= s - S = == sesssenas e e e s ———

V\V()()DHEAVDV PUBLISHING SERIES IN ELECTRONIC AND OPTICAL MATERIALS

s s - = S s R

Subsea optics
and imaging

Edited by John Watson and Oliver Zielinski

WOODHEAD
PUBLISHING




Woodhead Publishing Series in Electronic and Optical Ma{iﬁaif:z 50177
Number 46

Subsea optics
and Imaging

Edited by

John Watson and
Oliver Zielinski

u,

/li)\ e t':r ”
g Wit

;}ﬁ :1"3 'f;*

WOODHEAD
PUBLISHING

DY

Oxford Cambridge Philadelphia New Delhi

© Woodhead Publishing Limited, 2013



Published by Woodhead Publishing Limited,

80 High Street, Sawston, Cambridge CB22 3HJ, UK
www.woodheadpublishing.com
www.woodheadpublishingonline.com

Woodhead Publishing, 1518 Walnut Street, Suite 1100, Philadelphia,
PA 19102-3406, USA

Woodhead Publishing India Private Limited, 303 Vardaan House, 7/28 Ansari Road,
Daryaganj, New Delhi - 110002, India
www.woodheadpublishingindia.com

First published 2013, Woodhead Publishing Limited

© Woodhead Publishing Limited, 2013. The publisher has made every effort to

ensure that permission for copyright material has been obtained by authors wishing to
use such material. The authors and the publisher will be glad to hear from any copyright
holder it has not been possible to contact.

The authors have asserted their moral rights.

This book contains information obtained from authentic and highly regarded
sources. Reprinted material is quoted with permission, and sources are indicated.
Reasonable efforts have been made to publish reliable data and information, but
the authors and the publisher cannot assume responsibility for the validity of all
materials. Neither the authors nor the publisher, nor anyone else associated with
this publication, shall be liable for any loss, damage or liability directly or indirectly
caused or alleged to be caused by this book.

Neither this book nor any part may be reproduced or transmitted in any form or
by any means, electronic or mechanical, including photocopying, microfilming and
recording, or by any information storage or retrieval system, without permission in
writing from Woodhead Publishing Limited.

The consent of Woodhead PublishW waa not extend to copying for
general distribution, for promotion, tating ks, or for resale. Specific
permission must be obtained in wrti m Woodhea blishing Limited for
such copying.

Trademark notice: Product or ¢ot té'fiames may be tradgmarks or registered
trademarks, and are used onlyd tiﬁg@ipr_ta_ndgy) tion, without intent to
infringe.

British Library Cataloguing in Pw
A catalogue record for this book is ritish Library.
Library of Congress Control Number: 2013945055

ISBN 978-0-85709-341-7 (print)

ISBN 978-0-85709-352-3 (online)

ISSN 2050-1501 Woodhead Publishing Series in Electronic and Optical Materials (print)
ISSN 2050-151X Woodhead Publishing Series in Electronic and Optical Materials (online)

The publisher’s policy is to use permanent paper from mills that operate a
sustainable forestry policy, and which has been manufactured from pulp which is
processed using acid-free and elemental chlorine-free practices. Furthermore, the
publisher ensures that the text paper and cover board used have met acceptable
environmental accreditation standards.

Typeset by Newgen Knowledge Works Pvt Ltd, India
Printed by Lightning Source

© Woodhead Publishing Limited, 2013



Subsea optics and imaging

© Woodhead Publishing Limited, 2013



Related titles:

Handbook of solid-state lasers
(ISBN 978-0-85709-272-4)

Semiconductor lasers

(ISBN 978-0-85709-121-5)

Handbook of terahertz technology for imaging, sensing and communications
(ISBN 978-0-85709-235-9)

Details of these books and a complete list of titles from Woodhead Publishing can
be obtained by:

visiting our web site at www.woodheadpublishing.com
contacting Customer Services (e-mail: sales@woodheadpublishing.com; fax:
+44 (0) 1223 832819; tel.: +44 (0) 1223 499140 ext. 130; address: Woodhead
Publishing Limited, 80, High Street, Sawston, Cambridge CB22 3HJ, UK)

* in North America, contacting our US office (e-mail: usmarketing@
woodheadpublishing.com; tel.: (215) 928 9112; address: Woodhead Publishing,
1518 Walnut Street, Suite 1100, Philadelphia, PA 19102-3406, USA

If you would like e-versions of our content, please visit our online platform: www.
woodheadpublishingonline.com. Please recommend it to your librarian so that
everyone in your institution can benefit from the wealth of content on the site.

