their
bodies to create leverage to pull flesh from fish and
escape from predators. They have relatively large
eggs with strong casings that are anchored to the
substrate by filaments. Relatively little is known
about the spawning behavior of these scavengers.

In contrast to hagfishes, lampreys are found in
both fresh and salt waters and do have a larval
phase. The larvae feed on algae, detritus, and micro-
organisms found in streams and rivers. The larval
stage lasts at least three years. Metamorphosis takes
three to six months and starts when the larvae are
30-65 inches (76.2-165 c¢m) long. Once metamor-
phosis is complete, the larvae swim to sea, where
feeding and growth rates increase dramatically.
Lampreys feed on either blood or muscle tissue.
Adults feed by attaching their mouths to a host



organism and using their complex muscular tongues
to rasp away flesh. When the adult phase ends, the
lampreys stop feeding and return upriver to spawn-
ing grounds.

Scientists initially used the term cyclostome
(round mouth) to classify lampreys and hagfishes
because of the obvious similarities between the two
groups; however, most scientists now consider hag-
fishes and lampreys only distantly related. Today,
hagfishes are regarded as an early derivative of the
first vertebrates of the Cambrian (more than 500
million years ago), whereas lampreys and gnathos-
tomes share a number of significant characteristics
that suggest they are more closely related. These
characteristics include the presence of neural arches
along a rodlike notochord that supports the body
during development, large eyes with associated eye
muscles, osmotic control of body fluids, and ner-
vous regulation of the heart.

Paleontologists are using the ostracoderm fossil
record to sequence the evolution of hagfishes, lam-
preys, and jawed vertebrates. By studying ostraco-
derm evolution, scientists believe they can discover
information about the evolutionary pathway of the
nasal structure, the lateral line, sense of smell, the
brain, and other vertebrate characteristics.

The Agnathan fossil record is providing infor-
mation about the common ancestor of all known
vertebrates. Recent improvements in preparing and
observing fossils suggest that continued excavations
in Early/Lower Ordovician and Cambrian deposits
could uncover significant information relevant to the
early evolution of vertebrates.

Lampreys were introduced to the North Ameri-
can Great Lakes region in the 19th century. By the
middle of the 20th century, large lamprey popula-
tions had decimated many native and SPORT FISH
stocks and threatened the survival of many economic
and recreational activities in the Great Lakes region.
For example, in the middle of the 20th century, lam-
prey populations reduced annual trout production in
Lake Superior from 2,000 to 200 tons (1.8 million
kilograms to 180,000 kilograms) in less than a
decade. Since then, chemical controls have reduced
lamprey populations in most areas of the Great
Lakes by 90 percent, and successful fishery restora-
tion efforts are in progress.

Koreans consume more than § million pounds
of hagfish annually, and lamprey is a popular fish
served with gourmet dishes in Portugal and Spain.
Intense pressures on some hagfish and lamprey fish-
eries have left them on the brink of collapse. Native
lampreys are also an important food source for
Native Americans in the northwest United States,
but dammed rivers and waterfront development
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obstruct lamprey migrations and threaten the sur-
vival of localized lamprey populations.
See also FI1sH.

Further Reading

Forey, Peter L., and Phillipe Janvier. “Agnathans and the
Origin of the Jawed Vertebrates.” Nature 361 (1993):
129-134.

MarineBio.org, Houston, Texas. Available online. URL:
http://ww.marinebio.org. Accessed January 7, 2007.
PALAEQS: The Trace of Life on Earth. Available online.
URL: http://www.palacos.com. Accessed March 16,

2007.

Potter, Ian C. “Jawless Fishes.” In Encyclopedia of Fishes,
2nd ed., edited by John R. Paxon and William N. Esch-
meyer. San Diego, Calif.: Academic Press, 1998.

Raloff, Janet. “Lamprey: A tasty treat from prehistory?”
Available online. URL: http://www.sciencenews.org/sn_
arch/8_10_96/food.htm. Accessed July 15, 2003.

Agulhas Current The Agulhas Current is a very
swift, warm current flowing southwestward along
the southeast coast of Africa. The current begins
where the South Equatorial Current of the INDIAN

© Infobase Publishing

The Agulhas Current is a warm current that flows in a south-
westerly direction, along the coast of East Africa.
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OcEeAN meets the African continent. This southward
flow divides around the island of Madagascar and
recombines south of Madagascar. Between the Afri-
can continent and the island of Madagascar the flow
into the Agulhas Current is known as the Mozam-
bique Current. South of 30° South latitude, the width
of the Algulhas Current proper becomes narrow and
well defined, extending seaward about 60 miles (96.6
km) from the coast. Recent observations suggest that
at times there is an undercurrent below the Agulhas
Current flowing toward the northeast at about 0.6—
0.8 knots (0.3-0.4) m/s. When the Agulhas Current
reaches the tip of South Africa (Cape Agulhas), the
current branches, with the western branch flowing
around the Cape of Good Hope northward along the
southwest coast of the continent into the BENGUELA
CURRENT. Most of the current turns sharply east-
ward, and then southeast, or “retroflects” (loops
back on itself) to flow into the Antarctic Circumpo-
lar Current.

The velocity of the Agulhas Current varies with
location, season, and depth. Speeds in the Agulhas
Current average around 3.1 knots (1.6 m/s) and in
some locations are greater than five knots (2.5 m/s)
for many months, especially during the time of the
southwest monsoon. The water within the current
has distinct TEMPERATURE and SALINITY character-
istics. The source water of the Agulhas Current is
warm, flowing from the tropical Indian Ocean. The
temperature of the current cools as it flows south-
ward. Within the current, a narrow tongue of water,
warm Agulhas water, extends to a depth of about
490 feet (149.4 m), with a temperature of about 68°F
(20°C). There is an envelope of identifiable water
around the Agulhas water with a temperature of
about 62°F (17°C). The salinity at the boundary of
the warm and cool Agulhas water is about 35.6 psu
(practical salinity units). Salinity is determined from
empirical relationships between temperature and the
conductivity ratio of the collected sample to Interna-
tional Association for the Physical Sciences of the
Ocean standard seawater. Volume transport is very
large, being about 70 Sverdrups (70x10¢ m3/s) near
31° South increasing to about 100 Sverdrups (100 x
106 m3/s) at the tip of South Africa. A Sverdrup is
equal to about 264 million gallons per second (1 mil-
lion cubic meters per second) and is named after the
Norwegian oceanographer and Arctic explorer
Harald U. Sverdrup (1888-1957).

Off Cape Agulhas in the retroflection region,
the current forms many ringlike eddies, many of
which are carried around the Cape of Good Hope
into the Benguela Current. Recent satellite, infrared,
and microwave images show scalloped edges of the
current and the formation of the rings and eddies, as

well as current filaments. The exchange of heat and
salt between the ATLaNTIC OCEAN and the Indian
Ocean by rings and eddies is important to the cli-
matic balance of the region.

The Agulhas Current is perhaps most famous
for its extremely high waves, which have caused the
destruction of ocean liners and supertankers (see
ROGUE WAVES). Strong southwest winds oppose the
current, increasing wave heights; the steady progres-
sion of cold fronts and high waves from the Antarc-
tic region further drives up wave heights. In future,
with modern measurement technologies, sufficient
information will be made available to forecast the
severe seas that have proved so dangerous to

shipping.
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Alaska Current The Alaska Current is a northeast-
ward-flowing continuation of the Aleutian Current,
entering the Gulf of Alaska and heading north north-
eastward, turning counterclockwise to follow the
shoreline contours of Canada and Alaska around the
Gulf of Alaska. The Alaska Current eventually flows
southwest along Kodiak Island and the Alaska Penin-
sula, where it is known as the Alaska Stream. It
eventually flows back into the Aleutian Current. The
eastward flowing Aleutian Current transports subarc-
tic water from the northern KurosH1o and OyasHIO
CURRENTS to the region between the North Pacific
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The Alaska Current is the branch of the North Pacific Current
that carries warm water to the coasts of northwestern Canada
and Alaska.

Current and the Aleutian Islands. Prior to reaching
the Aleutian Islands, the Aleutian Current divides,
with a branch going northward into the Bering Sea,
and a branch going south of the Aleutian Islands. This
latter branch divides again off the North Pacific coast
of North America, with one branch flowing south-
ward as the CALIFORNIA CURRENT, and one branch
flowing northward as the Alaska Current.

Even though the waters of the Alaska Current
are cold, it is categorized as a warm current, because
its waters are warmer than those of its surroundings.
Winter temperatures in the Gulf of Alaska can be as
low as 32°F (0°C). The Alaska Current is colder and
less saline at the surface than in the deepest part of
the current. The water maintains hydrostatic stabil-
ity because the increase of saLINITY with depth
compensates for the increase of TEMPERATURE with
depth, which ordinarily would make the water col-
umn unstable. This type of structure, with both tem-
perature and salinity increasing with depth is often
found in subarctic waters. The Alaska Current
undergoes seasonal variations, with the strongest
flow in winter and the weakest flow in summer.
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albedo Albedo is the fraction of light reflected
from a surface compared to the incident light upon
it. Ordinary albedo is a dimensionless number mea-
suring the surface’s brightness. If all the incident
light is reflected, then the albedo is 1.0. Fresh fallen
snow or the tops of clouds have an albedo of nearly
1.0. Glacier surfaces have albedoes that can range
from nearly 1.0 to 0.1, depending upon whether the
surface is dry snow or debris-covered ice, respec-
tively. For this reason, it is important for researchers
as well as those recreating in snow- and ice-covered
regions to protect their eyes from the Sun’s rays to
avoid photokeratitis or snow blindness.

Bond albedo (named after American astronomer
George P. Bond, 1825-635) is different from normal
albedo. It is defined as the percentage of incident
solar radiation reflected by a planet and is a measure
of the planet’s energy balance. The bond albedo of
Earth is about 0.33, that of the Moon is about 0.12,
and that of Venus is about 0.76. This parameter is of
particular use for astronomers and remote sensing
scientists. For example, scientists measure changes
in sunlight reflected off Earth and onto the Moon as
a tool to assess Earth’s climatic patterns. Leonardo
da Vinci (1452-1519) called this phenomenon
Earthshine.

It is important when measuring the albedo to
specify the WAVELENGTH. For example, suppose a
light bulb shone for equal times on a white sheet of
paper and a black sheet of paper. The white paper’s
TEMPERATURE would increase by a small amount.
However, the black paper’s temperature would
increase by a large amount. The white paper has a
larger albedo. It reflects more of the incoming energy.
The black paper has a smaller albedo and absorbs
more of the energy, causing it to heat up. If the light
bulb were replaced by a heating element emitting
infrared instead of visible light, both pieces of paper
would warm to the same temperature. In the infra-
red range (750 mm to 1 mm), both pieces of paper
have the same albedo. Infrared light lies between vis-
ible and microwave portions of the electromagnetic
spectrum.

Albedo is an important parameter in modeling
the response of the Earth’s climate to incoming
energy from the Sun. GLOBAL WARMING could lead
to more clouds, increasing the Earth’s albedo, which
would reflect more energy away. The planet would
then begin to cool. On the other hand, in polar
regions changes in the landscape such as the spread



16 algae

of vegetation could increase the speed of climate
change by altering snow cover and reducing albedo.
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algae Although there are many exceptions, algae
are commonly regarded as aquatic organisms that
are photosynthetic oxygenic autotrophs typically
smaller and less structurally complex than land
plants. In contrast to most terrestrial plants, algae
are nonflowering and do not have roots, leafy shoots,
or highly organized tissues for transporting water,
sugars, and nutrients. Prokaryotic (lacking an orga-
nized nucleus) algae belong to the kingdom Monera,
and eukaryotic algae (with an organized nucleus) are
members of the kingdom Plantae. The fossil record
indicates that blue-green algae existed 3 billion years
ago and were probably the first organisms to carry
chlorophyll a (a pigment creating the brighter hues of
bluish-green). Algology (from the Latin alga, sea
wrack) and phycology (from the Greek phykos, sea-
weed) refer to the study of algae. Algologists recog-
nize 16 phyletic classes of algae based on differences
in reproduction, cellular structure, pigmentation,
and mobility.

Because algae evolved to tolerate a wide range of
conditions, algae can be found almost anywhere on
the planet. Most species of algae are aquatic or native
to the tidal zone in either fresh or salt water, but
some algae have adapted to survive in the terrestrial
environment. In part, algae are successful because
they tolerate a broad spectrum of physical condi-
tions, such as dissolved oxygen and carbon dioxide
concentrations, pH, solute concentrations, water tur-
bidity, and TEMPERATURE. They can exist in the
water column (planktonic), attached to the bottom
(benthic), or on the surface of water (neustonic). Red
algae have been observed in tropical waters 820 feet
(249.9 m) beneath the ocean surface. Algae can be
found on stones (epilithic), in sand and mud (epipelic),
on plants (epiphytic), and on animals (epizoic). They
inhabit the driest deserts, Antarctic rocks, and the

waters beneath polar ice sheets. There are species of
algae called cyanobacteria that can tolerate tempera-
tures in hot springs of up to 162°F (72°C). Various
terrestrial algae have evolved to coexist with fungi to
form organisms known as lichens.

The body of some algae can be as small as bacte-
ria (1 to 1.5pm), while others, like the giant kelps,
can reach lengths of 200 feet (60.9 m). The primary
types of algal body (thallus) include unicellular (sin-
gle cell), colonial (groups of cells), filamentous (chain
of cells), membranous (sheets of cells), and tubular
structures. Algae may have a means of locomotion
or not. Scientists often classify algae as blue-green,
red, brown, green, or yellow-green depending on
differences in pigmentation.

Variation in algal pigment is often associated
with differences in storage products and cellular
organization. The primary purpose of pigment in
phototrophic or photoauxotrophic algae is to collect
light energy for photosynthesis. ZOOXANTHELLAE,
photosynthetic yellow-brown algae, live symbioti-
cally inside the cells of reef-building corals and pro-
vide nutrients to corals for growth and reproduction.
Other algae are heterotrophic and must either absorb
organic compounds from their surroundings (osmot-
rophic) or ingest solid food particles (phagotrophic).
Both sexual and asexual reproduction is common
among algae, and like other algal characteristics,
means of reproduction can be variable depending on
species and habitat.

Humans have harvested nearly 500 different
species of seaweed, a form of algae, over the last few
thousand years. Each year the Japanese cultivate and
harvest 350,000 tons of seaweed known as Nori or
Porphyra. Nori, which is high in vitamins and min-
erals, is an important ingredient in food and medi-
cine in many Asian countries and is becoming more
popular in other parts of the world. The Chinese
consume an estimated 100 million pounds (45 mil-
lion kg) of seaweed annually. Seaweed extracts serve
as thickeners and gelling agents in ice creams, tooth-
paste, sauces, and drinks. Seaweed or products con-
taining seaweed are commonly used to enhance soil
fertility and livestock diets.

Marine microalgae play a large role in biogeo-
chemical cycling of carbon, nitrogen, sulfur, phos-
phorous and other elements, and long-term marine
phytoplankton growth and sedimentation has
resulted in significant oil and limestone deposits.
Both freshwater and marine algal plankton are
aquatic primary producers that are necessary for the
sustained health of fisheries and ecologically impor-
tant bird and mammal populations. Cyanobacteria
are nitrogen fixing, meaning they have the ability to
take nitrogen out of the atmosphere (diatomic N,)



and release it into the ground in a form (ammonium
ion) that is useful to other organisms.

Algal blooms are high concentrations of micro-
scopic aquatic algae that usually form as a response
to nutrient pollution. Human activities, such as
improper sewage treatment and use of agricultural
fertilizers, are a major cause of algal blooms that
produce toxins responsible for poor water quality,
substantial fish kills, and illness or death in verte-
brates, including humans.

Because algae are sensitive to various physical
and chemical pollutants, they are used as biomoni-
tors to assess toxicity levels of detergents, pesticides,
and other effluents. Algae also play an important
part in some effluent treatment systems by filtering
out inorganic nutrients while adding oxygen. Space
researchers believe that algae may eventually assist
life-support systems by removing CO, and adding
O, to the atmosphere of spacecraft and planets.

See also KELP; PLANKTON; PRIMARY
PRODUCTION.
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alkalinity Alkalinity is the measure of a solution’s
resistance to changes in pH or the “potential of hy-
drogen.” It is the capacity of water to neutralize an
acid or the measure of how much acid can be added
to a liquid without causing a significant change in
pH. The intensity of alkalinity is reflected on the pH
scale by values ranging from 7 to 14. Values below
7.0 indicate the intensity of acidity, and 7.0 indicates
neutral. Water that produces neither an acid nor al-
kaline reaction is neutral because there are an equal
number of free hydrogen and hydroxide ions. Exam-
ples of common acidic-to-alkaline solutions are acids
such as lemon juice or vinegar to bases such as soap
or baking soda.

Many marine organisms thrive at specific pHs,
while others can tolerate a range of values. As aquar-
ists know, expensive marine fish are sensitive to pH
changes, which are usually well controlled or changed
very gradually. For example, the Golden Butterfly
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(Chaetodon semilarvatus) requires high water qual-
ity and a pH from 8.1 to 8.4. These popular aquar-
ium fish are commonly captured from the RED SEA.
In the ocean, the pH is usually around 8.0, that is,
slightly alkaline. For organisms such as coral, they
effectively remove bases such as calcium and carbon-
ate from the water column in order to build calcium
carbonate skeletons. In the aquarium as in the natu-
ral ocean, adding a buffer such as oyster shells can
raise alkalinity. The concentration of calcium car-
bonate can be determined to calculate the alkalinity
of the water.

Opyster shells are very important to an estuary.
They help to raise alkalinity by adding calcium car-
bonate, but also provide great habitat for benthic
organisms such as worms, crustaceans, and fish. In
estuaries, oyster reefs develop in favorable locations
where live oysters grow on the empty shells of dead
oysters. Oyster shells also have rough surfaces that
greatly increase the surface area where other sessile
creatures such as sea squirts, barnacles, and anemo-
nes can attach.
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altimeter A device for measuring the distance from
the instrument to a reference surface below is called
an altimeter. Altimeters can be carried, mounted in
an aircraft, or flown in an orbiting satellite. The
most common type of altimeter is found in aircraft
and is used to measure the height of an aircraft above
the ground. In this case, the altimeter is a barometer
that is set to zero at the air pressure on the ground.
Other types of altimeters can use laser beams to
measure the distance to the surface below. These la-
ser altimeters have been used in aircraft to survey the
terrain below to an accuracy of centimeters. They
have been used to chart glaciers, monitor beach mi-
grations, and map the debris field at “ground zero”
after terrorist attacks of September 11, 2001, in the
United States. Laser altimeters are also used on board
orbiting satellites to map the sea surface height, the
land’s topography, and the polar ice caps. The big-
gest hindrance to using a laser altimeter is the Earth’s
cloud cover. The lasers are incapable of penetrating
through the clouds and fog.

Another type of altimeter is the radar altimeter.
The radar altimeter is capable of penetrating through
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the clouds and fog that shroud large portions of the
Earth’s oceans. Radar altimeters are used on aircraft
and on spacecraft. Some space-borne altimeters
operate at a frequency of 36 gigahertz. If the posi-
tion of the satellite is known precisely, the sea sur-
face height can be measured to an accuracy of about
two centimeters. The circular footprint (the intersec-
tion of the beam with the ground) of a radar altime-
ter has a radius of about 6.2 miles (9.9 km) and is
sampled about every .4 miles (.64 km) along the sat-
ellite’s ground track.

A prototype radar altimeter was flown on Skylab,
the first U.S. space station, in the early 1970s. The
first highly successful and scientifically useful satellite
altimeter was flown on the U.S. Navy’s Geosat satel-
lite. This satellite was launched in the 1980s to mea-
sure the shape of the Earth’s geoid (shape of the Earth
approximated as an ellipsoidal solid of revolution
whose surface coincides with mean sea level). The
geoid is important in orbit considerations for launch-
ing missiles from submarines; hence the U.S. Navy’s
interest. Furthermore, sea surface topography yields
information on ocean circulation, since changes in
sea surface height produce pressure gradients (see
PRESSURE GRADIENT) that drive ocean currents. How-
ever, once this data was declassified in the 1990s, it
provided a trove of scientific data and the first com-
prehensive and standardized charts of the Earth’s
bathymetry (topography of the seafloor).

Because Geosat’s altimeter was able to measure
the height of the sea surface with an accuracy of two
inches (5 cm), it was sufficiently accurate to provide
data from which maps of the GULF STREAM were
constructed from the analysis of the sea surface
topography, and by applying the geostrophic equa-
tion (see GEOSTROPHY). From these data, even meso-
scale (order of tens of kilometers in the ocean, such
as eddies) features of the ocean were identified. (Ten
kilometers equal 6.2 miles.)

The TOPEX/Poseidon altimeter, a joint
NATIONAL AERONAUTICAL AND SPACE ADMINIS-
TRATION (NASA) and Centre National d’Etudes
Spatiales (CNES in France) project, was launched in
the early 1990s and has operated nearly perfectly for
more than 10 years. The Jason-1 altimeter has
recently joined it. This pair of satellite altimeters is
providing oceanographers with a treasure of data
that allows measurements on space scales from hun-
dreds to thousands of kilometers. (One hundred
kilometers equal 62 miles.)

New space-borne altimeters are in the works or
proposed to measure the ice caps and the ocean
bathymetry with hitherto unparalleled accuracy.
Altimeters have been and will continue to be an
important tool for marine scientists.

Further Reading

CNES, Centre National d’Etudes Spatiales. Available
online. URL: http://www.cnes.fr. Accessed January 6,
2007.

Jet Propulsion Laboratory, California Institute of Tech-
nology. Available online. URL: http://www.jpl.nasa.gov.
Accessed January 6, 2007.

Laboratory for Satellite Altimetry, Oceanic Research and
Applications Division, National Environmental Satel-
lite, Data and Information Service, National Oceanic
and Atmospheric Administration. Available online.
URL: http://ibis.grdl.noaa.gov/SAT. Accessed January
7,2007.

ambient noise Ambient noise is the level of acous-
tic background noise in a given location, such as a
deep ocean basin, the coastal ocean, or an ESTUARY,
emanting from a variety of sources. These signals are
actually pressure changes or compressions and dila-
tions moving through the water. The main contribu-
tors to ambient noise in the ocean include sources
such as shipping noise (sounds from propellers and
engines), drilling rigs, underwater pipelines, dredg-
ing, and biologics (sounds from whales, fish, and
even smaller organisms). Ambient noise from the in-
teraction of the ocean with the atmosphere includes
sounds from the wind, WAvES, and precipitation. The
seafloor itself also passes seismic noise into the water
above. These combined sound signals, which make
up the broadband noise, are important because they
contain information about the oceanic environment.
Broadband is the term describing acoustic energy
propagating over a wide range of frequencies. In deep
water, sources of natural ocean noise are often events
occurring at the air-sea interface, while in shallow
water, biologics such as snapping shrimp (Synal-
pheus stimpsoni, Alpheus pacificus, and Alpheus
randalli) can easily dominate the soundscape. Snap-
ping shrimp live in burrows, and they make a snap-
ping sound with their claws. Shallow water ambient
noise may also contain important information about
the geoacoustic parameters of the seabed. Gaining
information on the surface features of the seafloor
such as SEAMOUNTS and ridges is important for navi-
gation by submarines. Some researchers use arrays of
hydrophones and transponders deployed from re-
search platforms such as the Floating Instrument
Platform (FLIP) to listen to background noise in the
ocean. These signals are important in understanding
phenomena from wind and waves to earthquakes
and TSUNAMIS.

Acoustical oceanography is an important tool
for measuring many processes. Investigators attempt
to record, study, and identify the many sounds asso-
ciated with the noise field in the ocean. As sound



propagates through the water, its energy is spread
over an increasing area, and the intensity of the sig-
nal decreases with distance as this spreading occurs.
A propagation-loss diagram is used to represent this
effect along a given ray path, which represents the
sound’s travel. When the intensity of the sound
expressed in decibels falls below the level of the
ambient noise, the signal will not be audible. There
will always be work for acousticians, since ambient
noise in the ocean is continuously present at varying
levels and comprises acoustic energy from many
sources. For example, rainfall over the ocean plays a
pivotal role in atmospheric dynamics, air-sea inter-
actions, the oceanic salt budget, and climate vari-
ability on a wide range of temporal and spatial
scales. Precipitation over the ocean is one of the
most difficult measurements to make reliably because
of its highly episodic nature. Today, at-sea acoustical
methods provide a reasonable means of making
quantitative rainfall measurements. Such “acoustic
rain gauges” have been included in ARGO floats.
Beginning in 2000, an international program called
“Argo” began with the deployment of approximately
3,000 neutrally buoyant free-drifting floats that
transmit TEMPERATURE and SALINITY profiles in the
upper 6,500 feet (1,981.2 m) of the ocean when they
surface.

Further Reading

Argo: Part of the integrated global observation strategy.
Available online. URL: http://www.argo.ucsd.edu.
Accessed January 6, 2007.

National Research Council. Environmental Information
for Naval Warfare. Washington, D.C.: National Acad-
emies Press, 2003.

Urick, Robert J. Principles of Underwater Sound. New
York: McGraw Hill, 1983.

American Bureau of Shipping (ABS) The Amer-
ican Bureau of Shipping is a preeminent ship classi-
fication society that determines structural and
mechanical capabilities of ships and other marine
structures. ABS is a nonprofit corporation with
world headquarters in Houston, Texas, and serves
the public interest as well as the needs of the marine
industry by completing inspection and analysis ser-
vices. ABS has offices or representatives working out
of principal seaports. According to the ABS mission
statement, “the primary purpose of ABS is to deter-
mine the structural and mechanical fitness of ships
and other marine structures for their intended pur-
pose. It does this through a procedure known as
classification.”

ABS promotes the security of life, property, and
the natural environment primarily through the devel-
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opment and verification of standards for the design,
construction, and operational maintenance of marine-
related facilities. Vessels that have been “classed” are
listed on the ABS Web site along with detailed infor-
mation, such as type, size, construction material,
machinery, fuel used, and date and type of last survey.
Classification helps to ensure that ships are designed,
built, and operated in accordance with internationally
recognized safety standards. Classification rules cover
a large variety of equipment and systems essential for
the safe and reliable operation of a ship. The U.S.
Coast Guard (USCG) does not require that any vessel
be classed with the ABS. However, there is an April
27, 1982, Memorandum of Understanding between
the USCG and ABS stating, “Unless specified else-
where, copies of ABS approval letters, stamped plans,
pass certificates, and other ABS documents provided
to the Officer in Charge, marine Inspection, will be
deemed sufficient for verification of compliance with
USCG requirements.”

ABS establishes industry standards through
technical rules and guides, “for the design, construc-
tion, and operational maintenance of marine vessels
and (offshore) structures.” These rules and guides
are based on scientific principles, including disci-
plines such as naval architecture, marine and ocean
engineering, and oceanography. Examples of ABS
rules are as follows:

¢ Rules for Building and Classing Steel Vessels
under 61 Meters (200 Feet in Length)

® Rules for Building and Classing Offshore
Installations: Part 1, Structures

¢ Rules for Certification of Cargo Containers,
1983

¢ Rules for Certification of Cargo Containers,
1987/with Marine Container Chassis Test
Report

¢ Rules for Building and Classing Steel Vessels,
1988

ABS Guides cover numerous topics from environ-
mental stewardship to risk management. Examples
of ABS Guides are as follows:

e Prevention of Air Pollution from Ships

e Certification of Oil Spill Recovery Equipment

® Marine Safety, Quality & Environmental
Management
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e Risk Assessment Applications for Marine &
Offshore Oil & Gas Industries

More than 60 rules and guides are listed online from
the ABS Web site; other literature of direct benefit to
the marine industry includes ABS Advisory Notes
and Manuals.

ABS obtains input from industry trade shows,
conferences, and professional society meetings,
which provide forums for the presentation of techni-
cal information on marine science topics, offshore
technologies, and naval architecture. ABS scientists,
engineers, and architects are at the forefront in devel-
oping risk-management and risk-assessment strate-
gies for the safe design, construction, and operation
of innovative new vessels such as natural gas carriers
(LNG tankers). In addition, certification applies to
vessel components from bilge pumps and diesel
engines to winches and cranes.
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5, 2003.
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mso/index.htm. Accessed January 6, 2007.

American Fisheries Society (AFS) The American
Fisheries Society, founded in 1870 as the American
Fish Culture Association, is the oldest and largest
professional society representing fisheries scientists.
Today, the American Fisheries Society has more than
9,000 members.

During the Civil War reconstruction period,
aquaculturists in the northeastern United States
began to attribute declines in local fish stocks to
poaching, pollution, soil erosion, dam construction,
and general habitat alteration. To address the prob-
lem, they formed the American Fish Culture Associ-
ation, and the organization’s goal was to restock
local waters with fish from their hatcheries. Interest-
ingly, from 1874 to 1882 the second president of the
association was Robert Barnwell Roosevelt (1829-
1906), the uncle of the 26th president of the United
States, Theodore Roosevelt (1858-1919). In 1900,
President Roosevelt signed a law to construct the

second federal fisheries laboratory in the United
States at Beaufort, North Carolina.

The association later changed its name to the
American Fisheries Society, and their current goals
are to increase the visibility and understanding of
the fisheries profession, increase the influence of
fisheries science, enhance visibility and public per-
ception of AFS, and increase public appreciation of
the benefits of scientifically managed fisheries. The
overall mission of AFS is to improve conservation
and sustainability of fishery resources and aquatic
ecosystems by advancing fisheries and aquatic sci-
ence and promoting the development of fisheries
professionals.

AFS uses a variety of tools to accomplish their
mission. AFS publishes four well-respected fisheries
research journals that are available online: Transac-
tions of the American Fisheries Society, North
American Journal of Fisheries Management, North
American Journal of Aquaculture, and The Journal
of Aquatic Animal Health. AFS also publishes books
that cover topics in biology, aquaculture, manage-
ment, habitat, water quality, professional tools, pol-
icy, socioeconomic, and fisheries technology. Their
books have helped to standardize the names of fish
as well as fisheries procedures (e.g. fish kill counting
techniques and fish disease diagnosis).

AFS aligns the expertise of its members to create
discipline groups called sections, which specialize in
areas such as bioengineering, fish health, marine
fisheries, and native peoples’ fisheries. AFS has a
number of programs dedicated to professional certi-
fication, international affairs, public affairs, and
public information. These resources are applied to
produce opinions on various issues (such as aquatic
species introduction) and publicize executive and
legislative branch decisions that affect fisheries
resources. Annual meetings draw thousands of par-
ticipants and cover topics such as invasive species,
stock assessments, and the management of recover-
ing fish stocks.

Further Reading

American Fisheries Society. Available online. URL: http://
www.fisheries.org. Accessed July 15, 2003.

Berry, Charles R., Jr. “The American Fisheries Society:
An AIBS Member Society Promoting Fisheries Science
and Education Since 1870.” BioScience 52.8 (2002):
758(3).

American Geophysical Union (AGU) The Ameri-
can Geophysical Union is a professional society that
promotes the interests of geophysics and geophysi-
cists. Geophysicists are scientists who study the
Earth and its surrounding environment in space. The



disciplines of geophysics include geology, meteorol-
ogy, oceanography, space, and planetary physics.
The AGU was founded in 1919 by the National Re-
search Council, and functioned for more than half a
century as an unincorporated affiliate of the Na-
tional Academy of Sciences. In 1972, the union was
incorporated in the District of Columbia, and mem-
bership was opened to scientists and students from
all nations. The AGU is one of the member societies
of the American Institute of Physics.
AGU’s mission is:

1. to promote the scientific study of Earth and its
environment in space and to disseminate the
results to the public.

2. to promote cooperation among scientific organiza-
tions involved in geophysics and related disciplines.

3. to initiate and participate in geophysical research
programs.

4. to advance the geophysical disciplines through
scientific discussion, publication, and dissemina-
tion of information.

AGU has defined four fundamental areas of geo-
physics as:

1. Atmospheric and ocean sciences, including such top-
ics as climate change, weather, air and water quality,
ocean circulation, WAVES, the ocean floor, REMOTE
SENSING, biological, and chemical processes.

2. Solid Earth sciences, including such topics as
structure and dynamics of the Earth’s interior, tec-
tonic plates, earthquakes, volcanoes, and mineral
resources.

3. Hydrologic sciences, including such topics as
water supply and quality, groundwater contami-
nation, waste disposal, droughts, floods, erosion,
and desertification.

4. Space sciences, including such topics as structure
and evolution of planets, moons, asteroids, com-
ets, gravitational and magnetic fields, solar storms,
space weather, cosmic rays, and X-ray bursts.

AGU is an individual membership society open
to those engaged in research in the geosciences.
There are currently more than 35,000 members, of
which about 7,000 are students. AGU members
include outstanding scientists from academia, gov-
ernment, and industry.
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The union administers grant programs that pro-
vide free memberships to scientists from developing
countries. Numerous awards are presented to scien-
tists for outstanding achievements in their fields of
endeavor.

AGU provides a choice of premier journals deal-
ing with the four major geophysical subject areas,
which are published monthly. The AGU journal deal-
ing with marine science is called Oceans and Atmo-
spheres. All members receive a weekly newspaper of
recent scientific findings and meeting announce-
ments, student opportunities, job announcements,
and so forth, as well as the American Institute of
Physics publication Physics Today. The union also
publishes numerous specialized books as well as
electronic resources on the World Wide Web.

AGU is governed by a council that consists of
elected officers of the union, and from each of the 11
scientific sections. Generally, two meetings of the
union are held every year, as well as other special-
ized meetings, such as the Ocean Sciences Meeting,
which is held every other year, and small, highly
focused meetings and workshops. AGU strongly
encourages interdisciplinary research and publishes
articles on biogeochemistry and biogeophysics.

Further Reading

American Geophysical Union homepage. Available
online. URL: http://www.agu.org. Accessed October
16, 2003.

American Meteorological Society (AMS) The
American Meteorological Society is a professional so-
ciety that promotes the development and dissemina-
tion of information and education on the atmospheric
and related oceanic and hydrological sciences. Atmo-
spheric scientists include climatologists, meteorolo-
gists, atmospheric physicists and chemists; oceanic
and hydrological scientists include oceanographers,
ocean engineers, hydrologists, geologists, and geo-
physicists. Geophysicists are scientists who study the
Earth and its surrounding environment in space.
Charles Franklin Brooks (1891-1958) of the Blue Hill
Observatory in Milton, Massachusetts, founded the
American Meteorological Society (AMS) in 1919. The
first members came primarily from the U.S. Weather
Bureau and the U.S. Army Signal Corps. Their first
publication was the Bulletin of the American Meteo-
rological Society, which is still published. In 1944-45
Professor Carl-Gustaf Arvid Rossby (1898-1957),
then president of the society, organized the publica-
tion of the Journal of Meteorology, which is now the
Journal of Applied Meteorology, and the Journal of
the Atmospbheric Sciences. Carl-Gustav Rossby is best
remembered for his studies of large-scale motions.
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Waves in the ocean and atmosphere that propogate
as a result of the CORIOLIS FORCE bear his name (see
ROSSBY WAVES).

The role of the society, to serve as a scientific
and professional organization for the atmospheric
and related sciences, has continued to the present
day. AMS now publishes in print and online nine
highly respected journals as well as an abstract jour-
nal, and the Bulletin of the American Meteorologi-
cal Society, which is sent to all members. The present
membership is more than 11,000 professionals, pro-
fessors, students, and weather enthusiasts.

The AMS administers two professional certifi-
cation programs, the Radio and Television Seal of
Approval and the Certified Consulting Meteorologi-
cal (CCM) programs. It offers a large number of
undergraduate scholarships and graduate fellowships
to support students pursuing careers in the atmo-
spheric, oceanic, hydrologic, and related sciences.
The society offers several prestigious awards to sci-
entists for significant achievements in advancing
knowledge of the atmosphere and the oceans.

The AMS sponsors and organizes more than a
dozen scientific conferences every year. It has pub-
lished more than 50 monographs, books, and educa-
tional materials of all types. For the marine sciences,
the society publishes the Journal of Physical Ocean-
ography, which reports the results of research related
to the physics of the ocean and to processes operat-
ing at its boundaries, and the Journal of Atmo-
spheric and Oceanic Technology, which contain
papers on the instrumentation and methodology
used in the atmospheric and oceanic sciences. The
Journal of Climate reports the results of climate
research on large-scale variability of the atmosphere,
the ocean, and the land surface. Earth Interactions
is published online at irregular intervals reporting
research results in the Earth sciences, especially
interdisciplinary work.

The AMS also supports local chapters whose
members include anyone interested in weather and
climate, as well as professional atmospheric and oce-
anic scientists. These chapters typically hold meet-
ings every month, offer featured speakers, provide
weather information to local officials, and hold
annual elections for officers.

Further Reading
American Meteorological Society homepage. Available

online. URL: http://www.ametsoc.org. Accessed Octo-
ber 16, 2003.

American Society of Limnology and Oceanogra-
phy (ASLO) The American Society of Limnology
and Oceanography is a professional association pro-

moting the interests of limnology, oceanography,
and related sciences. Membership in ASLO provides
marine scientists on-the-job learning opportunities,
chances to interact and network, and exchange in-
formation on topics ranging from the latest scientific
discoveries in limnology and oceanography to job
opportunities. The association publishes the ac-
claimed journal Limnology and Oceanography,
holds several interdisciplinary meetings per year, and
conducts special symposia.

The society attracts members who are interested
in studying the oceans, inland waters, fisheries, estu-
aries, and wetlands. ASLO members exchange infor-
mation across the range of aquatic science and
collaborate in order to further investigations dealing
with these subjects. Research topics include methods
to control invasive species, impacts from depletion of
the ozone layer, and environmental restoration.

Limnologists focus their work on the physical and
chemical characteristics of freshwater lakes, ponds,
and marshes as well as the plants and animals that live
within them. Oceanographers are interested in the
physical properties of the ocean, such as CURRENTS
and WAVES (physical oceanography), the chemistry of
the ocean (chemical oceanography), the geology of the
seafloor (marine geology), and the organisms that are
found within the oceans (marine biology and biologi-
cal oceanography). Related sciences include disciplines
such as coastal engineering, fisheries biology, and
hydrology. ASLO is one of the few marine science
associations embracing all these disciplines.

ASLO provides educational resources for stu-
dents and educators, both specific to limnology and
oceanography, and for general science. Resources
range from computer-based training to research
opportunities for undergraduates. ASLO has estab-
lished the Minorities in the Aquatic Sciences pro-
gram to increase participation of underrepresented
minorities in the sciences. Minority students from
the United States have been selected to participate in
minority-focused workshops and the annual ASLO
meeting with funding from agencies such as the
National Science Foundation and the NATIONAL
OCEANIC AND ATMOSPHERIC ADMINISTRATION.

Further Reading

ASLO: American Society of Limnology and Oceanography.
Available online. URL: http://www.aslo.org/. Accessed
May §, 2003.

amphibious warfare Amphibious warfare refers
to the use of specially trained, equipped, and sea-
based Navy and Marine Corps units to perform
missions ranging from humanitarian assistance and
disaster relief to small-scale contingencies and major
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The amphibious warfare vessel USS Cleveland deploys Marines in the combat zone.  (U.S. Navy)

theater war, normally conducted in littoral (inter-
tidal) and coastal regions from sea, land, or forward
bases. Critical equipment includes vessels such as
transport ships, specialized aircraft such as vertical/
short take off and landing (V/STOL) jets, helicop-
ters, tilt-wing propeller-driven aircraft, lighters, ele-
vated causeways, and waterborne craft such as
amphibious tractors and hovercraft. Near the coast,
a wide diversity of environmental factors can affect
military operations. Military commanders and their
staffs rely on meteorological and oceanographic
forecasts during the planning, embarkation, re-
hearsal, movement, and assault phases of amphibi-
ous warfare operations. They must know whether
environmental conditions match critical thresholds
for weapon systems and permit the movement of
equipment and personnel through shallow water and
across the landing BEACHES to inland objectives.

To ensure that operators have essential informa-
tion, support personnel must obtain timely informa-
tion that includes:

e climatological and historical data

weather parameters such as cloud ceiling
height, visibility, and winds

sea, swell, and surf conditions

sea surface TEMPERATURE

astronomical data (for example: sunrise/
sunset, moonrise/ moonset, and percent of
illumination)

tidal data that illustrates water fluctuations
at local anchorages and the extent of beach at
various phases of tide

longshore and rip CURRENTS

character of surf zone (for example: beach
profiles, surf zone width, nearshore currents,

breaker height, and breaker type)

degree of exposure of potential obstacles in the
surf zone
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¢ bearing strength of sediments
¢ wave oscillation in harbors

e hydrographic data for inshore navigation of
landing craft

e treacherous regions, such as inlets to bays and
harbors

¢ locations of SANDBARS, reefs, and shifting
channels.

In order to meet many challenges facing amphibi-
ous warfare, marine scientists have contributed to the
development of innovative technologies such as the
amphibious vehicles the Expeditionary Fighting Vehi-
cle and other high-speed vessels, as well as Rapidly
Installed Breakwaters, modular causeways, and high-
resolution imaging systems that detect important fea-
tures such as waterlines and shoals. Hovercraft are
especially important to moving personnel and equip-
ment from ships to shore. The design was patented by
Sir Christopher Sydney Cockerell (1910-99) in 1955.
State-of-the-art measuring systems are also used to
provide real-time information on conditions such as
winds, WAVES, and currents. Such systems are similar
to the ocean observatories that are being implemented
around the United States as part of the Integrated
Ocean Observing System. Tactical decision aids are
employed that help planners estimate rates of mine
drift, burial, and scour. These resources enable opera-
tional forces to accomplish their diverse military opera-
tions, which include tasks from ship-to-shore movement
and mine countermeasures to identifying exits off the
beach and routes for cross-country movement.
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ous Assault, Expeditionary Fighting Vehicle. Available
online. URL: http://www.efv.usmc.mil. Accessed Janu-
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Combat Development Command, U.S. Marine Corps.
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usmc.mil. Accessed January 6, 2007.

National Research Council. Environmental Information
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Welcome to USS Cleveland! Available online. URL: http:/
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2008.

amphidromic point A point of zero amplitude of
the observed or constituent tide is classified as an
amphidromic point. It is a node of the tide wave
around which the tide wave rotates counterclockwise
in the Northern Hemisphere (see TIDE). The semi-di-
urnal, or twice daily tide completes this cycle in
about 12.4 hours. The pattern of the tide is shown by
plotting cotidal lines, or isolines of equal phase of
the tide wave around the amphidromic point. The
cotidal lines can be labeled with degrees of phase, or
in time intervals in hours, of either solar time or lu-
nar time, with respect to the average interval between
the Moon’s passage over the Greenwich Meridian
and the time of local high water. The cotidal lines are
traditionally labeled by Roman numerals.

An amphidromic point and the cotidal lines that
radiate from it like the spokes of a wheel are known
as an amphidromic system. Amphidromic systems
are found in ocean basins, the basins of marginal
seas, the Great Lakes, and large embayments and
estuaries. These circulation patterns are a result of
the Earth’s rotation, which imposes the CorioLis
EFFECT on the tidal motion, such that the tide wave
rotates counterclockwise around the basin. The time
of one cycle of the wave is determined by the period
of the observed tide or tidal constituent such as the
12.4-hour semi-diurnal tide.

The Englishman William Whewell (1794-1866)
developed the first plot of an amphidromic system
for the North Sea in 1836, although his (correct)
interpretation of the tidal circulation would not be
widely accepted for many decades. The term amphi-
dromic, from the Greek for “running around,” was
coined by Rollin A. Harris (1863-1918) of the U.S.
Coast and Geodetic Survey (a predecessor organiza-
tion of the present U.S. NaTioNaL OCEANIC AND
ATMOSPHERIC ADMINISTRATION, NOAA). Harris
helped design a tide-prediction machine that com-
puted 37 tidal constituents. He produced the first
world map of cotidal lines.

See also WATER LEVEL FLUCTUATIONS.

Further Reading
Cartwright, David E. Tides: A Scientific History. Cam-
bridge: Cambridge University Press, 1999.

anadromous Anadromous fish species spend
portions of their life cycle in both fresh and salt wa-
ters, entering freshwater from the ocean to breed.
Anadromous is a term describing fish such as the
American shad (Alosa sapidissima), which ascends



Although this old fish ladder is charming, it must be replaced
by a new, more efficient ladder to help anadromous fish move

past the dam at Parker River, Massachusetts. (NOAA,

Louise Kane)

estuaries and rivers from the ocean to spawn. The
American shad is indigenous to the Atlantic coast
from the St. Lawrence River to Florida and enters
freshwaters where it was born to spawn.

Fisheries biologists plan and execute long-term
fish tagging programs to understand fish migrations
and to manage fish stocks. Some researchers tag
hatchery-reared fry with tetracycline, which stains
the fish’s otolith. An otolith is one of the small bones
in the internal ear of vertebrates and in the auditory
organs of many invertebrates. During capture of
anadromous fish, if there is a tetracycline stain on
the otolith, then the tiny ear stones are further ana-
lyzed like tree rings with microscopes. By under-
standing release time and locations of the fry and
capture time and locations of the mature fish, inves-
tigators are able to create a picture of the species’
migration patterns. Besides otoliths, scales, fins, and
vertebrae are some of the other anatomical struc-
tures most frequently collected from finfish to deter-
mine age. Investigators have found that American
shad enter estuaries such as the Chesapeake Bay
after four to six years at sea to spawn in low-salinity
tributaries such as the Susquehanna River.

Other familiar examples of anadromous fish
species include Pacific trouts and salmon of the genus
Oncorbynchus. Rainbow (Oncorbynchus mykiss)
and cutthroat (Oncorbynchus clarki) trout are capa-
ble of migrating, or at least adapting to seawater.
Their anadromy is either a genetic adaptation or
simply an opportunistic behavior. The fish known as
steelhead trout refers to the anadromous form of a
rainbow trout; it bears the same scientific name as a
rainbow trout. Thus, the steelhead is a rainbow
trout that migrates to the ocean as a juvenile and
returns to freshwater as an adult to spawn.
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Chinook (Oncorhynchus tshawytscha), coho
(Oncorbynchus kisutch), sockeye (Oncorbynchus
nerka), chum (Oncorbynchus keta), pink (Oncorbyn-
chus gorbuscha), masu (Oncorbynchus masou), and
amago (Oncorbynchus rbodurus) are all Pacific
salmon that die approximately one week after
spawning. The dead salmon become food for birds
such as bald eagles (Haliaeetus leucocephalus) and
North American osprey (Pandion haliaetus carolin-
ensis), as well as mammals such as raccoons (Pro-
cyon lotor) and mink (Mustela vison). Scientists
have employed acoustic and video technologies to
document and estimate the numbers of salmon and
steelhead passing through fish ladders such as the
one on the Lower Granite Dam on the Snake River
in Washington. Engineers design fish ladders so that
each step provides a gradual increase in height and a
place for the fish to rest.

See also F1SH; MARINE FISHES.
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Groot, Cornelis, and Leo Margolis, eds. Pacific Salmon
Life Histories. Vancouver: University of British Colum-
bia Press, 1991.
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Service-Pacific Region. Available online. URL: http://
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anchors Devices that are usually designed to dig
into the seafloor and are attached to ships or buoys
by chain and lines are called anchors. The traditional
parts of an anchor are the shank, flukes, stock, arms,
and crown. The shank is the component of the an-
chor that transmits the tension force to the flukes,
which are projected surfaces designed to bite into the
ground. The stock is a crossbar at the top of the shank,
and the crown is the bottom portion of the anchor
where the arms are united. Depending on size and
type of vessel, the weather, and bottom conditions,
different types of ground tackle will be used to hold
position. On board a vessel, the anchors, the anchor
line and chain, shackles, windlass, and any other gear
used to anchor the vessel are called, “ground tackle.”
Mariners define the line and chain attached to the
anchor as rode. Scope is the term that describes the
ratio of rode paid out to the depth of the water plus
the height to the bow chock. In general, greater
scopes increase the holding power by contributing to
a more horizontal pull on the anchor. The amount of
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Marine Embedment Anchors:
A Twist on Anchors

In times of fair weather, people all over the world are
drawn to the ocean, and since the beginning of time,
man has engineered and built objects and vessels to use
in the ocean for commercial, research, and recreational
purposes. But in times of stormy weather, the ocean can
present a very harsh environment for property such as
boats, floating docks, and fixed piers. Therefore, anchor-
ing has become a science and an art in the marine
industry. There are in fact many ways to secure struc-
tures to the seafloor, which has different soil or bottom
compositions. Some traditional examples include mush-
room and deadweight anchors.

Marine embedment anchors are intended to help
people contend with stormy weather and to minimize
damage that so often results. Therefore, the primary
advantage of marine embedment anchors over tradition-
al mooring anchors and mooring piles is the increased
holding capacity. These anchors are intended as per-
manent mooring anchors, as indicated by their weight,
shape, and installation. Viable marine embedment
anchors not only deliver more holding power, but they
must deliver that increased holding at competitive costs.

Helix anchors are marine embedment anchors that
are screwed into harbor bottoms with hydraulic equip-
ment, which allows their installation in resisting soils.
Firm soils deliver the best holding, but one is able to
compensate for softer soils by using larger anchors or
by screwing the anchors deeper into the softer soils.
Because the soils are so critical to the performance of

rode (chain) used by a ship when anchoring is nor-
mally five to seven times the depth of water.

The sea area in relation to factors such as winds,
wAVES, and bottom that is suitable for anchoring
vessels is called an anchorage. Good holding ground
for anchoring is marked on nautical charts where
bottom compositions are usually mud and sand or
mud and clay. Anchoring also depends on factors
such as depth, where one has to know WATER LEVEL
FLUCTUATIONS to remain clear of hazards. Low-tide
shoals can ground a ship, while CURRENT speeds or
winds may cause anchors to drag. Depending on the
currents, weather, and bottom conditions, different
amounts of rode may be paid out. The main anchor
should hold in up to 30 knots (15.43 m/s) of wind.
Adverse anchoring conditions such as heavy weather
require more scope, additional chain at the anchor,
or possibly a heavier anchor or even multiple anchors.
Some vessels have a “storm anchor” that would be

anchors, one measures the resistance created by the
soils during installation. Based on that resistance, one
can accurately approximate the holding that will be
delivered. If the resistance is low because the soils are
soft, shaft extensions can be added during installation
that allow one to screw the anchor deeper into the soils
in search of firmer soils. Alternatively, one can remove
(unscrew) the first anchor and replace it with a larger
Helix anchor better suited for the softer soils. A larger
Helix anchor would have additional or larger diameter
disks welded to the same central shaft. This adaptation
provides more anchor surface area and holding power
when working with the weaker soils or soft sediments.
Ability to match anchors with different soil conditions
makes it possible to deliver exceptional holding in wide
varieties of soil types (bottom compositions).

Helix anchors have been installed in water depths
from several feet (m) to more than 100 feet (30.5 m) deep.
An installation can be done by divers using submersible
installation equipment, or it can be done from surface
vessels working down through the water column with-
out any diver. There are advantages to each system—
depending upon the local situation and readily available
equipment. Prior to any deployment, an oceanographic
survey considers how factors such as bottom compo-
sition, tides, waves, and icing will support installation
planning for a marine embedded anchor. The installation
is planned in details and executed with precision.

Anchors that are protected by hot-dipped galva-
nizing and built on a solid central shaft offer a longer
life in the marine environment that do traditional moor-
ing anchors. The galvanized shaft on a Helix high-load

designed to hold at wind speeds up to 42 knots
(21.61 m/s). Maintaining position during severe
weather is difficult since as the wind speed doubles,
holding requirements can quadruple. Other tasks
requiring multiple anchors range from salvage crews
trying to maintain position over a sunken wreck to
oceanographers measuring current speed and direc-
tion from a boat. Using multiple anchors to keep a
boat from swinging back and forth requires detailed
planning and ready crews to prevent tangled or bro-
ken lines and fouled propellers. It should also be
noted that no anchor is 100 percent retrievable.
There are many types of anchors, which come in
various shapes and sizes from lightweight grapnel
anchors to 40,000-pound (18,143.7 kg) stockless
anchors. The traditional styles of anchors are Admi-
ralty, Grapnel, Navy, Danforth, Plow, and Mush-
room. Admiralty anchors have good holding power
and consist of a stock, a shank, which carries two



square shaft anchor is 1.75 inches square (44.5 mm sq),
which is a significant mass when compared to alterna-
tive anchors. Some deadweight anchors such as stacks
of old railroad wheels or mushroom anchors may be
used for permanent moorings, but when holding power
and efficiency are of concern, planning considerations
should consider holding power, depth of settlement, and
potentials for dragging during heavy weather. It is also
important for stewardship of the submarine environ-
ment to note that a properly installed marine embedment
anchor has minimal impact on the ocean bottom, both
during installation and throughout its life. This is espe-
cially important in environmentally sensitive areas such
as reefs because the anchors cause almost no distur-
bance during installation, and they do not drag or slide
around the bottom, causing damage during bad weather.

The Helix anchor marine embedment anchor is
used for a variety of important marine applications. Pri-
marily it is used to secure boat moorings (called mooring
balls in some regions), floating marine docks, aguacul-
ture fish pens as well as other grow-out and hatchery
equipment, and scientific or research equipment. Helix
Mooring Systems has installed anchors across the Unit-
ed States and in more than 20 maritime nations to meet
the needs of a variety of customers, ranging from aqua-
culturists and marine scientists to mariners and naval
forces. Example applications include mooring fish pens
in Canada and Taiwan; providing storm mooring systems
for charter boats in Saint Martin; mooring U.S. Coast
Guard and U.S. Navy docks in Washington and Guam;
mooring public and private marina docks in Panama,
Michigan, Ohio, Nevada, New York, Florida, Washington,

arms, and a crown. On the arms are two flat broad
parts called the flukes, which terminate in points
called the pea or bill. Grapnel or grappling anchors
have four arms and limited holding power, but are
ideal for grabbing onto bottom structures such as
rocks when other anchors would drag. The Navy
anchors use weight and two grabbing flukes to hold a
vessel. Danforth anchors work best with small boats
and are characterized by long, narrow, twin pivoting
flukes at one end of the relatively long shank. The
plow anchor has no stock and is hard to handle but,
when pulled on, digs into soft bottoms. Mushroom
anchors are commonly used for permanent moorings
since they sink deeply into the sediments over time.
Marine professionals such as naval architects often
make the selection of ground tackle for larger vessels.

Marine scientists often deploy moored arrays of
instruments to measure parameters and processes
occurring in the water column and the marine
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and Maine; installing community mooring fields in Mas-
sachusetts, California, Florida, and Antigua; and mooring
boundary markers, navigation aids, and scientific equip-
ment in Louisiana, Connecticut, and New Jersey. Helix
anchors have also been used in lieu of traditional moor-
ing anchors and cruising anchors to protect fragile envi-
ronments, including eel grass habitats and coral reefs.
Marine embedded anchors are playing an important role
in restoring and safeguarding submerged aquatic veg-
etation beds and coral reefs.

Helix anchors are high-load square shaft anchors
that have also supported components of ocean obser-
vatories such as LEO-15, which stands for Longterm
Ecosystem Observatory at a depth of 49 feet (15 m). It
is operated by Rutgers University and is part of the U.S.
Integrated Ocean Observing System. Long-term moor-
ings benefit from well-placed and correctly installed
marine embedment anchors.

For smaller vessels or inland waterway buoys, Helix
Mooring Systems offers a smaller and lower-load round
shaft anchor that is suitable for installation in remote
locations. These anchors, relying on the same holding
concepts as high-load anchors, can be installed by a
diver without any special equipment.

Further Reading
Helix Mooring Systems. Available online. URL: www.helixmoor-
ingsystems.com. Accessed July 21, 2008.

—Royce Randlett, Jr., president
Helix Mooring Systems
Belfast, Maine

boundary layer. Some of these moorings are long-
term and are used to telemeter information to ground
stations located at research laboratories or opera-
tional sites such as Coast Guard stations. The ocean-
ographic and meteorological instruments are fixed
to mooring cables and buoy platforms or masts.
Some of the important hardware that is used in
designing oceanographic moorings includes anchors,
chain, wire rope, synthetic line, SHACKLES, SWIVELS,
pear rings, hooks, subsurface floats, acoustic
releases, surface buoys, radios, lights, and antennas.
These moorings depend on well-designed anchoring
systems such as two stockless anchors in tandem,
deadweight anchors composed of cement blocks or
clumps of old train wheels, or innovative square
shaft anchors that auger into resisting bottom soils.
Marine technicians often design, build, and deploy
instrument moorings using the ship’s crane and a
quick release. The design of the moorings and the
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Railroad wheels are often used as anchors when deploying

oceanographic buoys. (NOAA)

distribution of the instruments are based on the
parameters to be measured as well as factors such as
mooring tensions, depths, currents, waves, and
winds. Technicians may mark distances along moor-
ing lines by sliding numbered slips of plastic between
strands, attach instruments directly to the mooring
with combinations of shackles, pear rings, and swiv-
els, and increase the safety factor by preventing
shackle screw pins from working loose by wiring the
pin to the shackle.

Structures in deep waters such as in the North
Sea require innovative mooring solutions. Wave
tanks and numerical models are often used to ana-
lyze hydrodynamic loads and responses of fixed and
floating structures in different sea states. Offshore
structures may utilize multiple anchor points and
various chain lengths attached to complicated and
massive drag, deadweight, pile, or embedded plate
anchors. Offshore structures and big ship anchor
types should be independently tested for holding
power and be classified by standards organizations
such as the AMERICAN BUREAU OF SHIPPING.

Mariners may also try to fix themselves in a per-
manent current such as the GULF STREAM. They use
sea anchors that are cone-shaped frameworks cov-
ered with material such as canvas and weighted at
the bottom to follow the current. These drogues or
sea anchors can range from buckets to modified
parachutes and also reduce a boat’s drift before the
wind. Sea anchor uses extend from helping fisher-
men stay on fishing grounds longer to helping mari-
ners safely ride out a storm. A sea anchor is typically
set off the bow of a boat so that the bow points into
the wind and rough waves.

See also MOORING; SCOPE.

Further Reading

Maloney, Elbert S. Chapman Piloting: Seamanship & Small
Boat Handling, 62nd ed. New York: Hearst Marine
Books, 1996.

Marine Embedment Anchors from Helix Mooring Systems.
Available online. URL: www.helixmooringsystems.com.
Accessed July 21, 2008.

anemometer An anemometer is a meteorological
instrument that measures either the total wind speed
or the speed of one or more components of the wind
vector. Anemometers may be classified according to
the type of sensor used. The most commonly used,
and perhaps the oldest, is the cup anemometer, which
is a mechanical instrument with a vertical axis of ro-
tation that usually consists of three or four hemi-
spherical or conical cups arranged symmetrically
about the rotation axis. The rate of rotation of the
cups is a measure of the wind speed. In gusty condi-
tions, the cup anemometer overestimates the wind
speed, because inertia carries the cups forward after
the occurrence of a short pulse of high wind speed. A
voltage proportional to wind speed usually transfers
the rate of rotation to a visual display or recorder. An
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Fig. JL

An early mechanical anemometer (NOAA)



analog-to-digital converter samples the data for stor-
age on a digital computer system. Quality instru-
ments must come with a certificate of calibration,
which was performed in a wind tunnel. Cup ane-
mometers are usually used in conjunction with wind
vanes to measure the direction of the wind, which is
also transmitted to a display or recorder as the out-
put of a compass by an electromagnetic signal. Of-
ten, a propeller rotating on a horizontal axis mounted
on a wind vane, in which the whole instrument ro-
tates into the wind direction, is used in place of the
cup/wind vane combination.

For research purposes in meteorology it is often
more desirable to measure orthogonal north and
east components of the wind vector. Instruments
employed for this purpose include Pitot tube, hot-
wire or hot-film, and sonic anemometers. The Pitot-
tube anemometer measures the wind speed by means
of PRESSURE changes. Hot-wire or hot-film anemom-
eters operate on the principle that a heated wire or
thin film of conducting material on the surface of an
insulating rod is cooled in proportion to the speed of
the flow past the element. The wind speed is actually
measured by the amount of electrical current needed
to maintain the wire at a constant temperature. The
data are recorded as a time varying current or volt-
age. The sonic anemometer measures the compo-
nents of the wind vector by measuring the wind
effect on the transit times of sound waves transmit-
ted over known acoustic paths. Sonic anemometers
can be configured in orthogonal triads to measure
the three components of the wind speed, and thus
determine the total wind vector. Hot-wire/hot-film
anemometers and sonic anemometers have much
shorter time constants than mechanical cup or pro-
peller type instruments, and are thus more suitable
for measuring wind gusts and atmospheric turbu-
lence than cup anemometers.

The location of the anemometer vis-a-vis terrain
or structural features that could block and distort
the airflow around the anemometer is an important
consideration in any installation. The location should
be as free from structural interference as possible.
The ideal exposure height of an anemometer is usu-
ally above obstructions, such as nearby trees, houses,
or ship structures. If the data are acquired as part of
a research project, or official weather data, national
or international agreements specify the height as
32.8 feet (10 m) above ground or sea level, so that
the data can be integrated with other wind measure-
ments to produce a map of the regional wind flow.

The systematic recording of wind direction was
begun in Italy in 1650 and in Britain in 1667. The
speed of the wind was first observed by measuring
the rate at which light objects were carried along by
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the air. This type of measurement, where a small,
light object acts as a tracer of the wind motion, is
called Lagrangian flow measurement. Measurement
of the wind at a fixed point is called Eulerian flow
measurement.

See also MARINE METEOROLOGIST; OCEANO-
GRAPHIC INSTRUMENTS.

Further Reading
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html. Accessed January 6, 2007.

Stevermer, Amy L. Recent Advances and Issues in Meteo-
rology. Westport, Conn.: Oryx Press, 2002.

angular momentum Angular momentum is a
measure of the spin of a body or a particle. Just as
linear momentum is conserved, angular momentum
is conserved. A body that is set in motion will spin.
If that body interacts with another body and gives up
some of its spin, that other body will begin to spin,
such that the sum of the angular momentum at the
beginning of the interaction and at the end are the
same. Linear momentum is the product of the mass
and velocity of a particle and is a conserved quantity.
Similarly, angular momentum, which is the product
of the mass, velocity, and distance from the point it
is rotating or orbiting about, is a conserved quantity
in the absence of external torques or other forces. A
bicycle wheel when it is rotating has an angular mo-
mentum associated with it. The conservation of the
angular momentum can be used to solve the motion
of that wheel subject to the forces, such as turning
the handlebars, on it. Similarly, air and water parti-
cles have an associated angular momentum. The an-
gular momentum of those particles will be conserved.
Another familiar example is an ice skater going into
a spin, who spins faster and faster as he or she pulls
the arms in close to the body.

Angular momentum describes how the Earth
orbits steadily about a fixed axis in space such as
the Sun. The Earth in its orbit changes its distance
from the Sun and speed with which it rotates about
the Sun. However, the product of its speed, mass,
and distance from the Sun remains constant. Thus,
the Earth’s angular momentum is conserved.

This same concept applies to the fluids of the
oceans and the atmosphere. Permanent ocean cur-
rent systems such as gyres conserve their angular
momentum unless a torque, such as winds at the sur-
face, act upon them. Oceanographers and meteorol-
ogists measure the angular momentum of spinning
masses of air or water in order to better understand
ocean currents and Earth’s winds. These same con-
servation laws play a large role in physics-based
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numerical models that are used to forecast ocean cir-
culation and global wind patterns.

Further Reading
Newton, David E. Recent Advances and Issues in Physics.
Phoenix, Ariz.: Oryx Press, 2000.

Antarctica Antarctica is a pristine polar and gen-
erally uninhabited continent slightly less than 1.5
times the size of the United States, sometimes re-
ferred to in the vernacular as “the South Pole.” Ant-
arctica is the coldest continent, lying 600 miles
(965.6 km) from South America and 1,600 miles
(2,574.9 km) from Australia. Air temperatures in the
high inland regions fall below -110°F (-79°C) in win-
ter and rises to only -20°F (-29°C) in summer. The
warmest coastal regions may reach the freezing point
in summer but drop well below it in winter. During
winter, more than half of the surrounding ocean
freezes, which essentially doubles the size of the con-
tinent. Ice analysts at the National Ice Center have
been mapping this Antarctic SEA ICE routinely since
1973 in support of U.S. Navy, U.S. Coast Guard,
and U.S. Department of Commerce missions, and
will soon release a complete digital record of these
sea ice maps. Antarctica is predominately composed
of a thick continental ice sheet and approximately 2
percent barren rock. Mountain ranges reach an ele-
vation of 16,404 feet (4,999.9 km). The length of the
coastline is approximately 11,165 miles (17,968.3
km). The SOUTHERN OCEAN surrounds the continent
of Antarctica and is clearly delimited by the Antarc-
tic Convergence, now called the Antarctic Polar
Frontal Zone (APFZ). This polar ocean front is
formed where cold Antarctic waters meet warmer
waters to the north. Interestingly, organisms such as

Antarctica is a frozen and windswept continent. Forbid-
ding snow and ice cover cliffs in the Lemaire Channel, 65
degrees 06 minutes S latitude, 64 degrees 00 minutes W

longitude. (NOAA Corps—Rear Admiral Harley D. Nygren)

krill (Euphausia superba) cannot pass north of this
polar front.

The Antarctic ice cap contains approximately 70
percent of the world’s freshwater and 90 percent of
the world’s ice. Huge 1CEBERGS calve or break off
each year from the floating ice shelves. During Feb-
ruary 2002, an ice analyst from the National Ice
Center studying space imagery of the Ross Sea
located an iceberg roughly 11 nautical miles (20.4
km) long and four nautical miles (7.4 km) wide, and
covering an area of approximately 58.24 square stat-
ute miles (150.84 km?2). In summer, ice-free coastal
areas include parts of southern Victoria Land, Wilkes
Land, and Ross Island in McMurdo Sound. Natural
resources include iron ore, chromium, copper, gold,
nickel, platinum, coal, and hydrocarbons. Commer-
cial fisheries include crustaceans such as krill and
Antarctic king crab (Paralomis spinosissima), and
finfish such as Patagonian toothfish (Dissostichus
eleginoides) and mackerel icefish (Champsocephalus
gunnari). Krill form the base of the marine food
chain, and its predators include fish, squid, seabirds,
and MARINE MAMMALS. The icefish have no hemo-
globin or red blood pigment. Seabirds such as the
emperor penguin (Aptenodytes forsteri) with flip-
per-shaped wings for swimming and black-browed
albatross (Diomedea melanophris) with 12-feet (3.7
m) wingspans inhabit Antarctic regions. The alba-
tross populations are declining in part due to long-
line fishing, which unintentionally hooks diving
seabirds as fishermen reel out or in a line many miles
long with thousands of baited hooks. As the line
moves through the water, the hooked birds are
drowned. Marine mammal populations include ele-
phant (Mirounga leonina), weddell (Leptonychotes
weddellii), crabeater (Lobodon carcinophagus),
leopard (Hydrurga leptonyx) seals and humpback
(Megaptera novaeangliae), minke (Balaenoptera
acutorostrata), and killer (Orcinus orca) whales. The
Commission for Conservation of Antarctic Marine
Living Resources regulates commercial fishing activ-
ities. This body tries to ensure that approved fishing
activities do not harm animals such as penguins,
seals, and whales.

An international body of scientists view Antarc-
tica as a natural laboratory to study phenomena
from sea level rise to polar ecosystems. Scientists
study clues relevant to climate change that are
recorded in the average 6,000-feet (1,828.8 m) thick
ice sheet. For example, trapped bubbles in the ice
hold an archive of atmospheric gases that provide
indicators of global pollution. Other studies have
shown evidence for ozone depletion in the upper
atmosphere. Recent evidence for receding ice sheets
and their contribution to world sea level rise are vital
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to the understanding of global climate change. Sev-
eral researchers have hypothesized that the kingdom
of Atlantis lies below the Antarctic Ice Sheets, a
place where people may have lived when there was
no ice. The United States operates the Palmer Sta-
tion, located on the southwestern rocky coast of
Anvers Island off the Antarctica Peninsula, primar-
ily for biological studies of birds, seals, and the Ant-
arctic ecosystem. Palmer’s laboratories complement
research conducted onboard the R/V Laurence M.
Gould. Besides research, the Laurence M. Gould
resupplies and transports personnel between Palmer
Station and South American ports. A burgeoning
new tourist industry uses ice-strengthened oceano-
graphic research vessels that have been converted to
comfortable, safe, small group, cruise ships. These
passengers visit locations such as the Palmer Station.

During the early 1980s, scientists discovered
large deposits of natural resources such as coal, nat-
ural gas, and offshore oil reserves. Many factors pro-
hibit mining natural resources in Antarctica. The
1991 Protocol on Environmental Protection to the
Antarctic Treaty placed a 50-year moratorium on
the exploitation of Antarctica’s natural resources. It
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is also technically challenging to drill for oil in Ant-
arctica due to the extensive ice shield. Furthermore,
the depth of the continental shelf ranges from about
1,200 feet (365.8 m) to 2,600 feet (792.5 m), much
greater than the global mean. If oil exploration were
ever permitted, new technologies would need to mit-
igate or prevent discharges of sludge from oil tank-
ers, natural oil seeps, and blowouts. If oil were to
suddenly escape from a well in an uncontrolled, con-
tinuous eruption, it would be extremely difficult to
cap or to drill relief wells in a timely manner. Sus-
tainable development of resources to include oil in
Antarctica requires the maintenance of the 1959
Antarctic Treaty and establishing a legal framework
to minimize environmental degradation in addition
to holding polluters strictly liable for their damages.
See also GLOBAL WARMING; MARGINAL SEA.
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Large Marine Ecosystem of the World, LME #61: Ant-
arctica. Available online. URL: http://www.edc.uri.edu/
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National Geographic. Satellite Atlas of the World. Wash-
ington, D.C.: National Geographic Society, 1998.
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U.N. Atlas of the Oceans, United Nations Foundation.
Available online. URL: http://www.oceansatlas.org.
Accessed January 6, 2007.

Antarctic Bottom Water (ABW) Antarctic Bot-
tom Water is the coldest, densest WATER MASS in the
oceans that fills the world’s major ocean basins, and is
hence the water mass that constitutes the abyss. The
density of Antarctic Bottom Water is on the order of
1.028 kg/m?3; its TEMPERATURE is about 32.54°F
(0.3°C), its SALINITY on the order of 34.7 practical sa-
linity units (psu). The top of the ABW layer mixes
slightly with the North Atlantic Deep Water (see AT-
LANTIC OCEAN) rendering both its temperature and
its salinity slightly higher than in the interior of the
ABW layer.

Antarctic Bottom Water is formed at the surface
of the WEDDELL SEA and the Ross Sea. At the sur-
face of these water/ice seas, the water begins to
freeze leaving the salt in the still liquid water below,
increasing its salinity and lowering its freezing point.
Thus the freshwater freezes first; the remaining liq-
uid water becomes more saline, hence denser, and
begins to sink all the way to the bottom, where it
spreads northward to fill the major ocean basins of
the world. This process is known as deep winter
CONVECTION and is also known as thermohaline cir-
culation. At the time of formation, the temperature
of this water mass is on the order of 35°F (-1.7°C),
but it increases as it mixes with the adjacent oceanic
water masses. The Antarctic Bottom Water is the
deepest water mass in the Atlantic and southern
regions of the Indian and Pacific Oceans; it is found
at depths greater than 13,000 feet (3,962.4 m). The
bottom topography has a considerable affect on the
flow of bottom waters. In the eastern South Atlantic
at about 30°S latitude, the Walfisch Ridge blocks the
northward movement of ABW. Hence, at the same
latitudes above that, the bottom water is colder in
the western South Atlantic than in the eastern.

In the Atlantic Ocean, the ABW is overlain by
the North Atlantic Deep Water, which is formed
during the Northern Hemisphere winter in the
Greenland and Norwegian Seas. In the Pacific and
Indian Oceans, there is no comparable source of
deep water. The water just above the ABW is called
Pacific Common Water, and is a mixture of various
Atlantic water masses with the water of the Antarc-
tic Circumpolar Current (see INDIAN OCEAN;
Paciric OCEAN).
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antarctica.org. Accessed January 7, 2007.

Antarctic Circumpolar Current (ACC) A major
subpolar permanent CURRENT driven by persistent
westerly winds is called the Antarctic Circumpolar
Current. Itisolates Antarctica from warm southward-
flowing western boundary currents while flowing
clockwise around the continent. These cold waters
with an average surface temperature of 28°F (-2.2°C)
directly affect the present ice cap and glacial climate.
As this current approaches the South American con-
tinent, part of the WATER MASs is deviated north-
ward as the PEru (HumBOLDT) CURRENT, which
brings cold Antarctic water to the coast of Chile and
Peru. The Antarctic current also flows northward as
a subsurface current between Australia and New
Zealand.

The region of the ACC has the wildest seas in
the world, whipped up by strong and persistent west-
erly winds that circle the globe, providing an exceed-
ingly long fetch (see FETCH). During the days of
sailing ships before the building of the Panama
Canal, it was necessary to sail around Cape Horn to
travel between Atlantic and Pacific ports, the part of
the trip that terrified ship’s crews. Exploration of the
Antarctic continent was not really possible before
the 20th century. The region off South Africa where
the ACC and the Agulhas Current meet is notorious
for generating rogue waves (se¢ ROGUE WAVES) that
have sent supertankers to the bottom.

The Antarctic Circumpolar Current is the only
current in the world ocean that completely circles
the globe, having a total length of about 14,400
miles (23,174.5 km). The region of strongest flow of
the current is the Antarctic Polar Frontal Zone
(APFZ), formerly known as the ANTARCTIC CON-
VERGENCE. Jets of current can occur in the APFZ
with speeds as high as two knots (1.0 m/s). However,
the average speeds of the Antarctic Circumpolar
Current are low, ranging from about 0.8 knots (0.4
m/s) south of the Antarctic (Polar) Front to more
than 0.4 knots (0.2 m/s) north of the Front. Because
the current is very deep, extending all the way to the
ocean floor, about 13,123 feet (3,999.9 m) below the
surface, its volume transport is very high. Estimates
are on the order of 130 Sverdrups (130 x 106 m3/s),
making it the greatest current in the world ocean.
Oceanographers believe that friction with the bot-
tom topography is the reason the current speed is not
greater. A balance between the wind stress at the



surface and the frictional stress at the bottom gov-
erns the velocity structure of this current. The cur-
rent between the surface and bottom layers of
frictional influence is believed to be in geostrophic
balance (see GEOsTROPHY). Both cyclonic and anti-
cyclonic eddies have been observed in the current,
which transport cold water northward and warmer
water southward.

Between the Antarctic Circumpolar Current and
the Antarctic continent, the Polar Current flows
westward opposite to the ACC. Since these currents
flow in opposite directions, the region between them
is a region of diverging Ekman transports (see EKMAN
sPIRAL) and hence a region of diverging surface
waters leading to an upwelling of subsurface waters
rich in nutrients. The result is an increase in produc-
tivity that is unmatched anywhere else in the world
ocean. Dense populations of zooplankton such as
krill form the basis for a food chain that includes
penguins, leopard seals, orcas, and giant blue whales.
Unfortunately, overfishing and whaling decimated
this fishery in the early and mid 20th century.

The Antarctic Circumpolar Current and its cool
Peru Current branch skirting the western shores of
South America northward to the equator, together
with the prevailing on-shore winds, exert a strong
cooling influence over the coastal regions of all the
western countries of this continent except Colom-
bia. These cool and nutrient-rich waters support an
immense fish population, which in turn attracts
great numbers of seabirds. Species of plankton, fish,
benthic organisms, mammals, and birds have
sophisticated adaptations for survival in extreme
cold. To better understand this extreme cold region,
Antarctic waters are regarded as a Large Marine
Ecosystem.

A branch of the Antarctic Circumpolar Current
extends to the Galdpagos Islands, as the Peru (Hum-
boldt). The islands were forever made famous by
Charles Darwin’s book On the Origin of Species by
Means of Natural Selection, which was published in
1859. On the east coast of South America, the cli-
mate at the Falkland Islands is temperate because the
Antarctic Circumpolar Current cools the surround-
ing sea.

A recently discovered feature of the Antarctic
region is the Antarctic Circumpolar Wave. Careful
analysis of records of atmospheric PRESSURE, wind
stress, barometric pressure, and SEA ICE extent has
revealed a wave in the atmosphere and the ocean
having two complete cycles around the Antarctic
continent. The wave moves at about the speed of the
Antarctic Circumpolar Current. Meteorologists and
oceanographers believe that it is generated by the
ENSO phenomenon, that is, the EL NiNo and its
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atmospheric partner the Southern Oscillation.
Anomalies in ocean surface temperature due to the
Antarctic Circumpolar Wave have been observed to
travel northward along the Pacific coast of South
America and the Atlantic coast of Africa as far as the
equatorial oceans. The details of these motions are
not known at the present time.

Recent advances in offshore oil and gas produc-
tion have been accomplished in Arctic regions. There
is a temptation to assume that such successes can be
duplicated in Antarctica. While techniques for polar
exploitation will be of some use, it should be stressed
that offshore Arctic drilling is a recent shallow water
innovation. Working in deep water Antarctic regions
would be considerably different. Large Antarctic
ICEBERGS colliding with oil rigs would completely
destroy those structures. For example, placement of
drilling gear on the sea bottom would provide no
protection down to a water depth of at least 650 feet
(198 m) because icebergs would scour the sea bot-
tom. Technology innovations to mitigate this prob-
lem might include emplacement of “blowout
preventers” beneath the seafloor to avoid scour, ice-
breaking tankers, and towing icebergs.

Due to extreme conditions, polar environments
possess unique values for research. Public interest in
permanent currents such as the Antarctic Circumpo-
lar Current remains high due its influence on mari-
time commerce, climate, biodiversity, the stability of
ice sheets, and potential natural resources. Scientists
study the Antarctic region to learn more about polar
flora and fauna, the thermohaline (see THERMOHA-
LINE CIRCULATION) component of the global oceanic
flow, and to determine whether or not GLOBAL
WARMING will cause the amount of glacial ice in
Antarctica to diminish significantly, exacerbating
global sea-level rise.

Further Reading
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ary 29, 2008.

Ocean Surface Currents, University of Miami, Rosenstiel
School of Marine and Atmospheric Science. Available
online. URL: http://oceancurrents.rsmas.miami.edu.
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Antarctic Convergence A belt of converging sur-
face water spanning the Earth roughly between 50
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and 60 degrees South latitude is called the Antarctic
Convergence. The Antarctic Convergence is also
known as the Antarctic Polar Front, and the region
around it as the Antarctic Polar Frontal Zone. The
front is actually a boundary between TEMPERATURE
and SALINITY in the ocean. Since WATER MASSES
have specific temperature, salinity, and chemical
content, this is analogous to air masses in the atmo-
sphere, where adjacent air masses tend to remain
distinct. The temperature change at the surface go-
ing across the front is generally on the order of 35°-
37°F (1.7°-2.8°C). Surface water moves northward
from the edge of the Antarctic continent and meets
sub-Antarctic water, where, being colder and
denser, it sinks and spreads out equatorward above
the heavier North Atlantic Deep Water in the South
Atlantic basin, and above the ANTARCTIC BoTTOM
WATER in the PaciFic and INDIAN OCEAN basins.
The Antarctic Intermediate Water, a major water
mass of the world ocean, spreads out as far as 35°N
in the North Atlantic Ocean.

The Antarctic Convergence occurs as a result of
Ekman transport (see EKMAN SPIRAL AND TRANS-
PORT) of Antarctic surface water moving eastward in
the ANTARCTIC CIRCUMPOLAR CURRENT (the Ekman
transport in the Southern Hemisphere is 90° to the
left of the current direction) and the THERMOHALINE
CIRCULATION (the temperature-salinity distribution).
The cold, low salinity water spilling off the glaciers
of Antarctica sets up the latter circulation.

