B - % | » W ajnﬁfﬁtu_'.’
p = cor GHIEEASE

MARITIMEWAY

4 % i
. JOHN H.STEELE :
STEVE A. THORPE
KARL K. TUREKIAN

YEZALE mm

SHANGHAI JIAO TONG UNIVERSITY PRESS

% LhR




ENCYCLOPEDIA
OF
OCEAN SCIENCES

SECOND EDITION

Editor-in-chief

JOHN H. STEELE

Editors

STEVE A. THORPE
KARL K. TUREKIAN

Boston * HEIDELBERG * LONDON * NEW YORK ¢ OXFORD I

Paris * SaN DIEGO * SAN FRANCISCO ® SINGAPORE * SYDNEY * TOKYO ACADEMIC
R Academic Press is an imprint of Elsevier PRESS

ELSEVIE



& 3R )

% 2 AR

o o P
B %

h EH OB F I B ¥ £ Xh
FEHEMMEETRARAEFERAA KX

@) X FALALE mma

”"/u,, mw“‘@’ SHANGHALI [IAO TONG UNIVERSITY PRESS



Encyclopedia of Ocean Sciences, 2nd Edition

John Steele, Steve Thorpe, Karl Turekian

[SBN: 9780123750440

Copyright 2008 Elsevier Ltd. All rights reserved.

Authorized English language reprint edition published by Elsevier (Singapore) Pte Ltd. and
Shanghai Jiao Tong University Press

Copyright 2016 by Elsevier (Singapore) Pte Ltd. All rights reserved.

Elsevier (Singapore) Pte Ltd.
3 Killiney Road
#08-01 Winsland House |
Singapore 239519
Tel: (65) 6349-0200
Fax: (65) 6733-1817

First Published 2016
2016 FH]fik

Printed in China by Shanghai Jiao Tong University Press under special
arrangement with Elsevier

(Singapore) Pte Ltd. This edition is authorized for sale in China only, excluding
Hong Kong SAR, Macao SAR and Taiwan. Unauthorized export of this edition is
a violation of the Copyright Act.

Violation of this Law is subject to Civil and Criminal Penalties.

APRE RN H Elsevier (Singapore) Pte Ltd. 2 [ A5 A R AE e 8 K kb g 2 o 047
AR RAE P EEEN (ARFEESE. WAL EE) AR bR 1.

REWTTZ MO, WABRFEERGE, 52 RF BN FEE 2 Hil .

ARG Elsevier Bifhbrss, Ehrd#s N3,



AERE

CEFEREaRER) kA EPRE A RILG—2 BrE/RER (ELSEVIER) . ER2B R —-EAE, fok it
MR USRI A SURE 9 402 FRAICTE, Fi5 CEEEY 3000~4000 7, FHu AL —H5E ML JIFBHA itk
) A5 B LA B Rk AT AR EL 258 18 Sk

ZE A E PR R E T U . AR . B, W R BURR R A S R L e
HEE LA K TR U BB A RUR . TR SR A e S ROl A B . BOR RIS IZS £l e, EOUL A A U e 0
GRS S T,

ZELBER TR FERADIR AR T, (R X o S Be ke i AL i) o 28 S0k

g RRUR EAEALE TRPEIE . BT 09-2016-515 %

EBERRSGE ( CIP ) #iE

WHEREA R, P30/ (£) A% - H %5 (John H. Steele ) % 4 . — 11
g ASE KA R, 2016
ISBN 978-7-313-15299-2

[.O%F .. 1.O% ... M. OFF - K&iEY - % V. P7-49
o [ AR 54 CIP B A% (2016) 2 158259 %7

BENFENES (xxhk)
9%  #: STEELE THORPE TUREKIAN

WRREAT: I ASE R A M bk EWHEER 951 5
MR B ZwA% . 200030 M if: 021-64071208

HORR A BREER

B il CROBTAREN R A AT PR R . 2EFERN
A 889mm x 1194mm 1/16 Ep K. 40.25

¥ OB 4N TF i i 4

WL W 2016 429 A 1 AR Efl K 2016 49 A4S 1 IEDK
H 5. ISBN 978-7-313-15299-2/P

£ . 2% 1800.00 I

WAL AL TE
R AP A BN BT () B v v v TR 2 B 55 bk R
e ZHLIE: 4008670886



R (BFRFER2H) REHRERS

i ie]