We are always happy to receive suggestions for new books from potential editors.
To enquire about contributing to our Electronic and Optical Materials series, please
send your name, contact address and details of the topic/s you are interested in to
laura.pugh@woodheadpublishing.com. We look forward to hearing from you.

The team responsible for publishing this book:

Commissioning Editor: Laura Pugh

Publications Coordinator: Adam Davies

Project Editor: Anneka Hess

Editorial and Production Manager: Mary Campbell

Production Editor: Richard Fairclough

Freelance Project Manager: Newgen Knowledge Works Pvt Ltd
Cover Designer: Terry Callanan

© Woodhead Publishing Limited, 2013



Contributor contact details

(* = main contact)

Editors

J. Watson

School of Engineering
University of Aberdeen
Aberdeen, AB24 3UE, Scotland

E-mail: j.watson@abdn.ac.uk

O. Zielinski

Institute for Chemistry and Biology
of the Marine Environment

Carl von Ossietzky University
Oldenburg

Schleusenstrasse 1

26382 Wilhelmshaven, Germany

E-mail: oliver.zielinski@uni-
oldenburg.de

Chapter 1

O. Zielinski

Institute for Chemistry and Biology
of the Marine Environment

Carl von Ossietzky University
Oldenburg

Schleusenstrasse 1

26382 Wilhelmshaven, Germany

E-mail: oliver.zielinski@uni-
oldenburg.de

Chapter 2

J. Watson

School of Engineering
University of Aberdeen
Aberdeen, AB24 3UE, Scotland

E-mail: j.watson@abdn.ac.uk

Chapter 3

M. R. Wernand

Royal Netherlands Institute for Sea
Research

P.O.Box 59

1790 AB

Den Burg

Landsdiep 4

1797 SZ 't Horntje, Texel, The
Netherlands

E-mail: marcel.wernand@nioz.nl

Chapter 4

A. Cunningham and D. McKee
University of Strathclyde
Physics Department

107 Rottenrow

Glasgow, G40NG, Scotland

E-mail: a.cunningham@strath.ac.uk
david.mckee@strath.ac.uk

xiii

© Woodhead Publishing Limited, 2013



Xiv Contributor contact details

Chapter 5

P. G. Coble

College of Marine Science
University of South Florida

140 Seventh Ave. S.

St. Petersburg, Florida 33701, USA

E-mail: pcoble@mail.usf.edu

Chapter 6

R.D. Prien

Leibniz Institute for Baltic Sea
Research Warnemiinde

Marine Chemistry Department

Seestr. 15

18119 Rostock, Germany

E-mail: ralf.prien@io-
warnemuende.de

Chapter 7

M. A. Moline* and M. J. Oliver

School of Marine Science and
Policy

University of Delaware

700 Pilottown Rd.

Lewes, Delaware 19958, USA

E-mail: mmoline@udel.edu

C. Orrico and R. Zaneveld
WetLabs, Inc.

620 Applegate St.

Philomath, Oregon 97370, USA

E-mail: cris@wetlabs.com

L. Shulman

Oceanography Division
Naval Research Laboratory
1005 Balch Boulevard
Stennis Space Center
Mississippi 39529, USA

E-mail: igor.shulman@nrlssc.navy.
mil

Chapter 8

J. A. Busch and O. Zielinski

Institute for Chemistry and Biology
of the Marine Environment

Carl von Ossietzky University
Oldenburg

Schleusenstrasse 1

26382 Wilhelmshaven, Germany

E-mail: julia.busch@uni-oldenburg.
de
oliver.zielinski@uni-oldenburg.de

A.D. Cembella

Ecological Chemistry

Alfred Wegener Institute for Polar
and Marine Research (AWTI)