Strong current jets and meanders mark the Ant-
arctic Polar Frontal Zone and cold eddies that trans-
port cold Antarctic surface water northward. Not
much is known about these features, but an increas-
ing database is becoming available from the oceano-
graphic measurements of ships resupplying research
stations on Antarctica and from aircraft and satel-
lites. These cold nutrient-rich waters provide an ideal
environment for many types of microscopic plants
called PHYTOPLANKTON. Just south of the Conver-
gence, ZOOPLANKTON such as Antarctic krill
(Euphausia superba) feed on the abundant phyto-
plankton. Krill are then eaten by many organisms,
including fish, squid, sea birds, and MARINE MAM-
MALS. The fish and sea birds attract predators such
as seals, toothed whales, dolphins, and porpoises.

aphotic zone The aphotic zone includes the deeper
portions of the ocean’s water column where visible
sunlight does not penetrate with enough intensity to
carry on photosynthesis. Depths in the aphotic zone
are usually greater than 656 feet (199.9 m). Above the
aphotic zone is the upper part of the water column,
which is penetrated by visible light and classified as
the rich and diverse photic zone. The compensation

depth, where photosynthesis and respiration are bal-
anced, forms an approximate boundary between the
photic and aphotic zones.

The deeper aphotic zone is almost completely in
darkness because scattering and absorption have
completely attenuated the incoming solar radiation.
Scattering of light is what causes the ocean to appear
blue. The water molecules are smaller than the atmo-
sphere’s nitrogen molecules, thereby scattering radi-
ation of higher frequencies than those scattered by
the air. As the sunlight penetrates the water, the lon-
ger WAVELENGTH, red to orange colors, are absorbed
first, the greens and yellows next, and the shorter
wavelength blue to violets are absorbed last. The
absorption of long wave or infrared radiation results
in rapid heating of the upper layers of the water col-
umn by incident light.

Johann Heinrich Lambert (1728-77) was one of
the first scientists to investigate the passage of light
through various media; he published a book on the
topic in 1758. He found that light attenuation with
depth increases exponentially in a mathematical rela-
tionship now known as Lambert’s Law. Today, opti-
cal properties of water such as TURBIDITY are very
important in understanding satellite images since the
oceans contain various light-attenuating materials.
Turbidity is the qualitative measure of solid particles
that are suspended in water. These particles cause the
water to become cloudy or even opaque in extreme
cases. The colors that are seen in imagery depend on
which colors are reflected and which are absorbed in
the water. Thus, water quality affects the depth of
the aphotic zone and the ability to image the ocean
with remote sensing. Conversely, remotely sensed
images are used to infer water quality.

Generally speaking, the biomass or the total
mass of all living organisms in a given area decreases
with depth and distance from the coast. The aphotic
zone is home to many different types of bizarre spe-
cies of marine animals. Many of the organisms in
the aphotic zone are detritus or filter feeders. Detri-
tus is accumulated organic debris from dead organ-
isms. As a survival mechanism, many plankton stay
in the aphotic zone during daylight hours, then rise
to eat at night. The main predators are midwater and
deepwater fish such as the hatchetfish (Sternoptryx
obscura), daggertooth (Anotopterus pharao), and
viper fish (Chauliodus macouni). Many of these
predators tend to have large heads and jaws and flex-
ible bodies, which allows fish like the black swal-
lower (Chiasmodon niger) and the gulper eel
(Eurypharynx pelecanoides) to eat large fish. Some
like the lantern fish (Stenobrachius leucopsarus)
have large eyes and light-producing organs called
photophores. The lantern fish may follow prey from



the depths to the surface during the night. SoNAR
operators first noticed this diurnal migration and
labeled it as the DEEP SCATTERING LAYER. A carniv-
orous mollusk, the giant squid (Architeuthis dux),
also inhabits the aphotic zone. Characteristics of
these large invertebrates are known only from
stranded specimens or from their remains recovered
from the stomachs of their predators, the sperm
whales (Physeter macrocephalus). Sperm whales are
the largest of the toothed whales, made famous by
Herman Melville’s Moby-Dick.

Further Reading

Ocean Explorer, National Oceanic and Atmospheric
Administration, U.S. Department of Commerce. Avail-
able online. URL: http://oceanexplorer.noaa.gov.
Accessed January 7, 2007.

aquaculture The process of farming marine or-
ganisms including fish, mollusks, crustaceans, and
aquatic plants is called aquaculture. Aquatic farmers
provide some sort of intervention in the mass rearing
process to enhance production, such as regular stock-
ing, feeding, protection from predators, and culmi-
nating with harvesting. Tasks such as monitoring
aquatic animal health, routine testing of water qual-
ity parameters, and the production of live fish foods
is essential to an aquaculture operation. Besides car-
ing for, feeding, and monitoring various species of
aquatic animals, personnel involved in aquaculture
have individual or corporate ownership of the stock
being cultivated.

Commercial aquaculture ventures need to imple-
ment profit-maximizing and cost-efficient manage-
ment strategies. When farmers receive live aquatic
animals such as channel catfish (Ictalurus puncta-
tus) that are packed in closed bags at high densities,
the receiving water used for acclimation of the

Experimental shrimp-raising ponds at the Kaohsiang Marine
Laboratory aquaculture facility in Taiwan (NOAA/Sea Grant,
Dr. James P. McVey)
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incoming stocks should match the TEMPERATURE,
SALINITY, and pH of the shipping water. Farmers
might grow the small catfish for up to two years
before they weigh a marketable one or two pounds
(0.45 or 0.91 kg). Specialists indicate that it takes
approximately two pounds of feed to grow a one-
pound fish. Catfish feed consists of soybean meal
with some corn and rice ingredients.

Marine scientists involved with mollusk aqua-
culture operations such as oyster farming in CHESA-
PEAKE BAY develop mathematical models of oyster
production that analyze new activities and con-
straints based on experimental oyster reef data. The
researcher’s analyses might focus on strategies to
produce larger or disease-resistant Eastern oysters
(Crassostrea virginica). In some cases, mesh oyster
shell bags containing spat are moved from an unfa-
vorable oyster bed to a more favorable oyster bed
based on salinity conditions. Spat are young oyster
larvae that have metamorphosed into juvenile oys-
ters. Not-for-profit organizations such as the Oyster
Recovery Partnership are working with University of
Maryland’s Center for Environmental Science at
Horn Point to restore the ecological and economic
benefits of oysters in Chesapeake Bay. Creating habi-
tat through the rehabilitation of historically produc-
tive oyster bars and seeding those bars with hatchery
disease-free oysters produced at the Horn Point Lab-
oratory are helping to increase oyster populations.

Farm-raised crayfish and shrimp have proven to
be successful enterprises around the globe. The cray-
fish capital of the world is considered to be Louisi-
ana, where the harvest comes from Mississippi basin
wetlands. Two of the most abundant species are Red
Swamp (Procambarus clakii) and White River (Pro-
cambarus acutus) crayfish. Farming crayfish involves
filling and draining ponds on a yearly cycle. Since
the crayfish eat detritus, the ponds are drained to
grow natural vegetation such as rice that becomes
food for the crayfish when the ponds are refilled dur-
ing the fall. The crayfish grow during fall and winter
flooded seasons and reach a marketable size during
the spring.

In Saudi Arabia, the Saudi Fisheries Company
has received acclaim for its ecologically safe warm-
water shrimp aquaculture operations that raise
thousands of tons of tiger (Penaeus monodon) and
white (Penaeus indicus) shrimp annually. Shrimp
eggs or larvae are either gathered from the natural
environment or grown in hatcheries after being
taken from female brood stock. Both of these Red
Sea species are raised to maturity in shallow ponds
that are approximately 6.56 feet (2 m) deep. Out-
flow from the farm’s rearing ponds are treated bio-
logically without any chemical or medical substances
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and monitored for purity prior to being returned to
the sea.

There are various commercial and academic
efforts aimed at raising and harvesting marine vege-
tation from drifting PHYTOPLANKTON to beds of
SUBMERGED AQUATIC VEGETATION or SAVs. Saltwa-
ter tanks can serve as the medium for the culture of
phytoplankton, microalgae that produce oxygen as a
by-product of photosynthesis. Sea life shows great
promise toward development of new pharmaceuti-
cals, and some marine algae are already used as
growth stimulants, treatment of esophagitis, and as
a substrate for making dental impressions. SAVs
such as eelgrass (Zostera marina), redhead grass
(Potamogeton perfoliatus), wild celery (Vallisneria
americana), sago pondweed (Potamogeton pectina-
tus), and widgeon grass (Ruppia maritima) are
rooted, vascular plants that grow completely under-
water or just up to the water’s surface. They provide
critical habitat for shellfish such as the blue crab
(Callinectes sapidus) and other organisms, are food
for a wide variety of waterfowl, and prevent erosion.
Dr. Steve Ailstock, the director of the Environmental
Center at Anne Arundel Community College in
Maryland, teaches various people and organizations
proven techniques for growing and restoring SAV
beds and wetlands. He also advocates the impor-
tance of understanding water quality and the condi-
tions that engender success in any wetland’s
restoration effort that requires the introduction of
starter SAVs.

There are many benefits and some risks relative
to aquaculture or farming of the sea. Aquaculture is
gaining in popularity due to rapidly increasing fish
demand and declining marine harvests. Many gov-
ernmental organizations are looking for the marine
aquaculture industry to help restore depleted popu-
lations. However, the production of fish and crusta-
ceans can generate high concentrations of pollution
if the facility is not properly designed. For example,
particulate organic wastes from fecal material and
uneaten food or soluble, inorganic excretory waste
can pollute adjacent coastal waters. Extreme cases
result in sediments and bottom waters becoming
completely anoxic or contributing to the eutrophica-
tion of coastal waters. These waste materials cause
the water body to become rich in dissolved nutrients.
The ensuing environment favors plant life and cul-
minates in low levels of dissolved oxygen that stress
marine animals. Consumers of aquaculture products
need to have absolute confidence that farmed sea-
food are safe and high quality. They also need to
determine that the farms are not creating environ-
mental damage.

See also MARICULTURE.
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aquarium An aquarium is a container for display-
ing, studying, or maintaining marine or freshwater
aquatic organisms and systems. Aquariums range in
size from just a few liters to more than a million gal-
lons and can be made of glass, acrylic sheet, fiber-
glass, or reinforced concrete. Filters, lights, pumps,
and temperature control devices are important com-
ponents of modern aquariums.

Accumulation of wastes from aquatic organisms
living in aquariums can be toxic and is disposed of
by aquarium water systems that are open, closed, or
semi-closed. Open systems constantly renew the
water in the system from an outside source, while
closed systems constantly recycle water and only
occasionally renew water. A semi-closed system
recycles water but is always connected to an outside
source. High water quality is the primary require-
ment for maintaining aquatic systems in aquariums.
Chemical methods, biological filtration, and repli-
cating the natural system are the primary means of
sustaining water quality. To maintain the health of
aquatic organisms, aquarists may also need to con-
sider water clarity, dissolved wastes, temperature,
tank décor, disease treatment, nutrition, visitor traf-
fic, reflections, and acoustics.

Aquariums have been valuable to humanity for
thousands of years. The Sumerians supplemented
food supplies by maintaining fish in artificial ponds
more than 4,500 years ago. According to records,
ancient Egypt and Assyria also kept fish, and the
Chinese were breeding carp for food by 1000 B.c.
The ancient Romans kept fish for food and enter-
tainment by circulating fresh seawater through
aquariums.

Philip Gosse, a 19th-century British naturalist,
was the first to use the term aquarium. His work
and a better scientific understanding of the relation-
ships between plants, animals, and oxygen resulted
in the establishment of the first public aquarium in
London, England, in 1853. This was followed by



many public and commercial aquarium openings in
Europe and the United States.

Today, public aquariums are a valuable educa-
tional resource. Thousands of students visit aquari-
ums each year, and aquariums are often a major
tourist attraction in the world’s largest cities. The
goal of many public aquariums is to inform visitors
about topics of aquatic biodiversity conservation,
traditional fisheries, AQUACULTURE, and endan-
gered species. Famous public aquariums in the
United States include the Aquarium for Wildlife
Conservation in Brooklyn, New York; the National
Aquarium in Baltimore, Maryland; Marineland of
Florida in Marineland, Florida; the Monterey Bay
Aquarium in Monterey, California; and the Waikiki
Aquarium in Honolulu, Hawaii.

Private aquariums are a major source of enjoy-
ment for hobbyists around the world. Approximately
10 million households in the United States maintain
an aquarium. Despite the high cost and time required
to care for an aquarium, the demand for ornamental
fish and invertebrates has been increasing in recent
decades.

In 1998, 60 countries reported significant coral
bleaching (death) events due to GLOBAL WARMING,
destructive fishing practices, and pollution. Many
conservationists believe that the aquarium trade is
also partially responsible for the degradation of
many reef communities. Each year, corals and coral
reef specimens important to the aquarium trade are
added to CITES, the Convention on International
Trade in Endangered Species.

Research aquariums provide an opportunity to
study aquatic systems in a more controlled setting.
Scientists are studying the effects of rapid changes in
environmental conditions, coral propagation, breed-
ing behavior, and various types of freshwater and
marine processes. As marine conservation garners
more attention, aquarium research may help restore
life and genetic diversity to some marine ecosystems.

See also CORAL REEF ECOLOGY; ENDANGERED
SPECIES; NUTRIENT CYCLES.
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archaeologist An archaeologist is a scientist with
a strong background in disciplines such as anthro-
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pology, history, earth science, and general engineer-
ing, whose work involves unearthing and studying
objects that have survived over the ages. The archae-
ologist attempts to reconstruct and interpret the past
by analyzing, dating, and comparing artifacts
through the analysis of material remains and their
historical contexts. Archaeology skills include sur-
veying, remote sensing of archeological sites, excava-
tion and data retrieval, assessing the condition and
integrity of specimens, and the conduct of basic field
and laboratory procedures. Archaeologists are inter-
ested in discoveries that expand understandings of
the past rather than those explorations that make a
few treasure hunters rich. The science of underwater
or marine archaeology is especially important in un-
derstanding historical aspects of colonial life and sea
battles. Marine archaeology has been popularized
by television series that display artifacts as they are
found on the ocean bottom and after special clean-
ing, transformed into clay pots, tableware, revolvers,
and ultimately as museum holdings.

MARINE ARCHAEOLOGISTS tend to be high-
technology underwater discoverers who use state-of-
the-art SONAR systems to locate shipwrecks and their
associated artifacts. Once found, wrecks must be
mapped and explored, and artifacts such as cannons,
wine bottles, ceramics, and coins must be retrieved
with extreme care. As is the case with surveyors,
remote sensing scientists, and coastal engineers,
marine archaeologists must understand geophysics in
order to understand coastal changes such as shoreline
retreat rates affecting historical sites such as Fort
Oregon along North Carolina’s barrier islands. Due
to inlet migration along the Outer Banks, Fort Ore-
gon is presently located beneath the sands in Oregon
Inlet, the passage connecting coastal lagoons to the
AtLANTIC OCEAN. Marine archeologists use an array
of tools from old manuscripts such as dispatches and
hand-drawn maps to modern tools such as Geo-
graphic Information Systems in order to understand
the location of seaports such as Port Royal, forts such
as Fort Fisher, or shipwrecks such as the Spanish gal-
leon Nuestra Seriora de Atocha. The ensuing excava-
tions find and document underwater remains from
the seafloor in order to learn about past human life
and activities. The use of underwater archaeology is
especially important in understanding the United
States’s early history, much of which has occurred
near the coastal zone. For example, relics from the
Civil War confirm that the fall of Fort Fisher during
winter 1865 provided Union forces important access
to the intercoastal waterways and the port city of
Wilmington, North Carolina.

Often times, the recovery and preservation of
artifacts from a shipwreck such as the SS Central
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America, which sank during a hurricane in 1857 off
the Carolina Capes, requires the use of REMOTELY
OPERATED VEHICLES, SCUBA diving, and specialized
excavation equipment. Remotely Operated Vehicles
or ROVs are small, unmanned submersibles usually
equipped with lights and a video camera and attached
to a research ship or dock and operated by a marine
technician from the surface. The preservation of arti-
facts is one of the most important considerations for
the successful recovery of material from a marine
archaeological site. The conservation of such artifacts
is time consuming and expensive. Without conserva-
tion, the artifacts will perish and the historic data will
be lost, a loss to both present and future archaeolo-
gists. The discovery of underwater artifacts and in
particular treasure ships has been well documented,
especially on television, and has been the basis for leg-
islation to help preserve our cultural heritage from
treasure hunters. Whether a sunken ship or an Indian
gravesite, archaeological research and scientific meth-
ods are imperative to preserving historically impor-
tant artifacts that are worthy of protection.

Further Reading
Kinder, Gary. Ship of Gold in the Deep Blue Sea. New
York: Atlantic Monthly Press, 1998.

Arctic  The northern polar region of the Earth that
includes the Arctic Ocean and adjacent areas of the
Eurasian and North American continents is called
the Arctic. Some people consider it to be the area in-
side the Arctic Circle, which generally refers to 66°
32° N (often taken as 66.5'N) latitude. Along this
line, the Sun does not set on the day of the summer
solstice, and does not rise on the day of the winter
solstice. Also, there are areas of land that contain dis-
continuous and continuous permafrost around the
Arctic Circle. The Arctic Ocean is actually made up
of several seas, including the Greenland Sea, the Nor-
wegian Sea, the Barents Sea, the Kara Sea, the Laptev
Sea, the East Siberian Sea, the Chukchi Sea, and the
Beaufort Sea. Only the Beaufort and Norwegian Seas
have depths greater than 1,640 feet (499.9 m). The
bottom of the Arctic Ocean is made up of several
basins separated by features such as the Nansen and
Alpha Cordilleras and the Lomonosov Ridge. The
Nansen Cordillera is an extension of the North Atlan-
tic mid-ocean ridge, where seafloor spreading occurs.

In 1998, polar scientists spent 31 days onboard
USS Hawkbill, a U.S. Navy submarine involved in a
Scientific Ice Expeditions (SCICEX) cruise. They
used Seafloor Characterization and Mapping Pods
(SCAMP) to conduct bathymetric surveys in the
Arctic Basin. They used gravity, sidescan, swath
bathymetry, and chirp sub-bottom sONAR data to

study the Arctic Ocean basin geology. The survey
focused on the slowly spreading Gakkel Ridge (see
PLATE TECTONICS), but scientists also collected data
during the submarine’s cross-Arctic transit that
encountered the Alpha-Mendeleyev Ridge, the
Lomonosov Ridge, and the Chukchi Cap. Scientists
collected the first detailed measurements of these
features, significantly improving understanding of
Arctic basin geology. SCAMP was one of the most
complicated civilian instruments ever installed on a
U.S. Navy submarine. It was funded by multiple pri-
vate and government organizations. SCAMP repre-
sents a significant effort by the U.S. science
community to examine the nature, origin, and evolu-
tion of the Arctic basins. The data collected by
SCAMP while crossing the Arctic Ocean provides a
geophysical cross section of the entire Arctic Ocean
from the North American continent to the Nansen
Basin. Bathymetry collected by SCAMP shows the
Gakkel ridge as having sharp bathymetric relief typi-
cally in the 3,300-5,000-foot (1,005.8-1,524 m)
depth range with portions as shallow as 2,000 feet
(609.6 m) and regions down to about 17,000 feet
(5,181 m) in depth. The ridge is defined by gravita-
tional variations and a 13,000-20,000-foot
(3,962.4-6,096 m) wide valley at about 16,000 feet
(4,876.8 m), with steep slopes 3,300-5,000 feet
(1,005.8-1,524 m) in height. Strong acoustic returns
from sidescan sonar systems indicate an absence of
sediment along the valley floor. This is typical of
young volcanic regions. Trackline bathymetry shows
a ridge crest composed of multiple distinct peaks
rather than the more uniform ridge crest suggested
by the ETOPOS database. ETOPOS stands for Earth
Topography Five-Minute Grid, a gridded database of
worldwide elevations with a resolution of five min-
utes of latitude and longitude. Sidescan and sub-
bottom data indicate a decrease in sediment cover to
the west and increasingly steeper slopes dropping
into the Canadian Basin to the south.

Climate in the Arctic is harsh. The far northern
coniferous forests that are found in places such as
Siberia and Alaska are called “taiga.” The flat or
undulating region that is covered with lichen, sedges
and grasses, mosses, and low shrubs is called “tun-
dra.” Along the coast there are lagoons and BEACHES
where sea ice is absent at least part of the year, while
the Arctic Ocean itself is continuously covered with
ice whose thickness varies between 0.3 and 33 feet
(0.1 and 10.1 m). About one third of the Arctic
Ocean is shallow, that is, continental shelf, while the
rest is more than 3,300 feet (1,005.8 m) deep. The
Arctic Ocean is covered in sea ice, as opposed to gla-
cial ice or “ice of land origin,” though occasionally
ICEBERGS may break away from coastal glaciers and



get caught in Arctic Ocean circulations, such as the
Beaufort Gyre or the Transpolar Drift Stream. The
seasonal variation in ice cover is found in the Bering
Sea and in the Sea of Okhotsk. Interestingly, the GULF
STREAM’s warm waters prevent sea ice from occurring
between Norway and Svalbard, even during winter.
Arctic Ocean water temperatures are around 32 to
33.8°F (0 to 1.0°C), but the salinity increases slightly
with depth, which is important in the formation of sea
ice. Because of its salt content, the Arctic Ocean water
freezes at about 28.8°F (-1.8°C). Unlike freshwater,
which is most dense at 39.2°F (4°C), seawater is most
dense and sinks just prior to reaching its freezing
point. Thus, in order to form sea ice, the Arctic
Ocean requires a great deal more heat to be extracted
by overlying cold air and radiative processes than is
required for, say, a freshwater lake’s surface to freeze.
Because the Arctic is essentially a desert environ-
ment, precipitation and evaporation play a very small
role in the surface SALINITY of the Arctic Ocean,
unlike the rest of the world’s oceans. Instead, the sur-
face salinity of the Arctic Ocean is influenced mostly
by river runoff from Siberia and Canada, which keeps
the surface salinity relatively low. Meanwhile, higher
saline, higher density seawater is supplied from the
Atlantic Ocean beneath the lower salinity surface
water. Because the Arctic Ocean is a relatively closed
system, the general ocean circulation as well as the
thickness of the pack ice in the Arctic is controlled by
this density stratification. This is a defining charac-
teristic of the Arctic Ocean and partly what makes it
an important part of Earth’s climate as a whole.
There are very few living species in the Arctic
Ocean. There are only about 30 fish species that
belong strictly to Arctic waters, as opposed to thou-
sands of species throughout the world’s oceans. The
strong density stratification in Arctic waters proba-
bly has something to do with the Arctic ocean’s
inability to mix thoroughly, such as through upwell-
ing events, which would bring much needed nutri-
ents to the surface from the deep. Moreover, the
production of sea ice at the surface of the Arctic
Ocean actually serves to pump more salinity into the
subsurface waters through the process of “brine
rejection,” thus enhancing the density stratification
and suppressing upwelling events. Moreover, thick
pack ice cover essentially prevents the entry of sun-
light into surface water, which would help photosyn-
thetic processes, and thus the Arctic Ocean’s
ecosystem as a whole. Surprisingly, the same brine
pockets that form in solid sea ice during rapid ice
growth that enhance the density stratification in the
Arctic Ocean as a whole, and greatly prevent the
proliferation of life forms, actually serve as minia-
ture worlds for a few species of epontic algae. Polar
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scientists refer to epontic organisms as those attached
to the ice or living between ice crystals.

Marine scientists working in Arctic regions focus
on understanding the mechanics of sea ice conditions,
the calculation of ice forces, effects of climate on off-
shore structures, the performance of ships in sea ice, cli-
mate change, and the survival strategies of arctic flora
and fauna. Research tools include maps derived from
satellite imagery, numerical model analyses, ice core
studies, and data from instrumented Buoys. The Inter-
national Arctic Buoy Program provides a sustained net-
work of drifting buoys in the Arctic Ocean to provide
real-time meteorological and oceanographic data to sup-
port a range of users from basic researchers to mariners.
In 1952, the U.S. Air Force’s Alaska Air Command
organized Project ICICLE to establish a weather station
on an ice island in order to conduct geophysical research.
Since then, several drifting Arctic research stations have
been established to facilitate research by scientists from
many countries and research institutions. One of the
United States’s newest and most technologically
advanced icebreakers is also a scientific research vessel.
It is called the U.S. Coast Guard cutter Healy (WAGB-
20). Healy provides more than 4,200 square feet (390
m2) of scientific laboratory space, numerous electronic
sensor systems, oceanographic winches, and accommo-
dations for up to 50 scientists. Healy is designed to break
4.5 feet (1.4 m) of sea ice continuously at three knots
(1.5 m/s) and can operate in temperatures as low as -
50°F (-45.6°C). The science community provided invalu-
able input on the ship’s laboratory design and science
capabilities. As a Coast Guard cutter, Healy is also a
capable platform for supporting logistics, search and
rescue, ship escort, environmental protection, and
enforcement of laws and treaties.

Basic researchers use Arctic data to study topics
from Arctic climate and climate change to tracking
the source and fate of samples. More operational
users apply the data to tasks like weather and sea ice
forecasting to support vessel navigation. Recent
research and public interest in the Arctic has cen-
tered on the larger question of global climate change,
sometimes called global warming. Several research-
ers have proposed that the polar regions are the most
sensitive to small changes in global climate, which is
characterized largely by air temperature wind speeds
and directions and ocean circulation. Thus, if global
climate change, or even long-term climate cycles are
to be identified, the polar regions, including the Arc-
tic, provide some of the first clues in the form of
changing ice thickness and coverage.

See also ALBEDO; GLOBAL WARMING; SEA ICE.
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Arthropoda The largest phylum in the Animal
Kingdom, which includes invertebrate aquatic ani-
mals. The arthropods are joint-legged animals that
constitute the largest assemblage of species within
the animal kingdom. There have been more than
750,000 species described by science; this is more
than three times the number of all other animal spe-
cies combined. This group includes many familiar
forms such as horseshoe crabs (e.g., Limulus poly-
phemus), spiders, mites, ticks, scorpions, and the sea
spiders known collectively as the Chelicerates. The
other major subphylum includes the crustaceans, in-
sects, centipedes, millipedes, and other lesser known
forms, which constitute the Mandibulates. The in-
sects, for example, contain the largest number of
species of any animal group.

The adaptive capabilities of the arthropods have
enabled them to occupy virtually every niche and
habitat of marine, freshwater, and terrestrial envi-
ronments—inhabiting the deepest ocean trenches,
the highest mountain peaks, and virtually every hab-
itat in between. In the evolution of arthropods, the
development of the chitin-protein exoskeleton allows
for articulation of the body and movement, while
periodic molting of the exoskeleton allows for
growth of the organism. The exoskeleton also pro-
vides the arthropods with protection against preda-
tion; it protects the more delicate body segments
housed within the exoskeleton itself. The annelids or
segmented worms are believed to be the ancestors of
the arthropods due to a shared characteristic known
as metamerism, where the body is divided into simi-
lar parts or segments. Nervous system structure and
determinate cleavage also link the two groups.
Metamerism has been lost or greatly reduced in
modern forms of arthropods due to differentiation
of the appendages to perform other important physi-

ological functions. Sensory mechanisms are highly
variable among groups but usually involve some spe-
cialization within the exoskeleton, allowing the
organism to monitor its surrounding environment.
There are usually two separate sexes with internal
fertilization being the most common reproductive
strategy. Various appendages are used for the trans-
fer of sperm from male to female depending upon
the species.

Many species of arthropods, most important the
insects, carry diseases that infect mankind and cause
millions of deaths annually. Mosquitoes, lice, fleas,
bedbugs, and flies are vectors of human diseases
such as malaria, elephantiasis, yellow fever, sleeping
sickness, typhus, bubonic plague, typhoid fever, and
dysentery among others. Many species of arthro-
pods contribute greatly to the well-being of man-
kind. For example, species such as lobster, crab, and
shrimp are commercially important and rank among
the highest in terms of dollar value when compared
to other commercially important species of fishes
and invertebrates. The lobster, crab, and shrimp
fisheries generate millions of dollars in sales annu-
ally. These shellfish make a significant contribution
to the local and regional economy, which contributes
to the national economy. Exports of these products
to other countries also have a significant effect upon
the nation’s economy. Other benefits include the
detection of bacteria that can cause diseases in
humans and domesticated livestock through the uti-
lization of blood from the horseshoe crab. An enzyme
found in the blood of the horseshoe crab is used by
industry to detect bacteria in pharmaceuticals and
medical devices. The Limulus Amino Lysate (LAL)
test has become an industry standard and is required
by the Food and Drug Administration to test these
products for the presence of nuisance or disease-
causing bacteria.

See also MARINE CRUSTACEAN.
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Atlantic Ocean The Atlantic Ocean is the world’s
second-largest water body. The Atlantic is subdi-
vided into two ocean basins: the North Atlantic to



the north of the equator, and the South Atlantic to
the south of the equator. The Mid-Atlantic Ridge,
part of the great mid-ocean ridge system that winds
around the globe further divides both the North At-
lantic and South Atlantic Oceans into east and west
basins. The western boundary of the Atlantic Ocean
is formed by North and South America; the eastern
boundary by Europe and Africa; the southern bound-
ary by the ANTARCTIC CIRCUMPOLAR CURRENT; the
northern boundary by the Arctic Ocean. There is
some controversy over the exact northern boundar-
ies of the Atlantic.

Beside the Mid-Atlantic Ridge, major features of
the Atlantic include large islands, such as the United
Kingdom, Iceland, and Greenland, which are conti-
nental, and small islands, such as Bermuda and the
Azores, which are oceanic volcanic in origin. A great
island chain, including the Windward Islands, Puerto
Rico, Hispaniola, and Cuba, which forms the south-
western boundary of the North Atlantic Ocean also
defines the north and east boundaries of the Carib-
bean Sea, an important MARGINAL SEA. The floor of
the Atlantic supports some SEAMOUNTS, but they are
not nearly so numerous as in the PacirFic OCEAN.
The Atlantic has a few deep ocean trenches, includ-
ing the Puerto Rican Trench, and the Romanche
Trench. Technical data on the Atlantic Ocean basin
and those of its marginal seas are provided in the
appendices.

Generally speaking, the continental shelves of
North America and northwestern Europe are wide
and shallow; those of Africa are narrow. The coNTI-
NENTAL SHELVES of South America are narrow in
the north, and wide in the south, off the coast of
Argentina. Marine geologists classify margins with
distinct continental shelves, slopes, and rises as
Atlantic-type margins. These margins are generally
passive in contrast to the more seismically active
Pacific-type margins.

The Atlantic Ocean was formed when the super-
continent Pangaea began to split apart about 170 mil-
lion years ago, along what is now the Mid-Atlantic
Ridge. Deep convective forces within Earth’s mantle
continued to force the crust apart as magma welled
up from a rift in the middle of the ridge, forming
new crust and thrusting the land masses to be called
Eurasia and North America apart, as well as sepa-
rating Africa from South America. As the separation
continued over millions of years, the rift valley
became wider and wider, and filled with water from
the adjacent oceans. This process is still continuing;
volcanic island formation can be seen near Reykja-
vik, Iceland, and the Azores located on the Mid-
Atlantic Ridge. Exploration of the Mid-Atlantic
Ridge during the mid 20th century led to the devel-
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opment of the dominant theory of geophysics and
geology: PLATE TECTONICS, which views the Earth’s
crust and upper mantle as floating on a plastic man-
tle that can flow under conditions of great heat,
coming from convective currents deep within the
Earth. French and American scientists working from
deep submersible craft have observed this formation
of crust under the ocean.

Several important adjacent seas border the North
Atlantic Ocean, including the MEDITERRANEAN, the
Caribbean, the GuLF oF MExico, the Greenland,
and the Norwegian. The South Atlantic has no adja-
cent seas. Important rivers discharging into the
Atlantic include the Hudson, the Amazon, the Rio
de la Plata, the Congo, and the Rhine. The mixture
of freshwater from land drainage and salt water is
commonly called brackish water and is a key ele-
ment for ESTUARIES such as CHESAPEAKE BAY.

Two large circulating wind systems, one in the
Northern Hemisphere and one in the Southern
Hemisphere, drive the circulation of the Atlantic
Ocean. The winds in the Northern Hemisphere are
the Northeast Trade Winds, blowing from the north-
east to the southwest approximately between lati-
tudes 10°N and 25°N latitude, and the mid-latitude
westerlies generally north of latitude 30°N. The
ocean responds to the wind force by forming a large
GYRE, a great rotating lens of water spanning the
entire North Atlantic basin, formed by the westward
flow of the North Equatorial Current, the northeast-
ward flow of the GULF STREAM, the eastward flow
of the North Atlantic Current, and the southward
flow of the CANARY CURRENT, which completes the
gyre by joining the North Equatorial Current off the
coast of Northwest Africa. The Sargasso Sea is
located in the west central part of the North Atlantic
basin just east of the Gulf Stream and in many ways
corresponds to the center of the gyre. In the South
Atlantic, the corresponding winds are the Southeast
Trade Winds and the mid-latitude westerlies. The
corresponding ocean currents are the South Equato-
rial Current, the Brazil Current, the SOUTH ATLAN-
TiC CURRENT, and the BENGUELA CURRENT, which
flows northward along the coast of Africa to com-
plete the gyre by joining the South Equatorial Cur-
rent. The Brazil Current, the Southern Hemisphere
counterpart of the Gulf Stream, is a much weaker
current. The Northern Hemisphere gyre rotates
clockwise, and the Southern Hemisphere rotates
counterclockwise as would be expected from consid-
eration of the CORIOLIS EFFECT.

These currents are really a climatological aver-
age; ocean currents are in fact extremely variable
and are characterized by numerous meanders, jets,
and eddies. However, it is possible to make valid
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generalizations about the major currents of the
Atlantic. On the western boundary, the Gulf Stream
is narrow and swift, while on the eastern boundary
the Canary and Benguela Currents are broad and
slow.

Other major currents include a complex system
of equatorial currents including the Equatorial
Countercurrent, which is a return flow of water
eastward between the North and South Equatorial
Currents, and the Equatorial Undercurrent, which
is a subsurface current with a high-speed, high-
salinity core usually right at the equator centered at
a depth of about 492 feet (149.9 m). An important
feature of the equatorial current system is that it is
not symmetric about the equator, but rather dis-
placed northward, so that the Southeast Trade
Winds reach over the equator into the Northern
Hemisphere. The extent of the displacement is sea-
sonal, with the greatest northward position of the
currents being in Northern Hemisphere summer.
This effect increases the eastward flow of the Equa-
torial Countercurrent. It is not completely known
why this occurs, but it is believed to be a conse-
quence of the greater size of landmasses in the
Northern Hemisphere and the direct exposure of
the South Atlantic to the effects of the Antarctic
Circumpolar Current.

Polar currents sending cold water into the Atlan-
tic include the LABRADOR CURRENT and the East
Greenland Current in the north, and the Falkland
(Malvinas) current in the south, which branches
northward along the coast of Argentina from the
Antarctic Circumpolar Current.

Surface salinities in the mid-latitude regions of
the Atlantic tend to be on the order of 36.00 practi-
cal salinity units (psu), with higher salinities in the
western tropical and equatorial regions. In fact, in
the waters east of Puerto Rico in the North Atlantic,
and off Brazil in the South Atlantic, salinities as high
as 37.00 psu or higher are found. Salinities are lower
in the eastern Atlantic, being on the order of 35.5
psu off northwest Africa. Surface salinities in the
Arctic and Antarctic regions are much lower, of
magnitude 33.00 to 34.00 psu. Surface temperatures
are on the order of 78-79°F (25.6-26°C) in equato-
rial regions ranging down to slightly below freezing
in polar and Antarctic waters. The seasonal varia-
tion of temperature is on the order of 47°F (8°C) at
mid latitudes in the North Atlantic and on the order
of 41°F (5°C) in the South Atlantic. The WATER
MASSES of the Atlantic include ANTARCTIC BoTTOM
WATER (ABW), which fills the ocean basins below
about 13,000 feet (3,962.4 m) depth and North
Atlantic Deep Water (NADW), which is generally
found at depths below 6,600 feet (2,011.7 m). Ant-

arctic Intermediate Water (AIW) is found between
depths of a few hundred feet (meters) and 13,000
feet (3,962.4 m). The surface waters found above
that are known as North Atlantic Central Water,
and South Atlantic Central Water. An equatorial
water mass of high temperature and relatively high
salinity lies between the two central water masses.
The deep-water masses, originating in the Antarctic
and Arctic regions, are extremely cold and constitute
the oceanic “stratosphere.” The central water masses
are relatively warm and constitute the oceanic “tro-
posphere,” in analogy with the atmosphere. These
terms were first used by German oceanographer
Georg Adolf Otto Wiist (1890-1977) on the basis of
his analysis of data from the Meteor expedition
(1925-27). A complicating feature of the Atlantic
Ocean is the inflow of warm, salty water from the
Mediterranean Sea, which is quite dense because of
its high salinity. This water spreads out at a depth of
around 3,300 feet (1,005.8 m) and gradually mixes
with the surrounding waters.

The weather in the North Atlantic Ocean during
winter is notoriously bad. The Icelandic Low, a semi-
permanent feature of the pressure distribution in the
Greenland-Iceland-Scotland region produces strong
winter winds, causing high seas and a procession of
storms traveling eastward off the North American
continent toward northern Europe. It is just through
this region that the major shipping lanes from Europe
to America must pass. The cold and dry winter air
from the North American continent passing over the
warmer water of the NORTH ATLANTIC CURRENT
produces dense fog, especially over the Grand Banks,
adding to the hazards faced by the mariners and
fishermen.

The climate of northwestern Europe is greatly
influenced by the Gulf Stream system, which trans-
ports warm water from the Gulf Stream eastward
to the British Isles, France, Germany, and the Scan-
dinavian countries to make their climates much
warmer than they would otherwise be. Some scien-
tists are concerned that GLOBAL WARMING might
alter the circulation of the North Atlantic Ocean,
and cut off the Gulf Stream from Europe, resulting
in a much colder climate for northwest Europe and
northeastern North America. Such large-scale air-
sea interactions are topics of major research by
21st-century meteorologists and oceanographers. If
a major change in the circulation of the North
Atlantic Ocean occurs as a result of global warm-
ing, governments must take action to avoid an envi-
ronmental catastrophe. Large-scale air-sea
interactions are currently being observed, such as
the Pacific Ocean’s El Nifio—Southern Oscillation
(ENSQO), that produces global changes in weather



and climate. The North Atlantic Ocean experiences
an effect called the Arctic Oscillation (AO), which
is related to the North Atlantic Oscillation (NAO).
The AO oscillates between warm and cold states of
sea surface temperature. During the warm period,
there is abnormally low pressure over the polar lati-
tudes and higher pressure over the mid latitudes.
Under these conditions, winters in the eastern
United States are warmer, whereas in Greenland
winters are colder than normal. During the cold
period, there is abnormally high pressure at the
poles and lower pressure at mid latitudes. Under
these conditions, the eastern United States and
western Europe experience colder than normal win-
ters, while Greenland is warmer. These changes
occur on a time scale of decades and appear to be
related to freezing or thawing of the ice cover of the
Arctic Ocean. During the warm period, North
Atlantic water penetrates farther north and melts
ice, so it is thinner; during the cold period, the
North Atlantic water retreats, and the ice thickens.
At present, a warm period prevails, but small
changes in atmospheric variables such as tempera-
ture could produce a major effect in the Arctic,
which could then amplify over the North Atlantic
and bordering nations.
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atoll An island landform composed of coralline
material shaped as a ring or partial ring in an ocean
or marginal sea is called an atoll. These low islands
contain a LAGOON and lack volcanic or continental
rock in their surface geology. Research writings and
presentations during 1842 by Charles Robert Darwin

An atoll protected by an encircling barrier reef  (NOAA)
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(1809-82) reported that the formation of atolls oc-
curs in stages. His theory indicates that reefs first
form near landmasses as fringing reefs on the shores
of newly formed volcanic islands. Then, as the is-
lands begin to sink, reef growth begins to form a
barrier reef. The circular island becomes an atoll
when the volcanic island disappears due to weather-
ing under the ocean surface leaving a central lagoon.
Observed tectonic processes and an improved under-
standing of SEAFLOOR SPREADING have substanti-
ated Darwin’s theory.

The reefs that make up an atoll are limestone
formations produced mostly by living stony corals
(Madreporaria) that are common in shallow, tropi-
cal marine waters. The normal range for coral
growth is from 30°N to 30°S latitude. Reef-forming
corals do not thrive below 100-feet (30.5 m) depths,
nor where water temperatures fall below 72°F
(22°C). Sediments trapped on the lagoon side of
atolls eventually support vegetation such as coco-
nut palms (Cocos nucifera), pandanus plants,
breadfruit (Artocarpus altilis), and taro (Colocasia
esculenta). Given the low-lying character of these
islands, atolls are very prone to the effects of wave
slamming from TSUNAMI and STORM SURGE from
hurricanes or typhoons.

Geological oceanographers specializing in geo-
morphology or the scientific study on how landforms
are formed on the Earth show particular interest in
atolls. Some atolls have a completely enclosed lagoon
where ocean waters reach the lagoon through a few
narrow channels in the coral ring when coastal water
levels are particularly high. Other atolls have a
largely submerged coral ring where there is ongoing
mixing between open-ocean and lagoon waters.
Complex coral patterns may also form a reticulated
lagoon with numerous shallow interconnected pools.
The lagoons provide anchorage and economic
resources such as pearls, seaweed, and other marine
by-products that are used for pharmaceuticals. Min-
ing natural resource such as coral to process for lime
removes important habitat for local marine species
and weakens natural coastal storm defenses.

Anthropogenic impacts on coral atolls include
damage from increased coastal development, anchor-
ing, water pollution, smothering from sedimenta-
tion, bleaching from rising sea surface temperatures,
and flooding from sea level rise. One of the most
famous atolls, the Bikini atoll, is found in the north-
west equatorial Pacific’s Marshall Islands. The
United States has been monitoring, studying, and
cleaning up these islands since conducting a series of
nuclear tests called Operations Crossroads and Cas-
tle during the late 1940s and the mid 1950s. People
are still trying to mitigate the negative social and

physical consequences of these experiments with
nuclear weapons in the Marshall Islands.

Further Reading

Barrett, Paul H., and Freeman, R. B., eds. The Works of
Charles Darwin, vol. 7: The Geology of the Voyage
of H.M.S. Beagle, Part 1: Structure and Distribution of
Coral Reefs. New York: University Press, 1987.

Charton, Barbara. A to Z of Marine Scientists. New York:
Facts On File, 2003.

CoRIS, NOAA’s Coral Reef Information System, National
Oceanic and Atmospheric Administration, U.S. Depart-
ment of Commerce. Available online. URL: http://www.
coris.noaa.gov. Accessed January 7, 2007.

Spalding, Mark D., Corrina Ravilious, and Edwin P. Green.
The World Atlas of Coral Reefs. Berkeley: University of
California Press, 2001.

Thurman, Harold V., and Elizabeth A. Burton. Introduc-
tory Oceanography, 9th ed. Upper Saddle River, N.]J.:
Prentice Hall, 2001.

attenuation Attenuation is the reduction in inten-
sity of a transmission, as it gets farther away from its
source, due to absorption by the medium through
which it is traveling. Absorption is the conversion of
mechanical energy (sound) to heat energy. For exam-
ple, the voice of a speaker becomes fainter with in-
creasing distance. This happens because the sound is
spreading and being attenuated by the air through
which it travels. Both sound and light are attenuated
as they travel through the ocean. Light is attenuated
as it propagates through the ocean, reaching depths
of 328 to 656 feet (100 to 200 m) in the ocean, but
only a fraction of that in turbid waters. Absorption is
greatest for the long wavelengths of light and some-
what less for shorter wavelengths, such as the blue-
green wavelengths. Approximately 99 percent of
natural light is gone by 328 feet (100 m); all the light
is gone below 3,281 feet (1,000 m). In the ocean,
high-frequency (short WAVELENGTH) sounds are
greatly attenuated or weakened, while low-frequency
sounds experience little attenuation.

Sound attenuation depends strongly on the
sound’s frequency. For a 10-kilohertz sound source
the attenuation loss in the upper portion of the
ocean (for a sea surface temperature of 68°F (20°C),
pH of 8.0, and salinity near 35 psu) is about 0.7
decibels per kilometer. This is a very small rate of
attenuation. Sound in the atmosphere (for an air
temperature of 68°F (20°C), 14.7 pounds per square
foot (1,013.25 mb), and 50 percent relative humid-
ity), at the same frequency, has an attenuation loss of
160 decibels per kilometer. The corresponding speed
of sound in air is 769.5 miles per hour (1,238.4
km/h), while the speed of sound in seawater is



3,403.5 miles per hour (5,477.4 km/h). The speed of
sound in the water is a function of TEMPERATURE,
PRESSURE, and SALINITY.

The attenuation of light in the ocean can be
measured very accurately using highly sophisticated
sensors, or it can be crudely measured using a SEc-
CHI DISK (a white-and-black disk 8-12 inches (20—
30 cm) in diameter). Light attenuation is important
because it defines the food chain. Photosynthesis,
the process that is the first link in the food chain, is
totally dependent upon the depth that light can
reach. Water with high attenuation allows photosyn-
thesis to occur only very near the surface. Similarly,
sound attenuation is important for animals that
communicate over long distances, such as whales,
and is very important for SONAR operators listening
for approaching ships and submarines. Charts show-
ing sound and light attenuation for the world’s
oceans are available in general reference books.

See also APHOTIC ZONE; LIGHT; LIGHT AND
ATTENUATION; SONAR.

Further Reading

A Brief History of the Use of Sound in Ocean Exploration.
United States Geological Survey, Woods Hole Science
Center. Available online. URL: http://woodshole.er.usgs.
gov/operations/sfmapping/soundhist.htm. Accessed Jan-
uary 7, 2007.

Jensen, Finn B., William A. Kuperman, Michael B. Porter,
and Henrik Schmidt. Computational Ocean Acoustics.
AIP Series in Modern Acoustics and Signal Processing.
New York: Springer-Verlag, 2000.

Jensen, John R. Remote Sensing of the Environment: An
Earth Resource Perspective. Upper Saddle River, N.]J.:
Prentice Hall, 2000.

National Physical Laboratory, Welcome to Kaye and Laby
online. Available online. URL: http://www.kayelaby.npl.
co.uk/general_physics/2_4/2_4_1.html. Accessed Janu-
ary 17, 2007.

Urick, Robert J. Principles of Underwater Sound. New
York: McGraw Hill, 1983.

Autonomous Underwater Vehicles Autonomous
Underwater Vehicles or “AUVs” are untethered sub-
mersible robots capable of navigating and carrying
out prescribed missions without an onboard pilot.
These unmanned, self-propelled vehicles are usually
used to collect oceanographic data or to image the
ocean bottom along preprogrammed courses. The
AUVs are generally launched and recovered by a ship
such as a research vessel that has a crane. The lack of
tethers makes AUVs different from Remotely Oper-
ated Vehicles or ROVs, which are connected by a
communications cable to a mother ship. Jason Jr.
was the well-known ROV controlled from the small
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manned Deep Submergence Vehicle Alvin during Dr.
Robert Ballard’s discovery and exploration of the
HMS Titanic. Jason Jr. was maneuvered inside the
wreckage, and video imagery was provided to view-
ers around the world. The autonomy of AUVs makes
them an ideal instrument platform for clandestine
military hydrographic survey operations or as a mo-
bile instrument suite to collect data in hard-to-access
regions such as ice-covered seas.

Some of the earliest AUVs were developed to find
dangerous mines or to collect bathymetric data in
areas inaccessible by hydrographic survey ships. Simi-
lar AUVs have been used to address scientific ques-
tions. Their payloads consist of numerous sensors that
can be “plugged in” or easily removed from the AUV.
Users such as MARINE ARCHAEOLOGISTS, oceanogra-
phers, and mine countermeasure personnel have to
carefully select their payloads because there is little
room onboard the vehicle. Typical marine science pay-
loads include cameras, conductivity-temperature-
depth or CTD gauges, ACOUSTIC DOPPLER CURRENT
PROFILERS (ADCPs), sensors to detect dissolved
gases such as methane, transmissometers, sidescan
sonars, and sediment profiling sonars. Such vehicles
serve the research community by being able to make
4-d maps of features such as a methane plume above
a cold seep in the deep ABYSsAL ZONE. Total dark-
ness, extreme water PRESSURE, and cold TEMPERA-
TURES characterize the ABYSSOPELAGIC ZONE—a
perfect environment for a state-of-the-art AUVs. The
ensuing surveys of a cold seep can be studied to
improve human understanding of the global meth-
ane budget. They show how these greenhouse gases
enter the ocean, such as from gas bubbles on the
ocean floor.

Reliable navigation and positioning systems are
essential for the effective use of AUVs. Navigation
software uses initial fixes from the GLoBAL Posi-
TIONING SYSTEM and readings from such sensors as
fluxgate compasses for heading, inclinometers for
pitch and roll, pressure cells to measure vehicle
depth, and soNAR to detect and avoid obstacles.
Most AUVs will dead reckon with the help of an
inertial navigation unit (INU) that consists of gyro-
scopes and accelerometers used to provide informa-
tion on attitude, heading, position, inertial velocity,
and acceleration information. Measures such as iner-
tial velocity can be calculated by integrating the sig-
nal from an accelerometer. This combination of
sensors is expected to provide position with a high
degree of accuracy.

The ongoing development of AUVs provides an
excellent example of military research being
applied to meet civilian needs. Today’s AUVs come
in various shapes and sizes. Most are torpedolike
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submersibles several meters in length and capable
of reaching speeds of three to four knots (1.5 to
2.1 m/s). Ranges are dependent on batteries, but
are usually on the order of 60 miles (96.6 km).
Their maximum diving depth is on the order of
500 fathoms (.57 miles .91 km). Other recently
developed AUVs are based on biomimetic control,
actuator, and sensor architectures with highly
modularized components. Biomimetic refers to
human-made devices or systems that imitate
nature. The actuators convert electrical signals
into actions and are one of today’s most significant
research and development areas in microtechnol-
ogy. An example of a biomimetic class of AUVs
would be an eight-legged ambulatory vehicle that
moves among the benthos like a lobster or crab.
Operational AUVs in the future will have long
ranges (on the order of hundreds of miles) and

increased maximum payloads. Such vehicles will
support global climate studies by being able to mea-
sure processes that range from upwelling at the equa-
tor to downwelling at the poles. They can become an
integral part of the emerging Global Ocean Observ-
ing System and perform unprecedented surveys effi-
ciently under sea ice in the Arctic or Antarctic.

See also REMOTELY OPERATED VEHICLE;
SUBMERSIBLE.

Further Reading

Ocean Explorer, National Oceanic and Atmospheric
Administration, U.S. Department of Commerce. Avail-
able online. URL: http://oceanexplorer.noaa.gov.
Accessed January 7, 2007.

OceanWorld, Texas A&M University. Available online.
URL: http://oceanworld.tamu.edu. Accessed January 7,
2007.



backscatter The energy, whether electromagnetic,
mechanical, or acoustical, that scatters off a surface
back to its source is called backscatter. Consider the
beam of a flashlight illuminating a spot on the sur-
face of a lake at night. The beam hits a spot on the
water’s surface and is observable. The illuminated
spot is the visible light that is backscattered from the
spot to the observer’s eyes. Another observer on the
other side of the lake also sees the spot illuminated.
That is the visible light that is reflected forward from
the illuminated spot to their eyes. Backscattered en-
ergy is a very important phenomenon in electromag-
netic, mechanical, and acoustical remote sensing.

An acoustic source, such as a bat or a subma-
rine, can send out acoustic waves. The energy that is
reflected back at the source from a target, such as a
moth or another submarine, respectively, is called a
reflection or echo. Reflections follow Snell’s Laws
(after Willebrord Snel van Royen (1580-1626) a
Dutch astronomer and mathematician); that is, the
angle of incidence equals the angle of reflection.
This is true if the surface is a perfect reflector; how-
ever, surfaces usually are not perfect. Backscatter is
usually referred to as the energy that returns to the
source excluding the reflected energy. Thus, it is
important to use this word correctly. A radar (elec-
tromagnetic energy) on a ship that is viewing another
ship sees a huge amount of energy reflected back
from another ship. Some of the RADAR energy hits
the sea surface, and most of that is forward scattered
or reflected forward. However, some is backscat-
tered to the ship’s radar. This backscattered energy is
called “sea clutter.”

Navigational radars rely on the reflected signal.
Other radars rely on only the backscattered signal.
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For example, a Synthetic Aperture Radar (SAR)
mounted on spacecraft or aircraft sends out a signal
where most of the energy is reflected at the sea sur-
face away from the source. However, a small amount
is backscattered to the radar. The backscattered
energy is a function of the roughness of the surface
below. If the surface water is flat, all the energy is
scattered forward, none is backscattered, and the
water appears black. If the wind is blowing and
there are a lot of capillary waves on the surface, then
more energy is backscattered to the radar, and that
area shows up light. In summary, light and dark on
radar imagery are relative measures of radar
reflectivity.

Further Reading

Center for Remote Sensing, University of Delaware, Wel-
come to the Ocean Internal Wave Online Atlas. Avail-
able online. URL: http://newark.cms.udel.edu/crs/crs.
html. Accessed August 26, 2004.

Fisheries Acoustic Research Group, Northeast Fisheries
Science Center. Available online. URL: http://www.
nefsc.noaa.gov/femad/ecosurvey/acoustics. Accessed
January 7, 2007.

WHSC Sidescan Sonar systems, Woods Hole Science Cen-
ter, United States Geological Survey. Available online.
URL: http://woodshole.er.usgs.gov/operations/sfmap-
ping/sonar_interp.htm. Accessed January 7, 2007.

bacterial plankton (bacterioplankton) Bacterio-
plankton comprise a group of diverse prokaryotic
single-celled microorganisms found in marine
realms. Their structure is simple with a loop of de-
oxyribonucleic acid (DNA) encased in a cell mem-
brane and cell wall. Prokaryotic organisms lack a
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nuclear membrane, while eukaryotes have a distinct
nucleus. The marine prokaryotes include the bacte-
rial plankton, which mostly drift with the CURRENT
unable to control their position in the water column.
Others such as Streptomyces coelicolor dwell on or
in the seabed and are a part of the BENTHOS. They
are especially important for human and veterinary
medicine because of their use in producing natural
antibiotics. Bacterial plankton tend to be either pho-
tosynthetic cyanobacteria or nonphotosynthetic het-
erotrophic bacteria.

Many of the bacterial plankton are only now
being fully understood. Most people have seen dense
mats of bluegreen bacteria of the genera Microcystis
that turn pond and lake waters turbid and green.
These blooms usually result from large quantities of
nutrients entering shallow lakes and ponds from
runoff and the feces of ducks and geese. The purple
sulfur bacteria (Chromatiaceae and Ectothiorbodo-
spiraceae), which have the ability to oxidize hydro-
gen sulfide (H,S) and store elemental sulfur inside
the cells, are anaerobic bacteria that appear as red
masses in salt marshes. Green nonsulfur bacteria are
fairly well represented by Chloroflexus, Thermomi-
crobium, Oscillochloris, and Heliothrix, four major
genera that thrive in neutral or alkaline hot springs.
Some of the other more commonly encountered gen-
era of bacterioplankton include Bacillus, Bacterium,
Corynebacterium, Micrococcus, Mycoplana, Nor-
cardia, Pseudomonas, Sarcina, Spirillum, Strepto-
myces, and Vibrio.

During the last two decades, investigators have
learned much about chemosynthesis through studies
of deep hydrothermal vent communities (see HYDRO-
THERMAL VENTS), locations where bacterioplankton
at the base of the food chain obtain their energy by
oxidizing sulfur-rich fluid spewing from vents.
Invertebrate animals such as tubeworms (Riftia
pachyptila), hydrothermal vent crabs, (Bythograea
thermydron), and giant clams (Calytogena mag-
nifica) contain large populations of symbiotic bacte-
ria that provide them with organic nutrients. Higher
up the food chain, bathydemersal pug-nose eels
(Thermarces cerberus) hide in the clumps of tube
worms and feed on small invertebrates such as the
vent snail (Cyathermia naticoides).

There is an abundance of bacteria in marine
waters, in freshwaters, underneath ice, and in the
sediments of the deep ocean TRENCHES. Only a
small number of possibly many thousands of spe-
cies have been named. They are found thriving at
the air-sea interface, in the water column, and in
the HADAL ZONE. Their abundance is dependent on
factors such as water conditions and protozoan
grazing. In the photic zone, the bacterioplankton

are impaired by ultraviolet radiation, short WAVE-
LENGTH energy from the Sun that ranges from 295
to 320 nm in length. The filter-feeding Calanoid
Copepod (Calanoides carinatus), which thrives in
nutrient-rich upwelling waters, is believed to graze
on bacterioplankton during its naupliar or early
hatching stage (see coreroDps). In salt marshes,
bacteria are responsible for methane and hydrogen
sulphide odors. Some bacterioplankton produce
toxins that are potentially dangerous to animals
and human health. Investigators studying fish kills
have reported lesions and ulcers infected with bac-
teria in estuaries and coastal waters. Bacteria and
viruses present in water due to human pollution
cause illnesses. Eating oysters, mussels, and scal-
lops that were harvested from waters with unsafe
concentrations of Escherichia coli can lead to mild
intestinal disorders all the way to acute gastroen-
teritis. Bacterioplankton serve the important task
of degrading organic waste and recycling nutrients
back into the food chain.

Further Reading

American Society for Microbiology. Available online. URL:
http://www.asm.org. Accessed March 17, 2007.

MarineBio.org. Available online. URL: http://marinebio.
org. Accessed January 7, 2007.

Monterey Bay Aquarium Research Institution. Available
online. URL: http://www.mbari.org. Accessed January
7,2007.

barge A barge is a long, flat-bottomed boat de-
signed to transport cargo on inland waterways.
These vessels are usually without engines or crew ac-
commodations. Barges can be lashed together and
either pushed or pulled by TuGBOATS. Barges that are
used for carrying goods between ship and shore are
known as lighters. Other custom-designed barges
may stay moored to a pier for use as a machine shop,
laboratory, classroom, and for ceremonies. In naval
vernacular, a powerboat reserved for use by an ad-
miral is called a barge.

Barges provide an ideal floating platform for
different types of instruments and experiments.
Barges such as the Research Barge Robert E. Hayes
provide a crane, deck, and laboratory space for sci-
entists to study marine birds. The 70-foot (21 m)
RB Robert E. Hayes has 75-foot (23 m) hydraulic
legs, which lift the vessel out of the water. Other
unique vessels such as Flip, which is home-ported at
the Scrirps INSTITUTION OF OCEANOGRAPHY, are
able to operate either horizontally or vertically. The
floating instrument platform on Flip floods its bal-
last tanks in order to gain a vertical orientation in
the water column.
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A barge being towed to a worksite in Buzzards Bay, Massachusetts. Buzzards Bay is 28 miles (45 km) long, averages about 8 miles
(12 km) in width, has a mean depth of 36 feet (11 m), and is located between the westernmost part of Cape Cod and the Elizabeth

Islands. (U.S. Coast Guard, PA2 Matthew Belson)

Marine geologists and petroleum exploration
scientists might use a box core, piston core, or even a
drilling derrick from a barge to investigate the sea-
floor. The box core takes relatively undisturbed sam-
ples of the seafloor by lowering a hollow steel-walled
rectangle to the bottom via a winch cable. The piston
core device consists simply of a weight stand mounted
above a length of stainless steel core barrel that is
lowered to the bottom, penetrates into the sediment,
and is returned to the ship’s deck, where the sediment
core is promptly removed from the core barrel. The
well-known jack-up barge hosts a drilling derrick
and extendable legs that actually jack the vessel out
of the water to become a drilling platform.

Multidisciplinary teams of marine scientists and
engineers have worked together to develop ideas on
how to build elaborate floating structures on the
high seas that are composed of interconnected
barges. An example of barge technology from the
late 1990s that received global attention involved
construction plans for sea-based heliports in Oki-
nawa, Japan. One potential project called “mega-
float” was a multistory, nearly mile-long floating
heliport anchored in deep water. Another design was

called the “quick installation platform,” which
involved anchoring a lesser heliport in shallow water.
During this time, the OFFICE OF NAVAL RESEARCH
spearheaded a study to evaluate the feasibility of
modular interconnected barges to provide flight,
maintenance, supply, and other forward logistics
support operations for U.S. and Allied forces. By
2001, the investigators concluded that the “Mobile
Offshore Base” concept was cost prohibitive and
alternatives such as aircraft carriers and roll-on/roll-
off ships were less expensive.

Further Reading

The American Waterways Operators. Available online.
URL: http://www.americanwaterways.com. Accessed
January 8, 2007.

barrier islands Long, very narrow islands gener-
ally parallel to the coast separated from the main-
land by ESTUARIES (bays, LAGOONS, sounds) and
tidal marshes are classified as barrier islands. They
are divided into separate islands by tidal inlets that
connect the estuaries to the ocean. They are com-
posed mainly of sand organized into BEACHES,
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dunes, and tidal flats. Regions common to the bar-
rier island include the offshore zone, which is always
under water; the inshore zone, also called the shore-
face, where the breakers usually form; the foreshore,
where waves break at high water; the backshore,
where waves break only during storms; and the up-
land region, where dunes begin. The dunes can con-
sist of only one line of dunes on very narrow barrier
islands, or there can be several rows of dunes sepa-
rated by low areas called swale. The more lines of
dunes and the higher the dunes, the more the barrier
island will be protected from attack by ocean waves
and storm winds. If the dune field is sufficiently de-
veloped, there may be adequate shelter for plants to
grow into thickets, and even small “maritime” for-
ests, which provide further protection to the islands.
On the bay or lagoon sides, tidal flats and marshes
complete the barrier island setting. The range of the
tide largely determines whether the landward bound-
ary of the barrier islands will be a lagoon or salt
marsh. Lagoons tend to border microtidal areas
where tidal ranges less than 6.5 feet (2 m) prevail.
Areas in which mesotides prevail, tides ranging be-
tween 6.5 and 13.1 feet (2 to 4 m), tend to be bor-
dered by salt marshes extending from the barrier is-
land to the land. The Outer Banks of North Carolina
are examples of barrier islands in a microtidal re-
gion; the barrier islands of Georgia exemplify those
common to a mesotidal region.

Barrier islands separate and protect the main-
land from the eroding effects of the sea. They are the
dominant landform on most of the Atlantic and Gulf
coasts of the United States, the largest chain of bar-
rier islands in the world. Well-known examples of
barrier islands include Cape Cod, Massachusetts,
the Outer Banks of North Carolina, and Padre
Island, Texas. They are found in about one-fifth of
the coastlines of the world. Barrier islands are a very
dynamic environment, with enormous amounts of
their sand being transported by the ocean and atmo-
sphere, especially during major storms. The islands
can be battered off and on all winter long by mid-
latitude cyclonic storms called nor’easters. In the
summertime, the relatively tranquil environment can
be interrupted by the occasion of a HURRICANE
striking on or near the coast. Severe hurricanes are
capable of opening new inlets and closing existing
ones, thus dramatically altering the configuration of
the coastline.

Dunes are the principal natural protectors of
barrier islands. For dune development to succeed,
there must be plant growth to protect the dune from
the wind and slow the rate of errosion, thus stabiliz-
ing the dunes. In the southeast, sea oats (Uniola
paniculata) are very rugged and can withstand the

salt-laden air of the foredune region to grow and
protect this most exposed and vulnerable line of
dunes. In the Northeast, American beach grass
(Ammophila breviligulata) performs this job. If there
is a secondary line of dunes, more sea oats, Ameri-
can beach grass, and salt meadow hay (Spartina pat-
ens) help to anchor the system. Thickets develop
behind these beach grasses, including marsh elders
(Iva frutescens), red cedars (Juniperus virginiana)
and wax myrtles (Myrica cerifera) in the southeast
United States. If there is a third line of dunes called
the tertiary line, small maritime forests of pines
(Pinus taeda, Pinus rigida), live oaks (Quercus vir-
giniana), and other rugged trees can develop in the
Southeast, and black oak (Quercus velutina), beach
plum (Prunus maritima), and others in the North-
east. Although these trees and plants are usually
bent and stunted, their canopy protects the sand
from even very strong winds, and produce roots and
organic soil to help stabilize the barrier islands.

On the lagoon or bay side of the barrier islands,
tidal flats and salt marshes provide shelter and food
to the young of many marine animals, including
game fish such as striped bass (Morone saxatilis),
which are commonly called rockfish south of New
Jersey, and red drum (Sciaenops ocellatus), the
North Carolina state saltwater fish. These coastal
lagoons are important nursery areas, which are
essential to maintain ocean fish stocks. In the estu-
aries, commercially important finfish prey on spe-
cies such as Atlantic menhaden (Brevooria tyrannus),
bay anchovy (Anchoa mitchilli), gizzard shad (Doro-
soma cepedianum), blue crabs (Callinectes sapidus),
and grass shrimp (Palaemonetes vulgaris).

There are many theories as to how barrier islands
have formed. In the Northeast of the United States,
most barrier islands formed from longshore currents
extending existing sand spits. Subsequent storms
then broke through weak points in the spit to form
inlets. Monomoy Island southeast of Cape Cod was
formed in this way. The Outer Banks of North Caro-
lina may have formed when flooding of low areas
behind coastal dunes occurred, resulting from the
rise in sea level accompanying the melting of glaciers
at the end of the last ice age. Barrier islands in the
GULF OF MEXICO may have been built up by the
shoaling of SANDBARS. Barrier islands are also built
at the mouths of large rivers by sand deposition.
Notable examples are found at the mouth of the
Mississippi River in Louisiana.

Studies of the Outer Banks of North Carolina
show that barrier islands are very dynamic systems.
Since the time when Sir Walter Raleigh’s expedition
set foot on the Outer Banks in 1585, new inlets were
being driven through the islands during hurricanes



and severe nor’easters, while other inlets were being
closed due to the infilling of sand during the relative
calms following stormy periods. A new inlet was
begun on Hatteras Island by Hurricane Isabel in
September 2003. This hurricane also caused signifi-
cant destruction to coastal structures, such as fish-
ing piers, where uplift damage and scour occurred
from waves. Waves actually lift the decking from the
piling and beams.

Another dynamic feature of barrier islands is the
westward (landward) retreat of barrier islands on
the east coast of the United States. This westward
movement has been confirmed by loss of private
property and public works to the sea. There are
19th- and early to mid 20th-century cottages on
shoreline roads on the eastern shore of Cape Cod
that are now underwater. Cape Hatteras Light was
recently moved 1,600 feet (488 m) west (inland), in a
spectacular engineering feat, to save it from destruc-
tion by the encroaching ocean. Quantitative mea-
surements of shoreline retreat were made by means
of movements from reference markers in the sand
called benchmarks, and from images taken from air-
craft and satellites. These movements are a conse-
quence of the global rise in SEA LEVEL. As the sea
rises, its storm waves and winds can attack the
higher portion of the dunes and transport their sand
westward, through overwash, that is, storm waves
topping the dunes. Occasionally, even a “blowout”
can occur, in which the sand of a dune is blown
westward into a fan-shaped mound, covering all the
vital organic material that may have been accumu-
lating over many years. The movement of sand accu-
mulating on the landward side of the barrier island
completes the process. In summary, sand is taken
away from the ocean side of the barrier island and
deposited on the lagoon or bay side, thus moving the
whole island westward.

When trees, plants, or dunes are removed, the
dunes are destabilized, facilitating the movement of
sand, the erosion of beaches, and finally the migra-
tion of the entire island landward. Barrier islands are
very attractive places to spend summer vacations.
Millions of tourists travel to them every year, for
swimming, surfing, fishing, boating, or just relax-
ing. The popularity of these islands has resulted in a
great deal of development that frequently interferes
with the natural way of maintaining the beaches.
Hotels, condominiums, highways, and parking lots
all block the natural movement of sand to renourish
the beaches and dunes. Construction of groins to
prevent beach erosion has been counterproductive.
Particularly destructive to dunes are off-road vehi-
cles that scrape off the salt crust of the dunes, kill the
vegetation, and dig holes and ruts in the sand. They
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are also destroying important animal habitats for
marine birds, crabs, sand fleas, and the like. One
compromise that allows people to enjoy the recre-
ational benefits of barrier islands without signifi-
cantly destroying them has been the creation of
national parks, such as Cape Hatteras National
Seashore.
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Padre Island National Seashore, National Park Service.
Available online. URL: http://www.nps.gov/archive/
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barrier reef Barrier reefs are long, narrow coral
reefs, roughly parallel to the shore and separated
from land by a LAGOON of considerable depth and
width. It may lie a great distance from a continental
coast and may be segmented by passes or channels.
Reef-building corals require a hard substrate, ade-
quate sunlight, tropical waters greater than 68°F
(20°C), and low concentrations of suspended sedi-
ments. According to Charles Darwin (1809-82),
barrier reefs were first fringing reefs that developed
along the shores of a volcanic island. As the island
moves into deeper water by processes that we under-
stand today as SEAFLOOR SPREADING, the coral
grows upward. Through time biological forces such
as reef growth and physical forces such as wave ac-
tion contribute to the development of a lagoon be-
tween the reef and the land. An atoll forms when
land surrounded by a barrier reef subsides below sea
level.

The seaward edge of the barrier reef (fore reef) is
often characterized by a spur-and-groove system
(buttresses and channels) formed by wave energy
and irregular coral growth. The spur-and-groove
system acts to dissipate wave energy, thus reducing



52 bathymetry

damage to the reef. Whereas the fore reef may be
steep or very irregular, the back edge of a barrier
reef slopes gradually into a shallow lagoon that sep-
arates the land from the reef. Mixes of sediments
originating from land and reef and intermittent patch
reefs characterize the lagoon floor.

The world’s largest coral reef, the Great Barrier
Reef, is situated in the Coral Sea. This assembly of
individual reefs and islands stretches for approxi-
mately 1,200 miles (2,000 km) along the northeast-
ern coast of Queensland, Australia. Like most
healthy coral reefs, the Great Barrier Reef supports
thousands of species of plants and animals and
draws hundreds of thousands of tourists annually.
Besides the tropical Pacific, barrier reef systems are
found along the Caribbean and Atlantic coasts of
Belize, Mexico, Guatemala, and Honduras. Barrier
reefs in Belize are 124 miles (200 km) long. As sea
levels rise, many new barrier reefs are in the process
of evolving from fringing reefs.

See also ATOLL; CORAL REEFS; FRINGING REEF;
REMOTE SENSING.
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bathymetry Water depths referenced to sea level
or a tidal datum such as mean lower low water are
bathymetry. In contrast, topography is the elevation
of land relative to sSEA LEVEL. The bathymetry of the
ocean is as varied as that of the land. There are con-
tinental shelves covering more that 15 percent of the
ocean, stretching out from 6.2 miles (10 km) to more
than 62 miles (100 km) from shore with depths less
than 660 feet (200 m). The deep ocean floor makes
up more than 40 percent of the ocean area. The aver-
age depth of the world ocean is 12,238 feet (3,730
m). The Mariana Trench, the deepest place in the
ocean, is almost 36,090 feet (11,000 m) deep. This

means that if you took Mount Everest and placed it
in the bottom of the Mariana Trench it would still be
covered by more than 6,562 feet (2,000 m) of
water!

The following are three methods to measure
bathymetry:

e The first is to measure directly by dropping a
weighted cable (lead line) to the bottom and
measuring the length of cable.

¢ The second is to use acoustic signals and mea-
sure the travel time of a reflected signal from
the ocean floor below.

¢ The third is to use a satellite altimeter to mea-
sure the slope of the oceans surface caused by
the gravity of the solid earth below and infer
the bathymetry.

Other less traditional methods include using lidar or
wave kinematics. However, the use of lidar is depen-
dent upon the atmospheric penetration as well as the
optical quality of the water.

Bathymetric information is important for basic
research, such as crustal dynamics, as well as in
marine operations, such as laying deep-sea tele-
communication cables, or in supplying accurate
navigation charts for safe navigation. One of the
most important measurements needed in determin-
ing accurate bathymetry is the mean sea level. Mean
sea level is used as the zero reference for bathyme-
try as well as for the Earth’s topography. Remote
sensing scientists using aerial and satellite imagery
may attempt to estimate bathymetry in shallow
water. They require bathymetric surveys to test the
sensor’s performance. Hyperspectral imagery and
bathymetric lidar are particularly useful in clear
water. Remote sensing is also important in deter-
mining the waterline, the land-sea interface at time
of imaging.

Tide gauges ranging from simple staffs bolted
to a pier to air-acoustic tide gauges that measure
the sea height and transmit it via satellite back to
the data centers have been used to determine the
mean sea level along the continents. Tide gauge
records are some of the longest-recorded and most
accurate geophysical records on the face of the
Earth. The shoreline on a map is actually based on
mean high water, which is an average of the high
waters in an approximately 19-year tidal record.
Recent advances in space-borne radar altimeters
and tide modeling have allowed investigators to
estimate the mean sea level over much of the world’s
oceans.



Accurate bathymetry information is important
to the mariner. Nautical bathymetric charts give the
water depth for low tide (the obvious choice for
safety) and give the height of overhead transmission
lines that might cross a river for high tide (again, the
obvious choice for safety). Tide information is impor-
tant for commerce in determining how much ships
have to be loaded or unloaded before they can enter
some seaports. Oil tankers, for example, must
offload some of their oil to BARGES (a dangerous and
costly procedure) before they can navigate up an
estuary such as Delaware Bay and offload at piers.
The bathymetric charts, the stage of the tide, and the
draft of the vessel are some of the factors that deter-
mine how much oil is offloaded.

Bathymetric maps give insight to the geological
processes that take place in the formation of the sea-
bed. Smooth-spreading areas such as the Pacific Rise
and rough-spreading areas such as the Mid-Atlantic
Ridge are caused by different spreading speeds.
Large areas, some the size of Oklahoma, have not
been surveyed due to the high cost of ship opera-
tions. In the future, satellites or even instruments on
the International Space Station may be able to map
the bathymetry of the ocean with a horizontal reso-
lution of approximately 3.73 miles (6 km). When
this occurs, we will know the ocean’s bathymetry
just as well as the topography of Mars, Venus, and
our Moon.
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bathypelagic zone The zone of the deep ocean ba-
sins not in direct contact with the bottom extending
from about 3,300-12,000 feet (1,000-4,000 m) is
called the bathypelagic zone. This is a zone of abso-
lute darkness, except for the illumination of biolumi-
nescent creatures. Water temperatures range from
about 33°F (2°C) near the bottom of the zone, to
close to 43°F (6°C) near the top of the zone. Pres-
sures are crushing, ranging from 100 to 400 atmo-
spheres of PRESSURE. Nevertheless, the creatures that
inhabit the zone have adapted to the pressure, just as
humans have adapted to the pressure of one atmo-
sphere, or 14.7 pounds (6.7 kg) per square inch on
their bodies. However, if the creatures of the bathy-
pelagic zone are brought to the surface in nets, their
bodies explode when subjected to low pressure.
Thus, information about who they are and their hab-
its must be gleaned from direct observations from
deep submersibles, underwater cameras, REMOTELY
OPERATED VEHICLES, and the like.

Creatures inhabiting the zone include cephalo-
pods, such as the maroon-colored deep-sea squid
(Bathyteuthis abyssicola), giant squid (Architeuthis
dux), amphipods, siphonophores, and red shrimp.
Some of the predators of the deep-sea squid include
deep-diving Cuvier’s beaked whales (Ziphius caviro-
stris) and Antarctic bottlenose whales (Hyperoodon
planifrons). The predator of the giant squid is the
well-known sperm whale (Physeter macrocephalus).
These toothed whales have the remarkable ability to
dive to depths of thousands of fathoms (kilometers)
to hunt their prey. Other creatures include comb jel-
lies (ctenophores), gulper eels (Saccopharynx ampul-
laceus), grenadiers or rat-tailed fish (e.g., Macrourus
bairdii, Macrourus berglax, Coelorbynchus carmi-
natus), deep-sea anglerfish (e.g., Melanocetus john-
soni), and pteropods. The gelatinous mollusks or
pteropods that are sometimes called “sea butter-
flies” gracefully swim the depths grazing on plank-
tonic prey. Many of these fish have bioluminescent
lures (see BIOLUMINESCENCE) on their body to attract
prey, or mates. Several, such as the gulper eel, are
able to devour prey as big as themselves by expand-
ing their jaws and stomachs. Although most of the
fish and other creatures that live their entire lives in
these depths are quite small, they surely deserve the
title of “sea monsters” from their appearance and
behavior. An example of both is the vampyroteuthis,
whose name means “vampire squid from hell.”
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Bay of Bengal The Bay of Bengal is located east of
India and the island of Sri Lanka and west of the
Malay Peninsula. It extends triangularly approxi-
mately 1,300 miles (2,090 km) into the northeastern
part of the Indian Ocean and has a width of approxi-
mately 1,000 miles (1,610 km). The Bay of Bengal is
known for the Ganges and Brahmaputra River Delta,
mangrove swamps, Royal Bengal tigers (Panthera ti-
gris tigris), three species of crocodiles (Crocodilus
palustris, Crocodilus porosus, and Gavialis gangeti-
cus), monsoon rains, and destructive cyclones that
cause great loss of life along the bay’s coast through
flooding.

The bay receives sediments from many large riv-
ers such as the Ganges, Brahmaputra, Mahanadi,
Godavari, and Krishna. The meandering Ganges has
its source in the Himalayas, its mouth at the Bay of
Bengal, and is considered to be a “holy river.” Simi-
larly, the Brahmaputra River has its source in the
Himalayas, flows into Bangladesh, and meets the
Ganges to form the Ganges and Brahmaputra River
Delta, one of the world’s largest deltas. Sediments,
composed of rock material eroded from the Himala-
yas and deposited from the many rivers have turned
the Bay into a shallow sea. The seasonal wind field,
tides, and the amount of river discharge influences
the river plumes and the ensuing deposition of sedi-
ment load. The delta is therefore an extensive region
of sediment dispersal and sedimentation. These riv-
erine inputs also make the Bay of Bengal an impor-
tant source of freshwater.

The bay’s concave shoreline acts to funnel tidal
energies, which are semidiurnal (see TIDE). Tidal-
bores are reported in the Bay of Bengal and tidal
ranges are on the order of ca. 6.5 feet (2 m). As the
tide propagates into the delta, salty water from the
Arabian Sea is carried inland, mixing with the fresh-
water to create brackish conditions in the rivers, that
is, to a level that is dependent on the flow of
freshwater.

Circulation in the Bay of Bengal is forced by the
Asian MONSOON. GYRES develop in synchronization
with monsoon winds. For example, during the period
from January to October a poleward-flowing cur-
rent known as the East Indian Current develops and
is replaced from late October through late December
by the southward-flowing East Indian Winter Jet,
which returns water into the Arabian Sea. These

wind variations and circulations induce upwelling
near the coasts from the East Indian Current and pil-
ing up of surface waters along the coasts from the
East Indian Winter Jet. Weather in the Bay of Bengal
is also influenced by the monsoon. The northeast
monsoon occurs from December to April and the
southwest monsoon from June to October. Tropical
CYCLONES occur from May to June and from Octo-
ber to November. This complicated combination of
deltaic flats, shallow basin, high tidal ranges, mon-
soons, and cyclones can result in damaging storm
surges. Winds cause the seawater to pile up on the
coast, which leads to coastal flooding in highly pop-
ulated areas. Because the land is so low, and the pop-
ulation density so high, large surges from tropical
cyclones result in great loss of life.

Further Reading

Bay of Bengal Program: Inter-Governmental Organization,
Tamil Nadu, India. Available online. URL: http://www.
bobpigo.org. Accessed January 13, 2007.

