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Executive Summary 

The Canada/Germany workshop in Ottawa, from October 14-17, 1986 was 
held to strengthen the bilateral collaboration buildinq on the joint FLUREX 
campaiqns and Fluorescence Line Imager oceans monitoring program. 
The respective industrial capabilities have matured to a stage where a 
consortium led by Messerschmidt-Boelkow-Blohm (MRR) of Germany and Moniteq of 
Canada is prepared to propose an imaging spectrometer system for the Earth 
Observation Program of the European Space Agency. 

The results of the workshop can be summarized into five items for 
cooperation. 

1. Scientists of Canada and Germany plan to continue joint scientific 
studies and applications development of imaging spectrometers. 
Respective new projects will be prepared for May 1987 discussion. 

2. The priorities for a scientific program concerning the marine 
environment were identified as development of spectral data bank, 
determination of productivity from observed fluorescence, 
development of algorithms to correct the atmospheric influence and 
finally exploration of the use of expert systems for an enhanced 
spectral image analysis tool. 

3. The area of cooperative scientific projects using imaging 
soectrometers is recommended to be expanded to include forest 
stress monitoring, cloud height determination, cloud optical depth, 
water vapour column content and spectral snow albedo. 

4. The respective industries of Canada and Germany are encouraged to 
develop a framework for cooperative development of future space 
borne imaging spectrometers. To ensure that requirements of the 
users are met, close cooperation with the scientific team is 
suqqested. The plan implies the commercialization of government 
supported technologies. 

5. The coordinators will report workshop results to their respective 
governments and prepare a coordinated report to the European Space 
Aqency. 



GERMANY/CANADA SCIENCE AND TECHNOLOGY AGREEMENT 
WORKSHOP 

ON REMOTE SENSING OF FLUORESCENCE SIGNALS 

Ottawa 

October 14 - 17, 1986 

1. Backqround and Present State of Cooperation 

1.1 Under the umbrella agreement on cooperation in research and 
technology, signed by the governments of the Federal Republic of Germany 
and Canada in 1971, a project is being carried out, focussing on the 
measurement of chlorophyll "a" in the sea. Within the course of the 
project experts from both sides established close personal links and 
joint experiments were carried out. For example the FLUREX 1982 campaign 
over the Baltic and North Sea provided synchronized imaging from space 
and aircraft with sea truth measurement from German research vessels and 
from the German North Sea research platform. Several German sensors 
along with a Canadian spectrometer, were flown yielding valuable 
scientific results concerning methodology to map the plankton 
distribution in coastal waters. Besides the joint activities, each side 
continued scientific investiqations on its own initiative, developing a 
hiqh level of expertise and international recognition. 

1.2 Within Canada's national programme a Fluorescence Line Imager (FLI) was 
developed and flown for various applications, not only in the marine 
environment for sensing plankton and bathymetric purposes but also for 
terrestrial applications, mainly in forest stress monitoring. 

A hiqh resolution "Reflective Optics System Imaqinq Spectrometer (ROSIS)" 
was studied on the German side for space application. An airborne 
version will be built and tested in the forthcoming months. 

1.3 Both the German and Canadian partners have a distinct interest in beinq 
involved in the development and application of a space borne fluorescence 
imaging spectrometer. 

1.4 Due to their expertise German and Canadian scientists involved in the 
FLUREX campaigns were contracted by the European Space Agency (ESA) to 
conduct a study on the chlorophyll measurement in the sea. Results of 
their investigations, also including those of the Canadian Scientists 
within the joint FLUREX 1982 campaign, will be reported in a special ESA 
meeting in France in November 1986. 

1.5 The joint German/Canadian project has reached a staqe of maturity 
justifying the need to evaluate results accomplished by now and to agree 
on priorities for future work. A workshop was considered the appropriate 
means. It was organized hy Helmut Bianchi and Howard Edel with valuable 
assistance from Jim Gower and Heinz van der Piepen. 
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The workshop was held in Ottawa, from October 14 to 17, 1986 and was 
attended by 41 participants from Germany and Canada (Annex 1). The 
prooramme of the workshop (Annex 2) comprised 26 presentations . 

The workshop was judged to be very successful. A unique opportunity was 
offered to experts of both countries concerned with the theory and 
application of chlorophyll fluorescence spectroscooy. 

The lively and constructive discussions between scientists, 
representatives of industry, university and government agencies led to 
a number of conclusions and suggestions which are detailed in section 2. 

2.0 Conclusion/Suggestions 

2.1 General Conclusions 

2.1.1 The presentations given at the workshop will be compiled and made 
available to the participants and others interested in high spectral 
resolution imaging. 

2.1.2 Similar workshops should be held from time to time. These could focus 
on more specific topics of mutual interest. It will he decided on a 
case-by-case basis to what extent scientists from other countries 
should also he invited. 

2.1.3 Cooperative work in the ongoing project should be continued with close 
contacts between users and manufacturers. 

2.1.4 Any further .ioint action is to match with the respective national 
priorities and should comply with international efforts. Basic work 
with regard to the understandinq of mechanisms as well as the 
application of remote sensinq techniques should be encouraqed. 

2.2 Future Scientific Cooperation 

The participating scientists includinq the joint FLUREX qroup expressed 
their considered direct wishes and requirements for future work and 
action as follows: 

2.2.1 Scientific activities in the area of phytoplankton related to 
chlorophyll fluorescence were ordered accordinq to the followinq 
priorities. 

- Hiqh spectral resolution study of atmosphere effects in the 
fluorescence reqion leadinq to ootimized alqorithms. 

- Study effects of interferinq substances by applyinq inverse modellinq 
to corrected data. 

- variations in fluorescence yield: inference of productivity. 
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- other ootential targets in water: establishment of a library of 
verified spectra of inherent optical coefficients and upward 
radiances. 

These priorities will be taken into account in the continuation of the 
bilateral cooperation in remote sensing fluorescence signals in the 
sea. Respective new well defined projects (proposals) detailinq the 
specific objectives, project partners, work plan, mile stones etc. will 
be submitted to the coordinators by the end of 1986. 

- Data bank 
Spectra, optional parameters, concentrations of substances and 
pigments drawn from: 
- existing data 
- new data 
Groups involved: IOS, GKSS, UNIV. OLDENRURG 
Project may be started soon 

- Exoert system based image processing with an interface to the Data 
hank includinq additional data such as typical value for areas, 
seasons etc. 
Groups involved: MEDS, IDS, GKSS, DFLR 
Project needs a lonqterm cooperation 

- Fluorescence - Chlorophyll - Productivity 
ie. compare blue/qreen, fluorescence, fluorescence reqression slope 
applyinq fast productivity measurinq techniques. 
Requirement: new comparative alqorithms must be developed. 

new experiments in case 1 waters. 
Groups involved: IDS, AID, GKSS, UNIV. OLDENRURG 
Project needs a lonqterm cooperation 

Atmosphere's influence and inverse techniques usinq full reflective 
spectrum. 
Groups involved: IOS, GKSS 
Project to be started soon. 

Some of the new projects will start immediately and be of shorter 
duration, some of them will demand work over years. 

The FLUREX qroup recoqnized the need for additional expertise 
concerninq the relation between fluorescence and productivity. Since 
the Marine Environmental Laboratory of the Bedford Institute of 
Oceanoqraphy has established exoertize in this area, it is suqqested 
that this qroup be encouraqed to participate in joint studies. 

With respect to the development of an expert system for the improved 
interpretation of ocean colour data, the participation of the 
Canada Centre of Remote Sensinq should be promoted. 

An equivalent qroup of experts has to be identified on the German side. 
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Any scientific contribution from any other qroup would be welcome. 

Roland Doerffer (GKSS-Research Center, Geesthacht) and Jim Gower 
(Institute of ncean Sciences, Patricia Bay) were confirmed as 
coordinators of the scientific proqramme. The coordinators, Aianchi 
and Edel, should he kept informed of proqressinq developments. 

2.2.2 It has been recoqnized that an imaqinq spectrometer is also a valuable 
tool for other areas of research such as forestry and meteoroloqy. It 
is suqqested that the coordinators of the workshop take action with 
reqard to requestinq other user qroups to set their priorities and 
requirements for a space borne imaqinq spectrometer and to ask for 
their support concerninq construction and operation of such a device. 
The areas of forestry, cloud heiqht determination, cloud spectral snow 
albedo are of utmost interest. 

As far as environmental monitorinq is concerned, reference is also made 
to the German/Canarlian coooeration in this area. The coordinators of 
that proqramme will be approached. 

2.3 Cooperation of anrl with industry and the European Space Aqency (ESA). 

As far as definition and promotion, as well as desiqn development and 
operation of a suitable instrument is concerned the followinq 
conclusions were drawn: 

2.3.1 The scientists expressed their considered requirement for a hiqh 
spectral resolution imaqinq spectrometer. The inteqration of such 
device in a polar platform is hiqhly desired. Appropriate actions are 
to be taken to submit a Proposal to ESA within the Earth Observation 
Proqramme (EOP). 

2.3.2 The German and Canadian industries, havinq carried out extensive 
research and development and/or built an imaqinq sensor devise (compare 
item 1.2), are requested to come to an aqreement on the cooperation 
aiminq at the joint development of a space-borne hiqh resolution 
spectrometer and to inteqrate competent firms from other European 
countries. This consortium is encouraqed to submit a proposal to ESA 
under the EOPP.· 

The FLUREX qroup will provide its expertise to advise the industrial 
development of tne instrument, in support of any industrial cooperation 
which may finally be aqreed and accepted by ESA. 

2.3.3 The coordinators of the workshop are requested to take appropriate 
action aiminq at a special presentation to ESA to fulfill their wish of 
beinq familiarized with the results and conclusions of the workshop. 

The coordinators are also requested to report to their respective 
qovernments and to ask for their coordinated support in relation to 
ESA. 



- 5 -

It is understood that any action is to match with the respective 
national concerns and priorities. 

3. General Actions 

This summarizinq report of the coordinators of the workshop will be 
presented to all participants, to the qovernmental departments which 
are responsible for German/Canadian operations and to ESA. 

A special report will be qiven and new project sheets to will be tabled 
for the next round of consultations on bilateral cooperation in science 
and technoloqy, planned for May 1987. 

Ottawa, October 22, 1986 

Helmet Bianchi 
German Coordinator for the 
Bilateral Cooperation in 
Science and Technoloqy 

Howard Edel 
Remote Sensinq Coordinator 
of the Canadian Deoartment 
of Fisheries and Oceans 
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! . CANADA-GERMANY WORKSHOP OH IMAGING SPECTROMETRY 

PROGRAM 

Day 1: Tuesday October 14 

INTRODUCTION, HISTORY AHO COOPERATIVE FRAMEWORK 

0900-0915 Welcome/Introduction/Purpose 
Bill Doubleday 

0915-0930 History (1974-1984) of water colour uork in Canada 
Jim Gower 

0930-1000 Overview of German water colour work 
Roland Doerffer/Heinz Van der Piepen 

1000-1020 The German-Canadian 'agreement on technical 
c:ooperation' 

Doug Bradford/Helmut Bianchi 

break 

THE FLUORESCENCE LINE !MAGER 

1040-1100 The Fluorescence Line Imager, a conceptual overview 
Jim Gower 

1100-1120 Optics aspects of the FL! (design, alignment, and 
calibration) 

Al Hollinger 

1120-1140 Designing a flexible sensor; Electronics and software 
design of t.he FL! 

Cliff Anger 

1140-1200 FL! data handling software writ.ten at !OS 
Dawson Truax 

lunch 

PHYTOPLANKTON CHLOROPHYLL FLUORESCENCE, 1° PRODUCTION + AIRBORNE 
SURVEYS 

1330-1350 Biophysics of chorophyll fluorescence 
Kurt Gunther 

1350-1410 Measurement. of chlorophyll fluorescence in water 
Roland Doerffer 



1410-1430 Measurement. of chlorophyll fluorescence in water 
Brenda Topliss 

1430-1450 Using chlorophyll fluorescence to estimate primary 
product.ion 

Trevor Plat.t. 

break 

1510-1530 Airborne phyt.oplankt.on surveys of in vivo chlorophyll 
fluorescence, t.he Canadian experience 

Gary Borst.ad 

1530-1550 Airborne remot.e sensing of chlorophyll fluorescence 
signals 

Heins Van der Piepen 

1550-1610 Extract.ion of chlorophyll fluorescence signals from 
at.mospheric effects in the red spect.ral region 

Jurgen Fischer 

1610-1630 Yellow substance monitoring 
Rainer Reut.er 

Day 2: Oct.ober 15 

APPLICATIONS OF HIGH SPECTRAL RESOLUTION IMAGING 

0900-0920 OFO water colour applications of t.he FLI 
Gary Borst.ad 

0920-0940 Use of the FLI for forest. stress detection 
John Miller 

0940-1000 Use of the FLI for forest. species identification 
Don Leckie 

1000-1020 Use of the FLI for passive hydrography 
Horman O'Neill 

break 

1050-1110 Use of the FLI for aquatic vegetation mapping 
Marie-Catherine Mouchot 

1110-1130 Possible further applications of imaging 
spectrometers for earth observations 

Hartmut. Grassl 

1130-1150 A working group study of optical sensors for a Polar 
orbit.er platform 

Susan Till 



Lunch 

LOOKING FORWARD TO THE NEXT GENERATION OF REMOTE SENSING SYSTEMS 

1400-1420 Reflective Optics System Imaging Spectrometer CROSIS) 
Bernd Kunkel 

1440-1500 The Viking CCD imager Ctitle uncertain) 
Cliff Anger 

break 

1530-1550 Open discussion and workshop summary 
Jim Gower/Hartmut Grassl 

Day 3: Thursday, October 16 

TEChNICAL VISITS, time table on separate sheet 



Canada/Germany Workshop 

Visiting Schedule 

Thursday, 16 October 1986 

9:00 - 9:45 Visit ~RC Space Vision System 
Mr. Richard ~uqhes - 993-5647 

10:00 - 10:45 Coffee & bus ride to CRC 

10:45 - 12:15 Visit Oavid Florida Lab. 
Or. Rolf ~amen - 998-2383 

12:30 - 13:30 Lunch 

14:00 - 15:00 Visit CCRS Woodward Drive 
Dr. David Goodenough 

15:30 - 17:08 Visit CCRS Limebank Road 
Hunt Club - Or. R. O'Neil 

Dr. L. Gray 
Dr. R. Neville 



M.C. Houchot 

Engineer degree in Geodesy 1982 - France 

M.Sc. Remote Sensing 1984 - Quebec 

Working with CCRS/Application Division since 1985 for applications in 

oceanography. 

Involved with SST recognition with NOAA-AVHRR and Landsat TM, seaweed mapping 

with MEIS and FLI and sediment mapping with T~. 



Gary Borstad 

iq73 Ph.D. - phytoplankton biology western tropical Atlantic (Barbados) 

large area distributions got him interested in remote sensing 

(Apollo-Soyuz project) 

- Came to West Coast, began to work with Jim Gower in 1978 on development of 

fluorescence technique for survey purposes. 

- His work has taken him to Arctic several times with the air borne 

spectrometer. 

- Also involved in analysis of FLI data for water applications. 



Don Leckie 

Project Leader: Digital Remote Sensing Project 
Petawawa National Forestry Institute 
Canadian ~orestry Service 
Chalk River, Ontario 

B.Sc. Engineering, University of Manitoba 

Ph.D. (Remote Sensing), University of British Columbia 

Employed at PN~I since 1980 

Interests: 

- Use of airborne sensors for determining forest stand parameters. 

- Use of airborne and satellite remote sensing techniques for forest damage 

assessment. 



Dr. Susan M. Till joined the Sensor Development Section of the Canada 
Centre for Remote Sensing in 1981, as research scientist, and has 
worked since then on the design, development and evaluation of active 
and passive electro-optical systems for remote sensing. These 
systems have included the airborne laser fluorosensor, for marine 
pollution detection, the lidar bathymeter, for water depth 
measurement, and the multispectral pushbroom imager, MEIS II. She is 
a member of the Radarsat optical working group, and has been acting 
Head of Sensor Development Section since 1985. 

She received the degrees of MA and PhD from the University of 
Cambridge, where she carried out research in laser spectroscopy and 
interferometry. She continued her research in spectroscopy at the 
Herzberg Institute of the National Research Council of Canada, and 
then joined the electro-optical systems section of Barringer Research 
Ltd., Toronto, where she was project scientist on the ground support 
equipment for the Haloe Shuttle experiment. 