Am Handelshafen12

27570 Bremerhaven, Germany

E-mail: Allan.Cembella@awi.de

Chapter 9

D. G. Bowers

School of Ocean Sciences
Bangor University

Wales, LL59 SAB, UK

E-mail: d.g.bowers@bangor.ac.uk

Chapter 10

J. Schulz

Institute for Chemistry and Biology
of the Marine Environment

University of Oldenburg

Schleusenstrasse 1

26382 Wilhelmshaven, Germany

E-mail: jan.schulz@uni-oldenburg.
de

© Woodhead Publishing Limited, 2013



Chapter 11

D. M. Kocak*

Government Communications
Systems Division

Harris Corporation

Mail Stop 25-11E

P.O. Box 37

Melbourne, Florida 32902-0037,
USA

E-mail: dkocak@harris.com

B. Ouyang

Ocean Visibility and Optics Lab

Harbor Branch Oceanographic
Institute/ Florida Atlantic
University

U.S. Highway 1

Fort Pierce, Florida 34946, USA

E-mail: bing_research@yahoo.com

Chapter 12

J. Watson and N. M. Burns
School of Engineering,
University of Aberdeen,
Aberdeen, AB24 3UE, Scotland

E-mail: j.watson@abdn.ac.uk
n.m.burns@abdn.ac.uk

Chapter 13

F. M. Caimi
IEEE Oceanic Engineering Society

E-mail: frankstir@gmail.com

Fraser R Dalgleish

Harbor Branch Oceanographic
Institute at Florida Atlantic
University

Ft. Pierce, Florida

Contributor contact details XV

Chapter 14

J. K. Sveen

The Multiphase Flow Assurance
Centre (FACE)

Norway

E-mail: jks@ife.no

Chapter 15

L. De Dominicis
ENEA Frascati

Via E. Fermi 45
00044 Frascati, Italy

E-mail: luigi.dedominicis@enea.it

Chapter 16

W. J. Kirkwood

Research and Development
Engineering

Monterey Bay Aquarium Research
Institute

7700 Sandholdt Rd

Moss Landing, California 95039,
USA

E-mail: kiwi@mbari.org

P. G. Brewer*

Research Scientist

Monterey Bay Aquarium Research
Institute

7700 Sandholdt Rd

Moss Landing, California 95039,
USA

E-mail: brpe@mbari.org

Chapter 17

B. Glisic

Department of Civil and
Environmental Engineering

© Woodhead Publishing Limited, 2013



XVi Contributor contact details

Princeton University E330 EQuad
Princeton, New Jersey 05844, USA

E-mail: bglisic@princeton.edu

Chapter 18

R. C. Zimmerman* and V. J. Hill

Department of Ocean, Earth and
Atmospheric Sciences

4600 Elkhorn Avenue

Old Dominion University

Norfolk, Virginia 23529, USA

E-mail: rzimmerm@odu.edu

Charles I. Sukenik
Department of Physics

4600 Elkhorn Avenue

Old Dominion University
Norfolk, Virginia 23529, USA

Chapter 19

A. Manuel-Lazaro, E. Molino-
Minero-Re,* J.del Rio-Fernandez
and M. Nogueras-Cervera

Sarti Research Group

Universitat Politecnica Catalunya

Rambla Exposicio 24

Vilanova i la Geltra, 08800, Spain

E-mail: antoni.manuel@upc.edu
erik.molino@gmail.com
joaquin.del.rio@upc.edu
marc.nogueras@upc.edu

Chapter 20

G. Johnsen,* R. Pettersen, H.
Dierssen, M. Van Ardelan, F.
Sereide, M. Ludvigsen

Norwegian University of
Technology and Science (NTNU)
Trondheim, Norway

E-mail: geir.johnsen@bio.ntnu.no

Z.Volent

SINTEF Fisheries and Aquaculture
Trondheim, Norway

E-mail: zsolt.volent@sintef.no

P. Fearns

Dept. Applied Physics and Imaging
Curtin University

Perth, Western Australia

E-mail: PFearns@exchange.curtin.
edu.au

M. Moline

School of Marine Science and
Policy

University of Delaware

Lewes, Delaware, USA

E-mail: mmoline@udel.edu

Chapter 21

1. S. Jaffe,* P. J. S. Franks, C.Brisefio-
Avena, P. L. D. Roberts, B.Laxton

Scripps Institution of
Oceanography

University of California

San Diego

9500 Gilman Drive

La Jolla, California 92093-0238,
USA

E-mail: jjaffe@ucsd.edu

© Woodhead Publishing Limited, 2013



10

11

12

Woodhead Publishing Series in Electronic
and Optical Materials

Circuit analysis

J. E. Whitehouse

Signal processing in electronic communications: For engineers and
mathematicians

M. J. Chapman, D. P. Goodall and N. C. Steele

Pattern recognition and image processing

D. Luo

Digital filters and signal processing in electronic engineering: Theory,
applications, architecture, code