Institute of Fundamental Studies, Kandy, Sri Lanka. Avail-
able online. URL: http://www.ifs.ac.lk. Accessed Janu-
ary 13, 2007.

Large Marine Ecosystems of the World #34: Bay of
Bengal. Available online. URL: http://www.edc.uri.
edu/lme/text/bay-of-bengal.htm. Accessed January 13,
2007.

The National Institute of Oceanography, Dona Paula,
Goa, India. Available online. URL: http://www.nio.org.
Accessed January 13, 2007.

beach Most marine scientists and engineers view
the beach as a zone of unconsolidated material ex-
tending from the mean low water line (a vertical da-
tum that is determined by averaging all observed low
waters over a 19-year period) to the place where there
is a distinct change in material or physiographic
form, such as the location of permanent vegetation.
Depending on the coastal zone, going from the swash
toward the hinterlands, the beach may transition to
dunes where sand-binding sea oats (Uniola panicu-
lata) and prickly pear cactus (Opuntia cactaceae)
are common or cliffs that have been cut by the action
of storm waves. The beach is further divided into the
foreshore and backshore. The foreshore is the beach
region experiencing the uprush and backrush of
waves in response to the periodic rise and fall of the
tide. The backshore extends from the foreshore or
the high tide line to the region of dunes that are im-
pacted by waves during storms, especially when
STORM SURGE occurs concurrently with high tides.
The confluence of air, land, and sea is a dynamic
realm. Beaches receive their sand from the weather-
ing of inland rock that reaches the shore through



Atypical East Coast open beach—Delaware (NOAA)

streams and rivers. Temperature differences over land
and water influence land and sea breeze circulations.
Winds can remove loose material from a beach. Dur-
ing HURRICANES (called typhoons in the western
Pacific and cyclones in the Indian Ocean) destructive
storm surges and high breakers can remove large
amounts of sand from the beach. Such forces contrib-
ute to the beaches shape, which may be straight, con-
vex such as a peninsula, or concave such as a pocket
beach. As the land slopes down to the sea bottom,
incoming waves feel the bottom and their heights
increase while wave lengths decrease. Eventually, the
unstable waves break and release their energy as
spilling, plunging, collapsing, or surging surf.

The character of the surf is usually related to
beach slope. Spilling breakers dissipate energy evenly
across a flat gradient and are characterized by
patches of foam or bubbles that spill down the front
face of the wave. Plunging breakers, sought after by
surfers, dissipate energy quickly over gentle to inter-
mediate beach gradients. Their crest curls over,
forming a concave front that plunges toward the
wave’s trough. When plunging surf propagates across
steeper slopes, they may become arrested by strong
offshore winds, which causes the front face to col-
lapse instead of forming a tubelike wall of water. On
very steep beach slopes, such as when mountainous
terrain descends into the ocean, surging surf is easily
identified because the wave’s front face is deformed
but manifests little or no foam as it slides up the
beach face. Waves coming ashore at an angle and
breaking contributes to the development of near-
shore currents and offshore bars. Currents moving
parallel to the shore are called LONGSHORE CUR-
RENTS, and the currents moving perpendicular to
the shore are known as RIP CURRENTS. Beachside
communities are often compelled to spend large
amounts of money nourishing beaches that have lost
large quantities of sand. Often, human interventions
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to restrict the movement of sand by means of groins,
jetties, breakwaters, and the like fail to perform as
expected and result in considerable damage to the
environment.

The slopes and grain sizes found on the beach
are indicative of the ocean’s strength at that location.
Beaches with fine sand (grain sizes around 0.125
mm) tend to be flatter and less energetic than beaches
having very coarse sand (grain sizes around 1 mm)
and steeper gradients. The drift of particles that are
carried by longshore currents can be picked up in the
seaward flows of rip currents. The plume of the rip
current can be seen just beyond the surf zone. The
surf zone extends from the swash seaward to where
the waves are breaking as surf. The wave climate of
a region indicates how the to- and-fro movement of
sand alternately builds up and tears down beach
structures. Sediment transport contributes to the
buildup of beaches by the smaller waves that gener-
ally occur in summer and to the retreat of the shore-
line by larger, more erosive storm waves, generally
during hurricanes in summer and winter storms.
The large waves transport sand offshore to build
sandbars, which then provide some protection to the
beach from further erosion.

See also OPEN COAST BEACH; SANDBAR; SEDI-
MENT TRANSPORT; SURF.
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beach composition Beach composition is uncon-
solidated material along the shore that is dependent
on the source of the sediment and on processes such
as erosion and deposition. The nature of the biologi-
cal and physical processes that shape the coast will
also contribute to the composition of the beach. Ma-
terials may arrive from the mountains through
streams and rivers, from the ocean as accumulations
of the remains of marine organisms, from nearby
beaches by LONGSHORE CURRENTS, and through the
atmosphere by winds.

Depending on the biological and physical char-
acter of a particular shore, beach materials may be
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deposited in areas that are from a few feet to thou-
sands of feet (meters to kilometers) wide. Where bio-
logical processes dominate, beaches may be
composed of shell fragments and carbonate skeletal
debris. Where physical processes such as high-energy
waves dominate, beaches may be sandy where the
waves erode sand and rocky where the waves attack
a cliff. Eroded materials are then transported from
high-energy locations by currents and deposited in
low-energy areas, which results in well-sorted beach
deposits that are devoid of clay-sized particles.
Marine scientists, especially coastal engineers,
classify sediments according to particle size in order
to determine rates of sediment transport. At the
beach, marine scientists may also be interested in
parameters such as shear strength and soil moisture.
Field instruments that can help characterize the
beach include cone penetrometers, lightweight
deflectometers, ovens, scales, and sieves. The Udden-
Wentworth scale defines size ranges for particle
diameters ranging from 0.0005 mm (clay) to 256
mm (boulders). The grain sizes and the velocity pro-
file of water over the seabed are needed in order to
determine the force necessary to lift a stationary
sediment grain off the seabed. Thus, erosion, trans-
port, and deposition of sediments are related to
water flow in nonlinear ways. Higher-velocity cur-
rents are needed to pick up and transport larger par-
ticles except in the case of cohesive and flat clay
particles. In contrast, larger particles will settle out
at higher velocities than the smaller ones. The com-
putation of the amount and distance that beach
material can be transported over a given time is
important for maintaining a sand budget. Such cal-
culations are used in developing shore protection
strategies that include the installation of revetments,
bulkheads, JETTIES, GROINS, and BREAKWATERS.
See also SEDIMENT; SEDIMENT TRANSPORT.
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beach protection Beach protection—also referred
to as shore protection—includes methods that are
aimed at controlling shoreline erosion and recession.
Beach or shoreline property is often protected when
processes such as wave action, strong CURRENTS,
and flooding threaten beaches, buildings, or the eco-
nomic well-being of a community. Beach protection

measures may also be implemented in the aftermath
of a severe storm in order to save and restore valuable
beach property. Strategies to protect beaches and
shoreline are simple in comparison to the compli-
cated forces that combine to reshape the coast. Most
strategies involve constructing structures to limit the
damage, implementing costly beach nourishment
programs, abandoning or moving endangered build-
ings, or a combination of the above. Erosion and
sedimentation are natural processes, and when some
interest is threatened, the level of protection against
erosion should be balanced against the damage that
might occur without protection.

Shore-forms and coasts are the result of biologi-
cal and physical processes: the shore being the strip
of land between the lowest tides and the highest
reaches for storm waves, while coasts extend inland
from the maximum level of impacting storm waves
to the farthest extent of marine features such as
dunes, coastal floodplains, mangroves, marshes and
tideflats. Healthy mangrove stands and coraL
REEFS are examples of biological processes shaping
coasts when favorable water temperatures and clar-
ity exist. Marshes and reefs protect inland areas and
are important nursery areas for many species.
Anthropogenic factors such as the removal of the
foredune ridge along a BARRIER ISLAND to build a
beachfront hotel may lead to rapid beach loss since
the local sand budget is corrupted. Physical forces
such as waves and water level fluctuations batter the
shore, while winds and currents carry sand up and
down the shore. The term WATER LEVEL FLUCTUA-
TION includes variable processes such as SEA LEVEL
rise, TIDES, and STORM SURGES. The complex inter-
action of these biological and physical forces occurs
at the land-sea interface. Shoreline changes caused

Beach protection by means of a revetment (low wall of rocks).
Revetments, bulkheads, and seawalls protect the land but do
not promote beach buildup. Groins and breakwaters protect

the land by promoting beach buildup. (NOAA)



by human activity have led to asphalting and
cementing long stretches of beach to protect valu-
able structures from washing into the ocean. The
consequences observed directly from aerial imagery
or by observing a vacation beach are shoreline
changes, the natural result when erosion is not bal-
anced by accretion.

If a survey and assessment has been made to
quantify the rates of erosion that threaten coastal
property, then a shore protection strategy can be
designed to help mitigate the erosion or to save prop-
erties from destruction. Goals for a beach protection
strategy might be to widen the beach berm, build
dune fields, and improve surfing conditions. The
strategies should consider extra erosion that might
be caused by altering the natural flow of waves or
currents. One strategy might involve the stabiliza-
tion of river mouths or tidal inlets by constructing
shoreline structures. JETTY construction involves
placing with a crane, large slabs of granite, armor
stone, or riprap into a narrow and elongated struc-
ture perpendicular to the shore at an inlet. The inter-
connected structure prevents longshore drift from
filling in the inlet, provides added protection for
navigation, and a platform for fishing. Another nar-
row and linear structure installed perpendicular to
the beach is a GroOIN. This structure interrupts the
LONGSHORE CURRENT and traps longshore drift to
build up a section of beach. According to Cornelia
Dean in Against the Tide: The Battle for America’s
Beaches, the long-term effects of jetties and groins is
almost always destructive to beaches. The erosion is
blocked on one side of the groin, but sand is eroded
from the other side, thus protecting part of the beach
at the expense of other parts of the shore. A second
strategy for shore protection involves the nourish-
ment of the beaches and dunes to provide an ade-
quate storm buffer. This method would rely on
sediment being dumped, pumped or placed on the
beaches by some mechanical means. If dune fields
are built, it is essential that the restoration effort
include the introduction of native dune vegetation
such as sea oats (Uniola paniculata). NOAA Sea
Grant recommends that approximately 64 sea oat
seedlings be planted for each 10-foot (3.05 m) by 10-
foot (3.05 m) area of dune. A final strategy for shore
protection might involve the abandonment or
removal of a building that is damaged or threatened
by continuing erosion. During 1999, the Cape Hat-
teras Lighthouse, a national monument, was moved
inland on heavy I-beam rails to protect it from beach
erosion at Cape Hatteras, North Carolina. This
move of the largest brick structure ever transported
on rails was an engineering feat in response to the
loss of beach near the lighthouse.
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Benguela Current The Benguela Current is a cold
eastern boundary CURRENT flowing northward along
the southwest coast of Africa, between about 35°S
and 15°S. The Benguela Current forms the eastern
part of the South Atlantic GYRE, and is thus an eastern
boundary current. These are currents that are gener-
ally broader, more diffuse, and slower flowing than
western boundary currents. Mean speeds less than
0.40 knots (0.2 m/s) have been recorded. In the south-
ern part, the current has been observed to be about
120 miles (200 km) wide, but to widen considerably
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The Benguela Current is a cold current that flows parallel to
the southwest African coast; the current produces upwelling
and enhanced biological productivity.
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as it flows northward. A major source of water for
this current comes from the AGuLHAS CURRENT,
which flows southwestward along the southeast coast
of Africa, then branches off at Cape Agulhas with
one branch flowing south and southeast into the
Antarctic Circumpolar Current, and the other branch
flowing westward and then northward into the Ben-
guela Current. Another source for the Benguela Cur-
rent is the Antarctic Circumpolar Current flowing
eastward across the South Atlantic Ocean. The Ben-
guela Current also entrains water from the South At-
lantic as it flows northward. The current is generally
found within 100 miles (160 km) of the coast and is
a region of upwelling due to the offshore ExMAN
TRANSPORT resulting from the Southeast Trade
Winds. The northern part of the Benguela Current
flows into the South Equatorial Current.

Volume transport estimates are generally around
20 Sverdrups (20 x 106 m3/s) or less. Temperatures in
the Benguela Current range from about 59°F (15°C)
in the region of the Cape of Good Hope to about
72°F (22°C) off Cape Frio, Namibia. Current speeds
are generally less than 0.50 knots (0.25 m/s).

The upwelling regions of the Benguela Current
support a significant fishing industry. On occasion,
climatological conditions are unfavorable to upwell-
ing, and warm water from the tropical South Atlantic
moves in, causing a condition known as a “Benguela
Nifio” after the El Nifio in the PERU CURRENT. When
these changes to the circulation occur, the dissolved
oxygen content of surface waters is reduced. In the
northern part of the current especially, the lack of
oxygen causes a large increase in sulfate-reducing
bacteria that produce hydrogen sulfide, which in turn
results in large fish kills. The hydrogen sulfide layer,
which initially forms above the bottom, can rise to
within 215 feet (65 m) of the sea surface, where it is
quite deadly to pelagic life-forms.

EppiEs and rings formed in the Agulhas Cur-
rent off the southern tip of Africa often propagate
northward with the Benguela Current and may per-
sist for months. The Benguela Current has been
observed to be fairly steady and well defined near
the coast, with more variable flow perturbed by
eddies from the Agulhas Current farther offshore.
The larger eddies may vary over a large range and
contain most of the flows energy. The eddy dissi-
pates as energy and is successively transferred to
smaller eddies, and is then eliminated by viscous dis-
sipation in the smallest eddies. Viscosity is a measure
of fluid’s resistance to flow.

Cool surface temperature anomalies travel
northward from the Antarctic region into the Ben-
guela Current due to the Antarctic Circumpolar
Wave (see ANTARCTIC CIRCUMPOLAR CURRENT).
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Benioff zone The region of earthquake foci lo-
cated where a downward-moving oceanic crustal
plate interacts with a continental plate is named after
Hugo Benioff (1899-1968) of the United States. The
Benioff zone is also called the Wadati-Benioff zone
in honor of seismologist Kiyoo Wadati (1902-95) of
Japan. Their investigations of deep seismicity (see
SEISMIC WAVES) during the period from 1935 to 1940
independently recognized that the patterns of earth-
quakes in the PaciFic OCEAN were inclined 30-80°
from the horizontal and extended more than 100
miles (160.9 km) into the Earth from the ocean
trenches and island arcs. These island arcs are gener-
ally located at the borders of the Pacific Plate stretch-
ing from New Zealand, along the eastern edge of
Asia, north across the Aleutian Islands of Alaska,
and south along the coasts of North and South
America. This region comprises more than 75 per-
cent of the world’s active and dormant volcanoes and
is often called the RING OF FIRE.

The Benioff zones usually lie beneath the surface
where slip along the subduction thrust fault or by
slip on faults within the plate that is being pulled
into Earth’s mantle results in earthquakes. Faults are
fractures in Earth’s surface where there can be move-
ment of one or both sides relative to the other. Move-
ment along the fault can cause earthquakes or release
underlying magma to the surface. Alternating pat-
terns of rock magnetism were discovered in surface
seafloor rocks on either side of the mid-ocean ridges
during the 1960s. Harry Hess’s (1906-69) seafloor-
spreading hypothesis was accepted thanks to discov-
eries such as the Benioff zones and patterns of
magnetic striping on the seafloor. These combined
geophysical discoveries confirmed the conveyor belt
model, where oceanic crustal plates are destroyed in
the subductions zones, beneath the ocean trenches,
in synchronization with new seafloor being added at
the mid-ocean ridges.
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Evolution, 2nd ed. Prepared for the Open University
Oceanography Course Team, the Open University, Mil-
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benthos The organisms that live on, at, or in the
bottom of the sea are the benthos. Included in this
group are ranges of animals from the bacteria in the
mud to the lobsters that scuttle across the surface of
the bottom. The word benthos derives from the
Greek “depths of the sea.” The benthos actually
stretches from the tide pools on the shore that chil-
dren play in to the abyssal depths where neither sun-
light nor humans venture. This bottom-dwelling
COMMUNITY includes plants, mollusks, arthropods,
and others from all levels of the aquatic food web.
Most benthos feed on food as it floats by or scavenge
for food on the ocean floor. There are many ways to
divide the benthos up into groups. It can be done by
type of creature, by where they live, or by their size.

Plant benthos, such as algae and aquatic plants
are called phytobenthos. Animals or consumers such
at protozoans and metazoans are referred to as zoo-
benthos. Bacteria and fungi are called benthic micro-
flora. This last group is responsible for decomposing
and recycling all of the essential nutrients on the
ocean floor.

The benthos may also be divided up into the
three communities that they inhabit. These commu-
nities are (1) infauna, (2) epifauna, and (3) demersal.
The infauna is made up of the bacteria, plants, and
animals that live in the sediment. This group includes
diatoms, which are considered primary producers,
and mollusks and worms, which are primary con-
sumers. These communities have limited mobility
and are exposed to environmental changes such as
low dissolved oxygen levels and chemical contami-
nants. For this reason the infauna are often used to
indicate the environmental health of an ecosystem.
Tiny interstitial organisms such as nematodes and
COPEPODS may actually inhabit the space between
adjacent particles (such as sand grains) within the
sediments. Nematodes are nonsegmented worms
approximately 1/500 of an inch (.05 mm) in diame-
ter and 1/20 of an inch (1.3 mm) in length. Benthic
copepods are small crustaceans that are generally
from 1/125 of an inch (0.2 mm) to 1/10 of an inch
(2.5 mm) in length. The epifauna are the bacteria,
plants, and animals that are attached to or live on
the surface of the sediment. The epifauna make up
the group that is most familiar to casual observers.
They include all the plants and animals on the bot-
tom, attached to pilings, in tidal pools, and moving
about the bottom, such as barnacles, crabs, starfish,
snails, and oysters, just to mention a few. The demer-
sal are the bottom-feeding or bottom-dwelling fish.
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These animals typically feed on the benthic infauna
and epifauna. These fish include tautog (Tautoga
onitis), left- and right-eyed flounders (family Bothi-
dae and Pleuronectidae), sea robins (family Trigli-
dae), and rays (family Dasyatidae), to name a few.
Commercial fishing vessels catch these fish by tow-
ing trawls along the seafloor (benthic trawling).

The animals of the benthos are divided into
three groups by approximate size. The three groups
are (1) the microbenthos, (2) the meiobenthos, and
(3) the macrobenthos. The sizes ranges are less than
or equal to .1 mm, larger than 0.1lmm and smaller
than 1 mm, and greater than or equal to 1 mm,
respectively. The macrobenthos, including poly-
chaete worms and bivalves, are the largest (>1mm)
and most extensively studied category of benthos.
Nematode worms and small crustaceans known as
harpacticoid copepods are common examples of the
meiobenthos (0.1-1mm), while the microbenthos
(<1mm) include the diatoms, bacteria, and ciliates.

The success of benthic species primarily depends
upon TEMPERATURE, latitude, SALINITY, and depth.
Benthic fauna are typically most diverse in tropical
and temperate waters. Benthic communities in shal-
low waters (fringing communities) receive sufficient
light to sustain diverse populations of epifauna such
as flowering plants, algae, corals, and photosyn-
thetic diatoms, which provide food and shelter to the
associated benthos. In fact, bottom-dwelling algae
are responsible for 2 percent of primary production
in the ocean. Below the photic zone, more organisms
rely on PLANKTON for food. Plankton are relatively
small plants and animals that live in the water col-
umn. Plankton and marine snow, aggregates of cells,
mucus, and microalgae ranging in size from 1/50 of
an inch (0.5 mm) to 2/5 of an inch (1 cm), are con-
stantly falling through the water column. The plank-
ton and marine snow that reach the bottom provide
necessary nutrients to benthic communities in even
the deepest parts of the ocean (greater than 33,000
feet or 10,058 m).

Suspension feeders such as bivalves, ophiuroids,
and crinoids extend a passive filter and extract food
particles floating in the water column. Deposit feed-
ers such as holothurians, echinoids, and gastropods
often consume the material that suspension feeders
collect but cannot use. Deposit feeders ingest living
components of detrital aggregate, then excrete the
inert components to be recolonized by bacteria,
fungi, mollusks, and other meiofauna. Benthic preda-
tors and scavengers, such as fish, starfish, large crus-
taceans, and gastropods, are typically larger than
other members of the bottom-dwelling community.

Benthic fauna, such as vestimentiferans and
some bivalve mollusks, living near HYDROTHERMAL
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VENTS have adapted to live in water with tempera-
tures of approximately 662°F (350°C). Most of these
organisms live in association with chemoautotrophic
bacterial symbionts that oxidize reduced compounds
released by fumaroles (holes often found in volcanic
areas). The remaining species living near the vents
are predatory or feed on bacteria. The constant
introduction of plankton and marine snow to the
bottom results in significant buildup of organic mat-
ter that bacteria aerobically decompose on the sedi-
ment surface. At greater sediment depth, oxygen
becomes less plentiful, and eventually there is no
oxygen available for aerobic respiration. The redox
discontinuity layer is a gray transition layer that sep-
arates the aerobic sediments from the black anaero-
bic environment. The thiobiota are organisms that
live within the gray layer and metabolize sulfur.
Many of the infauna living below the redox disconti-
nuity depth survive by maintaining oxygenated water
currents that run through or into their burrows.
Some bivalves hide from predators by burrowing
below the redox layer and extending a siphon toward
the sediment surface that collects oxygen and food.
Organisms that use anaerobic metabolic processes
(anaerobes) below the redox layer release hydrogen
sulfide and other toxic reduced ions and molecules.

Human coastal communities have harvested
benthic organisms, such as clams, scallops, crabs,
and flounder, for tens of thousands of years, and
today the economies and public health of many
regions of the world rely on these fisheries. Fishing
efficiency and effort is increasing with increasing
demand; however, many benthic fisheries have failed,
and many more are on the verge of collapse. Bottom
trawling is a major commercial fishing activity that
may significantly decrease benthic community biodi-
versity. Researchers are studying the effects of trawl-
ing and agricultural runoff on the benthos. Scientists
are also investigating the effects of exotic invasive
benthic species on benthos biodiversity and health.

See also ALGAE; BIVALVE; MOLLUSKS; PHOTIC
ZONE.
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berm A relatively flat and steplike sandy area or
shoulder formed by material that is deposited by

wave action between the BEACH face and dunes is
the berm. The berm is where beachgoers set up their
camps for sunbathing and quick access to the surf.
The astute architect digging a sand castle will no-
tice layers of different size sand grains that were de-
posited during different wave regimes. Larger waves
tend to produce steeper slopes and coarser sands,
while milder waves produce flatter beaches and
finer sands. As a sandcastle’s moat deepens to the
depth of the winter beach, the digger will notice
that the winter beach slope is greater than the sum-
mer beach. In fact, summer sand that beachcombers
stroll on was only brought onshore since the end of
last winter.

The beach face is the sloping region directly
exposed to wave uprush between mean low and
high tides. Mole crabs (Emerita talpoida), which
are sometimes called sand fleas, like to bury them-
selves in wet sand and are found in abundance
along the foreshore or intertidal zone. They are an
important food source for endangered bird species
such as the piping plover (Charadrius melodus) and
game fish such as red drum (Sciaenops ocellatus).
The berm is above the beach face and runs along-
side the backshore. It is the habitat for crustaceans
such as ghost crabs (Ocypode quadrata) that eat
dead plant and animal material found on the beach.
The ghost crabs make their home in holes near or
well above the high-tide line. Horseshoe crabs
(Limulus polyphemus) move into shallow water to
spawn and lay their eggs directly on the beach.
They are harvested for fertilizer and biomedical
research. The backshore is above mean high tide
and is influenced by the ocean only during sTORM
SURGES or unusually high tides. Landward of the
beach berm one finds either coastal dunes or steep
cliffs. The dunes are formed from sand deposited
by the wind or by storm overwash. Over time, the
dune fields are stabilized by grass such as sea oats
(Uniola paniculata), which may grow to heights of
six feet (2 m).

Beaches are harsh dynamic environments sub-
ject to breaking waves, changing tides, storm winds,
salt spray, surges, and extreme temperature changes.
They are also subject to human activities such as
construction of beach houses, beach nourishment to
reestablish lost beaches, and shore protection to con-
trol erosion from wave actions and longshore cur-
rents (see BEACH PROTECTION). Beach nourishment
involves depositing new sediment by artificial means
to build up a beach in an effort to protect property,
prevent storm damage, and reduce flooding. Shore
protection structures such as JETTIES, GROINS, and
BREAKWATERS are installed to control the effects of
waves and currents.
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A berm being constructed for beach protection
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Bermuda Institute for Ocean Sciences In 1903,
Harvard University, New York University, and the
Bermuda Natural History Society established the
Bermuda Biological Station for Research (BBSR),
which later changed its name to the Bermuda Insti-
tute for Ocean Sciences on September 5, 2006. The
originators of BBSR realized that the Bermuda AToLL
provided a strategic site for a research station given
its location in the center of the ATLANTIC OCEAN, its
branching, fire, and soft corals, and close proximity
to the deep sea. Today, the Bermuda Institute of
Ocean Sciences is an independent organization fo-
cused on the study of marine and atmospheric sys-
tems. The institute includes classrooms, library, and
laboratory space, as well as boats such as a 16-foot
(4.9 m) skiff, two 32-foot (9.8 m) workboats, and the

41-foot (12.5 m) RV Stommel. For research in the
deep ocean, the institute uses the regional 115-foot
(35.1 m) RV Weatherbird 11, a University-National
Oceanographic Laboratory System or UNOLS ves-
sel, along with heavy-duty deck gear, meteorologi-
cal and oceanographic instruments, and REMOTELY
OPERATED VEHICLES. The ship’s master and crew
routinely support scientists on projects ranging
from Conductivity, Temperature, and Depth (CTD)
casts to deploying and recovering MOORING arrays.
UNOLS?’ vessels belong to an organization of 63 aca-
demic institutions and national laboratories; they
represent the United States’s oceanographic research
fleet.

Resources at the Bermuda Institute of Ocean
Sciences support basic and applied research that are
in keeping with international science objectives.
Some programs and their associated measuring sys-
tems have been integrated to form what is called the
Sargasso Sea Ocean/Atmosphere Observatory
(5202). This observatory is like a wheel, where the
tire can be viewed as participating researchers con-
cerned with improved understanding of dynamically
coupled atmospheric and oceanographic processes
common to the Sargasso Sea. Multidisciplinary sci-
entists are able to observe temporally and spatially
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variable atmospheric, physical, biogeochemical, and
biological phenomena through S202 observations.
BIOS serves as the hub where data is collected and
distilled into important information that can be used
by decision makers. The spokes provide structure
and include coastal facilities such as the 80-foot (23
m) high walk-up sampling tower erected at Tudor
Hill, state-of-the-art instrumentation and ship equip-
ment provided by RV Weatherbird 11, transects of
data collected from the CMV Oleander, a remote
sensing laboratory that receives and processes imag-
ery from NOAA and NASA satellites, and net-
worked weather stations and radiosonde data
provided through the Bermuda Weather Service.
The CMV Oleander is a container ship outfitted
with instruments such as an AcousTic DOPPLER
CURRENT PROFILER that routinely surveys the conti-
nental shelf, GULF STREAM, and Sargasso Sea as it
sails between Port Elizabeth, New Jersey, and Ber-
muda. The rim is composed of many programs that
collect and archive information on environmental
processes. Examples include the Bermuda Atlantic
Time Series Study, the Oceanic Flux Program, the
Bermuda Bio-Optics Project, the AErosol RObotic
NETwork, the Moored I Situ Trace Element Serial
Sampling Program, and the CArbon Retention In A
Colored Ocean Program.

The institute is also focused on meeting commu-
nity and industry needs through its research efforts.
For example, the Risk Prediction Initiative applies
climate research advances to meet the information
needs of the insurance industry. One very important
program, owing to increased frequency in HURRI-
CANES, involves the improved assessment, predic-
tion, and management of risks posed by tropical
CYCLONES. Investigators are also studying Bermuda
cedar (Juniperus bermudiana) tree rings to help
quantify Bermuda’s past climate and possibly corre-
late this data with other data holdings to character-
ize trends in the North Atlantic climate system,
including fluctuations in hurricane activity and the
North Atlantic Oscillation.

The Bermuda Institute for Ocean Sciences is a
valuable repository for oceanographic data. Profes-
sor Henry Melson Stommel (1920-92) from the
Woops HoLE OCEANOGRAPHIC INSTITUTION began
a time series of hydrographic measurements at Ber-
muda in 1954 that continues to this day. Today, this
series of oceanographic observations is one of the
longest for the deep ocean. Professor Stommel is
most remembered for his contributions in describing
the general circulation of the ocean. These long-term
time series are essential for studying currents such as
the Gulf Stream or the fate of deep-water masses
such as North Atlantic Deep Water, which has long

period internal waves and a unique temperature and
salinity signature.
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biological oceanographers Biological oceanogra-
phers are scientists who study marine life in the
ocean and nearby coastal or estuarine regions, and
the relations between the two. They usually have ad-
vanced degrees, having completed specialized courses
on the ocean’s physical, chemical, and geological
processes, which affect biological systems. They are
interested in understanding the evolution of living
organisms, their food, life cycle, and how they inter-
act with the ocean environment. Biological oceanog-
raphers design and execute experiments to identify
population controls and temporal variations for the
ocean’s organisms. A typical study might investigate
the composition of a WATER MASs and the degree to
which biological systems affect the seawater’s com-
position. A water mass is a body of water that can be
identified by its TEMPERATURE and SALINITY, usu-
ally identified on a Temperature-Salinity diagram.
As is the case with biologists in general, biologi-
cal oceanographers tend to be either theoretical or
experimental scientists. Theoretical biological
oceanographers develop mathematical models to
explain interactions among the biological, physical,
and chemical aspects of marine systems. Experi-
mental scientists use oceanographic instruments to
collect water samples and species for analysis in the
laboratory. They also observe in situ animal behav-
ior by descending the ocean depths in deep submer-
gence vehicles, listening to and tracking them via
underwater SONAR, tagging them, and using remote
devices to monitor their migration patterns. Long-
term data archives are used to investigate the cycling
of carbon and nitrogen through ocean PLANKTON
ecosystems by observing the fate of the organisms
and particulate organic materials as they settle from
the ocean’s surface to the deep sea. Their instru-
ments can be deployed from well-equipped research
vessels, moored BUOYS, aircraft, and deep submers-
ibles. Biological oceanographers use instruments
ranging from low-technology SEccHI p1sks, which
measures visibility underwater, Van Dorn bottles,



which collect water samples, and thermometers to
measure water temperatures, to high-technology
ocean color satellite sensors on Earth satellites to
measure the abundance of phytoplankton and the
concentration of dissolved and particulate material
at the ocean surface. Dr. William G. Van Dorn pat-
ented the Van Dorn bottle during 1956. He was
both a long-term yachtsman and an oceanographer
with Scripps INSTITUTION OF OCEANOGRAPHY
from 1947 to 1987.

Biological oceanographers are somewhat differ-
ent from marine biologists who focus their research
on a particular organism, including their physiology
and predator-prey relationships. Marine biology is a
common undergraduate program for students enter-
ing biological oceanography graduate programs.
Biological oceanographers normally have at least a
master’s degree. University research positions nor-
mally require a doctorate followed by postdoctoral
research. With only a bachelor’s degree in marine
biology, positions are generally limited to the techni-
cian level. Fully trained biological oceanographers
study biological systems in order to fully understand
a class of marine systems. They go to the biological
system in ships or submersibles to collect pertinent
data to characterize the biosystem, as well as the
marine environment.

biological reference point A particular value of
stock size, catch, fishing effort, or fishing mortality
used as a goal in fisheries management is called a
biological reference point. The stock defines a
grouping of fish based on genetic relationship, geo-
graphic distribution, or movement patterns. Catch
refers to the total number or poundage of fish cap-
tured from an area over some period of time. Bench-
marks such as biological reference points allow
fisheries management personnel to assess fisheries
status based on abundance of the stock or the fish-
ing mortality rate. This term is similar to carrying
capacity, which represents the maximum popula-
tion that a specific ecosystem can support indefi-
nitely without deterioration of the character and
quality of the resource. In order to avoid overfish-
ing, fisheries scientists will estimate the amount of
harvest or yield that can be removed from a popula-
tion without causing the stock to be depleted given
average environmental conditions. This concept is
called SUSTAINABLE YIELD.
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January 13, 2007.

bioluminescence The word bioluminescence can
be broken down into its Greek and Latin roots to
mean bio (Greek for life) and lumin (Latin for light).
In its simplest form, bioluminescence refers to the
emission of light by living plants and animals. Some
scientists also refer to biologically produced light as
“phosphorescence.” On the East Coast of the United
States, especially near water, people are familiar with
lightning bugs such as Photinus pyralis, that glow ei-
ther to attract mates or to convince potential preda-
tors that they taste bad. The light-emitting chemical
reaction consists of luciferin (a substrate) combined
with luciferase (an enzyme), ATP (adenosine triphos-
phate) and oxygen. In the ocean, this phenomenon of
emitting light is extremely common since biolumi-
nescence occurs in many species of fish, shrimp,
squid, and PLANKTON. Swimmers in ESTUARIES and
the ocean are familiar with comb jellies such as the
sea walnut (Mnemiopsis leidyi), which are often
called “phosphorous,” which often phosphoresce
emitting a blue-green glow when disturbed.

Many marine biologists study the role of biolu-
minescence in nocturnal predator-prey interactions.
In the plankton, short luminescent flashes emitted by
phytoplankton such as dinoflagellates attract small
fish to potential zoorPLANKTON food sources. These
food sources could be the very corerops that dis-
turbed the dinoflagellates, causing rapid flashes that
investigators time between 0.1 to 0.5 seconds. This
type of interaction affects the feeding behavior of
copepods and reduces the numbers of dinoflagellates
that are consumed. At dark depths from approxi-
mately 984 to 13,123 feet (300 to 4,000 m), nekton
such as the female deep-sea anglerfish (Linophryne

Bioluminescence exemplified by the bioluminescent lobate
ctenophore  (NOAA)
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arborifer) sport glowing lures dangling on a fin ray
over its huge jaw. The wiggling lure hosts millions of
light-producing bacteria that causes the “lure” to
light up. It looks like a worm to unwary prey such as
small fish and crustaceans. On the water surface,
bioluminescent dinoflagellates are generally the
cause for light displays seen in breaking waves, the
splashes from a swimmer, or in boat wakes. For this
reason, many military organizations attempt to
understand the behaviors of bioluminescent organ-
isms in order to avoid compromising covert opera-
tions. Some U.S. Navy pilots have reported that
illumination from ship wakes was so brilliant that it
aided the flight navigator in locating their home air-
craft carrier.

Industry and fields such as biomedical science
extensively exploit bioluminescence in exciting
efforts focused on enhancing the quality of human
life. Glow sticks commonly seen at evening outdoor
concerts, sports events, or the circus provide a good
example of corporate application for bioluminescent
technologies. These products are having real appli-
cations for safety, recreation, and even in commer-
cial fishing. In Aequorea victoria, an abundant
jellyfish found along the Pacific Coast of North
America, coupled with aequorin and green fluores-
cent protein cause emitted light to appear green. Bio-
medical researchers are studying the luminescent
protein aequorin and the fluorescent molecule known
as green fluorescent protein or GFP. These materials
have been extracted and used as an in vivo marker.
(The term in vivo is Latin for happening within a liv-
ing organism.) Thus, the GFP is used to obtain an
image of processes going on within a living cell.
Other examples include the use of lucerferin and
lucerferase in medical research as possible treat-
ments for cancer, cystic fibrosis, multiple sclerosis,
and heart disease.
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bivalve A bivalve is one of several classes of soft-
bodied mollusca that are protected by two hinged
shells or valves. The adductor muscles and the hinge
between the two halves of the external shell help
keep the shell closed. They have a foot that can be

used to burrow, creep, or to attach, depending on the
species. Filter feeders such as scallops, oysters, and
clams are important in cycling organic matter from
the water column. Many species of bivalves also
make up important commercial fisheries. The term
fishery refers to all the activities involved in catching
a species of fish (shellfish) or group of species. Live
markets for bivalves such as oysters include seafood
distributors, retailers, restaurants, and processors.
Statistics by organizations such as the National Ma-
rine Fisheries Service report landings of MOLLUSKS
as pounds of meats and therefore exclude the shell
weight. Scallops such as the Atlantic bay scallop (Ar-
gopecten irradians concentricus) stay in underwater
grass beds on a soft, shallow seafloor. Scallops move
in spurts by quickly opening and closing their shells
to propel them in an erratic path through the water.
Opysters such as the Olympia (Ostrea lurida) attach
themselves to rocks, pilings, and old oyster shells
that are found in EsSTUARIES and bays. The oyster
also has the ability of changing its sex. They are usu-
ally only a few inches long, but can reach sizes of
three feet (1 m). Clams are invertebrate animals that
burrow under the seafloor and range in size from the
small coquina clams (Donax fossor), which live in
the swash zone to the Indo-Pacific giant clam (Tri-
dacna gigas), which prefers waters between 30 to 60
feet (9.1 to 18.3 m deep). The swash zone is the shal-
low portion of the beach favored by beachcombers
where there is a landward flow of water from break-
ing waves. It is becoming increasingly more common
for retailers to sell farm-raised oysters and clams. In
the United States, key AQUACULTURE areas include
Chesapeake Bay, Maine, the Gulf Coast, Long Is-
land, and the Pacific Northwest.

Further Reading

Carnegie Museum of Natural History. “Section of Mol-
lusks: About Mollusks.” Available online. URL: http://
www.carnegiemnh.org/mollusks/about.htm. Accessed
January 13, 2007.

Chesapeake Bay Program: Americas Premier Watershed
Partnership, Annapolis, Md. Available online. URL:
http://www.chesapeakebay.net. Accessed January 13,
2007.

San Francisco Estuary Institute, Oakland, Calif. Available
online. URL: http://www.sfei.org. Accessed January 13,
2007.

Washington Department of Fish and Wildlife. “Priority
Habitats and Species.” Available online. URL: http:/
www.wdfw.wa.gov/hab/phsinvrt.htm. Accessed January
13, 2007.

Black Sea The Black Sea is a marginal or inland
sea with an area of approximately 160,000 square



miles (414,400 km?) and a large basin at a depth of
approximately 1,200 fathoms (7,200 feet, [2,195 m]).
Turkey to the south, Georgia to the east, Russia and
Ukraine to the north, and Romania and Bulgaria to
the west, border the Black Sea. It contains the world’s
largest dead zone or anoxic deep layer below depths
of 42 to 50 fathoms (252 to 300 feet [77 to 91 m]).
See also MARGINAL SEAS; MEDITERRANEAN SEA.
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boats The U.S. Coast Guard classifies vessels less
than 65 feet (19.8 m) in length as boats. However,
the term boats is fairly indefinite and means only
that the vessel is smaller than a ship. Some classify
boats as any vessel that can be hoisted aboard a
ship, and ships are generally large oceangoing ves-
sels of more than 500 displacement tons. Boats are
specially designed by naval architects to meet the
user’s needs, needs ranging from rowing out to a
moored cabin cruiser in an ESTUARY to circumnavi-
gating the globe. Boats are used for work such as
long-lining to catch fish or towing side-scan SONAR
to make charts. Yachtsmen may race in sailboats or
cruise in powerboats. Sportsmen use high-speed
boats such as hydroplanes to race across calm water
bodies. Sailors may patrol regions on hydrofoils or
use a launch to take personnel ashore from a war-
ship. Since 70 percent of the world is covered by
water, boats are an essential component of trans-
port and commerce for maritime countries such as
the United States.

Boats float because their volume is greater then
the water they displace, and their performance in
moving through the water is dependent on hull
type and propulsive power. The hull is the struc-
tural body of the boat that rests in the water. The
hull influences the amount of resistance that a boat
generates as speed is increased. For this reason,
hulls are further categorized as displacement, semi-
displacement, and planing, based on their ability to
transition from displacement mode to planing mode.
Sailboats and trawlers are examples of boats with
displacement hulls, while speedboats that get up on
top of the water are examples of boats with planing
hulls. Each hull type can have many sub-types, e.g.,
popular planing hulls include the v-hull of a Grady
White or the cathedral hull of a Boston Whaler.
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Other design factors that influence a boat’s util-
ity are speed, range, ride quality, and seaworthiness.
Speed is related to variables such as hull type, power
unit, load, and sea condition. Stability is affected by
the boat’s beam or width and factors such as struc-
tural modifications, cargo, catch, passengers, and
fuel. The powerboat’s range is predicted based on its
speed and the local wind and sea conditions. Ride
quality relates to the manner in which the boat rolls,
pitches, and heaves in response to waves and wind.
A seaworthy boat can handle waves comfortably,
weather storms, and bring passengers and crew back
to land safely.

Boats move through the water by various means
from rowing with oars and sailing with sails to pow-
ering with inboard and outboard gas or diesel
engines. Outboard engines are mounted outside the
hull, while inboard engines are inside the hull. The
engine’s power is converted to thrust by the propel-
lers, which usually have three, four, or five blades.
On boats such as sailboats or inboards, a tiller or
wheel turns the rudder in order to steer the boat.
This action turns the boat by directing the flow of
water passing over the rudder’s surfaces. Outboard
engines are steered by turning the wheel or engines
and redirecting the discharge screw current that is
generated by the turning propellers.

Boats are a very important platform for marine
science. Boats supporting scientific operations are
outfitted with deck gear such as cranes and WINCHES,
computers, radios, and lab space for scientists. They
are used to deploy corers that sample the sediments,
bottles that sample the seawater, nets that sample
organisms from minute PLANKTON to large fish, and
balloons that carry radiosondes that measure the
atmosphere. Hydrographers in a survey boat might
determine depths in a channel, while coastal engi-
neers in a workboat measure bed profiles under a
BRIDGE to assess scour. Some boats are maintained
in PORTS AND HARBORS for first responders to rap-
idly deploy booms that help minimize the effects of a
marine spill. Scientists involved in operating boats
usually hold a certification or have completed a
boating safety course. At a minimum, certification
means that the researcher demonstrated proficiency
with the vessel and knowledge of the published U.S.
Coast Guard Navigation Rules or “Rules of the
Road.”

Further Reading

National Association of State Boating Law Administrators.
Available online. URL: http://www.nasbla.org. Accessed
January 12, 2007.

United States Coast Guard Auxiliary. Available online.
URL: http://nws.cgaux.org. Accessed January 12, 2007.
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United States Coast Guard, Navigation Rules, Interna-
tional-Inland, COMDTINST M16672.2D, U.S. Depart-
ment of Homeland Security. Available online. URL:
http://www.navcen.uscg.gov/mwv/navrules/navrules.
htm. Accessed January 13, 2007.

United States Power Squadrons. Available online. URL:
http://www.usps.org. Accessed January 13, 2007.

bottom currents Bottom currents are found in the
deep ocean just above the bottom. Different types of
bottom currents include CONTOUR CURRENTS, deep-
sea density currents, TURBIDITY CURRENTS, and
UNDERCURRENTS.

Contour currents cling to the contours of the
ocean floor, especially in regions of rapid depth
change, such as the CONTINENTAL SLOPE. These cur-
rents were first identified by steep temperature gra-
dients, and later measured directly by self-recording
current meters. They play a significant role in the
erosion of the CONTINENTAL RISE and CONTINENTAL
SHELF. They are called deep geostrophic currents by
physical oceanographers.

A deep-sea circulation driven by density differ-
ences resulting from the TEMPERATURE-SALINITY
structure of the oceans is found above the ocean floor
at depths as great as 13,100 feet (4,000 m). Deep cur-
rents are found flowing southward below the GULF
STREAM into the Southern Hemisphere, and below
the BRaziL CURRENT and into the ANTARCTIC CIR-
cUMPOLAR CURRENT, east of Argentina. The Antarc-
tic Circumpolar Current flows eastward around the
Antarctic continent, and is an extremely deep current,
flowing from the surface all the way to the bottom.
Northward flow along the bottom branches off the
Antarctic Circumpolar Current into the INDIAN
OcEAN east of the Republic of South Africa, and into
the Paciric OcEAN east of New Zealand. The Pacific
flow continues into the North Pacific Ocean, where it
turns east toward the Americas.

The southward flow in the North Atlantic Ocean
is quite concentrated, being pushed against the
American continental margin by the CorioLis
FORCE. Currents have been found as large as almost
a knot (0.51 m/s). This current forms a southward
pathway for the recently formed North Atlantic
Deep Water (NADW), sinking down from the sur-
face of the Greenland and Norwegian Seas.

Small-scale bottom currents have been found in
the central parts of ocean basins that seem to have
been induced by strong meteorological events on the
surface. Such currents are sometimes referred to as
underwater storms. They are often identified by pat-
terns of suspended sediment movements appearing
in photographs of the bottom, as well as side-
scanning sonar records.

Turbidity currents or underwater landslides can
occur, especially down submarine canyons, in which
large amounts of sediment are transported from the
continents to the ocean floor. These currents can be
quite rapid, on the order of knots and have snapped
telephone/telegraph cables. They generally result
from seismic disturbances.

Other types of bottom currents include under-
currents flowing counter to eastern boundary sur-
face currents, such as the Davidson Current flowing
beneath the CALIFORNIA CURRENT, and the Gun-
ther Current flowing beneath the PErRu (HUMBOLDT)
CURRENT. These deep currents form part of a ben-
thic boundary layer, which exhibits turbid water
from suspended sediment and turbulent flow induced
by rough topographic features of the bottom.

See also THERMOHALINE CIRCULATION; WATER
MASS.

Bouguer anomaly Since gravity is not equal
around the Earth, the fundamental gravity anomaly
arising from underlying geology after latitude and
elevation corrections have been applied to measured
gravity data is called the Bouguer anomaly. These
deviations provide important information regarding
the density of rocks in the vicinity of where gravity
measurements have being conducted and informa-
tion about the undersea topography. For example,
Harry Hess (1906-69) while collaborating with the
Dutch physicist Felix Andries Vening Meinesz (1887-
1966) on an investigation of the gravity anomalies of
deep ocean TRENCHES hypothesized that the trenches
were SUBDUCTION ZONES, where an oceanic plate is
plunging down into Earth’s mantle.

Gravity measurements are made with a gravime-
ter and the units of measurement are in gals. Named
after the astronomer Galileo Galilei (1564-1642), the
gal is the basic unit for gravity and equals 1 cm s2. A
gravimeter is essentially a weight on a spring that
measures variations in the acceleration due to grav-
ity. Maps are useful in showing Bouguer anomaly
contours or gravity values. The resulting contours
highlight very small changes in gravity created by
changes in subsurface rock types or elevations. This
anomaly is named for Pierre Bouguer (1698-1758), a
French mathematician who demonstrated that gravi-
tational attraction decreases with altitude.

See also AERIAL SURVEY; HYDROGRAPHIC SUR-
VEY; REMOTE SENSING.
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U.S. Geological Survey. Geophysical Data Grids for the
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Wybraniec, Stanislaw, Shaohua Zhou, Hans Thybo, Rene
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http://solid_earth.ou.edu/readings/europe_gravity.html.
Accessed January 13, 2007.

box corer An instrument used to take a relatively
undisturbed vertical sample of the sediment at the
bottom of a body of water is called a box corer. Cores
are usually taken when a simple grab sample of the
bottom is inadequate. A Box corer is lowered from a
research vessel to the bottom, when it strikes the bot-
tom; a steel box is driven into the sediment, taking a
sample of the material. As is the case for a conven-
tional PISTON CORER, weights can be added to the
frame of the box corer to increase the force with
which it is driven into the sediments. A spade lever
then moves to cut the sediment core, while forming
the bottom of the box. After the sample has been

(NOAA)

Recovery of a box core from the deep ocean
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taken, the corer and core are winched back aboard
the research vessel. Once the corer is back on deck,
the cores are usually separated from the corer by
electrolytic means, reducing the friction of the sam-
ples against the walls of the corer and allowing them
to slide out. A typical length of core for a box corer
is 0.98 to 1.6 feet (0.3-0.5 m). The box is typically
about 0.98 feet (0.3 m) on a side.

The box corer does not compress the sediments
as does a conventional corer, and it retains the ben-
thic (ocean bottom) fauna in the core in their natural
locations. Scientists can then study the spatial distri-
bution of the organisms and the relation to their
immediate environment. Visual data on the organ-
isms can be logged as soon as the core is on deck.
Box cores are often x-rayed to examine the layering
of the sediments, and also to reveal burrows of ben-
thic creatures. Living creatures can then be recov-
ered alive for further study if desired, or preserved in
an undamaged condition. Box corers are adaptations
of instruments originally used by geologists on land
for taking undisturbed soil samples for study in the
laboratory. Small oceanographic laboratories on
limited budgets have made box corers from inexpen-
sive materials on hand for use in shallow, inshore
waters.

Further Reading

Mapping Systems, Coastal and Seafloor Mapping, Western
Coastal and Marine Geology, USGS. Available online.
URL: http://www.walrus.wr.usgs.gov/mapping/sam-
pling.html. Accessed January 13, 2007.

Woods Hole Oceanographic Institution, Ocean and Cli-
mate Change Institute. Available online. URL: http:/
www.whoi.edu/page.do?pid=7399. Accessed September
14, 2007.

Brazil Current A warm current formed where the
South Equatorial Current reaches the eastern tip of
South America at Ponta do Calcanhar, offshore of
the region between Natal and Recife, and splits, with
one part flowing northward into the Guyana (North
Brazil) CURRENT, and the other part flowing south-
ward, is known as the Brazil Current. The flow into
the Brazil Current at its northern terminus is about
17 Sverdrups (17 x 106 m3/s), with a speed of about
1 knot. At about 35°S to 40°S in the vicinity of the
mouth of the Rio de la Plata, the Brazil Current
meets the cold northward flowing Falkland (Malvi-
nas) Current coming up as a branch of the ANTARC-
TiIC CIRCUMPOLAR CURRENT. The combined cur-
rents turn eastward to flow into the South Atlantic
Current.

Although it is a western boundary current, form-
ing the western branch of the South Atlantic GYRE,
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The Brazil Current is a warm current that flows southward
parallel to the coast of Brazil.

and the counterpart of the GULF STREAM, its speeds
are much lower, typically being less than 2 knots
(1.0 m/s), with a mean speed of about 0.6 knots
(1.2 m/s). Another difference is that the density of
the Brazil Current changes in the direction of flow,
not perpendicular to the flow direction, as does
the Gulf Stream. Its volume transport has been
estimated at about 17 Sverdrups (17 x 106 m3/s).
Transport varies seasonally and increases with dis-
tance downstream, becoming as high as 20 Sver-
drups (20 x 10 m3/s) south of 30°S. It is a rather
shallow current, with depths on the order of 1,980
feet (600 m). Below the Brazil Current, Antarctic
Intermediate Water is moving northward, eventu-
ally flowing into the Northern Hemisphere.
Because of the high sALINITY of its source water in
the South Equatorial Current, the Brazil Current is
very saline, generally ranging from 36-37 psu
(practical salinity units).

Seasonal variations occur in the Brazil Current,
with the current being found farther offshore in the
Southern Hemisphere winter. The Brazil Current
extends farther south in summer and retreats north-
ward in winter, a movement believed to be related to
the seasonal displacement of the INTERTROPICAL
CONVERGENCE ZONE (ITCZ) and the South Atlantic

gyre.

Further Reading

Instituto Oceanografico da Universidade de Sio Paulo.
Available online. URL: http://www.io.usp.br. Accessed
July 21, 2008.

Ocean Surface Currents, University of Miami, Rosenstiel
School of Marine and Atmospheric Science. Available
online. URL: http://oceancurrents.rsmas.miami.edu.
Accessed February 7, 2004.

U.N. Atlas of the Oceans, United Nations Foundation.
Available online. URL: http://www.oceansatlas.org.
Accessed January 6, 2007.

breakwater A coastal structure that protects a
BEACH, harbor, anchorage, or basin from the full im-
pact of waves. Traditional breakwaters are linear
structures placed offshore to dissipate the energy of
incoming waves. As the wave energy is dissipated,
drifting beach material settles behind the breakwa-
ter. The amount of deposition depends on unique site
characteristics such as nearshore currents, wave cli-
mate, sediment composition, and the type of break-
water. Nearshore currents that run parallel to the
shore are caused by waves approaching the shore at
an angle. They are called “longshore” or “littoral
currents.” Nearshore currents flowing seaward in re-
sponse to water being piled up against the shore by
incoming waves and wind are called “rip currents”
(see RIP CURRENT). The average condition of wave
heights, periods, and directions at a location, over a
period of years, is known as wave climate. Depend-
ing on the above factors, breakwaters help attenuate
wave heights and may be fixed or floating, attached
to the beach or detached.

The coast is the region where air, land, and sea
meet. It is a very dynamic zone associated with large
populations and commercial centers. When one
looks at water movements alone, it is easy to see how
vertical fluctuations such as TIDES, STORM SURGES,
and breaking waves can aggravate erosion and flood-
ing. The horizontal movements of water that include
tidal currents, rip currents, littoral or longshore cur-
rents, and hydraulic currents also contribute to sedi-
ment transport and erosion or accretion. These
impacts to the shore are critical since sand is as
important to many benthic life-forms as air and
water are to people. Coastal engineers and support



Breakwater for Timbalier Island in Louisiana. The island is
part of a chain of barrier islands that front Timbalier Bay and
provides a line of defense against waves from the Gulf of

Mexico. (NOAA, Erik Zobrist)

scientists such as oceanographers and geologists
assist property owners as well as state and local gov-
ernments in developing structural and nonstructural
measures for shore protection and storm damage
reduction.

Breakwater design depends on what is being
protected and the nature of waves, tides, and shal-
low water processes that are common to the area.
They are usually rubble features with a toe, core,
and layers of armor stone sited parallel to the shore
to provide protection against wave action. There is
usually a layer of graded fine stones underlying a
breakwater to prevent the natural bed material from
being washed away. The toe is the lowest part of the
sloping breakwater that transitions the structure to
the seabed. The core provides an inner and less per-
meable portion of the breakwater. The outer layers
comprise armor stones, large quarried stones, or
specially shaped interlocking concrete blocks. Dur-
ing construction, armor stones are usually brought
to the site in BARGES.

The United States Corps of Engineers conducts
coastal research and develops new designs for struc-
tures such as breakwaters. One such recent develop-
ment is the RAPIDLY INSTALLED BREAKWATER or
“RIB” for ocean deployments. This V-shaped float-
ing breakwater is unique as it spreads wave fronts
apart based on geometric spreading and coupled
deflections of wave motion. The moored breakwater
floats at the surface and is oriented into approaching
waves to provide a sheltered area inside the “V” and
for some distance in the lee. Mooring loads are mini-
mized because the structure spreads and reflects
incoming wave energy. This breakwater has shown
promise to military planners that need to offload
ships in areas that lack a natural seaport. These
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operations called “Logistics Over-The-Shore” or
“LOTS” are sea state limited because they involve
the at-sea use of ship-based cranes and stevedore
crews. The RIB operates to reduce wave heights in
its lee and to provide suitable sea states for the ships,
lighters, craft, and barges that are involved in LOTS
operations. The RIB system has been demonstrated
at numerous sites including the Field Research Facil-
ity in Duck, North Carolina (see FIELD RESEARCH
FaciLiTy). The Field Research Facility or “FRF” is
internationally known for its 1,840-foot (560 m)
pier that extends from the BARRIER ISLAND into the
Atlantic Ocean. The FRF has also been designated
as an ocean observatory where one can study chang-
ing shallow-water waves, coastal winds, tides, and
nearshore currents in real time.

Further Reading

Coastal Structures, Coastal and Hydraulics Laboratory,
Engineer Research and Development Center, U.S. Army
Corps of Engineers. Available online. URL: http://chl.
erdc.usace.army.mil/chl.aspx?p=s&a=ResearchAreas;2
3. Accessed January 13, 2007.

Dean, Cornelia. Against the Tide. New York: Columbia
University Press, 1999.

bridges Civil engineering structures that provide
passage across obstacles such as rivers, ESTUARIES,
railroads, and valleys are bridges. Scientists and en-
gineers involved in the construction of bridges base
the initial design on the obstacle’s features. The three
major types of bridges are arch, beam, and suspen-
sion. There are many variations on these types such
as cantilever and cable-stayed bridges. One example
of a fixed bridge is the Pont du Gard aqueduct that
was built by the Romans before the birth of Christ.
This arch bridge stands near Nimes, France, and the
stone bridge’s weight is carried outward along the
curve of the arches to the abutments at each end. The
world’s longest bridge, the Lake Pontchartrain Cause-
way, is a beam bridge that is almost 24 miles (39 km)
long. Lake Pontchartrain is an oval-shaped brackish
water body located in southeastern Louisiana, cover-
ing an approximate area of 630 square miles (1,630
km2) with an average depth of 13 feet (4 m). A dual
suspension bridge crosses CHESAPEAKE BAY with a
shore-to-shore length of 4.3 miles (6.9 km). This is
one of the world’s most scenic overwater structures
that Marylander’s call the Bay Bridge. Its actual
name is the William Preston Lane, Jr., Memorial
Bridge, and the main span has a horizontal naviga-
tional clearance of 1,500 feet (457 m), a vertical nav-
igational clearance of 186 feet (57 m), and is utilized
by oceangoing ships to and from the Port of Balti-
more. Bridges may also be movable such as swing,
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The Golden Gate Bridge spans the inlet to San Francisco
Bay. (NOAA)

floating, or draw bridges. Some major components are
abutments, anchorage blocks, bents, columns, damp-
eners, deck, piers, pilings, pontoons, spans, stays,
struts, suspension cables, trusses, and turntables.

The construction and maintenance of bridges
over water bodies requires support of a multidisci-
plinary group of scientists, engineers, and techni-
cians. Beginning with the design, the engineering
team ensures that the flow of wind and water do not
set up resonant vibrations that will shake the struc-
ture apart. Scale models of the bridge are tested in
wind tunnels and flumes, while others evaluate the
structure, using numerical models and simulations.
Marine scientists might compute tidal prisms to help
evaluate forces on the bridge bents and the potential
for scour around pilings. The tidal prism is an esti-
mate for the amount of water passing under the
bridge over a tidal cycle. Waves also need to be mod-
eled since they have many effects on bridges. The tre-
mendous wave forces generated by storms can cause
dangerous vibrations and shearing forces. Other
marine science applications would utilize bridges as
platforms for instruments like microwave RADAR to
measure surface CURRENTS in the main navigation
channels. Acoustic DOPPLER CURRENT PROFILERS
have also been deployed under the main spans of
bridges such as the Sunshine Skyway, a cable-stayed
bridge crossing Tampa Bay in Florida. These devices
measure currents in the water column and provide
vital information for planning docking operations
for large vessels (see PORTS AND HARBORS). Other
sensors are deployed to measure strain and even air
gap. Not knowing bridge clearance can be disastrous
for recreational and commercial boaters.

The environmental characteristics of a particu-
lar location have important effects on bridges. In
North Carolina, there are usually between three and
11 major inlets along the dynamic barrier islands

called Outer Banks. In fact, Oregon Inlet was opened
during a HURRICANE in 1846 and has moved south
approximately two miles as a result of erosion and
acretion. In 1963, the Herbert C. Bonner Bridge was
built over Oregon Inlet. Sediment transport and inlet
migration continue causing many maintenance chal-
lenges for the North Carolina’s Department of
Transportation. Armor stone was placed along the
southern shore in order to protect the bridge and
slow the rate of shoreline retreat. In October 1990,
the dredge Northerly Island collided with the Her-
bert C. Bonner Bridge during a northeaster storm,
causing severe damage to several of the spans. Hat-
teras Island to the north could be accessed only by
boat or plane for many weeks while emergency con-
struction was under way to replace the island’s only
highway link to the mainland. Maintenance dredg-
ing to keep Oregon Inlet open to navigation as well
as frequent bridge bed profile surveys will be neces-
sary for years to come. In 2003, Hurricane Isabel
began opening a new inlet on Hatteras Island just
north of Hatteras Village. The U.S. Army Corps of
Engineers and other federal and state agencies are
working to close this incursion, which has destroyed
the major road on the island, Highway 12.

Further Reading

Confederation Bridge, Prince Edward Island, Canada.
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com. Accessed January 13, 2007.
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buoys Buoys are usually anchored structures used
for marking positions on the water, to alert mariners
of hazards, to indicate changes in bottom contours or
navigation channels, for MOORING vessels, or to pro-
vide a platform for instruments and communications
equipment. There are many types of buoys, and they
can all be used as guideposts for navigation. They are
given specific color, shapes, numbers, and light char-
acteristics in accordance with international agree-
ments. Navigation buoys provide information for safe
passage, while instrumented buoys have a payload of
sensors that collect oceanographic, acoustic, and me-
teorological data. They provide information ranging
from the side on which a vessel should pass to real-
time winds, water levels, and CURRENTS.



Oceanographic buoy deployed for detection of environmental
conditions favorable for the development of EI Nifio  (NOAA)

Buoy design depends on the intended deploy-
ment location and purpose. For example, subsurface
buoys deployed in the deep ocean provide taut moor-
ings for instruments such as current meters and
thermistor chains. Subsurface buoys are usually
favored by oceanographers because they provide a
more stable platform for instruments such as current
meters than do surface buoys. This is so because
ocean surface wave motions decrease exponentially
with depth. Ocean engineers have spent considerable
time developing computer programs to remove the
unwanted affects of buoy motion from wave and
current data.

Most buoys are fixed to their location by spe-
cific mooring designs based on hull shape, location,
and water depth. The principal types include: a long
tubular spar buoy; a conical nun or nut buoy; a
cylindrical can buoy; a dan buoy carrying a pole
with a flag or light on it; a torroidal buoy with a
superstructure for mounting electronics; a discus
buoy with oceanographic instruments; and a bell
buoy, which rings mechanically or by the action of
waves. Smaller buoys with all-chain moorings are
typically found in shallow coastal waters, while large
buoys deployed in the deep ocean utilize a combina-
tion of chain, nylon, and buoyant polypropylene
materials for anchoring. Moorings consist of various
types of marine hardware that fixes the buoy to the
bottom as well as providing communication links
for sophisticated buoys with instrument payloads.

Buoys provide information on water movement
and sea conditions. Drifting buoys, both surface and
subsurface, are used to track currents. Buoy data are
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often sent to shore via satellite. Mariners can also
assess how a buoy is riding in the water in order to
estimate current speeds and directions. Instrumented
buoys such as the Triaxys™ directional wave buoy

Ao Dor e Subsurface float
current profiler 300 m
(ADCP)
19-m wire
Rotor current
meters
276-m wire
RCM % 600 m
397-m wire
RCM % 1,000 m
497-m rope
RCM E.ED 1,500 m
997-m rope
RCM Eg 2,500 m
997-m rope
RCM Ez 3,500 m
Acoustic 492-m rope
release
(ACR) \ 3,995 m
Anchor 4-m chain
. > 10008k0 -
| -
i

A typical deep-sea oceanographic taut-wire mooring using a
subsurface float supporting acoustic Doppler and rotor current
meters, which frequently contain electronic thermometers and
salinometers. The buoy is retrieved by sending a coded acous-
tic signal to trigger the anchor release, allowing the buoy to
float to the surface.
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use special rubber cords within the mooring to allow
unrestricted buoy motions in the waves. Radios
transmit the measured wave information to ground
stations. The National Weather Service’s National
Data Buoy Center operates and maintains a network
of buoy and bottom-mounted Coastal Marine Auto-
mated Network (C-MAN) stations that are critical
for collecting data that is used in weather forecast-
ing. Information from these coastal data buoys pro-
vides a measure of safety for offshore fisherman and
other mariners that are sailing in the shipping chan-
nels. Other organizations are developing networks
of data buoys that telemeter meteorological and
oceanographic information to users in real time as
ocean observatories. Systems such as the Carolinas
Coastal Ocean Observing and Prediction System are
helping to reduce the impact of hurricanes that have
caused extreme flooding in North Carolina.
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buoy tenders Specially configured vessels designed
to service and position buoys, beacons, ranges, and
leading lights that indicate the navigable channel by
their position, shape, coloring, numbering, sound,
and light characteristics are known as buoy tenders.
These “aids to navigation” along with collision
avoidance regulations or what is commonly referred
to as “Rules of the Road” combine to provide direc-
tions to vessels and the prevention of collisions,
groundings, and other safety mishaps. The U.S.
Coast Guard is responsible for the placement and
maintenance of aids to navigation in U.S. waters.
The United States Coast Guard classifies vessels
less than 65 feet (19.8 m) in length as boats. Aids to
Navigation Boats (ANB) specially designed for the
inland waters of the United States generally range in
size from 21 to 64 feet (6.4 to 19.5 m). Some of these
such as the 55-foot (16.8 m) ANB are often employed
to service aids found in the coastal ocean. Vessels

Small buoy tender for servicing navigation buoys in the Great
Lakes, home-ported in Muskegon, Michigan  (U.S. Coast
Guard, PA1 Harry C. Craft Ill)

longer than 65 feet (19.8 m) are classified as Coast
Guard Cutters and usually have accommodations
for crew to live on board. These ships are usually
equipped with launches or motorboats such as rigid
hull inflatable boats, surf rescue boats, or landing
craft. The Coast Guard further classifies its cutters
that work on aids to navigation as river (WLR),
coastal (WLM), inland (WLI), and seagoing (WLB)
buoy tenders. Buoy tenders have black hulls and use
state-of-the-art positioning such as the GrLOBAL
PosITIONING SYSTEM (GPS) to service and precisely
set floating aids to navigation.

The buoy tenders sail from their homeport
through stretches of shoals, ledges, currents, and
ever-changing weather patterns, to ensure that their
operating area’s all-important buoys are on station
and working properly. They install, operate, and
maintain federally owned and selected privately
owned aids to navigation. Some tenders even clear
ice-laden domestic waters and help maintain opera-
tional lighthouses. ICEBREAKING in U.S. waters
would be conducted for search and rescue or a simi-
lar emergency situation, prevention of flooding
caused by ice, or to facilitate safe navigation. Other
important collateral duties involve operation of the
vessel of opportunity skimming system or the Spilled



Oil Recovery System for use in mitigating marine
spills such as crude oil, servicing NOAA’s data buoys,
law enforcement, and performing search and rescue
missions. While working, buoy tenders are granted
special navigation privileges, and the presence of day
shapes or special lights indicates their status as “ves-
sel restricted in her ability to maneuver.”

The men and women who work aboard buoy ten-
ders use deck gear, muscle, and special handling skills
to move chain links the size of footballs while setting
thousand-pound buoys. Crew members know how to
handle sinkers, lines of chain called shot, as well as the
correct lines, hooks, swivels, shackles, and releases
that safely maneuver buoys from the deck to the sea or
vice versa. They are a team that is familiar with their
operating area and have demonstrated skills in marlin-
spike seamanship, basic navigation and boat handling,
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WINCH and crane operations, survival and safety, and
even skills such as watch standing and communica-
tions. Marlinespike seamanship, the art of handling
and working with all kinds of lines and rope, is a fun-
damental prerequisite for the crew. Today’s crews are
also trained in seaport security as well as marine envi-
ronmental response and protection.

Further Reading

Canadian Coast Guard Fleet, Ottawa, Canada. Com-
missioned Vessels, Aircraft, and Hovercraft. Available
online. URL: http://www.ccg-gcc.ge.ca/fleet-flotte/main_
e.htm. Accessed January 13, 2007.

United States Coast Guard. Aircraft, Boats, and Cutters,
Information on United States Coast Guard Resources.
Available online. URL: http://www.uscg.mil/datasheet.
Accessed January 13, 2007.



cabin cruisers Powerboats that contain a cabin
and are in excess of 26-feet (7.9 m) long are cabin
cruisers. They should not be confused with cuddy
cabins that have below deck accommodations in the
bow for stowage and overnighting. Many cabin cruis-
ers usually have either a deep V or a displacement
hull. The body of the boat minus any features such as
the deck is called the hull, which is usually made of
fiberglass or wood, although some hulls are made of
polyethylene, epoxy resins, carbon, or kevlar fibers.
Cabin cruisers contain a head, galley, and may be
equipped with several berths. On board the boat, a
head is the compartment that contains a marine toi-
let, the galley is the kitchen, and a berth is a place to
sleep. Cabin cruisers are generally powered by one to
three inboard gasoline or diesel engines and usually
travel at speeds up to 25 knots (12.9 m/s).

A Hatteras Yacht's 50-foot (15-m) cabin cruiser built at the
Hatteras Yachts New Bern, North Carolina, yard (Hatteras
Yachts)

Cabin cruisers have played important roles in
society from entertainment to research. These are
the most popular boats in yachting, and the are
generally used for fishing or cruising in ESTUARIES,
intercoastal waterways, and the coastal ocean. (The
1960s television comedy Gilligan’s Island centered
on the escapades of castaways from the cabin
cruiser SS Minnow, caught in a violent storm dur-
ing a sightseeing tour.) At institutions such as Ore-
gon State University (OSU), scientists need platforms
supporting coastal research aimed at understand-
ing WAVES, flooding, fisheries, the fate of pollut-
ants, and myriad other shallow-water processes.
OSU is currently using the 29-foot- (8.8 m) long
Research Vessel (R/V) Kalipi for nearshore oceano-
graphic research that often involves diving opera-
tions. The R/V Kalipi can be trailered, launched,
and cruises at about 20 knots (10.3 m/s) to rapidly
investigate coastal phenomena.

Cabin cruisers share navigable waters with
commercial and military vessels of all types. All
water craft, yachts, and vessels must comply with
the same “Rules of the Road” and understand
standard aids to navigation for proper and safe
conduct on the water. Yachtsmen and women
should receive training to ensure safe coastal, off-
shore, and ocean passage. Learning to navigate
properly is one major way to avoid boating acci-
dents. Organizations such as the United States
Power Squadron and the United States Coast Guard
Auxiliary provide navigation and safety courses.
Boat insurance is also necessary to protect the
cabin cruiser and liability exposures associated
with boat ownership.

See also BOATS; NAVIGATION; NAVIGATION AIDS.



Further Reading

Bowditch, Nathaniel. The American Practical Navigator:
An Epitome of Navigation. Bethesda, Md.: National
Geospatial-Intelligence Agency, 2002.

Maloney, Elbert S. Chapman: Piloting, Seamanship and
Boat Handling, 64th ed. New York: Sterling Publishing,
2003.

calcite compensation depth (carbonate compensa-
tion depth) The calcite compensation depth is
called the CCD by most marine scientists. It is the
depth in the ocean below which material composed
of calcium carbonate, CaCQs, is dissolved and does
not accumulate on the seafloor. In other words, at
this depth, carbonate particles are dissolving faster
than they can be deposited. It is the location where
the amount of calcium carbonate delivered to the
seafloor is equal to the amount removed by dissolu-
tion. The depth of the CCD is a function of the THER-
MOCLINE depth, the rate of increase of dissolution with
depth, and the rate of supply of carbonate and noncar-
bonate materials to the sediment. In the PAcIFIC
OCEAN, the average depth of the CCD is 2.8 miles (4.5
km), while in the AtLanTiC OCEAN, it is approxi-
mately 3.1 miles (5 km). Only above the CCD can car-
bonate materials be deposited, because below the CCD
they dissolve and do not reach the seafloor. Early ma-
rine scientists interested in the geographic distribution
of different seafloor sediments, particularly the loca-
tions of white oozes, were the first to understand the
CCD. Oozes are biogenous seafloor sediments contain-
ing more than 50 percent of the remains of microscopic
sea animals and plants or nannofossils. For example,
calcareous ooze might contain more than 50 percent of
the shells of coccoliths, pteropods, and some forams.
Coccolithophores are a type of PHYTOPLANKTON with
a gelatinous covering overlapped by calcite plates
called coccoliths. Organisms such as corals, ALGAE
and diatoms pull carbon dioxide (CO,) from the sea-
water in order to make their shells, a process that is
considered by some as Earth’s CO, filter. Pteropods
are microscopic free-floating gastropods with arago-
nite shells. Aragonite was first found in Aragon, Spain,
and has the same chemical makeup as calcite but is
slightly harder. Forams are a protozoan that secrets a
calcareous shell or test containing calcium carbonate.
The famous pink sands of Bermuda get much of their
color from the pink to red-colored shells or tests of
foraminifera.
See also SEDIMENT; SEDIMENT TRANSPORT.

Further Reading

Integrated Ocean Drilling Program, Washington, D.C.
Available online. URL: http://www.iodp.org. Accessed
March 20, 2007.
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National Climatic Data Center: NOAA Satellite and Infor-
mation Service. NOAA Paleoclimatology Program.

Available online. URL: http://www.ncdc.noaa.gov/
paleo. Accessed March 20, 2007.

California Current The California Current is a
broad, slow-moving eastern boundary current
forming the eastern limb of the North Pacific GYRE
(the circulation formed by the California Current,
the North Equatorial Current, the Kuroshio Cur-
rent, the North Pacific Current). The current can be
delineated from the waters off Vancouver Island,
British Columbia, Canada, to Baja California,
Mexico. It is on the order of 600 miles (1,000 km)
in width. The waters of the California Current are
cool, about 48°F (9°C) in the northern portion, and
about 79°F (26°C) in the southern portion. The
California Current is a region of vigorous UPWELL-
ING in the spring and summer due to the prevailing
northwest winds which lead to an EKMAN TRANS-
PORT away from the coast. In the summer, the cool
waters interacting with warm air produce the fa-
mous San Francisco fog.

The mean speed of the current is on the order of
0.50 knots (0.25 m/s). A countercurrent flows inshore
of the California Current. This countercurrent is

requator -
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The California Current is a cold current flowing southward
parallel to the coast of northwestern North America.
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strongest below about 500 feet (150 m); it flows
toward the north at about .50 knots (0.25 m/s).

On the whole, the California Current is a poorly
defined current readily influenced by the North
Pacific wind regime. Variability is strongly influ-
enced by interactions between the climatological
subtropical high-pressure region over the North
Pacific Ocean and the atmospheric thermal low over
California-Nevada. The region is subject to large
seasonal variations.

In spring and summer, the stress on the sea sur-
face from northerly winds produces southward oce-
anic flow. The associated Ekman transport induces a
circulation away from the coast in near-surface
layers with consequent upwelling of cold, salty,
nutrient-rich water from below. During this season,
an undercurrent flows northward at depths below
about 650 feet (200 m). During the summer, the cool
California Current also contributes to fog near the
coast.

In fall and early winter, northerly winds weaken,
with the predominant wind coming at times from
the southwest. These southwest winds produce a
northward-flowing current inshore along the coast
known as the Davidson Current. Offshore, the mean
flow continues toward the south. When the upwell-
ing ceases in early fall, the core of the undercurrent
moves toward the surface, merging with the David-
son Current. The Davidson Current cuts off further
upwelling, deepens the surface mixed layer, and
increases surface temperature The end of the David-
son Current period in late winter or spring and the
beginning of the upwelling period can occur quite
suddenly. The undercurrent found in spring and
summer may in fact be the subsurface continuation
of the Davidson Current.

Volume transport in the California Current is
on the order of 10-12 Sverdrups (10-12 x 106 m3/s)
toward the south. The mean speed of the current
ranges from about .23-.50 (.12-.25 m/s) but speeds
over one knot (.50 m) have been observed. The high-
est observed speeds in the California Current occur
in summer after several months of northerly winds
have been acting on the surface.

Both cold-core and warm-core EDDIES are com-
mon features in the California Current region. They
produce high current speeds compared to the sur-
rounding waters. These flows may be observed on sat-
ellite images, which depict sea-surface temperatures.

The upwelling regions of the California Current
produce an abundance of marine life, ranging from
seals and orcas to large schools of commercially
valuable fish. Intensive fishing in the past has resulted
in strict controls regulating the tuna, anchovetta,
and other fisheries.

Further Reading

Large Marine Ecosystems of the World #3, California
Current. Available online. URL: http://www.edc.uri.
edu/lme/text/california-current.htm. Accessed March
19, 2007.

National Oceanic and Atmospheric Administration. Cali-
fornia Current Ecosystems Program, Southwest Fisher-
ies Science Center. Available online. URL: http:/nmml.
afsc.noaa.gov/CaliforniaCurrent/calcurr.htm. Accessed
March 19, 2007.

Canary Current The Canary Current is south-
eastern extension of the NorTH ATLANTIC CUR-
RENT, which flows southward past Spain and
Portugal, forming the eastern portion of the North
Atlantic GYRE. The other currents of the gyre are the
North Equatorial Current, the GULF STREAM and
the North Atlantic Current. The Canary Current
flows past the Canary Islands and then divides, with
the western branch flowing southwest into the North
Equatorial Current, and the eastern branch flowing
southeastward into the Guinea Current, which flows
eastward along the African coast into the Gulf of
Guinea. The Canary Current is the eastern bound-
ary current of the North Atlantic Ocean; it exhibits
typical characteristics of eastern boundary currents
being broad, diffuse, and of relatively slow speeds. It
is the Atlantic counterpart of the CALIFORNIA CUR-
RENT in the PAciFic OCEAN. Speeds in the Canary
Current are on the order of about 0.2 knot (.1 m/s)
with a volume transport on the order of 16 Sverdrups
(16 x 106 m3/s).

The width of the current is about 600 miles (1,000
km); the depth is about 1,500 feet (500 m). Surface
waters are cool containing water upwelled off the
coast of North Africa. EDDIES of a spatial scale of 60—
180 miles (100-300 km) are found along the shore-
ward edge of the current. Eddies may form, especially
as the current accelerates as it passes through the area
between the Canary Islands and the coast.

The flow of the Canary Current is seasonal,
with the greatest strength of the current being in the
Northern Hemisphere winter, corresponding to the
strongest northeast trade winds. During this time,
the core of the Canary Current may have speeds as
high as 2.5 feet per second (1.48 knots or 0.76 m/s)
as it passes through the Canary Islands. As the trade
winds weaken in spring, the Canary Current weak-
ens and reaches a minimum speed in late summer
and early autumn. These seasonal variations coin-
cide with the seasonal variations of the North Equa-
torial Current into which it flows. Eddies and
meanders form frequently in this region. The trade
winds blowing over the Canary Current and the
North Equatorial Current once carried Columbus’s



small fleet from Spain to the New World. During the
late 18th and early 19th centuries, sailing ships trad-
ing at North Atlantic ports took advantage of the
circulation of winds and currents, sailing west to the
Americas in the North Equatorial Current, then
north in the Gulf Stream, east across the Atlantic in
the North Atlantic Current, and then south again in
the Canary Current.

Further Reading

GIWA, Regions and Network, Subregion 41: Canary Cur-
rent, Global International Waters Assessment, Kalmar,
Sweden. Available online. URL: http://www.giwa.net/
areas/area41.phtml. Accessed March 21, 2007.

Gyory, Joanna, Arthur ]J. Mariano, and Edward H.
Ryan. “The Canary Current.” Available online. http:/
oceancurrents.rsmas.miami.edu/atlantic/canary.html.
Accessed April 1, 2004.

Large Marine Ecosystems of the World #27: Canary
Current. Available online. URL: http://www.edc.uri.
edu/lme/text/canary-current.htm. Accessed March 19,
2007.

capillary waves Capillary waves are very small
water waves for which the restoring force is capillary
action. The most visually apparent ocean waves are
called surface gravity waves because their restoring
force is the pull of gravity. Capillary waves have as
their restoring force the tension of the water surface.
This is the same surface force, called capillary attrac-
tion, which pulls water up very thin tubes or bends the
meniscus of a fluid in a test tube. Surface tension af-
fects only very short WAVELENGTH waves, less than 0.7
inches (1.7 cm). Their amplitudes are only a fraction of
a centimeter. The range of waves from 0.7 inches (1.7
cm) to about two inches (5.0 cm) in wavelength is acted
upon by both gravity and surface tension. For waves
more than 2 inches (5.0 cm) in wavelength, the restor-
ing force is entirely gravity.