JouN H.STEELE  STEVE A.THORPE KARL K.TUREKIAN

FEZER
St

RRZREEZER (UEREEBAF)
e A EEEE  HEH IR

AEEER (MBKEEHF)
Al EER AHE T
Mo RSl MO

GlEr
CH

Z R(UBREEAF )

E 9l £ W Efw FKE
CENEE MK SRk FRE
Wtk g REEE TEZE
KA skigst B 88 AKESE
PR BER BIEER Bl
R IR

T B R X
IR ORKID HALEE

HEEE
A KT

e T

T &K
L
Ay 8% B
IH

X

i
%
&
L
wfE

DFEER
ZE

OB

H %
ZEE
gk K R
| VA
& LE



Subject Area Volumes from the Second Edition

Climate & Oceans edited by Karl K. Turekian
Elements of Physical Oceanography edited by Steve A. Thorpe
Marine Biology edited by John H. Steele
Marine Chemistry ¢& Geochemistry edited by Karl K. Turekian
Marine Ecological Processes edited by John H. Steele
Marine Geology & Geophysics edited by Karl K. Turekian
Marine Policy & Economics guest edited by Porter Hoagland, Marine Policy Center,
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts
Measurement Techniques, Sensors & Platforms edited by Steve A. Thorpe
Ocean Currents edited by Steve A. Thorpe
The Coastal Ocean edited by Karl K. Turekian
The Upper Ocean edited by Steve A. Thorpe



tH hist BA

(BrErraRtes R ) (B (ke %) Rl EBREX
i kR N B R B REE A (Elsevier) JRAR G|, PASZEIRRIETE B A AR
AWK TR WU TR AN RS ) 402 IR GICE, WB
H prifg VRt OB B 2, WA WS TR, BHEAYY. BEA
&%, BHASRG. BAHFRFEBEE, Wl SRE5S[EZRPEE. &
RV, AR, M AT R, e R S eI R, R
FIN: AR S5, e 3 B A S AH O st 72 1) AR #F R B A0 E

(TRl afte (D ) (2O M4 7l —REIZ 8, JFERR
TERRSE I X e i o RN PR IR SO 3 - 0f . Rk 2504 i AN g
FEWE SRR B R FUE R, R EF R TR A DS E TR, NP EwL
w1« Ho W /RIBAESE ER 25 R Mg eIt P K 12 4, 2 EBRifgvEREE R %
ARGk fhblE S INEMRBEEAES RS, 9% THCOEKERDIATHE, Hix
R B R R AR S BN T R R R R A T R B
AL

AENFICE A E T, AR RLL L RER DA ES%
HsCk. 5 BTl R L E AR EAEE N AM L, AR R A0IE K& AR
ARy /8

JOChR CHREERM TR 1) MR RE &
2016 48 J 16 H



Editor-in-chief

John H. Steele

Marine Policy Center, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, USA

Editors

Steve A. Thorpe

National Oceanography Centre, University of Southampton
Southampton, UK

School of Ocean Sciences, University of Bangor, Menai Bridge, Anglesey, UK

Karl K. Turekian

Yale University, Department of Geology and Geophysics, New Haven, Connecticut, USA




John H. S. Blaxter

Scottish Association for Marine Science
Dunstaffnage Marine Laboratory
Oban

Argyll, UK

Quentin Bone

The Marine Biological Association of the United

Kingdom
Plymouth, UK

Kenneth H. Brink

Woods Hole Oceanographic Institution
Woods Hole

MA, USA

Harry L. Bryden

School of Ocean and Earth Science
James Rennell Division

University of Southampton
Empress Dock

Southampton, UK

Robert Clark

University of Newcastle upon Tyne
Marine Sciences and Coastal Management
Newcastle upon Tyne, UK

J. Kirk Cochran
State University of New York at Stony Brook
Marine Sciences Research Center

Stony Brook
NY, USA

Jeremy S. Collie

Coastal Institute

Graduate School of Oceanography
University of Rhode Island

South Ferry Road

Narragansett

RI, USA

Peter J. Cook

Australian Petroleum Cooperative Research
Centre

Canberra, Australia

Editorial Advisory Board .