S. M. Bozic and R. J. Chance

Cable engineering for local area networks

B. J. Elliott

Designing a structured cabling system to ISO 11801: Cross-referenced
to European CENELEC and American Standards

Second edition

B. J. Elliott

Microscopy techniques for materials science

A. Clarke and C. Eberhardt

Materials for energy conversion devices

Edited by C. C. Sorrell, J. Nowotny and S. Sugihara

Digital image processing: Mathematical and computational methods
Second edition

J. M. Blackledge

Nanolithography and patterning techniques in microelectronics

Edited by D. Bucknall

Digital signal processing: Mathematical and computational methods,
software development and applications

Second edition

J. M. Blackledge

Handbook of advanced dielectric, piezoelectric and ferroelectric mate-
rials: Synthesis, properties and applications

Edited by Z.-G. Ye

XVii

© Woodhead Publishing Limited, 2013



XV

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

3

Woodhead Publishing Series in Electronic and Optical Materials

Materials for fuel cells

Edited by M. Gasik

Solid-state hydrogen storage: Materials and chemistry

Edited by G. Walker

Laser cooling of solids

S. V. Petrushkin and V. V. Samartsev

Polymer electrolytes: Fundamentals and applications

Edited by C. A. C. Sequeira and D. A. E Santos

Advanced piezoelectric materials: Science and technology

Edited by K. Uchino

Optical switches: Materials and design

Edited by S.J. Chua and B. Li

Advanced adhesives in electronics: Materials, properties and
applications

Edited by M. O. Alam and C. Bailey

Thin film growth: Physics, materials science and applications

Edited by Z. Cao

Electromigration in thin films and electronic devices: Materials and
reliability

Edited by C.-U. Kim

In situ characterization of thin film growth

Edited by G. Koster and G. Rijnders

Silicon-germanium (SiGe) nanostructures: Production, properties and
applications in electronics

Edited by Y. Shiraki and N. Usami

High-temperature superconductors

Edited by X. G. Qiu

Introduction to the physics of nanoelectronics

S. G. Tan and M. B. A. Jalil

Printed films: Materials science and applications in sensors, electronics
and photonics

Edited by M. Prudenziati and J. Hormadaly

Laser growth and processing of photonic devices

Edited by N. A. Vainos

Quantum optics with semiconductor nanostructures

Edited by F. Jahnke

Ultrasonic transducers: Materials and design for sensors, actuators and
medical applications

Edited by K. Nakamura

Waste electrical and electronic equipment (WEEE) handbook

Edited by V. Goodship and A. Stevels

Applications of ATILA FEM software to smart materials: Case studies
in designing devices

Edited by K. Uchino and J.-C. Debus

© Woodhead Publishing Limited, 2013



Woodhead Publishing Series in Electronic and Optical Materials XIX

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

MEMS for automotive and aerospace applications

Edited by M. Kraft and N. M. White

Semiconductor lasers: Fundamentals and applications

Edited by A. Baranov and E. Tournie

Handbook of terahertz technology for imaging, sensing and
communications

Edited by D. Saeedkia

Handbook of solid-state lasers: Materials, systems and applications
Edited by B. Denker and E. Shklovsky

Organic light-emitting diodes (OLEDs): Materials, devices and
applications

Edited by A. Buckley

Lasers for medical applications: Diagnostics, therapy and surgery
Edited by H. Jelinkovd

Semiconductor gas sensors

Edited by R. Jaaniso and O. K. Tan

Handbook of organic materials for optical and optoelectronic devices:
Properties and applications

Edited by O. Ostroverkhova

Metallic films for electronic, optical and magnetic applications: Structure,
processing and properties

Edited by K. Barmak and K. Coffey

Handbook of laser welding technologies

Edited by S. Katayama

Nanolithography: The art of fabricating nanoelectronics, nanophoton-
ics and nanobiology devices and systems