Capillary waves are similar to gravity waves in
that they are generated by the wind blowing over the
surface of the water. However, in most respects cap-
illary waves are very different from gravity waves.
Deep-water gravity waves travel faster the longer
their wavelength, whereas capillary waves travel
slower the longer their wavelength. Deep-water grav-
ity waves can circumscribe the globe, whereas capil-
lary waves die out almost immediately after the
wind stops blowing.

Most of the oceans are covered by capillary
waves; they are absent only when there is no wind at
all and the sea is glassy. Under these conditions, a
gust of wind approaching can be observed because it
has a distinctive patch of capillary waves in its wake,
which is visible as dark, roughened patches appar-
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ently moving faster than any of the surface waves.
Those who sail the ocean call these cat’s paws.
See also RADAR; WAVES.

Further Reading

Capillary Action, Water Science for Schools, USGS.
Available online. URL: http://ga.water.usgs.gov/edu/
capillaryaction.html. Accessed March 19, 2007.

Sandia National Laboratories: Synthetic Aperture Radar
Applications. Available online. URL: http://www.
sandia.gov/RADAR/sarapps.html. Accessed March
19, 2007.

Wright, John, Angela Colling, and Dave Park (prepared
for the Course Team). Waves, Tides and Shallow-Water
Processes. Milton Keynes, U.K.: The Open University in
association with Butterworth/Heinemann, 2001.

carbon cycle The carbon cycle accounts for move-
ments of carbon through reservoirs such as the at-
mosphere, the biosphere, the oceans, and the sedi-
ments. Carbon is one of the elements that make up
the universe. Human bodies, animals, plants, and
the food they eat all contain carbon. Carbon, just
like water, goes through a cycle. One of the largest
storage deposits of carbon on Earth is in the oceans.
The oceans store vast quantities of the element and
help mitigate the changes that occur to climate
caused by the introduction of carbon, specifically
CO; (carbon dioxide), into the atmosphere. Dia-
monds and graphite are carbon in its pure form.
Carbon can combine with oxygen to form carbon
monoxide, CO, or carbon dioxide, CO,, or it can
combine with hydrogen to form sugar and starches.
The proteins and fats in human bodies, as well as the
cellulose in plant walls are all formed with carbons.
Life is a carbon-based life form. Animals and plants
get carbon from the food they eat and from the air
they intake, respectively. Animals use carbon to
make energy. Sugar and starch are broken down, and
CO;, is given off in the process. This is called respira-
tion. Plants take in CO; and get the carbon from the
air that they use in the process of photosynthesis to
make sugar, which contains carbon. This is the be-
ginning of the carbon cycle. One cycle could be that
a plant takes in CO; and produces sugars. These
plants are eaten by an animal, which exhales CO,
after the sugar has been “burned up” in the body.
This CO; is then used by plants again in the process
of photosynthesis, thereby completing this simple
cycle. In actuality, the carbon cycle is more compli-
cated. One of the big research areas for global cli-
mate change is tracking the carbon cycle and esti-
mating its impact on adding to the greenhouse gases
(H,0, CO,, and so forth) and increasing the average
temperature of Earth. A more complicated example
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of the carbon cycle would be: A dinosaur expels
CO; after eating some plants. The CO, is absorbed
by ALGAE, which breaks down the CO, and uses the
carbon to form a carbohydrate that forms the cell
wall. The algae die and sink to the bottom where
they form a deep-water 0oozEe. This ooze is covered
over with silt, compressed, and over time turns into
petroleum, carbon in another form. Years later, this
petroleum is pumped to the surface and shipped to a
refinery. There it is turned into gas and used to
power vehicles. The gas is burned, giving off CO,,
which finds its way into the upper atmosphere,
where it forms a barrier that traps the long-wave ra-
diation from Earth, thereby heating up the atmo-
sphere and contributing to—GLOBAL WARMING.

Since the beginning of the Industrial Revolution,
the amount of CO, put into the atmosphere has
increased dramatically. Humans, through burning
of coal, gas, and wood, are putting more CO, into
the atmosphere than the plants can use. The oceans
can actually absorb CO, and store it in the ocean.
The estimates of the amount of CO, in the carbon
cycle include the huge amounts that reside in the
oceans. Satellites are being designed to measure the
amount of carbon in the atmosphere. Research ves-
sels ply the seas, measuring the amount of carbon
absorbed into the ocean and the depth to which it is
stored. So far it appears that the ocean has absorbed
so much carbon that it has been able to mitigate the
greenhouse effects on the atmosphere. Tracking the
carbon and making estimates of how it will affect
our climate in the future is an important and very
difficult research topic.

See also PHOTIC ZONE; PRIMARY PRODUCTION.
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Office of Oceanic and Atmospheric Research, NOAA.
“The Global Carbon Cycle.” Available online. URL:
http://www.oar.noaa.gov/climate/t_carboncycle.html.
Accessed March 19, 2007.

cartographer Scientists who measures, maps, and
charts Earth’s surface are called cartographers. Car-
tographers perform geographical research and com-
pile data to actually produce maps of the land and
charts of the sea. They collect, analyze, and interpret
data that are derived from disparate sources, ranging
from census surveys to satellite images. Spatial data
such as latitude, longitude, elevation, depth and dis-
tance are merged or fused with nonspatial data or
attributes such as population density, land-use pat-
terns, annual precipitation levels, and demographics.
Cartographers prepare the resultant maps or charts
in either digital or graphic form, using information
provided by geodetic surveys and imagery. Cartogra-

(NOAA)

A NOAA cartographer develops a bathymetric chart.

phers also use creativity to vitalize an otherwise life-
less map by applying an artist’s knowledge of color,
balance, contrast, and pattern.

As is the case with Earth scientists, cartogra-
phers study landmasses, water bodies, and atmo-
sphere and then develop decision aids that help
determine how Earth’s surface can be used for spe-
cific purposes. For example, hydrographic surveys
are used to determine shorelines, bathymetry, bot-
tom type, and many other marine features. With the
development of the GLOBAL POSITIONING SYSTEM
and Geographic Information Systems, cartographers
need specific education to deal with digital data and
to develop strong computing skills. These combined
systems are capable of assembling, integrating, ana-
lyzing, and displaying data identified according to
location. Mapping scientists who use computers to
combine and analyze various forms of geographic
information are sometimes called geographic infor-
mation specialists.

Cartographers usually have a degree in a field
such as engineering, forestry, geography, or a physi-
cal science. Many universities and community col-
leges have developed certificate programs in order for
geography students to demonstrate to prospective
employers that they have specific practical skills in
Geographic Information Systems, beyond the stan-
dard theoretical sciences commonly associated with
university study. Certification in Geographic Infor-
mation Systems is becoming more accepted and even
required among professional engineering communi-
ties, as certification in computer-aided design (CAD)
drawing and land survey are essential to many engi-
neering careers, especially civil engineering.

Major universities, government laboratories,
and private industries employ cartographers. In the
United States, federal government employers include
the U.S. Geological Survey (USGS), the Bureau of
Land Management, the Army Corps of Engineers,



the Forest Service, the NATIONAL OCEANIC AND
ATMOSPHERIC ADMINISTRATION, the National Geo-
spatial Intelligence Agency, and the Federal Emer-
gency Management Agency. Highway departments
and urban planning and redevelopment agencies
employ most cartographers working in state and
local government. In the private sector, construction
firms, mining and oil exploration companies, and
utilities employ surveyors, cartographers, photo-
grammetrists, and surveying technicians.

To keep abreast of recent developments in their
field, cartographers must spend considerable time
reading current technical journals, participating in
scientific meetings and workshops, and in taking
courses in new technologies. More and more, in
order to customize computer systems to specific
environmental applications, cartographers who
work with Geographic Information Systems must be
able to serve as developers, applying programming
skills in various macro languages such as ARC
Macro Language and Avenue as well as program-
ming languages such as JAVA and Visual BASIC.
They can expand their resources by partnering with
scientists and computer professionals from other
organizations and by making use of existing spatial
databases available on the World Wide Web.

Further Reading

British Cartographic Society. Available online. URL:
http://www.cartography.org.uk. Accessed March 19,
2007.

National Geospatial-Intelligence Agency. Available
online. URL: http://www.NGA.mil. Accessed March
20, 2007.

National Oceanic and Atmospheric Administration, Office
of Coast Survey, National Ocean Service. Available
online. URL: http://chartmaker.ncd.noaa.gov. Accessed
March 19, 2007.

North American Cartographic Information Society. Avail-
able online. URL: http://www.nacis.org. Accessed
March 19, 2007.

U.S. Geological Survey. Available online. URL: http://www.
usgs.gov. Accessed March 20, 2007.

catadromous stocks Supplies of wild fish species
that spend most of the life cycle in freshwater but mi-
grate to salt water to breed are catadromous stocks.
Freshwater eels (Anguillidae) are one of the most
common families of catadromous fish. Anadromous
fish, such as salmon and lamprey, live the majority of
the life cycle in salt water and migrate to freshwater
to spawn.

Families of fish that have many diadromous mem-
bers, species that migrate between freshwater and
saltwater systems, are typically ancient. Diadromy
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increases with increasing differences in water produc-
tivity between connected river and ocean systems. In
the Tropics, freshwater systems tend to be more pro-
ductive than saltwater systems, so catadromy is more
common in warmer waters where freshwater food
resources generally exceed those in the sea. Research-
ers suggest that migrating between habitats improves
survivorship and reproductive success.

An endogenous biological clock initiates migra-
tion between systems. Spawning grounds may be
thousands of miles away, and body protein and lipid
reserves accumulate to support long-distance swim-
ming. During migration, fish enter the water column
when the tide is going in the migratory direction and
hold onto the bottom when it changes (selective tidal
stream transport). Fish may also undergo morpho-
logical changes, such as eye enlargement, color
changes, and head elongation, during migration.

Catadromous fish must cope with osmotic water
loss when migrating to salt water. Migrating fish
handle the loss by decreasing urine production and
increasing water that is passively reabsorbed. They
also have chloride cells on the primary lamellae of
the gills, and these, along with Na*, K*, and ATPase,
are part of the bronchial mechanisms of osmoregu-
lation that make it possible for fish to migrate
between saltwater and freshwater systems.

Because catadromous fish depend on the integ-
rity of two environments for growth and reproduc-
tive success, they may be more fragile than
single-habitat species. Barriers to migration, such as
dams and water flow regulation appear to have the
most detrimental effect on catadromous stocks
because fish must inhabit suboptimal regions of the
river during growth. Pollution that inhibits osmotic
and ionic regulatory performance, invasive species
competing for resources, and high sediment concen-
trations that reduce food availability, habitat diver-
sity, and growth rates are other examples of threats
to catadromous stocks. For example, the range of
the commercially important catadromous African
mullet, Myxus capensis, has been severely reduced
by development that caused severe erosion in fresh-
water feeding areas.

Freshwater eels, such as the American and Euro-
pean eels, are currently the most commercially valu-
able catadromous fish species, but stock status is not
well understood and annual catch data is incom-
plete. In 1981, approximately 700,000 pounds of
American eel was harvested in Virginia and Mary-
land waters for European and Asian markets, but
catches are significantly lower today due to stock
overharvesting and changes in market demand. The
European eel is the most valuable fishery in England
and Wales, but stocks are seriously threatened, and
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these countries, along with the European Union, are
attempting to develop management plans for the
fishery. The Scandinavian nations have the best
European eel catch data, and it indicates that the
stocks have been declining since the 1960s.

Some of the options available to improve catad-
romous stock management are water flow manipula-
tion, erosion control, translocation of stocks,
construction of fishways that bypass dams, and arti-
ficial propagation.

See also ANADROMOUS.
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causeway A causeway is usually an unimproved
road or a paved road constructed across marshy or
periodically flooded terrain. Natural causeways may
form when lava floes from volcanic eruptions near
the coast comes into contact with the ocean whereas
man-made causeways may also be fairly elaborate
roads that cross broad water bodies or wetlands.

During medieval times, various workers such as
master masons, quarrymen, woodcutters, smiths,
miners, ditchers, carters, and carpenters were con-
scripted to build a castle or fort. These projects
included the building of a causeway or a raised road
over a moat, ditch, or fosse, which lead into the cas-
tle’s entrance. Today, environmental and civil engi-
neers plan and execute the construction of causeways.
Such structures may entail the placing of a rock core
protected on both sides by armor rock and surfacing
a roadway across a fill area with a concrete or
asphalt slab. Military construction personnel build
pontoon causeways that provide ingress and egress
across surf zones. These causeways are used for
unloading amphibious ships, which facilitate the dry
movement of personnel and equipment from ships to
shore.

Hydrographic changes caused by causeways may
negatively affect an ESTUARY and become highly
publicized issues. Blockage of normal CURRENTS in a
bay may have negative consequences to surrounding

wetlands and the recruitment of migratory finfish
that grow to maturity in the estuarine nurseries.
Some environmentalists advocate the restoration of
satisfactory circulation patterns and drainage by
replacing the causeways with elevated roadways.
Others believe that a stable ecosystem may have
evolved in response to an existing causeway and
ensuing changes would cause more harm than good.
Prior to construction of a causeway in the United
States, the present National Environmental Policy
Act would require an Environmental Impact State-
ment to be completed. This required document for
major projects or legislative proposals significantly
affecting the environment is a decision-making tool
that would identify positive and negative effects for
the construction of a causeway.
See also BRIDGES.

cephalopods  Squids, cuttlefishes, octopi, and nau-
tili constitute a class of animals known as the cepha-
lopods. The cephalopods, or head-footed animals as
they are called (cephalo from Latin meaning “head,”
and poda meaning “foot”), are placed in the phylum
Mollusca (soft-bodied animals), and are character-
ized by having a linearly chambered shell, which in
some species has been greatly reduced or completely
lost during the process of evolution. If an external
shell is present, the animal inhabits the last (young-
est) chamber with a filament of living tissue (the
siphuncle) extending through the older chambers.
The siphuncle secretes gases into the older, empty
chambers for buoyancy control, allowing the animal
to swim. The body cavity is comparatively large with
a closed circulatory system with three hearts that
pump oxygenated blood throughout the body and to
the two-gill chambers. The head is large with com-
plex eyes and a circle of prehensile arms or tentacles
around the mouth where a parrotlike beak and rad-
ula are also found. The radula is an organ with a se-
ries of small teeth in many rows used much like a
tongue bringing food into the buccal cavity for fur-
ther breakdown. A muscular funnel, the siphon, is
located under the mantle cavity through which water
is forced by contraction of the mantle walls, provid-
ing the animal with jetlike propulsion. In certain
species, one or a pair of tentacles have been modified
into a copulatory organ (hectocotylus) for the depo-
sition of sperm into the female mantle cavity for egg
fertilization. There are approximately 700 living
species that are exclusively marine and are either
benthic (bottom-dwelling) or pelagic (open-water)
inhabitants. With complex eyes, well-developed ner-
vous systems, high metabolic rates, and other traits,
these animals are well adapted for their active, pred-
atory lifestyles. The cephalopods first appeared



during the Cambrian with approximately 7,500 dif-
ferent forms found in the fossil record. A completely
developed shell is found only in ancestral forms ex-
cept for the few species of Nautilus found in the trop-
ical Paciric OceAN. These animals can be found in
shallow tide pools more than 3,300 feet (1,000 m) in
depth. Depending upon the species, there may be
some variations in the characteristics described
above.

Marine scientists and taxonomists group organ-
isms into different categories based upon similarities
in embryology, morphology, and physiology. Cepha-
lopods are typically classified according to their shell
structure or peculiarities found in soft parts such as
gills. This process is important to distinguish these
many organisms. For example, a clam and an octo-
pus look nothing alike, but because the two animals
share certain characteristics (they both possess a
radula among other shared traits) they are placed
together in the same phylum (Mollusca, one of the
largest invertebrate phyla) but in different classes. In
order to appropriately classify organisms, biologists
rank animals as an order between the class and fam-
ily. Taxonomy (the classification of organisms) uses
a system called binomial nomenclature as a standard
convention for naming living organisms. As the word
binomial suggests, the scientific name of an organ-
ism is a combination of two names: the genus name
and the species epithet. The real value of this system
is that every described organism can be identified
unambiguously with just two words. Thus, the bino-
mial name of a species is just part of a larger classifi-
cation system. The classification for the Australian
Giant cuttlefish (Sepia apama) is provided below.

Cephalopods are usually divided into two main
groups or subclasses: the Nautiloidea, containing a
few species of nautili, and the Coleoidea, containing
the squids, octopi, cuttlefishes, and vampire squids.
The basis for this separation is that the Nautilus pos-
sesses an external shell, whereas in the other groups
the shell is internal or completely lacking. In the
squids and cuttlefishes, the shell is reduced and inter-
nal to facilitate swimming and aid in their predatory
habits. In the octopi, the shell is completely lost and
has allowed these animals to assume a more bottom-
dwelling existence. A listing of some of the more
common cephalopods is provided below.

Members in the subclass Nautiloidea possess a
pearly, many chambered external shell coiled in one
plane. Beachcombers consider these shells a good
find. The head contains 38 tentacles without suckers
(four modified as a spadix in males for copulation)
and protected by a fleshy, lobelike hood. A radula
and beak are present, and the funnel is composed of
two separate folds. The eyes are small without a cor-
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nea or lens and the nervous system simple. The Nau-
tilus is a slow swimmer and unlike its cousins it does
not possess chromatophores or an ink sac. For
defense, the animal simply withdraws into the shell
with the hood acting as a protective covering. The
animal is a bottom feeder swimming slowly over the
substrate in search of food. Their fossil records are
rich and represented today by two genera with five
or six Indo-Pacific species. They have no commercial
importance except for their shells, which are valued
by collectors worldwide. The shell of the Paper Nau-
tilus (Argonauta nouryi), or Argonaut as it is called,
is actually formed by females as a brooding chamber
and flotation device. Egg-bearing females occasion-
ally strand themselves in vast numbers on various
islands throughout the tropical Pacific, where the
“shells” are then collected. Males of the species are
tiny, approximately 0.6 inches (1.5 c¢m) long, and
bear only one arm that contains the spermatophore
(sperm sac). During mating, the arm of the male
breaks off inside the mantle cavity of the female,
providing her with sperm for egg fertilization. The
tiny male may at times be found inside the brood
chamber or shell of the female Argonaut.

Members in the subclass Coleoidea are the
octopi, squids, cuttlefishes, and vampire squids. The
shell is reduced, internal or absent, and the head and
foot are combined into a common anterior structure
bearing eight to 10 prehensile suckered arms and
tentacles with one pair modified into copulatory
organ for sperm deposition. A radula and beak are
present in the mouth cavity. The funnel or siphon
consists of a single closed tube where water is forced
through providing propulsion. These animals pos-
sess a complex nervous system and have well-
developed eyes with a cornea and a lens present.
Dermal chromatophores are present, giving these
animals the ability to change colors in an instant. An
ink sac is also present and is used by the animals to
confuse predators by ejecting a cloud of the ink
while attempting escape. The ink of the cuttlefish
(sepia ink) was once used in the print and photogra-
phy industries.

Between the subclass and family, cephalopods
are further classified by order. As an example, the
subclass Coleoidea can be further classified as
follows:

Order Sepioida: The cuttlefish possess a short
body that is dorsoventrally flattened with lateral
fins. The shell is internal, calcareous, and often
chambered. The cuttlefish is able to control its buoy-
ancy by regulating the amount of water in the shell
and thus the amount of gas. There are eight short
arms and two long tentacles with suckers that lack
hooks borne only on spooned tips and retractable
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into pits. Cuttlefish are very efficient predators and
are masters of camouflage. By expansion or contrac-
tion of pigment-filled chromatophores, the cuttlefish
can change colors in seconds. Cuttlefish mate during
the winter months with males and females coming
together performing a mating dance or ritual before
caressing one another with their arms and tentacles.
The male deposits a sperm sac into the mantle cavity
of the female; she will then retreat into a small cave
or opening where she fertilizes her eggs before hang-
ing them in clusters from the rock. Soon, after mat-
ing, the cuttlefish die, having completed their short
life cycle of only 18 to 24 months. Due to its short
life span, the cuttlefish fishery must be managed
properly. The cuttlefish is commercially important
worldwide and in some areas is threatened from
overexploitation. Of the many products derived from
the fishery, cuttlebone is the most familiar and is
used as a source of calcium for pet birds such as
parakeets.

Order Teuthoida: The squids possess an elon-
gate, tubular body with lateral fins. The shell is inter-
nal and is reduced to a cartilaginous pen for some
support of internal organs and to facilitate swim-
ming. Squids possess eight arms and two nonretrac-
tile tentacles with suckers that often bear chitinous
hooks for the retention of prey. Chromatophores and
an ink sac are also present. A strong parrotlike chi-
tinous beak and a radula are located in the buccal
cavity. The genus Architeuthis contains the largest
invertebrate animal on the planet. Better known as
the Giant Squid, Architeuthis can reach lengths of
more than 65 feet (20 m) and is a very elusive crea-
ture—first-ever photographs of this species were
taken off Japan’s Ogasawara Islands during Septem-
ber 2004. The only real knowledge concerning these
animals is from dead specimens that have washed
ashore or those that have been hauled up in com-
MERCIAL FISHING nets. Stomach contents from
sperm whales (Physeter catodon) have also yielded
some information about these elusive creatures.
Sperm whales are perhaps the only animals known
to prey upon adult giant squid. Beaks of the giant
squid and other hard body parts are found embed-
ded in the ambergris of the sperm whale. Ambergris
is a liquid found in the intestinal tracts of the sperm
whales and was once used as an additive to per-
fumes. When the ambergris comes into contact with
air, it becomes a very pleasant-smelling gel-like sub-
stance embedded with beaks of squids and some-
times cuttlefishes. Squids of other species are
commercially important worldwide with hundreds
of thousands of metric tons being landed on an
annual basis. Humans use them primarily as a source
of food, and as bait in both commercial and recre-

ational fisheries. In 2002, there were 205.5 million
pounds of squid landed in U.S. waters with an aver-
age vessel price of 21 cents per pound amounting to
$43.5 million. Calamari or squid is a popular menu
item in restaurants throughout the world.

Order Octopoda: The octopi possess a short,
globular body usually without fins and the shell is
completely lacking. The octopi possess eight arms
joined by a web of skin (interbrachial web). Most
species are bottom-dwelling inhabitants, usually
associated with some type of structure such as CORAL
REEFS. There are approximately 200 known and
described species. They are considered by many to
possess intelligence due to a suite of rather complex
behaviors exhibited by some species. Octopi are
commercially important worldwide and are used by
humans primarily as food, especially the tentacles.
They are usually caught by throwing out a line with
a series of small plastic buckets attached. Octopi will
retreat into the buckets, seeking shelter or a place to
hide and are landed when the line is retrieved. They
are also gaining popularity in the aquarium trade.
Most are nocturnal predators, hiding in their lairs
during daylight hours. Outside the lair’s opening,
octopi deposit discarded shells and other hard body
parts from their prey victims. These piles of shells
(midden piles) can reveal valuable information about
the life history of these fascinating animals and also
aid researchers in locating octopi. Most species are
short-lived, from one to two years, but the Giant
Pacific Octopus (Octopus dofleini) may live up to
four years. Reproduction is similar to that of the
squids, being semelparous (only one reproductive
cycle) after which death occurs. The small blue-
ringed octopus (Hapalochlaena maculosa) of the
Indo-Pacific is one of the most venomous animals in
the marine environment. The poison is located in the
animal’s saliva and is extremely toxic. It is a neuro-
toxin and has resulted in many human fatalities—
there is no known antidote. Unlike other members of
the class, octopi inject a poison into their prey vic-
tims resulting in paralysis or death.

Order Vampyromorpha: The deep-water vam-
pire squids possess a plump, small body with one
pair of lateral fins. The shell is reduced to a thin,
featherlike transparent vestige. There are four pairs
of arms, each with one row of distal suckers and are
joined by an extensive web of skin (the interbrachial
membrane). Two tendrillike, retractile filaments rep-
resent the fifth pair of arms. The radula and beak
are well developed in order to seize and hold onto
prey in this deep-water zone. The ink sac is vestigial
as this animal employs a different strategy for escape
from predators. The vampire squid is the only cepha-
lopod that spends its entire life in the midwater



pelagic zone known as the Oxygen Minimum Layer
(OML), where a continuous zone of low oxygen lev-
els persists at depths between 1,300 and 3,300 feet
(400-1,000 m). The vampire squid is especially
effective at removing oxygen from the water, which
enables it to exist in this zone without the use of
anaerobic metabolism. The blood contains hemocya-
nin, like other members of the class, and has a high
affinity for oxygen. The vampire squid is similar in
form and function to its cousins, but was placed in its
own order due to the presence of sensory filaments
that are used by the animal to locate food. For
defense, it uses light organs on the tip of each arm
and ejects a mucous cloud containing thousands of
glowing spheres of blue bioluminescent (see BIOLU-
MINESCENCE) light in order to temporarily confuse
predators allowing the vampire squid to escape. Vam-
pyroteuthis infernalis is the only species in the order,
and is currently of no commercial importance.

In summary, cephalopods are invertebrates
found in marine (brackish and saline) environments
and are very different from finfish. Like many
MARINE FISH, they are active, mobile predators.
Cephalopods may use fin waves and jet propulsion
to capture prey or escape predators. Fish, on the
other hand, propel themselves through undulations
of the body or tail fin. All cephalopods are carnivo-
rous, while some fish may forage on plant species.
Many species of squid, cuttlefish, and octopus are of
commercial importance. Some are caught in large
traps set in LAGOONS during bottom trawling and by
jigs with light attracters at night. Squids are fished
with light attracters and handnets, or by hook-and-
line. Octopis are occasionally caught by divers and
speared by fishermen in shallow waters. They may
be caught as by catch (foul-hooked) during bottom-
fishing operations. Some species of squid and cuttle-
fish are also captured using beach seines.

See also MOLLUSKS; NETS.
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certifications Many professions use academic
standing, qualifications, and certifications to ensure
that only highly skilled individuals are licensed for
employment in particular disciplines. Applicants for
degrees and certification must meet requirements
specific to the type of degree or certificate they are
seeking. Basic researchers rely on degrees and publi-
cation records to assess a person’s capability to ad-
vance the discipline’s knowledge base. Engineering
fields and marine trades utilize training, education,
and certificates to qualify people to work in areas
ranging from using the GLOBAL POSITIONING Sys-
TEM to create a digital elevation model to running a
shipboard power plant. Often a particular disci-
pline’s professional associations describe the specific
requirements for qualifying for certificates, which
may range from carrying the title of a professional
engineer to being a licensed captain of a merchant
vessel.

In science fields such as biological, chemical, geo-
logical, and physical oceanography, specific certificates
may not be required. However, many scientists join
professional associations such as the American Acad-
emy of Underwater Sciences, the MARINE TECHNOL-
0GY SOCIETY (MTS), American Society of Limnology
and Oceanography, or the AMERICAN GEOPHYSICAL
UnioN (AGU) and contribute research findings at pro-
fessional conferences and, most important, in refereed
journal articles. Degrees tend to categorize a person’s
initial role within the research community. Principal
investigators manage research programs and normally
have doctorates (also referred to as a doctor of philoso-
phy or a Ph.D.). Many marine scientists holding master
of science degrees are found working on industry or
government research projects and depending on expe-
rience may design and manage their own programs.
Scientists having bachelor’s degrees in a basic science
accomplish a great deal of marine science fieldwork,
data processing, and reporting. The marine operations
area may offer an entry-level position for someone with
only a high school diploma or associate’s degree. The
Marine Advanced Technology and Education (MATE)
Program in Monterey, California, focuses on providing
certificates for operations such as operating REMOTELY
OPERATED VEHICLES to awarding associate degrees
that prepare students for undergraduate and graduate
level marine science programs. Educational institutions
such as the MATE Center also provide opportunities
for at-sea and shore-based experiences in marine tech-
nology fields ranging from hydrographic surveying to
AQUACULTURE.

Some marine science fields require specific edu-
cation and experience requirements and then passing
an examination for award of a certification or quali-
fication. In the U.S. Navy and Air Force, specific
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training must be accomplished in observing weather
elements such as precipitation, sky condition, visibil-
ity and obstructions to vision, TEMPERATURE, winds;
plotting of weather codes must be skill demonstrated
before a service member can be qualified as a weather
forecaster. For another rigorous example, engineers
with an “Engineer-in-Training” certificate are certi-
fied by a state as a graduate from an approved engi-
neering program or related science curriculum and
someone who has passed the National Council of
Examiners for Engineering and Surveying (NCEES)
eight-hour Fundamentals of Engineering (FE) exam-
ination. Additional information on training, certifi-
cation, and qualification requirements can be
obtained from professional and trade associations.
All mariners employed aboard U.S. merchant
vessels greater than 100 Gross Register Tons are
required to have a valid U.S. Merchant Mariner’s
Document. This certification allows mariners
employed aboard U.S. merchant vessels greater than
100 Gross Register Tons to work in the deck, engi-
neering, or steward’s department of a ship. In gen-
eral, the deck department is concerned with ship
navigation and operation; the engineering depart-
ment tasks are focused on ship propulsion and main-
tenance of machinery; and the steward’s department
handles the ship’s supplies and food services. Mer-
chant marine personnel also obtain ratings such as

able seaman (see ABLE-BODIED SEAMEN), lifeboatman,
ordinary seaman, wiper, or food handler based on
their skills and experience. Deck officers such as the
master, chief mate, second mate, and third mate
complete many qualifications and meet criteria such
as drug testing, oaths, sea service, training, practical
demonstrations, and examinations.
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cetaceans Whales, dolphins, and porpoises make
up a group of aquatic mammals known as cetaceans.
They breathe through lungs, suckle their young, and
have hair on their bodies at one time or another, and
they are warm-blooded. Most species are exclusively
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The blue whale is the largest mammal ever to inhabit the Earth. Marine scientists aboard the NOAA RV McArthur Il sighted blue
whales in Alaska waters for the first time in many years during July 2004.



marine, but there are some dolphins that do in fact
inhabit freshwater rivers and their tributaries as well.
The pink Amazon River dolphin (Inia geoffrenis),
known as “botos” in Brazil, is one such species that
inhabits freshwater rivers in the Amazon River ba-
sin. The common bottlenose dolphin (Tursiops trun-
catus), can be found in United States coastal ESTUAR-
1ES year round and off shore as well.
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chaos Describes complex and nonlinear systems
such as turbulent fluids, weather patterns, and
predator-prey relationships that are sensitive to their
initial conditions. This means that a very small
change in the initial conditions can become larger
and larger in time. Numerical weather prediction
models are started with known initial conditions,
and the model is run to produce a forecast based on
the initial data. If there are small errors in the data,
they can propagate through the model run, produc-
ing very different results as time and space evolve
over days and hundreds and thousands of miles.
Since errors are typically random; vastly different
long-term forecasts can be produced from only
slightly different initial data. Professor Edward Nor-
ton Lorenz, a meteorologist, first noted this effect in
1961 while doing computer model experiments at
the Massachusetts Institute of Technology. This ef-
fect occurs not only in computer models but also in
nature. It is often referred to as the “butterfly effect.”
The flapping of a butterfly’s wings in Kansas can
influence the weather in Connecticut. This is some-
thing of an exaggeration, but it does portray the
tendency of very small disturbances in wind, TEM-
PERATURE, humidity, and so forth, to produce a
disturbance that grows with time and space. For ex-
ample, the sequential introduction of dye into a fluid
produces quite different patterns, demonstrating
some of the properties of chaos.

The existence of chaos precludes making accu-
rate weather forecasts of more than a few days’ dura-
tion. Chaos also limits the time over which accurate
ocean circulation or wave height forecasts can be
made. Nevertheless, chaos is not random; discern-
able patterns emerge from the study of successive
model outputs with slightly different initial condi-
tions. Chaos essentially makes it possible to forecast
patterns and STATISTICS but not individual case
behavior.
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Chaos is at present a very active branch of
research in all of the Earth sciences, and indeed in
all of the sciences. Marine scientists applying “chaos
theory” are working toward finding the underlying
order in apparently random data.
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Charleston Bump The Charleston Bump is a geo-
logical feature rising from the ocean floor off the
coast of South Carolina and Georgia. It is located 93
miles (150 km) south of Charleston, South Carolina;
hence its name. The CONTINENTAL SHELF off the
East Coast at this point falls to a depth of almost
2,300 feet (700 m), where it meets the Blake Plateau.
Located between the shelf break with a depth of
about 330 feet (100 m) and the Blake Plateau lies a
ramp running from the south to the north, which
rises from 2,300 feet (700 m) to 1,300 feet (400 m).
This is the Charleston Bump. Then as the ramp
reaches 1,300 feet (400 m), its shallowest point, it
drops 330 feet (100 m) again. This clifflike wall is
called a scarp. This scarp with its ledges of overhang-
ing rocks is replete with many species of fish. North
of this scarp is a deep basin that is called the scour
depression. The Charleston Bump has a unique geol-
ogy, and it strongly influences the flow of the GULF
STREAM.

The Charleston Bump is composed of erosion
resistant rocks. This rock is formed by a chemical
process in which manganese-phosphorite is precipi-
tated from the minerals that are dissolved in the sea-
water. This is different from rocks that are made
from cooling of magma or the sediment of particles.
This manganese-phosphorite formed small nodules
that coated the underlying seafloor sediments. This
coating is up to 3.3 feet (1 m) thick and is very resis-
tant to erosion. It is estimated that this coating was
formed during the Miocene Period (15 million years
ago). Sponges and corals grow on this hard surface.

There is a large variety of fishes in the waters
over the Charleston Bump. There are large numbers
of squid and fishes that migrate vertically during the
diurnal (daily) cycle. They rise to the surface to feed
on PLANKTON during the night and then sink to the
bottom during the day to avoid becoming the victim.
This migration of organisms reflects sound-causing
echoes in fathometers and is commonly called the
DEEP SCATTERING LAYER. On the bottom of the
Charleston Bump there is a large stock of wreckfish
that prey on these migratory fish. The Gulf Stream
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continuously supplies these migratory fish to the
bottom dwellers.

The Gulf Stream is one of the largest dynamic
physical features on the planet. It carries over 200
Sverdrups (200 x 10¢ m3/s) of warm water to the
north off the coast of the United States. This current
transfers more heat from the southern latitudes to
the northern latitudes than does the atmosphere.
This mighty current reaches to the seafloor and is
about 60 miles (100 km) wide with a speed of about
2.40 knots (1.20 m/s) off the coast of South Caro-
lina. The Charleston Bump actually deflects this
current seaward and generates meanders which pro-
duce a cyclonic eddy over the Charleston Bump. This
eddy pumps the colder water from the deep upward.
Upwelled water brings with it nutrient-rich bottom
water. These nutrients cause the biological produc-
tivity of the water to increase dramatically in this
area. Productivity is revealed in the chlorophyll mea-
surements from the Coastal Zone Color Scanner, a
satellite-borne sensor for measuring ocean color.
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charts, nautical Maps that have been specifically
designed to meet the requirements of marine naviga-
tion are called nautical charts. These graphical por-
trayals of the marine environment depict elevations
of selected topographic features, general configura-
tions and characteristics of the coast, water depths
obtained from hydrographic surveys, the nature or
composition of the bottom from GRAB SAMPLERS,
dangers and aids to navigation, the shoreline at a ver-
tical datum such as mean high water, tide ranges
from water level observations, and magnetic varia-
tion for the charted area.

Charts are available on several scales, ranging
from about 1:2,500 to 1:14,000,000. Small-scale
charts are used for voyage planning and offshore
navigation. Charts of increasingly large scale show-
ing more detail are used as vessels approach land.
Contour lines depict points of equal depth, where
the depths are the vertical distance from the chart
datum to the bottom. Since 1989, chart datum has

been implemented to mean lower low water for all
marine waters of the United States and its territories.
Mean Lower Low Water (MLLW) is the average of
the lower low water tidal heights taken over a 19-
year period, which is called the National Tidal
Datum Epoch. This choice for a datum is particu-
larly useful since the tide will not usually fall lower.
However, water levels may fall significantly below
that of the astronomically predicted tide in regions
that are strongly affected by meteorological forces
such as winds that set up the water or freshets. To
visualize the spatial variation of water depth or what
is commonly called “bathymetry” marine scientists
use charts. Bathymetry is especially important in
understanding motion in the ocean such as refract-
ing, reflecting, diffracting, and shoaling waves, the
generation of internal waves as currents pass over
underwater sills, and the favored locations of migrat-
ing marine species. It is very useful to visualize cur-
rent vector fields on top of bathymetric contours.
This kind of visualization can be realized on modern
electronic charts. These charts are a recent develop-
ment and allow the display of digital bathymetric
charts on the bridge of commercial vessels for real-
time navigation. Data on tides, currents, weather,
and marine hazards can be displayed on the elec-
tronic chart, using overlays. Such procedures make
navigation safer and more accurate.

Most charts used in United States’s waters for
navigation have been developed and issued by the
National Ocean Service of the NatioNaL OCEANIC
AND ATMOSPHERIC ADMINISTRATION (NOAA).

Further Reading

Bowditch, Nathaniel D. The American Practical Naviga-
tor: An Epitome of Navigation. Bethesda, Md: Defense
Mapping Agency Hydrographic/Topographic Center,
1995S.

National Oceanic and Atmospheric Administration: Office
of Coast Survey, National Ocean Service. Available
online. URL: http://www.chartmaker.ncd.noaa.gov.
Accessed June 15, 2007.

NOAA/DMA. Chart No. 1, Nautical Chart Symbols
Abbreviations and terms, 9th ed. Joint NOAA/DMA
publication, 1990.

chemical oceanographers Chemical oceanogra-
phers are scientists who study the chemistry of the
sea to include the sediments below and the atmo-
sphere above and their interrelationships. They in-
vestigate chemical processes, track the movement of
chemicals in the ocean, and identify the effects of
contaminants on marine ecosystems. Applied chemi-
cal oceanography involves pollution control, studies
of the role of oceans in atmospheric chemistry, global



climate change, and assessments of the quality of fish
and fish products.

As is the case with chemistry in general, chemical
oceanographers tend to be either theoretical or exper-
imental scientists. Chemical oceanography is not an
isolated discipline. It merges into physical, biological,
and geological oceanography. Theoretical oceanogra-
phers develop mathematical models to explain pro-
cesses such as THERMOHALINE CIRCULATION or how
the variability of dissolved salts in seawater might
affect different organisms. Experimental scientists use
complex electronic instruments to measure the chemi-
cal properties of the oceans, such as TEMPERATURE,
SALINITY, and PRESSURE by means of conductivity,
temperature and depth probes (see CONDUCTIVITY-
TEMPERATURE-DEPTH [CTD] PROBE), and current
velocity by means of sophisticated current meters
employing acoustic or electromagnetic waves, drifting
buoys tracked by Earth satellites, and AuToNOMOUS
UNDERWATER VEHICLE (AUV). These instruments can
be deployed from well-equipped research vessels, ocean
platforms, moored BUOYS, aircraft, and deep submers-
ibles. Chemical oceanographers also deploy many
oceanographic instruments, such as transmissometers,
sediment corers, hydrometers, and conductivity-
temperature-depth systems.

Chemical oceanographers normally have at least
a master’s degree. University research positions nor-
mally require a doctorate followed by postdoctoral
research. With only a bachelor’s degree, positions
are generally limited to the technician level.

There are two general approaches to obtaining
advanced degrees. Some persons attend universities
that give advanced training and postgraduate degrees
in physical oceanography. Others prefer to take their
advanced degrees in physics and mathematics, and
then participate in postdoctoral training in physical
oceanography at major laboratories such as Scripps
INSTITUTION OF QCEANOGRAPHY, and WooDS
HoLE OCEANOGRAPHIC INSTITUTION.

Chemical oceanographers are employed by
major universities, government laboratories, and pri-
vate industries. They perform basic research on the
chemistry of the ocean and the marine atmosphere,
and applied research in fields such as marine mineral
exploration, pollution control and remediation, and
resource management.

To keep abreast of recent developments in their
field, chemical oceanographers must spend consider-
able time reading current technical journals, partici-
pating in scientific meetings and workshops, and
taking courses in new technologies. As in almost all
the sciences, they must prepare technical proposals
to federal or state agencies and organizations, such
as the National Science Foundation, the Office of

Chesapeake Bay 87

Naval Research, and the NATIONAL OCEANIC AND
ATMOSPHERIC ADMINISTRATION to obtain the funds
to support their project work.

Chesapeake Bay Chesapeake Bay is a semi-
enclosed body of water partially protected from the
open sea, which is located in the mid-Atlantic along
the U.S. East Coast. Marine scientists classify Chesa-
peake Bay as a drowned river valley ESTUARY. It is
the largest estuary in the United States, spanning
nearly 200 miles (321.9 km) from the Susquehanna
River in the north to its entrance between the Vir-
ginia Capes. The bay’s width ranges from 3.4 miles
(5.5 km) near Aberdeen, Maryland, to 35 miles (56.3
km) near the mouth of the Potomac River. The bay
and its tidal tributaries have around 11,684 miles
(18,803.6 km) of shoreline and depths averaging 21
feet (6.4 m) with troughs that are up to 174 feet (53
m) deep. The area of land that drains into Chesa-
peake Bay includes parts of Delaware, Maryland,
New York, Pennsylvania, Virginia, West Virginia,
and Washington D.C.

The physical properties of the bay greatly influ-
ence the life cycles of SUBMERGED AQUATIC VEGETA-
TION (SAV), marine birds, shellfish, and fish. The
bay’s wetlands and temperate climate offer a fertile
and diverse environment for waterfowl such as mal-
lards (Anas platyrbynchos), black ducks (Anas
rubripes), canvasbacks (Aythya valisineria), and red-
head ducks (Aythya americana). Winds and rains
can cause high sea states and CURRENTS that uproot
bay grasses. These same SAV beds that contain spe-
cies such as eelgrass (Zostera marina) and Widgeon
grass (Ruppia maritima) provide food and habitat
for many species of waterfowl on their migration
from summer breeding grounds. The beds provide a
refuge from predators for finfish such as spot (Leios-
tomus xanthurus), croaker (Micropogonias undula-
tus), and young stripped bass (Morone saxatilis).
The bay grass beds are also important for grass
shrimp (Palaemonetes pugio) and blue crabs (Calli-
nectes sapidus), especially after molting.

The majority of Chesapeake Bay has a semidiur-
nal tidal period. Areas that experience tides have
two high and low waters and accompanying ebb and
flood tidal currents per day in response to astronom-
ical forces. The tidal day is 24 hours and 50 minutes
long and is the reason why tides arrive one hour later
each solar day. For some species such as horseshoe
crabs (Limulus polyphemus), spawning activities
occur in synchronization with the full moon and
spring tides. Currents caused by tides, winds, rains,
and differences in water levels are responsible for the
transport of passive drifters such as PLANKTON,
seeds, and fish larvae.
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Human interactions such as overdevelopment
have been blamed for declines in some of the more
than 3,600 species of plants, fish, and animals that
inhabit Chesapeake Bay. As an example, runoff from
the watershed can pick up pollutants such as nutri-
ents, sediment, and chemical contaminants. The
ensuing siltation blocks sunlight from reaching SAV
beds and smothers oyster reefs, causing problems for
feeding and the settling of new larvae on old shell
material. Besides high TURBIDITY from siltation, dis-
eases and invasive species have contributed to
declines in sea grasses. Other factors such as the par-
asites MSX (Haplosporidium nelsoni) and Dermo
(Perkinsus marinus), overharvesting, and loss of
habitat are contributing to declines in Eastern Oys-
ter or Crassostrea virginica populations. Organiza-
tions such as the Maryland Department of Natural
Resources and the Oyster Restoration Foundation
are working to reestablish once flourishing SAV beds
and oyster reefs. The benefit would be a natural
water-cleansing system, filtering the estuary’s entire
water volume of excess nutrients on the order of
weeks rather then today’s rate of more than a year.

Many government agencies and industries are
working to safeguard Chesapeake Bay. As an exam-
ple, the ENVIRONMENTAL PROTECTION AGENCY
(EPA), the NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION (NOAA) and the Department of
Defense spend millions for restoration projects in the
Chesapeake Bay watershed. EPA programs include
air and water pollution control; toxic substances,
pesticides and drinking water regulation; wetlands
protection; hazardous waste management; hazard-
ous waste site cleanup; and some regulation of radio-
active materials. Activities include compliance and
enforcement, inspection, engineering reviews, ambi-
ent monitoring, analysis of environmental trends,
environmental planning, pollution prevention, risk
assessment, and education and outreach. NOAA
provides services ranging from protecting lives and
property through the distribution of meteorological,
hydrographic, and oceanographic information to
evaluating the status and trends in stressed fisheries
such as Menhaden (Brevoortia tyrannus). Military
bases such as the United States Army’s Aberdeen
Proving Grounds and the United States Navy’s Naval
Surface Warfare Center, Dahlgren Division, have
exemplified principles of stewardship through com-
pliance with the National Environmental Policy Act.
Since 1983, governors from Maryland, Virginia, and
Pennsylvania, along with the mayor from the Dis-
trict of Columbia have sponsored a Chesapeake Bay
Program that reflects a shared vision for the restora-
tion and protection of one of our nation’s most won-
derful natural resources, Chesapeake Bay.

Further Reading

Curtin, Philip D., Grace S. Brush, and George W. Fisher.
Discovering the Chesapeake. Baltimore, Md.: The Johns
Hopkins University Press, 2001.

Ward, L. G., P. S. Rosen, W. J. Neil, O. H. Pilkey, Jr., O. H.
Pilkey Sr., G. L. Anderson, and S. J. Howie. Living with
the Chesapeake Bay and Virginia’s Ocean Shores. Dur-
ham, N.C.: Duke University Press, 1989.

White, Christopher P. Chesapeake Bay: Nature of the Estu-
ary, A Field Guide. Centreville, Md.: Cornell Maritime
Press/Tidewater Publishers, 1989.

Chesapeake Bay Observing System In 1989, the
University of Maryland Center for Environmental
Science, Horn Point Laboratory, launched the Chesa-
peake Bay Observing System (CBOS) with two real-
time instrumented BUOYS placed in the upper and
middle reaches of the bay. Like the tides, the number
of CBOS stations has increased and decreased based
on user requirements and funding. The system has
operated and maintained two real-time data buoys
for more than 13 years and had a maximum of seven
operational buoys during 2000. Sensors on the buoys
acquire data on wind, TEMPERATURE, CURRENT, SA-
LINITY, and nutrient loads. These data are then
transmitted by radio and telephone links to various
shore stations. Simultaneously, the data are trans-
mitted to Horn Point Laboratories (HPL) by various
means, quality controlled, and made available
through the Internet. During 2004, CBOS operated
six real-time buoys in the bay, arrayed from Howell
Point in the north to Wolf Trap in the southern bay.
This deployment included two CONTINENTAL SHELF
buoys sited off Wallops Island, Virginia. Today’s
configuration of CBOS is in synchronization with
the United States’s interest in safeguarding the envi-
ronment and protecting life and property through an
Integrated Ocean Observing System. CBOS mea-
surements can be linked to coastal observing systems
that are located to the north and south.

The CBOS monitoring system uses different
types of moored buoys. Larger long-term buoys
remain on-station along the main axis of CHESA-
PEAKE BAY for most of the year. Smaller, portable
“rover” buoys are deployed in bay or river locations
requiring investigations ranging from several days to
several months. Both types of buoys share similar
remote sensing and data telemetry capabilities. Some
of the CBOS buoys have been equipped with plug-
and-play telemetry to enable real-time access via the
Internet to new bio-optical, nutrient, and oxygen
sensors. Buoy payloads include weather sensors such
as ANEMOMETERS, underwater sensors such as
ACOUSTIC DOPPLER CURRENT PROFILERS, acoustic
modems to transmit data underwater, fiber optics,
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and, most important radios and antennas to trans-
mit data to the central database. The data acquisi-
tion and dissemination systems are personal
computers running software that can make the infor-
mation available to cellphone and Internet users.
The Smith Point and offshore CBOS stations are
outfitted with Iridium Satellite Modems because
other techniques, including cellphone modems have
proven to be unreliable. The entire system is owned
and operated by University of Maryland, and the
deployment locations and durations are based on
validated decisions by a consortium of academic and
government partners.

Advances in observational technologies will
improve applications for users. For example, research-
ers at Horn Point Laboratory recently demonstrated
the power of combining real-time observing systems
with forecast models through a National Ocean Part-
nership Program-funded Coastal Marine Demonstra-
tion Project. Through such investigations, Horn Point
Laboratory has gained experience in being able to
forecast conditions where real-time observations
cannot be made. As model skill is improved through
the assimilation of real data, people can be supplied
with information that improves tasks that are
affected by marine conditions. Whether or not obser-

vations are coupled to a model, today’s CBOS infor-
mation is valuable to people who have to make
decisions relating to the coastal zone, that is, local
government trying to assess water quality, industry
leaders comparing climate patterns to energy usage,
harbor pilots navigating a channel junction, scien-
tists studying algal blooms, and recreational boaters
interested in bay conditions.

Further Reading
CBOS: Chesapeake Bay Observing System, Horn Point
Laboratory, University of Maryland Center for Envi-

ronmental Science. Available online. URL: http://www.
CBOS.org. Accessed July 22, 2008.

Chondrichthyes Sharks, skates, rays, and chime-
ras all belong to the class of living fishes called chon-
drichthyes. Chondrichthyes comes from the Greek
chondros for “cartilage” and ichthys for “fish.”
What these fishes all have in common is the posses-
sion of a skeleton composed of cartilage rather than
true bone. There are other differences as well, but
this is the primary characteristic that sets these fishes
apart from all other living forms. The Agnatha or
jawless fishes also possess a skeleton composed of
cartilage, but, as the name suggests, these fishes lack
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true jaws and are placed in a separate class. The ma-
jority of living fishes possesses a skeleton composed
of true bone and are placed in the class Osteichthyes
with more than 21,000 different species.

The Chondrichthyes are further divided into two
main groups or subclasses—the sharks, rays, and
skates belong to the subclass Elasmobranchi (mean-
ing “elastic gill”) with approximately 800 different
species. The chimeras are placed in the subclass Holo-
cephali (meaning “whole head”) with approximately
35 different species. These fishes are commonly
referred to as “rat fishes” or “rabbit fishes.”

See also AGNATHANS; FISH; OSTEICHTHYES.

climate The average weather conditions that pre-
vail at a location over a long period, typically many
years constitutes climate. The climate of a location is
generally determined by its latitude, its elevation,
and its distance from the ocean. Descriptive studies
of climate are concerned with the classification of
climate by means of its major climate controls, such
as location, TEMPERATURE, humidity, atmospheric
chemistry, and atmospheric TURBIDITY. For exam-
ple, one could compare a mid-latitude inland city
with a city on the west coast of a continent at the
same latitude and elevation. The inland city would
likely have cold, dry winters and hot, wet summers;
the coastal city would have cool, wet winters and
cool summers. These are typical differences between
continental and marine climates. Descriptive clima-
tology makes extensive use of statistics, such as those
compiled by the United States National Weather Ser-
vice (see NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION).

A number of classification schemes are used to
organize global climatological data; perhaps the best
known is the Koppen climate classification after
Wiladimir Peter Koppen (1846-1940), who first
grouped climates into similar types. By means of this
system, it is possible to quickly determine the general
characteristics of the climate of a location, even
though little data from that location is available. This
mass of daily weather data from locations through-
out the globe is archived at the United States National
Climatic Data Center in Ashville, North Carolina,
and at similar facilities in Europe and Asia.

Analytical studies of climate are concerned with
climate variability on all time scales. Seasonal vari-
ability occurs because the Earth is tilted 23%2 degrees
from the perpendicular to the ecliptic (the plane
formed by Earth’s orbit around the Sun, as is known
by most high school and college science students).
Climate variability can result from many other astro-
nomical factors as well, such as Earth’s precession
(wobbling about its axis), being struck by asteroids

or comets, and variations in the Sun’s sunspot cycle.
Earth’s precession causes climate variations over
time periods of tens to hundreds of thousands of
years. The impacts of asteroids or comets as they
struck Earth in past ages is believed to have caused
mass extinctions; the most recent being that of the
dinosaurs around 60 million years ago. The heavy
dust layer prevailing in the atmosphere for hundreds
of years would have cooled the Earth and dried out
the swamps and other dinosaur-favorable habitats.
A climate developed that was more suited to small
but adaptable mammals.

Another climate factor is the distribution of land
and water. The continental drift over millions of
years produced dramatic climatic changes in the
continent of Antarctica, for example, which migrated
from a tropical to a polar location. Shorter-term
variations appear to be related to the Sun’s sunspot
cycle, although no adequate physical mechanism
linking climate with sunspot occurrence has yet been
identified.

The effects of GLOBAL WARMING are currently
under intensive study. However, it is not yet known
whether such global warming will result in a warmer
or cooler climate, and on what time scales. A major
problem is separating natural from anthropogenic
influences, such as the addition of large amounts of
carbon (see CARBON CYCLE) into the atmosphere as a
result of industrial processes. Oceanographers
believe that the present trend of warming and glacier
melting in the Arctic and environs could result in a
major change in the circulation of the North Atlan-
tic Ocean and a shift in the position of the GULF
STREAM. This major alteration of circulation could
result in a much cooler climate for Europe and east-
ern North America. Most climate scientists are
agreed that global warming will produce more vio-
lent weather patterns than have been previously
seen.

These scientists make extensive use of computer
models based on the laws of motion and thermody-
namics to study climate variations, and to simulate
their affects on Earth’s land and seas. As computer
power and capacities increase, it is possible to take
in more and more data, improving the accuracy and
forecasts of the models. Improved models, as well as
great improvements in the technology of data acqui-
sition, such as by remote sensing satellites, have
made possible the investigation of atmosphere-ocean
interactions and their affects on regional and even
global climate. Examples are the global affects of the
occurrence of the El Nifio/La Nifia cycle in the tropi-
cal Pacific (see EL N1No) and the Arctic Oscillation
in the North Atlantic. As a result of research, by the
mid 21st century there will be sufficient data and



adequate theoretical models to make climate fore-
casts that will answer some of today’s pressing
questions.

See also CLIMATOLOGY.

Further Reading
Allaby, Michael. Encyclopedia of Weather and Climate,
rev. ed. New York: Facts On File, 2007.

climatology Climatology is the scientific study
of climate that deals with describing and classify-
ing climate in both a graphical and statistical sense.
Scientific climatology studies the physical/chemical/
biological controls of climate and the causes of cli-
mate variability on all time scales. Modern climatol-
ogy deals with the dynamics of the atmosphere-ocean
system and the affects of air-sea interaction on cli-
mate. An example of the result of these studies is the
two-way feedback between the atmosphere and the
ocean in the tropical Pacific resulting in El Nifio and
La Nina (see EL NiXo).

Climatology is concerned with the heat budgets
of the atmosphere-ocean system. Current topics of
major interest include GLOBAL WARMING, sea level
rise, and the hole in the ozone layer of the atmo-
sphere. It involves the long-term collection of reliable
data to generate mean values, variances, and the
probabilities of extreme values.

Applied climatology is concerned with societal
aspects of climatology to provide environmental
managers with essential environmental information
in a timely manner to facilitate adequate planning for
the affects of climate change on human habitation.
Climatologists synthesize weather conditions in a
particular area and analyze meteorological elements
(air TEMPERATURE, PRESSURE, winds, humidity, pre-
cipitation, visibility) to benefit farmers, aviators,
mariners, scientists, and the general public.

Scientific studies make extensive use of numeri-
cal climate models implemented on super computers,
which aid in the identification of important climate
controls. These studies make possible the simulation
of perturbations on the controls (such as tempera-
ture, humidity, and atmospheric chemistry) and the
ensuing affects such as extensive flooding of island
nations by rising sea level.

Microclimatology is concerned with such things
as urban affects on climate, especially with regard to
heating and pollution, deforestation due to logging
and agriculture, river diversion, industrial plant sit-
ing, and massive vehicular traffic. Field measure-
ments of meteorological variables have been key to
advancing the use of General Circulation Models in
detecting climatological impacts from wide spread
deforestation in Amazonia. The models are used to
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evaluate changes in ALBEDO and surface roughness
on heat fluxes, evaporation, and winds. Such research
is aimed at understanding turbulence in the atmo-
spheric boundary layer over land and ocean and its
parameterization in numerical models.

See also CLIMATE; NUMERICAL MODELING.

Further Reading
Allaby, Michael. Encyclopedia of Weather and Climate,
rev. ed. New York: Facts On File, 2007.

clouds Clouds are accumulations of visible water
droplets or ice crystals in the atmosphere, usually the
troposphere, that produce precipitation and signifi-
cantly affect the thermodynamic and optical proper-
ties of the planet Earth, as well as climate. Clouds
are found on all the planets of the solar system that
have atmospheres, although their composition may
be different from those on Earth. Clouds can reflect
incoming solar radiation, in the visible electromag-
netic spectral band producing a cooling affect, and
they can reflect infrared radiation from the surface
of Earth, producing a warming affect. They are
formed when the atmosphere contains an adequate
number of small particles, called hygroscopic nuclei,
for water vapor or ice to condense on, and is suffi-
ciently moist for water vapor to condense into drop-
lets, or ice crystals, depending on the ambient tem-
perature. The presence or absence of clouds is one of
the most significant factors in the daily weather and
climate. Weather satellites remotely measure cloud
temperatures, moisture content, and motions, using
visible, infrared, and microwave sensors.

Clouds have been used for centuries by mariners
to try to forecast the weather for the next two to
three days. Cloud appearance, altitude, brightness,
and direction of motion were considered in the
attempt to predict the weather. In the early 19th cen-
tury, Englishman Luke Howard (1772-1864) intro-
duced the modern system of cloud classification. In
this system, there are three main types of clouds: cir-
rus, which are high, thin, wispy clouds composed of
ice crystals; cumulus, which are cauliflower-shaped
clouds ranging from puffy fair weather cumulus to
the giant cumulus towers of severe thunderstorms;
and stratus clouds, which occur in sheets of consid-
erable horizontal extent. These clouds are subdi-
vided into genera that are the main groups of clouds;
species, relating to observed peculiarities of clouds;
and varieties, relating to different arrangements of
clouds with respect to one another. Cloud genera
can be related to altitude as follows.

High-altitude clouds, that is, clouds above 9,842
feet (2,999.8 m) in the polar regions, 16,404 feet
(4,999.9 m) in the temperate regions, and 19,685
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feet (6,000 m) in the tropical regions include cirrus,
cirrocumulus, and cirrostratus. Cirrus clouds are
thin, wispy groupings of ice crystals. Cirrostratus
are thin sheets of ice crystals through which the
Sun’s rays create a frosty appearance, with a ring or
halo around it. Cirrocumulus are ice crystals
arranged in rows of puffy clouds that resemble the
organization of scales on fish, and are known as
“mackerel sky.”

Mid-altitude clouds are denoted by the prefix
alto, and range from 6,562 to 19,685 feet (2,000 to
6,000 m) in height in polar regions, 6,562 to 22,966
feet (2,000 to 7,000 m) in height in temperate
regions, and 6,562 to 26,247 feet (2,000 to 8,000
m) in height in tropical regions include altostratus,
altocumulus, and nimbostratus clouds. Altostratus
clouds are sheets of relatively uniform appearance,
through which the Sun’s rays often look as though
shining through frosted glass. Altocumulus clouds
are the cumulus cloud masses organized in rows; the
cloud elements may or may not be merged into one
mass. Nimbostratus clouds are gray sheets of cloud
from which rain is falling (the meaning of the prefix
nimbo). Low-altitude clouds range from the surface
to 6,562 feet (2,000 m) in the polar regions, to
22,966 feet (7,000 m) in the temperate zones, and to
26,247 feet (8,000 m) in the Tropics. Stratus clouds
are similar to altostratus, except at a lower altitude,
and from which drizzle, ice, or snow may be falling.
Stratocumulus clouds form gray, rounded masses, or
rolls, of much greater thickness and density than
altocumulus clouds. Moderate and extensive precipi-
tation in the form of rain or snow is often falling
from nimbostratus clouds. These are the true large
area rainmakers of the atmosphere. Their thickness
prevents the penetration of sunlight to the ground.

Cumulus clouds are known as clouds of vertical
extent, because they can rise through all three layers
of the atmosphere. These clouds form by atmospheric

Lenticular alto cumulus clouds (NOAA/NWS)

Cumulus clouds like this typify the lower atmosphere
above the tropical Atlantic Ocean. Observation of clouds
is important because different clouds form under different

circumstances. (NOAA/NWS)

convection, lifting atmospheric particles until the sat-
uration point is reached, when water vapor condenses
and forms a cloud. Fair weather cumulus clouds are
the puffy clouds seen in all generally fair weather
environments when the atmosphere contains suffi-
cient water vapor. Surface heating by the Sun intensi-
fies the convection with the result that clouds that
form in the morning may be converging and building
into large masses by afternoon. As these masses rise
into the high cloud region, strong winds may blow
the tops off the clouds, forming the formidable anvil
shape of cumulonimbus clouds. These are the great
rainmakers of the Tropics, which also produce thun-
der and lightning as electric charge builds on the ris-
ing cloud droplets. Severe thunderstorms can produce
cumulus mammatus clouds, consisting of great
masses of cloud dropping from average cloud base.
Under conditions of severe atmospheric instability,
funnel clouds, known as tornadoes, can drop and
extend to the surface, causing great destruction.

The movement of weather fronts determines the
day-to-day weather in the temperate, or mid-latitude
zones. The passage of a front is usually accompanied
by a sequence of clouds, which aid the forecaster in
predicting the local weather. Cirrus clouds are fre-
quently the harbingers of an approaching warm
front. Since warm fronts slope upward in the direc-
tion of movement, the sequence of clouds goes from
high to low altitude. Altostratus, when the sky
becomes fairly uniformly gray, and then nimbostra-
tus, the rain clouds, frequently follow the cirrus.
Cumulonimbus clouds may also accompany the front
if there is unstable air above the front, bringing
thundershowers. The passage of a warm front is usu-
ally followed by the arrival of a cold front, in which
cold, dense, fast-moving air wedges under the warm



air of the retreating warm front. Cumulonimbus
clouds are often found towering above the cold front.
As the cold front passes, the temperature drops, and
fair weather cumulus clouds become dominant.
Severe thunderstorms are often found in squall lines
moving ahead of the cold front, as well as the rotat-
ing bands of cumulonimbus clouds in HURRICANES.

The extent of cloud formation has major affects
on the GLOBAL WARMING phenomenon, but the net
affect of continued warming is not known. Clouds
associated with convection from a warming Earth
could reduce the net solar radiation, and thus pro-
duce cooling rather than heating. The eruption of
Mount Pinatubo in the Philippines in the early 1990s
injected vast quantities of particulate matter into the
atmosphere, which resulted in greater than normal
cloud development, reduced solar heating, and fall-
ing temperatures in many parts of the world.

Further Reading

World Meteorological Organization. International Cloud
Atlas-Abridged. Geneva: World Meteorological Orga-
nization, 1956.

C-MAN stations The National Data Buoy Cen-
ter (NDBC) began installing these stations in the
early 1980s for the National Weather Service (NWS),
both NATIONAL OCEANIC AND ATMOSPHERIC AD-
MINISTRATION (NOAA) organizations. The C-MAN
(Coastal-Marine Automated Network) has now
grown to 60 stations around the continental United
States and Alaska, as well as a few Pacific Island sta-
tions as far away as Micronesia. The C-MAN sta-
tions were developed to replace the U.S. Coast Guard
Lightship stations that were superseded by auto-
mated navigational aids. A crew that took meteoro-
logical and sometimes oceanographic observations
manned the Lightships.

C-MAN stations provide the NWS with a net-
work of data-acquisition platforms in the coastal
zone, filling the gap between land stations and ocean
buoy stations. They provide vital data on present
conditions on the CONTINENTAL SHELF to mariners,
industry, and vacationers. They also provide data for
input to the NWS weather forecasting models for
making marine weather forecasts.

Most C-MAN stations measure barometric pres-
sure, wind speed and direction, and air TEMPERA-
TURE. Some stations have a greater capability and
are able to measure water temperature, water level,
wave parameters, CURRENT speed and direction,
precipitation, and visibility. The data are processed
and transmitted hourly in similar manner to the
ocean data buoys. The data are reported on the
NDBC Web site.
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Further Reading

National Data Buoy Center: the C-MAN Program. Avail-
able online. URL: www.ndbc.noaa.gov/cman.phtml.
Accessed June 14, 2004.

coastal buoy A coastal buoy has an instrument
payload and is especially designed to operate in the
dynamic coastal environment. These types of moored
BUOYS measure and transmit parameters such as
barometric pressure, wind direction, wind speed,
and gusts, air and sea TEMPERATURE; wave energy
spectra from which significant wave height, domi-
nant wave period, and average wave period are cal-
culated. On some buoys, the direction of wave prop-
agation is also measured and reported. Information
from these buoys supports marine scientists, mari-
ners, and recreational boaters.

The U.S. National Data Buoy Center (NDBC)
employs several types of coastal buoys. Their hull
diameters range from five to eight feet (1.5 to 2.4 m).
Some employ line-of-sight radio communications for
data telemetry. Others use satellite relays, which can
send data to anywhere, in the world. The choice of
hull type used usually depends on the intended
deployment location and measurement requirements.
There are various other types of moored buoys that
are deployed in the world’s oceans. At NDBC, these
include 10-foot (3 m), 33-foot (10 m), and 40-foot
(12 m) discus hulls and the 20-foot (6 m) Navy
Oceanographic and Meteorological Automatic
Device or NOMAD boat-shaped hulls. Due to their
large size, 33-foot and 40-foot (10 and 12 m) buoys
generally have to be towed to deployment locations
behind a ship. The NOMAD buoys with their boat-
shaped hulls are highly directional and have a quick
rotational response.

In addition to the use of buoys in operational
forecasting, warnings, and atmospheric models,
moored buoy data are used for safe navigation,
research programs, emergency MARINE SPILL
RESPONSE, and legal proceedings. Moored buoys
are a necessary technology for making sustained
time series observations in the coastal ocean and
are an important component of any long-term
ocean observing system. Coastal buoys along with
automated sensors aboard satellites and reconnais-
sance aircraft provide important information to
help maritime nation’s mitigate the effects of natu-
ral hazards.

Further Reading

National Data Buoy Center, National Oceanic and Atmo-
spheric Administration, Stennis Space Center, Missis-
sippi. Available online. URL: http://www.ndbc.noaa.
gov. Accessed June 15, 2007.
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coastal engineer A coastal engineer is a profes-
sional with a strong background in civil engineering
who specializes in understanding the impacts of
waves, tides, and shallow water processes on prop-
erty such as BEACHES and inlets and structures such
as JETTIES and seaports. Professional engineers cal-
culate the dynamical response of coastal structures
to forces ranging from subsidence to wave slamming.
Specific phenomena studied include TIDES, gravity
waves, wave breaking, nearshore currents, beach
composition, sediment transport, SEA ICE, marine
climate, and weather.

Coastal engineers tend to be experimental and
commonly evaluate structures such as jetties in
flumes or build physical models of entire estuarine
systems to understand their complex physics. As is
the case with physical oceanographers, coastal engi-
neers develop mathematical models to explain the
circulation and wave motions of the ocean, which
usually involves sets of complex equations that must
be solved numerically on computers. These engineers
also use state-of-the-art electronic instruments or
remote sensing tools to measure currents, waves,
and depths or BATHYMETRY in the coastal ocean and
neighboring estuaries. These instruments can be
deployed from well-equipped research vessels, plat-
forms, moored BUOYS, and aircraft. On applied proj-
ects relevant to road construction, they may use
instruments such as soil test kits, digital cone pene-
trometers, and light weight deflectometers to deter-
mine bearing strength of road materials while
building a CAUSEWAY.

One of the gateways for employment with engi-
neering firms or federal, state, and municipal gov-
ernments that work on coastal projects is a bachelor’s
degree in civil or coastal engineering. Course work
addresses technologies associated with the design,
construction, operation, and maintenance of coastal
structures and facilities including BREAKWATERS,
piers, wharves, channels, and pipelines. Some engi-
neers attend universities that give advanced training
and postgraduate degrees in coastal engineering.

Coastal engineering projects are usually very
expensive and affect many people. In the United
States, large-scale public projects are often managed
by the United State Army Corps of Engineers, which
operates the world famous Coastal and Hydraulics
Laboratory in Vicksburg, Mississippi. A major focus
of the Coastal and Hydraulics Laboratory is the
effective design and maintenance of inlet navigation
and shore protection projects. Coastal engineers
involved in research are often called upon to evalu-
ate the efficacy of coastal engineering projects rang-
ing from improving seaport operations through
dredging and constructing bulkheads to protecting

public lands through beach nourishment and con-
structing jetties.

Coastal engineers may use aerial imagery to
assess shoreline retreat rates or make bathymetric
maps from LIDAR. They are heavily involved with
storm damage prevention through physical monitor-
ing and tracking coastal sediment budgets. They
conduct geophysical studies such as sand source
investigations, using equipment such as magnetome-
ters, side-scan sonar, and coring devices. Another
component of coastal engineering involves economic
analyses and project planning.

See also FIELD RESEARCH FACILITY; OCEAN
ENGINEER.
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coastal erosion Coastal erosion is a natural pro-
cess that accounts for the movement (erosion and
accretion) of BEACH materials. Atmospheric and
oceanic weather, such as EL NiXo, storms, winds,
TIDES, CURRENTS, WAVES, and STORM SURGES are
major factors in coastal erosion. Water movement
due to the astronomical tides also produces coastal
erosion. In general, water levels are rising along the
North American coast due to GLOBAL WARMING,
exposing more and more of the coastline to wave
action. Some coastal areas are altered when resorts
are built, or any other coastal structures such as
groins that disrupt the fragile balance of nature.
Property owners often construct stone revetments
or vertical seawalls to protect their property, but
these noncontinuous protection structures do not
solve the erosion issue and may fail as the beach re-
cedes. Scientists and engineers collaborate in order
to measure the magnitudes and spatial patterns of
coastal changes. An effective shore protection strat-
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Erosion affects coasts worldwide. Climate change will accelerate sea-level rise and erosion of beaches and neccessitate build-

ing rock defenses against coastal erosion. (NOAA)

egy requires a complete understanding of the coastal
system.

Coastal erosion usually refers to the loss of land
or the removal of beach or dune materials by natural
processes and also includes horizontal recession and
scour that can be induced or aggravated by human
activities. Accretion refers to the buildup of land by
deposition of water or airborne beach material.
Accretion may be attributed to human actions, such
as beach buildup in response to installation of a
BREAKWATER or completion of a beach nourishment
project. Coastal zone managers may rely on scien-
tists and engineers to evaluate rates of coastal ero-
sion in order to establish eroding area boundaries.
One methodology utilizes the analysis of tide syn-
chronized aerial images to evaluate changes in the
shoreline. Such changes are documented as shoreline
retreat rates.

Eroding coasts lacking adequate sand and vege-
tation have a low probability to withstand forces gen-
erated by sea level rise, waves, tides, and other
shallow water processes. Effective solutions for shore-
line protection rely on a complete understanding of
the physical, financial, permitting, and policy envi-
ronments. Built-up areas that are subject to coastal

erosion cost tremendous amounts of money to pro-
tect. Most of the shore protection structures that are
built are eventually undermined and broken apart by
waves. Therefore, when possible, it makes sense to
allow coastal erosion to continue and to site new
structures far enough back from the shoreline, dunes,
or banks to minimize the need for shore protection
structures. To cite some examples, Cape Hatteras

Dune grass provides a critical stabilizing element to protect

dunes on the open coast. (NOAA)
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Light has recently been moved inshore to prevent its
destruction by waves and tides. Parts of eastern Cape
Cod have suffered severe erosion. Roads that were
used in the 1950s were underwater by the 1970s. In
1797, President George Washington (1732-99)
ordered the construction of a lighthouse at Montauk
Point 300 feet in from the cliffs. He estimated that
the lighthouse would last for 200 years. Today, the
lighthouse is in a dangerous position very close to the
edges of the cliffs.
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coastal inlet A short and often narrow passage
connecting a bay or LAGOON to the ocean is a coastal
inlet. They are also referred to as “cuts,” “inlets,”
“passes,” and “tidal inlets.” These geomorphic fea-
tures are important routes for migratory fish, the ex-
change of nutrients between ESTUARIES and the
ocean, passage of boats and ships, and marine recre-
ational activities. Inlets are associated with complex
phenomena such as strong CURRENTS and shifting
channels. The scales of change within an inlet can
range from seconds to centuries. For instance, cur-
rent shear causes erosion by lifting certain sediment
grains instantly from the bottom, while prevailing
winds and their associated waves cause entire inlet
systems to migrate in the direction of accretion and
erosion over tens of decades. By looking at historic
maps for BARRIER ISLAND systems such as the Outer
Banks of North Carolina, one can see that the num-
ber of navigable coastal inlets seems to have ranged
from three to 11. The main navigable passages
through the Outer Banks are Oregon, Hatteras, and
Ocracoke Inlets.

(NOAA)

Aerial view of a typical East Coast inlet



Strong hydraulic currents are often produced by
local constrictions such as inlets. The flow is induced
by differences in water level at either end of the inlet.
The pressure head is usually caused by favorable
wind events, and the resulting currents may be
observed as exaggerated ebb or flood currents. The
water runs from high to low water. Changes in cur-
rent speed have a pronounced effect on sediment
transport. Certain speeds need to be reached for ero-
sion to occur, while slower speeds result in deposition.
As waves move into shallow water, their WAVE-
LENGTHS decrease and the wave heights increase. This
wave shoaling process increases the chances for sedi-
ment movement. At inlets, the long-term impact of
these shallow-water processes is development of a
distal bar from accretion at one end of the inlet’s
throat and erosion at the other end. This is the basic
process behind the movement of inlets, e.g., a south-
ern migration along the Outer Banks.

Coastal inlets from Absecon Inlet in New Jersey
to the Yaquina Bay Entrance in Oregon are dynamic
sites that are usually well studied because of their
importance to property owners and for navigation.
Investigators use meteorological sensors such as
ANEMOMETERS, oceanographic sensors such as cur-
rent meters, pressure gauges, and drifters, side scan
sonar, and aerial imagery to understand stability of
the navigation channel, shoreline change, varying
wave and current conditions, and sediment trans-
port within the governing channels. Along barrier
islands, which are common to the United States’s
East Coast, there are multiple inlet systems that have
been the focus of research. Investigators are hoping
to better understand processes such as rates of fresh-
water discharge that may be linked from inlet to
inlet. At graduate schools such as North Carolina
State University, students are frequently found work-
ing on leading edge coastal inlet research topics
ranging from characterizing complex circulation
that includes hydraulic currents to estimating the
year group strength of commercially important fin-
fish that migrate through barrier island inlets. The
United States Corps of Engineers has established the
Coastal Inlet Research Program in Vicksburg, Mis-
sissippi, where researchers study natural processes
such as erosion and flooding in the aftermath of a
HURRICANE to inlet response to stabilization efforts
such as JETTY installation or dredging.

Further Reading

Coastal Inlet Research Program. U.S. Army Engi-
neer Research and Development Center, Coastal
and Hydraulics Laboratory. Available online. URL:
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March 20, 2007.
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Coastal Oceanographic Line-of-Sight Buoy The
Coastal Oceanographic Line-of-Sight Buoy is an in-
strumented buoy customized to operate in the dy-
namic coastal environment. Data are telemetered by
radio-frequency (RF) wireless modem to a nearby
ground station. The RF modem is an external box
used in a system of radio transmitters, receivers,
computers, and software. It transmits a standard
data stream from a device such as an onboard com-
puter into radio signals and at the ground station
converts radio signals into standard data for output
by the information dissemination system. The U.S.
National Data Buoy Center (NDBC) employs sev-
eral types of coastal oceanographic line-of-sight or
COLOS buoys with hull diameters that are either 4.9
feet (1.5 m) or 5.9 feet (1.8 m). They were originally
developed with surface current meters to provide cir-
culation information that supported sailing and
yachting events during the 1996 Olympics in Atlanta,
Georgia. This buoy may also provide directional
wave information.

See also ANCHOR;
MOORING.

BUOY; COASTAL BUOY;
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coastline The line that forms the boundary be-
tween land, which is called the coast, and the water
is often called the coastline. Another term for this
boundary is the waterline. If the waterline is refer-
enced to a tidal datum such as mean high water, it is
known as the shoreline. Drawing this interface be-
tween land and water is a complicated matter since it
represents the linear location where terrestrial pro-
cesses predominate and marine processes such as
TIDES and breaking wavEs disappear. This location
is important in determining property boundaries
and in the planning and installation of coastal struc-
tures, especially coastal oil and gas activities that in-
clude field exploration, drilling, production, and well
treatment.

Private agencies and governance may classify
coastlines differently. For example, in Louisiana the
coastline is defined as the Chapman Line, a bound-
ary that includes certain barrier islands along Loui-
siana’s southeast coast, thereby incorporating bays
and sounds. BARRIER ISLANDS usually form parallel
to and relatively close to a coastline and are sepa-
rated from the mainland by a coastal LAGooN. Thus,
locations using the Chapman Line must use points
that are defined by latitude and longitude.
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Moving away from the coastline toward the hin-
terland, one finds BEACHES of varying shapes and
composition, dune fields that change shape over the
seasons, and coastal plains comprising gently slop-
ing strata of clastic materials. At the beach, nonco-
hesive materials such as sand, gravel, and shell are
deposited at the interface between dry land and the
sea (or some other large expanse of water) and
actively “worked” by present-day hydrodynamical
processes such as waves, tides, and CURRENTS. Along
some coasts, clastic materials that are transported
and deposited by the wind build dunes that serve as
a sand reservoir for beaches. Coastal plains are com-
posed of rock fragments formed by the process of
weathering, transportation, and deposition by wind,
water, snow, or biological processes.

Areas located seaward from the coastline include
regions such as the foreshore, surf zone, nearshore,
and the offshore. The foreshore is defined as that part
of the beach between mean higher high water and
mean lower low water. The shore is often considered
to be the strip of ground bordering any body of water
that is alternately exposed or covered by tides and
waves. The surf zone is the nearshore region, where
incident waves break as spilling, plunging, collapsing,
or surging surf on their approach to the shore. The
nearshore zone extends from the swash to depths,
where sediment motion is not induced by waves. Cir-
culation in the nearshore includes LONGSHORE and
RIP CURRENTS. In the offshore region, depths are such
that the influence of the seafloor on wave action is
small in comparison with the effect of wind.

coast type A coast type is a coupled region of
wetland and deepwater approach that shares the in-
fluence of similar hydrologic, geomorphologic,
chemical, biological, and physical factors. The coast
is the linear strip of land that extends from the sea-
shore inland to the first major change in terrain fea-
tures. The seashore is characterized by the land area
that is alternately exposed or covered by TIDES and
wAVES. Depending on location on the globe, coastal
characteristics are very different as a result of bio-
logical and physical forces.

Coastal classification efforts are accomplished
through a specific branch of geology called “geo-
morphology.” Geomorphology is the study of land-
forms and includes marine features such as margins,
CONTINENTAL SHELVES, island-arcs, ESTUARIES,
and BEACHES. Traditionally, coasts are classified as
coasts of submergence, coasts of emergence, neutral
coasts, compound coasts, leading-edge coasts, trail-
ing-edge coasts, marginal coasts, divergent coasts,
and convergent coasts. An example of coastal clas-
sification is the subdivision of Chesapeake Bay’s

coastal zone into areas such as estuarine emergent
wetlands, palustrine/estuarine forested wetlands,
and palustrine emergent wetlands. Understanding
the features of a coast is essential for coastal man-
agement. Coastal managers focus their efforts on
establishing procedures to preserve sustainable
marine resources. Quantifying the changes in
ground conditions such as beach width, dune eleva-
tions, and density of development is useful in deter-
mining hazards, vulnerabilities, and storm impact
forecasts.