Robert A. Duce
Departments of Oceanography and Atmospheric
Sciences

Texas A&M University
College Station

TX, USA

Paul G. Falkowski

Departments of Geological Sciences & Marine
& Coastal Sciences

Institute of Marine & Coastal Sciences

School of Environmental & Biological Sciences
Rutgers University

New Brunswick

NJ, USA

Mike Fasham'
Southampton Oceanography Centre
University of Southampton

Southampton
UK

John G. Field

MArine REsearch (MA-RE) Institute
University of Cape Town
Rondebosch

South Africa

Michael Fogarty

NOAA, National Marine Fisheries Service
Woods Hole

MA, USA

Wilford D. Gardner
Department of Oceanography
Texas A&M University
College Station

TX, USA

Ann Gargett

Old Dominion University

Center for Coastal Physical Oceanography
Crittenton Hall

Norfolk

VA, USA

Tdeceased




Editorial Advisory Board

xi

Christopher Garrett
University of Victoria
Department of Physics
Victoria

British Columbia, Canada

W. John Gould
Southampton Oceanography Centre
University of Southampton

Southampton
UK

John S. Gray'

Institute of Marine Biology and Limnology
University of Oslo

Blindern

Oslo, Norway

Gwyn Griffiths

Southampton Oceanography Centre
University of Southampton
Southampton

UK

Stephen J. Hall
World Fish Center
Penang

Malaysia

Roger Harris

Plymouth Marine Laboratory
West Hoe

Plymouth, UK

Porter Hoagland

Woods Hole Oceanographic Institution
Woods Hole
MA, USA

George L. Hunt Jr.

University of California, Irvine
Department of Ecology and Evolutionary
Biology

Irvine

CA, USA

William J. Jenkins

Woods Hole Oceanographic Institution
Woods Hole

MA, USA

Tdeceased

Lindsay Laird"
Aberdeen University

Zoology Department
Aberdeen
UK

Peter S. Liss

University of East Anglia

School of Environmental Sciences
Norwich, UK

Ken Macdonald
University of California
Department of Geological Sciences

Santa Barbara
CA, USA

Dennis McGillicuddy

Woods Hole Oceanographic Institution
Woods Hole

MA, USA

Alasdair Mclntyre
University of Aberdeen

Department of Zoology
Aberdeen
UK

W. Kendall Melville

Scripps Institution of Oceanography
UC San Diego

La Jolla

CA, USA

John Milliman
College of William and Mary
School of Marine Sciences

Gloucester Point
VA, USA

James N. Moum

College of Oceanic and Atmospheric Sciences
Oregon State University

Corvallis

OR, USA

Michael M. Mullin"

Scripps Institution of Oceanography
Marine Life Research Group
University of California San Diego
La Jolla

CA, USA



xii  Editorial Advisory Board

Yoshiyuki Nozaki'
University of Tokyo

The Ocean Research Institute
Nakano-ku

Tokyo

Japan

John Orcutt

Scripps Institution of Oceanography

Institute of Geophysics and Planetary Physics
La Jolla

CA, USA

Richard F. Pittenger

Woods Hole Oceanographic Institution
Woods Hole

MA, USA

Gerold Siedler
Universitit Kiel

Institut fuir Meereskunde
Kiel

Germany

Robert C. Spindel
University of Washington
Applied Physics Laboratory
Seattle

WA, USA

Colin P. Summerhayes

Scientific Committee on Antarctic Research
(SCAR)