Edited by M. Feldman

Laser spectroscopy for sensing: Fundamentals, techniques and
applications

Edited by M. Baudelet

Chalcogenide glasses: Preparation, properties and applications

Edited by J.-L. Adam and X. Zhang

Handbook of MEMS for wireless and mobile applications

Edited by D. Uttamchandani

Subsea optics and imaging

Edited by J. Watson and O. Zielinski

Carbon nanotubes and graphene for photonic applications

Edited by S. Yamashita, Y. Saito and J. H. Choi

Optical biomimetics: Materials and applications

Edited by M. Large

Optical thin films and coatings

Edited by A. Piegari and F. Flory

Computer design of diffractive optics

Edited by V. A. Soifer

© Woodhead Publishing Limited, 2013



XX

51

52

53

54

55

56

S

58

59

60

61

62

63

64

65

Woodhead Publishing Series in Electronic and Optical Materials

Smart sensors and MEMS: Intelligent devices and microsystems for
industrial applications

Edited by S. Nihtianov and A. L. Estepa

Fundamentals of femtosecond optics

S. A. Kozlov and V. V. Samartsev

Nanostructured semiconductor oxides for the next generation of elec-
tronics and functional devices: Production, properties and applications
S. Zhuiykov

Nitride semiconductor light-emitting diodes (LEDs): Materials, perfor-
mance and applications

Edited by J. J. Huang, H. C. Kuo and S. C. Shen

Sensor technologies for civil infrastructures

Volume 1: Sensing hardware and data collection for performance
assessment

Edited by M. Wang, J. Lynch and H. Sohn

Sensor technologies for civil infrastructures

Volume 2: Applications in structural health monitoring

Edited by M. Wang, J. Lynch and H. Sohn

Graphene: Properties, preparation, characterisation and devices
Edited by V. Skdkalovd and A. B. Kaiser

Handbook of silicon-on-insulator (SOI) technology

Edited by O. Kononchuk and B.-Y. Nguyen

Biological identification: DNA amplification and sequencing, optical
sensing, lab-on-chip and portable systems

Edited by P. Schaudies

High performance silicon imaging: Fundamentals and applications of
CMOS and CCD sensors

Edited by D. Durini

Nanosensors for chemical and biological applications: Sensing with
nanotubes, nanowires and nanoparticles

Edited by K. C. Honeychurch

Composite magnetoelectrics: Materials, structures, and applications

G. Srinivasan, S. Priya, and N. Sun

Quantum information processing with diamond: Principles and
applications

Edited by S. Prawer and I. Aharonovich

Advances in nonvolatile memory and storage technology

Edited by Y. Nishi

Laser surface engineering: Processes and applications

Edited by J. Lawrence, C. Dowding, D. Waugh, J. Griffiths

© Woodhead Publishing Limited, 2013



Preface

From coastline to deep-water and from lakes to rivers, many challenges
face us in our drive to understand, utilise and preserve our aquatic environ-
ment. New techniques and instruments are continually being developed to
enable us to probe and monitor its character and behaviour, and to help us
optimise the oceans, seas and lakes of the world as sustainable resources of
energy, minerals and food for the future. Of increasing importance amongst
these techniques is the use of optical methodology, instrumentation and
photonics devices for imaging, vision and sensing; this technology is playing
an increasingly crucial role in our understanding and exploitation of this
unique habitat.

Although the use of optics in studying our ‘subsea’ habitat has a long
and distinguished pedigree stretching back to ancient Greek and Roman
times, it was surely the invention of the laser in 1960 and the parallel devel-
opments of electronic detectors and high-performance computers that
projected optics to the forefront as one of the cornerstones of underwater
investigation. Since then, the progress and development of optical science
and technology in general has been rapid, dramatic and profound. There is
now hardly an aspect of modern life where optics and the laser have not had
an impact; this is as true underwater as it is on land and in space.

This explosion of optics activity has led to new sensors being developed
and new applications being tackled, across such diverse areas as holographic
imaging, subsea laser welding, fibre-optic sensors, laser scanning systems,
spectroscopic instrumentation, laser ranging and 3D imaging. Imaging has
become a crucial tool for subsea operations and offers a new perspective
for operational assessment of aquatic organisms. Hyperspectral sensing has
improved the understanding of light and its interaction with biogeochemi-
cal water constituents, contributing to the global response to climate change
and hazard mitigation. All these advances, many of which are described in
this volume, have been supported by rapid developments in semi-conduc-
tor-, nano- and other enabling technologies, and promise even more sophis-
ticated optical instruments for the next decade.