During the 1970s, marine scientists and engi-
neers such as SCRIPPs INSTITUTION OF OCEANOG-
RAPHY professor Francis P. Shepard (1897-1985)
attempted to combine biological and physical inter-
actions to develop descriptive coastal classification
systems. Such systems characterize a coast in terms
of the primary biological and physical forces that
have contributed to the coastal formation process.
Shepard described coasts based on energy impact-
ing the land, where a high-energy coast is associ-
ated with strong wave action and rapid erosion and
a low-energy coast is less active. In this method,
coast types are classified according to similar bio-
logical and physical features. Biological interac-
tions of importance are defined by factors such as
vegetation and soils, while physical interactions are
defined by climate, winds, waves, erosion, currents,
and flooding. Example coast types found in the lit-
erature include drowned rivers, deltas, fiords,
drumlins, volcanic, fault, wave erosion, BARRIER
ISLAND, cuspate foreland, mangrove, and coral
AToLL. These classifications offer a quick picture of
normal meteorological and oceanographic condi-
tions. For example, barrier islands are associated
with tidal inlets, shallow coastal lagoons, shoaling,
and shifting channels.

Descriptive coastal classifications benefit the
mapping and remote sensing community by provid-
ing general coast types that highlight meteorologi-
cal, oceanographic, and terrain impacts. Accurate
classifications are a word picture describing prevail-
ing biological and physical conditions useful for
planning operations ranging from navigation to
coastal construction. A coastal classification system
helps predict nearshore processes from the coast’s
appearance. Features can be modeled or represented
using geographic data sets in a Geographic Informa-
tion System (GIS). Examples of such features include
shorelines, BRIDGES, marshes, maritime forests, nav-
igation aids, and submerged aquatic vegetation beds.
In the GIS, numbers, characters, images, or hydro-
graphic surveys describe attributes for a coastal fea-
ture. The attributes of an ocean current might
include depth and volumetric flow or transport.
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coccolithophores Coccolithophores are single-
celled spherical microscopic PHYTOPLANKTON living
in the upper sunlit layers of the ocean, which are sur-
rounded by a limestone (calcite) plating that looks
like fancy collar studs, soccer balls, or hub caps un-
der an electron microscope. These platelets or “coc-
coliths” are produced inside the cell and extruded to
the outside. The coccoliths are mineral structures
consisting of calcium, carbon, and oxygen (calcium
carbonate, CaCO3) like the protective shells of oys-
ters and clams. Coccolithophores are found in re-
gions from ESTUARIES to the deep ocean, where there
is enough light for photosynthesis. Coccolithophores
living in the photic zone are at the bottom of the ma-
rine food chain and consumed by grazers such as co-
pepods, which is an important step in transferring
energy from producers to consumers. The other main
groups of planktonic primary producers are diatoms
and dinoflagelates.

When water conditions are favorable, cocco-
lithophores have the capacity to occur in massive
blooms. In the ocean, the sudden increase in the bio-
mass of phytoplankton or ALGAE in a given area is
called a bloom and are easily observed by satellites
such as the Sea-viewing Wide Field-of-view Sensor
or SeaWiFS. These blooms can turn the waters milky
white from the dense cloud of coccoliths. Many
marine scientists credit coccolithophores as being
the leading calcite producers in the ocean. This cal-
cite helps to buffer the oceans and makes up bioge-
nous sediments such as chalk deposits. Thick deposits
of coccoliths form calcerous oozes in areas above the
Calcite Compensation Depth and away from conti-
nental landmasses, where terrigenous or land-derived
sediments accumulate.

cold core ring A cold core ring is a rotating body
of water with a relatively cool temperature. These
EDDIES normally form from a meander that extends
from the cooler coastal ocean into a warmer body of
water. The meander, which looks like a loop in satel-
lite imagery, breaks off from the main current and in
so doing traps a pool or plug of coastal ocean as an
individual eddy. As an example, satellite imagery of
the GULF STREAM from NOAA’s Advanced Very
High Resolution Radiometer (AVHRR) depicts the
warm Sargasso Sea in red and orange, and the cooler
coastal waters in blue and purple, so that the rings
are readily identified. In these images, the Gulf

combatant ships 99

Stream is seen as a distinct linear red feature trend-
ing northeast from Florida and bending sharply sea-
ward at Cape Hatteras located along North Caroli-
na’s Outer Banks. As the current flows northeast,
meanders form and pinch off as eddies when the
Western Boundary Current reaches Diamond Shoals
and is deflected farther eastward. Cold core rings,
which rotate in counterclockwise (cyclonic in the
Northern Hemisphere) fashion because of the Gulf
Stream’s north to northeast flow, are seen as blue cir-
cular features in the orange-colored Sargasso Sea.
Marine biologists are particularly interested in the
life histories of these cold core rings since they cap-
ture whole COMMUNITIES from the biologically pro-
ductive CONTINENTAL SHELF and move them into
deeper less-productive waters over the ABYSSAL
PLAIN. Gulf Stream meanders pinching off to trap
warm Sargasso Sea water form clockwise (anticy-
clonic in Northern Hemisphere) rotating eddies. In
AVHRR images, warm core rings are typically seen
as light blue rings in the purple-colored coastal
ocean. The warm core rings are less biologically pro-
ductive than the cold core rings because the shelf
water is more productive than the oceanic water.
The process of using satellites to study phenomena
such as Gulf Stream rings is called feature tracking.
Marine scientists studying consecutive images of the
Gulf Stream can study the ring’s trajectories to bet-
ter understand how these eddies that have initial di-
ameters of several hundred kilometers dissipate their
energy or decay over the course of several years,
transport biota, and mix with the surrounding wa-
TER MASS.

combatant ships Combatant ships is a classifica-
tion for vessels that are used by the U.S. Navy to
maintain open sea lanes and to project military
power throughout the Atlantic, Pacific, Indian, and
Southern Oceans; Caribbean and Mediterranean
Seas; and the Persian Gulf. This classification is use-
ful in describing the capabilities and functions of a
particular warship. The classification groups vessels
into types such as aircraft carriers, surface combat-
ants, submarines, patrol combatants, amphibious
warfare ships, combat logistic ships, coastal defense
ships, and mine warfare ships. This functional clas-
sification benefits the navy in training personnel,
planning operations, maintenance management, and
in development of new systems.

Aircraft carriers conduct combat operations by
fixed and rotary wing aircraft that engage in attacks
against airborne, surface, subsurface and shore tar-
gets. U.S. Navy aircraft carriers are almost entirely
nuclear powered in today’s modernized fleet, though
there are a handful of conventionally propelled
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(steam turbine engines powered by marine diesel
fuels) carriers that remain in service. The nuclear-
powered carriers include ships from the Enterprise
class and Nimitz class. Conventional carriers include
ships from the Forrestal, Kitty Hawk, and John F.
Kennedy classes. A nuclear-powered aircraft carrier
weighs about 95,000 tons and is about 1,100 feet
(335 m) long, carrying about 5,500 crew and 82 air-
craft, which are part of the “Carrier Air Wing”
(CAW).

Surface combatants describe ships such as cruis-
ers, destroyers, and frigates, which engage enemy
forces on the high seas. Most modern U.S. Navy
cruisers are part of the highly technological and
capable Ticonderoga (AEGIS) class. A cruiser weighs
about 10,000 tons and is about 600 feet (183 m)
long and 60 feet (18.3 m) wide, carrying about 400
crew members. Modern cruisers are typically pow-
ered by gas turbine engines (similar to the jet engines
found on commercial airliners), though a handful of
nuclear-powered cruisers are still in service. Most
modern U.S. Navy destroyers are part of the highly
technological and capable Arleigh Burke class. A
destroyer weighs about 10,000 tons and is about
500 feet (152 m) long and 70 feet (21 m) wide, with
a crew of about 350. Most modern U.S. Navy frig-
ates fall into the Oliver Hazard Perry class. A frigate
weighs about 4,000 tons, is about 450 feet (137 m)
long, 45 feet (14 m) wide, and holds a crew of about
200. During the cold war, the primary mission of
destroyers and frigates was anti-submarine warfare
(ASW). However, modern strategy and doctrine
indicate that air warfare is the most significant threat
to surface naval combatants, and current destroyer
and frigate platforms reflect this, as most of their
surveillance and weapons technology is now geared
toward anti-air warfare (AAW) rather than ASW.
For the most part, the mission of smaller combatant
ships is to protect larger combatants, such as aircraft
carriers and aircraft-carrying amphibious assault
ships from air, surface, and submarine threats.

Submarines are self-propelled submersible ves-
sels having a combat capability. Los Angeles, Vir-
ginia, and Seawolf class attack submarines (SSN) are
designed to seek out enemy surface ships and subma-
rines. The Ohio class ballistic missile submarines
(SSBN) are used for strategic deterrence. Many sub-
marines also employ long-range land-attack missiles,
such as Tomahawk cruise missiles, to strike distant
targets both on land or at sea. Submarines such as
these are nuclear powered, enabling them to conduct
submerged patrols for periods of 70 days or more
without need of surfacing for fuel, air, or supplies. A
typical nuclear attack submarine is about 350 feet
(107 m) in length, 33 feet (10 m) wide, and displaces

7,000 tons or more submerged. An Ohio class SSBN
is more than 500 feet (152) in length, 37 feet (11 m)
wide, and displaces nearly 18,000 tons. On patrols,
they can attain depths in excess of 800 feet (244 m)
at speeds in excess of 25 knots (12.86 m/s). Many
countries employ submarines for coastal defense.
These submarines are much smaller, slower, use
diesel/electric propulsion, and have a short range for
missions close to their homes. Large batteries allow
these submarines, once on station, to loiter silently
for several days, protecting their coasts from naval
attack. Unlike surface ships, submarines generally
operate independently. Even when operating in sup-
port of a surface or amphibious task force, subma-
rines must be provided safe areas in which to operate
so as not to risk collision with another friendly sub-
marine or be confused as the enemy. Submarines
operate throughout the world’s oceans, including
under the Arctic ice cap. Successful submarine oper-
ations depend a great deal on marine science, from
engineering problems such as building a ship to be
stable (self-righting) both afloat and submerged, to
tactical problems such as using principles of ocean-
ography (acoustics, biologics, CURRENTS, BATHYME-
TRY) to give friendly submarines the advantage in
hide-and-seek operations. Although not a combat-
ant vessel, the U.S. Navy also uses nuclear subma-
rines such as NR 1 to collect environmental data
such as water depth, currents, salinity, TEMPERA-
TURE, SEA ICE, and so forth. The data collected is
used to update oceanographic conditions around the
world in anticipation of future operations and for
scientific studies. The NR 1 was used to search for,
identify, and recover critical parts of the Space Shut-
tle Challenger, which exploded 73 seconds after lift-
off on January 28, 1986.

AMPHIBIOUS WARFARE ships such as general and
multipurpose amphibious assault ships are capable
of long duration operations on the high seas in sup-
port of expeditionary operations by the U.S. Marine
Corps. New strategies to project power in the world’s
littorals combine amphibious assault ships, several
surface combatants, and an attack submarine to
form an Expeditionary Strike Group.

Combat logistic ships provide underway replen-
ishment, while mine warfare ships are primarily
responsible for mine countermeasures. Underway
transfer of matériel from a logistic ship to a combat-
ant is made either by traditional high-line transfer
between the two ships steaming side by side or by
helicopter.

Coastal defense ships and patrol combatants
have become increasingly important due to the global
war on terror. Coastal defense ships like the Cyclone
class, formerly used in support of U.S. Navy SEAL



operations, focus on patrolling and interdiction.
Patrol combatants navigate beyond coastal waters to
provide combat operations without external support
for up to 48 hours. Some of these ships have been
transferred to the Coast Guard to support the home-
land security effort.

The process of building and supporting the
United States’s combatant ships and systems rests
with Naval Sea Systems (NAVSEA) Command. One
of NAVSEA’s functions is exercising oversight on the
many specifications and standards that are involved
in shipbuilding. Toward this, naval architects and
marine engineers from organizations such as the
AMERICAN BUREAU OF SHIPPING (ABS) generalize
the fitness, safety, and environmental soundness of
particular vessels through the survey and classifica-
tion of marine structures from ships to floating off-
shore platforms. By law, the ABS provides technical
standards for the construction of public ships to
include naval vessels. These classifications along
with other U.S. Navy acquisition rules are required
to ensure that a vessel is fit for entry into naval
service.

commercial fishing Commercial fishing is the
business of taking marine resources for pay or pur-
poses of sale, barter, or exchange. Fishermen use dis-
tinct craft and equipment to catch usually either
demersal or pelagic species. Demersal catches include
species that inhabit the seafloor, while pelagics are
caught at or near the surface. The captain of a fish-
ing boat is responsible for the fishing operation, from
sailing to the fishing grounds, the method of fishing,
and finally to the sale of the catch. First mates, boat-
swains, crew, and deckhands assist the fishing boat
captain. Other members of the fishing industry in-
clude fish importers, fish receivers, fish processors,
fish wholesalers, warehousemen, and AQUACULTURE
farmers. Marine fisheries scientists and policy mak-
ers help regulate commercial fishing based on deci-
sions from fish stock health and abundance, not the
political or economic necessity of having a commer-
cial fishery.

Working fishermen use traditional and modern
craft that range from wooden skiffs for inshore oper-
ations like clam tonging to ocean super factory
trawlers to find, harvest, and process tons of fish.
Some of the primary vessels used in commercial fish-
ing include trawlers, seiners, and long liners. Other
examples include tuna clippers, drifters, salmon
trollers, whale catchers, New England draggers, and
lobster boats. Fishing fleets use a variety of tech-
niques to catch fish. The four most common meth-
ods are (1) drift net fishing in which miles of nylon,
curtainlike nets are suspended from BUOYS in the
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water to trap fish by their gills; (2) bottom trawling
in which a bag-shaped net is towed over the seabed
to catch bottom-living fish; (3) purse seine netting in
which a bag-shaped net is pulled behind two boats
until the two sides of the net meet to enclose the
catch; (4) long lining in which miles of buoyed lines
are set with baited hooks to catch commercially
important finfish.

The men and women who go down to the sea in
ships have to endure many environmental hardships,
from winds and waves to pollution and harmful
algal blooms. Commercial fishing is a high-risk
occupation, and one owes a lot to the fishermen who
face the hazards of the sea to make its natural
resources available. Man-made or anthropogenic
factors such as pollution can cause the closure of
shellfish beds due to bacteria or toxic PLANKTON.
Commercial fishermen suffer from the affects of
industrial pollution, such as high concentrations of
heavy metals moving up the food chain. Excessive
levels of metals like mercury, lead, arsenic, cad-
mium, aluminum, or nickel are known to be detri-
mental to people. Therefore, accounts of high
mercury levels in shark, swordfish, king mackerel,
tilefish, and tuna affects market prices. Often high
nutrient levels from nonpoint source pollution can
cause increased growth rates of microscropic organ-
isms such as dinoflagellates that leads to dangerous
Red Tides or infamous Pfiesteria piscida outbreaks.
These dinoflagellates are unicellular protists that
passively drift in the sea as plankton. Some dinofla-
gellates have red pigmentation and can bloom or
accumulate in such numbers that they form visible
patches near the surface of the water called “red
tides.” The heavily studied toxic dinoflagellate Pfies-
teria piscicida has been blamed for fish kills in the
Albemarle-Pamlico Estuary and Chesapeake Bay.

The National Marine Fisheries Services moni-
tors fishery landings, vessels, fishing gear and other
fishery related information and makes these STATIS-
TiCS available to the public. These professionals
strive to safeguard marine resources within the U.S.
exclusive economic zone (EEZ) and are increasingly
concerned with bycatch (unintended catch). They
have developed new equipment and laws to protect
marine mammals, sea turtles, seabirds, and other
protected living marine resources from becoming
accidentally caught by commercial fishing gear. For
example, many countries require that turtle excluder
devices or TEDs be installed in each net that is
rigged for fishing. The TED is a metal grate fitted
into the neck of a shrimp trawl, allowing certain
catches such as shrimp to pass through the bars
while large animals such as turtles and sharks strike
the metal bars and are ejected from the net. These
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devices have been shown to be very effective for the
shrimp industry.
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community The term community in the field of
marine science refers to naturally occurring groups
of flora and fauna that inhabit and interact on or
within seawater. Marine flora includes rHYTO-
PLANKTON, ALGAE, and SEA GRASS. Marine fauna
includes ZOOPLANKTON, invertebrates, finfish, Ma-
RINE MAMMALS, and MARINE BIRDS. The habitat is
the immediate space where the plants and animals
live. Communities may be classified in accordance to
dominant species, or physical features. A “mangrove
forest community” is defined by dominant species
while a “deep sea vent community” is classified in
accordance to the area’s major physical characteris-
tics. Species are the smallest unit of classification for
flora and fauna, which are capable of breeding and
producing fertile offspring. The population is the
number of individuals of a particular species that live
within a defined area. The ecosystem includes all the
organisms in a community, the associated energy
and nutrient flows, and the nonliving environment
within which they interact.

Further Reading
Curtis, Helena. Biology. New York: Worth, 1978.

compass A compass is a NAVIGATION DEVICE that
is used aboard ships and in gauges that measure
two-dimensional horizontal directions relative to
Earth’s magnetic North Pole. The two basic types
are magnetic and nonmagnetic. Card and lensatic
compasses are examples of magnetic compasses
that are used for land navigation. The rectangular
card compass that is found in most sporting goods
stores is flat to sit on top of a map and generally
made of clear plastic, with an etched ruler along
one edge. The handheld lensatic compass that is
commonly used by military ground units is round
with a hinged cover, sighting notch, and sighting
wire. Gyrocompasses and flux gate compasses are
examples of directional references that leave the
traditional magnetic mariner’s compass as a reli-
able backup.

Ancient mariners used pieces of magnetic iron
ore called “lodestone” to find a line oriented approx-
imately north and south with respect to Earth’s mag-
netic poles. Early compasses were no more
complicated than a middle school student’s science
project. Historic accounts indicate that a serviceable
compass contained a sliver of lodestone thrust
through a straw that floated in a bowl of water. The
technology progressed through modifications and
additions such as a line marked on the inner surface
of the water container parallel with ship’s keel and
possibly sights for taking bearings. As innovations
were added, a truly reliable mariner’s compass was
achieved with a lubber line indicating the compass
direction of the ships heading and stenciled north,
south, east, west, and some intermediate direction
markers that are known as the compass rose. Mari-
ner’s compasses aboard ships rest in the binnacle, a
stand made of brass or nonmagnetic material.

As wooden ships gave way to steel ships, new
methods to find north were necessary due to mag-
netic deviations caused by the vessel structure (e.g.,
the ship’s engine and steel hull). Using principles of
pendulums, gyrocompasses were developed that
could navigate ships and aircraft. The mechanism
behind this navigation device is an electrically spin-
ning gyroscope within gimbals whose axle will
always point toward north. Gimbals are mounting
rings suspending the gyroscope for free tilt in any
direction. Elmer A. Sperry engineered the first
marine gyrocompass in 1911, which was subse-
quently used by Allied naval forces during World
War 1. The U.S. Army Air Corps tested an artificial
horizon and an aircraft directional gyro during
1929. An interesting 21st-century innovation is the
flux gate compass, which directly measures the hori-
zontal component of Earth’s magnetic field with a
field sensor, usually an inductor mounted to a gim-
baled platform. Today’s mariners use the electric
flux gate compass in combination with the GLoBAL
PosSITIONING SYSTEM (GPS) to determine the ship’s
heading. Marine scientists participating in the World
Ocean Circulation Experiment during 1992 were
the first to develop a portable GPS and flux gate
compass data logging system to obtain ship’s veloc-
ity and ship’s heading for the calculation of true
wind. Many state-of-the-art meteorological and
oceanographic instruments use a flux gate compass
as a component to accurately determine directions.
Current meters fixed to mooring lines might utilize
an internal flux-gate compass to provide heading
information, which is used to reference the current
direction to magnetic north.

Even today, the proper use of shipboard mag-
netic compasses requires the skilled mariner to



account for influences that make the compass devi-
ate from true or geographic north. The first influ-
ence is variation, which is a measurement of how
Earth’s magnetic field lines vary over the entire
Earth’s surface (i.e., the Earth’s magnetic meridians
are not necessarily aligned north-south and their
alignment actually varies over time). The second is
deviation, the amount that the compass is deflected
from the magnetic meridian due to the ship’s iron.
Some of the ship’s magnetic properties are perma-
nent, determined largely by the direction in which
the keel was laid. Some of the ship’s magnetic field is
induced, varying according to the intensity of Earth’s
magnetic field in which it was induced. Deviation
varies as the ship changes course. Also, “degauss-
ing” equipment in the ship (electromagnetic coils
designed to disguise the ship’s magnetic field within
the surrounding Earth magnetic field, and thus avoid
magnetically detonated mines) can cause deviations
in the ship’s magnetic compass. The ship’s effects on
the magnetic compass are accounted for by careful
placement of correctors. The process of correcting
for deviation error is called “swinging ship.” On a
U.S. Navy ship, the navigator and quartermasters
will swing the ship through 360 degrees, stopping
each 15 degrees to measure the difference between
the compass heading and a properly functioning
gyrocompass. The data are recorded in a magnetic
compass deviation table. The deviation to the mag-
netic compass resulting from the ship’s degaussing
currents is neutralized by a procedure called com-
pensation. The remaining deviations caused by the
degaussing coils are observed and plotted on the left
side of the deviation table.
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compensation depth The depth at which the oxy-
gen produced by photosynthesis of PHYTOPLANKTON
is equal to the oxygen consumed by the respiration of
phytoplankton is called the compensation depth. At
the compensation depth, the net oxygen production
is zero.

The light energy required for photosynthesis is
only available in the surface layers of the ocean. In
the sea, light intensity is rapidly reduced with increas-
ing depth. Phytoplankton need light energy for pho-
tosynthesis and growth. Gross primary productivity
is the total amount of organic matter produced as
the result of photosynthesis, while net primary pro-
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ductivity is the amount of organic matter produced
by photosynthesis, less the amount consumed by cel-
lular respiration. In higher light intensities, phyto-
plankton produce more oxygen than they consume
and there is a net gain in biomass, but as depth
increases, photosynthesis decreases to a point where
the breakdown of organic material by cellular respi-
ration is equal to the production of organic material
and there is no net primary productivity. This is the
compensation depth.

If there were no mixing with waters of differing
oxygen content, the compensation depth could be
estimated by placing phytoplankton cells in a clear
bottle. At depths shallower than the compensation
depth, there would be a net gain of oxygen over
time, and at depths deeper than the compensation
depth, there would be a net decrease of oxygen over
time.

The matter is complicated by the fact that inci-
dent solar radiation changes with the time of day
and season of the year. For these reasons, the com-
pensation depth will move up and down. Further-
more, the transparency of the water column will also
influence the compensation depth. Light penetrates
to a depth up to 500 feet (150 m) in the open ocean,
less than 70 feet (20 m) in coastal waters, and even
less in estuarine bays.

conductivity-temperature-depth probe (CTD) A
CTD is an instrument that is lowered by a cable and
measures the conductivity, TEMPERATURE, and depth
of the water as shown in the following figure. It has
three probes. One is a ceramic probe that measures
the conductivity, a thermistor that measures the tem-
perature, and a pressure gauge that measures the
ambient water PRESSURE. The temperature and con-
ductivity are used to compute the water’s SALINITY.
CTDs can be either self-contained, that is, they store
the information internally in memory that is down-
loaded to a computer when the instrument is brought
back to the surface, or the results are transmitted in
real-time over the armored electrical cable that low-
ers it back to a computer on the ship. Small CTDs
can be lowered from a boat or from a pier by hand.
The CTDs that connect to a cable and are much
larger are capable of withstanding pressures of more
than 500 atmospheres and can be lowered to the bot-
tom of the ocean.

The sensors of CTDs have been miniaturized
over the years so that chains of CTDs can be assem-
bled. These chains can be hundreds of meters in
length, and the CTD sensors can be spaced every
meter along them. They are then weighted at the bot-
tom and towed through the water. This gives a slice,
instantaneously, of the salinity and temperature of
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Conductivity-temperature-depth (CTD) instrument is being
deployed at sea. In addition to the CTD probe, the frame sup-
ports a Niskin water sampling bottle and an acoustic “pinger”

for probe location. (NOAA)

the ocean. There is probably no instrument that is
used more widely on oceanographic vessels than the
CTD. There are also expendable CTDs that can be
dropped from aircraft. The air-dropped probes
deploy a float that contains a radio transmitter and
antenna. When it hits the water, the float and antenna
assembly deploys a probe connected by electrical
cable to the float electronics that measures the con-
ductivity and temperature profile as it descends. The
data are telemetered back to the aircraft via the cable
and radio transmitter.

The computed salinity and temperature as a
function of depth are used to compute the density of
the water column. The density differences between
stations separated in distance are used to compute
the geostrophic velocity (see GEOSTROPHY). For
decades, this method of using density to estimate
current shear as a function of depth has been used.
Before the development of the CTD, NANSEN BOT-
TLES were used to measure temperature and salinity.

CTDs speeded up the process of measuring, made
the measurements more accurate, and greatly
increased their vertical resolution. CTDs are capable
of resolving small changes in the vertical on the
order of centimeters. The CTD has revealed the
microstructure of the ocean, which was unobserv-
able using previous techniques.

constancy of composition Constancy of compo-
sition is a general rule that the concentrations of the
major dissolved ions in seawater can vary from site
to site, but their relative proportions remain the
same. An ion is an atom or molecule that has ac-
quired a charge by either gaining or losing electrons.
Cations are positively charged ions, while anions are
negatively charged ions. These dissolved ions reach
the sea through sources such as rivers, volcanism,
and HYDROTHERMAL VENTS. Salts are formed by
chemical reactions between a base and an acid. For
example, sodium and chlorine react to form table
salt (NaCl). Only six elements account more than 99
percent of these dissolved salts. They are chlorine,
sodium, sulfur, magnesium, calcium, and potassium.
The ions are respectively chloride (Cl-), sodium
(Na+), sulfate (SO4%"), magnesium (Mg?*), calcium
(Ca2+), and potassium (K+).

To understand movement and dilution of seawa-
ter, oceanographers need to make SALINITY mea-
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The pie chart shows the approximately constant composition
of oceanic water.



The Average Concentrations of the Major
lons in Grams in One Kilogram

of Seawater

Chloride 18.980
Sodium 10.556
Sulphate 2.649
Magnesium 1.272
Calcium 0.400
Potassium 0.380
Bicarbonate 0.140

surements. The information might be useful to assess
impacts from increases in land runoff, the lowering
of salinity locally, and the possible effects on coastal
ecosystems. If a chemical oceanographer collected
water samples from two different coastal stations,
the total salinity might change, but the ratio of the
concentrations of major ions to the total remains
constant between samples. These major ions and
their proportions are listed in the table above.

Salinity is a critical variable for understanding
and predicting biological and physical processes.
The traditional method to measure salinity is with
water bottles that are analyzed in a laboratory with
a salinometer. In the field, profiling Conductivity-
Temperature-Depth (CTD) gauges are often used or
moored in situ conductivity-temperature (CT) sen-
sors. In the future, remote sensing using radar sig-
nals may provide surface salinity maps to study
processes from plume dynamics to the movement of
WATER MASSES.
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container Truck-sized receptacles for the storage
and movement of cargo are described as containers
by the transportation industry. Goods carried on a
ship and covered by a bill of lading are considered to
be cargo. Cargo is categorized as to whether it is roll-
on/roll-off (driven on or off by means of a ramp),
break-bulk (unpacked homogeneous cargo such as
grain), or containerized (goods stowed in a con-
tainer). Cargo containers come in many varieties in
accordance to their design and characteristics. Ex-
amples include International Standards Organiza-
tion (ISO) and Department of Transportation (DOT)
shipping containers. More than 6 million cargo con-
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tainers are offloaded from vessels onto U.S. docks by
the marine transportation system, which consists of
waterways, seaports, and their inter-modal connec-
tions, vessels, vehicles, and system users, as well as
federal maritime navigation systems.

The international shipping community uses
standardized rectangular containers for global trans-
port by ship, rail, and highway. The standardized
container lengths are 10 feet (3.1 m), 20 feet (6.1 m),
30 feet (9.1 m), and 40 feet (12.2 m), with widths
fixed at eight feet (2.4 m) and heights of either eight
feet (2.4 m) or eight feet six inches (2.6 m). The vast
majority of containers used worldwide today comply
with the ISO standard, with 20-feet (6.1m)- and 40-
feet (12.2 m)-long containers predominating. These
containers incorporate standard corner fittings that
accept cone-shaped lugs, so that any container crane
can handle almost any container. Twist-locks, devices
with conelike shapes at each end, can be inserted
into the corner fittings of the container in order to
facilitate the loading, positioning, and lashing of
containers. These devices, which can be tightened or
released with the quick twist of a handle, secure the
bottom container to the deck or hatch cover, or lock
each container above to the one below. Containers
are sometimes griped down to the decks of lighters
with chains, wire lashings, and tensioning devices
from the container’s top corner fittings.

Containers are also manufactured to meet spe-
cial needs. Tank containers contain a tank for the
transport of bulk liquids or gasses surrounded by a
framework with the overall dimensions of an ISO
container. Dry bulk containers consist of cargo-
carrying structures for the carriage of dry solids in
bulk without packaging. Thermal containers are
built with insulated walls, doors, floor, and roof to
safeguard cargo requiring temperature control. Con-

Coast Guard boarding team members guard a container ves-
sel suspected of carrying containers with biohazards. (U.S.
Coast Guard, PA2 Andrew Shinn)
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tainers can even be modified into equipment shelters
and laboratories for scientists and engineers. A mod-
ified sea container can house the living area, office
space, computers, and communications that are nec-
essary to operate meteorological and oceanographic
instruments that are deployed away from the con-
tainer. At the U.S. Army Corps of Engineers Field
Research Facility in Duck, North Carolina, there is a
modified container housing components of a tidal
reference station at the end of the 1,840-foot (560 m)
pier that juts out from the dunes, across the surf
zone, and into the ATLANTIC OCEAN. Investigators
have used this facility to conduct intercomparison
studies between various sensors, from ANEMOME-
TERS to directional WAVE BUOYS.

At the seaport, cranes are used to load or offload
sea containers from the ship’s hold or deck. The
crane lifts the arriving container onto a wheeled
vehicle, which carries it to the adjacent container
patio, a paved yard. In the yard, machines such as
wheeled straddle carriers with lifting frames remove
the container from the vehicle and stack it in a spec-
ified location pending pick-up. In turn, containers
can be retrieved from the stack and transported to
transportation modes such as BARGES, ships, trucks,
or trains. Containers are transported on public
roads atop a container chassis towed by a tractor.
Container chassis can either be fixed or adjustable
in length.

The extremely large number of containers in
use and the difficulty ascertaining what they con-
tain gives rise to significant security concerns. Since
the infamous terrorist attacks on the World Trade
Center and the Pentagon in the United States on
September 11, 2001, new methods have been devel-
oped to inspect containers as they enter and leave
ports. These methods range from improved tags
and seals, to assure that the container has not been
tampered with after loading, to X-ray machines
and smart sensors for tracking shipments or detect-
ing nuclear materials. Specific rules are applied to
the shipment of hazardous materials, which are
capable of posing an unreasonable risk to safety
and health and property during transport. Despite
the large variety of security improvements, how-
ever, security controls on containers in transit
remains fairly rudimentary.

Ports are maintaining deeper navigational chan-
nels to accommodate larger vessels and are upgrad-
ing cargo-handling equipment and operational
procedures to increase the speed and volume of cargo
throughput. Ports are striving to clear containers
from the gate in minutes and offload vessels in hours.
Automated container terminals are already in opera-

tions and use automated guided vehicles that can
carry 20-foot (6.1 m) and 40-foot (12.2 m) contain-
ers and automated lifting vehicles that can lift and
transport a loaded container without using a crane.
At the Port of Rotterdam, automated stacking cranes
move on rails, take containers with a spreader from
an automated guided vehicle, and stack the contain-
ers six wide and two or three levels high. The port
also operates a state-of-the-art vessel traffic system
that can track ships on the radar screen up to 37
miles (60 km) off the coast and 25 miles (40 km)
inland. These technological advancements are par-
ticularly appealing for implementation at ports with
high labor costs.
See also CONTAINER SHIP.
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container ship Ocean-going merchant vessels de-
signed to carry and stack thousands of containers in-
ternally or on deck are called container ships. These
ships are in worldwide service, stopping at seaports
for one or two days, quickly loading and offloading
full or empty containers and sailing on to meet sched-
ules at the next seaport. Commuters crossing BRIDGES
over important navigation channels view these large
vessels dominated by many multicolored containers
in front of and sometimes behind the small super-
structure containing the high technology bridge.
Navigation and command functions occur on the
ship’s bridge.

Containers were used from the 1800s in order to
reduce shipping costs, with little success. The use of
specialized ships compatible with special container-
handling equipment is the result of American design
innovations that were demonstrated during 1956,
when container service was established between
Newark, New Jersey, and Houston, Texas. Special-
ized types of container ships have also evolved such
as the Lighter Aboard Ship (also known as LASH)
and Offshore Sea-Barge (also known as SeaBee),
which carry floating containers or “lighters,” (Roll
on/Roll off) RoRo ships, which may carry contain-
ers on truck trailers, and other semi-container ships,
which utilize onboard cranes and deck gear to han-
dle containers and break bulk cargo. Naval archi-
tects are working to develop larger and faster, i.e.,



high-speed container ships to fulfill growing marine
transportation needs.

Containerization is an efficient concept for the
unitizing of cargo that is embarked aboard ships. A
standard 40-foot (12.2 m) container can hold up to
20 metric tons of cargo and is designed to give max-
imum protection against weather, damage, and
theft. One measure of container ship size is the
number of 20-foot equivalent units or TEUs that
can be stowed on board. A 40-foot (12.2 m) con-
tainer would be equivalent to two TEUs. Most con-
tainer ships carry several thousand TEUs. Another
measure is to classify container ships by their capac-
ity, where a first-generation ship would carry
approximately 1,000 TEU, second-generation 2,000
TEU, third-generation 3,000 TEU, and a super con-
tainer ship such as the Regina Maersk would be a
sixth-generation capable of hauling 6,000 TEUs.

Container ships are usually built for speed, so
that cargo can arrive at the proper destination fast.
These ships are often fitted with bow-thrusters to
permit side-to-side bow movement to shorten the
time for maneuvering and docking. The sea con-
tainers have standard dimensions, and the corners
are designed to be interlocking. The individual con-
tainers are usually either 20 feet (6.1 m) or 40 feet
(12.2 m) in length, eight feet (2.4 m) wide and eight
feet (2.4 m) high. Containers are stuffed with goods
for export, moved to the seaport, and staged. Dur-
ing embarkation, containers are lowered, slid on
special guides, and stacked in the ship’s hold. They
are also stowed on deck in accordance to weight,
using specialized and well-maintained locking and
securing equipment. Improperly stacked containers
are subject to being lost overboard, especially dur-
ing bad weather when twist-locks securing the con-
tainers shear. Container ships usually carry tens of
thousands of deadweight tons. Shippers started
using containers in the mid 1950s, following their
use in World War II to speedily get material from
the United States to Europe. Today, the largest
container-shipping carrier in the world is M/V
Maersk Sealand.

Container ships can be extremely costly, and
the economics of container shipping centers on
quick unloading and loading in order to maximize
revenue operation and minimize port time. The
loading and unloading work is extremely fast with
the use of pier side gantry cranes and other forms of
material-handling equipment. Basically, a straddle-
carrier brings the container to the ship so that
stacking cranes and huge forklifts can handle the
containers. Since the containers have to be lowered,
stacked, and the corners matched for locking, it is
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important to keep the ship steady during the onload
or offload. As a result, state-of-the art container
ships have special controls such as remotely con-
trolled ballast pumps and valves that are manipu-
lated by deck officers. Researchers are investigating
laser applications for the semi-automated loading
of containerized cargo into ship holds that are mov-
ing at the dock in response to winds, waves, and
water level changes.
See also CONTAINER.
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continental margin Two major subdivisions of
the seafloor include first the continental margin
comprising the continental shelf and slope, and sec-
ond the ocean basins, which hold the saline waters of
the Paciric, ATLANTIC, and INDIAN OcCEANS. The
continental margin is a boundary between thick con-
tinental and thin oceanic crust occurring at the
continental slope. The continental margin is further
subdivided into Atlantic and Pacific types. The At-
lantic type margins are aseismic, and have wide con-
tinental shelves and a well-developed continental
rise. The Pacific type margins are seismic, have nar-
row continental shelves, and instead of depositing
sediments on a continental rise, they are deposited in
a TRENCH such as the 6.9-mile (11 km) deep Mariana
Trench. At the trenches, ocean plates are being sub-
ducted into Earth’s mantle. In turn, new oceanic
crust is formed at the mid-ocean ridges, a major phys-
iographic feature cutting across the ocean basins. The
trenches are narrow, steep-sided troughs running
parallel to the continents. They are normally found
on the seaward side of island arcs, while relatively
shallow seas exist on the continental side. Island arcs
are seismically active, and the Japanese and Philip-
pine Islands provide a good example. Volcanoes in
the Philippines are considered to be the most deadly
and costly in the world.

See also CONTINENTAL RISE; CONTINENTAL
SHELF; PLATE TECTONICS; SUBDUCTION ZONE.
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The map shows the continental margins of North America.

continental rise The continental rise is the deepest
part of the CONTINENTAL MARGIN (shoreline to the
ABYSSAL PLAINS), where the continent begins. The
continental rise eases the relatively steep CONTINEN-
TAL SLOPE onto the deep ocean basins or the gently
rolling ABYssaL HILLS. The continental rise begins
on the ocean side from about 2.5 miles (4 km) depth,
and extends upward to about 1.2 miles (1.9 km) from
the surface on the continental side (the continental
slope). The continental rise is made up of thick layers
of sediment that have been pulled down from the
shelf and slope by the force of gravity. Much of the
sediments fall downward toward the deep ocean ba-
sins through SUBMARINE CANYONS oriented gener-
ally perpendicular to the contours of the shelf and
slope, often as TURBIDITY CURRENTS. Sediments
such as turbidites from these gravity flows accumu-
late along the sloping boundary between continental
and oceanic crust. These turbid or murky currents
are very dense because of the large quantities of sedi-
ments that they carry and if strong enough disperse
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as deep-sea fans on the abyssal plain. The thickness
of the sediments may be as much as several thousand
feet (km).

Turbidity currents that have sufficient momen-
tum to run far out onto the floor of the abyssal plain
create deep sea fans as the sediments spread out,
sometimes extending seaward for hundreds of miles
(km). They cut into the continental rise and contrib-
ute to the development of submarine canyons such as
the Baltimore Canyon, a long fingerlike trough
located 58 miles (93 km) from the Ocean City inlet
in Maryland. The edges of these deep canyons pro-
vide good fishing locations for white (Tetrapterus
albidus) and blue (Makaira nigricans) marlin. Pop-
uations of these migratory blue water (pelagic) fish
are considered to be in decline due to excessive
bycatch by commercial longliners targeting species
such as yellowfin tuna (Thunnus albacares) and
swordfish (Xiphias gladius).

In summary, the settlement of sedimentary
materials builds the continental rise, the physio-



graphic province falling between the steep continen-
tal slope and the flat abyssal plain. This sloping
region may have accumulations of sediments that are
thousands of feet (on the order of kilometers) thick.

Further Reading

Gates, Alexander E., and David Ritchie. Encyclopedia of
Earthquakes and Volcanoes, 3rd ed. New York: Facts
On File, 2006.

Smith, Jacqueline. The Facts On File Dictionary of Earth
Science, rev. ed. New York: Facts On File, 2006.

continental shelf A continental shelf is the edge of
a continent covered by the sea; it lies between the
shoreline and the CONTINENTAL sLOPE. Continental
shelves can be wide, as in the case of Atlantic-type
passive margins, such as the East Coast of North
America, or narrow at Pacific-type or narrow active
coasts (tectonically active with many volcanoes and
earthquakes, such as the West Coast of North Amer-
ica). The shelf has a small slope extending seaward
from the shoreline, and is thus shallow, having a
global average depth of 426.5 feet (130 m). At the
seaward boundary of the shelf, the continental slope
increases from a tenth to a few tenths of a degree
downward toward the sea to about four degrees, and
then drops down to the CONTINENTAL RISE and
thence to the ABYSSAL PLAINS.

Much more is known about the continental shelf
because it is the closest seafloor to the continents,
with abundant fisheries and rich petroleum and nat-
ural gas deposits. It is composed of sediment and
sedimentary rock.

The main processes shaping the continental
shelves are the erosion and consequent deposition of
sediments, especially on Atlantic-type coasts. Tec-
tonic activity is a major process on the Pacific-type
coasts; scouring by ice is a major process on Arctic
coasts, such as Canada and Russia.

The continental shelves of the world are charac-
terized by high biological productivity, as evidenced
by the blue-green hue of their waters, resulting from
PHYTOPLANKTON. Sediments from the continents
reach the shelf and constantly enrich the productivity
of the waters with nitrates, phosphates, and silicates.
However, proximity to the continents means that
anthropogenically induced pollutant spills, as well as
leakage of hydrocarbon fuels, agricultural wastes,
medical wastes, and so forth, are often a major prob-
lem to environmental managers, fishermen, mari-
ners, recreational boaters, and coastal dwellers.

TIDAL CURRENTS, weather, ice floes, seismic and
volcanic activity all play roles in sculpting the floors
of the continental shelves. Events such as severe win-
ter storms, HURRICANES, earthquakes, TSUNAMIS,
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and landslides/avalanches can drastically reshape
regions of the shelf and adjacent shores.

Further Reading

Gates, Alexander E., and David Ritchie. Encyclopedia of
Earthquakes and Volcanoes, 3rd ed. New York: Facts
On File, 2006.

Smith, Jacqueline. The Facts On File Dictionary of Earth
Science, rev. ed. New York: Facts On File, 2006.

continental slope The continental slope is the
transition zone from the CONTINENTAL SHELF to the
floor of the CONTINENTAL RISE, and thence, the deep
sea. It is the transition region from the land to the
ocean that most humans are familiar with; the deep
sea is familiar only to mariners and researchers.
While the slopes of the continental shelves are usu-
ally very small—a few tenths of degrees—the slopes
of the continental slopes can range from a few de-
grees to steep cliffs in some regions. However, the
need to compress the horizontal scale of bathymetric
charts of ocean basins makes the continental slopes
look much steeper than they actually are. The change
in slope begins at the shelf break, usually where the
depth of the shelf is about 330-660 feet (100-200
m), with 430 feet (130 m) being a global average. The
continental slope provides a pathway for the conti-
nental sediments to arrive in the deep sea, especially
in the regions of submarine canyons where underwa-
ter landslides called TURBIDITY CURRENTS can pour
tons of sediment down into the abyssal depths.
Seismic activity and scouring during the ice ages
and possibly other factors have resulted in these deep
submarine canyons’ cutting almost perpendicularly
through the slope to the deep sea, providing very effi-
cient pathways for sediment transport. Seismic distur-
bances are the usual cause for the occurrence of the
turbidity currents. These currents consist of objects
ranging from microscopic organic particles to sand,
gravel, and even boulders that go roaring down the
canyons and depositing material onto a jumbled mass
at the bottom. Such turbidity currents, also known as
slumps, can cut submarine telephone and telegraph
cables, cause great erosion, and even result in TSUNA-
mis, which can devastate nearby coastal areas.
CONTOUR CURRENTS are another cause of ero-
sion and redistribution of sediments on the slope.
Contour currents are horizontal currents moving
parallel to the depth contours of the slope. They can
attain high speeds and cause erosion features ori-
ented perpendicular to the submarine canyons.
Resources on the continental slope will be the
next big focus for marine industries, such as oil and
gas extraction, marine mineral recovery, and deep
technology development. Much more must be learned
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in order to perform these activities safely and effi-
ciently, with minimal impact to the environment.

The continental slope on the East Coast of the
United States is the border between the inshore shelf/
slope water and the waters of the GULF STREAM,
often known as the North Wall. It is a region in
which warm core rings occur frequently, transport-
ing heat and salt shoreward, and sometimes tropical
plants and animals. East Coast fishermen are
delighted when they can catch mahi mahi, cobia,
snappers, and other southern fishes.

Further Reading

Seibold, Eugene, and Wolfgang H. Berger. The Sea Floor:
An Introduction to Marine Geology, 3rd ed. Berlin:
Springer—Verlag, 1996.

contour currents Contour currents are strong cur-
rents that flow horizontally along steep slopes of the
CONTINENTAL SHELF and the mid-ocean ridges, usu-
ally following surfaces of equal water density. These
currents tend to flow around, and not over bottom
topography. Physical oceanographers may also refer
to contour currents as deep geostrophic currents (see
GEOSTROPHY). These currents have traditionally been
detected by photographic instruments on the ocean
floor and through the study of ripple patterns, also
from deep-sea photographs. Contour currents sweep-
ing along the base of an escarpment as a result of top-
ographic RossBy wavEs derived from the action of
currents such as the loop current in the GULF OF
MEXICO can pose a real challenge for oil drilling.

The existence of these currents was first sug-
gested by German oceanographers Georg Adolf Otto
Wiist (1890-1977) and Albert Defant (1884-1974)
through study of observations of the Meteor expedi-
tion (1925-27). Oceanographers from the Woobps
HorLe OCEANOGRAPHIC INSTITUTION measured
contour current speeds of 0.3-0.8 knots (0.15-.40
m/s) at 33 feet (10 m) above the bottom during the
early 1990s. They found that “abyssal storms”
occurred, lasting several days. These “storms” are
able to transport the upper layer of sediment. Thus,
bathymetric changes such as sediment drifts, chan-
nels, erosional unconformities, and sediment waves
provide strong evidence for the existence and strength
of contour currents. These currents push deep WATER
MASSES such as North Atlantic Deep Water and Ant-
arctic Bottom Water along the depths of the ATLAN-
T1C and PaciFic OCEANS, respectively.

Further Reading

Seibold, Eugen, and Wolfgang H. Berger. The Sea Floor:
An Introduction to Marine Geology, 3rd ed. Berlin:
Springer, 1996.

convection Convection refers to the movement of
a fluid, usually predominantly vertical, that results
in the transfer of properties, such as heat or salt.
Convective motions are driven by buoyancy forces,
which result from instabilities when part of a fluid is
heated or cooled, or when salt is added. These condi-
tions result in departures from hydrostatic equilib-
rium and occur in the atmosphere, in ocean waters,
and in the Earth. Hydrostatic equilibrium is the sta-
ble condition in which the fluid is in equilibrium
with respect to all forces.

The usual example discussed during introduc-
tory science classes is that of a pot of soup being
heated on a stove. The stove heats the bottom layer
of soup, which then becomes less dense than the top
layer, and rises to the top. The soup on the top layer,
now being denser than that on the bottom due to
surface cooling sinks, where it is heated, rises, and
the cycle repeats over and over again. The cooling
may be improved by blowing on the surface of the
soup so that it cools, becomes relatively more dense,
and sinks. The circulation can be seen by observing
the movement of the vegetables in the soup, which
turn over repeatedly in a convection cell.

The familiar example in the atmosphere occurs
when the ground is heated on a warm summer day,
the heated air above it rises, and the water vapor
condenses into a white puffy cumulus cloud. If the
heating is strong, and the atmosphere is unstable,
the cloud continues to develop, to join with other
clouds in rising and thickening, until a towering
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Hot material rises vertically to the top of the mantle where it
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the mantle, where it is heated and starts the cycle again. The
driving force is the density differences between lighter hot
material and cooler denser material.



cumulonimbus cloud is formed, along with light-
ning and thunder—the classic summer afternoon
thunderstorm.

In the ocean, convection is more complicated
because the effects of dissolved salts come into play.
Examples of convection in the ocean include the for-
mation of the deepest and most widespread bottom
water on the globe: the ANTARCTIC BoTTOM WATER
(ABW). ABW forms when freezing and sinking water
flows down the Antarctic slope of the WEDDELL
SEA. As the water freezes, the freshwater separates
out as ice, leaving higher salinity near-freezing water,
more dense than the surrounding water, to sink to
the bottom and flow outward, filling the world’s
ocean basins. In the Arctic, a similar process occurs,
but the temperatures are not so cold. North Atlantic
Deep Water (NADW) is formed in the Norwegian
and Greenland Seas when freezing water sinks, again
separating out the fresher water that forms ice, while
the heavier high-salinity water sinks to the bottom
of the basin. NADW spreads southward, flowing
over the Antarctic Bottom Water. No bottom water
is formed in the North Pacific Ocean/Bering Sea
region because the salinity is too low for the cooled
water to sink all the way to the bottom.

In mid latitudes, convective overturn occurs in
the autumn, when the seasonal THERMOCLINE
(strong vertical temperature gradient) breaks down
due to autumnal cooling and strong winds that stir
the upper layers of the ocean and cause them to mix
downward into the cold lower layers, creating a
more nearly homogeneous body of water. An exam-
ple of this process is the forming of the so-called
64.4°F “18°C water” in the Sargasso Sea in winter.
The general rule is that surface heating in spring and
summer produce a strong thermocline that is strongly
stratified. Strong winds and cooling in fall break
down the temperature stratification and cause con-
vective overturn and the production of a nearly uni-
form WATER MASS. This same process occurs in
lakes. In ESTUARIES, the effects of SALINITY must
always be taken into account; they sometimes over-
ride the seasonal temperature effects.

Convection is also important in studies of the
geology of Earth. The movement of the lithospheric
plates described in the theory of PLATE TECTONICS
results from convective heating of the underside of
the plates by vertical currents in the mantle. Giant
convective cells rise up at spreading ridges and flow
downward at subduction zones. Smaller scale con-
vective cells are believed to be responsible for hot
spots in the crust, causing formation of island
chains, such as the Hawaiian Islands, and earth-
quakes, such as those that struck Missouri in the
19th century.
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copepods The copepods are small shrimplike crus-
taceans found in the phylum Arthropoda. Large
antennae and paddlelike swimming appendages gen-
erally characterize copepods, and their name liter-
ally means “oar footed.” They are ZOOPLANKTON
that filter feed on PHYTOPLANKTON, such as microal-
gae and diatoms. However, some species are carnivo-
rous and feed on other zooplankton. There are more
than 10,000 species of copepods found throughout
the world. In fact, they are the crustaceans with the
largest number of species. They are found in all of the
oceans, in lakes, and streams. They are very adapt-
able; certain species are able to adhere to the under-
side of ice-covered lakes and oceans. Larval copepods
go through several juvenile stages called instars.
These development stages occur during molting.
Copepods are a major source of protein for
prey ranging from juvenile fish to baleen whales.
They are the insects of the sea forming a critical
link in the food chain between the phytoplankton
on which they feed and the krill, fish, and whales
that feed on them. Threatened fish species such as
the American shad (Alosa sapidissima) thrive on
planktonic crustaceans such as copepods, mysid
shrimp, and euphausids (krill). This ANADROMOUS
fish spends most of its life in large schools, entering
freshwater rivers in which it was born to spawn.
Other filter-feeding fish species that eat copepods
include the basking (Cetorbinus maximus), mega-
mouth (Megachasma pelagios) and whale sharks
(Rhincodon typus), manta rays (Manta birostris),
and about nine species of devil rays (genus Mobula).
Free-swimming copepods are eaten by blue (Balae-
noptera musculus), bowhead (Balaena mysticetus),
gray (Eschrichtius robustus), humpback (Megep-
tera novaeangliae), minke (Balaenoptera acuto-
rostrata), right (Eubalaena glacialis, Eubalaena
australis, and Caperea marginata) and sei (Balae-
noptera borealis) whales. All of these whales are
filter feeders that have baleen, a sievelike device
ideal for capturing zooplankton such as copepods.
Besides the free-swimming copepods, there are par-
asitic species that attach themselves to the skin and
gills of fish. Two sea lice species (Lepeophtheirus
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salmonis and Caligus elongatus) are responsible for
commercial losses to the salmon farming industry.

coral animals Coral animals are marine organ-
isms of the phylum Cnidaria made up of individual
polyps or colonies of polyps that secrete limestone
foundations. After sponges, cnidarians are the sim-
plest form of metazoan life and the first animal phy-
lum with cells organized as tissues. Corals are closely
related to sea anemones.

A radially symmetrical polyp is the basic module
of coral animals and composed of three basic tissue
layers: the outer layer called the epidermis, the inner
layer known as the gastrodermis, and between these
two the mesoglea, a thin connective tissue made of
collagen, mucopolysaccharides, and cells. The lower
epidermal layer secretes a calcium carbonate skele-
ton, and the upper layer is in contact with the seawa-
ter, allowing general diffusion of gases and nutrients.
Polyps can usually be measured in millimeters and
have a mouth circled by a crown of tentacles that
leads to an internal space for digestion called the gas-
trovascular cavity. Polyps rest in a calcium carbonate
(limestone) cuplike depression, a calyx, and can be
retracted into the calyx for protection from predators
and environmental stress. A thin layer of tissue called
the coenosarc connects all of the polyps of a colony
and rests on the limestone secreted by the corals.

The polyp is the basic module of colonies that
can reach meters in diameter. Colonies from differ-
ent species and colonies of the same species may take
on various growth forms, such as plates, bushes,
trees, mounds, and pillars. Variations in water tem-
perature, light, hydrodynamic stress, and nutrient
concentrations may be causes for varying colony
morphologies.

Polyps grow until they reach a certain size, and
then they divide, creating two identical polyps
(binary fission). Division continues throughout the
life of the colony, but it may be as long as eight years
before the colony of clones reaches sexual maturity
at a certain minimum size (about 10 centimeters
diameter). At maturity, small planktonic larvae
called planulae are released and swim upward and
toward light to enter surface currents. Of planulae
studied, most swim to the bottom and settle within
two days of release. The remaining species may swim
for weeks or months for long-distance dispersal.
Once the planulae settle, they metamorphose into a
polyp and begin growing and dividing again. Corals
can be hermaphroditic or have separate sexes, and
while planulae are produced asexually by some spe-
cies, cross-fertilization is most common.

Zooxanthellae are endosymbiotic dinoflagellate
ALGAE that live in the cells of corals and many other

reef invertebrates. They accumulate inorganic nutri-
ents from coral waste metabolites and seawater, and
the carbon fixed by the algae during photosynthesis
is available to coral cells as an energy source.
Although the mechanism is not clearly understood,
zooxanthellae living within a tropical coral host cell
provide the carbon products of photosynthesis to the
host and greatly improve the skeletal growth rates of
tropical corals. Given adequate conditions, such as
warm water, sufficient light, and normal saLINITY
levels, corals continue to build upon the calcium car-
bonate skeleton, and over geologic time, corals form
significant limestone structures called coral reefs on
Earth’s surface.

Corals are noted for their high biological pro-
ductivity, and this is a function of their many meth-
ods of feeding and the constant renewal of inorganic
nutrients flowing over the reef. The algal-coral sym-
biotic relationship allows corals to function as auto-
trophs and maintain tight nutrient recycling in coral
tissue. Corals can also function as suspension-
feeding heterotrophs, using tentacles and mucus nets
to capture PLANKTON. Food captured by one polyp
is shared with others via the coenosarc, a gastrovas-
cular system that circulates and digests food parti-
cles. Corals may also use extracoelenteric digestion
to feed on moving prey or food particles too large
for ingestion. This feeding method involves mesen-
terial filaments that extend from the mouth or open-
ings in the body wall and digest food particles.
Corals can also use extracoelenteric digestion to
attack adjacent coral species. Some corals take
advantage of dissolved organic matter in seawater
by actively transporting it across the cell membrane.
The ratio of heterotrophic to autotrophic feeding
behavior among corals often depends on species
type and local conditions, such as light availability
and plankton concentrations.

Corals serve as a food source for some gastro-
pods, crabs, polychaetes, sea urchins, and seastars.
Acanthastar planci, the crown-of-thorns seastar, is
found in the Pacrric and INDIAN OCEANS and feeds
aggressively on live corals. Butterflyfishes depend on
coral as a food source, and some damselfishes
destroy coral polyps to encourage growth of algal
mats, their primary source of nutrition.

Corals, such as species of Pocillopora, Acro-
pora, and Porites, are most commonly known as rel-
atively shallow water organisms restricted to warm
or tropical seas ranging from 65° to 97°F (18° to
36°C). These conditions foster the greatest coral
diversity and productivity among scleractinian stony
corals (hexacorals) corals, but corals can also sur-
vive in deep cold-water conditions with little or no
light. Coral species grow in the abyssal Antarctic,



and Lopbhelia pertusa is a branching coral that grows
in the North Sea at depths of 825 feet (250 m) at 70°
latitude. Without sufficient light, the algal-coral
mechanism responsible for enhanced limestone pro-
duction does not function well and reefs do not
form.

See also CORAL REEF FISH; CORAL REEFS; PHY-
TOPLANKTON; ZOOXANTHELLAE.
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coral bleaching Coral bleaching is the separation
of photosynthetic endosymbiotic zooxanthellae from
a coral colony, resulting in the colony turning white
(bleaching). Corals are marine organisms of the
phylum Cnidaria, consisting of individual polyps or
colonies of polyps. Zooxanthellae are typically uni-
cellular dinoflagellates that live in the cells of many
reef organisms.

Zooxanthellae contribute to the diverse and
spectacular array of coral colors. They carry chloro-
phyll @ and ¢ and characteristic dinoflagellate pig-
ments diadinoxanthin and peridinin that give corals
a brown, blue, or yellow-green color.

There is evidence that environmental stresses,
such as pollutants, high water temperatures, air
exposure, and increased ultraviolet radiation are the
major causes of bleaching events. Whether coral
force out the ALGAE or algae leave coral colonies vol-
untarily is uncertain. While the true motivation is
unknown, researchers suggest that nutrient scarcity
may cause coral to eject the algae or the algae exit
coral cells to escape the environmental stress.

Coral bleaching events often correspond to high
water TEMPERATURES during EL NiXo events and
have been recorded in virtually all coral reef ecosys-
tems, including Central America, the Indo-Pacific,
the RED SEA, and the Caribbean. The most severe
observed global bleaching event to date took place in
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1998 during a particularly fierce El Nifio that
affected almost all coral species and associated inver-
tebrate species.

Coral bleaching does not always result in coral
mortality; some coral species are more resistant to
stress than others. If the host survives the stress
event, zooxanthellae may repopulate the host cells
and resume growth and photosynthesis.

See also CORAL REEF ECOLOGY; CORAL REEFS;
ZOOXANTHELLAE.
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coral reef ecology The study of the interrelation-
ships of biotic (living) and abiotic (nonliving) compo-
nents of marine limestone skeletal structures is
referred to as coral reef ecology. Coral reefs are an-
cient geological structures created by coral animals
and other organisms that pull carbonates out of sea-
water to build exoskeletons, shells, and other body
parts that are the basis of the coral reef ecosystem.

Reeflike structures have existed for nearly 3.5
billion years and were initially created by organisms,
such as ALGAE, sponges, and bryozoans, capable of
creating a rigid skeleton and anchoring to the sea-
floor. Not until the Ordovician (about 450 million
years ago), while algae and sponges were still the pri-
mary reef-builders, did the first ancient hard corals
appear (tabulates and rugoses). The Mesozoic (225
million years ago) marks the existence of the first
coral reefs, and some modern reefs may be more
than 2.5 million years old.

During the Neogene (23 million years ago to
present) formation and melting of glaciers caused sea
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level fluctuations of up to 450 feet (140 m) that
resulted in cyclical exposure and covering of CONTI-
NENTAL SHELVES and reefs. About 18,000 years ago,
2-million-year-old Pleistocene glaciers began to melt,
and sea levels began to rise. Sea level reached the
exposed Pleistocene reef platforms about 9,000 years
ago, and growth of modern reef structures began.

Sea level and tectonic changes over geologic time
resulted in several geomorphological categories of
modern reefs, such as ATOLLS, fringing reefs, and
BARRIER REEFS. Fringing reefs are formed close to
shore on rocky coastlines. If sea level is stable or car-
bonate production is high, the reef will grow sea-
ward. As land subsides or sea level rises over geologic
time at a high rate relative to carbonate production,
a fringing reef will grow vertically to maintain prox-
imity to the sea surface. This process results in a bar-
rier reef and a LAGOON between the reef and the
shore. As a volcanic island subsides below sea level,
the barrier reef that once surrounded the island will
continue to grow vertically and eventually form an
annular reef called an atoll.

Water TEMPERATURE, clarity, SALINITY, and
geological foundations are limiting factors in coral
reef development. Coral reefs are generally limited to
nutrient-poor tropical waters with year-round tem-
peratures above 68°F (20°C). The light spectrum
shifts toward blue as light intensity decreases expo-
nentially with depth. Coral growth rate decreases
with light intensity, so hermatypic (reef forming)
corals are usually limited to within 230 feet (70 m)
of the surface. For instance, while the GULF OF
MEexico has relatively warm waters, poor water
clarity and a sand-and-sediment bottom restrict sig-
nificant reef development.

Coral reef biological and physical structure is
primarily a function of hydrodynamic stress on
COMMUNITIES of sedentary hermatypic organisms.
The most important hydrophysical factors affecting
reef organisms, growth, and form are CURRENTS,
WAVES, TIDES, and the THERMOHALINE structure of
the water column. Tides exert regular and powerful
forces that shape reef construction and affect distri-
bution of benthic communities. Because wind and
current directions are often directionally constant in
the Tropics, coral reefs have many common geomor-
phological elements, such as reef flat, lagoon, and
buttress system.

The characteristics of the reef crest and slope are
a function of whether the reef is facing the wind
(windward) or sheltered from the wind (leeward).
The reef crest and frontal edge of windward reefs are
especially exposed to wave action and usually fea-
ture a spur-and-groove system to dissipate wave
energy that could be as much as 500,000 horse-

power (373,000 kW). Alternating spurs (buttresses)
and grooves (channels) are usually a few meters
wide, and length depends on the slope of the reef’s
frontal edge. Grooves, where wave energy is concen-
trated and coral growth is limited, decrease wave
stress on overall reef construction and biota. Because
most energy is flowing up and down the channels,
the buttresses are less turbulent and support growth
that further reduces wave energy. High wave energy
accompanied by storm disturbances breaks branch-
ing coral colonies, such as Acropora palmata, and
forms a boulder zone on the reef slope. Leeward
reefs are subject to significantly less wave energy.
They lack the spur-and-groove system, and the slope
of the frontal edge is relatively steep. Large open
flats with intermittent coral cover may also charac-
terize low wave energy regions.

A coral reef is essentially a thin layer of living tis-
sue covering a limestone structure secreted by corals
and other calcareous organisms over thousands or
millions of years. Corals are animals closely related to
sea anemones that produce a calcium carbonate skele-
ton for support and protection. Coral polyps are typi-
cally only millimeters in diameter and have a mouth
circled by a crown of tentacles that leads to a simple
stomach. Polyps rest in a cuplike depression, a calyx,
and can be retracted into the calyx for protection
from predators or environmental stress. Scleractinian
corals (stony corals) are colonies of polyps, which can
be meters in diameter, connected by a common gas-
trovascular system (the coenosarc) that covers the
limestone surface between calyces.

Calcareous algae, foraminiferans, calcareous
hydrozoans, molluscs, and bryozoans are examples
of other construction units in the coral reef system.
These reef builders may dominate reefs when condi-
tions are not optimal for the zooxanthellae-algal
limestone production mechanism.

Polyps grow until they reach a certain size, and
then they divide, creating two identical polyps
(binary fission). Division continues throughout the
life of the colony, but it may be as long as eight years
before the colony of clones reaches sexual maturity
at a certain minimum size (about 3.9 inches [10 c¢cm]
diameter). At maturity, small planktonic larvae
called planulae are released and swim upward and
toward light to enter surface currents. Of planulae
studied, most swim to the bottom and settle within
two days of release, while remaining species may
swim for weeks or months for long-distance disper-
sal. Once the planulae settle, they metamorphose
into a polyp and begin growing and dividing again.
Corals can be hermaphroditic or have separate sexes,
and while planulae are produced asexually by some
species, cross-fertilization is most common.



Corals are noted for their high biological pro-
ductivity, and this is a function of their many meth-
ods of feeding and the constant renewal of inorganic
nutrients flowing over the reef. The algal-coral sym-
biotic relationship allows corals to function as auto-
trophs and maintain tight nutrient recycling in coral
tissue. Corals can also function as suspension feed-
ing heterotrophs, using tentacles and mucus nets to
capture PLANKTON. Food captured by one polyp is
shared with others via the coenosarc, a gastrovascu-
lar system that circulates and digests food particles.
Corals may also use extracoelenteric digestion to
feed on moving prey or food particles too large for
ingestion. This feeding method involves mesenterial
filaments that extend from the mouth or openings
in the body wall and digest food particles. Corals
can also use extracoelenteric digestion to attack
adjacent coral species. Some corals take advantage
of dissolved organic matter in seawater by actively
transporting it across the cell membrane. The ratio
of heterotrophic to autotrophic feeding behavior
among corals often depends on species type and
local conditions, such as light availability and plank-
ton concentrations.

Zooxanthellae are endosymbiotic dinoflagellate
algae that live in the cells of corals and many other
reef invertebrates. They accumulate inorganic nutri-
ents from coral waste metabolites and seawater, and
the carbon fixed by the algae during photosynthesis
is available to coral cells as an energy source.
Although the mechanism is not clearly understood,
zooxanthellae living within a tropical coral host cell
provide the carbon products of photosynthesis to the
host and greatly improve the skeletal growth rates of
tropical corals. Given adequate conditions, such as
warm water, sufficient light, and normal sALINITY
levels, corals continue to build upon the calcium car-
bonate skeleton, and over geologic time, corals form
significant limestone structures called coral reefs on
Earth’s surface.

Of all marine systems, coral reefs are generally
regarded to hold to greatest diversity of life on a per-
unit-area basis. More than 60,000 reef species have
been described, and this is a small percentage of the
total. Nearly one-third (more than 4,000) of all
modern bony fish species live on coral reefs. Reef
ecologists have described 5,000 species of sponge in
Australia and 6,500 species of marine mollusc in
New Caledonia. Of the 1,400 known scleractinian
stony corals, 800 species are associated with coral
reefs.

Relatively constant abiotic conditions, such as
currents, wave action, temperatures, nutrient avail-
ability, and efficient nutrient recycling within the reef
system are factors that support high biodiversity and
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biomass levels. The structural complexity of coral
reefs caused by hydrodynamic stress fosters niche
diversity and leads to highly specialized organism-
habitat associations and greater biodiversity.

Bioeroders are organisms that, through various
activities, erode and weaken skeletons of reef-
building species, creating diverse habitats for the
coral reef community. They are typically small, and
because they may spend their lives hiding or feeding
within the reef, they are not easily observed. Bio-
eroder mass and numbers within the reef may be
greater than reef surface biota. They shape reef
growth and contribute to sediments (rubble, sand)
within and surrounding the reef. Intense predation
on bioeroders and competition for space has led to
extensive diversification within this group of reef
biota. Bioeroders can be classified into grazers (sea
urchins, parrotfish, surgeonfish, filefish and other
fish with chisel or beaklike teeth), etchers (bacteria,
fungi, and filamentous endolithic algae), and borers
(clionid sponges, bivalves, spionid polychaetes, and
sipunculans (peanut worms)).

Diseases can have a major effect on coral reef
health when pathogens, parasites, pollution, and
habitat degradation stress corals and make them
more susceptible to infection. Natural defenses
against disease include mucus secretion, antibiotics,
chemicals that deter parasites, a protective epider-
mis, and cells that will surround potential threats
and produce chemicals that destroy them. Black-
band disease (Caribbean and Indo-Pacific) and
white-band disease (Caribbean and Red Sea and
Philippines) are examples of diseases that can have
devastating effects on coral reef ecosystems. Reef
plants and animals are also susceptible to bacteria,
viruses, parasites, and other pathogens.

Much like tropical rain forests, coral reefs are
mature and biologically diverse ecosystems that are
sensitive to natural and anthropogenic influences.
Tidal emersion, exposure of coral reef flats and reef
crests, may result in exposure to excessive light,
cold, or rain that causes corals and zooxanthellae to
separate. Storms, such as HURRICANES and tropical
storms, are the environmental factor that causes the
most significant damage to coral reefs with heavy
rains that decrease salinity and powerful waves and
currents that break and dislodge corals while stir-
ring up sediments that abrade coral surfaces.

Increasing rates of population growth and con-
sumption, especially in tropical coastal nations, are
putting greater pressure on coral reef ecosystems,
and coral reef ecologists are working with policy
makers, economists, and social scientists to cope
with the diversity and intensity of threats to one of
the most ecologically valuable systems on Earth.
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Ecologists assist fisheries managers to develop man-
agement plans that maximize fishing yield while
maintaining sufficient stocks of breeding individu-
als. Marine protected areas are management tools
that coordinate local communities, government, and
science to protect threatened habitats and species.
CITES, the Convention on International Trade in
Endangered Species of Wild Flora and Fauna, is an
international policy tool that regulates international
illegal wildlife trafficking and depends on scientists,
such as ecologists, for information on threatened
reef species.

Coral reef ecology is playing a major role in the
attempt to discover and understand the threats to
coral reefs and their value to humans. The interrela-
tionships within the reef system are extremely com-
plex and dynamic, so adaptive and innovative
management techniques will be necessary to sustain
and improve the health of coral reef ecosystems
worldwide.

See also CORAL ANIMALS;
ZOOXANTHELLAE.
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coral reef fish Coral reef fish are species that spend
at least a portion of their life cycle on or near a coral
reef, using reef resources. Coral reefs are highly pro-
ductive tropical marine ecosystems that support high
fish biodiversity and high fish biomass. Colorful fish
captivate divers and snorkelers who are studying the
coral reef.

High biodiversity among coral reef fish is the
result of the long-term coevolution between reefs and
reef organisms. As scleractinian stony corals diversi-
fied and developed more intricate reef constructions,
bony fish differentiated and adapted to live in more

specialized habitats and exploit an increasing variety
of food sources. The Eocene (about 50 million years
ago) marked a time of major reef fish diversification.
Holocentridae, Gobiidae, and Chaetodontidae repre-
sent some of the oldest modern reef fish families,
while Antennariidae, Bothidae, and Synodontidae
have members that were pelagic until recently adapt-
ing to live in the reef environment.

Modern coral reef fish are small, with an average
size of five centimeters, and classified in one of more
than 100 different families. Most of these are bony
fishes, but a small fraction is cartilaginous, such as
the sharks and rays. A few of the major families are
damselfishes and anemonefishes (Pomacentridae),
wrasses (Labridae), angelfishes (Pomacanthidae), and
grunts (Haemulidae). Nearly one-third (over 4,000)
of all modern bony fish species live on coral reefs.
The greatest species diversity is found in the Philip-
pines, Papua New Guinea, and the Great Barrier
Reef in Australia

Coral reefs are widespread throughout the Trop-
ics, and most coral reef fish species have a broad
geographic distribution compared to temperate reef
species. In contrast to many nonreef fish, local com-
munities of reef fish are commonly associated with a
particular type of reef construction and reef zone
and do not typically mix with neighboring commu-
NITIES. Fish associated with coral reefs are an inte-
gral link in the reef ecosystem food web and have
developed many highly specialized relationships with
other reef organisms, such as predator-prey, com-
mensalisms, and symbioses.

Most reef fish have daily (diurnal) behavior pat-
terns that consist of a period of active feeding and a
period of rest. Efficient space usage is necessary on a
reef, and fish often alternate resting in the same hid-
ing places depending on if they feed during the day
or at night. Vertical migrations and migrations
between reef biotopes, regions of uniform environ-
mental and biological conditions, are other examples
of reef fish diurnal behavior that has developed to
support feeding behavior. During migrations
between biotopes, reef fish visit cleaning stations
where cleaner fish (wrasses of the genus Labroides)
feed on parasites attached to the gills and skin of
migrating fish. Cleaning stations are abundant on
healthy reefs, and while reef fish of all kinds line up
at the cleaning stations, they are not known to feed
on the cleaners.

Besides maintaining close proximity to shelter
and feeding when predation is less likely, reef fish
avoid predation by schooling. Light reflecting off
schools of moving fish disorients predators and
makes it difficult for them to isolate individual prey
for attack.



Reef fish coloration is often fantastic and argu-
ably the most beautiful and diverse in the animal
kingdom. Coloration is a form of communication
among reef fish. Colors and patterns enable fish to
recognize their own species in turbid waters and
against colorful coral reefs. Color may also serve to
camouflage fish, confuse predators (false eye), or
warn predators that they are toxic to eat. The colors
of males are often more vibrant at breeding times,
and males displaying during mating use the colors to
attract the attention of females.

Symbiotic social behaviors are common among
coral reef fish and other organisms on the reef. The
relationship between clown fish and anemones
(actinians) is one of the most well known examples.
Clown fish families (genus Amphiprion and Prem-
nas) live safely within the stinging tentacles of the
anemone and eat the mucus and leftovers of the
anemone. In turn, the fish defend the anemone from
potential predators.

Because of high fish density and very specialized
relationships between fish and respective habitats,
reef space is limited and actively protected. Many
species of reef fish have developed territorial behav-
iors to protect areas of refuge and food source. If
space is invaded, fish may spread their fins and gill
covers to intimidate intruders. Grunts (family Hae-
mulidae) signal the boundaries of their territory to
predators by making grunting sounds. Damselfishes
that feed on ALGAE on the reef bed actively fend off
other organisms that may consume the algae within
their territory.

Compared to the trophic structure of fish species
of temperate coasts, a very high percentage of coral
reef fish are herbivores (15-50 percent of total fish
biomass), and there could be as many as 10,000 her-
bivorous fish per 100 acres (1 ha). An abundance of
herbivory is possible among reef fish because high
temperatures improve the function of enzymes
involved in plant material digestion, and on rocky
surfaces or dead corals there is a profusion of easily
digestible edible algae and seaweed. Herbivorous feed-
ing behavior shortens the food chain and increases
the efficiency of energy use at higher trophic levels.
Herbivorous fish can be separated into browsers,
grazers, and suckers. Browsers eat macrophytes and
SEA GRASS; grazers feed on periphytonic turfs and
coralline algae crusts; and suckers eat the thin organic
layer off the surface of soft benthic sediments.

Plankton is constantly swept over the reef by
CURRENTS and TIDES; subsequently, the abundance
of planktonovores, such as damselfishes, feeding on
ZOOPLANKTON is high. PLANKTON is also an impor-
tant food source for cardinals, bigeyes, and soldier-
fishes. By feeding on passing plankton, these fish
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indirectly introduce energy and nutrients to the reef
community. These fish are typically smaller than the
average reef fish and have streamlined bodies, forked
tails, and jaws that can quickly extend to catch
plankton. They school during the day in LAGOONS
or along the reef edge, while separating at night to
feed in the water column.

The greatest percentage (40-80 percent) of reef
fish species feed on zoobenthos, but total fish bio-
mass (20-30 percent) is less than other groups
because species populations are smaller and feeding
specialization is greater. Goby species may dominate
this category of predatory fish with more than 1,000
representatives. Examples of prey include sponges,
hydroids, gastropods, crabs, polychaetes, and holo-
thurians. Some species of butterflyfish feed primar-
ily on corals.

The guild of fish that feed on other fish (pisci-
vores) comprises 10 to 20 percent of reef fish species.
Piscivores such as groupers, moray eels, barracudas,
and reef sharks are important in controlling the den-
sity and composition of reef fish communities.

As an increasing number of fish have become
specialized and adapted to living in a reef environ-
ment, various mechanisms developed to improve
successful propagation. Depending on the species,
days or months may separate spawning events and
they may take place in the water column or on the
seafloor. Permanent monogamy, as shown in some
gobies, butterflyfishes, and damsels, improves breed-
ing success and the ability to protect territory. Her-
maphroditism and the ability of adult fish to change
sex is common among reef fish, such as gobies, grou-
pers, wrasses, and parrot fish, and enables fish to
even out the ratio of males to females during spawn-
ing. Other ways reef fish ensure breeding success
include actively protecting eggs and larvae and
choosing inconspicuous spawning sites.

After larvae hatch, they remain part of the
plankton for 10 to 100 days. Larvae are usually in
the open ocean away from reefs and predators. They
are often transparent and look very different from
the adult form. Those that survive the open ocean
arrive at reefs or nearby sea-grass beds as larvae or
developing juveniles. Severe predation threatens the
fish for the first few weeks until they become famil-
iar with the new surroundings.

The standing stocks of coral reef fishes are esti-
mated to be 30 to 40 times greater than stocks in
most temperate region demersal fishing grounds. In
the Caribbean alone, there are approximately 60,000
small-scale reef-fishing operations harvesting about
180 different species. In the western Pacific, fisheries
have been estimated to collect 200 to 300 different
species in quantities of 100 to 240 metric tons per
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year per square kilometer. The live reef fish food
(primarily grouper species) business is worth nearly
$1 billion annually, and the aquarium fish trade is
worth more than $200 million a year.

Reef fish require healthy coral reefs for survival,
and coral reefs are very sensitive to environmental
changes. Destructive fishing practices, such as dyna-
mite and cyanide fishing, are used in many countries
to stun fish for easy collection, but these methods of
fishing leave behind dead coral skeletons that are
unable to support the reef ecosystem. Poorly regu-
lated tourism, pollution, agricultural runoff, coastal
development, and fisheries as well as changes in
ocean temperatures and sea levels associated with
climate change can have detrimental effects on reef
health. Improvements in fisheries management, bet-
ter understanding of the resource, more effective
marine protected area implementation and manage-
ment, and shifts in consumer behavior are necessary
to ensure the survival of current reef fish biodiversity
and biomass levels.

See also CORAL REEF ECOLOGY; CORAL REEFS;
FISH; REEF FISH.
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coral reefs Coral reefs are ancient geological struc-
tures created by coral animals and other organisms
that produce a solid substrate. Coral reefs surround
approximately one-sixth of the world’s tropical coast-

Undamaged coral reefs, as in this photograph, are increas-
ingly rare. Many reef resources are in need of protection due

to exploitation. (NOAA)

lines and produce between 400 and 2,000 tons of
limestone per 100 acres (1 ha) annually. While shal-
low living coral reefs are estimated to cover only .2
percent of the world’s ocean area (about 231,661
square miles [600,000 km?2]); they are one of the
most biologically diverse systems on Earth.

Of all marine systems, coral reefs are generally
regarded to hold the greatest diversity of life per-
unit-area. Well over 60,000 reef species have been
described, and this is a small percentage of the total.
Relatively constant abiotic conditions, such as cur-
rents, wave action, temperatures, nutrient availabil-
ity, and efficient nutrient recycling within the reef
system are factors that support high biodiversity and
biomass levels. The structural complexity of coral
reefs caused by hydrodynamic stress fosters niche
diversity and leads to highly specialized organism-
habitat associations and greater biodiversity.

Reeflike structures have existed for nearly 3.5
billion years and were initially created by organisms,
such as ALGAE, sponges, and bryozoans, capable of



creating a rigid skeleton and anchoring to the sea-
floor. Not until the Ordovician (about 450 million
years ago), while algae and sponges were still the pri-
mary reef-builders, did the first ancient hard corals
appear (tabulates and rugoses). The Mesozoic (225
million years ago) marks the existence of the first
coral reefs, and some modern reefs may be more
than 2.5 million years old.

During the Neogene (23 million years ago to
present) formation and melting of glaciers caused sea
level fluctuations of up to 450 feet (140 m) that
resulted in cyclical exposure and covering of CONTI-
NENTAL SHELVES and reefs. About 18,000 years ago,
2-million-year-old Pleistocene glaciers began to melt
and sea levels began to rise. Sea level reached the
exposed Pleistocene reef platforms about 9,000 years
ago, and growth of modern reef structures began.