Trevor Platt 

Head of Biological Oceanography in the Marine F,cology Laboratory at the 

Redford Institute of Oceanography, Dartmouth, Nova Scotia. 

Interested in physiological ecology of phytoplankton; structure and function 

of pelagic ecosystem; C02 budget of the ocean on global scale; extraction of 

ecologically-useful information from remotely-sensed ocean colour data. 



Dr. Brenda J. Topliss 

'B.Sc. 

M.Sc. 

Industry 

P.G.D. 
1977 

University: 
Researcher 
1977-1979 

Visiting 
Fellow 
(Canada) 

Research 
Scientist 
1982 

Physics, University of nurban, U.K. 

University College of Morth Wales, U.K. in Physical Oceanography 

Marine Investigation Sources Ltd., Morth Seal Oil Surveys, 
effluent dispersal and oil spill modelling. 

Physical Oceanography (study in Optical Oceanography) U.C.N.W. 
Banger, Wales, U.K. 

Multi-disciplinary research group. 
in Liverpool Bay at U.C.N.W. 

Study of discontinuities 

Optics for sedimentalogy/remote sensing & image analysis. 
Atlantic Geoscience Centre, Geological Survey of Canada at 
Bedford Institute of Oceanography. 

Remote Sensing for Department of Fisheries and Oceans at B.I.O. 
in Atlantic Oceanographic Laboratory. 

Present work consists of remote sensing for physical: working 
infra-red satellite data for physical oceanography studies; at 
present working on upwelling studies (with B. Petrie, AOL). 

Geology: sediment mapping at high latitude using satellite and 
aircraft data (with C. Amos, AGC). 

Biology: ocean colour algorithm development; fluorescence 
studies linked to FLI development (with T. Platt, MF.L). 

\fuch of the remote sensing work consists of working with 
different disciplinary groups or research workers tackling 
specific problems connected with either remote sensing or image 
analysis. 



Analysis of Test and Flight Data from the Fluorescence Line Imager 

About the Authors 

Gary Borstad was born on September 3, 1948 in Sexsmith, Alberta. He obtained 
a bachelor's degree at the University of Alberta in iq70, a master's (C4) in 
oceanography at the University of Paris, France, and a Ph.n. in Marine Science 
at ~cGill T~iversity in 1978. His Ph.D. thesis was on plankton biology in the 
tropical Atlantic. He has since worked on biological oceano~raphy on the west 
coast of Canada and in the Canadian Arctic, with a particular emphasis on the 
application of remote sensing techniques. Recent projects include analysis of 
satellite ocean thermal and colour imagery, and airborne spectroscopic data to 
study phytoplankton, fish, and whale ecology. 

Howard Edel was born on February 6, 1945 in Grandview, Manitoba. He obtained 
a diploma in Electronic Technology from the Northern Alberta Institute of 
Technology in 1965 and a bachelor's degree in Electrical Engineering at the 
University of Ottawa in 1972. He has worked as a computer systems analyst and 
implemented special hardware and software interfaces to digital computers at 
the National Research Council of Canada and the Canada Centre for Remote 
Sensing. Since joing the Department of Fisheries and Oceans he has been 
responsible for departmental remote sensing policy and applications project 
coordinator. Recently he has led the development of the imaging spectrometer 
instrument and coordination of international cooperation on satellite optical 
sensor systems development. 

Jim Gower was born on July 25, 1940 in Beer, Devon, England. He obtained a 
bachelor's degree at the University of Cambridge, England in 1962, and a 
Ph.D. in radio-astronomy at the same university in 1966. In England and at 
the University of British Columbia after his move to Canada in 196 7, he has 
worked in astronomy. In 1971 he joined the newly formed Institute of Ocean 
Sciences, Sidney, B.C., as the head of the remote sensing group. He has been 
involved with several NARA satellite projects, such as Seasat, which carried 
radar sensors, and Nimbus 7, which earn.es the Coastal Zone Color Scanner. 
Recently, he has concentrated on development of improved techniques for 
mapping phytoplankton concentrations from aircraft and satellites. 

Allan B. Rollinger is Chief Scientist at Moniteq Ltd, where he has been 
responsible for the development of electro-optic systems. He received his 
degrees in physics from McGill University and the University of Toronto. He 
is a member of the Optical Society of America and the Canadian Association of 
Physicists. 



John R. Miller 

Associate Professor of Physics, York University, Toronto 

- Received a B.E. in Engineering Physics, M.Sc. and Ph.D. (196q) in Space 

Physics from the University of Saskatchewan, Saskatoon, Saskatchewan. 

- Spent 2 years at the Herzberg Institute, National Research Council of Canada 
in nttawa as a Post Doctoral Fellow. 

- Served as a Project Scientist at York University on instrumentation 

development for Remote Sensing for two years. 

- Joined York TJniversity faculty in 1974. Current active research interests 
include water colour interpretation, bathymetry using passive remote 

sensing, atmospheric correction methodology, spectral geobotany. 

Involvement with the FLI began with participation in the CCUSS feasibility 
study that culminated in the design and construction of FLI. 

Specification of FLI configuration to study the vegetation red reflectance 
edge for flights 1n Vermont, Ontario in 1985 and in Europe in 1986 to study 

vegetation stress. Recent work includes the development, in collaboration 

with Moniteq Ltd., of analysis software to deduce images of red edge 

variations. 



Dawson Truax 

(Apocalypse Enterprises, Victoria) 

Software support at IOS since 1973 

Satellite software (CFCS, NOAA) 

IOS Spectrometer Software 

IOS Image Processing System 

FLI software 



nr. R. van der Piepen 

Dr. Ing. Heinz van der Piepen studied Physics and Electrical Engineering at 

the Technical Universities in Munich and in Berlin. He worked 15 years in the 

field of applied spectroscopy and remote sensing at the CSIR in South Africa 

and at NASA in the U.S.A. In 1978 he joined the Institute for Optoelectronics 

of the DFVLR in Oberpfaffenhofen. His main interest is the remote sensing, 

technology and interpretation of ocean color. In context with this activity 

he is also member of ESA's Ocean Color Working Group. 



Roland Doerffer 

University of Hamburg study of Biology, Hydrobiology and Fishery Research, 
Biochemistry 

1972 Degree Diplom Biologe 

1978 Doctor degree in Biology 

1974-1978: Scientist Sonderforschungsbereich Meeresforschung (~arine 

Research) TJniversity of Hamburg, Remote Sensing of Sea Water 

Constituents 

Since 1978: Scientist GKSS Forschungszentrum Geesthacht, Institute of 

Chemistry 

Since 19R3: Head of the Department of Applied Remote Sensing in the GKSS 

Institute of Physics 



Dr. Juergen Fischer 

GKSS-FORSCHUNGSZENTRUM GEESTHACHT GMBH 
Institute of Physics 
Department of Optical ~emote Sensing 
Max-Planck-Str. 
D-2054 Geesthacht 

Education: M.Sc. in Meteorology, University of Berlin 
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Feb. 1979: Ph.D. degree in physics from University of Kiel. Thesis concerned 
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particularly of thermal plumes; including current measurements 
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We are pleased to welcome you to the joint Canada/Federal Republic 

of Germany workshop on Remote Fluorescence Spectroscopy. It is very 

qratifying to have so many participants from Germany and we sincerely hope 

that you enjoy your visit to Canada. 

Cooperation in measurinq ocean colour is one of approximately 100 

joint projects which are being carried out under the Canada-Federal Republic 

of Germany Bilateral Aqreement on Scientific and Technological Cooperation. I 

would like to take a few minutes of your time, before the more technical 

discussions begin, to talk about the bilateral agreement and its relationship 

to the cooperation in the remote sensing of oceanographic fluorescence data. 

The BilBteral Agreement was signed over 15 years ago, in April 1971 

to be exact. It is interesting to look at the original wordinq. In the 

preamble, for example, it states that the two governments: 

"Desirous of strengthening the close and friendly ties 
beb.ieen them, 
Wishinq to broaden the scope of all aspects of scientific 
and technological cooperation between the two states for 
peaceful purposes and for their mutual benefit, 
Recoqnizing the beneficial effects that such cooperation 
can have on the quality of life and economic well beinq of 
their respective peoples, 
Have Agreed as follows:" 

Ten articles are then listed which spell out the terms and 

conditions of cooperation. For the purposes of this workshop I would like to 

focus only on Article I which reads as follows: 

"The contracting parties undertake, in .accordance with the 
laws and regulations in force in each of the two states, 
to facilitate and to encourage scientific and 
technological cooperation and exchanges of information and 
personnel between the agencies, organizations and 
enterprises in the public and private sectors of the two 
states." 
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If we look back over the Agreement we see that oceanography and in 

particular the development of oceanographic sensors has been a cornerstone of 

the cooperation. As early as 1973, a joint Canada-Germany workshop had been 

convened at Bedford Institute and scientists from the Metrology Division of 

BIO were working closely with their counterparts at the University of Kiel in 

Germany on several joint projects aimed at producinq superior sensors and 

instrumentation for oceanoqraphic research. Since then, over 25 projects 

covering a broad range of oceanographic interests have been identified under 

the Agreement. It is safe to say that as far as the marine sciences are 

concerned, over the years scientific and technological cooperation have been 

encouraged and facilitated and a steady two-way flow of exchanges of 

information and personnel has taken place. 

In general terms, compared to other bilateral S and T agreements, 

the Canada/FRG Agreement has been a front runner. In Canada it is used as the 

yardstick by which other Aqreements are measured. Until the 1980s, core 

activities for S and T cooperation were mainly in the marine sciences, 

fisheries anrl the geosciences with some exploratory int~rest in energy 

projects. Today, a review of all the activities taking place under the 

Agreement indicates the emergence of a well-rounded portfolio covering all 

phases of the technological innovation process, that is, exploratory 

fundamental research, applied researc~, and developmental R and D with joint 

work on prototyoes, field trials and demonstration technologies. Much of the 

cooperation now has significant commercial potential. 

Turning to the remote sensing of the sea, cooperation under the 

Agreement began in 1981 with a proposal from Dr. Jim Gower to develop a 

technique for measuring and mapping phytoplankton concentrations in the sea 

from satellites by using the fluorescence signals of chlorophyll. This led 

quickly to a full-fledged joint field experiment called FLUREX in which the 

Canadian-designed and built spectrometer, together with German sensor devices, 

was flown over the North Sea & Baltic in a German aircraft with ground 

truthing carried out by German surface vessels. The latest cooperative effort 

took place last July when the FLI was taken to Germany for performance tests 

over the Black Forest. 
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At the moment we seem to be at a turning point in the Cooperation. 

It seems to be ready to expand from the scientist-to-scientist type of 

collaboration which we have enjoyed so far to an industry-to-industry 

arrangement aimed at producing a marketable instrument. This is not to say 

that the scientific cooperation will be reduced in priority. On the contrary 

we would hope that many opportunities would arise for joint research projects 

leading to a second-generation space borne, high resolution imaging 

spectrometer. ~or would the government-to-government involvement necessarily 

be diminished. Instead we would hope that our respective governments would 

continue to work through the Aqreement to encourage and facilitate the 

industrial side of the instrument development. 

To sum up, it is clear that the Canada/FRG Bilateral Science and 

Technology Agreement has been extremely useful in fostering cooperation on 

imaging spectroscopy. It is equally clear that the Agreement will be needed 

just as much in the future if the new fluorescence sensors are to realize 

their full potential as environmental sensors. 

Thank you for your attention and qood luck with the Workshop. 



Ladies and Gentlemen: 

Let me join in the wish for a good success of the workshop. But let me also 

outline some additional aspects of the cooperation, emphasizing a bit more the 

German view of it. 

Indeed, it was the Canadian side which made the first step towards the 

development of joint bilateral efforts in sensing the fluorescence signal of 
chlorophyll "a" from space. 

It is an old wish of the oceanographers to sense the constituents of coastal 
waters not as a total but differentiated with respect to chlorophyll and other 

materials like suspended minerals and dissolved organics. 

The sunlight induced characteris~ic fluorescence signal of chlorophyll and its 
narrow banded sensing offered opportunities to fulfill the wish of the 
researchers. When we started our discussion on the cooperation it was for us, 

from the coordinating side, not too difficult to marry the scientists, because 
they were engaged already - which essentially meant, that they knew each 

other, so that a solid basis for a fruitful cooperation was existing. As we 
heard from ~r. ~radford, a well coordinated joint action, took place within 

the FLUREX 1982 campaign which indeed demanded a well synchronized 

organization between satellite orbit and actions from aircraft, ships and the 

research platform in the North Sea. Several sensors were flown, one of them 
was the "FLI. 

According to my information, the results justified the efforts. Regrettably 
the Canadian partners were not able to join the FLUREX 1985 campaign. 

The first spin-off result of th~ cooperation was the formation of the work 

sharing FLUREX group, comprising scientists with different expertise from 
different German institutes. 
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Another spin off was the contract offered by the European Space Agency ESA to 

conduct a study on chlorophyll measurement from space, which may be considered 

as an appreciation of profound work on the theoretical bases on the 

interpretation of spectrometer data, the optical properties of substances in 

the sea and the receipt of satellite data. These theoretical works were 

supplemented by a feasibility study on a space borne version of a high 

resolution imaging spectrometer which was financially supported by the German 

Federal Ministry for Research and Technology, the BMFT. The new concept of 

the ROSIS, the Reflective Optics System Imaging Spectrometer, will find its 

realization within the next 18 months. 

The workshop to be held during the next few days is being attended by experts 

concerned with theoretical and practical work, by users and manufacturers of 

remote sensing devices. It will offer a unique opportunity to assess the 

scientific results yielded to date, it will also offer the opportunity to 

elucidate the theoretical designs of imaging spectrometers. 

It is still the declared wish of oceanographers to have satellite images 

availahle, giving differentiated information of the constituents in coastal 

waters. ~ecause of the high cost involved, the realization of a space borne 

fluorescence imaging spectrometer necessarily leads to the discussion of 

international cooperation. And this will not only focus on sensing the 

oceanographic environment but will cover also its application in other 

subjects. The last day of our workshop is devoted to the discussion of 

continuing the scientific cooperation and to broadening it to 

industry-industry links. 

I would like to express my distinct hope, that our workshop will bring us a 

remarkable step forward. To achieve this, I wish you, I wish us a good 

success. 
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REMOTE SENSING OF OCEAN COLOR/FLUORESCENCE FROM SPACE - INTER
ESTS, ACTIVITIES AND GOALS IN THE FEDERAL REPUBLIC OF GERMANY 

1. INTRODUCTION 

1.1 Water color and oceanography from space 

The visible portion of the sunlight may penetrate the water body 
to a certain depth. Through processes like absorption, 
fluorescence and scattering caused by natural and by man-made 
suspended and dissolved substances as well as by the water 
itself, it is modulated in intensity and spectral composition. 
The backscattered portion of the light as observed by a remote 
sensor may thus render information on the type, distribution 
and concentration of many biochemical and physical water 
parameters. 
This phenomenon 
ginally from the 
an important and 

of ocean color/fluorescence developed ori
field of optical oceanography and has become 
integral part of modern oceanography. 

1.2 Observation methods and sensor technologies 

The relatively low albedo of water (in comparison to land}, the 
interaction with the atmosphere and the necessity to avoid 
direct sun glint impose special requirements on suitable mul
ti spectral sensors especially if operated from space. These are 
essentially: 

• Narrow spectral channels from the blue to the near i. r. 
range 

• High sensitivity and signal/noise ratios 
• High radiometric resolution and data recording 
• High pixel co-registration 
• Tilt capability 
• Relatively large swath width (in comparison to land) 
• Low polarization. 

These special requirements have been the cause for the devel
opment of specific multi spectral sensors for water 
color/fluorescence monitoring. Furthermore, they resulted in 
the development of special atmospheric correction methods and 
bio-algorithms for the data interpretation. 
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1. 3 Fields of applications 

The monitoring of ocean color/fluorescence basically allows 
investigations in the following areas: 

• Marinebiology and ecology 
• Fisheries resources 
• Pollution and sediment transport 
• Ocean dynamics 
• Climatology (carbon cycle, energy balance). 

These application thus include observations in lakes, estuar
ies, coastal zones, open oceans and polar regions. The 
requirements in regard to instrument technologies, resolution, 
coverage and repeat cycles may differ accordingly. 

1. 4 Space systems 

In view of these different applications, it is important to 
ensure not only the launch of advanced spaceborne monitoring 
sensors, but also ensure and encourage the systematic transi
si tion from experimental into operational systems. 