Subsea optics and imaging serves as an introductory textbook for students
and workers in the field and, at the same time, offers a review of recent

XXI
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XX Preface

trends and technologies. Contributions have been written by renowned
experts in the field and review progress in selected areas to provide a transi-
tion from fundamental background principles towards in-depth knowledge
of specific technologies. We should note that the term ‘subsea’ is often used
in reference to underwater technologies, equipment and methods, whether
or not these are in the sea or in fresh-water. Throughout this book we will
refer to ‘subsea optics’ as an interdisciplinary field of natural and engineer-
ing sciences focused on the utilisation of light below the water surface, in the
context of environmental and industrial objectives.

The book is divided into three parts. The first part provides a general intro-
duction to the concepts of subsea optics and imaging and puts them into a
historical context. Two introductory chapters on subsea optics (Chapter 1)
and subsea imaging technologics (Chapter 2) are provided by the editors
themselves, and a third outlines the history of ocean optics and colour
(Chapter 3).

Part II comprises those chapters with a biogeochemical and/or environ-
mental theme. It starts with an overview of underwater light ficlds and the
measurement of optical properties to understanding the nature of propaga-
tion of light in water (Chapter 4) followed by an overview of coloured dis-
solved organic matter - CDOM - (Chapter 5) and assessment of nutrients
in the water column (Chapter 6). This section concludes with discussions
of the properties of subsea bioluminescence (Chapter 7), an assessment of
harmful algal blooms and their impact (Chapter 8) and finally an outline
of optical techniques for studying the impact of turbulence and mixing in
the marine environment of suspended sediments, turbulence and mixing
(Chapter 9).

Part III encompasses all those chapters with an optical systems and imag-
ing theme. Imaging and visualisation using conventional photography and
video (Chapters 10 and 11) or advanced techniques such as digital hologra-
phy (Chapter 12), laser line-scanning (Chapter 13), or range-gated imaging
(Chapter 15) are key tools in our study of the oceans and their impact on
our environment. They can offer new perspectives for monitoring aquatic
life, mapping the seafloor, or mensuration of natural and man-made struc-
tures. In the wider context, high-resolution monitoring and rapid assessment
of the environment rely on the application of optical sensors, often in paral-
lel with acoustical and other physical/electronic probes. Such sensors can
be integrated onto autonomously or remotely controlled observation plat-
forms or global observation networks (Chapter 19). More recently, linked
networks of observation platforms allow data from dozens of sensors to be
combined; the whole field of data acquisition and visualisation, and sub-
sea optical communications, is crucial to our developments. From conven-
tional two-dimensional to three-dimensional imaging, subsea imaging and
sensing have a vital role to play. Techniques such as Raman spectroscopy

© Woodhead Publishing Limited, 2013



Preface XXl

(Chapter 16) to hyperspectral sensing (Chapter 20) have improved our
understanding of light and its interaction with biogeochemical water con-
stituents. Laser Doppler anemometry (LDA) and particle image veloci-
metry (PIV) (Chapter 14), optical fibre sensing (Chapter 17) and LIDAR
(Chapter 18) are examples of how important newer optical technology is
in widening our understanding of the sea. Finally, a chapter on fluorescence
methodologies (Chapter 21) brings the volume to a close.

There are many important benefits to be derived from the application of
optical technology and from studying the interaction of light in the marine
environment. These include increased effectiveness of subsea operations, a
clearer understanding of the role of the oceans in the global carbon cycle, the
introduction of new technical approaches to the measurement of particles
and dissolved substances in seawater, and higher resolution monitoring of
the emission and dispersal of pollutants. Subsea optics, therefore, can make
an important contribution to international security, facilitate the protection
and sustainable management of the resources of the oceans, and contribute
to the urgent requirement for monitoring the response of marine systems
to climate change. We hope that the chapters included in this volume will
have demonstrated the power and importance of optics in the subsea envi-
ronment inspiring and fostering research and application of subsea optics,
imaging and vision.
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