Sea level and tectonic changes over geologic time
resulted in several geomorphological categories of
modern reefs, such as atolls, fringing reefs, and bar-
rier reefs. Fringing reefs are formed close to shore on
rocky coastlines. If sea level is stable or carbonate
production is high, the reef will grow seaward. As
land subsides or sea level rises over geologic time at a
high rate relative to carbonate production, a fringing
reef will grow vertically to maintain proximity to
the sea surface. This process results in a barrier reef
and a LAGOON between the reef and the shore. As a
volcanic island subsides below sea level, the barrier
reef that once surrounded the island will continue to
grow vertically and eventually form an annular reef
called an atoll.

Living coral reefs are confined to water tempera-
tures between 64°F (18°C) and 96°F (36°C) and per-
form best in the middle of that range. Growth rates
differ between coral species, but most exist near
their upper temperature limits and are very sensitive
to sudden changes. SALINITY outside normal marine
levels (33 to 36 psu), such as locations where major
rivers enter the ocean, may also restrict or prevent
coral reef development.

Wave energy is a major factor affecting the form
and structure of coral reefs. Coral reef biological
and physical structure is primarily a function of
hydrodynamic stress on COMMUNITIES of sedentary
hermatypic (reef forming) organisms. The most
important hydrophysical factors affecting reef
growth and form are CURRENTS, WAVES, TIDES, and
the THERMOHALINE structure of the water column.
Tides exert regular and powerful forces that shape
reef construction. Because wind and current direc-
tions are often directionally constant in the Tropics,
coral reefs have many common geomorphological
elements, such as reef flats, lagoons, and buttress
systems.
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The characteristics of the reef crest and slope are
a function of whether the reef is facing the wind
(windward) or sheltered from the wind (leeward).
The reef crest and frontal edge of windward reefs are
especially exposed to wave action and usually feature
a “spur-and-groove” system to dissipate wave energy
that could be as much as 500,000 horsepower
(373,000 kW). Alternating spurs (buttresses) and
grooves (channels) are usually a few meters wide, and
length depends on the slope of the reef’s frontal edge.
The spur and groove system serves to dissipate wave
energy and encourage coral growth in less turbulent
areas. Leeward reefs are subject to significantly less
wave energy. They lack the spur-and-groove system,
and the slope of the frontal edge is relatively steep.
Large open flats with intermittent coral cover may
also be associated with low wave energy regions.

As the depth of clear water increases, light pene-
tration decreases exponentially and the spectrum
shifts rapidly toward shorter wavelengths (blue).
ZOOXANTHELLAE are algae that live symbiotically
with coral cells and assist in limestone production.
The algae require sufficient light for photosynthesis,
thus limestone production by coral is indirectly
related to water depth.

Coral reef ecosystems efficiently recycle nutri-
ents in oligotrophic (nutrient-poor) waters. Currents
and tides carrying PLANKTON and other particulate
matter over coral reefs are a source of constant
nutrient renewal. High nutrient levels may damage
reef health by inhibiting the zooxanthellae-coral
limestone production mechanism or encouraging
resource competition from other reef organisms.

A coral reef is essentially a thin layer of living
tissue covering a limestone structure that was
secreted by coral animals and other calcareous
organisms over thousands or millions of years. Coral
animals are closely related to sea anemones and pro-
duce a calcium carbonate skeleton for support and
protection. Coral polyps are typically only millime-
ters in diameter and have a mouth circled by a crown
of tentacles that leads to a simple stomach. Polyps
rest in a cuplike depression, a calyx, and can be
retracted into the calyx for protection from preda-
tors or environmental stress. Scleractinian stony cor-
als (hexacorals) are colonies of polyps, which can be
meters in diameter, connected by a common gastro-
vascular system (the coenosarc) that covers the lime-
stone surface between calyces.

Calcareous algae, foraminiferans, calcareous
hydrozoans, molluscs, and bryozoans are examples
of other construction units in the coral reef system.
These reef-builders may dominate reefs when condi-
tions are not optimal for the zooxanthellae-algal
limestone production mechanism.
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More than 500 million people depend on coral
reefs for food or income, and nearly that same num-
ber of people live within 60 miles (100 km) of a
coral reef. Recent studies estimate that reefs con-
tribute $375 billion annually in goods and services
to the world economy. Humans harvest coral reef
resources for food, medicine, jewelry, and souve-
nirs. Researchers are considering coral reefs as a
source for new medicines to treat cancers and bacte-
rial infections. The revenue generated through reef-
related tourism activities is estimated in the tens of
billions.

Lack of education and lack of legal and eco-
nomic incentives to conserve coastal resources in
tropical developing countries are some of the prob-
lems threatening the health of coral reefs. Destruc-
tive fishing practices, such as dynamite and cyanide
fishing, stun fish for easy collection but leave
behind dead coral skeletons that are unable to sup-
port the reef ecosystem. Coastal development that
destroys natural water filtration systems, such as
mangroves and seagrass beds, increases water TUR-
BIDITY and coral mortality. If coastal management
is poor, mining, agricultural and urban runoff,
and sewage can cause damage to reefs by increas-
ing nutrient and sediment concentrations that suf-
focate and abrade coral animals. The aquarium
trade harvests live coral and commonly uses cya-
nide to collect ornamental fish. Anchoring ships on
coral reefs and poorly regulated tourist activities,
such as diving and spear fishing, can have detri-
mental effects on reef communities. Coral was
once mined and cut into blocks to construct mas-
sive buildings, and today coral is still extracted to
make lime or mix with cement to build roads and
seawalls. In Sri Lanka, coral is mined from a bar-
rier reef that once sheltered the coast from storm
waves. Without the reef, Sri Lanka is losing houses,
hotels, roads, and 3,000 acres (30 ha) of land each
year to erosion that was not significant when the
reef was intact.

Although Earth has always been exposed to
warming and cooling cycles, recent studies find that
sea levels and temperatures are rising at faster rates
than at any other time in Earth’s history. Coral reefs
are sensitive to environmental changes and have
been one of the first ecosystems affected by mass
extinctions in geologic history. There are signs that
coral reefs are “declining” at a rapid rate, and many
believe that humans are partially responsible and
must take aggressive steps to ensure the persistence
of this resource.

See also ATOLL; BARRIER REEF; CORAL ANIMALS;
CORAL BLEACHING; CORAL REEF ECOLOGY; FRING-
ING REEF.
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Coriolis force (effect) The Coriolis force is a
pseudoforce that must be added to the forces on a
body in an accelerating frame of reference in order to
satisfy Newton’s second law of motion: The accelera-
tion of a body in motion is equal to the sum of the
forces acting on it divided by the mass of the body.
Earth is an accelerating frame of reference, since it is
rotating, so the Coriolis effect must be applied in an-
alyzing motions in Earth’s atmosphere and ocean in
order for Newton’s laws to be valid. Straight-line
motions on Earth, seen by an observer in a fixed
frame of reference in space, are perceived as curved
when viewed from an observer on the surface of
Earth. The phenomenon can be simply demonstrated
by drawing a straight line with a piece of chalk on an
old phonograph record while it is rotating on the re-
cord player. A line drawn in this manner will be
curved. Creatures living on the surface of the record
would perceive the motion as curvilinear.

In Earth’s atmosphere, when an air or water
particle begins to flow in response to the pressure
gradient force due to the atmosphere trying to equal-
ize differences in air pressure (see PRESSURE GRADI-
ENT), it moves with increasing speed. As the particle
accelerates, it comes increasingly under the influence
of the Coriolis effect, until the magnitude of the
pressure gradient force is equal and opposite to the
Coriolis force, which occurs when the particle is
moving at a right angle to the initial direction of
motion. The deflection is to the right in Earth’s
Northern Hemisphere and to the left in the Earth’s
Southern Hemisphere. The motion achieved when
the Coriolis force balances the pressure gradient
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The rotating Earth showing winds deflected to the right in
the Northern Hemisphere and to the left in the Southern
Hemisphere. There is no deflection at the equator.

force is called geostrophic flow in meteorology and
oceanography (see GEOSTROPHY). The flow is then
parallel to the isobars (lines of equal pressure) on a
weather chart. A good approximation to geostrophic
flow occurs in the upper atmosphere, and in the
deeper ocean, where frictional forces are small com-
pared to those at the air-sea, or air-ground boundar-
ies. Pure geostrophic motion is thus not possible
right at Earth’s surface because of friction with the
ground. The surface wind blows at a (usually) small
angle inclined to the isobars, inward around a low-
pressure area, and outward around a high-pressure
area. The angle is larger over land than over the
ocean because friction with the ground is greater
than friction over a water surface.

The Coriolis effect is small in magnitude com-
pared with the forces of gravity and the pressure gra-
dient; therefore it takes time to act on water and air
particles. It can usually be neglected for fluid flow
over short time and space scales, such as the drain-
ing of water from the kitchen sink. In this case, the
circular flow is caused by the shape of the drain and
the rotational impulse given at the beginning of the
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motion, and not by the Coriolis effect. On the other
hand, in the case of the motions of winds and cur-
rents, as well as the flight of long-range ballistic mis-
siles, the Coriolis effect must be taken into account.

The magnitude of the Coriolis effect is equal to
twice the mass of the particle, times the Earth’s
angular velocity, times the speed of the particle,
times the sine of the Earth’s latitude. The sign of the
motion is positive in the Northern Hemisphere and
negative in the Southern Hemisphere. The Coriolis
effect is zero at the equator and a maximum at the
poles. The Coriolis effect results in cyclonic storms,
such as mid-latitude cYCLONES as well as tropical
HURRICANES, playing a large role in the circulation
and heat and water balances of Earth’s atmosphere
and ocean.

The Coriolis effect was named after French
physicist Gaspard G. Coriolis (1792-1843), who
provided the first quantitative explanation of this
phenomenon.

coxswain A coxswain is an experienced sailor who
has responsibility for steerage of a ship’s boat such as
the captain’s gig and has charge of its crew. For some
boats and craft, a pilot is in charge with the cox-
swain performing helmsman functions. The helms-
man is the person who controls the rudder. Aboard a
racing shell, the coxswain directs the rest of the crew.
During a race, the coxswain keeps the boat moving
straight, controls the pace of the boat, and motivates
the crew as they row toward the finish line.

Being certified as a coxswain provides restric-
tions on the size of boat and how far the coxswain
can navigate from the primary boat or seaport. In
the United States Coast Guard, a qualified coxswain
has demonstrated advanced boat handling skills as a
boat team member. Once certified as a coxswain, he
or she is given responsibility for directing the safe
navigation of the boat, the activities of the crew, and
the performance of missions. Mission essential tasks
of a competent coxswain include navigation, pilot-
ing, boat handling, communication, search plan-
ning, and emergency procedures.

See also BOAT, INFLATABLE BOATS, MARINE
POLICE.

craftmaster A craftmaster is a senior enlisted sailor
who directs the movement of boats such as the Land-
ing Craft Utility, which is also known as the LCU
during amphibious assault operations. The craftmas-
ter directs docking and undocking from amphibious
ships, beaching and retracting, loading and offload-
ing, and security of equipment and supplies during
the various phases of ship-to-shore movement. The
craftmaster ensures that the craft employs prescribed
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Rules of the Road, electronic and visual navigation,
and radio and visual communications procedures.
The craftmaster supervises a crew of approximately
10 sailors in all phases of craft operations and
maintenance.

The U.S. Navy deploys the Mine Hunter
“SWATH 1” (MHS 1) to survey coastal regions in
search of mines. SWATH stands for Small Water-
plane Area Twin Hull, and the craftmaster is con-
cerned with the vessels readiness to complete
missions such as executing “Q-route” surveys in
which equipment is used to locate mines in different
quadrants. Onboard instrumentation includes multi-
beam side scan SONAR, REMOTELY OPERATED VEHI-
CLES, and forward-looking sonar. These instruments

are used to make detailed maps of the seafloor and
to scan for moored mines ahead of the craft.

See also BOAT; COMBATANT SHIPS; HOVERCRAFT;
HYDROFOIL; PATROL CRAFT; Q-ROUTES.

current A current is a flow of fluid through a mass
of similar fluid that remains stationary or is at a dif-
ferent velocity from the current. The wind is a cur-
rent through a surrounding mass of relatively calm
air. Air currents are generally horizontal but can
have significant vertical components as in the up-
drafts of a thunderstorm. A water current is gener-
ally a horizontal movement of water, although slow
vertical movements do occur, as in upwelling. Cur-
rents may be classified as tidal and nontidal. Tidal
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currents (see TIDE) are caused by gravitational inter-
actions between the Sun, Moon, and Earth and are
part of the same general movement of the sea that is
manifested in the vertical rise and fall, called tide.
Tidal currents are periodic, with a net velocity of
zero over the particular tidal cycle. Tidal current is
the horizontal component of the wave water particle
motion, while the tide usually refers to the vertical
component resulting in changes of water level. Tidal
currents tend to be rectilinear, having ebbs and
floods in shallow water, and rotary (continuously
changing direction) in deep water. The observed tide
and tidal current are the result of the combination of
several tidal waves, each of which may vary from
nearly pure progressive to nearly pure standing and
with differing periods, heights, phase relationships,
and directions.

Oceanographers have many ways to classify non-
tidal currents. They can be classified by geography,
as in nearshore currents, offshore currents, coastal
currents, and estuarine currents. Coastal currents
flow generally parallel to the coast; estuarine cur-
rents are set up by large sALINITY differences in the
water when salt water encounters freshwater. Near-
shore currents such as LONGSHORE CURRENTS are set
up inside the surf zone in response to incoming waves
striking the beach at an angle. HYDRAULIC CUR-
RENTS are set up when the winds pile water along a
coast, resulting in a flow of water running downbhill.
This effect is fairly common along COASTAL INLETS.
Such inlets have their own particular rhythm, which
is generally understood by HARBOR PILOTS and FISH-
ERMEN with knowledge on how a local inlet works.

Currents are classified by depth as surface cur-
rents, undercurrents, intermediate currents, and bot-
tom currents. Seasonal currents exhibit changes in
speed, direction, and depth as a result of seasonal
change in the winds. Some currents, such as coastal
currents and polar waters, and the Antarctic Cir-
cumpolar Current (ACC), which flows as a belt
around Antarctica, extend all the way from the sur-
face to the bottom. Such currents are usually wind-
driven in well-mixed waters of small temperature
and salinity gradients.

Currents can be classified according to the phys-
ical forcing mechanism that produces them, such as
wind-driven currents resulting from the overlying
wind stress, THERMOHALINE (density) currents,
resulting from temperature and salinity differences
in the water that set up PRESSURE GRADIENTS, and
riverine currents resulting from the outflow of rivers.
Marine scientists, especially physical oceanogra-
phers, study how currents form in response to air
and sea interactions such as the exchange of energy,
momentum, and gases.
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Nontidal currents include the permanent cur-
rents in the general circulatory systems of the sea,
such as the GULF STREAM and the KurosHIO CUR-
RENT, as well as temporary currents arising from
more pronounced meteorological variability, such as
INERTIA CURRENTS, which are set up in the deep
ocean by passing storms exerting time-varying wind
stresses on the surface. Such currents can last from
days to weeks, until they are damped out by fluid
friction. HURRICANES drive a STORM SURGE ahead of
them: mounds of water that produce significant
flooding of coastal regions. Circulating rings and
EDDIES permeate the major current systems of the
globe. These currents are induced by shear along cur-
rent boundaries and can transport water characteris-
tics, plants, and animals great distances from their
places of origin. An example is the Gulf Stream rings
that transport Sargasso Sea water hundreds of miles
(thousands of kilometers) northward from their
places of origin. The rings can persist for months
before being absorbed by surrounding waters.

Ocean currents, being vectors consisting of
speeds and directions, are more difficult to measure
than scalar quantities such as water level, TEMPERA-
TURE, and salinity. For this reason, much of the
knowledge of the currents of the ocean has been
deduced from the distribution of temperature and
salinity. For centuries, the main source of informa-
tion on currents has been the reports of ship drift,
which are now filed with major oceanographic data
centers, such as the U.S. National Oceanographic
Data Center in Silver Spring, Maryland. During the
1940s, a major breakthrough in current measure-
ments was made by the Roberts Radio Current
Meter. This current meter, named after designer
Capt. Elliott B. Roberts of the Coast & Geodetic
Survey, was successfully used from the 1940s
through the mid-1960s. It utilized radio telemetry to
send data to a receiver located away from the obser-
vation site. Recent advances in technology have made
it possible to measure current fields by means of
ACOUSTIC DOPPLER CURRENT PROFILERS (ADCPs),
ground, aircraft, and satellite-based radars, and
GLOBAL PoOSITIONING SySTEM (GPS)-tracked drift-
ing buoys.

Knowledge of ocean currents is important for
accurate and safe navigation, minimizing ship tran-
sit time, search and rescue (SAR), pollutant spill
cleanup, ocean structure design, fishing operations,
and many other applications. The continued improve-
ment in current measurement technology assures
that safer and more efficient marine operations will
be possible in future decades.

See also AcurLHAs CURRENT; ALASKA CUR-
RENT; ANTARCTIC CIRCUMPOLAR CURRENT; BEN-



124 current meter

GUELA CURRENT; BrRAZIL CURRENT; CALIFORNIA
CURRENT; CANARY CURRENT; EAST AUSTRALIA
CURRENT; EASTERN BOUNDARY CURRENTS; EQuUaA-
TORIAL COUNTERCURRENT; EQUATORIAL UNDER-
CURRENT; GUINEA CURRENT; GUYANA CURRENT;
GYRE; Loor CURRENT; NORTH EQUATORIAL CUR-
RENT; OYAsHIO CURRENT; PERU CURRENT; SOUTH
EQuAaTORIAL CURRENT.

Further Reading

Allaby, Michael. Encyclopedia of Weather and Climate,
rev. ed. New York: Facts On File, 2007.

Bowditch, Nathaniel. The American Practical Navigator:
An Epitome of Navigation. Bethesda, Md.: Defense
Mapping Agency Hydrographic/Topographic Center,
1995.

Pickard, George L., and William J. Emery. Descriptive
Physical Oceanography: An Introduction. Oxford: Per-
gamon Press, 1990.

current meter In marine science, a current meter
is an instrument used to measure the speed and with
more sophisticated sensors the direction of water
flow. To measure currents during the 1800s, scien-
tists observed the set and drift using a compass and
a cord with knots tied at equal intervals attached to
weighted poles from an anchored ship. An observer
noted the pole’s trajectory and counted the number
of knots that payed out over a given time to deter-
mine the current’s speed in “knots,” where one knot
equals 1.69 feet (0.5143 m) per second (see CUR-
RENT POLE). Modern scientists still use methods to
record the flow by following the current, but also
measure currents passing a fixed point by using
high-technology propellers that spin about a verti-
cal axis, transducers that measure the passage of an
acoustic pulse, radiometers that detect the scatter
of electromagnetic energy from capillary waves,
and electrodes that measure voltage differences
across a magnetic field.

Drifters and sometimes environmentally friendly
dyes are used to measure ocean currents by tracking
the floating mass as it is moving through time and
space. In the study of fluid mechanics, the process of
following a “tagged water parcel” is called Lagrang-
ian, in honor of Joseph Louis Lagrange (1736-1813),
a French mathematician remembered for his study of
frictionless flow problems. Drifters such as SOFAR,
RAFOS, PALACE, and ARGO floats may be neu-
trally buoyant and are tracked by satellites, radar,
radio, and sound. Dyes can be released into various
parts of the water column to study how the dye
patch disperses. For example, a researcher studying
secondary production in the Gulf of Maine might
evaluate the transport of COPEPODS by injecting dye

Deployment of a Plessey propeller-type current meter during a
NOAA survey (NOAA)/NOS)

into a rich patch of Calanus finmarchicus, an impor-
tant grazer of diatoms on Georges Bank.

Another popular way to measure currents such as
the KurosH10 CURRENT in the PAciFic OCEAN is by
deploying an array of sensors connected by a mooring
to determine the water’s velocity at fixed locations in
the water column. In the study of fluid mechanics, the
process of measuring speed and direction at a fixed
location is called Eulerian, in honor of Swiss mathe-
matician Leonhard Euler (1707-83). Depending on
depths, this is typically accomplished with Savonius
rotor current meters (named after airfoil designs by
Finnish sailor Sigurd J. Savonius (1884-1931) during
the 1920s), electromagnetic current meters, or ACOUS-
TIC DOPPLER CURRENT PROFILERS.

Rotor current meters calculate speed by record-
ing the rate of rotations of a propeller, and direction
is determined relative to magnetic north with a com-
pass. These instruments are oriented into the current
using a vane. Electromagnetic current meters use
electrodes to sense voltages that are produced across



the direction of saltwater flow (seawater is a conduc-
tor of electricity; the moving conductor cutting mag-
netic field lines produces a voltage gradient that is
recorded as a voltage function of time). The acoustic
Doppler current profilers provide a profile of veloc-
ity with depth by measuring the echo of the return of
reflected sound from scattering material such as
plankton and other particulates that are presumed
to move at the mean speed of the water. Most cur-
rent meters are mounted on a mooring cable, which
is deployed from a ship (see MOORING). Some deploy-
ments require acoustic sensors to be rigidly mounted
in trawl-resistant cages on the seafloor. All these
instruments provide a time series of the velocity of
the ocean’s water at a single latitude, longitude, and
depth within the water column.

Current measurements may also be remotely
sensed using sensors such as radar from shore, ships,
and satellites. Ground-based radars that use the
Doppler principle in a manner similar to the acoustic
Doppler current profiler and the Doppler weather
radars can measure ocean currents. Current measur-
ing radars cover a range of frequencies to provide
scientists and engineers with a choice of accuracies,
ranges, and areas covered. The longest-range radar
current meter is the over-the-horizon current meter,
which can measure currents hundreds of miles away.
High-frequency (HF) current meters have been the
most popular, and include the CODAR (coastal
ocean dynamics applications radar) in the United
States, and the OSCR (ocean surface current radar)
in the United Kingdom.

The principle of operation of the CODAR is that
the sea surface acts like a diffraction grating to the
transmitted radar waves (Bragg scattering) that are
beamed at the sea surface. Since the sea surface is in
motion, the moving diffraction grating effect pro-
duces side bands in the reflected radar signal spec-
trum that are related to the speed of the waves
through the Doppler equation. Since the waves on the
ocean surface that reflect the CODAR signal have a
known speed, determined from the dispersion rela-
tion for ocean GRAVITY WAVES, the difference between
the measured speed and the known wave speed is a
measure of the current velocity. The direction of the
waves can be determined by electronically steering
the antenna. The OSCR operates in similar fashion.

Higher resolution, but much shorter range can be
achieved with microwave radars, which use the Dop-
pler principle, i.e. the difference frequency of two
transmitted radar waves shows a Doppler shift pro-
portional to the speed of the current. This is called the
“Delta-k” radar. Delta k radars are produced in the
United States and in Norway and can be mounted on
BRIDGES, navigation aids, piers, and the like to mea-
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sure current speeds in rivers, ESTUARIES, bays, inlets,
and the like. Radar measurement of current is a sub-
ject of very active research. There are even systems for
estimating current speed from aircraft and orbiting
satellites, such as the synthetic aperture radar. These
instruments estimate current speeds from the scatter-
ing properties of the ocean surface waves, which are
superimposed on the moving sea surface.

Marine scientists and in particular physical ocean-
ographers process and analyze speed and direction
values in order to understand circulation and its spa-
tial and temporal variability. Measuring the horizontal
movement of water in the deep ocean is essential to
understanding density currents that are generated at
the poles and their driving forces such as pressure and
gravity. Transporting heat from the equator are geo-
strophic currents such as the GULF STREAM and
Kuroshio Current, which are controlled by a balance
between PRESSURE GRADIENT forces and the CoRrio-
L1s EFFECT. Current meters provide valuable sea truth
for innovative new modeling and REMOTE SENSING
efforts that are used to analyze large-scale ocean cir-
culation and climatic changes that are leading to
reductions in the extent of arctic SEA ICE.

See also MAGNETIC CURRENT METERS; OCEANO-
GRAPHIC INSTRUMENTS; RADAR; SAVONIUS ROTOR
CURRENT METER.
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Deacon, Margaret, Tony Rice, and Colin Summerhayes,
eds. Understanding the Oceans: A Century of Ocean
Exploration. London: UCL Press, 2001.

current pole A current pole is an outmoded device
used to observe the velocity of the CURRENT. A log
line attaches the current pole to the observing ship.
The pole is deployed overboard and allowed to drift
until the end of the line is reached. The time is re-
corded when the pole is put in the water, and when it
reaches the end of its tether. Since velocity is equal to
distance divided by time, the known length of the log
line deployed divided by the time of drift gives an es-
timate of the speed of the current relative to the ves-
sel. A compass bearing taken on the pole gives the
relative direction of current drift, which, when cor-
rected for the heading of the vessel, gives an estimate
of the true current direction.

This method was used to gauge current speed
and direction on U.S. Geodetic Survey (now National
Ocean Service/ NOAA) ships. They were also
deployed from U.S. Coast Guard lightships (anchored
ships with light beacons in shoal areas offshore
where it was not possible to build lighthouses). Cur-
rent poles are still in use today, an example being the
checking of the NOAA tidal current predictions at
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some locations in Chesapeake Bay by U.S. Power
Squadron volunteer yachtsmen. They are used as
teaching tools by educational institutions. Some of
the tidal current predictions in the NOAA tide tables
are still based on current pole measurements. Log
lines to which knots are tied at regular intervals with
a wood, metal, or plastic weight (the “log”) are still
sometimes used to determine the speed of small
craft. On all vessels, the speed measuring system is
called the “speed log,” named for this method that
was used in the days of sailing ships.

Current poles used by the U.S. Geodetic Survey
were generally about 15 feet (4.57 m) long and three
inches (7.62 ¢cm) in diameter, except in very shallow
areas where smaller poles were used. The poles were
weighted at one end so they would float upright,
with about one foot (0.3 m) above the water surface.
The log line was graduated in knots and tenths of
knots. These graduations were indicated by pieces of
string attached by knots to the log line. The number
of knots paid out in a unit of time (typically 60 sec-
onds) indicated the speed of the current in knots, or
nautical miles per hour. An extra length of line,
called the stray line was an ungraduated part of the
log line that allowed the current pole to drift out
beyond the ship’s distortion of the current.

Measurements from the light stations revealed
that offshore tidal currents are rotary rather than
reversing, that is, there is no slack period and the
currents rotate through all points of the compass
during the approximately 12 1/2 hour cycle of tidal
currents off the East Coast of North America.

Current measurements from tidal current poles
are Lagrangian, meaning that the observing instru-
ment moves with the WATER MASS one is trying to
measure. Tidal current poles are the forerunners of
today’s modern drifting Buoys, which are tracked
by radar or by GLOBAL PoOSITIONING SYSTEM (GPS)
receivers, or other electronic means.

See also TIDE.

cutter Any U.S. Coast Guard vessel larger than 65
feet (19.8 m) is called a cutter. The term dates to the
18th and 19th centuries as a specific class of sailing
vessel, especially those vessels supporting Great Brit-
ain’s Royal Customs Service. Today’s U.S. Coast
Guard cutters include law enforcement ships (high-
endurance cutters), patrol boats, buoy tenders, and
harbor tugs.
See also BOAT; BUOY TENDERS; ICEBREAKING.

Further Reading

United States Coast Guard, U.S. Department of Homeland
Security. Available online. URL: http://www.uscg.mil.
Accessed November 18, 2006.

cyclone A cyclone is a low-pressure area in the
atmosphere. Air rotation about a low-pressure area
is in a counterclockwise fashion in the Northern
Hemisphere and in a clockwise fashion in the South-
ern Hemisphere. Tropical cyclones are low-pressure
weather systems in which the central core is warmer
than the surrounding atmosphere. Extratropical
cyclones form outside the Tropics, and the storm
center is colder than the surrounding air. They are
associated with fronts, that is, two colliding air
masses that displace each other. In the INDIAN
OcEeaN and around the Coral Sea off northeastern
Australia, the term tropical cyclone describes
storms with winds that are greater than or equal to
74 miles per hour (119.09 km/hr). These storms are
called typhoons in the North Pacific west of the In-
ternational Date Line and hurricanes in the Atlantic
basin and the Pacific Ocean east of the International
Date Line.

Cyclonic storms range in size from small-scale
tornadoes—funnels of violently rotating air of hun-
dreds of feet (m) to a few miles (km) in diameter for
real monsters—to hurricanes that are great systems
of converged thunderstorm cells. The largest hurri-
canes are capable of producing winds close to 200
miles per hour (321.87 km/hr), which are called
“category 5 hurricanes” in the Atlantic, and “super-
typhoons” in the Pacific.

At middle and polar latitudes, there are large
cyclonic winter storms that can bring days of cloud-
iness, high winds, and precipitation. An example of
such storms are the nor’easters of the northeastern
United States, which produce heavy rain or snow,
severe icing, and very rough seas that cause exten-
sive BEACH erosion and present hazards to
mariners.

Large, semi-permanent cells of low pressure and
cyclonic winds are found in winter in the North
Pacific Ocean (the Aleutian Low) and the North
Atlantic Ocean (the Icelandic Low). These are usu-
ally regions of severe winter weather.

See also HURRICANE; STORM SURGE; WATER
LEVEL FLUCTUATIONS.
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Aguado, Edward, and James E. Burt. Understanding
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Hong Kong Observatory. Available online. URL: www.
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2008.



data center A data center is a centralized storage
facility for information of importance for organiza-
tions such as a corporations, universities, or govern-
ment agencies. Marine information archived in a data
center is especially useful for climatological studies
and for decision-making purposes. The information
may require permanent storage based on scientific,
administrative, fiscal, legal, or historic reasons. Func-
tions in a data center involve the storage, manage-
ment, processing, and exchange of digital data and
information. The utility of a data center might be
measured in its efficiency to store and share quality-
controlled information resources with customers.

In marine science, data centers such as the
National Climatic Data Center (NCDC), the National
Geophysical Data Center (NGDC), the National
Oceanographic Data Center (NODC), and the
National Snow and Ice Data Center (NSIDC) serve
as a central repository for the storage, management,
and dissemination of data and information relevant
to meteorological and oceanographic data elements,
parameters, and phenomena. These organizations
work with other groups such as the Federal Geo-
graphic Data Committee (FGDC) to develop stan-
dards, which can be used across various data systems
and facilities. Web site visitors can link to informa-
tion about weather, BEACH temperatures, BUOY data,
climate, severe damages to a specific area, images,
maps, and atlases. These NOA A data centers respond
to requests for meteorological and oceanographic
data from all over the world.

In synchronization with environmental steward-
ship and understanding issues such as GLOBAL
WARMING, a network of World and Regional Data
Centers are involved in the acquisition, processing,
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storage, and distribution of valuable data. Data sets
from institutions and international studies are stored
at numerous sites according to solar, geophysical,
and related environmental disciplines. These World
and Regional Data Centers provide archives for
ongoing investigations that offer the potential for
future discoveries. The overarching goal is to estab-
lish long-term data sets that can be used by research-
ers to address pressing science and policy questions
regarding environmental variability. Their existence
serves to support scientific exchange across disci-
plines and governments. They ensure the preserva-
tion of valuable scientific data and the sharing of
information and knowledge through international
collaborations.
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Accessed March 24, 2007.
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data processing and analysis Data processing
and analysis is the process of checking, preparing,
organizing, and quality-controlling raw data for the
purpose of producing needed information. In marine
science, a combination of manual, computer assisted,
and fully automated methods are used to record,
classify, sort, summarize, calculate, disseminate, and
store data. Data processing and analysis are funda-
mental skills that marine scientists use to transform
raw data from sensors, instruments, and models to a
form useable by customers ranging from commercial
FISHERMEN and HARBOR PILOTS t0o COASTAL ENGI-
NEERS and NAVAL ARCHITECTS.

Data are nothing more than values that have
been collected through record keeping, observations,
or measurements and organized for subsequent anal-
ysis and decision-making purposes. These data can
be stored in many formats such as text, integer, or
floating-point decimal. Similarly, imagery can be
used to display spatial information in vector or ras-
ter formats. Vector graphics use mathematically gen-
erated points, lines, and polygons, while raster
graphics are grids of individual pixels. Time series
data refers to consecutive measurements that are
stored in chronological order. Time series lend them-
selves to the development of descriptive statistics
such as norms, means, and extremes. Once expen-
sive environmental data has been quality-controlled,
it should be stored in a permanent archive to estab-
lish long-term data series and to benefit other
researchers.

Analysis is a key step in evaluating or making
sense out of data records or converting data to infor-
mation. This is done through plotting scalar and
vector variables, computing descriptive statistics,
and determining relationships through more com-

plex mathematics such as time series analysis, multi-
variate analysis, and nonlinear signal processing.
Based on the developing knowledge base, the inevi-
table record gaps can be interpolated by inspection
or by fitting a function. As data relationships are
discovered, files may be imported into graphing,
mapping, or presentation software to build figures
and illustrations for publications such as technical
reports, professional papers, refereed journal arti-
cles, and books. Thus, a great deal of work goes into
the reporting of marine science and the display of
marine data.

See also CHAOS; STATISTICS; TIME SERIES
ANALYSIS.

Further Reading

Global Ocean Data Analysis Project, Oak Ridge National
Laboratory. Available online. URL: http://cdiac.ornl.
gov/oceans/glodap/Glodap_home.htm. Accessed Sep-
tember 17, 2007.

IRI/LDEO Climate Data Library. International Research
Institute, Lamont-Doherty Earth Observatory, Colum-
bia University, Palisades, N.Y. Available online. URL:
http://iridl.ldeo.columbia.edu. Accessed September 17,
2007.

The Math Forum @ Drexel, Drexel School of Education.
Available online. URL: http://mathforum.org. Accessed
March 24, 2007.

data reduction See
ANALYSIS.

DATA PROCESSING AND

datum A datum is a vertical or horizontal plane
that is used to measure heights or depths and posi-
tions. Datums are critical for cartographers and hy-
drographic surveyors so that they can make accurate
paper or electronic maps that can be used for naviga-
tion. Thus, CHARTS contain information on water
depths, obstructions, and the locations of aids to
navigation, which may happen to be land features.
The best overall datum for mapping Earth is the
World Geodetic System 1984 (WGS84). It is espe-
cially important to know the chart datum so that
depth measurements or soundings can be compared
to tide predictions.

The vertical datums provide a zero surface such
as Mean Sea Level or MSL, to which elevations or
depth soundings are referred. In the United States,
the NATIONAL OCEANIC AND ATMOSPHERIC ADMIN-
ISTRATION uses its National Water Level Observa-
tion Network to determine tidal datums. For
example, historic tide gauges near PORTS AND HAR-
BORS measure the rise and fall of the tide. The raw
water level data is processed and analyzed over 19-
year periods to determine Mean Higher High Water,



Mean High Water, Mean Lower Low Water, Mean
Low Water, and Mean Sea Level. The horizontal
datum provides a reference for latitude and longi-
tude, that is location. Examples of horizontal datums
in use today include the North American Datum of
1927 (NAD 27) and the North American Datum of
1983 (NAD 83).

These datum planes are referenced to fixed
points known as benchmarks. A tidal benchmark is
usually sited near a tide station to which the tidal
datums have been referred. Benchmarks are usually
concrete blocks, brass plates, or steel plates with an
inscription of elevation and location. Professional
surveyors and engineers use benchmarks to find a
particular elevation that can be used as a reference
to determine other elevations in the survey.

For products such as the U.S. Naval Oceano-
graphic Office’s Digital Bathymetric Data Base or
DBDB, the vertical datum is mean sea level and the
horizontal datum is designated WGS84. Inciden-
tally, for all practical purposes there is no difference
between NAD83 and WGS84. DBDB provides ocean
floor depths at various gridded resolutions to sup-
port the generation of bathymetric chart products
and to provide ocean floor depth data to be inte-
grated with geophysical parameters such as gravity
and oceanographic parameters such as currents. A
gridded 5 arc-minute product from these data is
publicly available and widely used. An arc-minute is
a unit of angular measure equal to 60 arc seconds, or
1/60 of a degree.

Further Reading

GEBCO: General Bathymetric Chart of the Oceans. Avail-
able online. URL: http://www.ngdc.noaa.gov/mgg/
gebco/gebco.html. Accessed September 17, 2007.

Integrated Coastal Zone Mapping. Available online. URL:
http://www.iczmap.com. Accessed March 24, 2007.

NOAA Tides and Currents, Center for Operational Ocean-
ographic Products and Services. Available online. URL:
http://tidesandcurrents.noaa.gov. Accessed March 24,
2007.

Office of Coast Survey, National Ocean Service, National
Oceanic and Atmospheric Administration. Available
online. URL: http://chartmaker.noaa.gov. Accessed Sep-
tember 17, 2007.

day shapes Special visual aids or geometric mark-
ers such as balls, cones, cylinders, and diamonds dis-
played on vessels during daylight hours indicating
specific operations are called day shapes. To help
minimize the chance of collisions, the U.S. Coast
Guard’s navigation rules require certain vessels re-
stricted in their ability to maneuver to display appro-
priate black silhouette day shapes. For example, ma-
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rine scientists engaged in diving activities during the
day should exhibit day shapes such as “one black
ball” that indicates at anchor, the international code
flag “Alpha” indicating their research vessel’s re-
stricted maneuverability, and depending on state or
local law, the use of a red-and-white diver’s flag to
mark the diver’s location. Other day shapes include
“two cones apex to apex in a vertical line” to indi-
cate trawling or fishing, “two black balls, one above
the other” if a vessel is not underway, “black ball,
black diamond, black ball” to signify that the vessel
is restricted in maneuvering, and in the case of dredg-
ing “two round balls in a line” indicating the side in
which an obstruction exists.

Further Reading

Maloney, Elbert S. Chapman Piloting Seamanship & Small
Boat Handling. New York: Hearst Marine Books,
1994.

Navigation Center, U.S. Coast Guard. Available online.
URL: http://www.navcen.uscg.gov. Accessed March 24,
2007.

dead reckoning Dead reckoning is a form of navi-
gation developed when sailors first plied the seas and
is still used today. The idea is rather intuitive—the
navigator starts at a known position, for example the
homeport, and sails for a specific time at a measured
speed along a specific compass heading. For instance,
a sailor might sail west for four hours at three knots
(1.54 m/s). Thus, at the end of that time he would
have traveled three nautical miles (5.56 km) along a
latitude line that ran through his port. This requires
a precise measure of time and a way to estimate the
speed of the vessel. The direction of the vessel is mea-
sured using a compass. Compasses became a stan-
dard tool in European navigation in the 12th century
and were used earlier than that in the Far East. Keep-
ing accurate time on the ship for computing longi-
tude required centuries of technical development.
However, from the 12th to the 18th century the time
measurements were sufficient to measure small in-
crements of times, for example four hours, a stan-
dard watch on board ship. These were done using
hourglasses and the position of the Sun and stars in
the sky. Measuring the speed of the ship was a differ-
ent and more difficult task. Christopher Columbus
(1451-1506), and we can assume other mariners of
his age, dropped a piece of jetsam from a given for-
ward rail on the ship and tracked it until it passed the
rail near the stern of the ship. The helmsman would
chant a song, that unfortunately is lost to history,
and the person tracking the jetsam would calculate
the speed of the vessel depending upon the syllable of
the song when the jetsam passed the last rail. A more
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accurate method was developed later to measure dis-
tance traveled. A rope with knots evenly spaced on it
was tied to the three corners of a triangular board
with one tip of the board weighted. As the ship sailed
along, the board was dropped over the side, and it sat
in the water as a “sea anchor.” As the ship moved
forward, the rope was paid out and the number of
knots in a measured amount of time gave the speed
of the ship. Hence, the term knots for speed. A ship
making four knots (2.05 m/s) means that four knots
were paid out during the specified time. A knot is de-
fined as a nautical mile (6,080 feet) per hour.

A famous oceanographer and naval officer, Mat-
thew Fontaine Maury (1806-73), in the mid 19th
century used the difference between the dead reck-
oning position of ships and the more accurate mea-
surements of celestial position (measurements from
the ship of the position based on the location of the
Sun or stars in the sky), to infer the major ocean cur-
rents. Dead reckoning with celestial updates was
used up until the 20th century, when electromag-
netic methods began to be used. Radio signals were
used in a system called LORAN (Long Range Navi-
gation) and then satellite systems were developed in
the 1960s called TRANSIT (Navy Navigation Satel-
lite System) to be followed by the Global Positioning
System, GPS, of the 1980s and beyond. To this day,
dead reckoning continues to be taught at sailing
schools, naval academies, and is used by commercial
FISHERMEN and vacationing boaters.

Divers and autonomous vehicles use sophisticated
dead reckoning procedures, which are corrected upon
surfacing using the Global Positioning System. There
are many autonomous vehicles and drifting BuoYsS
that are collecting important data to understand
weather and climatic processes worldwide.

See also comprAss; GLOBAL POSITIONING Sys-
TEM; NAVIGATION.

Further Reading

Maloney, Elbert S. Chapman Piloting and Seamanship,
64th ed. New York: Hearst Marine Books/Sterling Pub-
lishing Co., 2003.

deck gear Deck gear is the nautical term describ-
ing equipment that is used from the main deck or
floor of a vessel. This gear is often divided into cate-
gories such as rigging, deck fittings, and deck
machinery. Deck operations aboard many research
vessels are the responsibility of the boatswain or bo-
sun under the direct supervision of the chief mate. On
research vessels, the marine technicians provide the
link between the science party led by the chief scien-
tist and crew members. The bosun is in charge of all
deck hands and comes under the direct orders of the

master, chief mate, or mate. The deck department
ensures a safe deck layout and oversees sampling op-
erations that use deck gear such as winches, cranes,
and gantries. Smaller WORKBOATS and BARGES might
employ deck gear, pullies, and booms for dredging
main navigations channels for seaports. Gear such as
anchor tackle, binders, and Buoys is “dogged down”
with strong line or chain. The term dogged down re-
fers to the process of holding or fastening equipment
to a deck with a mechanical device. Loose equipment
such as shackles, pear rings, and swivels are normally
stored in bosun chests behind individually secured
watertight doors. Loose or adrift gear may become a
hazard to the crew in rough seas or could be lost as
the vessel pitches, rolls, yaws, and heaves.

Rigging includes all the wires, ropes, and chains
employed to support and operate the masts, yards,
booms, and sails of a vessel. Standing rigging sup-
ports masts or king posts. Masts are vertically placed
poles or spars that hoist sails, support booms, or
hold electronics such as antennas, RADAR, and lights.
A king or samson post is a strong vertical pole usu-
ally used to attach lines for towing or MOORING.
Shrouds are the vertical ropes or wires leading from
the mast to chain plates at deck level on either side of
the mast, and which hold the mast from falling or
bending sideways. In some rigging, turnbuckles are
used to take up the slack in the shrouds and stays.
These are internally threaded collars turning on two
screws threaded in opposite directions. The stays
lead in a forward or aft direction and are located at
the mast. When they support the mast from a for-
ward direction, they are called stays. When they sup-
port the mast from an aft direction, they are called
backstays. From the era of tall ships, the term run-
ning rigging includes the gear used in hoisting, low-
ering, or trimming the sails in a vessel. On a research
vessel, the running rigging would refer to moving or
movable parts that are used to operate gear such as
cargo runners, topping lifts, and guy tackles.

Deck fittings are permanently installed fittings
on the deck of a vessel that maintain the water tight-
ness of the deck while providing a means to attach
rigging, machinery, or equipment. Traditional exam-
ples include bitts, chocks, cleats, and pad eyes. Bitts
are used to secure mooring or towing lines. Lines are
passed through chocks to bollards on the pier.
Chocks are either closed, open, roller, or double
roller. Cleats are metal fittings having two project-
ing horns to secure lines. Pad eyes are fixtures that
are usually welded to a deck or bulkhead. They have
an eye to which lines or tackle may be fastened and
are used for securing or handling cargo.

Deck machinery is essential for deployment of
oceanographic instrumentation and in completing



maritime tasks that range from docking and offload-
ing cargo to operations such as dredging and under-
way replenishment. The size and shape of the deck
machinery may vary depending upon type of vessel
and operations, but all are designed to lift, lower, or
move cargo, equipment, and instruments. Examples
of deck machinery include electric winch windlass to
raise and lower anchors and cargo winches. A winch
drum might contain 36,089 feet (11,000 m) of cable
in order to lower survey instruments into the deep
ocean TRENCHES.

In summary, marine scientists use specialized
deck gear and science labs aboard research vessels in
order to deploy and recover instrumented moorings,
and collect profile data and water samples for analy-
sis. Deck gear includes rigging, deck fittings such as
cleats and quick releases, and deck machinery such
as deep-sea mooring winches. Winches and reels are
used for instrument deployment operations of vari-
ous kinds including CONDUCTIVITY-TEMPERATURE-
DEPTH (CTD) casts and storage and deployment of
cables such as Remotely Operated Vehicle or ROV
umbilicals and instrument tethers. The chief mate
or bosun will assist with matters relating to deck
gear that is used to handle buoy and mooring
tackle. Marine technicians liaison between the
ship’s crew and the science party while working to
maintain, repair, and assist in the operation of the
onboard research equipment, sensors, water sam-
pling systems, and over-the-side instrument han-
dling devices.

See also BOAT; OCEANOGRAPHIC INSTRUMENTS;
REMOTELY OPERATED VEHICLE; SHACKLE; SWIVEL;
WINCH.

Further Reading

Research Vessel Endeavor, University of Rhode Island
Graduate School of Oceanography, Narragansett. Avail-
able online. URL: http://techserv.gso.uri.edu. Accessed
March 24, 2007.

Research Vessel Hatteras, Duke University Marine Labora-
tory, Beaufort, N.C. Available online. URL: http://www.
env.duke.edu/marinelab/facilities/hatteras.
March 24, 2007.

Research Vessels, WHOI Marine Operations, Woods
Hole Oceanographic Institution, Woods Hole, Mass.
Available online. URL: http://www.whoi.edu/marops/
research_vessels. Accessed March 24, 2007.
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deep chlorophyll maximum Under favorable
conditions a deep chlorophyll maximum or DCM in-
dicative of high productivity is located near the bot-
tom of the EUPHOTIC ZONE (the zone in the upper
ocean where sunlight is sufficient for photosynthe-
sis). In order to sustain an actively growing PHYTO-
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PLANKTON community in a low light layer below the
water’s surface, conditions must provide adequate
nutrients and relief from grazing by herbivores. This
biomass is usually measured in terms of the organic
carbon associated with phytoplankton in mg/m3.
The DCM is a common feature, which is partially or
completely undetected by satellite remote sensing
instruments.

The productivity of this layer is influenced by
photosynthetically active radiation (PAR) intensity,
upward fluxes of nutrients such as nitrate (NO;)
and phosphate (POy), sinking organic matter such
as detritus, ZOOPLANKTON such as COCCOLITHO-
PHORES that feed on PHYTOPLANKTON such as dia-
toms, the THERMOCLINE, CURRENTS, and turbulence.
PAR includes WAVELENGTHS ranging from 400 to
700 nanometers (0.4 to 0.7 micrometers) that sup-
port plant growth. The depth of penetration is
dependent on suspended silt and soil particles and
the amount of phytoplankton and zooplankton in
the water column. Zooplankton grazers that swim
down to hide in the dark during daytime diel verti-
cal migrations may prune the DCM. This day and
night or diel migration was first noticed by SONAR
operators and called the DEEP SCATTERING LAYER.
Physical processes such as upwelling may deepen
and advect the DCM offshore. Upwelling condi-
tions result when favorable coastal winds blow
alongshore causing surface waters to move offshore
that are replaced by cool nutrient-rich bottom
waters. Upwelling events are associated with iso-
therms sloping upward toward the coast, a drop in
sea-surface temperature, and increases in chloro-
phyll concentrations.

Investigators collect samples of the DCM by
taking regular CONDUCTIVITY-TEMPERATURE-
DEPTH (CTD) casts for SALINITY and temperature,
and augmented with probes to collect oxygen, chlo-
rophyll, and nutrient concentrations. Physical mea-
surements include trajectories from the deployment
of Lagrangian drifters, current maps from ship-
mounted bottom-tracking AcousTic DOPPLER CUR-
RENT METERS, and meteorological data such as wind
roses from shipboard weather stations. Zooplankton
and nekton sampling are from towed square-shaped
neuston nets designed to catch surface organisms,
long and circular Reeve-type nets that can be verti-
cally towed, and bongo nets that provide some degree
of spatial replication. Neuston are planktonic organ-
isms associated with the air-sea interface. Phyto-
plankton can be sampled with plankton nets, but
they may also be taken from water samples with
pumps or automatically closing bottles.

See NETS; PHYTOPLANKTON; REMOTE SENSING;
ZOOPLANKTON.
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Further Reading

Reeve, Michael R. “Large cod-end reservoirs as an aid to
the live collection of delicate zooplankton.” Limnology
and Oceanography. Available online. URL: http://aslo.
org/lo/toc/vol_26/issue_3/0577.pdf. Accessed April 19,
2007.

deep scattering layer (DSL) The well-defined
layer of marine organisms such as ZOOPLANKTON,
FIsH, and squid that reflects and scatters vertically
directed sound pulses has been called the deep scat-
tering layer or DSL since the term was coined by so-
NAR operators during World War II. This concentra-
tion of marine organisms led by microscopic light
sensitive grazers migrates daily from the MESOPE-
LAGIC ZONE to the EPIPELAGIC ZONE. When it is day-
light, zooplankton such as COPEPODS, a major con-
sumer of PHYTOPLANKTON, rest in the dark water
hundreds of meters below the surface, and at dusk
they migrate to the surface to feed. Larger species
such as squid, jellyfish, and vertebrate fish follow this
food chain from the depths to feed on other night-
time migrators. Jellyfish and fish having gas-filled
chambers cause the returns from echosounders as the
DSL rises at night and descends during daytime. The
DSL was intensively investigated by Marine scientists
during the 1960s by means of SUBMERSIBLES making
simultaneous acoustic and visual measurements.

In the PaciFic OCEAN, species such as lantern-
fish (Electrona carlsbergi) contribute to the DSL as
they feed on copepods, hyperiids, euphausiids, ostra-
cods, and gastropods. As the small lanternfish feed
near the surface, they can be eaten by squid such as
the commercially important California or Market
Squid (Loligo opalescens) and by other fishes such as
the ribbon barracudina (Notolepis rissoi) and sea
birds such as the Hawaiian dark-rumped petrel
(Pterodroma sandwichensis). This diel migration
involves a round trip that may be from 984 to 2,625
feet (300 to 800 m). Not all organisms participate in
this vertical migration, especially those without
swim bladders. Cartilaginous fish such as the blue-
spotted ribbontail stingray (Taeniura lymma) are
“sit and wait” predators that inhabit the western
Pacific and use their liver to control buoyancy.

See also CHONDRICHTHYES; SONAR.

Further Reading

Acoustic Monitoring, Vents Program, Pacific Marine Envi-
ronmental Laboratory. Available online. URL: http:/
www.pmel.noaa.gov/vents/acoustics.html.  Accessed
March 24, 2007.

Bermuda Institute of Ocean Sciences, Ferry Reach. Avail-
able online. URL: http://www.bbsr.edu. Accessed April

20, 2007.

Harbor Branch Oceanographic Institution. Available
online. URL: http://www.hboi.edu. Accessed April 20,
2007.

MOTE Marine Laboratory. Available online. URL: http://
www.mote.org. Accessed April 20, 2007.

degree programs Since the United States is a mari-
time nation, there are numerous degree programs
that train people for careers ranging from marine
technology to basic oceanographic research. Marine
scientists have basic computer skills and backgrounds
in fields such as electronics, surveying, ocean map-
ping, basic science, or interdisciplinary fields such as
environmental science. Employers in marine science
generally look for people with computer and math
skills and certificates from a trade school or degrees
from two-year, four-year, or postgraduate schools.
Entry-level positions in the marine industry might
involve being a watercraft technician or an operator
of a REMOTELY OPERATED VEHICLE. As marine sci-
ence proliferates into other areas such as homeland
security, training programs could include underwa-
ter technology for law enforcement officers and
SCUBA search and rescue for first responders. Posi-
tions that currently require college degrees involve
tasks such as certified hydrographic surveying, data
analysis, and report writing. Senior positions might
entail working as a chief scientist aboard a research
vessel that is collecting data for an international
oceanographic study.

Students taking courses relevant to marine sci-
ence at either a junior or community college nor-
mally commute to and from school, taking classes
that lead toward an associate degree in applied sci-
ence. Many two-year community college programs
focus on either occupational programs or transfer
preparation. Marine science courses play a vital role
in employee development for local business and
industry that are sited in coastal states, along water-
ways such as the Mississippi River, and near busy
port facilities. Some community college programs
involve a combination of credit and noncredit courses
for lifelong learning and to expose students to the
positive stewardship of natural resources such as
riparian wetlands, CORAL REEFS, and ESTUARIES.
Two-year colleges share a philosophy and commit-
ment to serving all segments of society through open
admission, affordable tuition, and extra academic
and personal support. As an example, students
attending the College of Oceaneering in San Diego,
California, can earn an associate of science degree in
marine technology.

Four-year schools provide coursework exposing
students to the basic concepts and interrelationships
of physical, geological, chemical, and biological



oceanographic and inshore ecosystems as well as the
function and application of oceanographic equip-
ment. Since majors, curricula, and courses may
change from year to year, students interested in a
bachelor of science in marine science will need to
contact potential institutions for details regarding
conferment of degrees. The best preparation for a
marine science career would be rigorous training in
calculus and applied mathematics, physics, chemis-
try, geology, biology, and engineering. Undergradu-
ate degree programs in any of the above areas should
provide the student with the necessary background
to pursue a graduate degree in one of the subfields of
marine science, biological, chemical, geological, and
physical oceanography. Engineering programs such
as civil, chemical, electrical, marine, mechanical,
and ocean engineering as well as naval architecture
often focus on design and operation of underwater
vehicles, seafloor instruments, or remote-sensing
systems, as well as designing structures that can
withstand ocean CURRENTS, WAVES, TIDES, and
severe storms. A strong background in marine tech-
nologies is very important preparation for work in
the oil industry, ship building, seaport operations,
and manufacturing marine equipment.

Entrance into graduate programs in marine sci-
ence leading to both the master’s and Ph.D. degrees
requires a student to demonstrate a strong back-
ground in mathematics (through calculus), the basic
sciences (e.g., biology, chemistry, geology, and phys-
ics) and some experience with computers. Once
enrolled, graduate schools attempt to provide stimu-
lating learning environments in which students study
the basic principles of marine science, marine
resource management, and engineering applications.
At graduate school, students maintain a close inter-
action with faculty actively involved in marine
research and management issues. Students may even
test their skills by attending annual meetings of pro-
fessional organizations such as the AMERICAN GEO-
PHYSICAL UNION, the MARINE TECHNOLOGY
SOCIETY, or the OCEANOGRAPHY SOCIETY to pres-
ent research posters or papers.

Advanced degrees qualify students to work in
research-oriented fields such as archaeology, bio-
chemistry, botany, chemical oceanography/chemis-
try, conservation, economics, geography, geoscience,
mathematics, statistics and computing, microbiol-
ogy, parasitology and pathology, physical oceanog-
raphy, taxonomy, and zoology. More applied fields
employ people holding the full spectrum of interests
and academic backgrounds for work in conserva-
tion, ecotourism, engineering, environmental con-
sulting, fisheries, food technology, geography, law,
mariculture, ocean technology, pharmacology, and
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remote sensing. The broad range in disciplines and
backgrounds is found because marine science is actu-
ally a multidisciplinary and integrated field.

Further Reading

Consortium for Ocean Leadership. Available online.
URL: http://oceanleadership.org/. Accessed March 4,
2008.

Nichols, C. Reid, David L. Porter, and Robert G. Williams.
Recent Advances and Issues in Oceanography. West-
port, Conn.: Greenwood Press, 2003.

Oceanography/Marine-Related Careers: A Sea of Pos-
sible Career Options, Office of Naval Research.
Available online. URL: http://www.onr.navy.mil/foci/
ocean_marine/career_options.asp. Accessed March 24,
2007.

delta The word delta comes from the Greek capital
letter that takes the form of a triangle, (A). This
Greek word may have its origin from the historian
Herodotus (484-430 B.c.E.), who wrote of the fan-
shaped mud and sand flats found at the mouth of the
Nile River. Deltas are low-lying sediment covered
land features that generally form at the mouths of
rivers. Clastic sediment suspended by river discharge
settles as a function of grain size and the force of
WAVES, tides, and CURRENTS near the river mouth
onto the delta bar. For example, in the absence of
LONGSHORE CURRENTS, larger grain sizes are depos-
ited near the river mouth, while finer sediments are
dispersed over much greater offshore distances. Sus-
pended sediments settle to the seafloor when cur-
rents can no longer transport the grains. Thus, deltas
form when rivers transport more sediment to the
coastal ocean than can be redistributed by nearshore
currents. River plumes are seen from aerial and satel-
lite imagery and identify the offshore regions where
clays, silt, and sand flocculate and freshwater mixes
with salt water.

Marine scientists further classify deltas in accor-
dance to their detailed shape and the intensity of
forces such as river flow, wave action, and tides.
The shape of the delta is strongly influenced by the
amount of sediment load and energy. However, del-
tas display a combination of shapes since energy lev-
els may change over long time periods. A
river-dominated delta such as the Mississippi, which
projects enormous amounts of silt, usually forms
into a digitate or birdfoot shape. Locations such as
the Danube or Rhone delta form a more lobate
structure in response to strong riverine and wave
influences. Similarly, a combination of strong wave
and riverine forces contributes to the formation of
arcuate deltas such as the Nile delta in Egypt. The
smooth rounded front that gives the Nile delta a
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fanlike shape is caused by waves and the ensuing
longshore currents. River mouths such as the Tiber
River in Italy located at a point develop into a cus-
pate delta as wave action pushes sediment back on
both sides of the mouth, which extends the point
farther out into the coastal ocean.

Deltas, the depositional features resulting from
a river meeting the ocean or a lake, are usually fertile
lands that support agriculture such as rice farming
and are often sites for oil and natural gas explora-
tion. The conditions contributing to their shape may
change over geological time scales in synchroniza-
tion with sea-level changes and sedimentation rates.
The coast responds to mixed river, wave, and tidal
influences through changes in the deltas shape. For
example, conditions can lead to the filling in of an

estuary such as the Seine River with sediment to pro-
duce the final type of delta, the estuarine delta.
See COAST TYPE; ESTUARY; TIDE.

Further Reading

Bird, Eric C. E, and Maurice L. Schwartz. The World’s
Coastline. New York: Van Nostrand Reinhold, 1985.

Shepard, Francis P. Geological Oceanography. New York:
Crane, Rusak, 1977.

Smith, Jacqueline. The Facts On File Dictionary of Earth
Science, rev. ed. New York: Facts On File, 2006.

density The mass per unit volume of an object is
classified as its density. Water density is of great in-
terest to marine scientists because it determines the
depth to which a water particle will sink. If a water

Salinity (psu)
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depending on temperature and salinity.



particle is denser than the surrounding water, it will
sink; if lighter, it will rise. These considerations are
important to understanding how the WATER MASSES
of the ocean form. Pure water is densest at a temper-
ature of 39.2°F (4°C), which is the reason that ponds
and lakes freeze from the top down. (The ice is less
dense than the underlying water.) As salt is added to
the water, its freezing point is lowered. Thus, water
is made denser by cooling below 39.2°F (4°C), and
also by increasing the SALINITY.

The average density of seawater is about 8.6
pounds per gallon (1,027 kg/m3). Seventy-five per-
cent of the ocean water has a density between 8.56
and 8.58 pounds per gallon (1,026.4 and 1,028.1 kg/
m3). To accurately measure the density of the water
requires labor-intensive laboratory measurements.
These measurements are extremely difficult to do on
a moving ship. However, since density is a function
of the ocean’s salinity, TEMPERATURE, and PRES-
SURE, which are much easier to measure from a ship,
the density can be calculated from the equations of
state for seawater.

The equations of state for seawater, which
express the density in terms of temperature, salinity,
and pressure have scores of terms and are usually
evaluated by means of tables or computer programs.
The Joint Panel on Oceanographic Tables and Stan-
dards has developed a practical salinity scale and the
accepted equations of state for seawater (Fofonoff,
1985). Professor Nicholas P. Fofonoff (1929-2003)
completed considerable research relevant to circula-
tion and thermodynamics of the GULF STREAM.

The representation of density is usually simpli-
fied by oceanographers by means of the following
defining equation for the quantity o:

G = (Psp - 1) 10

where s = salinity, t = temperature, and p = pressure.
In working with densities from near-surface waters
(typically, 273 fathometers (500 m) or less in depth),
the effect of pressure can be neglected, so it is set to
zero, and the approximation for o is G;, where

O = (ps,t,O -1) 103

For deeper depths, the pressure effect cannot be
neglected. Although seawater is only slightly com-
pressible, compressibility cannot be neglected in the
deep ocean. Indeed, if seawater were not compress-
ible, sea level would rise about 98 feet (30 m)
worldwide.

The temperature, salinity, and pressure can be
measured from ships by means of a CTD (conductiv-
ity, temperature, depth) probe (see CONDUCTIVITY-
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TEMPERATURE-DEPTH [CTD] PrOBE). The CTD is
lowered over the side and telemeters, via a cable, the
in situ conductivity, temperature, and depth back to
the ship. Conductivity is a function of the salinity.
Other methods of measuring the density include dis-
crete measurements made using Niskin or NANSEN
BOTTLES that bring water samples up to the surface
as well as the measurements of the in situ
temperature.

Density is the driving component of most of
Earth’s oceans, along with the wind stress. Even
though the density differences are small, they can
account for major currents that transport large
water masses throughout the globe in the “thermo-
haline conveyor belt.” The warm water of the Gulf
Stream flows northward, where it is slowly precon-
ditioned by evaporation, which slowly cools the
water and increases its salinity. Even though these
processes increase the density of the water, it is still
lighter than the water it overlays. The Gulf Stream,
called in this region the NorTH ATLANTIC CUR-
RENT, separates in the waters off Newfoundland.
Part of the current turns southward to rejoin the
Gulf Stream system’s large GYRE; however, part of it
flows northward into the Norwegian Sea, where
this relatively warm, yet salty water, now cools
quickly and becomes much denser than the water
below it. This North Atlantic water sinks to the bot-
tom in the Norwegian Sea and begins to flow south-
ward as a water mass called North Atlantic Deep
Water. This generation of North Atlantic Deep
Water is the engine that drives the thermohaline
conveyor belt.

See also PERMANENT CURRENT; THERMOHALINE
CIRCULATION; WATER MASS.

Further Reading

Fofonoff, Nicholas P. “Physical Properties of Seawater:
a New Salinity Scale and Equation of State for Sea-
water.” Journal of Geophysical Research 90 (1985):
3,332-3,342.

depth finder A navigational instrument used to
measure the water depth is called a depth finder or a
fathometer. Old techniques that may still be used for
the sake of expediency involve the use of lead lines. In
this manner, a researcher might record a water depth
by lowering a weight attached to a rope over the side
of the vessel. Once the rope becomes slack, it is marked
and pulled back onboard. The length of rope used to
reach the bottom is determined in order to estimate
the depth. Fortunately, there are acoustic methods
that allow navigators and researchers to sound the
bottom. The use of sound to determine the depth of
water became operational during World War II. The
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technique is called sONAR and stands for Sound Navi-
gation and Ranging. Modern active sonar devices can
be used to identify bottom structure, determine wa-
ter depth, and sport-fishing variants can mark fish
within the water column.

Sonar technology involves the use of a trans-
ducer that transmits a short burst of sound in the
water, directed from the hull toward the bottom.
The transducer is the electromechanical component
of a sonar system fixed to the hull exterior, which
converts electrical energy to sound energy and vice
versa. Each pulse of sonar is also known as a ping.
Typical frequencies for depth sounders are 50 and
200 KHz. The lower frequency has greater range but
the higher frequency has better resolution. Beam
widths range from 45 to 15 degrees. Following trans-
mission, returned sound reflected from the bottom
or from an object in the water is received by the
transducer. The time lapsed between the transmitted
pulse and received echoes from the seafloor are mea-
sured. Since the speed of sound in water is known,
the simple equation

D =ct/2
where,

D = Depth,

¢ = speed of sound in water, and

t = time for the sound to leave and return to
the transducer

is used to find the depth. For this reason, depth finders
are also known as “echo sounders.” The results are
displayed on a strip of paper or on a display screen.

There are many reasons why marine scientists
need to know the depth of the water below the sur-
face. Most important, safe navigation requires that
the research vessel or WORKBOAT does not run
aground. In marine science, most scientific findings
or samples are related to the immediate water depth.
Water quality parameters such as TEMPERATURE,
PRESSURE, and dissolved oxygen vary with depth
and effect the location of certain PLANKTON and fish
species. Light penetrates the water to various depths
and has important effects on the productivity of
PHYTOPLANKTON. The water depth also influences
the propagation of wWAVEs and the speed of CUR-
RENTS. Various depths and structures on the sea-
floor host different assemblages of benthic or
bottom-dwelling organisms. Commercial FISHER-
MEN are dependent on accurate depth finders, water
quality parameters such as temperature, and comple-
mentary navigation systems such as GLOBAL PosI-
TIONING SYSTEM (GPS).

See also ATTENUATION; BATHYMETRY; HYDRO-
GRAPHIC SURVEY; NAVIGATION; OCEANOGRAPHIC
INSTRUMENTS.
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March 25, 2007.
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index.html. Accessed March 24, 2007.

depth recorder See DEPTH FINDER.

Differential Global Positioning System Accu-
racy enhancement to the United States Department
of Defense GLOBAL POSITIONING SysTEM or GPS by
the United States Coast Guard (USCG) is known as
Differential GPS or DGPS. The Global Positioning
System is used to provide precise location based on
data transmitted from a constellation of 24 satellites.
GPS receivers can receive the signals from multiple
satellites, and by measuring the time it took the
signal to arrive they can determine one’s current po-
sition on Earth with some error. By deploying a net-
work of ground-based reference stations, that is,
locations with known latitude, longitude, and eleva-
tion, the USCG is able to broadcast corrected loca-
tions in real time. The positional error of a DGPS
position is 3.28 to 9.84 feet (1 to 3 m), which pro-
vides improved safety for harbor entrance and
approach navigation. The USCG’s DGPS system pro-
vides service for coastal coverage of the continental
United States, the Great Lakes, Puerto Rico, por-
tions of Alaska and Hawaii, and sections of the Mis-
sissippi River Basin. Differential corrections are
based on the North American Datum of 1983
(NAD83) position of the reference station antennas.
Positions obtained using DGPS should be referenced
to North American Datum of 1983, which for all
practical purposes is the same as World Geodetic
System of 1984 or WGS84. Many foreign nations
such as Canada have implemented standard DGPS
services modeled after the U.S. Coast Guard’s system
to significantly enhance maritime operations in their
critical waterways. Users must possess equipment
that receives reference station messages, receives GPS



signals, and then applies differential corrections to
display enhanced location data.

Further Reading

Navigation Center, U.S. Coast Guard. Available online.
URL: http://www.navcen.uscg.gov. Accessed April 19,
2007.

diffusion The random movement of ions or mole-
cules from regions of high concentration to low con-
centration within a solution is known as diffusion. A
familiar atmospheric illustration relates the way the
smell of a freshly baked pie drifts into the living
room from the kitchen. Sensory cells or olfactory
nerves in the nose are stimulated by microscopic
molecules released by the pie that once detected are
sent to the brain, where the pie’s smell is identified.
Similarly, the slow motion of molecules can be illus-
trated by the color and taste changes in a cup of cof-
fee once milk and sugar are added and without the
aid of any turbulent mixing or stirring. Diffusion ac-
counts for the slow motion of cream and sugar mole-
cules as they spread through the coffee. In each of
these cases, the molecules moved “down” a concen-
tration gradient or toward areas with fewer mole-
cules. The rate of diffusion in a fluid is usually a
function of TEMPERATURE, PRESSURE, molecular
weight, and molecular size.

True molecular diffusion is an ongoing process
in water bodies such as ponds, lakes, and the ocean.
The three kinds of diffusion that are common in the
ocean are molecular diffusion that was described
above, which occurs mainly in the top few millime-
ters or what is called the surface layer; EDDY diffu-
sion, where external forces cause stirring; and double
diffusion, which is attributed to the formation of
layers of water in the ocean.

From observations and experiments in the ocean,
it is seen that the rate of mixing of properties or dis-
solved substances occurs much more rapidly than
can be explained by molecular diffusion. Motions in
the ocean tend to be turbulent, which results in a
much more rapid distribution of properties. Turbu-
lent flow makes many more fluid surfaces available
across which diffusion can occur. To provide a scien-
tific explanation, oceanographers have defined tur-
bulent diffusion coefficients analogous to molecular
diffusion coefficients (the rate of diffusion is propor-
tional to the product of the concentration gradient
and the diffusion coefficient). The turbulent coeffi-
cients are much larger, allowing the dissemination of
water characteristics or dissolved substances to pro-
ceed at a much greater rate than molecular diffusion.
Examples of turbulent diffusion include the mixing
of high-sALINITY water from the MEDITERRANEAN
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SEA flowing into the ATLANTIC OCEAN through the
Straits of Gibraltar, and the mixing of turbid, low-
salinity water from the Amazon River into the west-
ern tropical Atlantic.

The third type of diffusion is double diffusion,
which describes the mixing of two different proper-
ties or substances such as temperature and salinity,
which proceed at quite different rates. In the ocean,
in places where laminar, low-turbulent flow is found,
warm salt upper layers mix with cool, fresh lower
layers, as occurs in laboratory experiments, but the
mixing occurs via “tubes of mixing” a few inches
(cm) in diameter and a few feet (meters) in height,
called “salt fingers.” Evidence of double diffusion in
tranquil, strongly stratified tropical seas is deter-
mined from CONDUCTIVITY-TEMPERATURE-DEPTH
or CTD instruments, which provide profiles of salin-
ity, temperature, and density. Three of the most
important data elements in describing the distribu-
tion of water in the ocean are temperature, salinity,
and pressure. Salinity or the quantity of dissolved
salts in ocean water is derived from measurements of
the seawater’s conductivity. Density in the ocean is
determined by known relationships between salin-
ity, temperature, and pressure.

In general, the magnitude of horizontal mixing
is much greater than that of vertical mixing in the
ocean. In the vertical, the rate of diffusion must
overcome the frequently strong density stratifica-
tion. For this reason, horizontal eddy diffusion coef-
ficients are usually much larger than vertical eddy
diffusion coefficients. Spilled substances in the water
can make this affect visible when they spread out
over areas of many square miles (km) in the horizon-
tal, whereas they may be only a few tens of feet (m),
or less, in the vertical.

Applications of turbulence theory include pre-
dicting the manner and rate in which contaminants
are diffused in the ocean.
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Digital Nautical Chart® (DNC®) The United
States’s National Geospatial-Intelligence Agency
(NGA) produces an unclassified, vector-based digi-
tal database containing maritime significant features
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essential for safe marine navigation called DNC®.
Vector data defines geographic features on a map as
points, lines, or polygons using x, y, and z values for
latitude, longitude, and elevation or depth. Features
are single entities such as places and things that com-
pose part of a map. The DNC® is built by adding
layers such as cultural features, environmental fea-
tures, and land cover features in a format that can be
exploited by a Geographic Information System. The
database is provided on a compact disk read only
memory (CD-ROM) as a replication of the feature
content from NGA’s portfolio of hard copy harbor,
approach, coastal, and topographic charts. NGA
conforms to the International Hydrographic Office
S-57 transfer standard for digital hydrographic data.
NOAA Chart 1 describes symbology used to create
the ontology of entities such as navigation aids and
hazards to NAvIGATION. The ontology is a set of con-
cept definitions that allow knowledge sharing in a
geographic information system (GIS). These elec-
tronic chart products, which use a digital database
to display a chart directly on a computer screen, are
becoming increasingly useful and affordable. Users
can build custom layers of information, declutter the
navigation display, and possibly specify a minimum
safety depth, and use the power of a GIS to highlight
all depth curves presenting the threat of grounding.

Further Reading

International Hydrographic Organization, IHO Transfer
Standard for Digital Hydrographic Data, Publication
S-57, Edition 3-1—November 2000, Monaco: Inter-
national Hydrographic Bureau. Available online. URL:
http://www.iho.shom.fr. Accessed June 16, 2007.

National Geospatial-Intelligence Agency. Available online.
URL: http://www.nga.mil. Accessed April 19, 2007.

National Oceanic and Atmospheric Administration, Chart
No. 1, Nautical Chart Symbols, Abbreviations, and
Terms. Silver Spring, Md.: National Ocean Service,
1997.

discus buoys Discus buoys are anchored structures
with round hulls used as a platform for oceano-
graphic sensors, communication systems, and aids-
to-navigation lights, shapes, sounds, and colors. In
the United States, discus buoys are one of several
types of buoys used by the National Data Buoy Cen-
ter. The fleet of moored buoys includes discus hulls
with diameters of 9.8 feet (3 m), 33 feet (10 m), and
39 feet (12 m). Other buoys include 20-foot (6 m)
boat-shaped hulls, 8-foot (2.4 m) diameter coastal
buoys, and saucer-shaped buoys with 6-foot (1.8 m)
and 4.9-foot (1.5 m) diameters. Larger steel hulled
discus buoys are reported to be more stable and rug-
ged than smaller aluminum hulled buoys. Large dis-

cus buoys deployed in the deep ocean have sturdy
MOORINGS comprising chain, nylon, and buoyant
polypropylene materials designed for many years of
service. The 9.8-foot (3-m) diameter buoys are ideal
for deployments in the coastal ocean, while the larger
buoys are ideal for long duration deep ocean
deployments.

Instrumented discus buoys are outfitted with
meteorological and oceanographic sensors for off-
shore monitoring. Meteorological sensors measure
parameters such as wind, air temperature, relative
humidity, and rain. Oceanographic sensors on the
hull measure sea-surface TEMPERATURE and WAVES,
while associated bottom- and mooring-mounted sen-
sors are capable of providing data for CURRENTS,
water levels, water temperature, SALINITY, TURBID-
ITY, and many other physical and biological parame-
ters. The buoy also hosts a central computer to
coordinate all the instruments and either radio or
satellite communication with the shore. For deploy-
ments, these buoys may be trucked to the dock,
placed in the water, towed by a research vessel to a
mooring location, and anchored.

See also BUOY.

Further Reading

National Data Buoy Center, National Weather Service,
National Oceanic and Atmospheric Administration.
Available online. URL: http://www.ndbc.noaa.gov.
Accessed April 19, 2007.

Distributed Oceanographic Data System (DODS)
A growing software capability advanced by basic
oceanographic researchers to simplify all aspects of
data networking has been called DODS, which
stands for the Distributed Oceanographic Data Sys-
tem. The overarching vision involves making data
accessible to remote locations regardless of local
storage formats. By using DODS servers, data analy-
ses and visualizations can be transformed for use by
other oceanographers who are able to access re-
motely served DODS data. The server is the com-
puter that provides the information, files, Web pages,
and other services to clients that log in to exchange
information. Distributed systems such as DODS are
particularly useful as the United States strives to im-
plement an Integrated Ocean Observing System,
where ocean observatories can share information
and track phenomena such as a GULF STREAM fron-
tal filament that varies in time and space. Data sets
made available through DODS are accessible via a
Uniform Resource Locator or URL that contains the
protocol type, the machine name, the directory path,
and the file name. In one example, the DODS data
servers provide client programs with values from the



shared data sets such as latitude, longitude, and sea-
surface temperatures for the filament that is being
tracked. Text information might be provided about
the variables in the data set and their data types.
When a user logs onto the server, the word client re-
fers to the user’s computer and software. Standard
World Wide Web browsers such as Netscape and Na-
tional Center for Supercomputing Applications’ Mo-
saic can access information that is being shared.
There are hundreds of scientific datasets available
online to researchers if they are using DODS servers.
DODS provides relief for those collaborators who
collect and store data that should be made available
to other users, query archives containing multiple
data formats, and manipulate data using various sys-
tem interfaces. DODS resolves traditional complica-
tions to acquiring and using online data by doing the
hard work of standardizing formats, managing data,
and citing data that has been chosen to be shared. It
allows oceanographers to open, read, sub-sample,
and import directly into their data analysis applica-
tions via the Internet.

Further Reading

Federation of Earth Science Information Partners. Avail-
able online. URL: http://www.esipfed.org. Accessed
April 20, 2007.

OPeNDAP, Open-source Project for a Network Data
Access Protocol. Available online. URL: http://www.
opendap.org. Accessed April 20, 2007.

dive equipment Divers involved with recreational,
commercial, scientific, or military diving use specially
designed dive equipment to complete underwater
tasks. Swimming underwater for sustained periods is
usually accomplished with the aid of a face mask,
swimming fins for the feet, a snorkel, and self-
contained underwater breathing apparatus or scuba
gear. Gear may be very different depending on depths
and tasks that are being accomplished underwater.
The basic load for traditional open-circuit scuba
diving consists of a mask, snorkel, fins, gas supply
cylinder (air tank), regulators, buoyancy compensa-
tor, weighted belt, dive boots, and gloves. Air tanks
store compressed air, and a pressure gauge provides
the diver with information on how much air is in the
tank. The air regulator allows the diver to breathe
compressed air from the tank at low pressure.
Exhaust gas is discarded in the form of bubbles with
each breath. The buoyancy compensator or BC is
used to help maintain position or buoyancy both in
the water column and at the surface. Diving gloves
and boots are often made of neoprene, a stretchy
synthetic rubber made of tiny cells that restrict the
flow of water. Divers may use a dry suit or a wet suit
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in order to conserve their body temperature in cold
water. Dry suits are required for diving in the coldest
water, such as through openings in Arctic ice.

Closed-circuit divers use a rebreather that injects
oxygen or mixed gases into the breathing apparatus
and special filters to recycle exhaled oxygen and
absorb carbon dioxide (CQO,) in addition to a mask,
fins, buoyancy compensator, weighted belt, dive
boots and gloves. Spearfishermen and military div-
ers were the first divers using rebreathers. Advan-
tages from a closed-circuit rebreather include the
elimination of air bubbles, more efficient use of gas,
and optimized decompression characteristics. One
of the dangers is low oxygen or hypoxia. In general,
only highly skilled professional divers should use
rebreathers.

Saturation diving relies on pressurized diving
systems such as a DIVING BELL or underwater habi-
tat, which allows divers to remain at high pressures
for long periods of time (days to weeks). Gases in the
diver’s tissues reach equilibrium with the pressurized
environment. Saturation divers have to breathe gas
mixtures such as oxygen and inert gases such as
nitrogen and helium. Mixed-gas diving reduces the
chance for nitrogen narcosis and increases the diver’s
maximum operating depth. At the conclusion of the
dive, divers must decompress in a recompression
chamber, which can recreate the pressures at depth.
Underwater robots called REMOTELY OPERATED
VEHICLES and AUTONOMOUS UNDERWATER VEHI-
CLES can accomplish some underwater tasks, reduc-
ing the need for dangerous saturation dives.

Helmets with a noncollapsible hose connected to
an air supply, a protective suit, and weighted boots
made up some of the first deep diving suits. Lifelines
were used to control ascent and descent. Many of
today’s deep diving suits are armored one-atmosphere
suits that contain many oil-filled joints and oxygen



140 dive equipment

Undersea Exploration:
A Biographical Sketch of
Jacques-Yves Cousteau

Captain Jacques-Yves Cousteau (1910-97) was a gradu-
ate of Ecole Navale (French Naval Academy) in Brest,
France, and entered military service in 1937 as a gun-
nery officer. During World War II, he served with the
Free French Navy. In 1943, Cousteau and engineer Emile
Gagnon developed the first successful self-contained
underwater breathing apparatus (scuba), which freed
divers of their tethered connections to support ships and
permitted three-dimensional maneuverability. Scuba was
first applied by military divers, who became known as
frogmen, to remove enemy obstacles off beaches prior
to invasion, to disarm mines, and to engage in covert
activities. Following World War Il, scuba was developed
commercially and became known as the Aqua-Lung.
The Aqua-Lung opened up whole new fields of research,
such as marine archaeology, as well as making pos-
sible recreational diving for thousands of people. Scuba
is widely used by police and military divers for rescue
operations.