After the termination of the CZCS programme, investigations 
into suitable follow-on sensors have been undertaken on both 
sides of the Atlantic. 
In the U.S.A. present candidates are the Ocean Color Imager 
( OCI) to be re-considered for the flight on a NOAA satellite 
upon special· request of the NASA Administrator, and the Moderate 
Resolution Imaging Spectrometer (MODIS) which is an integral 
part of the NASA Earth Observation System ( EOS) which most 
likely wi 11 make use of the polar orbiting platforms of the 
Space Station. 
In Europe the Ocean Color Monitor ( OCM) originating from the 
Coastal Oceans Monitoring Satellite System ( COMSS) and later 
from the ESA Remote Sensing Sa tel lite ( ERS- I), the soc al led 
Advanced OCM (a pushbroom-type imaging spectrometer) are pos
sible candidates for EURECA, an Advanced Ocean/Ice Mission and 
for a later ERS follow-on system. 

2. OCEAN COLOR-RELATED RESEARCH IN THE FRG 
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2 .1 History 

Activities in context with optical oceanography and remote 
sensing of ocean color date back till 1976. Based on laboratory 
and ship investigations, it started first at near-shore 
research institutes but spread soon to other organizations 
especially in context with atmospheric modelling, aircraft 
monitoring and digital data processing. Joint experiments first 
on a national, later on an international level (e.g., FMP, FLEX, 
MARSEN, FLUREX) supported strongly the formation of an active 
user community within the FRG and Europe. 

Government-funded agencies as for instance the GKSS Research 
Centre in Geesthach and the DFVLR Research Centre in Oberpfaf
fenhofen became directly involved in these activities with 
their respective technical and research facilities. Within the 
FRG, both organizations have nowadays become a nucleus for ocean 
color/fluorescence work and relevant future planning. 

2. 2 Present activities 

2 . 2 .1 Science 

As a result of the shipborne, airborne and spaceborne data 
analysis in the past, the request for an improved mapping of 
water constituents in coastal zones lead to the present emphasis 
on investigating the natural fluorescence as an alternative to 
the 11 traditional 11 absorption method. This takes place essen
tially within the socalled FLUREX group, this is a group of 
scientists, which first began to conduct relevant investi
gations jointly during the FLUREX Experiment in 1982. It also 
involves investigations with airborne laser systems. Further
more, the modelling of the radiative transfer in the water and 
in the atmosphere has become an essential part of the present 
work. 

2. 2. 2 Technological developments 

Technical developments during the past concentrated on ship
borne radiometers on the one hand, and airborne radiometers and 
multispectral sensors on the other hand. The latter were bas
ically of the mechanically scanning types . 

The present development of airborne sensors concentrates on the 
implementation of pushbroom-type detectors. 
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After the successful conduct of a (BMFT-sponsored) study of a 
spaceborne color/fluorescence scanner based on an imaging 
spectrometer with a matrix CCD detector, the research organ
izations GKSS, DFVLR and the MBB/ERNO company started with the 
joint development of an aircraft prototype which will permit 
not only a thorough test of the feasibility of the instrument 
but also will open new applications (including land) because 
of the narrow spectral bands involved. 
Furthermore, DFVLR operates and applies a high resolution 
spectrometer incorporating a linear CCD detector array. Sofar 
this instrument has been used on ships, however, it is planned 
to incorporate it together with the imaging spectrometer into 
one of the DFVLR aircraft. 

2. 3 Application programmes involving ocean color/fluorescence 

The basic research and technological developments and the ver
ification by means of ground truth mentioned above, have been 
combined with more application-oriented tasks and projects 
supported by different sections of the government. Typical 
examples are: 

• 
• 
• 
• 
• 

• 
• 
• 

Investigations of frontal systems in the North Sea 
Monitoring programme of the Baltic Sea 
Eutriphication of rivers and lakes 
Warm water eddies of the North Atlantic 
Climatology-related processes in the atmosphere, hydro
sphere, cryosphere 
Elbe monitoring programme 
Adria monitoring programme . 
EUREKA/EUR OMAR 

This indicates, that the remote sensing activities in the FRG 
are a combination of scientific resaearch, technological 
developments and applications. 

2. 4 Scientific and user communities 

From the described situation it is evident that the user com
munity in the FRG as in other countries is rather complex and 
basically consists of: 

• Scientific users 
These are at universities, other research institute and 
government-funded agencies. They are mainly involved in 
modelling and in the development, test and veri~ication of 
water color/fluorescence methods and processing algorithms. 
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• Applied science users 
These are also at universities, other research institutes 
and government-funded agencies, but are involved in 
research programmes which need the derived products (e.g. 
chlorophyll map, sediment sinks, carbon fixation numbers 
etc.) as an input into their investigations. 

• Users 
These are mainly federal and provincial government minis
teries, public services and commercial entreprises which 
need a processed end product on an operational base. 
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3. GOVERNMENT ACTIVITIES 

3.1 General 

The German government supports oceanographic research and 
associated remote sensing activities on different levels and 
through different programmes (compare section 2.3). 

The responsibility of the Ministry for Research and Technology 
(BMFT) lies in general in the pre-operational support of sci
entific research and technological developments on national and 
(bi-lateral) international levels, in the support of govern
ment-funded agencies (e.g., DFVLR, GKSS) and in the support of 
ESA programmes as one of the member countries. The German 
Research Foundation (DFG) sponsors special sectors of inter
disciplinary research at universities and mainly in the field 
of basic research. 
Contrary, the operational use and practical application of 
remote sensing involves partially other ministeries and public 
services with special tasks as e.g. environmental monitoring, 
pollution control, fish stock estimates etc.) but also commer
cial enterprises. 

3. 2 User requirements 

The user requirements in regard to a spaceborne 
color/fluorescence monitoring system can be summarized as 
lows: 

Short-term requirements: 

ocean 
fol-

a.) There is a strong interest to continue the global data 
collection as has been obtained from the Nimbus-7 /CZCS for a 
period of 8 years. The emphasis here lies on large and medium 
scale monitoring. 

b.) There is a growing interest to provide an advanced research 
tool for both, new sciences and new technologies in particular 
for investigations of the potential of sun-stimulated fluores
cence for the mapping of natural and man-made water constitu
ents. The emphasis here lies in medium and small scale moni
toring, in particular of coastal zones. 

Long-term requirements: 
Long-term interests require an operational system which is 
suitable to respond to the user requirements on all scales in 
open ocean and coastal zones especially for the moni taring of 
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biomass, pollution and climatology-related topics like carbon 
fixation. 

3. 3 Potential of German industry 

Based on the technological facilities and many years of expe
rience in space activities, German industry has a high potential 
in participating in any ocean color/fluorescence space project. 
In context with this topic and in accordance with the EOPP 
Procurement Plan (ESA/PB-RS (86)31) this applies especially to 
the fields of 

• Optical instrument development 
• Mechanical structures 
• Electrical and data handling 
• Ground segments. 

German industry is in many cases supported by research insti
tutes and government-funded agencies in the fields of 

• Modelling 
• Laboratory and aircraft tests of detectors and sensors 
• Measurement campaings including ground truth 
• Data processing in general 
• Verification of methods and algorithms. 

Besides this general experience, specific experience has been 
developed during the past from the handling of many studies and 
projects like MOMS, AOCM, ROSIS and others. 

In view of the ongoing activities and the above-mentioned 
potential, the various German organizations have a strong 
foothold in this field and are interested to participate further 
in related ESA activities. 

3. 4 Participation in the ESA Earth Observation Programme 

Besides the various national activities (compare section 2), 
the German participation in future spaceborne ocean 
color/fluorescence sensor systems is essentially based on the 
ESA Earth Observation Programme (EOP). The objectives of this 
programme which is also supported by the FRG are to 

• prepare operational systems in polar orbits tailored to the 
needs of ocean, ice, coastal zones and meteorological 
applications 

• provide research tools for scientific and user communities 
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• prepare potential future missions by advanced systems and 
instrument studies and by dedicated instrument develop
ments. 

The programme elements of the EOP include ERS-1/2 ( 1990-1995) 
and the polar platforms missions. 

As part of the EOP, the FRG and other member countries signed 
during the course of this year the Earth Observation Preparatory 
Programme (EOPP). 
One key element of the EOPP is the the preparation of an 
Advanced Ocean/Ice/Mission which could make use of the polar 
orbiting platforms of Columbus. The payload of such a mission 
is not only based on instruments derived from ERS-I but also 
on those which had to be deleted from this mission (e.g., OCM, 
IMR). Furthermore, the platform will provide space for a set 
of research/science-oriented sensors. Thus there is a strong 
probability that a suitable ocean color/fluorescence sensor 
will be integrated into this mission. The FRG will support 
this. 

Because of the earlier mentioned potential and interest of 
various organizations within the FRG, it is expected that these 
will participate in special tasks of the EOPP such as 

• 
• 
• 
• 
• 

mission concept and system studies 
instrument and feasibility studies 
measurement carnpaings involving aircraft and ships 
pre-development of critical technologies 
other related topics . 

3. 5 Bilateral cooperation with other countries 

Beside the participation in the ESA programme, the FRG has a 
number of bilateral cooperation agreements with other countries 
(including ESA member or associated member countries). 
In the field of remote sensing, the German interests are prop
erly reflected by the ESA programme; national programmes are 
closely related to these or complementary. Typical examples 
are the cooperation with Canada (DFO, CCRS), Spain ( INTA) and 
with Indonesia (LAPAN). This cooperation has also been the base 
of participation in international experiments as for instance 
OSTA-I/OCE (Spain, USA), the Alboran Sea Experiment (Spain, USA 
and others), SNELLIUS II (Indonesia, The Netherlands), FLUREX 
(Canada). 
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4. CONCLUSIONS AND RECOMMENDATIONS 

Remote sensing of ocean color/fluorescence provides a base for 
the monitoring of a variety of ocean and costal processes and 
thus is of interest to many disciplines. 
It is considered absolutely essential that the experience and 
the associated technologies which have been developed during 
the past from laboratory, ship and aircraft investigations but 
also from space are pursued further as a key element in the ESA 
Earth Observation Programme. 

It is expected that all the member countries and associated 
memb°ers will support this development. Further more it is 
expected that ESA will consider these requirements in the ele
ments of the EOPP and in negotiations with other countries 
participating in the preparation and operation of future polar 
platform missions. 

5. LIST OF ACRONYMS 

AOCM .... Advanced Ocean Color Monitor 
BMFT .... Bundesministerium fur Forschung und Technologie 
COMSS .. . Coastal Oceans Monitoring Satellite System 
CZCS . . . . Coastal Zone Color Scanner 
DFG ..... Deutsche Forschungsgemeinschaft 
EOP ..... Earth Observation Programme 
EOPP . . . . Earth Observation Preparatory Programme 
EOS ..... Earth Observation System 
ERS .... . ESA Remote Sensing Satellite 
EURECA . . European Retrievable Carrier 
FLEX .... Fladenground Experiment 
FLUREX . . Fluorescence Experiment 
FMP . . . . . FlugzeugmeBprogramm 
GKSS . . . . GKSS Forschungszentrum 
MARSEN . . Marine Rem. Sens. Experiment in the North Sea 
MODIS .. . Moderate Resolution Imaging Spectrometer 
OCG Ocean Color Working Group 
OCI Ocean Color Imager 
OCM Ocean Color Monitor 
OCS Ocean Color Scanner 
ROSIS . . . Reflectice Optic System Imaging Spectrometer 
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Introduction. 

In 1974 the Institute of Ocean Sciences, Sidney, B.C., Canada 
<IOS> took delivery 0£ a custoa designed silicon diode array, 
aultichannel spectrometer, <the "IOS spectrometer'') which digitally 
records the intensities of light dispersed onto the 256 elements of 
a Reticon photodiode array <Walker et al., 1974,1975>. This was 
incorporated into a airborne observing package, designed to view 
the water surface through a polarizer at the Brewster . angle, so as 
to reduce surface reflected light and make observations possible 
when flying under cloud. 

Technical specifications of the instrument are as follows: 

I.F.o.v. 
View direction 

up-welling radiance 

down-welling irradiance 
Spectral resolution 
Spectral coverage 

Quantization 
Response time 

Signal to noise 
Data recording 

0.7 X 0.2 degrees 

53 degrees incidence 
Any azimuth 
By mirror to opal diffuser 
14 n~ 
400 - 800 nm <polarized> 
400 - 1060 nm <total> 
12 bits 
.1 sec <minimum> 
2 sec <typical> 
2000/1 <typical> 
Computer compatible tape 

The instru~ent is calibrated between flights with a white card 
in sunlight, and produces spectra of reflectance factors <Lu•/Eci+>, 
which should equal the irradiance reflectance multiplied by a 
constant factor of about 0.6 <Austin, 1980>. 

In the first test observations in April 1975 <Neville and 
Gower, 1977>, the spectra showed a small increase in intensity 
centred at a wavelength of about about about about 685 nm and with 
a width of about 25 nm, easily resolved by the spectrometer 
resolution of 14 nm. Previous observers had used photomultiplier 
detectors, which rapidly lose sensitivity at wavelengths longer 
than about 650 nm. 

The 685 n• peak showed a good correlation with the near 
surface chlorophyll concentration, and on the baeis of this, and 
its position and width, it was ascribed to fluorescence of 
chlorophyll ~ stimulated by ambient <sun and sky> light <Neville 
and Gower, 1977>. The signal was also reported at about the same 
tiae in under-water ~easurements <Morel and Prieur, 1977>. 

It had earlier been suggested that a combination of 
chlorophyll absorption at 670 nm, with reflectance and water 
absorption at longer wevelengths could explain such a peak <Gordon, 
1974>. Gordon C1979> later showed that the intensity of the signal 
is, however, consistent with expected fluorescence efficiencies. At 
IOS we used tests with DCMU, and varying intensities and colours of 



illuaination in the sea and a large outdoor tank to assure 
ourselves that :fluorescence was a aaJor, if not the only, source. 

Observations of this fluorescence can be applied to remote 
sensing surveys of near surface phytoplankton. Such surveys are 
usually based on radiance or ref lectence measurements at blue end 
green wavelengths <green to blue ratio>, to monitor the effects of 
chlorophyll absorption and associated backscatter in phytoplankton. 
The relatively narrow bandwidth of the fluorescence l~ne and its 
position at the red end of the spectrum, where atmospheric radiance 
is low, should give advantages to remote sensing measurements using 
passive fluorescence. 

Disadvantages would be expected from the relatively low signal 
available, and the varying fluorescence efficiency of different 
phytoplankton species in different physiological states. A number 
of field experiments were undertaken in the period 1977 - 1980, 
particularly along the B.C. coast and in the Canadian Arctic, to 
evaluate the technique further. It was found that the method had 
definite advantages in operational survey conditions for mapping 
near-surface chlorophyll. 

The value of -the more conventional "green to blue ratio" 
technique, making use of chlorophyll absorption effects, was 
demonstrated in satellite observations starting in 1978. 
Improvements ere, however, needed for coastal <Case 2> waters, and 
it is here that a satellite instrument capable of Cpaesive> remote 
fluorescence measurements should prove of especial value. It has 
also been noted that remote meesure~ents of in-vivo chlorophyll 
fluorescence, combined with absorption data, can help determine the 
rate of phytoplankton productivity <Topliss and Platt, 1986). 

Development of a satellite sensor capable of imaging the 
distribution of the fluorescence emission was undertaken starting 
in 1981 CBorstad~et al., 1985). The airborne prototype, the 
Fluorescence Line Imager, CFLI> is an imaging spectrometer with 
duel <spectral and spatial> operating modes end programmable band 
selection. It has been flown on a wide variety of remote sensing 
~issions over both land and sea targets, starting in 1984. 

A :field experiment "FLUREX" was undertaken in 1982 in 
cooperation with German scientists who have also been developing 
the passive fluorescence technique for studying local North See and 
Baltic waters. The IOS spectrometer was used on both an aircraft 
and e ship during April 20 to 28~ i.e. during the spring bloom 
period, with a view to studying the fluorescence technique in these 
waters, end evaluating the problems of making auch measurements 
£rom a satellite. 

The remainder 0£ this report is in the £or~ 0£ contributions 
to apeci£1c sections 0£ the GKSS/DFVLR Report, based largely on 
FLUREX data. 