Scott Polar Institute

Cambridge, UK

T deceased

Ellen Thomas

Yale University

Department of Geology and Geophysics
New Haven

CT, USA

Stewart Turner

Australian National University
Research School of Earth Sciences
Canberra

Australia

Peter L. Tyack

Woods Hole Oceanographic Institution
Woods Hole

MA, USA

Bruce A. Warren

Woods Hole Oceanographic Institution
Woods Hole

MA, USA

Wilford F. Weeks

University of Alaska Fairbanks
Department of Geology and Geophysics
Fairbanks

AK, USA

Robert A. Weller

Woods Hole Oceanographic Institution
Woods Hole

MA, USA

James A. Yoder

Woods Hole Oceanographic Institution
Woods Hole

MA, USA



Preface to Second Print Edition

The first edition of the Encyclopedia of Ocean Sciences, published in print form in 2001, has proven to be a
valuable asset for the marine science community — and more generally. The continuing rapid increase in
electronic access to academic material led us initially to publish the second edition electronically. We have
now added this print version of the second edition because of a demonstrated need for such a product. The
encyclopedia can now be accessed in print or electronic format according to the preferences and needs of
individuals and institutions.

In this edition there are 54 new articles, 67 revisions of previous articles, and a completely revised and
improved index. We are grateful to the members of the Editorial Advisory Board, nearly all of whom have
stayed with us during the lengthy process of going electronic.

The transition from Academic Press to Elsevier occurred between the two editions. We thank Dr. Debbie
Tranter of Elsevier for her efforts to see this edition through its final stages.

Preface to First Edition

In 1942, a monumental volume was published on The Oceans by H. U. Sverdrup, M. W. Johnson, and R. H.
Fleming. It was comprehensive and covered the knowledge at that time of the scientific study of the oceans.
This seminal book helped to initiate the tremendous burgeoning of marine research that occurred during the
following decades. The Encyclopedia of Ocean Sciences aims to embody the great growth of knowledge in a
major new reference work.

There have been remarkable new approaches to the study of the oceans that blur the distinctions between
the physical, chemical, biological, and geological disciplines. New theories and technologies have expanded
our knowledge of ocean processes. For example, plate tectonics has revolutionized our view not only of the
geology and geophysics of the seafloor but also of ocean chemistry and biology. Satellite remote sensing
provides a global vision as well as detailed understanding of the close coupling of ocean physics and biology
at local and regional scales.

Exploration, fishing, warfare, and the impact of storms have driven the past study of the seas, but we now
have a great public awareness of and concern with broader social and economic issues affecting the oceans.
For this reason, we have invited articles explicitly on marine policy and environmental topics, as well as
encouraged authors to address these aspects of their particular subjects. We believe the encyclopedia should
be of use to those involved with policy and management as well as to students and researchers.

Over 400 scientists have contributed to this description of what we now know about the oceans. They are
distinguished researchers who have generously shared their knowledge of this ever-growing body of science.
We are extremely grateful to all these authors, whose ability to write concisely on complex subjects has
generated a perspective on our science that we, as editors, believe will enhance the appreciation of the oceans,
their uses, and the research ahead.

It has been a major challenge for the members of the Editorial Advisory Board to cover such a hetero-
geneous subject. Their knowledge of the diverse areas of research has guaranteed comprehensive coverage of
the ocean sciences. The Board contributed significantly by suggesting topics, persuading authors to con-
tribute, and reviewing drafts. Many of them wrote Overviews that give broad descriptions of major parts of
the ocean sciences. Clearly, it was the dedicated involvement of the Editorial Advisory Board that made this
venture successful.

Such a massive enterprise as a multivolume encyclopedia would not be possible without the long-term
commitment of the staff of the Major Reference Works team at Academic Press. In particular, we are very
grateful for the consistent support of our Senior Developmental Editor, Colin McNeil, who has worked so
well with us throughout the whole process. Also, we are very pleased that new technology permits enhanced
search and retrieval through the Internet. We believe this will make the encyclopedia much more accessible to
individual researchers and students.
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In Memoriam

During the creation of the Encyclopedia of Ocean Sciences and also in several cases prior to the publication
of the electronic Second Edition, several Associate Editors or designated Associate Editors died. We spe-
cifically acknowledge their role in making this work an effective publication. They are Mike Fasham, John S.
Gray, Lindsay Laird, Michael Mullin and Yoshiyuki Nozaki.

J. H. Steele, S. A. Thorpe, and K. K. Turekian
Editors
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