In 1947, Cousteau helped to found the Undersea
Research group in Toulon, France, which became a
leading center for undersea research and development.
In association with MIT scientist Harold Edgerton (1903—
90), he developed and applied photographic devices that
have been essential to the exploration of the ocean floor.
In 1957, Cousteau became the director of the Musée
Océanographique de Monaco.

In 1959, Cousteau and engineer Jean Mollard
designed and supervised the construction of a radi-
cally new diving vehicle, the Soucoupe (saucer), which
became known as the Diving Saucer in the United
States. The Diving Saucer was self-propelled and able
to transport two scientists down to a depth of 1,000 feet
(305 m) and perform experiments with great facility and
maneuverability. The Diving Saucer was the first of the
present-day deep submersibles capable of carrying a
pilot and one or more observers and a scientific pay-
load, usually including floodlights, cameras, observation
chambers, and high-resolution sonars, to the depths of
the ocean. The support vessel for the Diving Saucer was
the R/V Calypso—a converted World War Il minesweep-
er that Cousteau had acquired in 1950, and outfitted as
a research vessel with several innovative features,
including an underwater observation chamber in the
bow. Cousteau also developed the first subsurface div-
ing chamber, in which divers could live and work at the
bottom of the ocean on the continental shelves without

the need for frequent returns to the surface. He super-
vised the design of the Deepstar series of diving vehicles
constructed by Westinghouse in the early 1960s. These
submersibles were less maneuverable than the Div-
ing Saucer but were capable of diving to much greater
depths.

Cousteau is known worldwide for his production of
many films including The Silent World in 1956 and World
Without Sun, in 1966, both of which received Academy
Awards for documentaries. He developed a television
series, The Undersea World of Jacques Cousteau,
which ran for eight years during the 1970s. He was the
author of numerous popular books on the sea, includ-
ing The Living Sea (1963), The Ocean World (1976), and
Whales (1986). In 1974, he founded The Cousteau Soci-
ety, which today has more than 300,000 members, and
a popular Web site found at URL: http://www.cousteau.
org/en/.

Cousteau had a long association with the National
Geographic Society, which published many of the reports
on his worldwide expeditions. Cousteau was associated
with the U.S. Navy on many projects. He directed the
Conshelf Saturation Dive Program, 1962—-63. He was the
co-recipient of the International Environmental Prize of
the United Nations in 1977. He was awarded the Medal
of Freedom in 1985 by President Reagan, and was invited
to join the French Academy in 1989. He passed away on
June 25, 1997.

Cousteau’s work was always directed toward
informing the public about the wonders and the great
value of the sea and its creatures. In many households,
his name is synonymous with the ocean world. He was
concerned with the vital need for intelligent manage-
ment of marine resources, control of pollution, cessation
of whaling, the taking of marine mammals for profit, and
the preservation of fostering of all marine and aquatic
species.

Further Reading
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rebreather systems (see JIM surt). Cables or umbili-
cal lines from the dive suit to the tender ship support
communications. The diver may also use thruster
systems to move around.

See also DIVER.
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http://starbulletin.com/96/04/03/news/story1.html.
Accessed September 17, 2007.
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noaa.gov. Accessed November 20, 2006.

diver In marine science, anyone equipped with
breathing apparatus, weight belts, and specialized
clothing who works underwater is usually called a
diver. The various methods of working underwater
include free diving, diving with compressed air or
other gas mixtures carried by the diver, diving with
compressed air from the surface, and submergence
in a heavy-walled vessel such as a submersible. Sci-

The first all-women'’s team of saturation divers (NOAA/NURP)
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entific diving usually refers to dives conducted
solely for data collection or educational activities
that are under the auspices of a public or private
research or educational institution or similar orga-
nization, department, or group. Scientific diving is
different from commercial diving. Scientific divers
are involved with observation and data gathering,
while commercial divers complete tasks such as rig-
ging heavy objects underwater, inspecting BRIDGES,
tunnels, and pipelines, and cutting or welding ma-
terials underwater. For these reasons the standards
and procedures for ensuring safety and risk man-
agement are different for science and commercial
diving.

Free diving or what is sometimes called breath-
hold diving or snorkeling involves diving with fins and
a mask. This form of diving is a popular sport and has
been made famous by pearl divers in Japan and
Korea. Recreational free divers enjoy observing,
spearfishing, and searching for elusive sea life such as
conch, lobster, abalone, and finfish without air tanks,
simply by diving while holding their breath. Scien-
tists might use free diving techniques to study species

L4
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such as whales, dolphins, and manatees. Dives last
for a minute or two, which is the approximate period
that a diver can hold his or her breath or tolerate the
risk of drowning from hypoxia. One danger to

breath-hold diving would be sudden unconscious-
ness or blacking out from a lack of oxygen. A healthy
and physically fit diver’s body is efficient in using
and transporting oxygen.

Decompression time
6 hrs 12 hrs

Depth
et =
Time
submerged
50 ft —
—20 m
100 ft —
1 hour
—40 m
150 ft —
— 60 m
200 ft —
1 hour
1 hour
© Infobase Publishing

12 hrs

Decompression time required for divers working at the indicated depths; the deeper the dive, the greater the required

decompression time.




Most divers use either open or closed circuit self-
contained underwater breathing apparatus or scuba
equipment. One essential piece of modern dive equip-
ment is the buoyancy compensator or BC, an inflat-
able vest worn by the diver that can be automatically
or orally inflated to help control buoyancy. Open cir-
cuit systems vent all expired air into the water and are
the mode used by recreational divers where the diver
uses only compressed air as the breathing mixture,
never dives solo, and does not exceed a depth of
approximately 130 feet (40 m). Military divers or frog-
men often use closed circuit systems in which exhaled
air is rebreathed after carbon dioxide is absorbed and
oxygen is added in order to avoid being detected by
showing air bubble trails. Mixed gases such as helium-
oxygen can be used to go deeper than possible with
compressed air. Scuba divers may be at risk for decom-
pression problems if they ascend to the surface with-
out proper decompression. In dive-planning tables and
computer software, information is available to deter-
mine dive times for specific depths, by which the diver
can avoid contracting decompression sickness. Most
divers today are aided by a dive computer.

Many underwater construction and salvage proj-
ects use surface-supplied diving or hard-hat systems.
Well-trained and certified commercial hard-hat div-
ers receive their air supply while working through a
long umbilical. Basically, the flexible umbilical car-
ries air from a compressor on the dive boat or BARGE
down through the water column to the diver’s mask
or helmet. In more complex systems, the umbilical
leads into a dive suit or some larger enclosed space
containing the diver. This type of diving includes
underwater habitats used for saturation diving, div-
ing bells, and rigid-helmet diving suits. Saturation
divers may use mixtures, such as hydrogen-oxygen,
helium-oxygen, and helium-nitrogen-oxygen. Divers
breathing air at the same pressure as the surround-
ing water pressure are at risk for decompression
problems such as the bends or air embolisms if ascent
is too fast. Therefore, these commercial divers must
go through long decompression periods before sur-
facing. Extensive tables are available for determining
the length of these periods.

Heavy-walled vessels are designed to maintain
an internal pressure near sea level pressure or what
is called one atmosphere in order to protect occu-
pants from surrounding water pressures that increase
by one atmosphere approximately every 33 feet (10
m). As an example, during 1934, Dr. Charles Wil-
liam Beebe (1877-1962) and engineer Otis Barton
(1899-1992) descended 3,028 feet (923 m) by squeez-
ing into a round bathysphere consisting of a 1.5-
inch-thick steel sphere lowered from a barge by steel
cable. Other historical vessels include the bathy-
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scaphe, which is a bathysphere with buoyancy con-
trol, and a variety of submersibles and submarines,
which can travel great distances under their own
power. One-atmosphere vessels may use compounds
such as soda lime or lithium hydroxide to get rid of
exhaled carbon dioxide (CO;). Modern extensions of
the one-atmosphere vessel are self-contained armored
diving suits in which the diver becomes a small sub-
marine. These have been featured during recent
underwater investigations of marine sanctuaries dur-
ing the Sustainable Seas Expeditions conducted by
the NATIONAL OCEANIC AND ATMOSPHERIC ADMIN-
ISTRATION and National Geographic Society.

Diving associations such as the Professional Asso-
ciation of Diving Instructors (PADI) and the National
Association of Underwater Instructors (NAUI) offer
courses during which the student has to demonstrate
a number of competencies. In addition, organizations
such as the American Academy of Underwater Sci-
ences develop, review, and revise standards for safe
scientific diving certification and the safe operation of
scientific diving programs. Professional organizations
and adherence to approved standards help to mini-
mize risks so that medical problems resulting from
scuba diving do not go beyond middle ear squeezes
that can be countered through training.

Further Reading

American Academy of Underwater Sciences. Available
online. URL: http://www.aaus.org. Accessed September
17, 2007.

Ballard, Robert D. The Eternal Darkness: A Personal His-
tory of Deep-Sea Exploration, Princeton, N.].: Prince-
ton University Press, 2000.

NAUI Worldwide. Available online. URL: http://www.
nauiww.org. Accessed April 20, 2007.

Richardson, Drew, ed. PADI Open Water Diver Manual.
Rancho Santa Margarita, Calif.: Int’l PADI, 200S.

diving bell A diving bell is a watertight diving ves-
sel, open at the bottom, that is lowered into the wa-
ter, and supplied with air by hoses from the surface.
Diving bells are among the oldest devices used by
humans to enter and work in the water. They were
used by ancient civilizations such as those of Greece
and Rome. Today, the diving bell is made of high-
strength, fine-grain steel and may have windows
constructed from cast acrylic for pressure vessels.
The American Society of Mechanical Engineers pub-
lishes codes and standards for the safe construction
of Pressure Vessels for Human Occupancy, which
includes diving bells (personnel transfer capsules),
decompression chambers, and recompression cham-
bers. Diving bells are lowered and raised from a
mother ship or platform with a crane and serve as the
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SCUBA divers deploying from a modern diving bell
(NOAA/NURP)

base of operations for a dive team. Saturation divers
transfer to their work locations via a diving bell.
Hoses fed by pumps help maintain breathing gas in
the workspace within the diving bell as it descends to
the work location. Exhaled gas is evacuated from the
platform. Cables attached to the mother ship also
provide power and communications. Diving bells are
often used in tandem with a pressurized chamber.
The chamber is pressurized to the depth that the dive
team will be working and provides necessary life
support. Once acclimated, divers depart and enter
through the diving bell. At the conclusion of under-
water operations, the bell and chamber return to the
surface, and the dive team decompresses in the pres-
sure chamber. Many saturated dives, especially in
support of oil production, may last up to 30 days.
See also JIM sUIT.

Further Reading
American Society of Mechanical Engineers. Available

online. URL: http://www.asme.org. Accessed November
22,2006.

NOAA’s Aquarius: America’s Innerspace Station. Available
online. URL: http://www.uncw.edu/aquarius. Accessed
November 22, 2006.

Welcome to Diving Heritage. Available online. URL: http://
www.divingheritage.com. Accessed November 22,
2006.

docking pilot A docking pilot is a mariner skilled
and responsible to push, pull, and turn large ocean
going vessels safely during docking and undocking
maneuvers. The docking pilot is familiar with every
foot of the port where he or she works. They con-
sider factors such as vessel traffic, navigation rules,
winds, CURRENTS, and water levels while guiding
TUGBOATS and vessels through the docking process.
Usually a port facility dispatcher will provide dock-
ing pilots with a list of ships, their dimensions, and
their arrival and departure schedules. The docking
pilot considers this information as well as critical
data from nautical charts (see CHARTS, NAUTICAL),
weather forecasts, traditional tide tables, local
weather stations, physical oceanographic real-time
systems, and vessel traffic and information systems
to determine the number of tugboats needed to per-
form the docking process for assigned vessels.

In some ports, the HARBOR PILOT and the dock-
ing pilot are the same person. These marine pilots
work together to facilitate safe navigation through
coastal waters by being experts on the harbor, piers,
berthing spaces, material handling equipment, and
the impacts of currents, TIDES, and a host of other
parameters such as wakes from nearby ships. Har-
bor pilots direct the ship into the port area from the
seaward approaches. Then, one of the tugboats deliv-
ers the docking pilot to the ship. The docking pilot
will climb up the pilot ladder from one of the tugs to
con the ship into its berth. The docking pilot is
responsible for the placement of tugboats that guide
the ship to or away from the dock. Instructions from
the docking pilot to the captain of the tugboat are
communicated by radio. Once the maneuvers are
completed, the docking pilots and tugs move onto
their next assignment.

Mariners consider pilots to be essential since it is
unlikely that the captain of a merchant vessel or
warship would be familiar with the seaports that
they visit. Their efforts are especially important in
helping to avoid costly collision with another vessel,
BRIDGE, or a pier. The docking pilot’s local knowl-
edge and the power of tugboats are applied to over-
come problems associated with maneuvering a ship
with a large turning radius that does not stop in a
short distance. Any mishap involved in navigation
can be disastrous. For this reason, the docking pilot
profession requires pilots to have special training,



experience, and hold U.S. Coast Guard pilot licenses.
In addition, most seaports in the United States
require vessels involved in foreign trade to use a pilot
while navigating state waters.

See also MARINE TRADES; NAVIGATION.

Further Reading

American Pilots’ Association. Available online. URL: http://
www.americanpilots.org. Accessed April 20, 2007.

European Maritime Pilots’ Association. Available online.
URL: http://www.empa-pilots.org. Accessed April 20,
2007.

International Maritime Pilots” Association. Available online.
URL: http://www.internationalpilots.org. Accessed April
20, 2007.

docking station A docking station is a specialized
MOORING providing power and control services for
submersibles such as AuToNoMOUS UNDERWATER
VEHICLES (AUVs) and REMOTELY OPERATED VEHI-
cLES (ROVs). Usually, the subsea docking station is
linked to the surface by an umbilical, where surface
power and real-time control systems are mounted to
a buoy. Docking station buoys generally use solar
panels or rotors to generate power and have environ-
mental sensors that support submersible control sys-
tems. AUVs or ROVs may receive acoustic signals
from bottom-mounted hydrophones that support
docking, or the submersible’s navigation software
provides rules that drive the AUV to successful dock-
ing. For example, as the AUV approaches the dock, it
is directed to slow down and align itself with the
docking axis. Once docked, communication inter-
faces between the mooring computer and the subsea
docking station computer facilitate the exchange of
information and AUV status from onboard sensors.
At the mooring buoy, radio or sophisticated satellite
communications such as INMARSAT or INTELSAT
provide links to operations centers that may be lo-
cated at offshore oil production platforms, ships, or
to a laboratory ashore. Once docking occurs and the
submersible is recharged, controllers specify what in-
formation he or she wishes to receive and then send
the new tasks and commands to onboard computers
for the AUV’s next mission. Separate systems and
rules at the docking station control tethers and cables,
data dissemination, and command and control.
There are many systems involved in operation
and maintenance of an AUV and its docking station.
One of the support tasks involves monitoring the
environmental conditions that are occurring from
the seafloor to the surface. This is important because
strong currents and wave pumping can impact navi-
gation and docking. In the GULF oF MEXICO, the
passage of EDDIES that have been shed from the
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Loop Current can shut down offshore oil produc-
tion. The bathymetric location for deployment of a
docking station should support docking operations
and provide enough time for docking, recharging,
uploading and downloading information, and moni-
toring surrounding activities. For this reason, dock-
ing stations include lights, visual sensors, acoustic
sensors, and temperature gauges, pressure gauges,
and current meters. The mooring itself is composed
of ANCHOR, acoustic releases, chain, mooring lines
of fiber optic and twisted-pair mooring cable, con-
nection hardware, and subsurface Buoys. Docking
stations have various designs and may rotate in order
to maintain alignment with the current. AUVs using
a docking station can operate in an area for extended
durations. Some scientists have reported that dock-
ing stations were the “garage and service station” for
their AUV’s mission.

Further Reading

Association for Unmanned Vehicle Systems International.
Available online. URL: http://www.auvsi.org. Accessed
April 20, 2007.

Indian Underwater Robotics Society. Available online.
URL: http://www.iurs.org. Accessed April 20, 2007.
Monterey Bay Aquarium Research Institute. Available
online. URL: http://www.mbari.org. Accessed April 20,

2007.

dredging Dredging refers to the government regu-
lated practice of removing sedimentary materials
such as sand from the seafloor, using suction or
scooping machines. Example platforms for dredging
are airlift, hopper, hydraulic, and mechanical
dredges. Dredging equipment includes support boats,
BARGES, suction pipes, dredge pumps, discharge
pipes, BUOYS, WINCHES, as well as meteorological,
oceanographic, and geological instruments. On a hy-
draulic dredge, the rotating blade on the suction end
of the pipeline is called the cutterhead. The cutter-
head breaks up material on the bottom of the chan-
nel before it is sucked up through the pipe. Dredge
material is deposited at a disposal site. Hydrographic
surveys, data from water level gauges, and knowl-
edge of tidal datums are key to determining when the
dredge operation has achieved the correct depth.

In a drowned river ESTUARY such as CHESA-
PEAKE BAY, sediments enter the bay through the
Susquehanna River. These sediments may have a
negative effect on economics if commercial ships
cannot sail into the Port of Baltimore. Therefore, for
some important waterways, maintenance dredging
involves keeping a navigation channel at a specific
depth listed on charts to ensure safe navigation.
Coastal engineers may use in situ sensors as well as
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Dredges must operate frequently to establish and maintain
clear and navigable channels. Dredging or the underwater
excavation of channels is necessary to maintain a national
system of waterways. This dredge is working in the Houston

Ship Channel.  (USCG-PA2 James Dillard)

physical and numerical models to study channel sta-
bility in important waterways. Research on dredg-
ing, navigation channel stability, and coAsTAL
INLETS is often sponsored or conducted by organiza-
tions such as the U.S. Army Corps of Engineers.

Dredge material is usually placed at overboard
disposal sites, which develop into islands, or depos-
ited into deep portions of the estuary or ocean.
Research, environmental assessments, and commu-
nication with the public are essential processes in
order to determine beneficial placement of dredge
material in order to protect sensitive species and
habitats. It is possible that dredging at certain loca-
tions would not be in the public interest. Marine sci-
entists often conduct research to predict or assess the
fate of dredge material.

In the United States, the Federal Clean Water
Act protects waterways and wetlands. The U.S.
Army Corps of Engineers issues permits that are
required for dredging or filling in waterways and
wetlands. Shifting channels and the shoaling of navi-
gational channels at places such as the tidal entrance
to harbors can pose hazards to navigation. Accumu-
lations of sand are therefore removed from the har-
bor floor and moved to other locations. Coastal
zone managers and policy makers depend on marine
scientists to help cope with important social and
environmental issues involved in dredging and the
disposal of dredged materials because of ensuing
physical, chemical, and biological effects. For exam-
ple, if sediments contain heavy metals, the dredge
material or “spoil” cannot be deposited where it will
be in contact with the public. Dredge material is
often used to build artificial islands and nourish

BEACHES. Coastal engineers work with mariners
such as HARBOR PILOTS in order to maintain suffi-
cient depth of water for shipping traffic to freely pass
through the navigation channels and harbors.

Dredging a harbor or channel may change the
water levels or circulation patterns, which may
decrease the accuracy of the NaTIoNAL OCEANIC
AND ATMOSPHERIC ADMINISTRATION’s (NOAA)
tide and current predictions. A new survey of tides
and currents, along with deployment of a real-time
wind, water level, and current measuring system
such as NOAA’s PORTS®, may be required to assure
safe navigation.

See SEDIMENT; WATER LEVEL FLUCTUATIONS;
WORKBOATS.

Further Reading

Central Dredging Association. Available online. URL:
http://www.dredging.org. Accessed April 19, 2007.

Dredging, Coastal & Hydraulics Laboratory, Engineer
Research & Development Center, U.S. Army Corps of
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April 19, 2007.

Western Dredging Association. Available online. URL:
http://www.westerndredging.org. Accessed April 19,
2007.

dyes Water CURRENTS may be studied by releasing
harmless dyes or chemicals into the flow. In the
ocean, dyes are released from a vessel or aircraft, and
in the laboratory dyes are injected directly into a
flume. Marine scientists interested in measuring the
speed and direction of surface currents tag the water
parcel with either floats or dye and follow the tag.
The motion of the dye is followed through aerial pho-
tography, satellite imagery, or by taking water sam-
ples. Investigators have traditionally taken multiple
water samples from the water body from multiple lo-
cations as the dye plume naturally disperses. DIVERS
using undersea cameras or other optical detection de-
vices may also collect measurements to assess the
spreading of the dye plume. Studies of the dispersion
of dye patterns in both the horizontal and the vertical
shed much light on the very small scale motions in the
ocean, such as those associated with DIFFUSION of
TEMPERATURE, SALINITY, oxygen, and pollutants.
This resource-intensive procedure may be
improved by measuring dye dispersion with fluo-
rometers aboard AuToNOoMOUS UNDERWATER VEHI-
cLES. The concentration of fluorescent dye in the
water can be measured using a fluorometer. The flu-
orometer subjects a water sample to a light source
and measures the resulting emitted light. Fluores-
cence is the process by which light is absorbed at



specific wavelengths by a material and subsequently
emitted at a longer wavelength. This perspective of
following a tagged water parcel is called Lagrangian
motion, after French mathematician Joseph Louis
Lagrange (1736-1813).

The Army Corps of Engineers and ENVIRON-
MENTAL PROTECTION AGENCY (EPA) have deter-
mined that the nontoxic tracer dye Rhodamine WT
is suitable for use in inflow studies. Upon irradia-
tion from an external source, Rhodamine WT will
fluoresce or emit light. The unit of measure is usu-

dyes 147

ally parts per thousand, where 1 ppt = 1 gram/liter.
Other substances that have been used include chemi-
cal salts, lithium, contaminants, and tritium.

See also OCEANOGRAPHIC INSTRUMENTS; WATER
LEVEL FLUCTUATIONS.

Further Reading

Army Corps of Engineers. Available online. URL: http:/
www.usace.army.mil. Accessed November 22, 2006.

Environmental Protection Agency. Available online. URL:
http://www.epa.gov. Accessed November 22, 2006.



East Australia Current The East Australia Cur-
rent is a warm, fast, western-boundary current flow-
ing to the south along the east coast of Australia. Its
location along the western edge of the ocean is be-
cause of Earth’s rotation. The East Australia Current
forms in the Coral Sea between the Great Barrier
Reef and the Chesterfield Reef. It is the largest PER-
MANENT CURRENT close to the coast of Australia.
The speed of the current varies with position and sea-
son, but is on the order of half a knot to a knot (.25-
50 m/s). The current is relatively narrow, 62-124
miles (100-200 km) in width, with a volume trans-
port on the order of 30 Sverdrups (30 x 106 m3/s).

During the Southern Hemisphere summer, the
current intensifies with the onset of the MONsSOON
winds. From April to December, the flow into the
East Australia Current is from the Pacific subtropi-
cal water to the east. The current is the weakest dur-
ing winter (June-September).

As the East Australia Current leaves the conti-
nent of Australia, it begins to form meanders and
EDDIES and loses coherence. This disorganized flow
generally moves across the Tasman Sea northward
along the coast of New Zealand, where it turns
south and into the vast eastward flow of the ANT-
ARCTIC CIRCUMPOLAR CURRENT.

As with the BraziL CURRENT in the South
Atlantic, the East Australia Current is less powerful
than its Northern Hemisphere counterpart, the
KurosH1o CURRENT. This situation results in part
from the difference in land-water distribution in the
hemispheres, and from the uninterrupted global cir-
culation of the Antarctic Circumpolar Current that
allows an unimpeded return flow of water across the
Pacific.
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Large numbers of anticlockwise eddies have
been observed between the East Australia Current
and the northward flow to the east. The diameter of
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The East Australia Current is a warm current that flows paral-
lel to the eastern coast of Australia



the eddies is about 150 miles (241 km). The eddies
move at a speed on the order of 50 miles per month
(80.5 km per month) toward the south. Surface
speeds in these eddies can be as high as four knots (2
m/s), decreasing in depth.

Strong seasonal UPWELLING often occurs near
Port Macquarie, New South Wales. The town is
located on the coast, south of the mouth of the Hast-
ings River, which empties into the Tasman Sea.
Nutrient-rich waters from the upwelling induce
strong PLANKTON blooms, which have been found to
occur in spring in some areas of the current. Upwell-
ing conditions may occur through both wind and
current-driven processes. This type of “nutrient
uplift” is observed by marine scientists using satel-
lite imagery of sea-surface TEMPERATURE, CONDUGC-
TIVITY-TEMPERATURE-DEPTH (CTD) sensors, and
ACOUSTIC DOPPLER CURRENT PROFILERS.

See also EKMAN TRANSPORT; OCEANOGRAPHIC
INSTRUMENTS; PERMANENT CURRENT.

Further Reading
Bureau of Meteorology. Available online. URL: http://www.
bom.gov.au. Accessed June 18, 2007.

eastern boundary currents Broad, slow shallow
currents on the east side of the Atlantic and Pacific
ocean basins, in both the Northern and Southern
Hemispheres, are called eastern boundary currents.
They include the CALIFORNIA CURRENT, the Ca-
NARY CURRENT, the BENGUELA CURRENT, and the
PERU CURRENT. These currents are on the order of
620 miles (1,000 km) wide and flow equatorward at
speeds generally less than half a knot (.25 m/s) or
less. They form the eastern branches of the great
mid-ocean gyres (see GYRE), returning cooled sur-
face waters back to the Tropics for recirculation.
For example, the Canary Current returns some of
the water transported to the shores of Europe by the
GuLF STREAM and the NORTH ATLANTIC CURRENT
back to the Gulf Stream by flowing southward past
Spain, Portugal and North Africa, and into the
NoORTH EQUATORIAL CURRENT that in turn runs
westward into the Gulf Stream. The situation is not
so clearly defined in the INpDIAN OCEAN, where
much of the eastern boundary is occupied by water,
especially between Australia and Indonesia. The
West Australia Current flows northward and then
northwestward off the west coast of Australia.
North of 20°S, the current runs westward into the
Indian South Equatorial Current. The West Austra-
lia Current exhibits large seasonal variations asso-
ciated with the Asian MONsOON. It is strongest in
November through January, and weakest, and most
variable in direction in May, June, and July.
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The eastern boundary currents are not really
well defined “rivers in the ocean,” leading some
authorities to refer to them as systems of currents.
Eastern boundary currents are, however, noted for
being zones of UPWELLING of nutrients from the
deep layers below up to the rHOTIC ZONE. Thus,
they are usually regions of high productivity. They
may have a countercurrent flowing poleward inshore
of the main current, or an undercurrent below the
main current. For example, the Davidson Current
runs inshore and sometimes underneath the Califor-
nia Current, and the Gunther Current flows under
the Peru (Humboldt) Current. These countercurrents
and/or undercurrents experience large seasonal vari-
ations, with the undercurrents sometimes surfacing.
The eastern boundary currents are also character-
ized by slowly drifting EDDIES. Current speeds
within the eddies are often the highest speeds found
in the eastern boundary current systems.

Further Reading

Brown, Joan, Angela Colling, Dave Park, John Phillips,
Dave Rothery, and John Wright. Ocean Circulation.
Oxford: Pergamon Press, 1989.

ecological efficiency Ecological efficiency is the
percentage or fraction of energy in a biomass pro-
duced by a trophic level that is incorporated into bio-
mass by the next higher trophic level. Raymond Lau-
rel Lindemann (1915-42) established the principle
while working with Professor G. Evelyn Hutchinson
(1903-91) at Yale University. Professor Hutchinson
is considered to be the father of modern limnology.
Lindemann’s research was published after his death
in 1942. For aquatic systems, Lindemann estimated
an efficiency of at most 10 percent. For example, the
efficiency of the transfer of ZOOPLANKTON energy
from feeding on PHYTOPLANKTON is at most 10 per-
cent. The other 90 percent of the energy goes into
respiration, movement (mechanical energy), and
heat. The Sun provides the energy input for all natu-
ral life processes, except for HYDROTHERMAL VENT
communities, and is converted to stored chemical en-
ergy by the primary producers (the first trophic level).
Primary producers use inorganic materials and sun-
light to make cell tissue, which provides food for the
second trophic level, the herbivores, and on to the
third trophic level, the carnivores up the food chain
to the top carnivore.

Ecological efficiency basically relates the effi-
ciency of transfer of energy from the first trophic
level, the plants or primary producers, to the highest
trophic level, that is, the top carnivore. The word tro-
phic comes from the Greek root “trophe” for nour-
ishment, so a trophic level describes the “feeding”
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level of an organism. Trophic levels or positions that
an organism occupies in a food web are important
because they identify availabile energy and materi-
als. This flow of energy and materials make their
way through the web via trophic pathways. The
manner in which energy and material are transferred
from one level to the next is known as the ecological
efficiency. As each trophic level is passed, the effi-
ciency of the energy transfer decreases, such that the
efficiency of the top carnivores is on the order of 1
percent.

Further Reading

Bush, Mark B. Ecology of a Changing Planet. Upper Sad-
dle River, N.]J.: Prentice Hall, 1997.

Caddy, John E,, and Gary D. Sharp. “An Ecological Frame-
work for Marine Fishery Investigations.” FAO Fisher-
ies Technical Paper 283. Rome: Food and Agriculture
Organization of the United Nations, 1986. Available
online. URL: http://www.fao.org/DOCREP/003/
TO019E/T0019E00.HTM. Accessed June 18, 2007.

Lindemann, Raymond L. “The trophic dynamic aspect of
ecology.” Ecology 23 (1942): 399-418.

ecosystem The plants and animals of a region, to-
gether with their chemical and physical environment,
make up an ecosystem. All the plants and animals on
Earth, together with their environment (the atmo-
sphere, the oceans, and the land) make up the eco-
sphere. Ecosystems can be delineated in many ways.
For example, an entire ocean or landmass can be
considered an ecosystem. An ecosystem can also be
as small as a terrarium or aquarium. Usually for
working purposes, subdivisions of the large-scale
ecosystems are the focus of most of the scientific
investigations.

Ponds, lakes, and rivers are often studied as eco-
systems. Often, the health of the ecosystem is the
focus of the study. In today’s industrial society, eval-
uation of air and water quality is a major topic, to
assure breathable air and safe drinking water, and a
safe environment for aquatic animals. Many regions
of the industrialized countries are burdened with
polluted air, acid rain, polluted water, and contami-
nated fish and shellfish. Contamination can occur
by physical means, such as discharge of thermal
effluent from nuclear power plants, chemical means,
such as oil spills, and biological means (invasion of
ESTUARIES by alien species).

In marine science, the global ocean, a gigantic
ecosystem, can be classified in terms of the benthic
(bottom) and pelagic (water) environments. The
environment of the CONTINENTAL SHELF is called
the neritic province; the environment of the deep
ocean is called the oceanic province. The oceanic

province is in turn, subdivided into the EPIPELAGIC
ZONE, the upper 660 feet (200 m) of the water col-
umn (nearly the same as the PHOTIC ZONE, the vol-
ume of water of the upper ocean where significant
sunlight penetrates. Below the epipelagic zone are
the MESOPELAGIC ZONE, extending to 3,280 feet
(1,000 m) depth, sometimes called the “twilight
zone,” because some faint light pervades the gloom
of the region; the BATHYPELAGIC ZONE, ranging
from 3,280 feet (1,000 m) to 13,123 feet (4,000 m),
the average depth of the ocean basins; and the ABys-
SOPELAGIC ZONE (also known as the hadal zone, the
region of the deep ocean trenches). Each of these
regions has its own characteristic life forms; the
steadily increasing pressure of approximately one
atmosphere for every 33 feet (10 m) of water depth
effectively stratifies the water column into these four
zones where the animals are structured to be able to
cope with the crushing ambient pressures. In most
cases, they cannot leave their zone without either
exploding in regions of lower pressure or imploding
in regions of higher pressure. Temperatures decrease
with depth in the ocean; the epipelagic zone being
relatively warm, the mesopelagic being a region of
rapidly decreasing temperature, and the zones below
being regions of near freezing temperatures.

The plants and animals with which most people
are familiar inhabit either the NERITIC ZONE close to
shore, or the epipelagic zone in the deep ocean,
where light can penetrate to fuel photosynthesis and
plant production.

The coastal oceans, including the estuaries, are
the most productive regions of the seas, where run-
off from the land provides a continuous supply of
nutrients. Regions of UPWELLING, such as the coastal
waters of California and Peru are especially produc-
tive. However, the coastal and estuarine seas are
especially vulnerable to anthropogenically intro-
duced pollution, from oil spills to wastewater dis-
charge, and from radioactive materials to biomedical
waste products.

In the deep ocean, the North Atlantic and North
Pacific are very productive areas, as are the waters
surrounding the Antarctic continent. In general, the
waters near the Arctic and the Antarctic have a great
abundance of biomass from a small number of spe-
cies, whereas the tropical waters have a small abun-
dance of biomass from a large number of species,
that is, a rich species diversification.

Below the epipelagic zone, the mesopelagic or
twilight zone is inhabited by such creatures as the
giant squid, the principal prey of the sperm whale,
dragon fish, and hatchet fish. In this zone and below
are areas of primary consumers of the dead plants
and animals raining down from the surface, the



detritus. The zones below 3,280 feet (1,000 m) are
in complete darkness, broken only by the flashes of
bioluminescent animals in search of prey, trying to
confuse predators or searching for mates. Strange-
looking fish inhabit these regions, such as the ang-
lerfish, gulper eels, and periphylla jellyfish.

The benthic zone, the ocean bottom, is inhab-
ited by such creatures as sea cucumbers, crabs,
clams, brittlestars, and red shrimp. The deepest zone
is the hadal zone, the environment of the deep
TRENCHES. Principal inhabitants in this area of total
darkness and crushing pressures are sea cucumbers,
probably the most numerous creatures, along with
polychaete worms. Deep-sea vents, regions of the
ocean floor where superheated water is boiling up
through cracks in the ocean floor like geysers on
land, harbor the most bizarre ecosystems on Earth.
The creatures of the deep-sea HYDROTHERMAL
VENTS include white clams, tube worms, crabs,
shrimp, and fish. Many of these species have only
recently been discovered, and many remain to be
discovered. In contrast to the surface light-based
COMMUNITIES, which depend ultimately on the pho-
tosynthesis of the primary producers, the primary
producers of the hydrothermal vent communities are
bacteria that can extract energy from the chemicals
belching from the vents, such as sulfur and methane.
The discovery of these incredible communities shows
that life is far more adaptable and robust than had
been previously believed.

The ocean contains many other ecosystems within
its realm, such as CORAL REEFS, major currents, such
as the GULF STREAM, and even large, warm EDDIES,
rotating lenses of warm Gulf Stream water that spin
off the edge of the current into the bordering waters
of the CONTINENTAL SLOPE and SHELF. FISHERMEN
from northern states such as New York are often sur-
prised by drifting into a Gulf Stream eddy and catch-
ing tropical species, such as mahi-mahi. Other notable
ecosystems are the estuaries, such as Chesapeake Bay
and Pamlico Sound, which nurture the young of many
species, the warm waters of the RED SEa, and the icy
waters of the Arctic and Antarctic.

Further Reading

Byatt, Andrew, Alastair Fothergill, and Martha Holmes.
The Blue Planet: A Natural History of the Oceans. Lon-
don: DK Publishing, 2001.

Marine Ecosystems, U.S. Environmental Protection Agency.
Available online. URL: http://www.epa.gov/bioindica-
tors/aquatic/marine.html. Accessed June 18, 2007.

eddy An eddy is a rotational element of moving
fluid that has a certain identity and life history. Other
words relating to rotational fluid motion include

eddy 151

VORTICITY, whirl, vortex, whirlpool, countercur-
rent, and mythical GYRES such as the Charybdis,
Maelstrom, and Ixion. In nature, atmospheric and
oceanic eddies occur when the current of air or water
doubles back on itself , moves against the direction of
main flow, or experiences large SHEAR, such as at the
boundaries of the GULF STREAM. Waves in currents
called meanders often increase in amplitude until
they are pinched off as eddies. In the atmosphere, dif-
ferences in atmospheric PRESSURE contributes to the
formation of vortices from dust devils to waterspouts
and from tornadoes to HURRICANES. In water bodies,
eddies form when currents pass obstructions such as
pier pilings or an adjacent ocean current that is flow-
ing in the opposite direction. In the deep ocean, ed-
dies can form when currents flow around islands or
pass over topographic features. An example of the
latter is the formation of “Meddies” as warm, salty
water outlflows over the sill through the Strait of Gi-
braltar and into the ATLANTIC OCEAN at a depth of
about 547 fathoms (3,282 feet [1,000 m]). As ocean
currents swirl into eddies such as warm or coLp
CORE RINGS, they may have different water tempera-
tures in the center than in the surrounding ocean.
Meddies retain their temperature and SALINITY char-
acteristics for some time before eventually mixing
with Atlantic Ocean waters. Large eddies have spatial
scales of tens to hundreds of miles (hundreds of km)
and time scales of months to years. Eddies can be
both surface and subsurface. Subsurface eddies are
detected by such means as SOund Fixing And Rang-
ing or SOFAR floats, which transmit acoustic signals
giving their position as functions of time.

Patches of eddies moving around in a chaotic
fashion are often described as TURBULENCE. Marine
scientists can quantify turbulence based on the non-
dimensional Reynolds number, after British engineer
Osborne Reynolds (1842-1912). Reynolds discov-
ered that by evaluating the ratio of the fluid’s veloc-
ity, density, and length of flow (inertial forces) to its
thickness (viscous forces) that the flow could be clas-
sified as being laminar, transitional, or turbulent. In
turbulent flow, the inertial forces dominate over vis-
cous forces. Viscous fluids tend to damp random,
turbulent motions. Turbulence is marked by small-
scale chaotic behavior in the fluid motion, while a
steady and organized flow field is called “laminar.”
Researchers are still studying the processes by which
turbulent eddies cascade into larger structures,
which then progress through the atmosphere and
ocean as thermals or large-scale eddies. There can be
a flow of energy both upward, in which small eddies
merge and become larger eddies, and downward, in
which large eddies break up into smaller eddies in a
downward cascade of energy ending in a turbulent
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“inertial subrange,” where the eddy’s energy is dissi-
pated as friction (heat). The British meteorologist
Lewis Fry Richardson (1881-1953) described this
process in the following verse:

Big whorls have little whorls,
Which feed on their velocity,
And little whorls have lesser whorls,
And so on to viscosity.
—Lewis F. Richardson.
Weather Prediction by Numerical Processes
(Cambridge University Press, 1922)

Consider where a rain band that forms into a dust
whirl, then the funnel cloud descends toward the
ground, and wind speed increases in the dust whirl
to form a mature tornado, where its intensity is as
great as conditions will allow. The visible funnel
inspires storm chasers and wreaks havoc for unpre-
pared bystanders.

Maritime operations such as offshore oil pro-
duction may be strongly impacted by eddies transit-
ing operating areas. In the United States, the
Minerals Management Service of the Department of
the Interior is responsible for issuing, regulating,
and maintaining offshore leases for exploration and
exploitation in the outer continental shelf. In the
leased areas of the GULF oF MEXICO, marine scien-
tists support operators by displaying location and
strength of Loor CURRENT eddies in ocean current
maps. Similar requirements exist in foreign loca-
tions since oil exploration is an international busi-
ness. For example, offshore of Trinidad rings
shedding from the North Brazil Current need to be
tracked as they migrate across active lease blocks
and disrupt safe oil production operations. In order
to successfully identify, measure, and monitor
eddies, oceanographers collect data from satellite
images, models, current meters, and drifting data
BUOYS. Oceanographic casts from a ship involve
lowering a CONDUCTIVITY-TEMPERATURE-DEPTH
(CTD) rroBE surrounded by water sample bottles
into an identified eddy. Through analyses that
include the fusion of data such as TEMPERATURE,
SALINITY, oxygen, chlorophyll and depth informa-
tion, marine scientists build display products that
identify the location and strength of oceanographic
features such as eddies.

Further Reading

“Water: The Power, Promise, and Turmoil of North Ameri-
ca’s Fresh Water.” National Geographic Special Edition
184, no. SA. Washington, D.C.: National Geographic
Society, 1993.

edge waves Edge waves travel along the nearshore
in the surf zone. They are are actually trapped at the
shoreline by the refraction of incident waves and oc-
cur under high-energy conditions that are also favor-
able to the development of RIP CURRENTS. Edge
waves may be generated by high-energy surf zones
that form in response to waves that are set up by se-
vere and rapidly moving coastal storms such as squall
lines. They may also form as a result of HURRICANES
or TSUNAMI. As the hurricane piles water up on the
shore, the seaward directed return flow is a rip cur-
rent. Similarly, as tsunami approaching the shore
change shape, they pile water over the BEACH. In
fact, the first runup of a tsunami may not be the larg-
est, emphasizing the important safety factor to not
return to a beach until several hours after a tsunami
hits. Similar to the STORM SURGE response, after tsu-
nami runup, energy is reflected offshore, which may
generate edge waves that travel back and forth, par-
allel to shore. Phase speeds associated with edge
waves are much less than deep-water swells and wind
waves, i.e., the speed are on the order of 1 to 10 per-
cent of the value for shallow water swell that have
wave speeds that are directly proportional to water
depth.

The edge wave amplitudes are highest at the
shoreline and decrease exponentially with distance.
All their energy is essentially contained within the
surf zone. Their amplitudes are seldom more than
three feet (1 m) high. Their periods are in the one to
several minutes range. In some cases, based on
strength, they are important factors in shaping the
beach as they impact with nearshore currents such
as rip and LONGSHORE CURRENTS. Coastal engi-
neers and oceanographers do not fully understand
how these waves and currents interact with one
another and with variations in shallow-water
BATHYMETRY.

Further Reading

Field Research Facility, Coastal and Hydraulics Labora-
tory, U.S. Army Corps of Engineers. Available online.
URL: http://www.frf.usace.army.mil. Accessed June 18,
2007.

Ekman spiral The Ekman spiral is a model vector
(graphical) representation of how the current due to
the wind stress acting on the water surface on a ro-
tating Earth varies with depth. The Ekman spiral
was first described by oceanographer Vagn Walfrid
Ekman (1874-1954). Such currents are known as
pure drift currents and represent a balance between
the fluid friction and the Cor1oL1s FORCE. The inte-
grated mass transport due to the drift current is 90°



Air-Sea Interactions: A Biographical
Sketch of Vagn Walfrid Ekman

Vagn Walfrid Ekman was born in Stockholm, Sweden, on
May 3, 1874, and died on March 9, 1954, in Gostad, Swe-
den. He is best known for his contributions to oceanog-
raphy, especially his application of mathematics and
physics to develop models of ocean and atmospheric
circulation, and by inventing instruments for sampling
ocean water, the ocean bottom, and for measuring cur-
rents from vessels at sea. His work is attributed to com-
mon oceanographic terms such as Ekman spiral and
Ekman layer.

Ekman had early experiences with natural science
as evidenced by his exposure to science by his father,
Frederick Laurentz Ekman, an oceanographer, and
from college lectures by Vilhelm Friman Koren Bjerknes
(1862—1951), one of the founding fathers of weather fore-
casting. Ekman attended schools in Stockholm, and then
at Uppsala University, specializing in physics, mathemat-
ics, hydrodynamics, and oceanography. His doctoral dis-
sertation in 1902 expanded on the work of meteorologist
Vilhelm Bjerknes on “wind spirals,” interpreting data
acquired by Bjerknes and by Fridtjof Nansen (1861-1930)
on the wind drift of icebergs. Using observations by his
colleague Nansen, Ekman showed that the wind-driven
surface drift current moves at a 45-degree angle to the
wind vector, to the right of the wind in the Northern
Hemisphere, and to the left of the wind in the Southern
Hemisphere (there is no deflection right at the equa-
tor). The moving surface current exerts a frictional drag
on the layer of water just below it, which in turn exerts
a frictional drag on the water below on down into the
water column forming a current distribution known as the
“Ekman spiral.” The net transport of water in the Ekman
layer is 90 degrees to the right of the wind direction in the
Northern Hemisphere, and 90 degrees to the left of the
wind direction in the Southern Hemisphere. Ekman pub-
lished his thesis in 1905 as a paper entitled “On the Influ-
ence of the Earth’s Rotation on Ocean Currents.” Ekman
did much of his work at the University of Lund, Sweden,
where he was made a professor of mathematical physics
in 1910, a position he held for the rest of his working life.

Ekman developed the first comprehensive and
physically consistent theory of ocean circulation, first
for a homogeneous ocean, and later for a stratified
ocean. His equations permitted calculations of currents
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in depth, given the wind velocity and assumptions about
the fluid friction. Ekman’s theoretical models divided
the ocean depths into three current regimes: a surface
wind-driven current, a deep current in geostrophic bal-
ance, and a deep bottom current in which bottom fric-
tion reduces the speed of the deep current in an “Ekman
spiral” in a manner similar to the surface drift current.

He was not to be confined to a blackboard or a
laboratory, however. In 1925, he joined the worldwide
German Meteor Expedition, which pioneered field meth-
ods of 20th-century oceanography. For his accomplish-
ments, he was made a member of the Royal Swedish
Academy of Sciences in 1935. Since 1901, the academy
has awarded the Nobel Prizes in physics and chemis-
try on December 10, the anniversary of Alfred Bernhard
Nobel’s (1833-96) death. The academy also awards the
Crafoord Prize for research in mathematics, astronomy,
geology, and biology. This award was established by
Holger Crafoord (1908-82), the Swedish inventor of the
artificial kidney.

Ekman studied the internal waves of the ocean and
explained a phenomenon in the Norwegian fjords called
“dead water” by ship captains. When in “dead water” a
ship’s propeller is located at the depth of a density dis-
continuity in the water due to fresh glacial meltwater
overlying oceanic salt water. When a ship’s propeller
rotates in “dead water,” the power of the engine goes
into generating internal waves on the density interface,
rather than into propelling the ship.

In further studies through 1939, Ekman investigated
ocean circulation in oceans of finite depth, stratified
oceans, flow over topographic feature, such as subma-
rine ridges and troughs, and circulation in the vicinity of
various ocean basins and coastlines. His work laid foun-
dations for the present supercomputer-based numerical
hydrodynamic ocean circulation models.

Further Reading

Charton, Barbara. A to Z of Marine Scientists. New York: Facts
On File, 2003.

The Royal Swedish Academy of Sciences. Available online. URL:
http://www.kva.se/KVA_Root/index_eng.asp. Accessed July
29, 2007.

—Robert G. Williams, Ph.D., senior oceanographer
Marine Information Resources Company
New Bern, North Carolina
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means of representing the solution to the equations  right of the wind (in the Northern Hemisphere) at



154  Ekman spiral and transport

the water surface to an angle of 180°, or anti-parallel
to the wind direction, at a depth known as the depth
of frictional influence. Each vector represents the
current speed and direction in a thin layer of water
that exerts a frictional drag on the layer below, be-
ginning with the surface. The drag slows each suc-
ceeding layer (vector) such that it is slightly reduced
in speed and increased in angle with respect to the
wind direction. The vectors decrease in length
(speed) going down the spiral until they are reduced
to a value of e™ at a depth called the depth of fric-
tional influence. When the velocity vectors from
the surface down to the depth of frictional influ-
ence are integrated to get the net transport, it is
found to be 90° to the right of the wind direction
in the Northern Hemisphere. In the Southern
Hemisphere, the surface current is found to be 45
degrees to the left of the wind direction, the spiral
curves down to the left until it reaches the depth of
frictional influence, and the net transport is found
to be 90° to the left of the wind. There is no deflec-
tion right at the equator. The water column from
the surface to the base of the Ekman spiral is known
as the Ekman layer.
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Ekman spiral for wind-driven currents in the Northern Hemi-
sphere, showing the right (clockwise) rotation of current with
depth. The resultant water movement is 90 degrees to the right
of the surface wind. The water column from the surface to the
bottom of the Ekman spiral is called the Ekman layer.

Ekman’s spiral was motivated by Fridtjof Nan-
sen’s observations of the drift of ICEBERGS in the
polar sea (see the essay on oceanographic innova-
tions, page 351). Nansen observed that icebergs
drifted to the right of the wind direction with the
angle of drift increasing with depth. To better under-
stand the physics, he presented the problem to the
mathematical physicist Ekman, who propounded the
spiral theory in a 1905 paper entitled “On the Influ-
ence of the Earth’s Rotation on Ocean Currents.”

It has proved difficult to directly verify Ekman’s
results because he assumed an ocean without bound-
aries and of infinite depth to simplify the analysis,
and also because components of currents due to
other causes are almost always present in the ocean,
such as density currents, TIDAL CURRENTS, and so
forth. Nevertheless, the general character of the flow
predicted for the Ekman layer is known to be cor-
rect. Ekman’s theory was adapted to the flow of the
atmosphere over the ground and also tested in labo-
ratory experiments, where it was verified.

Ekman extended his theory to include oceanic
flows in bounded, stratified oceans, and oceans of
finite depth. At the bottom of the ocean, there is also
a spiral due to the friction of the ocean floor acting
on the bottom current. Ekman found that the
strength of the current increases from zero right at
the bottom, to the magnitude of the geostrophic cur-
rent right at the boundary between the interior flow
of the ocean and the bottom Ekman layer, where
friction is just beginning to influence the fluid flow.

Perhaps the most important result obtained from
analysis of the Ekman spiral is that the net transport
of wind-driven currents is 90° to the wind direction,
resulting in the pileup of water in the middle of the
great ocean basins, and the establishment of the
great circulation gyres in the North and South Atlan-
tic and Pacific Oceans (see GYRE).

Further Reading

Neumann, Gerhard, and Williard J. Pierson, Jr. Princi-
ples of Physical Oceanography. Englewood Cliffs, N.J.:
Prentice Hall, 1966.

Ekman spiral and transport ExMAN SPIRAL and
transport theoretically explains the effect on water
of wind blowing over the ocean surface, whereby the
net water transport is a sum of water movement in
layers down to the depth of frictional influence. The
CURRENT’s structure spirals with depth away from a
horizontal boundary such as the surface. As the cur-
rent rotates, its speed diminishes with increasing dis-
tance from the boundary. The horizontal Ekman
layer caused by steadily blowing winds across the sea
surface is approximately 328 feet (100 m) thick,



which is shallow compared to the deep ocean. The
actual depth of this layer is known as the Ekman
depth and is where current velocity is opposite the
velocity at the surface. The net transport of water by
the wind is obtained by integrating the total flow
within the Ekman layer. The movement of this water
is 90° to the right of the wind in the Northern Hemi-
sphere, and 90° to the left in the Southern Hemi-
sphere. It is difficult to observe the Ekman spiral ow-
ing to the propagation of surface waves and the
presence of turbulent mixing in the surface layer of
the ocean. However, offshore Ekman transport can
be observed by satellite imagery when cool ocean
waters from depths of not more than 600 feet (182.9
m) move in to replace warmer water that has been
transported away from favorable coasts. The cooler
waters UPWELLING to the surface are rich in nutri-
ents, which supports seaweed growth and PHYTO-
PLANKTON blooms. This productivity forms the en-
ergy base for populations (fish, birds, mammals) that
are higher in the food chain, which usually contrib-
utes to phenomenal fishing grounds. Classic exam-
ples of upwelling are found along the California and
Peru coasts.

Further Reading

Neumann, Gerhard, and Williard ]J. Pierson, Jr. Princi-
ples of Physical Oceanography. Englewood Cliffs, N.J.:
Prentice Hall, 1966.

electrolysis Decomposition of a fluid by electricity
is called electrolysis. Salt water conducts electricity
and allows ions to move around freely, which sepa-
rates compounds into simpler substances. Salt is the
main material dissolved in seawater and is also
widely distributed in solid deposits. As an example,
the process of electrolysis with ionically bonded ele-
ments such as a solution of salt water composed of
sodium chloride (NaCl) or common salt produces
chlorine. Thus, for electrolysis to occur, the com-
pound has to be ionically bonded and when in the
liquid state either melted or dissolved in water. In the
example, seawater is the electrical conductor or elec-
trolyte in which current is carried by ions rather than
free electrons (as in a metal such as copper).

While students perform electrolysis experiments
that illustrate that water molecules are actually a
compound of hydrogen and oxygen gases, marine
scientists apply electrolysis to cope with galvanic
corrosion. Connected pieces of metal such as CUR-
RENT METERS and MOORING frames are often
deployed into the oceans, thereby creating a battery.
In the electrolytic cell where the electrolysis reaction
occurs, the anode is the positive electrode, while the
cathode is the negative electrode. During this pro-
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cess of electrolysis, the positive cations are forced to
migrate toward the negative electrode (cathode).
Likewise, the negative anions are forced to migrate
toward the positive electrode (anode). Electrons
move from the anode to the cathode. The current
that flows will actually remove metal from one of
the attached metal pieces such as the instrument
housing through electrolysis.

To compensate for spontaneous electrolytic pro-
cesses or more precisely galvanic corrosion, marine
technicians attach zinc plates or collars to instrument
moorings and other items such as propellers. Water-
men such as lobstermen and crabbers extend the life
of their lobster traps and crab pots by attaching zinc
bars. Even oil drilling platforms and large ships are
protected in this manner. Zincs are attached to spe-
cific items that need protection in order to induce a
current flow. To complete the electrical circuit, the
zincs are connected to instrument casings, propeller
shafts, or other important structures. The zinc dis-
solves slowly while protecting the less active metal
receiving the negative charge. For this reason, these
zinc plates are often called “sacrificial anodes.”

electronic charting display information sys-
tem See ELECTRONIC CHARTS.

electronic charts FElectronic charts contain digi-
tized nautical information such as BATHYMETRY, lo-
cations of coastal structures, and aids to navigation
for display using computers. One example developed
by the National Geospatial and Intelligence Agency is
called the Digital Nautical Chart or DNC®. This
product is a digital database containing VECTOR in-
formation that can be used to support marine naviga-
tion using Geographic Information Systems. These
vector chart systems are able to manipulate data that
is stored in many files or layers. Less useful are raster
chart data consisting of a digitized picture represent-
ing one layer of data. The combined navigation system
that displays electronic charts is an Electronic Chart
Display and Information System (ECDIS). All of these
systems, which include data and computer software,
are intended to allow mariners to navigate safely with-
out paper charts in the 21st-century pilothouse. Elec-
tronic charts apply GLOBAL POSITIONING SYSTEM
technologies to allow the navigator to continuously
assess the position and safety of his or her vessel.
Electronic charts can be swiftly updated to dis-
play the most recent information on navigation haz-
ards such as wrecks, toxic chemical spills, channel
depth changes due to sediment movement in severe
storms, and the like. They can incorporate near real-
time information on winds, waves, tides, and cur-
rents from environmental measurement systems such
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as NOAA’s PORTS® (Physical Oceanographic Real-
Time System).
See also DiGITAL NAUTICAL CHART®.

Further Reading

The International Hydrographic Organization. Available
online. URL: http://www.iho.shom.fr. Accessed June 18,
2007.

Office of Coast Survey, National Ocean Service, National
Oceanic and Atmospheric Administration. Available
online. URL: http://chartmaker.ncd.noaa.gov. Accessed
June 18, 2007.

The United Kingdom Hydrographic Office. Available
online. URL: http://www.ukho.gov.uk. Accessed June
18, 2007.

electron microscope An electron microscope is a
scientific instrument that utilizes a beam of electrons
to produce an enlarged image. The resultant image
of PHYTOPLANKTON, thin slices of rock, or other
specimens illustrates shape and size, texture, compo-
sition, and atomic structure. The electron micro-
scope facilitates basic cell, reproductive biology, and
neurobiological studies and helps scientists gain in-
sights into important topics such as microbiologi-
cally influenced corrosion in deep-sea shipwrecks.

Further Reading

National Center for Electron Microscopy, Lawrence Berke-
ley National Laboratory. Available online. URL: http://
ncem.lbl.gov. Accessed June 18, 2007.

Physics Laboratory, U.S. National Institute of Standards
and Technology. Available online. URL: http://physics.
nist.gov. Accessed June 18, 2007.

“Scanning Electron Microscope.” Museum of Science.
Available online. URL: http://www.mos.org/sln/SEM.
Accessed September 18, 2007.

“Transmission Electron Microscopy (TEM): Sample Prepa-
ration Guide.” Center National de la Recherche Scienti-
fique. Available online. URL: http://temsamprep.in2p3.
fr. Accessed September 18, 2007.

El Nifio Every two to seven years, around Christ-
mastime, the cold waters of the PERU CURRENT flow-
ing northward off the coasts of Chile and Peru are
interrupted by a flow of warm water from the north-
west. The normal UPWELLING that brings cold,
nutrient-rich waters to the surface off Peru is reduced
and the resident fish move elsewhere, thereby cutting
off the food supply of the abundant seabirds. The
birds die in great numbers and foul the beaches. The
unusually warm water results in heavy rainfall and
catastrophic mudslides, bringing death and devasta-
tion to many of the people of Peru, Chile, and Ecua-
dor. It was once thought that all the fish perished,

but it is now known that many schools are only mov-
ing into deeper waters. These El Nifio events seem to
last for one to one-and-a-half years.

The El Nifio (the “boy child,” which refers to the
Christ child since it often comes around Christmas)
has been known to the world for more than 100 years,
but was originally thought to be a phenomenon local
to the west coast of South America, brought on by
changes in the local wind patterns. Now it is known
that the El Nifio is not related to local wind patterns
but rather to weather and sea conditions across the
entire tropical PaciFic OCEAN, and is closely related
to the Southern Oscillation (SO). The SO refers to
change in atmospheric PRESSURE, winds, and ocean
TEMPERATURE that occurs between the eastern and
western regions of the Pacific Ocean basin. Usually,
the air pressure is high in the Eastern Pacific, the
winds are from the southeast (the southeast trade
winds), the climate is dry, almost desertlike, and the
ocean surface is cold. In the Western Pacific, around
Australia and Indonesia, the pressure is low; there is
abundant precipitation and warm ocean water.

The Southern Oscillation is a seesaw effect, in
which these conditions reverse: The pressure in the
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El Nifio is an atmospheric and oceanic oscillation in the
tropical Pacific having important consequences for weather
around the globe. In the normal situation, surface pressure

is high in the eastern Pacific and low in the western Pacific.
This condition drives the air circulation, and the ensuing wind
drives a surface sea current (the South Equatorial Current)
flowing from east to west. During El Nifio, the pressure is
reversed, and water from the warm Equatorial Counter Current
flows eastward toward Peru. This effect is called the ENSO
(El Nifio—Southern Oscillation).
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The changing temperature pattern of El Nifio, showing the movement of warm equatorial water (>72°F, 22°C) toward the Peruvian

coastline

Western Pacific is high, rainfall is scant, and winds
are from the west. The reverse applies to the Eastern
Pacific. The El Nifio has been observed to develop
when a huge mass of warm ocean water flows east-
ward toward the coast of Peru, displacing the cold
waters of the Peru Current. In Australia and Indone-
sia, the usual summer rains are replaced by dryness
and often drought, leading to failed crops and even
disastrous forest and brush fires. The relation
between the El Nifio and the Southern Oscillation
has led to the coinage of the term ENSO—EI Nifio—
Southern Oscillation.

In the Eastern Pacific, changes occur in the nor-
mal weather patterns of western Central and North
America in addition to South America. The reach of
the El Nifio is indeed far: Weather conditions in the
United States, from the Pacific Northwest to the
Atlantic Southeast are now known to be correlated
with the onset of the El Nifio-Southern Oscillation.
The conditions may, in fact, be global, as weather
and ocean scientists discover more and more conse-
quences of the ENSO.

When the ENSO is over, the climate returns to
“normal,” but often overshoots and results in colder
than normal temperatures in the Eastern Pacific and
warmer than normal in the Western Pacific. This
condition has been given the name La Nifa (the girl
child).

There is a “chicken and egg” dilemma regarding
the ENSO. Does the change in atmospheric pressure
and winds cause the anomalously warm sea surface,

or is it the other way around; the warm sea surface
changes the predominant wind patterns.

One positive result of the ENSO phenomenon is
that marine scientists are now carefully studying
atmosphere-ocean interactions and looking for air-
sea interconnections in all of Earth’s climates. Orga-
nizations such as the NaTioNnaL OCEANIC AND
ATMOSPHERIC ADMINISTRATION (NOAA) study
ENSO events such as occurrences during 1982-83
and 1997-98 in order to understand climate impacts
caused by ENSO. Examples include increases in
storms and droughts in the southern and eastern
United States, and warmer and drier winters in the
northern United States. The ENSO/La Nifa has
challenged climate scientists to ask whether there is
such a thing as a “normal state.”

Further Reading

Philander, S. George. Our Affair with El Nisio: How We
Transformed an Enchanting Peruvian Current into a
Global Climate Hazard. Princeton, N.].: Princeton Uni-
versity Press, 2004.

endangered species Endangered species are at-
tributed to populations that have been reduced to the
point where they are in danger of becoming extinct.
Endangerment can be caused by habitat destruction,
introduction of exotic or invasive species, overex-
ploitation, disease, and pollution. Species are plants
or animals that are more or less alike in appearance,
breed, and produce fertile offspring under natural
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conditions. A species such as the Caribbean monk
seal (Monachus tropicalis) is extinct when living
members no longer exist. The U.S. Fish and Wildlife
Service likens endangered species to fire alarms. Their
identification is the first step in devising plans to pre-
vent extinction. Conservation may have prevented
the extinction of the Carolina parakeet (Conuropsis
carolinensis) that was hunted as an agricultural pest
and disappeared as a result of deforestation during
the early 1900s. The management and protection of
the natural world has led to a scientific discipline con-
cerned with the study and protection of the world’s
biodiversity: conservation biology. Endangered and
threatened wildlife restoration depends on support
from government and citizens, requires education of
the public on environmental stewardship, and in the
United States is a nationally approved legal mandate
that repeatedly scores high in public opinion.

According to Paul A. Opler’s 1976 article, “The
Parade of Passing Species: A Survey of Extinctions in
the United States,” which appeared in The Science
Teacher, more than 500 North American species
had gone extinct since British colonization by the
mid 1970s. Concern for the declining populations
led to the Endangered Species Act (ESA), which is
the federal legislation that mandates the protection
of species and their habitats that are determined to
be in danger of extinction. President Richard M.
Nixon (1913-94) signed the ESA during 1973. The
ESA specifies substantial fines for killing, trapping,
uprooting (plants), or engaging in commerce in the
species or its parts.

The act requires the U.S. Fish and Wildlife Ser-
vice under the Department of the Interior to draft
recovery plans for protected species. An endangered
species list is published by the U.S. Fish & Wildlife
Service to identify species protected under the ESA.
The survival and recovery of a species depends on a
certain minimum population base—this is called the
population’s “critical number.” The recovery plans
describe methods for the protection of a species and
its habitat. Habitats must be mapped out, and pro-
grams for the preservation and management of criti-
cal habitats must be developed in order that the
species can rebuild its populations.

As an example, the West Indian manatee (Tri-
chechus manatus latirostris), which is found in the
southeastern United States, is an example of an
endangered species. Conservation biologists use
photo-identification techniques to study reproduc-
tive traits and population dynamics, measure mana-
tee response to restoration of natural hydrological
cycles, and investigate the ecology of submerged
aquatic vegetation and manatee diets. One of the
accommodations that have been extended to mana-

tees is the establishment of “no wake zones” in cer-
tain areas of the intracoastal waterway, known to be
frequented by these animals. Other accommodations
include the establishment of estuarine sanctuaries to
protect essential manatee habitat. Many scientists
and naturalists report that the number of Florida
manatees has risen in the last 20 years.

An international step to protect endangered spe-
cies was the 1973 Convention on Trade in Endan-
gered Species of Wild Fauna and Flora or CITES.
Signed by 118 nations, the treaty is an international
agreement that deals with trade in wildlife and wild-
life parts. CITES provides a list of species that are in
danger, categorizes them into levels based on their
degree of “endangeredness,” and either regulates or
bans their trade. A well-known act of CITES was the
ban on international trade in ivory in 1990. Today,
there are approximately 5,000 species of animals
and 28,000 species of plants protected by CITES
against overexploitation through international trade.
According to the convention, not one species pro-
tected by CITES has become extinct as a result of
trade since the convention entered into force.

Further Reading
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Press, 2001.
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of Extinctions in the U.S.” Science Teacher 43, no. 9
(1976): 30-34.

endpoint A biological or chemical change used as
a measure of the effect(s) of a chemical or physical
agent on a living organism is called an endpoint. If
the anticipated change occurs, the measured or esti-
mated dose or exposure associated with the change
is recorded. Endpoints range from objective criteria
such as death or deformity of the organism, to sub-
jective criteria such as altered enzyme levels or be-
havior abnormalities. Researchers have distinguished
between assessment endpoints (actual environmental
values to be protected) and measurement endpoints
(responses to a stressor with respect to the assess-
ment endpoints).

Determining endpoints is an important part of
ecological risk assessment. While the risk assessment
evaluates potential adverse effects human activities
have on living organisms, endpoints measure effects
of a substance on an ecosystem, such as the affect of
excess nitrogen from agricultural runoff on the
health of a river, as measured by chlorophyll-a. Dur-
ing the problem formulation phase of an ecological
risk assessment, researchers identify assessment end-



points that support an analysis plan. Measurement
endpoints are determined during the study design
and data quality phase for an ecological risk assess-
ment. Members of the benthic community could be
selected as the assessment endpoints because of their
bioaccumulation capability. Numerical values given
by water quality standards such as pH are good
examples of measurement endpoints. Geographic
information Systems can be used to describe end-
points and to determine their spatial correlation.

Coastal zone managers might use endpoints to
provide an explicit expression of an environmental
value that has to be protected, for example to under-
stand fisheries’ impacts from storm water runoff
near one of Chesapeake Bay’s tributaries. In Chesa-
peake Bay, striped bass (Morone saxatilis) or rock-
fish are a valued ecological entity, where reproduction
and age class structure are important attributes.
Since these fish enter rivers in the spring to spawn,
“rockfish reproduction and age class structure” form
an assessment endpoint. Even though it might be dif-
ficult to prove causation through observations, a
measurement endpoint might be that of no rockfish
in the river during spring freshets. The endpoints are
used to provide characteristics of CHESAPEAKE Bay
rockfish that are believed to be at risk due to storm
water runoff.

environmental engineer A professional who uses
mathematics, basic science, and Earth science to de-
velop solutions to environmental problems is referred
to as an environmental engineer. These engineers
deal with assessing or managing anthropogenic ef-
fects, that is, the consequences of human activities
on the natural and man-made environments. Exam-
ple projects environmental engineers work on include
designing municipal water supply and wastewater
treatment systems, working with health and safety
experts to ensure a hazard-free working environ-
ment, managing natural resources, and mitigating
pollution. Similar to ENVIRONMENTAL SCIENTISTS,
environmental engineers conduct basic and applied
research, analyze scientific data, and write technical
reports. Efforts by environmental engineers help or-
ganizations stay in compliance with governance such
as the U.S. ENVIRONMENTAL PROTECTION AGENCY,
which was established in 1970 by executive order.
Environmental engineers concerned with local
and worldwide environmental issues collaborate
with other scientists and engineers. Multidisciplinary
and integrated teams can pool skills to study and
devise strategies to cope with the effects of acid rain,
GLOBAL WARMING, and air pollution. They also are
involved in implementing good environmental stew-
ardship in order to protect wildlife. Experienced
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environmental engineers may work as consultants to
help clients clean up existing hazards and follow reg-
ulations such as the U.S. National Environmental
Policy Act or NEPA. Requirements and procedures
for environmental assessments and environmental
impact statements are described by NEPA, which is
one way that federal agencies incorporate environ-
mental considerations into planning and action.
Environmental impact statements are technical
reports establishing the potential impact of a con-
struction project on the environment.

Environmental engineers often specialize in par-
ticular industry sectors such as water resources, haz-
ardous waste, and construction where efforts focus
on preventing mishaps such as oil spills rather than
having to react and execute expensive clean-up plans.
They apply their basic science and engineering fun-
damentals to evaluate complex processes that change
over time and space in their business sector. Envi-
ronmental engineers determine locations using the
GLOBAL PoOSITIONING SYsTEM (GPS) and use other
sophisticated sensors to measure parameters such as
air and water quality. Geographic information sys-
tems, satellite imaging, and other geospatial technol-
ogies are especially useful for land reclamation,
wetland mitigation, designing water distribution sys-
tems, and installing waste repositories. It is espe-
cially important for environmental engineers to stay
abreast of advances in environmental science, tech-
nological innovations, and the full range of environ-
mental issues from hazardous waste cleanup to the
prevention of water pollution.

Environmental Protection Agency (EPA) A fed-
eral agency of the United States responsible for the
formulation and enforcement of regulations govern-
ing the release of pollutants and other substances
that may be harmful to public health and the envi-
ronment, EPA is responsible for establishing national
standards for environmental programs. The agency
delegates to the states and Native American tribes
the responsibility to issue permits and to monitor
and enforce compliance. When EPA standards are
not met, the agency can impose sanctions as well as
provide assistance in meeting the standards. The
agency funds research and monitoring programs for
assuring that the nation has clean air, water, and
land free of toxic chemicals, radiation, and patho-
genic hazards. EPA issues research grants and gradu-
ate assistantships for developing new research and
monitoring technologies. The agency performs envi-
ronmental assessments, leads and coordinates part-
nerships with agencies of other nations, academic
institutions, private sector organizations, and other
U.S. federal agencies. In fact, EPA partners with
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more than 10,000 federal agencies, state and local
governments, industries, academic institutions, and
nonprofit organizations in programs to conserve wa-
ter and energy, reduce greenhouse gases, and reduce
toxic emissions into the air and water.

The EPA approves and monitors programs estab-
lished by state and local governments. Many states
have used the U.S. EPA as a template for the estab-
lishment of state EPAs, such as the California Envi-
ronmental Protection Agency. The EPA performs its
comprehensive and varied missions from 10 regional
offices and 12 laboratories nationwide.

Further Reading

Environmental Protection Agency. “About EPA.” Avail-
able online. URL: http://www.epa.gov. Accessed July
22,2008.

environmental scientist Scientists who apply the
laws, theories, concepts, and methodologies of sci-
ence to issues related to the degradation of the natu-
ral environment and to the human condition are
called environmental scientists. Environmental sci-
entists are interested in all aspects of Earth and its
living creatures, that is, the area often referred to as
the ecosphere. Data of interest to environmental sci-
entists includes moisture, TEMPERATURE, PRESSURE,
winds, and CURRENTS as well as the locations where
organisms are found. Researchers in environmental
science study problems ranging from the hole in the
ozone layer to the environmental problems that
would be caused by burying nuclear waste products
under the floor of the deep ocean basins. Investiga-
tions cover a wide range of geographies, ranging
from the increase in carbon dioxide due to the clear-
ing of tropical rainforests to the spilling of oil from
pipelines laid across the Arctic tundra. Strategies are
developed in order to sustain natural resources so
that they will be available for future generations.

Environmental scientists work with other pro-
fessionals to study and attempt to predict the envi-
ronmental consequences of large-scale projects such
as building military bases and airfields, marine min-
eral extraction, coastal recreational development,
and so forth. They prepare environmental impact
statements for resource managers, municipal, county,
and state managers, stakeholders, and the public.
Environmental scientists provide conscience in a
busy and complex world by refining understanding
of nature and asking questions such as, should peo-
ple be allowed to hunt whales.

Environmental science really began in earnest in
the mid-20th century; the consequences of industri-
alization were becoming painfully evident when
strip-mined lands leached toxic chemicals. Polluted

air and water despoiled forests. The consequences of
industrialization became clear through overpopula-
tion and the widespread occurrence of human dis-
eases caused by inhalation, or ingestion of industrial
products such as asbestos, lead paint, PCBs (poly-
chlorinated biphenyls), and all forms of industrial
waste products. The books of Rachel L. Carson
(1907-64), including Silent Spring in 1962, along
with works of other Earth science authors helped to
initiate major environmental movements, subsequent
legislation, and the establishment of the ENVIRON-
MENTAL PROTECTION AGENCY in 1970.

Perhaps the newest area of concern to environ-
mental scientists is that of environmental terrorism:
the intentional destruction of the environment for
sinister purposes, such as the oil fires in the Persian
Gulf set by Saddam Hussein (1937-2006) during the
1991 Gulf War, which is also known as Operation
Desert Storm. This environmental sabotage was
intended to despoil the atmosphere and ocean and to
create environmental hazards to military forces and
civilian workers.

Environmental scientists come from all fields of
science; biology, chemistry, physics and the physical
sciences, such as geology, meteorology, oceanogra-
phy, and space science. Environmental scientists have
to work as multidisciplinary and integrated teams
since natural processes are linked and natural
resources can be destroyed. The importance of this
is seen by the extinction of species such as the pas-
senger pigeon (Ectopistes migratorius) and growing
lists of endangered species such as the hawksbill tur-
tle (Eretmochelys imbricata). Environmental solu-
tions to one problem will have effects on other
problems. The art of environmental science might
involve avoiding making some conditions worse
while trying to improve others.

The training of environmental scientists usually
includes a B.S. degree in a basic science and graduate
study to at least the master’s degree level in their
chosen field of specialization, such as marine biol-
ogy. Those desiring to do research should obtain the
Ph.D. Some environmental scientists go on to take
advanced degrees in environmental planning, policy,
management, as well as environmental law.

Environmental scientists are employed by govern-
ment agencies, such as the Environmental Protection
Agency, the Geological Survey, and the NATIONAL
OCEANIC AND ATMOSPHERIC ADMINISTRATION.
State government and private sector employment
opportunities may be found in academic institutions,
business and industry, nonprofit organizations, stake-
holder groups, and congressional lobbying groups.

To keep abreast of recent developments in their
fields, environmental scientists spend considerable



time reading scientific journals, attending scientific,
planning, and policy meetings, and organizing pub-
lic hearings and workshops. They take courses in
new technologies that offer to advance the state of
the art of their science. Scientists using the Internet
exchange much data and information worldwide.

Further Reading
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http://www.epa.gov. Accessed September 18, 2007.

epipelagic zone The top layer of the ocean, ex-
tending from about 300 to 700 feet (91-213 m) in
depth is classified as the epipelagic zone. Waters in
the NERITIC ZONE, near the CONTINENTAL SHELF,
are usually less clear than the open ocean waters be-
cause of higher biological productivity from land
runoff and because of higher sediment content. The
epipelagic zone approximately coincides with the
PHOTIC ZONE; the region of significant light penetra-
tion. This is the ocean zone of primary (plant) pro-
ductivity: PHYTOPLANKTON, and SEA GRASSES such
as Sargassum weed. This is the home of herbivorous
ZOOPLANKTON and other herbivorous marine ani-
mals. This is the region of the most familiar ocean
creatures, such as sharks, tuna, mackerel, and dol-
phins. Since there is no production below the photic
zone, except for small areas of the ocean floor where
HYDROTHERMAL VENTS occur, the rain of dead or-
ganisms (detritus) forms the base of the food chain
for the creatures in the deeper zones.

Because of their proximity to the surface, the
plants and animals of this zone are the most vulnera-
ble to the effects of pollution from oil spills and from
overfishing by such means as long lines, which may
stretch for 40 miles (67 km) in the open sea. These
and many types of moored nets can become zones of
death, not only for target species such as swordfish,
but for all kinds of animals such as porpoises and
turtles. There is scarcely any part of the world ocean
that is not soiled by tar balls, plastics, torn nets, beer
and soda cans, and other trash tossed overboard by
people on the many commercial and recreational
vessels transiting the sea. It was once believed that
the oceans had a limitless capacity to absorb the
waste products of human civilization. Now it is
known that many ocean ecosystems are threatened
with long-lasting damage, and even extinction.

Equatorial Countercurrent The Equatorial Coun-
tercurrent is a warm CURRENT setting eastward be-
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tween the North and South Equatorial Currents of
the ATLANTIC, PACIFIC, and INDIAN (in the Northern
Hemisphere winter) OCEANS, and is located in the re-
gion of the INTERTROPICAL CONVERGENCE ZONE
(ITCZ), traditionally known by mariners as the dol-
drums because of the usual absence of steady winds.
It is primarily a zonal current, meaning that its aver-
age direction of flow is roughly parallel to the lines of
latitude. In the Atlantic and Pacific Oceans, its main
axis of flow is about 7°N (where it is often known as
the North Equatorial Countercurrent) and in the In-
dian Ocean, about 7°S. The equatorial current sys-
tem is not symmetrical about the equator because the
trade winds are not: the southeast trade winds reach
across the equator into the Northern Hemisphere.
The Atlantic Equatorial Countercurrent is the best
known of all the equatorial countercurrents.

The Atlantic Equatorial Countercurrent (AECC)
is located approximately between 3°N and 10°N,
which forms the northern boundary of the South
Equatorial Current and the southern boundary of
the NorTH EQUATORIAL CURRENT. It spans nearly
the distance from South America to Africa in the
Northern Hemisphere summer, but is found primar-
ily in the eastern Atlantic during the Northern Hemi-
sphere winter. The major source water for the ECC
is the retroflection (looping back on itself) of the
GUYANA (north of Brazil) CURRENT, which occurs at
about 5-8°N, 40°W, where part of the current turns
sharply from its northwest course along the coast of
Brazil to flow eastward into the countercurrent.
Additional inflow comes from the North Equatorial
Current.

The Atlantic Equatorial Countercurrent is on the
order of 1,000 feet (300 m) deep and 250 miles (400
km) wide. The mean speed of the current is around a
few tenths of a knot, increasing in speed where it
flows into the GUINEA CURRENT at its eastern termi-
nus. Volume transport in the western part of the cur-
rent is on the order of 20 Sverdrups (20 x 10% m3/s),
but varies greatly depending on location and season.
The strength of the current is greatest in the North-
ern Hemisphere summer, accompanying the north-
ward migration of the ITCZ, and least in the
Northern Hemisphere winter, when the ITCZ is at its
southernmost extent.

The AECC is most prominent in August and
September, when it extends across the Atlantic from
about 52°W to 10°W, longitude where it flows into
and reinforces the Guinea Current. In October, the
AECC narrows and begins to separate into a west-
ern part and an eastern part at around latitude 7°N,
longitude 35°W. The separate parts contract as the
Northern Hemisphere winter progresses and as the
ITCZ moves southward. The greatest separation



162 Equatorial Undercurrent

occurs during March and April, when the western
branch may even disappear. It reappears in the late
Northern Hemisphere spring near the equator at
longitude 40°W, where the two segments begin to
strengthen and merge again in August. During the
time of disappearance at the surface, the current
may be flowing eastward below the North and South
Equatorial Currents.

The Pacific Equatorial Countercurrent flows
between the westward flowing North and South
Equatorial Currents, usually between latitudes 3°N
and 10°N similar to its Atlantic counterpart. It spans
nearly the entire Pacific, from the Philippines to the
Galapagos Islands and at times (especially during El
Nifio years), Ecuador and Peru, where it floods the
region with warm waters.

This current is more cleanly delineated and
strongly developed than the Atlantic Equatorial
Countercurrent. East of the Philippines, it is jointed
by the Pacific North Equatorial Current. The ECC
reaches its maximum speeds between 5°N and 10°N,
usually below the surface.

In the Indian Ocean, the ECC is strongly influ-
enced by the MONsSOONSs and by the currents in the
Arabian Sea and the BAy oF BENGAL. The strength
and location of the ECC varies greatly with location
and season. The ECC is found mainly south of the
equator in contrast to the Atlantic and Pacific Oceans,
where it is north of the equator. In the Indian Ocean,
during the northeast monsoon that usually occurs
November through March, the ECC flows eastward
from the equator to 8°S latitude. The flow north of
the equator is mainly westward. During May through
September, after the onset of the southwest monsoon,
the flow north of the equator reverses, that is, toward
the east. This flow combines with the Equatorial
Countercurrent and the whole eastward flow is called
the Southwest Monsoon Current.