4.6 Measurements from multiple altitude aircraft flights for 
studying atmospheric effects on the fluorescence signal. 

Most Flurex flights were arranged to give data at several low 
altitudes <typically 1500, 1000 and 500 ft> over the same area, to 
allow extrapolation of the airborne results to the sea surface. 
However, on two occasions multiple altitude observations were made 
to above 10,000 ft, once over the North Sea, and once . over the 
Baltic. These were on April 20th over the North Sea tower, when the 
surface chlorophyll level waa aeasured to be 1.0 mg.m-3, and on the 
25th over the Alkor at station 2 in the Baltic when the chlorophyll 
level was 2.5 ~g.m-3. 

Reflectance spectra are shown plotted on the same scale for 
the April 20 and 25 data in figures 4.6.1 Ca> and Cb>. These 
reflectances are for observations at the Brewster angle of 
incidence C53 degrees>. Values increase rapidly to a form close to 
the theoretical Cwavelength>-4 for Rayleigh scattering. Absorption 
features appear near 700 nm at the higher altitudes. Near the 
chlorophyll fluorescence wavelength, reflectance has increased by a 
factor of 8 to 10, between the lowest and the highest altitude. 

The form of the absorption that will affect fluorescence 
measurements in Flurex can be calculated using the uncalibrated 
irradiance spectra observed from the aircraft <viewing upwards 
through the opal diffusing glass in the top of the aircraft>. 
Figure 4.6.2 shows the spectra observed at the lowest altitude C500 
ft> and at the highest <12000 ft> on April 20. The two curves are 
very similar, but their ratio <plotted over the range 0.75 to 1.00 
in figure 4.6.2> shows absorption features centred at 692.4 nm 
<oxygen and water vapour>, 724.3 nm <water vapour>, 7~2.1 nm 
<oxygen>, and 821.9, 902.6 and 944.1 nm <water vapour>. 

At shorter ~avelengths Rayleigh scattering causes a relatively 
smooth reduction in signal at the lower altitude. Absorption at 
higher altitudes, such as that due to ozone in the stratosphere, or 
in the sun's ataosphere such as th~t due to sodium at 598 nm or 
hydrogen at 656 nm will not affect the observed irradiance ratio, 
or the observed reflectances, although the solar features are 
visible in the uncalibrated irradiance spectra of figure 4.6.2. 

Figure 4.6.3 shows the result of adding Gaussian curves to 
fill the line shapes at the centre wavelengths listed above. At the 
resolution of the IOS spectroaeter <14 n•>, some of the lines are 
blended together, and in these cases the deeper line was filled 
first. The total, after the additions, is shown dashed. The 762 n~ 
oxygen feature consists of many lines in a 7.5 nm range, 
corresponding to a half power width of about 3.5 nm. The observed 
width 0£ this absorption feature C14.6 n~> is therefore very close 
to the resolution of the IOS spectrometer C14n~>. 
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Uncalibrated irradiance at high and low altitudes 
<arbitrary units> 
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Centre wavelengths, widths to half depth, depths (absorption 
difference between 500 and 12000 £t> and absorbing gases £or the 
lines or bends in figure 4.6.3, ere as follows: 

Wavelength Width Depth Gaa 
692.4 19.7 .033 02,H20 
724.3 26.3 .082 H20 
762.1 14.6 .071 02 
821.9 25.8 .075 H20 
902.6 24.7 .066 H20 
944.l 45.0 .201 H20 

For observations with the IOS spectrometer, the 692 nm end 724 
nm absorption features will affect the long-wave side of the 
observed fluorescence peek. At low altitudes, where atmospheric 
absorption hes e very smell effect on measured reflectance, we have 
calculated the FLH es the excess reflectance et 684.3 Cdiode 152> 
above a linear baseline that intersects the reflectance curve et 
652 and 716.5 nm <diodes 164 end 140>. For the April 20 date the 
line height et 500 ft is 12.4 x 10-5, and for April 25, 27.4 X 10-
5. These values ere in the same ratio as the surface measurements 
of 1.0 end 2.4 mg.m-3. The appropriate conversion factors are 
discussed in sections 8 end 9. 

Because of increasing absorption at wavelengths in the 650 to 
720 nm region, the line height calculated in this way changes with 
altitude es shown in figures 4.6.4 Ce) and Cb) for April 20 end 25 
respectively. Except for the anomalous point et 12000 ft on April 
20, the apparent reduction with altitude is the same in both cases. 

The reason for this change can be seen in figure 4.6.5 Ca) and 
Cb). These are plots showing the structure of the reflectance 
spectre, for the altitudes plotted in figure 4.6.1 Ca> and Cb>, in 
the region of the fluorescence line. For this purpose, e linear 
baseline of reflectance, intersecting these spectra at 652.1 and 
716.5 nm has been subtracted. The absorption feature at 724 nm is 
seen to affect the long wave side of the base line, while the 
feature et 692 nm effects the peek directly. Because both baselines 
wavelengths are on the steeply sloped sides of these features, the 
form of the variation with altitude depends critically on the exact 
shape, and relative depth of the lines. This will vary with the 
relative concentration of water vapour in the at~osphere below the 
aircraft, as indicated by the anomalous point on April 20 <Figure 
4.6.4Ca>>. 



30,.... 

F".L.H. 

15 

• 
• 

• 

-15 ...... . ... . . 

-30 L · 
0 

• 

5000 

APRIL 20 

• 

10000 
ALTITUDE Cf"T) 

12:40 - 13:40 

Figure 4.6.4 (a) Variation 0£ observed £luorescence line 
height at 685 nm with altitude on April 20. 

1500~1 



6QJ,.... 

'F.L.H. 

• 

• • 

'-·'. 
·--.... 

• 
10000 15000 

ALTITUDE CFT) 

AFR IL 1982 .. 14:10 - 15:30 

Figure 4.6.4 Cb) Variation 0£ observed fluorescence line 
height at 685 nm with altitude on April 25. 



Residual reflectance 

I! 
.oooo 11 

Ii 
I 

I 

\ \ 

I i 

/ , f 
\ \ , ,. I 

' ' I \ - ' I 
I -.0005 ~.;__~~~~~~~~~~~~~~~~~~~~~~----:,-:--~-'-~~~~~~-'-~~~~~~~~~~~~ 

I l 
I I 

11 
II -.0010 I-.-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

11 
I i 

11 

- 0015·~'--------------~--~------------~----------------~----~------~----~---:-----~ • I 

600 700 
Wavelength <nm> 

Figure 4.6.5 Ca) Variation 0£ the shape of the residual 
reflectance spectra on April 20 after subtraction 
of a linear baseline through the curve at 652.1 
and 716.5 nil. 



Residual reflectance 

.0010 
I i \ \ \ '-

1
1 \ \ \ \ 

I \ \ I \ 

\ 1 \ \ \ \ \ . 

i i 
\'· \ 
,, I 
I I 
I\' 
\ \ 

'· \\ 

/\ 
/' . I I 

I I 
I 

ji; 

/ .. 
I l (// I / 

// I .. 
i / / 

I / \ \ \ \ 
\ \ \ \ \ ·,->, \ \\ 

I \ 
I h .. 

1
\ 

('/,,, 
'!} 
// r 

I ; / 
• 0005 

.0000 

-.0005 

-.0010 

-.0015 

I 
I 
I 

1 1 
I 
I 

I 

I l 
I 

I 
I 

11 . I 

11 
I 

600 

. \. 
\. ~ . 

{ ' 

' \ ) " 
I I' 

I " 

/t' I / "1 
1i' J // / 

\ I 

l' l I i ' \ I 

)i] \ \ 

\ I 
I 

\ ! I , 
\ '· 

I I 
\ \ ,· i I \ I I I 

., i 
\ i 
\ I 
\ J 

\ I 
v 

Wavelength Cnm> 

I 
700 

11 1 ; ' '/ / 

II ' I ' I I' , I I 
i .. I 1/,/ 
/1~// ~'',/ 
;·~"J' 

I,:_.-_. , r. r:--- - v 
\' f ~ . ' ' 
1, I 
\ 11 
\ \"l 

\./ 

Figure 4.6.5 Cb) Variation of the shape of the residual 
reflectance spectra on April 25 after subtraction 
of a linear baseline through the curve at 652.1 
and 716.5 nia. 

/ 

: 



4.8 Possibilities for atmospheric correction from satellite and 
ground-based data. 

For correcting the observed variation with altitude shown in 
figures 4.6.4<a) and <b>, three options are available: <a> 
constructing a linear or curved baseline through wavelengths that 
are leas affected by atmospheric absorption, <b> · modelling or 
measuring and correcting the absorption, or Cc> using.a 
spectrometer or other sensor with sufficient spectral resolution as 
to allow the absorption lines to be avoided. 

Ca> Use of an improved baseline algorithm. 

The wavelengths of the baseline used in surveys with the !OS 
spectrometer are selected for use in low altitude reflectance 
measurements, where the effects of atmospheric absorption are 
reduced to very low levels. For spectra in which the absorption is 
stronger, more appropriate wavelengths can be chosen from the data 
shown in figure 4.6.2. A curved baseline that passes through the 
observed reflectance curve at 609, 665 and 746 nm is one such 
possibility. Figure 4.8.1 shows the result of using this 
subtraction at the altitudes plotted in Figure 4.6.1. 

The long wave baseline wavelength has now been moved to 
between the absorption features at 724 and 762 nm. The additional 
shortwave point introduces a curveture that increases the apparent 
fluorescence peak at the low altitudes. The point at 665 nm needs 
to be moved to about 670 nm to ensure that all features appear as 
drops in reflectance due to absorption. However this would cut into 
the fluorescence signal. 

It can be seen that the shape of the residual reflectance 
curves are now roughly constant for the lower 3 altitudes, i.e. up 
to about 2000 ft: This represents an improvement over Figure 4.6.5. 
However, above this altitude, strong variations, different on the 
two days, again occur. 

The maJor problem shown here is that for data with this 
spectral resolution, the absorption features have obscured the 
fluorescence signal. Improved spectral resolution, for example 2.5 
nm as chosen for the FL!, or at least placement of sharp band edges 
with this precision, is therefore needed for measurements from high 
altiudes or from space. 

<b> Modelling of atmospheric absorption. 

The effect of this atmospheric absorption can in principal be 
aodelled, if enough is known about its exact form. The amount of 
oxygen absorption should be relatively stable. Effects due to 
absorption by the more variable concentration of water vapour will 
be a more serious problem for a satellite sensor. 
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It is signi£icant that between the April 20 and 25 
observations, and in other measurements made over the Mediterranean 
in March 22 1979, the absorption £eatures are su£ficiently 
different as to produce different variations with altitude of the 
apparent fluorescence line. 

<c> A sensor with !•proved spectral properties. 

The best solution to the problem would appear to . be in placing 
well enough defined spectral bands of a satellite imager so as to 
minimize these effects. The Fluorescence Line Imager was designed 
as an iaaging spectrometer that would test and demonstrate this 
capability. Figure 4.8.2 shows a reflectance curve measured with 
the FLI over shelf water off the east coast 0£ the USA in Deceaber 
1984. It can be seen that the 2.5 nm resolution of this instrument 
allows measureaent between the absorption features that are merged 
in figure 4.6.2. In its imaging mode the FLI sets the wavelengths 
of spectral bands in steps of 1.3 nm. Figure 4.8.2 also shows, as 
vertical shaded strips, the positions of these bands as chosen in 
recent flights, which avoid these absorption features. Band 
combinations 3,4,5 and 4,5,6 are presently being evaluated for 
chlorophyll fluorescence imaging. 

5.4 Scales of the horizontal variability of chlorophyll I 
phytoplankton as indicated from remote sensing measurements. 

For addressing the resolution requirements of an ocean colour 
scanner, the average properties of ocean and coastal areas must be 
considered. To illustrate the problem, satellite images, numerical 
~odels and average measurements of ocean dynamics c~n be used. In 
many ocean and coastal areas, the scales of water colour patterns 
will reflect the.scale of ocean mesoscale turbulence, forming 
patterns such as that shown in Figure 5.4.1, which represents a 
Landsat i~age 180 Km across. 

The range of scales in such patterns is extremely wide <Gower 
et al., 1980), extending in a continuous spectrum from the scale of 
the generating weather patterns Corder -0f 1000 Km> down to scales 
where molecular diffusion is important Corder of a few 
centiaeters>. Over this entire range, increasing sensor resolution 
will lead to increased detail on the resulting images. However, for 
a satellite with a minimum re-visit time of 1 day, the finer detail 
will be uncorrelated, and cannot be used to follow water movements 
or evolution of dynamic events. One criterion in selecting a sensor 
resolution, is therefore to observe the finest details that remain 
correlated over a one day interval. 

The results 0£ a numerical model can be used to illustrate 
this. Figure 5.4.2 (a) shows modelled patterns formed by a passive 
tracer under the influence of a two-dimensional oceanic turbulence 
field. Tracer concentrations are constrained to be higher in the 



(/) 
E--z ::; 

...... 
E
<r 
_J 
1-i-l 
~ 

0 1 2 3 45 6 7 

L.!_J.•.•:···_•l_ •. •.•:•J ..•. ~~I 1 
INCIDENT 

i 
-~: 

! REFLEi1ANCE 

500 600 700 800 
I IAa IT""91 -Y-1. li""'~I I ~ ' 
WHVJ:.Ll:..NulM 1.nmJ 

Figure 4.8.2 Ed+ <top) and Lu+ spectra <centre) observed 
with the FL! imaging spectrometer showing the 
computed re£lectance (bottom), and one 0£ the 
spectral band con£igurations <shaded columns> 
selected £or water colour imaging. 



top right and lower in the bottom left. The image can be taken to 
represent an area 400 Ka across. Figure 5.4.2Cb> shows the computed 
pattern after a 1 day time interval. Features are highly correlated 
on spatial scales down to about 10 - 20 Km. In figures 5.4.2 Cc>, 
Cd> and Ce> the time interval is increased to 4, 10, and 20 days. 
Correlation is apparent for the 40 - 50 Km scales in Cc> and larger 
<say, 50 - 80 Km> scales in Cd>, but except for the fixed mean 
gradient, is absent in Ce>. 

Because the spatial variability is represented by a 
continuous, linear energy I wave number spectrum, the same images 
also represent the patterns expected on other spatial scales. The 
above scales for the images are appropriate to an area with r.m.s. 
eddy velocities of about 0.1 m.s-1. Scaling to maintain this same 
velocity, means that if the images ere taken to represent, for 
example, real scenes 100 Km across, then the time intervals between 
Ca) and Cb>, Cc>, Cd> and Ce> are 1/4; 1, 2.5 and 5 days 
respectively. 

I111ages Ca> end Cc> can therefore show the pattern change 
expected over a one day interval in a scene 100 Km across. 
Similarly, pairs Ca) and Cd) and <a> end Ce> may be used to 
represent 1 day variations in scenes 40 and 20 Km across 
respectively. 

When interpreting the images in this way the scales for which 
correlation is apparent should be constant for all 4 pairs. The 
numbers estimated above translate to 10 - 20 Km, 10 - 12.5 Km, 5 -
8 Km, i.e. a roughly constant value in the 7 - 15 Km range. No 
correlation would be expected between Ce> and Ce>. 

Motions on this scale should be typical of many ocean and 
coastal regions. According to this model, only scales larger than 
about 10 Km in these areas can be correlated over a 1 day interval. 
A satellite sensor with 1 Km resolution, such as the CZCS, is 
already capable of imaging this range, with some resolution in hand 
to cover lower energy areas. Justification for instruments with 
higher resolutions must therefore be made in other terms: more 
precise single images, imaging of smaller areas or lakes, more 
exact correlation with ship measurements, or measurement capability 
through small gaps in cloud. 

Data bandwidths and processing complexity are also important 
factors. The 1 km resolution of the AVHRR and CZCS represent a 
reasonable compromise which was followed in designing the FLI 
instu111ent. 

6.4 Radiance profiles from low flying aircraft in remote sensing 
surveys, and as ground truth for satellite data evaluation. 



Figure 5.4.1 Landsat image showing scales 0£ horizontal 
variability 0£ phytoplankton in an intense bloom 
in the Atlantic ocean south 0£ Iceland on lS June 
1976. <Gower et al., 1980) 

Figure 5.4.2 Ca) Time O. 

Figure 5.4.2 Ca) to Cd> Numerically modelled images 0£ 
horizontal variability 0£ phytoplankton, showing 
changes with increasing time intervals in the 
ratio 1 to 4 to 10 to 20. 



Figure 5.4.2 (b) Time 1. 

Figure 5.4.2 Cc> Time 4. 



2 Cd> Figure 5.4. 

4 2 Ce> Figure 5. • 

Time 10. 

Time 20. 



Figure G.4.1 shows <dashed curve>, a spectrum taken at 500 ft 
over the North Sea Tower on April 20 in Flurex <lowest curve in 
Figure 4.G.l<a>>. From the similar spectru~ taken at 1000 ft 
altitude, the reflectance increase due to 500 ft of atmosphere can 
be calculated <dotted curve>, and a corrected spectrum can be 
derived, by linear extrapolation, for the zero altitude case <solid 
curve>. This will still contain a contribution from surface 
reflection, though in these observations, this was minimized by 
observing through a polarizing filter. Water radiance.is low at 
wavelengths longer than 750 nm, but the polarizer becomes 
inefficient after about 780 nm. Radiance observations beyond 800 n• 
are used only to indicate possible residual surface reflection. 
Water reflectance spectra in this report are often zeroed at 780 n= 
to suppress atmospheric and surface reflection effects. 

Further analysis of this data is illustrated in figure 
4.G.5<a> and 4.8.l<a>. It can be seen that, even though the 
atmosphere contributes most of the radiance in the region of the 
fluorescence line, the shape of the reflectance curve converges 
rapidly to its surface form at the lower altitudes. Computation of 
accurate in-water radiances from airborne data requires more 
careful corrections, but airborne chlorophyll surveys can be 
carried out using both the fluorescence line and the green to blue 
ratio aethods. Such surveys can extend the speed and area of 
coverage of measurements well beyond the capabilities of a ship. 

One demonstration of this was undertaken with the IOS 
spectro~eter in the eastern Canadian arctic in 1979 <Borstad and 
Gower, 1984>. Chlorophyll and surface temperature were Measured 
from the air to produce maps in good agreement with ship 
•easureaents. In three flights the aircraft was able to equal the 
nuaber of line miles covered by the ship in 12 days of observing. 
In this case the aircraft had the distinct advantage of not being 
restricted in its track by sea ice, though the spectrometer 
requires open wa ter areas at least 100 meters across to •eke a 
measurement. 

7.1 Variability of radiance spectra from c a se 2 water. 

Figures 7.1.l<a> and (b) show spectra Measured with the IOS 
spectroaeter in flights and ship operations in B.C. and during 
FLUREX. With the exception of the lake spectrum in Figure 7.1.l<b>, 
they have been adJusted vertically to give zero reflectance at 780 
nm. They illustrate the variability caused by suspended sediment 
and high levels of phytoplankton. In Figure 7.1.l<a> suspended 
sediment causes an increase in reflectance over the range 400-600 
na, and a smaller increase at longer wavelengths which tilts the 
baseline £or fluorescence, but does not prevent ~easurement of the 
line height. 
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Figure 6.4.1 Reflectance spectra observed at 500 ft 
(dashed). A correction for the atmospheric 
component <dotted) allows computation of a near 
surface spectru~ <solid line> which can be used as 
ground truth for satellite observations. 
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Under anoaalous conditions of high phytoplankton concentration 
<Figure 7.1.1 Cb>>, the peak of the fluorescence line is observed 
to be shifted to 700-710 n• <Lin et al., 1984>. The overall 
reflectance varies with the relative scattering of the 
phytoplankton species involved, but is generally low ahortward of 
500 na. The upper short dashed spectru• is for• a lake near Station 
11 in FLUREX. These spectra suggest that chlorophyll absorption at 
670 na is an important factor in deteraining the fora of the 
observed £luorescence. 

Other factors were also observed to affect the spectra 
collected in FLUREX. Figure 7.1.2 shows the effect of an apparent 
change in fluorescence efficiency in water crossed by the Alkor in 
a time interval of 3 ~inutes. The difference between the two 
spectra shows that most of the change was in the height of the 
fluorescence line. Accurate aeasure~ent of such a difference 
spectrua give a precise •easure•ent of the position and width of 
the line, and demonstrates that the feature is caused by 
fluorescence, rather than by a combination of absorption and 
reflectance. 

Another cause of variation in observed water reflectance 
spectra will be the effect of a reflectance contribution fro~ the 
aea botto•, or from near-botto• re-suspended ~aterial. Figure 7.1.3 
shows a series of water reflectance spectra measured at a height of 
500ft on a flight line over the .Baltic. These have been adJUsted 
vertically to give zero reflectance at 780 nm. The lower solid 
curve shows a typical reflectance contribution fro• the 500 ft of 
at•osphere beneath the aircraft on this flight, deduced by 
extrapolation from a pass at 1500 ft. Variations in low-level haze 
or surface reflection appeared to be affecting the data, and a 
correction was therefore applied by scaling this at~ospheric 
contribution so that, after its subtraction, the remaining 
reflectance at 408 nm is zero. The results are shown in figure 
7.1.4. • 

The ti~e sequence is illustrated in figure 7.1.5. The flight 
is from FLUREX station 3 to 8 to 9, passing over shallow water near 
the coast near Falhoeft at 3 minutes into the flight, and over the 
Stoller Grund at 12 minutes. The increase in reflectance at 3 
ainutes is shown in figure 7.1.6. This has a strong effect on the 
green to blue ratio as shown in figure 7.1.5, but is clearly a 
bottom effect as indicated by the narrow spectral peak, centred on 
570 nm. close to the expected wavelength for minimum absorption in 
coastal waters, and the absence of any fluorescence signal. Figure 
7.1.7 shows the forms of reflectance increases at other times. They 
evidently fall into two types: those due to near surface 
phytoplankton, and those due to bottom reflectance. 

In shallow waters the limited depth penetration of the 
fluorescence method is a clear advantage in avoiding confusion with 
bottoa effects. 
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7.2 Determination of spectral bands related to chlorophyll by means 
of factor analysis. 

In order to test the utility of the fluorescence and the green 
to blue ratio ~ethods of chlorophyll mapping, observed or modelled 
spectra can be analysed by characteristic vector or factor analysis 
to search for additive component spectra, covering the full 
wavelength range, that contribute significantly to the total 
variance C0oer£fer, 1981, Gower et al., 1984, Fischer et al., 
1986>. 

Gower et al. used a series of spectra observed from a boat, 
from which simultaneous measurements of near surface chlorophyll a 
were also made. The characteristic vectors are es shown in Figure 
7.2.1. All spectra were zeroed at 780 nm to remove the 
<approximately white> contributions from surface reflection, which 
amounted to .1 to .5 percent. The mean spectrum shows the increase 
to 1 percent below 550 nm and the fluorescence emission at 685 nm. 
the first 4 eigenvectors accounted for 86, 11, 2, and 0.6 percent 
of the variance about this mean. In Figure 7.2.1 these have been 
weighted by their contributions to the total variance. The first 
eigenvector has the form expected for varying near-surface 
backscatter. The second has the form for suspended phytoplankton, 
<blue chlorophyll pigment absorption, backscattering in the 
blue/green and green and fluorescence centred on 685 nm>, while the 
third still shows fluorescence, but indicates a different response 
at short wavelengths. 

The spectral bands needed for measurement of the spectral 
variations present in this data are evident from the Figure. 
Suspended sediment can be detected with a single band in the 500-

' 550 nm range. Chlorophyll detection needs a shorter wave bend at 
400-450 nm for use of the green to blue ratio, and bands spaced 
across the fluor~scence line for the line height method. Precise 
positions of these latter bends must be determined by atmospheric 
absorption effects <Section 4.6>. 

7.3 CoMparison of signal/noise ratio of different chlorophyll 
related spectral bands. 

Linear combinations of the relative weights of these 
eigenvectors can be fitted to the measured chlorophyll values, and 
the resulting correlation can be used to evaluate the potential 
accuracy £or determining chlorophyll ~ concentrations from spectral 
data. The analysis can be restricted to wavelength ranges covering 
the green and blue Cappropriate to the ratio method> or to the red 
<£luorescence). Results in B.C. coastal waters are discussed by 
Gower et al., <1984>. For this data the correlation between remote 
sensing and ship measurements was improved when the longer 
wavelength data alone was used, that is, when fluorescence, rather 



1.0 

0 .5 

J 
0 .0 

J 

[ 

EIGENVECTORS ,-------
I ----- ~ ....._... ""--- .....___ '-~ ,,,.,..,,,., .......... ....__ --'....... /' ---------===---••••• -.t.,:..· • • • ' •••••• .J(... -----:-:-:~ .... -..~ __ ,_,.,--: ....... -.._.. __ ..... ___ ~ 

.· 4 ................ _~,..:...-:...---.,,,,.., ..... . . · _;;,,,-- _.,,. -2 _ _,,, ,,,..._.;;;--

400 500 600 
WAVELENGTH {nm) 

700 800 

Figure 7.2.1 Characteristic vectors derived froM a series 
of 47 above-surface water reflectance spectra 
collected over a 4 month period <July - October 
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than absorption <green/blue ratio> was used to measure chlorophyll. 
Fischer et al <1986> reach a similar conclusion using model 
spectra. 

Since the fluorescence signal has a linear response to 
chlorophyll, and gives a specific narrow spectral signature. It 
would be expected to give improved measure~ents in coastal or "case 
2" waters where concentrations are high C.5 mg.m-3 and above>, and 
other suspended or dissolved material can influence the optical 
water properties, especially at shorter wavelengths. For lower 
chlorophyll concentrations in less complicated, "case 1", off'-shore 
water the green to blue ratio, with its sensitivity for 
concentrations down to .02 ~g.~-3 should give improved results. 

7.4 Derivation and test of fluorescence algorithms. 

The fluorescence measuring algorithm normally applied with the 
IOS spectrometer makes use of the fact that a reflectance spectrum 
measured at a low flying altitude gives a smooth and nearly linear 
background near 685 nm (i.e. 640 - 730 nm>. This allows the 
reflectance increase due to fluorescence to be easily measured. 
Peak reflectance near 550 nm is in the 1 to 2% range, dropping to 
0.1 to 0.2% near 685 nm. The fluorescence signal gives typically 
about a 0.1% increase for a chlorophyll concentration of 5 mg.m-3, 
and therefore represents a significant increase even at 
concentrations near 1 mg.m-3. 

Figure 7.4.1 shows the uncalibrated upwelling radiance <long 
dashes> end downwelling irradiance Cshort dashes> measured at 500 
ft altitude over the North Sea tower on April 20 1982. Both curves 
are affected by the spectral response of the spectrometer, and by 
the absorption features described in section 4.6. The reflectance 
curve, calculated as the ratio of these <with corrections for 
differing light paths in the aircraft install~tion, dotted curve> 
is shown as the solid curve. 

The effects of atmospheric absorption features are 
sufficiently reduced in this, reflectance curve, that chlorophyll 
fluorescence can be measured as the excess reflectance above a 
linear baseline, as discussed in section 4.6. Further analysis of 
this data is shown in figures 4.6.5 Ca> and 4.8.l Ca>. 

7.5 Comparison with green/blue algorithm. 

A statistical comparison with the green to blue algorithm is 
discussed in sections 7.2 and 7.3. Green and blue reflectance data 
are routinely •easured with the IOS spectrometer, and both 
indicators are used in survey operations. Corrections for 
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at~ospheric and surface effects are much more important for green 
and blue results, and this complicates observations under cloud, 
and in other difficult but common conditions. 

For a specific comparison, Figure 7.5.1 shows data from a 22 
ainute section of one of the airborne flight lines over the mouth 
of Lancaster sound in the Canadian Arctic in August 1979. From top 
to bottoa, these show the variation of the fluorescence line height 
at 685 nm, the reflectance at 780 nm, the green (560 nm> to blue 
C440 nm) reflectance ratio, the temperature and the down-welling 
<sun and sky) irradiance. 

Although the fluorescence and the ratio indicators of 
chlorophyll are clearly responding to the same physical boundaries 
at the water surface, the values of the changes suggest different 
fluorescence efficiencies in different geographical areas. The 
correlation between the ratio and the fluorescence indicators of 
chlorophyll is shown in the scatter diagram of figure 7.5.2. This 
suggests that at least two different efficiencies were encountered, 
though varying observing conditions will cause some spread in the 
points. 

Individual spectra from this line are plotted in figure 7.5.3. 
Spectrum Ca) is from the first patch of elevated chiorophyll (Time 
= 12:27 on Figure 7.5.1> shows higher short-wave reflectance 
<indicating a higher ratio of backscatter to absorption> than in 
the second patch <Sectrum Cc> at 12:41>. Spectrum Cb> was observed 
at 12:30, between patches. Spectra collected near Ca> show 
relatively low fluorescence, and form the lower branch on figure 
7.5.2. 

The correlation observed in these and similar profiles has 
since spurred the development of the Fluorescence Line Imager as a 
satellite sensor. The capability of mapping the fluorescence 
efficiency of the phytoplankton, which is known to vary with its 
rate of productivity, is a further advantage that needs to be 
explored in more detail. 

8 Aircraft data application test: Verification of algorithms 
including correction procedures with aircraft spectrometer and 
scanner data. 

8.1 FLUREX data description and examples. 

In the FLUREX operation the IOS spectrometer collected water 
spectra from a range of altitudes in a DFVLR Do-28 research 
aircraft in the period April 20-25 1982 over the North Sea and 
Baltic, while surface measurements were made on the Research Vessel 
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Alkor. The spectrometer was then transferred to the Alkor for the 
period April 26-28 for further near surface »easurements. 

Figures 8.1.l, 8.1.2 and 8.1.3 show comparisons of 
fluorescence line height, with measured chlorophyll concentration 
in the near surface sea water for the available cases in FLUREX. In 
figure 8.1.l the North Sea points do not correlate well, and are 
perhaps affected by presence of suspended sediment. The regression 
line fitted to all points <heavy dashed line> passes close to the 
origin and has a similar slope to the average observed in B.C. 
<section 9). Airborne data are expected to scatter ~ore than ship 
data, because of the differences in averaging and positioning. With 
the exception of 3 representative points, ship data from April 27 
is plotted separately in Figure 8.1.3. 

In figure 8.1.2 the data from the Schlei gives a reasonable 
correlation with chlorophyll measurements, with evidence of more 
scatter from the airborne data. In this case the £luoreacence line 
algorithm <peak and baseline> is shifted to longer wavelengths by 
19 nm, corresponding to a centre wavelength of 702.3 nm. The 
regression constrained to pass through the origin is close to the 
best fit to the data in Figure 8.1.1, showing that the same 
fluorescence yield applies in the Schlei. This is surprising in 
that the spectra suggest that self-absorption is occurring there. 

The data for a single station that was occupied from 08:00 to 
17:30 local time on April 27, Figure 8.1.3, shows a much better 
correlation, even though the variation during the day <a smooth 
•inimum centred on noon> is only over a narrow range. 

8.2 Atmosphere in Flurex 

Figure 8.2.1 shows the reflectance increase due to 500 feet of 
atmosphere, calculated from the tower overflights on April 20. The 
contribution is roughly constant between 500 and 2000 £t, greater 
between 2000 and 5000 ft and lower above this, suggesting a low 
haze layer, with a maxi~u~ density in the 2000 to 5000 ft range. 

Figure 8.2.2 shows the result of subtracting a scaled 
<wavelength>-4 reflectance increase from the measured reflectances 
at 500, 1000, 2000, 5000 and 12000 ft. Scaling is by the pressure 
increase in a standard atmosphere. Apart from the anomalous 5000 ft 
data, the remaining reflectance can be interpreted as due to water, 
plus ataospheric aerosol or haze below 5000 ft as in figure 8.2.1. 
The haze appears to have a featureless and flat spectrum. The 
FLUREX data suggests that the only problem posed by the atmosphere 
for measurement of fluorescence from space are the absorption 
effects, discussed in section 4. 
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9. Comparison with the results from other areas. 

Many examples of FLUREX data are given in other sections of 
this report. In general the spectra are similar to those observed 
elsewhere. both in broad shape and in details of the fluorescence 
emission. Figure 9.1 shows a spectrum taken over position 11 and 
corrected £or the 500 ft £lying altitude, compared with two spectra 
observed in B.C. coastal waters. 