Analysis of TEMPERATURE and SALINITY data in
the tropical oceans has shown that the ECC is gener-
ally in geostrophic balance to within half a degree of
the equator. The forces involved in driving the Atlan-
tic ECC include the horizontal pressure gradient due
to the pileup of water against the South American
continent by the westward-flowing trade winds, a
north-south pressure gradient resulting from the
density distribution, and the Corioris EFFECT. The
current in the Pacific Ocean is similarly forced by
the accumulation of water in the western Pacific due
to the trade winds, the density distribution, and the
Coriolis effect. In the Indian Ocean, the monsoons
replace the trade winds as the major forcing function
at the sea surface, and consequently, the Equatorial
Countercurrent there is seasonally dependent accord-
ing to the monsoon regime.
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Equatorial Undercurrent A high-speed jet of wa-
ter flowing eastward at the equator at about 330 feet
(100 m) depth in the ATLANTIC, INDIAN, and Pa-
c1ric OCEANS is known as the Equatorial Undercur-
rent. The Equatorial Undercurrent (EUC) generally
has a thickness on the order of 1,000 feet (300 m)
and a width of about 180 to 300 miles (300 to 500
km). It spans almost the entire ocean basins in the
Atlantic and Pacific Oceans. In the Indian Ocean, its
behavior is somewhat influenced by the monsoons.
The EUC has a high-velocity core, which may be as
great as three knots (1.5 m/s). It is embedded in the
westward-flowing South Equatorial Current. The
EUC, along with the EQuaToriAL COUNTERCUR-
RENT, are the primary routes for the water blown
westward by the trade winds to return to the eastern
ocean basins, in keeping with the principle of conser-
vation of mass.

The EUC is characterized by a vertical spread-
ing of isopleths—of TEMPERATURE, SALINITY, dis-
solved oxygen, nitrate, phosphate, silicate, and so
forth. In the Atlantic, however, the EUC is delin-
eated by a high-salinity core, which is fed by the
high-salinity pool of water off the northeast coast
of Brazil. The enhanced vertical mixing of the
EUC adds to the already present equatorial
UPWELLING to create “cold islands” of water along
the equator, higher in nutrients than the surround-
ing waters. This feature is especially pronounced
in the Pacific Ocean.

The Equatorial Undercurrent in the Pacific is
often called the Cromwell Current after its discoverer,
Townsend Cromwell, who observed the eastward set
of long lines deployed in the tuna fishery during the
early 1950s. Scientists from the former Soviet Union
wanted to name the Equatorial Undercurrent in the
Atlantic the Lomonosov Current, but this name never
caught on in the international community.

The Atlantic Equatorial Undercurrent was actu-
ally discovered by John Y. Buchanan (1844-1925), a
British chemist on the Challenger Expedition, and
reported in 1886, but this discovery was forgotten
until the EUC was rediscovered by oceanographers
in the 1950s. The existence of an Equatorial Under-
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The Equatorial Undercurrent is a subsurface current jet that flows at the equator from west to east in the Atlantic, Pacific, and

Indian Oceans.

current in the Indian Ocean was confirmed by
oceanographers in the International Indian Ocean
Expedition (1962).

The Equatorial Undercurrent is most probably a
consequence of the pressure head due to the pileup of
water in the western equatorial oceans caused by the
stress of the westward-blowing trade winds. There is
a warm, thick layer of water above the thermocline in
the western ocean basins and only a thin layer of
warm water above the THERMOCLINE in the eastern
equatorial ocean basins. The sea surface slopes down-
ward from west to east, while the thermocline slopes
upward. This situation creates an eastward pressure
gradient force along the equator. Since the CORIOLIS
FORCE is zero right at the equator, the flow initiated
by the pressure gradient is in a straight line. Since the
effect of the Coriolis force is to cause water parcels to
turn to the right in the Northern Hemisphere and to
the left in the Southern Hemisphere, it acts to stabi-
lize the flow of the undercurrent and keep it right on
or very close to the equator.

KELVIN WAVES appear to be an important dynam-
ical feature of the Equatorial Undercurrent. These are
long period waves that travel along fixed boundaries.
Because of the reversal of Coriolis deflection across
the equator there is a fixed boundary for Kelvin waves.
These waves have been observed to travel from west to
east along the equator, with maximum amplitude at
0° latitude. Amplitudes decrease exponentially with
distance away from the equator. Kelvin waves have
also been observed to split into two waves in the east-
ern terminus of the EUC. One runs north while the
other trends south along the western equatorial coast
of Africa. Kelvin waves in the Equatorial Pacific Ocean
may be an important factor in the dynamics of the EL
NiNo. These large-scale wave motions or gravity
waves were discovered by Sir William Thompson
(1824-1907), who later became Lord Kelvin in 1879.

Further Reading
Knauss, John A. Introduction to Physical Oceanography,
2nd ed. Upper Saddle River, N.].: Prentice Hall, 1996.
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A partially enclosed body of water where freshwater from land
drainage is mixed with salt water from the ocean. The four
types of estuaries categorized by physical oceanographers
according to salinity structure are shown in the four figures
above by the isohalines (lines of equal salinity): A) the first is
the vertically mixed estuary: B) the partially stratified estuary;
C) the highly stratified estuary; D) the salt wedge estuary.

estuary An estuary is classified as a partially en-
closed body of water, such as a bay or sound, front-
ing on the open sea, with a free exchange of water, so
that the salt water of the ocean mixes with the fresh-
water of the embayment. Examples include coastal
LAGOONS such as Albemarle Sound in North Caro-
lina or Laguna Madre located in Texas and Mexico,
drowned river valleys such as CHESAPEAKE Bay and
Delaware Bay located along the mid-Atlantic bight,
and fiords or fjords such as Grise Fiord in Canada
and Lysefjorden in Norway. A bight is a slight inden-
tation in a coast where there is not a free exchange of
water. In estuaries, brackish water, which is favor-
able to many forms of life, is derived from the mixing
of freshwater and salt water. Estuaries are generally
high in nutrients (from land runoff into the rivers
feeding the estuary). They serve as nurseries for many
species of fish, such as mullet and striped bass (also
known as rockfish). They have abundant populations
of shellfish, for example, crabs, clams, and oysters,
and seabirds, such as gulls and terns. The most well
known estuaries are Chesapeake Bay, Galveston Bay,
Puget Sound, the Thames, and the Norwegian fiords.

Estuaries are classified by their physical proper-
ties as “salt wedge,” “partially mixed,” and “well-
mixed.” Salt wedge estuaries generally occur on
coastal plains where the tidal range is small, on the
order of three feet (1 m) or less, leading to low TIDAL
CURRENTS and little vertical mixing. Salt water flows
in along the bottom while freshwater flows out to
the sea on the top: a two-layer stratification. The
position of the salt wedge moves inland with the
incoming (flood) tide, and seaward with the outgo-
ing (ebb) tide. The distance moved by the salt wedge
is strongly affected by the weather. In the Missis-
sippi River, for example, the mean position of the
salt wedge may move dozens of miles (km) upriver
during dry periods and many miles (km) seaward
during periods of abundant rainfall, causing a high
volume of freshwater discharge. Much of the mixing
that occurs in large, shallow estuaries, such as Pam-
lico Sound, is due to wind and wave action rather
than the tides, especially during the onset of winter
storms and tropical HURRICANES.

Partially mixed estuaries occur when consider-
able vertical mixing takes place between the salt
wedge and the freshwater above. Salt water is
encountered at the surface of the estuary and
increases steadily going seaward. The James River is
an example of a partially mixed estuary. Partially
mixed estuaries are found where the tide range is
moderate (6-12 feet [2—4 m]).

Well-mixed estuaries are found in regions of
large tidal excursion (greater than 12 feet [4 m]) and



strong tidal currents. The lines of equal salinity (iso-
halines) are nearly vertical, meaning that the water is
relatively homogeneous from surface to bottom, and
increases in the seaward direction. The Bay of Fundy
is an example of a well-mixed estuary. The vertical
stratification of properties such as TEMPERATURE,
SALINITY, dissolved oxygen, nitrate, phosphate and
the like, is strong for a salt wedge estuary, and weak
for a well-mixed estuary.

Large estuaries such as Delaware Bay have sig-
nificant horizontal circulations, with freshwater
flowing seaward more strongly on the right side of
the estuary, and salt water flowing more strongly
landward on the left side of the estuary (in the
Northern Hemisphere; the reverse is found in the
Southern Hemisphere). This flow pattern leads to a
counterclockwise circulation that results in horizon-
tal gradients of salinity and other properties. At the
center of the circulation is a “null point,” somewhat
like an AMPHIDROMIC POINT in the ocean, a point of
very little motion around which the circulation
occurs. This flow pattern is a result of the CORIOLIS
EFFECT.

The current at any particular location in an
estuary results from the thermohaline (temperature-
salinity) density-driven flow, known as the “residual
flow,” tidal flow, and the flow due to changing
atmospheric and oceanic weather conditions. River
discharge is high during conditions of heavy rainfall
and low during drought conditions. Tides go through
cycles of spring tides (large tides) and neap tides
(smaller tides). The component of flow due to the
weather is highly variable.

The residual flow of an estuary (the net flow
after tidal and weather-induced transient flows have
been averaged out over a long time period) can be
measured if a large number of instruments recording
temperature, salinity, current velocity, and so forth
are deployed for time periods of many months. Tidal
currents can be accurately predicted if the BATHYM-
ETRY of the estuary is well known and current meter
records are available from a few well-chosen loca-
tions. The flow due to weather-induced currents is
difficult to predict, and requires large, complex
numerical circulation models that require supercom-
puters to implement, and a large number of environ-
mental sensors to provide the input data. Because of
this difficulty in accurately predicting currents,
many coastal harbors have installed real-time cur-
rent measurement systems, such as NOAA’s PORTS®
(Physical Oceanographic Real-Time System) to pro-
vide essential current information to commercial
users such as the shipping industry, as well as recre-
ational boaters.
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Shallow salt wedge estuaries are subject to high
inputs of nutrients such as fertilizers from land run-
off, which leads to excessive amounts of nutrients in
the water column, resulting in blooms (prolific
growths) of ALGAE and other aquatic plants, espe-
cially during warm summers. This condition is
known as “eutrophication.” When the algae die (the
bloom “crashes”), they sink, and consume much of
the dissolved oxygen in the water column, robbing
the resident fish and benthic creatures of this life-
sustaining gas. The absence of dissolved oxygen in
the water column is a condition known as “anoxia.”
When anoxia occurs, many of the animals die; fish
can be found floating in large numbers dead in the
water. Sometimes, there is a bloom of poisonous
PHYTOPLANKTON, especially dinoflagellates, which
cause fish disease that results in massive fish kills.
These and other planktonic-like organisms, such as
Pfiesteria piscicida can attack the fish, leaving sores,
bleeding ulcers, and fin rot, which results in their
deaths. Polluted estuaries seem to be especially vul-
nerable to such attacks.

Estuaries are especially vulnerable to the effects
of pollutant spills from agriculture, industrial plants,
high-density population centers, and suburban devel-
opments. The massive spill of 11,000,000 gallons of
crude oil by the tanker Exxon Valdez into Prince
William Sound, in April 1989, is a chilling reminder
of how devastating the accidental discharge of petro-
chemicals can be and the urgent need for environ-
mental protection.

Estuaries are enormously high in productivity
and are essential for the maintenance of coastal fish-
eries. They provide food, employment, and recre-
ation to millions of people worldwide. Human
activities, such as overfishing, overdeveloping, and
inadequate municipal sewage treatment can destroy

Estuarine wetlands are critical to protecting the coast and its

ecosystems. (NOAA)
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these resources of incalculable value. Their produc-
tivity is also at risk because of invasive “exotic” spe-
cies, such as zebra mussels (Dreissena polymorpha)
and snakehead fishes (Channidae), which are often
introduced into an estuary by discharge of ship’s
ballast water, or from private aquaria. When they
have few natural enemies, they may outcompete the
native species. A well-known historical example is
the devastation of the lake trout (Salvelinus
namaycush) fishery in the Great Lakes caused by
lamprey eels (see AGNATHANS).

Further Reading

Australian Institute of Marine Science. Available online.
URL: http://www.aims.gov.au/. Accessed June 18,
2007.

National Estuary Program, U.S. Environmental Protection
Agency. Available online. URL: http://www.epa.gov/
owow/estuaries/about1.htm. Accessed June 18, 2007.

Eulerian current meters See CURRENT METER.

euphotic zone The surface layer of the EPIPELAGIC

(PHOTIC) ZONE, where sunlight is sufficiently strong

to support photosynthesis, is known as the euphotic

zone. This is the zone where marine organisms rang-
ing in size from bacteria to kelp convert light energy
into organic compounds in a rather complex set of
reactions. Thus, it is in this, the very surface layer,
less than 330 feet (100 m) deep, that all plants are
produced. In fact, in most locations, the euphotic
zone occurs within the top 100 feet (30 m) of the wa-
ter column. This is the zone of primary production,
which is the basis for all the food chains in the ocean,
except the hydrothermal vent communities (see HY-

DROTHERMAL VENTS). The epipelagic zone is illumi-

nated by sunlight below the euphotic zone to about

660 feet (200 m), but the light intensity is insufficient

to sustain photosynthesis. Thus, creatures below the

euphotic zone feed primarily on the dead material

(detritus) that falls from the ocean’s surface layer.

Below the euphotic zone is the disphotic zone,

660-3,280 feet (200-1,000 m) in depth, often called

the “twilight zone,” where a dim illumination is

present, but is insufficient to support plant growth.

Because of absorption of light through the water col-

umn, the only light in this zone is blue-green and

violet. There is no light for photosynthesis. In order
to find food in this dim region, animals tend to have
big eyes, jaws, and teeth. The aphotic zone is the
deepest zone, referred to as the “midnight zone,”
below 3,280 feet (1,000 m). There is never any light
here, except for the flashes of bioluminescent preda-
tors (see BIOLUMINESCENCE) seeking prey, prey seek-
ing to confuse the predators with their own

bioluminescence (like countermeasures in warfare),
or denizens of the deep seeking mates. In the region
of hydrothermal vents, there is sometimes a glow
from hot magma discharging hot gases, such as sul-
fur and methane into the cold ocean through cracks
in the seafloor. Thus, the greatest volume of the sea
is in almost complete darkness.

In the first descent of humans below 525 feet
(160 m), during June 1930, William Beebe and Otis
Barton reported that below 600 feet (183 m) there
was a shade of blue to the ocean that no human had
ever seen. Below 1,000 feet (305 m), there was
darkness.

Further Reading

Ballard, Robert D. The Eternal Darkness: A Personal His-
tory of Deep-Sea Exploration. Princeton, N.]J.: Prince-
ton University Press, 2000.

Europa Europa is one of the four Galilean moons
of Jupiter named after Galileo Galilei (1564-1642),
who discovered it in 1610. It is the second-nearest of
these moons to the planet after Io. Europa is remark-
able in that it may have a salt-water ocean beneath
an outer crust of ice. The ocean may be as deep as 60
miles (96.6 km) and may support some form of life.

Europa is about 402,600 miles (671,000 km)
from Jupiter; its orbital period is a little over nine
Earth days; its radius is about 940 miles (1,570 km),
which makes it a little smaller than Earth’s Moon.
Europa’s core is believed to consist of significant
amounts of iron compounds. It has a rocky mantle
between the core and its hypothesized ocean, and a
crust of ice above the ocean.

Europa’s surface temperature is about -240°F
(151°C). It is bombarded by intense radiation from
Jupiter. Tidal excursions of the icy surface are on the
order of 100 feet (30 m). This magnitude of excur-
sion strongly suggests the presence of liquid water
underneath the ice. Astronomers have deduced that
meteoric impacts on the surface are quickly erased,
implying active processes on the planet below. Fea-
tures seen on the surface of Europa are similar to
those seen in Earth’s Arctic. The disruptions seen in
the ice on the surface of Europa are also indicative of
liquid water below. Thus, there is considerable evi-
dence for an ice-covered ocean on Europa. One
might wonder how liquid water could exist on the
moon of a planet whose distance from the Sun is
about five times that of Earth, and whose surface
temperature is so low. The answer is in Jupiter’s
enormous gravitation, which causes tremendous
tidal forces on Europa that flex the moon’s surface
and interior, producing characteristic patterns of
cracks and ridges on the ice that would be expected
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The enlarged image on the left shows a region of Europa’s crust made up of blocks that planetary scientists think have broken
apart and “rafted” into new positions. These features are the best geologic evidence to date that Europa (seen in a global per-
spective on right) may have had a subsurface ocean at some time in its past. Combined with the geologic data, the presence of a
magnetic field leads scientists to believe an ocean is most likely present on Europa today (below its icy surface). Long, dark lines
are ridges and fractures in the crust, some of which are more than 3,000 kilometers long. These images were obtained by NASA's

Galileo spacecraft during September 7, 1996, December 1996, and February 1997 at a distance of 677,000 kilometers.

for an ice-covered ocean. The ice is estimated to be
roughly 15 miles (25 km) thick.

This knowledge of Jupiter’s remarkable moon
was obtained by means of NASA’s Voyager 1 and 2
space probe flybys in the late 1970s. More recent
information was obtained by NASA’s Galileo space-
craft, which went into orbit around Jupiter in 1997
and remained in operation for four years, until it
was deliberately plunged into Jupiter’s thick atmo-
sphere, where it telemetered data until friction caused
it to burn up.

NASA is planning to send a spacecraft to Europa
in the years ahead that will have instruments to con-
firm the existence of the ocean. A study is planned to
launch a probe from the spacecraft to land on Europa
and bore a hole through the ice and explore the

(NASA/JPL)

ocean below. It is possible that some form of primi-
tive life exists similar to the chemosynthetic life
forms found in the HYDROTHERMAL VENT commu-
nities on Earth. The probe would be a more advanced
version of probes presently used to bore through the
Antarctic ice and explore lakes covered by the ice
and snow that grips the continent.

Further Reading

Chaisson, Eric, and Steve McMillan. Astronomy: A Begin-
ner’s Guide to the Universe, 4th ed. Upper Saddle River,
N.J.: Pearson/Prentice Hall, 2004.

Mackenzie, Dana. “Is There Life Under the Ice?” Astron-
omy 29, no. 8 (August 2001): 33-37.

Pappalardo, Robert. “Jupiter’s Water Worlds.” Astronomy
32, no. 7 (July 2004): 34—41.
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Exclusive Economic Zone (EEZ) The Exclusive
Economic Zone or EEZ is a region of the coastal
ocean adjacent to the territorial sea of the United
States seaward 200 nautical miles (230 statute miles
[370 km]) measured from the baseline from which
the territorial sea is measured. It includes islands in
the ATLANTIC and PaciFic OCEANS claimed by the
United States. These regions were formerly known as
the Fishery Conservation Zone. The EEZ was estab-
lished as part of the Magnuson FISHERY CONSERVA-
TION AND MANAGEMENT AcCT of 1976, whose spon-
sor was Senator Warren Magnuson of Washington.
It states that within the EEZ, the United States has
sole management authority over finfish, mollusks,
crustaceans, and all animal and plant life exclusive
of MARINE MAMMALS and birds. The Magnuson Act
also provides for United States management author-
ity over continental shelf fisheries resources through-
out the entire migratory range of each species, unless
they are within another nation’s territorial waters.
The EEZ is part of a worldwide policy of the
United Nation’s Convention on the LAW OF THE SEA,
held in 1982. This convention recognized the nations
bordering on the ocean have jurisdiction over the
seas within 200 nautical miles (230 statute miles
[370 km)]), their Exclusive Economic Zones. This
convention also recognized the free access and use of
the “high seas.” For example, Article 56 states, “In
the exclusive economic zone, the coastal State has: (a)
sovereign rights for the purpose of exploring and
exploiting, conserving and managing the natural
resources, whether living or non-living, of the waters
superjacent to the seabed and of the seabed and its
subsoil, and with regard to other activities for the
economic exploitation and exploration of the zone,
such as the production of energy from the water, cur-
rents and winds; (b) jurisdiction as provided for in
the relevant provisions of this Convention with regard
to: (1) the establishment and use of artificial islands,
installations and structures; (ii) marine scientific
research; (iii) the protection and preservation of the
marine environment; (c) other rights and duties pro-
vided for in this Convention.” Much of the motiva-

tion for the EEZs came from the United States and
Canada in reaction to the large numbers of fishing
vessels, factory ships, deployed and drifting nets in
the regions of the Grand Banks and Georges Bank.
An especially large number of vessels came from such
nations as the former Soviet Union and the German
Democratic Republic (East Germany). This vast array
of foreign fishing vessels devastated the cod and had-
dock fisheries, multibillion-dollar resources. United
States and Canadian FISHERMEN lobbied extensively
to get their governments to pass legislation limiting
the entry of the foreign vessels to those with special
permits. Unfortunately, this action came too late to
save these fisheries from “crashing.” Subsequent poli-
cies of the United States and Canada allowed over-
fishing by fishermen of their own nations until the
Atlantic cod and haddock had almost disappeared.

In order to promote resource development in the
EEZ, the NATIONAL OCEANIC AND ATMOSPHERIC
ADMINISTRATION and the U.S. Geological Survey
are mapping the zone floor with sophisticated sONAR
equipment, including side scan and Sea Beam (multi-
beam at various frequencies) systems. Much of the
topography of many of these regions is largely
unknown in sufficient detail to perform such tasks as
undersea mining, oil and gas extraction, and siting
coastal ocean wastewater diffusion systems. Marine
fisheries scientists are also studying overfished spe-
cies and developing rebuilding plans that evaluate
management benchmarks such as fishing mortality,
optimal yield, and probability of recovery. Besides
using the EEZ to control foreign fishing ship opera-
tions within the EEZ, efforts are under way to restore
and guarantee the future of depleted fish stocks
through management activities by the National
Marine Fisheries Service.

Further Reading

Kunzig, Robert. Mapping the Deep: The Extraordinary
Story of Ocean Science. New York: W. W. Norton,
2000.

extratropical cyclone See cYCLONE.



fathometer A fathometer is a device used to mea-
sure water depth by measuring the travel time of re-
peated acoustic pulses from a vessel to the ocean
floor and return (echoes) and then applying the fol-
lowing formula: distance = velocity (of sound) x time
x (1/2). The factor of 1/2 occurs because the travel

Installation of an early fathometer on a survey

vessel (NOAA/NOS)

time is the time of the pulse from the fathometer to
the ocean floor and return; the depth is 1/2 of the to-
tal travel time.

This instrument, which can be used to find
underwater relief such as guyots, is also referred to as
a depthsounder, depth finder, depth gauge, or echo
sounder. The act of measuring depth of water by
using a lead line or a fathometer is called souUNDING.
Lead lines, which are still used today, are marked at
intervals of fathoms and weighted at one end to man-
ually determine the depth of water. Charting depths
is an important component of marine science; basic
researchers are continually improving the accuracy
and precision of these measurements.

See also BATHYMETRY; DEPTH FINDER; GUYOT.

Further Reading

Bowditch, Nathaniel. The American Practical Navigator:
An Epitome of Navigation, pub. no. 9. Bethesda, Md.:
Defense Mapping Agency Hydrographic/Topographic
Center, 1995.

feedwater Wiater fed to equipment with or without
pretreatment for industrial applications such as power
generation or desalinization is called feedwater. Pure
feedwater for use in boilers is made in evaporators.
Boilers are closed vessels in which water is heated and
steam is generated under pressure or vacuum by the
application of heat from combustible fuels, electric-
ity, or nuclear energy. Feedwater is used to remove
heat from nuclear reactor fuel rods by boiling and
then generating steam. The steam becomes the driv-
ing force for the plant turbine generators, which make
electricity. Feedwater is either supplied to a nuclear
reactor pressure vessel in a boiling water reactor or
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to the steam generator in a pressurized water reactor.
Feedwater in a boiling water reactor is allowed to
boil in the core, while in the pressurized water reac-
tor high-temperature water is kept under high pres-
sure in a primary system. Most nuclear reactors pro-
ducing electric power use pressurized water reactors.
A nuclear reactor sustains and controls a self-sup-
porting nuclear reaction and is the main component
of a nuclear power plant. Reverse osmosis water pu-
rification involves forcing feedwater through a semi-
permeable membrane, where the dissolved impurities
remain behind and are discharged into a waste sys-
tem. Reverse osmosis equipment is used to desalinate
seawater. Such desalination processes involve saline
feedwater from ESTUARIES or the ocean, low-salinity
product water, and by-products such as brine or very
saline reject water. Wastewater (nonradioactive) dis-
charged from nuclear power plants into lakes, rivers,
bays, and the coastal ocean tends to warm the envi-
ronment; it has been of some concern to environmen-
tal managers, since the resident biota may not be able
to withstand the higher temperatures.

Further Reading

Department of Energy. Available online. URL: http://www.
energy.gov. Accessed June 19, 2007.

Nuclear Regulatory Commission. Available online. URL:
http://www.nrc.gov. Accessed June 19, 2007.

Viessman, Warren, Jr., and Mark J. Hammer. Water Supply
and Pollution Control. New York: Harper and Row,
1985.

fetch The distance the wind has acted over the wa-
ter to generate waves is called fetch. For instance, if
the wind is blowing from the land out over the water,
then the fetch six miles (10 km) seaward from the
land. In the open ocean, where the fetch is essentially
unlimited, if the wind has blown for a long time such
that the energy that the wind is putting into the sea
equals the energy that the wavEs lose in breaking,
the waves cannot grow any more. This is called a
FULLY DEVELOPED SEA. In some cases, a fully devel-
oped sea cannot occur because the body of water is
fetch-limited, that is, the distance from the land to
the location in question at sea is insufficient to pro-
duce an equilibrium state. Thus, for a sea to fully de-
velop, the fetch has to be large enough and the wind
has to be blowing for a critical amount of time. If the
wind has been blowing for an insufficient time to
produce a fully developed sea, the situation is called
duration-limited.

Further Reading
Brown, Joan, Angela Colling, Dave Park, John Phillips,
Dave Rothery, and John Wright. Waves, Tides and

Shallow-Water Processes. Oxford: Pergamon Press,
1997.

Office of Naval Research. “Ocean in Motion: Waves—
Characteristics.” Available online. URL: http://www.
onr.navy.mil/focus/ocean/motion/waves1.htm. Accessed
September 18, 2007.

Field Research Facility (FRF) The Field Re-
search Facility located in Duck, North Carolina, is a
world-class high-technology laboratory for studying
coastal processes. Investigations conducted at the
Field Research Facility relate to coastal engineering,
which is the study of the processes ongoing at the
shoreline and construction within the coastal zone.
Research thrusts involve aspects of nearshore ocean-
ography, marine geology, and civil engineering, and
projects are often directed at combating erosion or
accretion at the coast. The Field Research Facility,
or FRF, is part of the Engineering Research and De-
velopment Center of the U.S. Army Corps of Engi-
neers. Researchers use state-of-the-art tools such as
the 1,840-foot (560 m)-long pier that extends into
the ATLANTIC OCEAN, the three-wheeled Crab for
surveying, the Lighter Amphibious Resupply Cargo,
or LARC, vehicle to support experiments, and the
rail-mounted Sensor Insertion System, or SIS, to ac-
curately deploy instruments anywhere within 75 feet
(23 m) of the pier.

The Army Corps of Engineers hosts scientists
from academic institutions and private industry to
conduct their research, taking full advantage of the
FRF’s unique BARRIER ISLAND facilities. Some note-
worthy experiments conducted at the FRF include
Delilah, Duck 1994, and Sandy Duck 1997. These
three experiments were used to improve the research-
er’s fundamental understanding and modeling of surf
zone physics. Capabilities such as the Nearshore
Video Imaging System are demonstrated for real-
time display of surf zone parameters such as LONG-
SHORE CURRENTS and changing BEACH characteristics.
Time series data are collected on and in the vicinity
of the FRF from pressure arrays, TIDE GAUGES, WAVE
BUOYS, and weather stations in order to study waves,
tides, and shallow-water processes.

See also COASTAL ENGINEER; OCEAN OBSERVA-
TORY; OCEANOGRAPHIC INSTRUMENTS.

Further Reading

Nichols, C. Reid, David L. Porter, and Robert G. Williams.
Recent Advances and Issues in Oceanography. West-
port, Conn: Greenwood, 1993.

U.S. Army Corps of Engineers: Engineer Research and
Development Center. “Field Research Facility.” Avail-
able online. URL: http://www.frf.usace.army.mil.
Accessed September 18, 2007.



fish True fish or finfish are cold-blooded verte-
brates breathing by gills and having fins for mobility.
The body temperature of a fish changes with the en-
vironment. Respiration is accomplished by delicate
blood vessels or gills located under the gill covers.
Their fins perform specific mobility functions. They
are propelled through the water by caudal and pecto-
ral fins, while dorsal, anal, and adipose fins lend sta-
bility in swimming. The term finfish is sometimes
used to separate true fish from species such as shell-
fish, crayfish, and jellyfish. In some applications such
as COMMERCIAL FISHING, fish refers to aquatic ani-
mals, including whales, crustaceans, and mollusks.

There are more than 21,000 species of fish. Fish
can be separated into three classes: AGNATHANS,
CHONDRICHTHYES, and OSTEICHTHYES. Agnathans
lack biting jaws and paired fins. They include lam-
preys and hagfish. The Chondrichthyes include car-
tilaginous fish such as sharks, rays, chimeras, and
skates. Osteichthyes, or the bony fish, possess skele-
tons made up of true bone and include nearly all
other living fish.

Fish can be distinguished by the manner in which
they maintain the water balance in their bodies. The
body fluids of saltwater fish such as pollock (Polla-
chius virens) have less salt than the surrounding
water. These fish are always losing freshwater through
osmosis. They drink seawater and excrete excess salt
through their gills and urine. The body fluids of
freshwater fish such as brook trout (Salvelinus fonti-
nalis) have a higher concentration of salt than the
surrounding water. They urinate large quantities of
freshwater and use their gills to absorb salt. Fish con-
trol the intake of and expulsion of fluids by osmoreg-
ulation. Many fish have swim bladders to control
their buoyancy. These are gas-filled organs that con-
tain more or less gas as the fish needs more or less
buoyancy. Some species of fish have swim bladders
connected with their blood streams so that gases can
pass back and forth between the bloodstream and
the bladder. Most larvae and juvenile fishes have
swim bladders, but may lose them after they reach
adulthood. For example, bottom fishes (demersal)
have no need for swim bladders. Sharks also lack
swim bladders and must stay in constant motion to
avoid sinking. Fishes have streamlined shapes to per-
mit high-speed travel in the water. This is especially
true of high-level predators such as tuna.

Since fish have many physical similarities, it is
beneficial to distinguish among species by evaluating
swimming behaviors. Marine scientists have classi-
fied active fish that are always on the hunt as cruis-
ers. They are usually long and streamlined with red
muscle tissue. A classic example would be the skip-
jack tuna (Katsuwonus pelamis). Skipjack tuna are
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schooling migratory fishes that feed on fishes, crus-
taceans, and mollusks. Other fish called lungers lurk
around structures, making a short dash to capture
prey swimming nearby. These fish such as the Nas-
sau grouper (Epinephelus striatus) have white mus-
cle tissue. Groupers tend to be solitary fish that feed
primarily on fishes and crustaceans. There are adap-
tations in fish body form that affect the mechanics
of swimming and moving in the water.

Many species of fish undertake migrations to
either feed or breed in favorable locations in the
water column. Anadromous fish such as white stur-
geon (Acipenser transmontanus) migrate to the
ocean to grow and mature, then migrate back to
freshwater to spawn and reproduce. White sturgeon
are demersal or bottom-seeking fish that feed on
small finfish, shellfish, crayfish, and on aquatic
invertebrates such as clams, amphipods, and shrimp.
Catadromous fish such as the American eel (Anguilla
rostrata) migrate from freshwater to salt water to
reproduce. American eels (Anguila rostrata) spawn
in the Sargasso Sea during the spring. The Sargasso
Sea is a part of the AtranTic OcCEAN located
between the West Indies and the Azores.

Human population growth threatens fish by
impairing water quality and depleting levels of dis-
solved oxygen. Increases in water TURBIDITY from
land drainage are attributed to declines in submerged
aquatic vegetation or SAV. Meadows of SAVs are
critical habitat and nesting areas for juveniles of
many fish species. Nutrient pollution from agricul-
tural runoff, which elevates levels of nitrogen and
phosphorus, is a significant problem leading to nitri-
fication and fish kills. Dams and other blockages
prevent migratory species such as American shad
(Alosa sapidissima) from reaching their historic
spawning grounds. In the CHESAPEAKE BAY region,
removal of blockages and the construction of fish
ladders at dam sites are restoration methods that are
being implemented by corporations such as Balti-
more Gas and Electric.

Humans also deplete fish populations by over-
fishing. Well-known examples are the fisheries of the
Grand Banks, and Georges Bank, where decades of
overfishing by fleets of vessels from many countries,
especially the Soviet Union, devastated the fishery.
The Magnuson Act in the United States, as well as
corresponding Canadian legislation, placed restric-
tions on fishing by foreign vessels out to the 200-mile
(321.9 km) limit, but the legislation came too late to
save the cod and the haddock. The opportunity for
the United States and Canada to revive the fishery
was missed due to poor management, and the fishery
“crashed.” Thus today, populations of Atlantic cod
(Gadus morbua) and haddock (Melanogrammus
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aeglefinus) are too small to permit commercial fish-
ing operations.
See also MARINE FISH.
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fisheries recruitment Fisheries recruitment is the
process by which certain fish species become suscep-
tible to fishing. Fishing activities involve the catch-
ing, taking, or harvesting of fish. The number of fish
that are legally caught may be affected by variables
such as the particular species growth rates and mi-
gration habits. A young fish entering the exploitable
stage of its life cycle is called a recruit. Fisheries man-
agement efforts study fisheries recruitment and stock
structure in order to understand the impact of fish-
ing on a species. The stock is generally considered to
be the part of a fish population that may be fished.
Other important research relevant to fisheries re-
cruitment includes investigations that assess the
manner in which TURBULENCE from CURRENTS,
winds, and WAVES affect PLANKTON production, dis-
tribution, migration, and the feeding ecology of lar-
val fish. Investigators have found that turbulence
may influence spawning in pelagic species such as
Atlantic menhaden (Brevoortia tyrannus). Research-
ers report that maximum spawning for this species
occurs off the North Carolina coast during late fall
and winter in synchronization with storms. The re-
sultant drifting eggs hatch after two to three days,
and larvae are transported to ESTUARIES by ocean
surface currents where they metamorphose and de-
velop into juvenile menhaden. The spawning and
hatching cycle is also dependent on parameters such
as sea-surface TEMPERATURE, an important factor
influencing year-class strength. For example, falling
water temperatures during the egg and larval stages
for largemouth bass (Micropterus salmoides) have
been associated with small year classes. Since fish
tend to spawn over a one- or two-month period an-
nually, marine scientists refer to fish species hatched
during a spawning period as a year class. Estimates

of year class for species such as red drum (Sciaenops
ocellatus) are based on the abundance of juveniles
captured in bag seines. It takes several fisheries’ sci-
entists to work the fine mesh seine that has a bag
midway along the length of the net. Samples from
various hauls of the bag seine provide information
on growth and movement.

Further Reading

Center for Quantitative Fisheries Ecology, Old Dominion
University. Available online. URL: http://www.odu.edu/
sci/cqfe/index.html. Accessed December 24, 2006.

International Council for the Exploration of the Sea. Avail-
able online. URL: http://www.ices.dk. Accessed June
19, 2007.

Intergovernmental Oceanographic Commission, United
Nations Educational, Scientific and Cultural Organiza-
tion. Availableonline. URL: http://ioc.unesco.org/iocweb/
index.php. Accessed June 19, 2007.

fisherman Recreational fishermen, or anglers,
catch living fish, shellfish, and aquatic plants for
pleasure, amusement, relaxation, or home consump-
tion. Some anglers hire a charter boat with an expe-
rienced crew to catch sport fish such as sailfish
(Istiophorus platypterus). Other fishermen may pay
a fee to fish from a head boat (party boat) for ground-
fish such as red snapper (Lutjanus campechanus).
Sport fishermen compete for trophies and cash prizes
for freshwater gamefish, such as largemouth bass
(Micropterus salmoides), and saltwater gamefish
such as nearshore species like cobia (Rachycentron
canadum) or offshore species like blue marlin (Mak-
aira nigricans).

Technology has revolutionized recreational fish-
ing. Serious fishermen use boats, with one or two
powerful outboard motors and a center console, spe-
cially designed for fishing. Fish are located by sonic
“fish finders,” which are sophisticated echo sound-
ers that may be integrated with digital charts and the
GLOBAL POSITIONING SYSTEM. Modern fishing poles
are made from carbon fiber rods, which provide
good casting action and are practically indestructi-
ble. A vast array of artificial lures imitating every
kind of bait, as well as the flash, noise, and texture
of baits, are available to catch every kind of sport
fish. Fishing techniques can be learned from sports
clubs, workshops, television programs, books, mag-
azines, and from Web sites.

Commercial fishermen earn income from the
catch and sale of living and marine resources. Various
types of boats, craft, and gear are used for the capture
of commercially important marine species. Besides
hook and line, fishermen might use trawls, gillnets,
longlines, traps (or pots), and spears. Longlines are
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Deployment of a large net by fishermen on several vessels yields a large catch.

stationary, buoyed, and anchored ground lines with
attached hooks. Equipment is designed to catch
pelagic migratory species or fish such as yellowfin
tuna (Thunnus albacares) living near the surface and
demersal species of fish such as Atlantic croaker
(Micropogonias undulatus) living near the seafloor.

In coastal waters, blue crabs (Callinectes sapi-
dus) are frequently caught inadvertently in shrimp
trawls, and open ocean longliners fishing for tuna
catch sharks accidentally.

The capture of nontargeted species is called
bycatch. High-technology equipment can be used to
minimize bycatch. Innovations such as Turtle
Excluder Devices or TEDs are required by law to be
attached to shrimp nets. By deflecting the turtles out
of an escape hatch, TEDs help to protect threatened
and endangered sea turtles from becoming bycatch.
Bycatch is also called incidental catch, and some is
kept for sale. Landings are the quantity of fish, shell-
fish, and other aquatic plants and animals that are
brought ashore and sold. Fisheries’ biologists deter-
mine fishing mortality by measuring the rate of
removal of fish from a population by fishing. Sus-
tainable rates of fishing mortality vary from species
to species. Fishing is different from farming since

(NOAA/NMFS)

aquaculturists generally own organisms that will be
harvested.

Further Reading

LaBonte, G. Fishing for Sailfish. Point Pleasant, N.]J.: The
Fisherman Library, 1994.

Mangone, G. ]J. Concise Marine Almanac. New York: Van
Nostrand Reinhold, 1986.

National Marine Fisheries Service. National Oceanic and
Atmospheric Administration. Available online. URL:
http://www.nmfs.noaa.gov. Accessed June 19, 2007.

U.S. Fish & Wildlife Service. Available online. URL: http://
www.fws.gov. Accessed September 18, 2007.

Fishery Conservation and Management Act
Modern fisheries programs in the United States be-
gan with the Fishery Conservation and Management
Act of 1976. This legislation provided congressional
mandate for a national fishery management program
utilizing regional fishery management councils un-
der the Department of Commerce’s National Marine
Fisheries Service. The act extended U.S. fisheries ju-
risdiction to 200 miles (330 km) from the coast and
gave priority access to fishing grounds to vessels
from the United States (see ExcLUSIVE EcoNOMIC
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ZoNE). Regional councils composed of members
from organizations, such as the National Marine
Fisheries Service, U.S. Fish and Wildlife Service, U.S.
Coast Guard, and affected states work together to
oversee the fisheries. The regional councils cover Ca-
ribbean, GUuLF oF MEgxico, Atlantic, and Pacific
fishing grounds. Each council is charged to produce
a fishery management plan that is approved for
implementation by the secretary of commerce. Man-
agement plans generally limit the number of fisher-
men, their gear, overall catch, and the season in order
to sustain the fishery after the target harvest has
been achieved. Current policies have evolved since
1976 and are now defined by the MaGNUsON-
STEVENS FISHERY CONSERVATION AND MANAGE-
MENT ACT.

Further Reading

National Marine Fisheries Service, National Oceanic and
Atmospheric Administration. “Magnuson-Stevens Fish-
ery Conservation and Management Act, Public Law 94-
265. As amended through October 11, 1996.” Available
online. URL: http://www.nmfs.noaa.gov/sfa/magact.
Accessed September 18, 2007.

fluid mechanics Fluid mechanics is the study of the
physics of fluids dealing with the distributions and
time variations in PRESSURE, TEMPERATURE, velocity,
dispersion of dissolved or suspended substances, and
wAVES. Fluid mechanics is made up of fluid statics, the
study of fluids at rest, and fluid dynamics, and the
study of fluids in motion. Fluid mechanics deals with
a very broad spectrum of problems, ranging from the
hydraulic systems of submarines to the flow of winds
in the atmosphere and CURRENTS in the ocean. The
study of fluid mechanics is based on Newton’s laws of
motion, the laws of conservation of mass and energy,
conservation of linear and angular momentum, and
the equations of state of the fluid. Applications of the
principles of fluid mechanics have led to the develop-
ment of complex numerical circulation models of the
atmosphere and the oceans. Marine scientists apply
their knowledge of environmental fluid mechanics to
atmospheric dynamics, physical oceanography at the
smaller scales, ground-water hydrology, cloud physics
and moist convection, surface-atmosphere interac-
tions, coupled biological and physical processes, hy-
drologic transport processes, and SEDIMENT TRANS-
PORT processes.

Fluid statics is the study of the behavior of lig-
uids and gases at rest. Fluids do not resist static
shear distortions, which makes them different from
solids. The change in wind with height or in current
with depth is defined as SHEAR. The basic principles
of fluid statics include the following: direction of

force, fluid pressure, transmission of pressure, and
Archimedes’ principle.

Direction of force: The force exerted by a fluid
on a surface is perpendicular to the surface. Pressure
is force per unit area and is uniform in direction in a
fluid; it is a scalar quantity.

Fluid pressure: The pressure “p” at a depth “h”
in a fluid of density “p” is given by the hydrostatic
equation

p = po + pgh,

where “po” is usually atmospheric pressure at sea
level, and “g” is the acceleration of gravity. High
pressure in the atmosphere is usually associated with
fair weather, and low pressure with storms. This
parameter is especially important to determining
how water levels fluctuate in response to forces such
as gravitational attraction, winds, and differences in
water density.

Transmission of pressure: Pascal’s principle
asserts that pressure applied to a fluid in a closed
container is transmitted equally throughout the
fluid. This principle explains the operation of the
hydraulic lift, in which a small, applied force is able
to lift an automobile off the ground. This concept
was enunciated by the French mathematician Blaise
Pascal (1623-62).

Archimedes’ principle: This principle asserts
that a body immersed in a fluid is buoyed up by a
force equal to the weight of the fluid displaced by the
body. Archimedes’ principle explains why ships
float, and what percentage of an ICEBERG is above
water, the “tip” of the iceberg phenomena. For
example, we know that a cubic foot of freshwater
weighs 62.4 pounds (28.3 kg). Therefore, if an object
placed in freshwater has a volume of a cubic foot and
weighs more than 62.4 pounds (28.3 kg), it will
sink. Archimedes, a famous Greek scientist, was
born around 287 B.c.E. and was killed by a Roman
soldier around 212 or 211 B.C.E.

Fluid dynamics is the study of fluids in motion.
There are two principal approaches to this study
that scientists investigate using CURRENT METERS,
flumes, tanks, DYES, and computer models. The
Eulerian approach named after Leonhard Euler
(1707-83) examines the flow parameters such as
velocity, pressure, and density at discrete locations,
usually by means of moored current meters in lakes
and the ocean. The Lagrangian approach named
after Joseph Louis Lagrange (1736-1813) examines
the flow of individual parcels of fluid as they drift
along. The original drifting BuoYs were notes in
bottles. The finder was asked in the note to report
the position and time at which the bottle was found.



The drift of ships due to currents has provided a
means of mapping large-scale ocean circulations.
Modern Lagrangian measurements are made with
sophisticated drifting buoys that determine their
locations by the GLOBAL POSITIONING SYSTEM
(GPS). They transmit location and other ocean
parameters such as pressure and temperature to sat-
ellite receiving stations.

The motion of fluids is very complex; to derive
basic results, it is necessary to adopt several simpli-
fying assumptions. A fluid thus simplified is called
an “ideal fluid.” The assumptions include smooth,
steady flow, incompressibility, and negligible fric-
tion, no tendency to spin or form vortices. Under
these assumptions, the following principles can be
derived:

Continuity: The amount of fluid that enters a
tube in a given time interval is equal to the amount
of fluid that leaves the tube in the same time inter-
val. If it were not so, the fluid would either accumu-
late in or break the tube, or material would leave the
tube until it imploded due to the higher surrounding
pressure. The tube need not be a real, physical tube;
it may be an imaginary cylindrical surface enclosing
fluid. The mathematical statement of the equation of
continuity is:

Aqvq = Ayv; = constant,

where A is the cross sectional area of the tube, and v
is the velocity of flow in the tube. Subscripts 1 and 2
designate any two positions in the tube. From this
principle, it is seen that fluids flow faster if the tube
narrows, and slower where the tube broadens, as
seen in the flow of mountain streams.

Bernoulli’s equation: This equation is essentially
a statement of the law of conservation of energy for
fluids. It is named for the Swiss mathematician/phys-
icist Daniel Bernoulli (1700-82). The equation is,
for any two fluid volumes 1 and 2 (denoted by sub-
scripts), as follows:

p1 + pPViZ/2 + pgy1 = p2 + pv22/2 + pgy, = constant

p is the fluid pressure, p is the fluid density, v is the
speed of the flow, y is the height of the fluid, and g is
the acceleration of gravity. The terms in the square
of the flow speed are the kinetic energies of the fluid
at locations 1 and 2, and the terms in y are the
potential energies of the fluid at these locations.
Locations 1 and 2 were arbitrarily chosen; since they
are equal to each other, they must be equal to a con-
stant. Bernoulli’s equation explains the lift force
exerted by the air on an aircraft wing. The wing is
designed so that the airflow is faster at the top of the
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wing than at the bottom, thus the air under the wing
is at greater pressure than the air over the wing, pro-
viding the lift force pA, where p is the pressure, and
A is the area of the wing.

Turbulence: Fluid flows can be either laminar
and smooth, or turbulent and disordered. The flow
of a stream is laminar (steady) flowing over a smooth
bottom with smooth sides. When the flow approaches
boulders and fallen timbers, it becomes turbulent
(irregular), with numerous EDDIES and vortices.

Viscosity: Friction plays an important role in
fluid dynamics. Fluid friction, called “viscosity,” is a
major factor in whether a fluid flow is laminar or
turbulent. The flow of heavy oil of high viscosity
tends to be laminar; the flow of light oil of low vis-
cosity can easily become turbulent. Natural flows in
the ocean are generally turbulent. The behavior of
fluid friction in smooth flows is described by a
“molecular viscosity coefficient,” often given the
symbol Greek mu “p.” Natural flows in the ocean
are described by an “eddy viscosity coefficient,”
often indicated by a capital Roman letter, such as A.
Eddy viscosity coefficients were developed when it
was realized that the transfer of momentum, heat,
salt, and other properties of the ocean occur at a
much faster rate than would be indicated using
molecular viscosity coefficients. The eddy coeffi-
cients are not on as firm a theoretical foundation as
the molecular coefficients. The latter are determined
by the nature of the fluid, whereas the eddy coeffi-
cients are determined largely by the nature of the
flow.

Vorticity: Another important property of fluids
is the vorticity, or tendency of the fluid to spin about
a vertical axis. Vorticity is closely related to angular
momentum. The ideal fluids studied in introductory
physics courses have zero vorticity, or are “irrota-
tional.” Any fluid possessing shear, or change in
velocity with location, possesses vorticity; it is not
necessary for a fluid to rotate to possess this quan-
tity. The rotating Earth itself imparts vorticity to the
ocean, called “planetary vorticity,” which is equal in
magnitude to the CORIOLIS FORCE. Planetary vortic-
ity is denoted by the symbol “f,” which is equal to
2Qsing, where Q is the angular velocity of Earth,
and ¢ is the latitude. Although vorticity is a vector
with three components, in the ocean, only the com-
ponent of vorticity about a vertical axis is important.
The planetary vorticity at the equator is zero, increas-
ing to a value of 2Q at the poles. Relative vorticity,
usually denoted by the Greek letter zeta “C,” is
imparted to the fluid by such forces as friction due to
the wind, or due to the water passing over a ridge or
trough. Potential vorticity is an important concept
used in explaining the circulation of the oceans.
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Potential vorticity is defined as the absolute vorticity
divided by z, the thickness of the layer of water with
that vorticity, or

Potential vorticity = (€ + f)/z

From the law of conservation of angular momentum,
potential vorticity must be conserved in the absence
of friction. If the thickness of the layer changes, it
must be accompanied by either a change in latitude
or a change in relative vorticity, in order to keep the
potential vorticity constant. Similarly, if the water
column changes latitude, there must be either a
change in thickness of the water column, or in the
relative vorticity. This principle was applied by Henry
Stommel (1920-92) in 1948 to explain the existence
of the GULF STREAM and other western boundary
currents, as well as the asymmetry of the circulation
in the major ocean basins (western boundary cur-
rents are fast, deep, and narrow; eastern boundary
currents are broad, shallow, and slow).

Characterizing the mechanics of fluids to include
buoyancy, stability, and hydrostatics is essential to
physical oceanography, coastal oceanography, and
environmental sciences. As an example, oceanogra-
phers may study the pathways of migratory fish that
travel from ESTUARIES to the shelf break for spawn-
ing. The fish larvae, which only swim one or two
body lengths per second, must make their way across
many miles (kilometers) of coastal ocean and be
retained in an estuary to mature before they can
migrate to ocean spawning grounds. As the young
fish ride favorable currents to the shore, they become
trapped in LONGSHORE CURRENTS that feed ebb tides
at a COASTAL INLET. As the tide shifts to flood, the
young larva are squirted into the estuaries, where
they make their way to protected nursery areas such
as meadows of submerged aquatic vegetation. Chem-
ical oceanographers may study the motion of sedi-
ments, nutrients, and other chemicals that are mixed
by turbulence along the front of a river plume such
as the Amazon or Mississippi Rivers. The plume of
fresh and sediment-laden waters is easily identified
on aerial and satellite photographs.

Further Reading

Knauss, John A. Introduction to Physical Oceanography,
2nd ed. Upper Saddle River, N.].: Prentice Hall/Pearson,
1996.

Stommel, H. M. The Gulf Stream: A Physical and Dynami-
cal Description, 2nd ed. Berkeley: University of Califor-
nia Press, 19635.

food chains and webs A food chain is a graphical
depiction of the various trophic levels of an ECosys-

TEM arranged in a linear order. The food web is a
representation of the trophic levels that allow for
more complex feeding relationships than the simple
linear representation of the food chain. Location in
the food chain or trophic level identifies the number
of energy-transfer steps to that level. Since a food
web is made up of interconnected food chains, it re-
quires a two-dimensional representation. The classic
food chain begins with the plants, or primary pro-
ducers at the first trophic level, that turn atmospheric
carbon dioxide and sunlight into living cells. Exam-
ples of marine primary producers are PHYTOPLANK-
TON, such as diatoms. Great blooms of diatoms oc-
curring at mid latitudes are the pastures of the sea.
Herbivores that feed on the phytoplankton form the
second trophic level. These include ZOOPLANKTON,
some small fishes, and other marine animals. Shrimp
larvae are examples of zooplankters. The third tro-
phic level is formed by the carnivores that eat the
zooplankton. These creatures are generally small
fishes, such as Atlantic herring (Clupea harengus).
Larger carnivores, such as voracious bluefish (Poma-
tomus saltatrix), eat the herring, and top carnivores
such as Mako sharks (Isurus oxyrinchus) eat the
large carnivores. The efficiency of the energy trans-
fer up the trophic levels becomes smaller and smaller
going up the level. Thus, the efficiency of zooplank-
ton eating PHYTOPLANKTON might be 9 percent. The
efficiency of sharks eating mullet might be less than
1 percent. For example, the top carnivore, the shark,
could require that many tons of phytoplankton be
produced to support the zooplankton that supports
the herring that support the mahi-mahi or dorado
(Coryphaena hippurus) eaten by the shark.

In general, the feeding relationships of marine
creatures are much more complex than the linear
food chain. They are represented as a food web. For
example, the baleen whales, even the giant blue
whale (Balaenoptera musculus), feed on shrimplike
creatures called krill (Euphausia superba), found in
great abundance in the waters of the Southern
Ocean. The largest fish in the world, the whale
sharks (Rhincodon typus) and the basking sharks
(Cetorhinus maximus) feed on plankton. The whales
use their comblike baleen, which they have instead
of teeth, to strain the krill from the seawater. Killer
whales, or orcas (Orcinus orca), may feed on pen-
guins or seals in the Antarctic, but in other regions,
they feed on fish.

The creatures living below the epipelagic zone
must live on the dead plants and animals (detritus)
falling from the sunlit portion of the ocean. In this
case, small fish and benthic organisms such as crabs
may be feeding on larger dead fish, or even dead
MARINE MAMMALS, such as whales. When a dead



whale lands on the ocean floor, the creatures of the
ABYSSAL ZONE have a feast, since food is very scarce.
Some predators of the abyss, such as the black swal-
lower (Chiasmodon niger), have expanding jaws
that enable them to feed on larger creatures than
themselves.

Even in the PHOTIC ZONE, there are very large
creatures that feed on small plants, such as the man-
atees, which live in rivers and coastal regions. In the
United States, the herbaceous West Indian manatees
(Trichechus manatus) graze for food along water
bottoms and on the surface. They are reported to
consume 10 percent of their body weight per day in
vegetation. Adult manatees can weigh up to 1,200
pounds (544 kg). In recent years, manatee popula-
tions are mostly affected by habitat loss and colli-
sions with watercraft.

The abundance of life in the upper ocean is
determined by primary productivity. In areas such as
UPWELLING zones, the enrichment of the surface lay-
ers by nutrients from below increases productivity,
and marine life is abundant. The Arctic and Antarc-
tic are also areas of high productivity and abundant
life. In the Tropics, deep water productivity is gener-
ally low, except for upwelling regions, such as the
coast of Peru, and the “cold islands,” of the equato-
rial Pacific. The arctic regions are characterized by a
large biomass of a few species, but the Tropics are
characterized by a much lower total biomass, but
much greater species diversity.

In the recently discovered hydrothermal vent
communities, the primary producers are the chemo-
synthetic bacteria, which produce cell matter not
from light (of which there is none) and carbon diox-
ide, but rather from chemicals being discharged from
the vents, such as sulfur and methane. Small crea-
tures feed on the bacteria; larger creatures eat the
smaller creatures and so on, up to the top carnivores,
which are animals such as crabs and fish. Little is
known about the biology of the vent communities
compared to the surface communities (see HYDRO-
THERMAL VENTS).

See also ECOLOGICAL EFFICIENCY.

Further Reading

Col, Jeananda. “Enchanted Learning.” Available online.
URL: http://www.EnchantedLearning.com. Accessed
June 20, 2007.

forced waves Forced waves require a constant in-
put of energy to propagate through a fluid medium
in contrast to free waves that travel by their acquired
momentum, until they are dissipated by friction or
TURBULENCE. Forced waves are found in laboratory
wave tanks or in some public wave pools where a
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wave generator is required to maintain the wave mo-
tion. The TIDES are long WAVES that are forced by the
interactions of the gravitational fields of the Earth,
Sun, and Moon. Ocean surface gravity waves under
a developing storm are forced by fluctuations in the
PRESSURE and tangential stress of the surface winds.
When the winds cease blowing, the large waves travel
great distances as free “swell” waves. Waves travel-
ing along a boundary, called “trapped waves,”
(sometimes referred to as EDGE WAVES or shelf waves)
are forced by traveling storms of long duration. In a
few days, shelf waves can transport more sediment
along the coast than occurs during months of calm
sea conditions.

Strong currents that flow over sills or result
from pumping mechanisms can also force internal
waves. Internal waves form at the interface between
two layers that differ in density. A well-known
example is the creation of internal waves by the sub-
surface outflow of Mediterranean water passing over
topographic obstructions in the Strait of Gibraltar.
During World War II, a German submarine was
allegedly sunk in this area by breaking internal
waves. A disturbing force such as the periodic astro-
nomical forces continuously maintains true forced
waves. Some internal waves propagating into the
South China Sea from the Luzon Strait have been
observed to fluctuate in synchronization with tidal
periods. The surface manifestation of the internal
waves is imaged distinctly through the use of Syn-
thetic Aperture Radar.

Further Reading

Center for Operational Oceanographic Products and Ser-
vices: National Ocean Service, National Oceanic and
Atmospheric Administration. Tide and Current Glos-
sary. Available online. URL: http://tidesandcurrents.
noaa.gov/publications/glossary2.pdf. Accessed June 20,
2007.

forecasting In marine science, forecasting usually
means predicting the future state of the atmosphere
or oceans, with emphasis on precipitation, clouds,
temperature, and winds in the atmosphere, and TEm-
PERATURE, SALINITY, ice, waves, water levels, and
current velocities in the oceans. In recent years, fore-
casting has been broadened to include environmental
conditions such as beach erosion, red tides, oil spills,
local warming and chemical pollution from indus-
trial plants, and eutrophication (greatly accelerated
growth of aquatic plants due to the input of excess
nitrogen into the water, such as from agricultural
runoff or municipal sewage). Weather forecasting
has the longest history and is the most highly devel-
oped of all the forecasting areas.
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A squall line shown on radar provides critical information to

severe weather forecasters. (NOAA/NWS)

Weather forecasting began in the late 19th cen-
tury, when the invention of the telegraph made it
possible to transmit weather data from stations
throughout the country to a central location for
analysis. Forecasts could then be prepared and issued
back to the different parts of the country. The
National Weather Service was organized by Con-
gress during the 1870s to perform this task. Meteo-
rologists using a combination of data analysis, local
knowledge, and professional judgment made these
early and remarkable forecasts.

Forecasting techniques during this early period
included climatological forecasts based on long-term
average conditions, persistence forecasts based on
current conditions, extrapolating those conditions
into the future, and case studies in which historical
patterns are sought that are similar to current condi-
tions. In fact, The Farmers Almanac was first pub-
lished around 1818 and is still used by many to
obtain long-range weather forecasts, gardening
advice, and knowledge on lunar phases.

Weather forecasting received a great boost dur-
ing the World War I era, when knowledge of the
weather became critical to military operations. A
group of Norwegian meteorologists led by Jakob
Aall Bonnevie Bjerknes (1897-1975) developed the
frontal theory of storm formation, which gave
meteorologists a model that included some physics
of the atmosphere. This model, including fronts (in
analogy with World War I military fronts), and cir-
culations around high- and low-pressure areas is
still used today and can be seen on the daily weather
maps in the newspapers and on television. Profes-
sor Bjerknes worked at the University of California
at Los Angeles from 1940 to 1975 and is credited
with founding the UCLA Atmospheric Sciences
Department.

Prior to the advent of computers, weather fore-
casts were prepared by hand analysis of large
amounts of data and displayed on weather maps of
surface and upper air conditions, as well as maps of
predicted movements of fronts and weather systems.
These maps and text summaries were often trans-
mitted by fax to stations all over the country and to
ships at sea.

A critical requirement of accurate weather fore-
casting is to receive reports of current conditions
from all over the globe. Through the offices of the
World Meteorological Organization (WMO), data
are funneled to weather offices in all major coun-
tries. Today’s ocean observatories and networks of
fully automated instrument BUOYS provide data that
is essential for the development, assessment, and
operation of numerical models that consider meteo-
rological and oceanographic phenomena.

The advent of electronic digital computers in the
1950s and 1960s resulted in the development of
numerical weather prediction models in which atmo-
spheric data was fed into models based on the equa-
tions of motion and the equations of state of the
atmosphere. Forecasts were made by numerically
solving the equations as functions of time extending
into the future. These early attempts into numerical
weather prediction were less than completely suc-
cessful because of limitations of data and computer
power. Nevertheless, they led to the much more
sophisticated models of today that are used to pro-
duce the 36-hour, seven-day, and long-term forecasts
that are seen daily on television. However, meteorol-
ogists, not machines make forecasts, and so the
machine output must be carefully scrutinized in light
of the forecasters’ knowledge.

Besides the computer revolution, modern weather
forecasting has been made possible by corresponding
advances in instrumentation, such as polar-orbiting
and geostationary satellite platforms for visible,
microwave, and infra-red (IR) measurements of cloud-
iness, temperature, and water vapor content of the
atmosphere, Doppler weather radar, ground-based
RADAR, and SONAR vertical atmospheric sounders.

The basic data analysis and weather diagnosis
and forecasts are made in the United States by the
National Weather Service (NWS) of the NATIONAL
OCEANIC AND ATMOSPHERIC ADMINISTRATION
(NOAA), U.S. Department of Commerce. The basic
data on current conditions and forecasts can then be
specialized and embellished with attractive graphics
by meteorologists in the private sector, such as those
at the Weather Channel and other network and cable
television outlets, for presentation to the public. Air-
lines, the military, NASA, and many other indus-
tries, universities, and government agencies have



their own forecasters to tailor the NWS forecast to
their specific needs. In many cases, they incorporate
results from their own special measurements.

Marine weather forecasts essential to the ship-
ping industry, the Coast Guard, and recreational
boaters are made for the area from the shoreline sea-
ward to 20 miles (32.2 km). These forecasts include
wave height, ocean temperature, and total water lev-
els. The N'WS uses STORM SURGE models to predict
dangerous water levels, flooding conditions, and
strong currents when severe storms such as tropical
HURRICANES threaten the coast.

Forecasting of ocean conditions such as wave
height and direction began in World War II with the
development of the “Sverdrup-Munk” method dur-
ing the early 1940s. This method included predic-
tions of wave height just prior to the invasion of
North Africa in 1942, and of wind and wave condi-
tions in the Normandy beaches just prior to the
landings of Allied forces. In fact, since the weather
had been bad over the English Channel for many
days, this prediction was critical to General Eisen-
hower’s decision to proceed with the landings on
June 6. Countless lives were saved by application of
this procedure. General Dwight D. Eisenhower
(1890-1969) became the 34th President of the United
States.

Today, the U.S. Navy uses the most advanced
models of ocean wave height and direction to pro-
vide the surface warships, embarked Marine Corps
units, and other branches of the armed forces with
the most accurate predictions possible prior to
amphibious operations. Models have been integrated
to provide coupled atmospheric and oceanographic
information for deep-water, shallow-water, and surf-
zone environments. Such information is critical for
the successful maneuver of high-speed vessels, plan-
ing hull landing craft, and air cushion vehicles.

Forecasting of chemical and biological condi-
tions in the oceans and lakes is at present more tenu-
ous than weather and ocean wave forecasting.
Climatological, statistical, and scientific numerical
process-based models are all used to forecast envi-
ronmental conditions. These process models are very
complex, depending not only on modeling the physi-
cal processes, but also the chemical and biological
processes, such as the consumption of PHYTOPLANK-
TON by zooPLANKTON. Frequently, not much is
known of these latter processes, and bold assump-
tions must be made. In many cases, it is not even
possible to make significant numbers of accurate
measurements of the quantities being forecast. Such
measurements are essential to calibrate the model
and to evaluate the quality and value of the fore-
casts. In contrast, weather forecasts are constantly
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being evaluated by forecast verification, that is, com-
paring the predicted weather with the observed
weather for the forecast period. These comparisons,
which determine the forecast error, continually test
weather forecasting skills and techniques.

Nevertheless, environmental managers often use
models of marine chemical and biological processes
in the planning of major projects, such as the siting
of sewage treatment plants and the installation of
waste-water diffusers in the ocean. Oil spill response
models have been employed for several years to direct
the efforts of the U.S. Coast Guard and other first
responders in the assessment and cleanup operations
necessary to minimize the damage resulting from the
spill.

Accurate forecasts of weather and oceanic con-
ditions are important for planning, whether it’s to
pack for a vacation or to plan energy usage for a city.
The agriculture industry uses forecasts to plan for
the planting and harvesting of crops. Air and cruise
lines use weather conditions in order to schedule
flights and plan ship tracks. Weather forecasting
helps people make smart daily decisions, and thereby
helps to improve safety and protect lives.

See also MARINE METEOROLOGIST.

foreshore See BEACH.

fossil A fossil is any remains, impression, or trace
of a living organism from some past geologic age,
such as a skeleton, footprint, or insect preserved in
amber. Fossils are made, while remains are said to be
fossilized, a process by which mineral substances by
means of chemical reactions replace the organic ma-
terial of the organism. Examples are the remains of
an animal in petrified rock and the remains of a
plant preserved in carbon. The bones of dinosaurs
have been found in ancient tar pits, where the ani-
mals were trapped when feeding or seeking water.

The oldest fossils are ALGAE and bacteria. Scien-
tists have discovered the remains of primitive bacte-
ria in rocks of hardened silica called chert. Australian
geologist Reginald C. Sprigg (1919-94) discovered
the impressions of jellyfish, worms, and benthic
organisms in southern Australia in 1946, a major
step forward in the science of paleontology. PALEON-
TOLOGISTS have since been able to trace the develop-
ment of life through the geologic ages.

From the study of fossils found in mountainous
regions, such as the Rockies, scientists have learned
when many mountain chains were underwater prior
to being thrust up in epochs of mountain building.
The age of the fossils is determined by radiometric
dating, such as carbon 14 methods. From the study
of plant fossils, paleoclimatologists can study Earth’s
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former climates. One of the most important uses of
fossils in marine science is that of dating marine
SEDIMENTS. If the age of the type of fossilized organ-
ism is known, its discovery can serve as an indepen-
dent means of dating the sediments in which it is
found.

Today, many amateur fossil hunters derive much
pleasure from hunting for and finding evidence of
previous life-forms. They supplement the findings of
professional paleontologists. Some locations are
known for having abundant fossils; for example,
there are BEACHES in which shark teeth are relatively
abundant. Another application of fossil identifica-
tion is the study of the possible causes of the great
extinctions that have occurred in Earth’s past. Scien-
tists today have the additional powerful tool of DNA
analysis to study the development and relations of
past and living creatures; hence, DNA molecules are
sometimes called “living fossils.”

Further Reading

Bennett, Jeffrey, Seth Shostak, and Bruce Jakosky. Life in
the Universe. San Francisco, Calif.: Addison-Wesley/
Pearson, 2003.

Prager, Ellen J., with Sylvia A. Earle. The Oceans. New
York: McGraw-Hill, 2000.

fracture zones Fracture zones are narrow ridges
and valleys parallel to spreading ridges aligned in a
staircase configuration. In fact, the spreading ridges
themselves are fracture zones. The mid-ocean ridges,
which circle the Earth, subdividing the ocean basins,
consist of numerous fracture zones, some of which
are several hundred miles (km) wide. The mid-ocean
ridges contain the most rugged terrain on planet
Earth.

Fracture zones consist of an active part, in which
earthquakes occur frequently, and a passive part, in
which the cold seawater has, over time, frozen the
ridges into cold seafloor. As molten magma emerges
from the spreading zones, it forms new crust that
travels at a few inches (cm) per year. The farther the
crust from the spreading zone, the older it is. The
rate of movement of spreading sea floor has been
determined by analysis of magnetic strips that record
changes in Earth’s magnetic field as the magnetic
poles exchange places, a process for which the time
history is known.

Some fracture zones form the transition from a
spreading ridge to an ocean trench (see TRENCH).
Such areas experience frequent seismic activity.
Thus, these fracture zones occur along some tectonic
plate boundaries (see PLATE TEcTONICS). The
Romanche trench on the floor of the equatorial

Fracture zones off the northwest coast of the United States

can contain hydrothermal vents. (NOAA)

AtranTtic OCEAN is an especially large fracture
zone. It displaces the axis of the Mid-Atlantic Ridge
by almost 600 miles (1,000 km).

Further Reading

Erickson, Jon. Marine Geology: Exploring the New Fron-
tiers of the Ocean, rev. ed. New York: Facts On File,
2003.

Kious, W. Jacquelyne, and Robert 1. Tilling. This Dynamic
Earth: The Story of Plate Tectonics. Online edition,
U.S. Geological Survey. URL: http://pubs.usgs.gov/
publications/text/dynamic.html. Accessed September
18,2007.

Public Broadcasting Service. The Sea Floor Spread. Avail-
able online. URL: http://www.pbs.org/wgbh/aso/tryit/
tectonics/divergent.html. Accessed September 18, 2007.

Seibold, Eugen, and Wolfgang H. Berger. The Seafloor:
An Introduction to Marine Geology, 3rd ed. Berlin:
Springer, 1996.

F-ratio See sTATISTICS.

free waves Free waves are excited by a force of
finite duration and then propagate freely in a fluid
medium until all the energy is lost by friction or TUR-
BULENCE. The initial input of energy may arise from
winds of several days duration, as in the case of ma-
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Submarine scarps off Cape Mendocino, California, delineate the fracture zone.

jor storms, or may be impulsive, of very short dura-
tion, as in the case of undersea earthquakes.

WAVES that are growing under strong winds are
called “sea,” while waves that continue to travel on
the ocean surface after the wind stops blowing are
called “swell” waves. Because ocean waves are dis-
persive (the speed of the waves depends on their
WAVELENGTH), low frequency propagate faster away
from a storm than shorter waves. Swells have a
smooth, nearly sinusoidal appearance, and can travel
thousands of miles (km) across Earth’s surface.
When reaching shore, they form the regular curling
and plunging breakers that are loved by surfboard-
ers. Examples include several world-class surfing
areas such as the Banzai Pipeline on the north shore
of Oahu, Hawaii, and Boca de Pascuales on the
coast of the state of Colima in Mexico. TSUNAMIS
are very fast surface waves created by undersea
earthquakes. As a region on the ocean floor slips or
rises, it produces a bump on the ocean surface that
spreads out like ripples on a pond. Tsunamis can
travel freely across the ocean surface at speeds
approaching those of a modern jetliner. They are
barely visible to mariners at sea, but as they enter
shallow water, they are transformed into waves of
awesome height, which wreak devastation on low-
lying coastal areas. Federal, state, and local emer-
gency management agencies promote public

(NOAA)

awareness and tsunami hazard preparedness strate-
gies through a tsunami warning system. Important
organizations include the Pacific Tsunami Warning
Center, the West Coast & Alaska Tsunami Warning
Center, and the Puerto Rico Tsunami Warning and
Mitigation Program.

Tidal waves, on the other hand, are not free
waves, but are FORCED WAVES, which means that
they are maintained by a constant input of energy
from the gravitational interactions of the Earth, Sun,
and Moon. Very long-period waves, such as RossBy
(planetary) waves, having wavelengths hundreds to
thousands of miles long, are forced by Earth’s rota-
tion. These are perhaps most familiar as the waves
that develop in the jet stream that circle the globe.

Waves may be measured by simply evaluating
watermarks left on a stick or processing signals from
complex combinations of pressure sensors, CURRENT
METERS, and accelerometers. Most wave buoys uti-
lize accelerometers or inclinometers on board the
buoys to measure the heave acceleration or the verti-
cal displacement of the buoy hull during the sampling
time period. Measuring and reporting parameters
such as wave heights, periods, and directions is
important in helping to protect property and save
lives on the sea and near the coast.

See also OCEANOGRAPHIC INSTRUMENTS; WAVE
BUOY.
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Further Reading

Pacific Tsunami Warning Center, National Weather Service,
National Oceanic and Atmospheric Administration.
Available online. URL: http://www.prh.noaa.gov/ptwc.
Accessed June 20, 2007.

West Coast & Alaska Tsunami Warning Center, National
Weather Service, National Oceanic and Atmospheric
Administration. Available online. URL: http://wcatwc.
arh.noaa.gov. Accessed June 20, 2007.

fringing reef A fringing reef is a geomorphological
category for a modern coral reef that borders the
coast of an island or continent. They are usually ori-
ented parallel to the shoreline, require a hard sub-
strate, adequate sunlight, tropical shallow waters (>
68°F [20°C]), and low nutrient and sediment concen-
trations in the surrounding waters. Corals, hydrozo-
ans (stinging corals), alcyonarians (soft corals), and
calcareous algae are examples of organisms that build
fringing reefs.

If sea levels are constant or decreasing and car-
bonate production is high on a fringing reef, the reef
will grow seaward, while vertical growth is limited
by exposure to air and heat during low spring tide
level. Sea level rise or land subsidence over geologic
time allows fringing reefs to grow vertically and
eventually form barrier reefs.

Fringing reefs develop around most islands and
continents in the Indo-Pacific and Caribbean. In
these regions, wave action, freshwater runoff, coastal
development, and increasing nutrient and sediment

concentrations due to agriculture and erosion are
examples of factors that limit fringing reef
development.

See also ATOLL; BARRIER REEF; CORAL REEFS.

Further Reading

Barnes, Richard S. K., and Roger N. Hughes. An Intro-
duction to Marine Ecology, 3rd ed. Oxford: Blackwell
Science, 1999.

Bonem, Rena, and Joe Strykowski. Palaces Under the Sea:
A Guide to Understanding the Coral Reef Environment.
Crystal River, Fla.: Star Thrower Foundation, 1993.

fully developed sea A fully developed sea is an
equilibrium point for a given wind speed where the
energy that the wind is putting into the WAVES equals
the energy lost by the waves through breaking and
other frictional forces. A sea in this condition is fully
developed. For the wind to produce a fully developed
sea, the wind speed, FETCH, and duration must be ad-
equate. This type of sea can be described theoretically
by a characteristic strongly peaked spectrum. A wave
spectrum shows the energy distribution as a function
of wave frequency. Most of the wave’s energy is found
in a very narrow frequency range. The characteristic
period of the wave is the frequency at the point of
maximum energy. For a fully developed sea, the char-
acteristic period increases as the wind speed increases.
It is approximately eight seconds for a 20-knot (10 m/
s) wind and about 16 seconds for a 40-knot (20 m/s)
wind. This concept is especially important since the
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A fully developed sea is generated for a given wind speed when the fetch (length of ocean over which the wind has been
blowing) and the duration (time the wind has been blowing) are sufficient.
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majority of waves in the ocean are wind generated.  Further Reading

The spectra are especially important in FORECASTING ~ Chesneau, Lee S., and Capt. Michael Carr. “Waves and the
waves, designing vessels and structures, and in ocean- Mariner,” In Mariners Weather Log 44, no. 3. Silver
ographic research owing to the difficulty in collecting Spring, Md.: National Weather Service, National Oce-
measured wave data. The spectra can be subject to anic and Atmospheric Administration (December 2000):

geographical and seasonal limitations. 7-19.



Geochemical Ocean Sections Study (GEOSECS)
The Geochemical Ocean Sections Study was a multi-
investigator global ocean program that lasted from
approximately 1972 to 1978 to study chemical
changes in the ocean. Major institutions participat-
ing in this study were SCRIPPS INSTITUTION OF
OCEANOGRAPHY, LAMONT-DOHERTY EARTH OB-
SERVATORY, Yale University, and the Rosenstiel
School of Marine and Atmospheric Science at the
University of Miami. This collaborative program
promised to answer exciting questions, as it fostered
cooperation among scientists of various disciplines
to resolving challenging scientific questions. This ef-
fort joined CHEMICAL OCEANOGRAPHERS interested
in analytical chemistry with PHYSICAL OCEANOGRA-
PHERS concerned with circulation to establish a
deeper understanding of oceanic circulation and
mixing.

Ocean scientists participating in GEOSECS
planned and executed a global survey of the three-
dimensional distribution of chemical, isotopic, and
radiochemical tracers in the ocean. An isotope is
one or more atoms of the same element. Isotopes,
which are not radioactive such as oxygen 16 (10),
oxygen 17 (170), and oxygen 18 (180), are called
stable isotopes. Isotopes that undergo radioactive
decay such as uranium-235 (23°U) and uranium 238
(238U) are called radioactive isotopes, and the regu-
lar decay rates can be used as a clock to date materi-
als. Principal investigators collaborated to develop a
database of basic oceanographic tracers such as car-
bon 14 (14C), helium 3 (3H), radium 226 (?26Ra),
radium 228 (#28Ra), radon 222 (?22Rn), and silicon
32 (32Si). Data collection was dependent on using
state-of-the-art sampling systems such as the Neil
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Brown CONDUCTIVITY, TEMPERATURE, DEPTH (CTD)
PROBE and onboard analyses systems. This CTD is
named after longtime Woobps Hore OcEkaNo-
GRAPHIC INSTITUTION researcher Neil L. Brown
(1927-20035), founder of Neil Brown Instrument
Systems. Isotopes were used as chemical tracers in
the oceans since WATER MASSES have distinct and
unique concentrations. Thus, isotopic ratios were
analyzed to indicate movement of the tracked water
masses. Future researchers would be able to utilize
the GEOSECS baseline to assess chemical changes
in the world’s oceans in order to gain insights into
large-scale oceanic transport and mixing processes.
Expeditions from approximately July 1972 to May
1973 were conducted in the ATLANTIC OCEAN and
included approximately 121 stations. Surveys at
approximately 147 stations in the PacirFic OCEAN
were conducted from August 1973 to June 1974.
Approximately 141 stations recorded data from
December 1977 to March 1978 in the INDIAN
OcEeaN. Radiotracers from cruise tracks and sta-
tions along the Atlantic, Pacific, and Indian Ocean
basins made important contributions in making
trace chemical profile measurements and mapping
abyssal circulation.

Further Reading

International Research Institute for Climate and Society.
“QOceanographic Data in the IRI Data Library.” Avail-
able online. URL: http://www.iridl.ldeo.columbia.edu/
docfind/databrief/cat-ocean.html. Accessed September
19, 2007.

National Research Council. 50 Years of Ocean Discovery:
National Science Foundation 1950-2000. Washington,
D.C.: National Academy Press, 2000.



geodesy The United States Geological Survey, the
NATIONAL OCEANIC AND ATMOSPHERIC ADMINIS-
TRATION, and the National Geospatial-Intelligence
Agency define geodesy as the science of determining
the size and shape of Earth and the precise location of
points on its surface. Geodesy is especially important
to these agencies because they are involved in the pro-
duction of maps and charts. Measurements of Earth
or large areas of Earth are essential for correlating
gravitational, geological, and magnetic surveys of
Earth in order to make reliable maps. The famous
British geodesist Colonel Alexander Ross Clarke
(1828-1914) used surveying instruments such as
wooden rods, steel chains, theodolites, and Bilby
towers to measure meridian arcs. His base line mea-
surements were made in Europe, Russia, India, South
Africa, and Peru. The Clarke 1866 ellipsoid was one
of the first acceptable models of Earth’s shape since he
was able to approximate both polar flattening and
equatorial radius. Today, satellites provide a more ac-
curate means to measure the size and shape of the
planet.

Geodesy provides the theoretical basis for map-
ping and using remotely sensed images. Geometrical
and astronomical measurements are used to deter-
mine the precise size and shape of Earth and to
locate positions accurately on Earth’s surface. Geod-
esy enables marine scientists to understand the
ocean’s surface such as the relative heights of the
water and the position and extent of SEA ICE. Geode-
sists working at the National Oceanic and Atmo-
spheric Administration use water level measurements
or modeled water levels to determine vertical DATUMS
such as mean lower low water. They also develop
algorithms called datum transformations in order to
convert from a horizontal datum such as North
American Datum of 1927 (NAD27) to North Amer-
ican Datum of 1983 (NADS83). In the United States,
the difference in coordinates along the y-direction
from NAD27 to NADS83 can be on the order of 100s
of feet (100s of m). Geodesy also includes the study
of gravitational fields and their relationship to the
solid structure of the planet. For example, geodesists
often prepare isogonic charts showing lines on
Earth’s surface having equal magnetic declination.
These lines are used to correct for the magnetic vari-
ation caused by cha