Relations between fluorescence line height and measured 
chlorophyll in FLUREX are plotted in Figures 8.1.1 to 8.1.3. In 
general the slopes 0£ fitted lines shows reasonable agreement. 
Apparent variations in fluorescence efficiency <output per unit 
chlorophyll> are, however, expected and have been observed in other 
surveys undertaken with the IOS spectrometer for which sufficient 
comparison data is available. Figure 9.2 shows the slopes of the 
best fit lines on a linear scale, over the indicated chlorophyll 
ranges on 9 different occasions from 1975 to 1982, all but one in 
western Canada coastal waters. These are: 

<a> Apr 16 1975 B.C. Saanich Inlet 
(b) Jun/Jul 1976 B.C. Saanich Inlet 
Cc) Jun 1-8 1976 B.C. Saanich Inlet 
(d) Jul 23-26 1979 B.C. Coastal inlets CCFOX> 
<e> Aug 7-10 1979 B.C. West coast CCFOX> 
(f) Aug 11 1979 B.C. West coast 
(g) Jun 25 1981 B.C. West coast 
Ch) Jul/Aug 1981 B.C. Coastal inlets 
( i) Apr 27 1982 Baltic <FLUREX> 

It can be seen in Figure 9.2 that with the exception of Ca), 
Cb> and Cf>, the~lines have slopes in the range 17 X 10-S to 33 X 
10-5 of reflectance increase per mg.m-3 chlorophyll ~· Results from 
the Canadian arctic <Borstad and Gower, 1984) also suggest a meon 
relation with a slope of about 20 X 10-5 in these units. It would 
be teapting to ascribe the slopes of lines <a> and Cb) to poor 
calibration of the early measurements, but these sequences of 
spectra show roughly the same range 0£ water ref lectances as the 
others. 

In summary, Figure 9.2 shows a mean fluorescence output 
proportional to chlorophyll ~, equal to 24 X 10-S of reflectance, 
per ~g •• -3 of chlorophyll ~, with an rms variation by a factor of 
about 1.8 on each side of this value. If cases <a> and Cb> are 
excluded. then the rms variation is by a factor of 1.3. 

Variations in fluorescence efficiency over at least a 4:1 
range are observed from £luorometer results <e.g. Kiefer, 1973>. 
However, these observations make use of stimulating light that 
differs in intensity and spectrum £rem natural illumination. They 
also represent a range of depths, light intensities and sample 
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treat•ents, so they may not be directly coMparable to the 
variations shown in Figure 9.2. 

As pert of the July/August 1981 experiment, we also measured 
in vivo fluorescence with a Turner designs fluorometer. This 
correlated as well with •easured chlorophyll es did the remotely 
sensed aeasureaents Cr2 = 0.88>, but the two fluorescence 
aeesureaents correlated less well with each other Cr2 = 0.78>. This 
tends to confirm this difference in the two fluorescence meesurea. 

The lines in Figure 9.2 represent close correlations Cr2 0.8 -
0.9> passing close to the origin, both for areas of order 100 Km on 
a single day, and, at a single point, during a day and for periods 
of up to 10 days. Individual plots are presented in Figures 9.3<a> 
to Ci) as listed above. 

10. Requirements for a satellite borne fluorescence scanner. 

Successful work on fluorescence measurements has spurred the 
development of an imaging spectrometer capable of mapping the 
spatial distribution of fluorescence emission from sea water. The 
instrument is named the Fluorescence Line Imager tFLI> <Borstad et 
al., 1985>. It was designed as an airborne prototype for a 
satellite instrument, with the same spatial resolution as the CZCS 
or its airborne equivalents <about 2000 pixels over a 70 degree 
swath, equivalent tc 1 Km resolution from orbit>. The spectral 
range was designed to be 430 to 805 nm, with 2.5 nm resolution. 

The FL! uses 5 CCD cameras with a total of 550,000 sensing 
elements. Data rates are reduced to manageable proportions by 
combining either the spectral elements into 8 bands or the spatial 
elements into 40.directions. In the first mode the FLI acts as a 
push-broom scanner with about 1900 pixels per line, and with band 
spectral properties <positions and widths> under computer control 
in steps of 1.3 nm. In the second it acts as 40 spectrometers 
providing low spetial resolution imagery in 288 bands. Figure 4.8.2 
shows en example of spectral date from this instrument. 

The instrument has been flown in a number of exercises, and is 
slowly being improved for routine operations. Over water, the first 
examples of fluorescence mapping ere now being produced. The FLI's 
high spectral resolution and flexibility has led to its being 
epplied for many other purposes, such as for coastal water 
bathymetry, end aquatic vegetetion surveys. It also finds many 
applications over land, particularly in mapping leaf chlorophyll 
reflectance changes in response to plent stress. It is anticipated 
that flexible instuments of this type will be used as the standard 
optical remote sensor for any application where spectral resolution 
of target properties is important. 
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CONCLUSIONS 

l. Mapping of the naturally stimulated fluorescence from 
chlorophyll ~ appears to provide a useful adJunct to measurements 
of absorption and scattering effects, especially in coastal waters. 
Waters encountered in FLUREX presented no special problems, though 
shifted fluorescence peaks, such as those observed in the Schlei, 
will be differently affected by atmospheric oxygen in satellite 
observations. Shapes of reflectance spectra, and the yalue of the 
fluorescence yield are similar to those observed in Canadian 
waters. 

2. Recent developments in two dimensional array image sensors 
make feasible the sensitivity and spectral resolution required of a 
satellite sensor capable of providing naturally stimulated 
fluorescence data, as well as the broader band green and blue 
radiances needed for measurement of chlorophyll by its absorption 
effects. 

3. An important goal of satellite water colour mapping is the 
measurement of primary productivity. This is known to vary with the 
fluorescence efficiency of the phytoplankton CTopliss and Platt, 
1986>, suggesting an important application of the £luorescence 
technique. 

4. The fluorescence technique showed the expected operational 
advantages associated with use of a narrow band chlorophyll 
signature at long optical wavelengths, and also demonstrated an 
adventage for observations in shallow waters. 
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FL! historical summery 

The following two tables show the f inanciel history of the 
airborne spectrometer program, and the FL! imaging 
spectrometer construction end testing program. 

The airborne spectrometer, built in 1974, showed the 
potential of remote sensing for mapping near surface 
phytoplankton distributions in low altitude airborne 
surveys. The multichannel, silicon detector used made it 
possible to derive sensitive and accurate measurements of 
chlorophyll fluorescence emission near 685 nm wavelength, 
and to use these as e measure of phytoplankton 
concentration. The spectrometer has been used in coastal 
surveys off the B.C. coast, in the Arctic end in Europe. 
DSS contributed to development of survey techniques, end the 
spectrometer is being used in commercially funded surveys by 
Borstad Associates Ltd. 

A program to extend these measurements from airborne, low 
level non-imaging, to e satellite-borne imaging mode, 
started with the CCUSS feasibility study in 1981 which 
concluded that: 

A suitable sensor could be built based on CCD 
imaging technology 

An airborne prototype should be built first to 
evaluate the design, define atmospheric problems, 
and demonstrate the imaging spectrometer concept 

Canadian industry had the capability end 
experience to produce such en instrument 

Joint funding of the construction was arranged between DFO 
and !CS in 1981-83 et a total cost of S940,000. Subsequent 
improvements have added about S250,000. Flight tests over a 
wide variety of targets have been carried out, representing 
the remaining costs shown. Significant additional contract 
work has been carried out by Moniteq Ltd, and the instrument 
is presently being operated on e commercial basis by them. 

The FL! program hes from the beginning had the idea of an 
eventual space sensor designed for water colour end <low 
spatial resolution) lend sensing. Elements of the flight 
testing and design work have been aimed specifically at 
this. 



Note: All listed expenditures are by IOS unless noted. 
DSS <U.P.> money supported the work of G.A. Borstad 

at Seakem Ltd and Borstad · Associates Ltd. 

Total !OS S224,500 
DFO marine pollution funds $ 40,000 
DFO CFLI proJect> s 20,000 
DFO CNanaimo> s 10,000 
DFO Cl.!Jinnepeg> $ 12,000 
DI AND s 5,000 
DSS CU.P. funds> Sl99,000 
International CGovts> $178,000 
Borstad Associates s 11,000 
Other commercial 8,000 

Grand Total S727,500 

Above does not include !OS personnel C30% of a scientist, 
plus 50~ of e technician. 1975-1986) 



FLI Design Evolution 

CCUSS Phase 1 Feasibility and Baseline Design: 

<Contributors: York University 
ITRES Research 
Moniteq 
University of Calgary 
University of British Columbia) 

Multiple cameras to cover 70-900 field of view 

ISA Holographic grating flat field spectrograph• 

RCA 211 CCD detector 320 X 256 X 2 <frame transfer arrays) 

2000 to 1 signal to noise in 600 to 800 nm 

Atmospheric signal appears smooth in 660 - 686 nm• 

Software controlled readout to allow change of readout mode 

CCUSS Phase 2 study, Spece sensor, data processor, + (*) 

<Contributors as before with: PhD Associates 
A. Lyle Broadfoot 
Harvey Richardson ! 

Transmission optics chosen over holographic grating 
Simple, fest, transmission grating design 
Higher efficiency 

Atmospheric analysis inconclusive 
Existing data not suitable 
Need for airborne measurements with FLI 

Space sensor C3 camera design> estimates: 
Weight: 20 Kg 
Volume: 42 Lt <equiv. to 35cm cube> 
Power: 54 W 

VAX image processor with video disc archiving recommended 



TABLE 1. FLUORESCENCE LINE INAGER SPECIFICATIONS 

SPATIAL MODE: 70 degree swath, with 5 cameras giving a 
total of 1925 pixels. Pixel size 0.65 mR. Spatial 
resolution 1.3 mR. Spectral pixels are grouped to 
form 8 bands <push-broom images> each 1925 pixels 
wide. Spectral bandwidth and position are 
programmable. 

SPECTRAL MODE: 430-800 nm range using 288 detector 
elements. Pixel size 1.4 nm. Spectral resolution 2.5 
nm. Spectra are recorded from 40 different detectors 
across the swath (8 per camera>. Look directions are 
programmable. 

INTEGRATION TINES: 40 msec minimum, typically 90 msec in 
spatial mode, 150 msec in spectral mode. 

DETECTORS: Five 385 by 288 element EEV P8600 arrays 

SENSITIVITY: Maximum 1900:1 S/N for a band of 16 detector 
elements at full signal, which is set for ambient 
levels over water. 

DIGITIZATION: 12 bits. Summation is to 16 bits after 
readout. 

OPTICS: Transmission grating with Fl.4 Nikon lenses. 

DATA RECORDING: Bell and Howell 14 track HDDT. 8 X 875 
Kbit.s-1 recorded. 

POWER: Head and aquisition units: 450 w. 
Thermal cooling unit: · up to 1 KW. 

AIRCRAFT MOUNTINGS: DC-3, Falcon Fan-Jet, Piper Naval10, 
Dornier-28 

SIZE, WEIGHTS: Head 66 X 48 X 38 cm 70 Kg. 
Dato aquisition 48 X 35 X 60 cm 26 Kg. 
Cooling unit 38 X 42 X 54 cm 41 Kg. 
CNo real-time display at present>. 



The FLI - Optical Design, Alignment, Calibration and Deployment 

A. B. Hollinger 
Moniteq Ltd. 

A brief review of the optical design of the Fluorescence Line Imager 

(rLI) was given along with a brief deployment history. 

The CCllSS study had recommended a reflective holographic optical system 

operating at a focal ratio of about f/2. However, a review of the design 

indicated that stray light in such a design could not be easily controlled 

since there can be direct paths between the slit and detector which do not 

disperse the optical radiation falling on the entrance slit. 

A transmissive system (Fig. 1) would avoid this problem since all 

radiation must pass through the diffraction grating. In addition, the 

proposed transmissive concept was believed to provide a more compact optical 

system. The focal ratio was decreased to E/ 1.4 to compensate for some of the 

transmissive losses in the system. 

The ~LI design study had suggested the minimum requirements were for a 

tsnn pixel swath covering a 70" field of view. The FLI is based on a multiple 

module concept for two fundamental reasons: 

i) the large swath angle (70") would lead to unacceptably large 

distortion in a single module 

ii) a single module containing more than one CCU would require either an 

expensive, customized focal plane array or the use of a beam combiner 

which would necessitate a more complicated optical design. 

~he FLI uses a spectrograph design with a magnification of less than 1 

between the slit and focal plane array. This design concept minimizes the 

aperture of the collimator and telescope relative to a unity magnification 

design. 
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Figure 2/3 is a schematic/photograph of the FLI optical module. Each 

module is approximately 7.5 x 7.5 x 30 cm in size. The module incorporates a 

shutter for recording dark signals and an iris to increase the dynamic range 

for land operation. 

Figure 4 shows the five modules of the ~LI. Each module is set l~.2 

degrees away from its neighbour. The entire housing can be tilted fore and 

aft relative to the nadir to avoid sun glint during deployment. 

The FLI underwent its first flight test in necember of 1983. Since that 

time, the FLI has been used to collect data for a variety of applications. 

These are summarized in Table 1. These of course include chlorophyll 

fluorescence work over lakes in the Eastern Townships, a joint DFO / NASA 

~allops experiment off Chesapeake Ray, and work off Yarmouth, Nova Scotia. 

The sensor has been used for two batnymetric studies - one in the Gulf of 

Mexico of f Panama ~ity, Florida, an<l a second near the Bruce Peni ns u la. 

The FLI has als o been used f o r a variety ?f land us e app l ica tions 

beginning with some studies over the Petawawa National ~ o r es t Instit ute. In 

subsequent years, studies of botanical stress were conducted over Camel's 

~ump, Vermont and over many di f ferent s ites in Ontario. In addition, a number 

of sites of geological interest were also examined in Algonquin Park and nedr 

Hemlo. Moniteq has also conducted a test study of hydrocarbon seeps in 

Michigan. thi s data is available as part of a proprietary set. 

At this time ~oniteq has just completed a survey in West ~ermany examining 

a variety of land and water applications. 

The FLI has been deployed in five different aircraft. Most of the work 

for OFO has been conducted using the CCRS Falcon, although some early work was 

done in the CCRS DC-3. The work in Ontario made use of the OCRS Navajo 

Chieftain, while the recently completed German surveys utilized two DFVLR 

aircrafts - the Dornier 228 and 28. 
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NOTES OK FLI INSTRUMENT DESIG N 

C. D. ANGER 

I~RES RESEARCH LTD., Calgary 403- 17 4-7440 and 
DEPT. OF PHYSICS, Univ. of Calgary 403-220-5391 

NOVEL FEATURES OF THE FLI DESIGN WERE: 

1. Use of a multi-disciplinary team from government, university, 
and industry to develop specifications and basic design con
cepts for the instrument. In this ~ay both scientific and 
instrument desi;n tradeof fs could be made in orcer to develc? 
the best overall approach. 

2. The imaging spectro~raph concept, based on 2-d CCD array 
sensors and compact transmission grating spectographs. 

3. Flexibility in choice of ~avelength information to be 
recorded from the scene, ~ith choices effected electroni
cally, Kithout moving parts. 

4. Schemes for ac:~i-=ving ra;_Jid readout of the array sensor ( s ) , 
pr2serving information from only the ~avelength regions of 
interest (up to 8 spectral bands), thereby kee?ing tte data 
r a t e to a m i n i mum \: h i 1 e max i m i z i n g the f r a nc r a t e . 

::i • . l\!1 alternate operatin-;; mode (software selectable) \:hic:1 
provided full spectral information from a limited set of 
S)atia l regions. 

6. Desi;n features intended to acn1eve precision of .63~ i n 
individual intensity measurements, including 
( a ) precise tem~erature regulation of array temperatures, 

based on individually controlled thermoelectric cooling 
of the CCD's 

(b) his~ speed 12-bit A-D conversion of CCD outputs 
(c) low noise analo~ circuit design employing Correlated 

Double Sam~ling of each CCD output. 
(d) provision for both on-chip and off-chip summation of 

values obtained from ~ithin a specified spectral banci 
to provide u; to 16 bit precision for each band intensit)· 
value. 

(e) a fast spectrograph design to provide nearly full exposure 
of each CCD pixel (approx. 300,000 electrons) per frame. 

7. Built in real-time correction for dark current and non
uni formi ty of the arrays and slJectrographs. 

8. Ccrnplete in-flight interactive control and monitoring of all 
instrument functions, combined with real-time display of 
selected bands. An in-line high speed stack-based programm
able "calculator" provides real-time display of arbitrary 
linear combinations and ratios of band intensities for each 
pixel. 
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CONCLUSIONS RELATING TO A FUTURE SATELLITE VERSION OF THE FLI 

1. CCD array sensors work well in space and lend themselves 
to very compact, high sensitivity, wide dynamic range 
designs. Excellent geometrical stability and very broad 
spectral range are inherent qualities, along with stability 
of response. In space applications, attention to radiation 
protection is required, but this is less of a problem in 
relatively low altitude orbits. 

2. CCD sensors, when combined with a flexible readout system, 
make it possible to achieve arbitraryand interactive 
trade-offs between spatial and spectral resolution and 
coverage, as required to achieve a given objective, and to 
maintain compatibility with available telemetry rates. 

3. Interactive real-time control of instrument mode and operating 
parameters, based on real-time data, has been proven to be a 
feasible and extremely powerful way of operating a satellite 
imager. It can easily pay for itself through simplifications 
in flight instrument design and increases in overall reliability 
and adaptability. 

4. Design of the analysis sitem needs to be done in parallel 
with design of the instrument and inter~ive control system, 
as part of one overall system design. This was done with Viking 
and represented one of the strongest aspects of the programme. 
Because of the commitment to interactive control, much of 
the software developed for flight operations was directly 
usable for scientific analysis almost immediately after launch. 

5. Calibrations, both pre-flight and in-flight need to be part of the 
overall design effort from the outset. Even though a great 
deal of effort was put into this with Viking, it turned out 
that most of it was devoted to attempting to understand a new 
instrument and convince ourselves that it was operating correctly. 
As a result, we are still (9 months after launch) attempting to 
resolve some uncertainties in the calibration. 

6. The lesson from point (5) is probably the most significant of 
all because it is the easiest to overlook: Technolggical 
backup for the development of any new instrument is essential. 
If all the technology in a space instrument is thoroughly 
understood at the outset, it is almost certainly obsolete! 
If you want to avoid spending a year or more understanding 
your instrument after it goes into orbit, then you had better 
plan to spend a year or more on the ground before launch 
understanding the technologies employed in that instrument 
and the instrument itself. This need not delay the instrument 
development, since it is best done in parallel with that 
development. 
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EXPERIENCE FROM THE VIKING SATELLITE !MAGER PROGRAMME 

BACKGROUND: 

c. D. Anger 
~ept. of Physics, 
Universitv of Calgarv. 

A Canadian instrument to carry out ~lobal imaging 
of ultraviolet aurora was launched on the s~edish Viking Satellite 
in February, 1986. The instrument em?loyed an intensified CCD 
array sensor and fast optics to provide images at the rate of on2 
every 20 seconds at very low light levels. Two electronic 
cameras gave digitized images at far-UV wavelengths ~here 
reflected sunlight from the atmosphere is ~eak and does not 
prevent imaging of the aurora even in full sunlight. 

Some of the design features of the instrument are: 

1. T~o element ~ide angle f/l reflective optics (inverse 
Cassegrain configuration). 

2. Curved focal plane matched to a curved single-stage open 
microchannel plate intensifier. 

3. ~ntensifier coupled to an EEV CCD array sensor throu;t 
reducin~ and distortion-correcting fibre O)tics. 

~- Electronic spin compensation to provide one second ex~os~re 
times f o r each pixel from a spacecraft spinning at 1 8 ~egrees 
persecond. Cameras contain no moving parts. 

~ - Exposure and electronic pointing control based on earth-limb 
crossing or sun pulse provided by the spacecraft. Electronic 
control of region to be imaged, image size and sha~e, exposure 
parameLers, gain and high voltage parameters,and on-c~1ip 
charge summation (to obtain better sensitivity and / or spatial 
coverage without degrading temporal resolution for a fixed 
telem2try rate). 

6 . Real-time data recording and analysis facility at the 
receiving station in Kiruna, s~eden, ~ith full interacti ve 
control of instrument based on images dispayed in near 
real-time. 



The Development of Fluorescence Line Imaqer· CFLil ~~oftlrlar· e at. IOS 

D. N. Truax 

.l.O Overview 

The present software for analysing FLI data on the IOS image pr·ocessing 
system represents approximately three years of developmer1t effort. 
During this time the software has under:".rnne !Jeveral modifications 
as user opUons have been added arid new softrrJare 11 L> S replar:ed ol·l. 

The early software was written to display FLI CC'T and calibration data 
and to verify the FLI uniformity correction algorithm. More recent 
software performs an actual radia.nce calibration calculation thus 
producing spectra and/or imagery in scaled radiance units. The recent 
software also maintains the full 16 bit preci;;ion of the FLI d.::<.ta. 

As both early and recent FLI software is av3ilable to users at IOS, 
a description of both is presented. 

2 . 0 Current Hardware Environment 

DEC PDP 11/44 minicornt-•uter system with 2 me ·.]·.Otbyl es :r. .i.ir1 rn~mnr·y plus 
cache memory and floating point arithmeti c ~roces~ o r. 

Adage !Ikonasl 512 by 512 pixel ima~e display system with gr~phics 
overlay option, digitizinq tablet and video camera input, <ind 
high resolution RGB display. 

Approximately 1000 megabytes of online disk storage. 

Several interactive CRT user terminal5. 

Magnetic tape drives with 800, 1600 or 6250 bpi capabilities. 

Lineprinter with graphics option. 

Floppy disk drive. 

2 .1 Hardware Limitations 

Software task size is limited to 65 kilobytes due to 16 bit address 
size of the PDP-11/44 computer. This necessitates cumbersome 
overlaying of many task subprograms. 

PDP-11/44 processor is too slow for some applications. 



3.0 FLI Data Sources and Products 

3.1 FLI Data Sources 

LGSOWG CCTs which are generated on the CCRS Airbor-ne System fr-om 
the aircraft FLI HDDTs. 

Floppy disks which are the output of the FLI calibration software. 

J . 2 FLI Data Products 

Calibrated and geometrically corrected FLI LGSOWG CCTs. 

35mm photographic prints and slides of the image display. 

Lineprinter hardcopy of image display graphics. 

4.0 Image Processing Software 

1+. 1 

4. 11 

Written in DEC FORTRAN IV PLUS. 

Operates under DEC RSXllM operating system. 

Uses the OVA.F-.C8 software to communicate throuC!h thP. FDP 11 :' 44 to an 
Adage ( IJ..~onas) image di splay. 

Early FLI Software 

Calibration Data Display Software 

This software allows calibration files to be viewed on the image 
display system thus permitting visual inspection of the FLI CCD 
array responses. Bad CCD elements can be identified and the 
overall response of each CCD to the calibration light source of 
known brightness can be evaluated. 

Calibration files which are received on floppy disks are first copied 
to main disk storage. The display software then sorts each calibration 
file from the CCD readout order to spectral and spatial pixel order 
and scales the 16 bit CCD counts to 8 bits for display. 
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4. 13 

IL 14 

1.,. 15 

Uniformity Correction Software 

These programs were written to evaluate the Itres uniformity 
correction software. 

At each stage of the procedure ar1 intermediate disk file is produced 
which is cornpatable with a corresponding Itres file. These files can 
then be compared visually and numerically using the calibration file 
display software. 

The end product of this software is a file containing band uniformity 
correction factors for a particular FLI band configuration. 

FLI CCT Data Display 

These programs read FLI spectral and/or spatial data directly to the 
image display while optionally applying band urlifoL·mity corrections. 
Data may be selected from a FLI CCT by record number and/or aquisition 
time. Options are also provided for displaying spectral data as low 
resolution spatial imagery and displaying fluorescence line height or 
green/blue ratio imagery. A geometrical correction which removes FLI 
camera overlap and eliminates kno~n bad pixels is also available for 
spatial imagery . A status log of the CCT can also be produced. 

FLI CCT Copy 

This software c o pies a FLI CCT to another CCT in LGSOL·JG f •.Jrm.:ll. 
Options for applying band uniformity and geometrical corr~ctions 
are also provided. 

Limitations of Ear·ly FLI Software 

FLI CCT data must be written to the imag e display Defore it c an be 
written to disk using other IDS software. 

FLI CCT data once on disk is limited by t he 8 bit resol~tion of 
the image display system. 

Recent FLI Software 

FLI Floating Point Calibration Software 

The floating point calibration software in one step creates a single 
calibration file which contains a floating point correction factor for 
each pixel of each FLI CCD array. Each calibration coefficient is 
normalized to an integration time of one millisecond. Other software 
then uses this calibration file to form spectral or spatial bar1d 
calibration arrays which are then used to convert CCD counts- into 
calibrated radiance units. 



4.22 

4.23 

4.24 

FLI CCT to Disk Storage 

This software reads FLI spectral or spatial data from CCT into standard 
disk files. 

FLI CCT data may be read unaltered to disk, or alternately may be 
corrected to true radiances using the floating point calibration file. 

Once calibrated, pixels are multiplied by a power of 10 in order to 
scale them to 16 bit integer disk format. These disk image files can 
then be read to the image display or processed using other IOS 
software. 

All the options which were available in the earlier FLI CCT to image 
display programs have been retained. 

FLI CCT Calibrated Tape Copy 

This program copies a FLI CCT to another CCT in LGSOWG format with 
options for applying the radiance calibration and/or geometrical 
correction. 

FLI Spectral CCT Reformat 

This program copies a FLI spectral mode CCT to another CCT in LGSOWG 
format while resorting the data from spectr~l order to spatial order. 

S . O Other IOS Software 

Once FLI data has been read into the image display or into standard 
IOS disk files it is then .available to other IOS software. This 
software includes programs for charactersitic vector analysis 
(eigenvectors), Fourier analysis, statistical analysis and a wide 
assortment of image enhancements and graphical representations of 
image data. 
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1. Introduction. 

According to the present knowledge, photosynthesis and in vivo 
chlorophyll g fluorescence of algae and higher plants occur in 
~he cellular organelles called chloroplasts of typical dimen
sion of 3 - 10 m. Within this structure, pigments embedded in 
membranes, called thylakoids (Figure 1 ), absorb the visible 
light energy Common to all oxygen producing algae and higher 
plants is chorophyll g, which acts in the membrane as light -
harvesting protein complexes and in special chlorophyll ~ pro
tein complexes as reaction centers. At the reaction centers 
the excitation energy is transformed to photochemical energy 
and used for photosynt.hesis. 
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The typical absorption bands of in vivo chlorophyll g are 
found in the blue at 440 nm and in the red at 670 nm. Other 
pigments found in the thylakoids as chlorophyll Q and ~. bili
proteins (phycoerythrin, phycocyanin and allo-phycocyanin) and 
carotinoids (carotenes and xanthophylls) enhance the spectral 
absorption in the range from 480 to 660 nm. 

The excitation energy from the accessory pigments is fed to 
two different photochemical reaction centers ( P680 and P700 ) 
via exciton transfer. This energy transfer can be described by 
a resonant dipol-dipol interaction ( Forster 1948 ). The For
ster-mechanism shows a strong dependence on the distance of 
the two interacting molecules and on the relative orientation 
of the dipols. Calculations show that for efficient energy 
transfer the typical distance is less than 10 nm. Assuming an 
increase of the typical distance of 10% , the energy transfer 
efficiency is decreased by 60 % . The typical time constant 
for exciton transfer to the trapping center is in the picose
cond range. 

At the reaction center P680 and P700 the transformation of ex
citation energy into photochemical energy occurs by charge se
paration. At present, one assumes that the reaction center is 
a molecular complex consisting of the chlorophyll g molecule 
accepting the excitation energy and of an electron donor and 
acceptor, respectively. The electron acceptor of reaction cen
ter II is termed Q (for quencher) which is a bound plasto
quinone molecule incorporatea in the reaction center ·polypep
tide. The electron donor of reaction center II is the water 
splitting complex sometimes cited as oxygen evolving complex. 
The photochemical energy from photosystem II is transported by 
redox reactions to photosystem I. The electron donor for reac
tion center I is usual a plastocyanin molecule,while the elec
tron acceptor is possibly a bound iron-sulfur protein or a 
flavoprotein. The photochemical energy from photosystem I is 
brought to the Calvin cycle to drive the biochemical formation 
of ATP,the universal energy transmitting adenosin-triphosphate, 
in the cyclic and NADPH, the necessary reduction equivalents 
nicotinamid-dinucleotid-phosphate, in the non cyclic electron 
transport. 

A simplified, schema~ic diagram of the photosynthetic unit 
(PSU) is shown in Figure :. The PSU is divided in the light 
harvesting chlorophyll proteins (LHCP),· the antenna pigments 
of photosys~em I and II, the photochemical reaction centers I 
( P700 ) and II (P680) and the electron transport chain, connec
ting the two reaction centers. Only one substructure of the 
electron transport chain is shown, the so called plastoquinone 
pool,which stores the electrons coming from reaction center II. 
The plastoquinone pool has a regulatory function, concerning 
the state of the thylakoid membrane (Horton and Black 1980). 
The highly reduced state of plastoquinone induces an encymatic 
reaction, the phosphorylation of the light harvesting chloro
phyll proteins. Due to the phosphorylation the structure of 

- 2 -



the thylakoid membrane is changed (Barber 1983) and thus the 
distance between the accessory pigments and the reaction cen
ters. A model given by Barber (1983) and shown in Figure 3 re
lates changes in the phosphorylation of LHCP with changes in 
the energy transfer from P680 to P700 and with changes in the 
degree of thylakoid stacking. The mechanism of thylakoid 
stacking is not important in phytoplankton but in higher 
plants. Reg~rding the sensitive regulation mechanism with re
spect to exciton transfer, the energy transfer to reaction 

Figure 2 : 
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center II is reduced with increasing distance between the mo
lecules. Due to the fact that the coupling between reaction 
center I and the light harvesting chlorophyll proteins is very 
weak (Andersson and Anderson 1980) the transfer of excitation 
energy to the reaction center I is nearly unaffected. 

Fi9ure 3: 
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A model relating the changes in phosphorylation of 
LHCF with changes in the energy transfer from P680 
to P700. The membrane kinase responsible for the 
phosphorylatio~ is activated by the reduced plasto
quinone pool ~ PQH2 i. 
(Adopted from Barber ( 1983) i. 

In total, the input of electrons from reaction center II to 
the plastoquinone pool is reduced while the demand of elec
trons oy reaction center I remains nearly constant. This 
change of energy transfer affects the in vivo chlorophyll ~ 
fluorescence as well as the rate of photosynthesis. 
The time constant for this reversible process is in the minute 
range and can be observed with dark adapted phytoplankton by 
the fluorescence induction curve, the so called Kautsky effect, 
after the onset of continuous light (Kautsky and Hirsch 1931; 
~autsh y et al. 1960; Franck et al. 1969). 
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2. The Kautsky curve 

After an extended dark-period ( > 5 minutesi all elements of 
the electron transport chain are in an oxidized state. Upon 
the onset of continuous illumination the in vivo fluorescence 
shows a characteristic fluorescence induction called Kautsky 
curve (Kautsky et al. 1931 ). The almost immediate rise from 
the zero (dark) level to O (Figure 4) reflects the "dead" or 
"constant" fluorescence, a contribution which does not change 
with increasing photosynthetic turnover. The rise from 0 to P 
is largely influenced by the increasing reduction of the pri
mary electron acceptor Q (Fig. 2). If Q is reduced the drain 
of the electrons from P680 to Q and the plastoquinone pool PQ 
decreases and the share of fluorescent transitions increases. 
Reasons for the "dip" (I, D) are still in discussion including 
the onset of PS I activity and cooperative phenomena between 
different subspecies of Q. The decrease after P occurs when 
reactions behind PQ, particularly the Calvin cycle, are turned 
on. The difference between P and the steady state level S are 
often discussed as a measure for photosynthetic turnover. This 
difference becomes low in senescent populations and vanishes 
after blocking the transport chain artificially e.g. with the 
herbizide 3-(3,4-dichlorophenyl)-1 ,1-di-methylurea (DCMU). 

The fluorescence induction curve of DCMU treated chloroplasts 
and algae show a biphasic structure giving evidence for the 
hypothesis of two primary quencher Qa and Qb as acceptors ope
rating in parallel rather than in series i.e. there are two 
types of rection centers, the -· and B-centers. For higher 
plants, this heterogeneity of photosystem II is well documen
ted ( Melis and Homann, 197 5, 197 6; Melis and Anders on, 1 983). 

Results of Owens (1986) analysing the kinetics of photosystem 
II fluorescence in marine diatom Phaeodactylum tricornutum 
treated w1th DCMU show the biphasic nature of fluorescence 
induction suggesting that the heterogeneity of photosystem II 
is a general consequence of thylakoid membrane appression. 

For a detailed interpretation of the complex behaviour of the 
fluorescence induction curve. Christoffers (1986) presented 
a mathematical model taking into account the interplay between 
the primary electron acceptors of P680 and the excitons 
created in the light harvesting complex and the antenna. As
suming that .- and B-centers operate in parallel and compete 
for the excitons in a statistical pigment bed, he could exact
ly deduce measured fluorescence induction curves of DCMU 
treated algae from a two quencher model. 
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Figure 4: 
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Typical fluorescence induction curve of dark adap
ted phytoplankton (Kautsky curve) after the onset 
of continuous light (solid line). 
The dotted curve represents the typical induction 
curve of phytoplankton treated with DCMU. 
The arrow indicates the onset of the light. 
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3. In vivo fluorescence. 

Regarding the widely used in vivo chlorophyll £ fluorescence 
method to monitor the phytoplankton distribution, to determine 
the biomass or to relate chlorophyll fluorescence to photosyn
thesis, it is important to understand where the observable 
fluorescence originates and how the observed fluorescence can 
be related to the mechanism of photosynthesis in terms of oxy
gen evolution or carbon uptake. 
The analysis of fluorescence spectra of chloroplasts of higher 
plants at 77 K (Goedheer 1964) and of measurements of the in 
vivo fluorescence decay of algae in the pico to nanosecond 
range (Moya and Garcia 1983; Haehnel et al. 1983) leads to the 
conclusion that at least three different chlorophyll £ pro
teins act in the photosynthetic units. 
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The fluorescence emission of the light harvesting chlorophyll 
proteins has its maximum at 685 nm, while that of the antenna 
chlorophylls of photosystem II and I are at 695 nm and 730 nm, 
respectively. At physiological temperatures the in vivo fluo
rescence spectra of algae show only one maximum at 685 nm with 
a typical bandwidth of about 10 nm and a shoulder at 730 nm, 
corresponding to the weak fluorescence of the antenna of pho
tosystem I. However, the fluorescence has lower intensity at 
environmental temperature. One possible explanation for this 
observation is given by the cyclic electron flow.The electrons 
shuttled to ferredoxin may go in a second way,the cyclic elec
tron flow, to the plastoquinone pool. They produce a proton 
gradient and supply energy for ATP synthesis without producing 
NADPH. 

A typical in vivo fluorescence spectrum of marine phytoplank
ton is shown in Figure 5. The measured data are indicated by 
crosses. 
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Figure 5: Fluorescence emission o f marine phytoplankton o n an 
energy linear scale. The data adopted from Haardt 
and Maske appendix 15 of this issue are analysed 
numerically, assuming three spectral emissions of 
Gaussian shape. 
Deviation of the fit is smaller than 1%. 
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Assuming that the fluorescence spectrum given on an energy li
near scale can be described by a linear superposition of spec
tral bands in accordance with the three chlorophyll protein 
complexes mentioned above a numerical fit was executed using 
symmetrical Gauss curves. The measured data could be fitted 
with a deviation of less than 1%. The parameter set describing 
the Gauss curves is presented in Table 1 , showing the central 
wavelength, the full width at half maximum (FWHM) and the re
lative intensity of the spectral component. 

Table 1 : Fitted Gauss curve parameters of the data presented 
i n Figure 5. 

central wavelength(nm) : 
FWHM (nm): 
rel. intensity (%): 

681 
24 
75 

707 
15 

2 

4. In vivo excitation and emission spectra. 

728 
59 

Algae show specific absorption and fluorescence spectra due to 
their pigment composition. The fluorescence excitation (and 
consequently the phot os ynthetic action spectral depend on the 
in-vivo absorption spectra of the specific pigments and the 
e xciton transfer efficiency fro m these pigments to the re
action centers Fig. 2). Assuming constant pigment composition 
and transfer efficiency ~he diversity in pigment composition 
of algae might provide for a certain population analysis based 
on absorption or fluorescence e xcitation and emission spectra. 
As indicated in Figure 6 there are some characteris~ic diffe
rences in the fluorescen c e spectra. Due to the biliproteins 
(phycoerytr1n and phycocyan1n ) acting as accessory pigments in 
the thylakoid membrane of blue-green and red algae a typical 
fluorescence emission is observed at 580 nm as well as the 
fluorescence emission at 685 nm common to all phyla. 

The practical application of monitoring the diversity of 
marine phytoplankton is limited by the fact that the domina
ting phyla ( Bacillariophyta, Haptophyta and Dinophyta ) show 
very similar excitation and emission spectra. On the other 
hand this limitation is an advantage for active and passive 
remote sensing techniques monitoring the fluorescence emission 
at 685 nm. 
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Figure 6: 
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Representative excitation (light shade) and emis
sion spectra (dark shade) of marine plankton phyla 
(adopted from Yentsch and Phinney, 1985 and exten
ded). The fluorescence at about 730 nm of blue
green algae, indicated with a question mark, is 
not yet observed. 

The common absorption features in the blue and red portion of 
the s~ectrum and the common fluorescence emission at 585 nm 
indicate that the fluorescence efficiency of in-vivo chloro
phyll a for the dominating marine phyla is to a first approxi
mation independenc of the species. 

In Table 2 a set of in-vivo chlorophyll 9 fluorescence effi
ciency data deduced form the literature is presented.Different 
methods were used from conventional cw broad band excitation 
(spectral fluorometer SF) to specific laser line excitation by 
cw or pulsed systems (LA). Additional, fluorescence efficien
cies are mentioned which are deduced from a comparison of ra
diative transfer calculations of solar stimulated fluorescence 
with measured data. Fitting the experimental data to the model 
is done by adjusting the fluorescence efficiency for optimal 
agreement. These "fitted" fluorescence efficiencies are no
ticed in Table 2 by RT. The fluorescence efficiencies range 
from 0.15% to 10.1% converging to a mean value of 0.35%. 
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Recent results of Soo Hoo et al. (1986) confirm that varia
tions due to phyla composition are minor than the spectral 
variations due to adaptation. It is not known to what extend 
this variation in spectral character is due to changes i n pig
ment composition or energy transfer efficiency. 

Table 2: 

In - vivo chlorophyll a fluorescence efficiencies 

Author [%] Method 

Vermeulen,Wassink,Reman (1937) 0.15-0.3 SF 

Latimer,Bannister,Rabinowitch (1956) 1.5-2.8 SF 

Friedman,Hickman 

Mumola et al. 

Farmer et al. 

Gordon 

fdm 

Poole,Venable,Campoell 

f\lein-f-iennig 

~attawar, Vas~ano 

Gunther 

Carder,Stewara 

Topliss 

Fischer,Doerffer,Grassl 

Abbreviations for methods: 

(1972) 0.29-0.6 LA 

( 1975) 0.15-0.3 LA 

( 197 9) 0.2-0.5 LA 

~ 197 9) 0.66-0.79 RT 

( 1 980) 0.35-1.2 LA 

119.31) 0.25 SF 

(1981) 0.15-0.45 LA 

( 1982) 0.44-0.53 RT 

( 1 985) 0.3-0.4 LA 

\ 1935) 0. 84-1 0. 1 RT 

( 1 985) 0.96-2.4 RT 

( 1986) 0.3-0.4 RT 

SF: spectral fluorometer 
LA: laser excitation 
RT: radiative transfer model 
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Applying the in vivo chlorophyll 9. fluorescence method to ocea
nographic or limnological purposes, one can write for the ob
served chlorophyll g fluorescence Fm per concentration unit, 
in general: 

Fm = labs * .f I I ( 1 ) 

where labs is the absorbed light intensity emitted by an in 
situ fluorometer, an airborne laser or the sun. ~fII is a va
riable fluorescence efficiency, depending on environmental pa
rameters. 

Under nutritional stress, in vivo chlorophyll g fluorescence 
shows an increase up to a factor of 2-4 ( Kiefer 1973 b,c; 
Blasco 1975; Slovacec et al. 1977). In contrast, the reduction 
of the in vivo fluorescence efficiency due to high light is a 
well known phenomenon since the work of Loftus et al. (1975), 
Kiefer (1973 a,b), Heaney (1978), Abbott et al. (1982) and 
Rabbani (1985).This photoinhibition can be observed clearly in 
stratified water masses with low turbulent mixing and nearly 
constant chlorophyll g concentration with depth by profiling 
the fluorescence and the downwelling irradiance. Additional, 
photoinhibition is reflected by the daily cycle of the chloro
phyll g fluorescence or by the response of phytoplankton fluo
rescence to rapid variations in light (Abbott et al. 1982). 

To get a quantitative understanding of photoadaption of phyto
plankton to fluctuating light, three different approaches are 
possible. 

Laboratory or· in situ data are normalized to constan~ chlo
rophyll ~ concentration and then analyzed using numerical 
methods e.g. fit procedures giving an empirical understan
ding of what happens with the molecular fluorescence effi
ciency with increasing light. 

Second, time series of light and fluorescence are inves~i
gated by calculating the coherence spectrum and its confi
dence interval using fast Fourier transformation (Abbott e~ 
al. 1982) assuming a linear relationship between light and 
fluorescence. 

Third, based on a comprehensive photochemical model of the 
photosynthetic apparatus the reduction of the fluorescence 
efficiency due to photosynthetic active radiation is desc
ribed in terms of physical rate constants and other photo
synthesis related parameters (Gunther 1985, 1986). 
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5. Bipartite model of Butler and Kitajima. 

For the quantitative description of the in vivo chlorophyll g 
fluorescence Butler and Kitajima (1975) developed the "tripar
tite model" of a photosynthetic unit, indicating that the 
system is divided functionally in the light harvesting 
complex, the antenna associated with the reaction centers I 
and II respectively and the reaction centers themselves. 

For physiological temperatures the ''tripartite model" can be 
reduced to the simplified "bipartite model" described below. 
The simplification of the "bipartite model" with respect to 
the "tripartite model" is done in combining the light har
vesting complex and the antenna to form one light absorbing 
complex ignoring the interaction of the light harvesting com
plex with the antenna. For this compact photochemical model 
the following assumptions are made: 

1 ) The light harvesting chlorophyll proteins and the antenna 
of reaction center II are considered as one combined com
plex, fluorescent at 685 nm. The fluorescence is described 
by a rate constant kF r r . 

2) The reaction centers are nonfluorescent. 

3) The reaction centers influence the variable fluorescence 
efficiency by their state. The open state is the reduced 
ground state, where the reaction center can accept exci
tation energy from the antenna For charge separation. The 
closed state is termed the oxidized state where excita
tion energy is transfered back to the antenna with a rate 
constant ktrr. This process enhances the probability for 
fluorescence, for thermal cesactivation or for the so 
called spillover. 
For an ensemble of reaction centers in the thylakoid mem
brane the relative number of open reaction centers is de
scribed by the parame~er Arr. while the number of closed 
centers is described by ( 1 - Arr). The parameter Arr can 
range from 0 ~o 1. If Arr is 0, all centers are in the 
closed state. In this limit,the photosynthetic unit shows 
the maximum fluorescence while photosynthesis is inhibi
ted. 

4) Open react1on centers do not feed back the excitation en
ergy, described by a rate constant for charge separation 
kP. In general, it holds that kp is greater than the rate 
constant kt Ir . 

5) Spillover is a process describing the transfer of exci
tons from the antenna of photosystem II to the antenna of 
photosystem I. This process reduces the fluorescence of 
photosystem II. 
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To describe the possible interactions of photosynthetic units 
in the thylakoid membrane Butler et al. (1975) developed a se
parate package mcjel (SP model) and a matrix model (M model). 
Within the separate package model no interaction between the 
photosynthetic units is regarded. In contrast, for the matrix 
model excitation transfer between photosynthetic units is as
sumed. 

6 . Expanded " bipartite model". 

Assuming that the absorbed intensity Iabs given in Eq. (1) 
is constant for a model phytoplankton cell and does not change 
with environmental factors, photoadaptation with regard to the 
chlorophyll ~ fluorescence can be described by a general for
mula for the variable in vivo chlorophyll ~ fluorescence effi-
ciency f I I : 

fII = 13 * f I I * f (Ar I ) ( 2 ) 

13 is the amount of absorbed light energy going to photo
system II, rrI is a constant fluorescence efficiency depen
ding on the desexcitation rate constants of the fluorescing 
antenna chlorophyll s molecules and f(Arr) a model function 
describing the connection of the photosynthetic units in the 
thylakoids. The parameter Arr represents the relative number 
of open reaction centers as mentioned above. 

The model of Butler et al. ( 1975 ) can explain the fast in
crease of the chlorophyll § fluorescence of dark adapted cells 
after the onset of continuous light due to closed reaction cen
ters ( fluorescence induction or Kautsky effect ). The diffe
rence of the maximum fluorescence and the ground fluorescence 
where all reaction centers are open is well correlated with 
the photosynthetic efficiency. 

The reduction of the fluorescence due to high light, the above 
mentioned photoinh ibi ti on, is not included in the "bipartite 
model'', GOnther (1985,19861 introduced a light intensity de
pendent energy distribution parameter 13 describing the light 
dependent state of the thylakoid membrane, and an intensity 
dependent parameter Arr to model the photoadaptation in a quan
titative way ignoring the time dependence (Figure 7). 
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Figure 7: Schematic representation of the function B(IPhar) 
and Arr(IPhar). 
3 the dimensionless energy distribution parameter 
can vary between Bmax and Bmin. 
Arr the relative number of open reaction centers can 
vary between 1 and 0. 
IPhar symbolizes the photosynthetic active radiation 
restricted to the wavelength band from 350 to 750 nm 

The idea of modeling the parameter B and Arr as light depen
dent is based on the findings of Horton(1980) and Allen et al. 
(1981) that the membrane state is regulated by the redox state 
of the plastoquinone pool. As mentioned above the redox state 
of the plastoquinone pool controlled by the amount of light 
absorbed by the cell induces an encymatic reaction the phos
phorylation. This in turn changes the distance between the 
light-harvesting pigment complexes and the reaction centers 
and thus the parameter B. 
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Assuming that B(I) decreases from a maximum level Bmax under 
low light conditions to a minimum level Bmin with increasing 
light exponentially, an intensity parameter 11 is introduced 
determining the light state of the membrane. 
The light dependence of Arr modeled by an exponential increase 
with increasing light gives a light parameter Io, indicating 
the adaptation of the reaction centers according to the growth 
conditions, e.g. shade or light adapted cells. 

Applying these assumptions to the "bipartite model" one can 
calculate the relative variation of the fluorescence efficiency 
due the so called photosynthetic active radiation . It is im
portant to note that the light influencing phytoplankton is 
restricted to a wavelength band from 350 nm to 750 nm. 

The relative decrease of the fluorescence efficiency with in
creasing light according to the expanded "bipartite model" is 
shown in Figure 8. The dark value of the fluorescence effi
ciency is set to 1. Knowing the absolute fluorescence eff i
ciency of marine phytoplankton measured as the dark level in 
accordance with open reaction centers one has to multiply this 
value with the data given in Figure 8 to get the actual fluo
rescence efficiency during day. 
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Figure 8: Dark normalized fluorescence efficiency ~r11, de
pending on the photosynthetic active radiation 
(Phar) according to the expanded "bipartite model". 
The parameters ( given on top of the figure) are 
chosen in agreement with the experimental findings. 
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7 . Experimental results of FLUREX '82. 

The experiments presented in this section were performed 
during the Fluorescence Remote Sensing Experiment FLUREX '82. 
The data are published elsewhere in detail (Gunther and Reuter 
1983; Gunther 1985; Gunther 1986a). For completeness, a review 
is given here. 

Continuous grund truth measurements with an in situ fluoro
meter and an in situ attenuation meter, held at constant water 
depth, were performed at the research platform NORDSEE to in
vestigate the daily cycle of the fluorescence efficiency due 
to the impact of photosynthetic active radiation. Additional, 
a two channel fluorescence lidar system was installed at the 
top of the research platform to monitor the chlorophyll g 
fluorescence. The system, described by Gehlhaar et al. (1981 ), 
was modified for the specific detection of the in vivo chloro
phyll g fluorescence at 685 nm and the water Raman scattering 
at 650 nm. The excitation wavelength of the flashlamp pumped 
dye laser was adjusted to 532 nm with pulse energies of about 
350 mJ. The lidar signals gave the depth integrated chloro
phyll 9 fluorescence and an effective water attenuation coef
ficient. This parameter can be deduced from the water Raman 
scattering signal influenced by the beam attenuation at laser
wavelength and by the diffuse attenuation at Raman scattering 
wavelength. 
At regular intervals, ground truth water samples were collec
ted. A subsample was used for chlorophyll g extraction accor
ding to the method of Whitney et al. ( 1979). The rest of ~he 
water samples was usea ~o determine the total beam atte11ua
tion coefficient over the spectral region from 400 ~o 800 nm 
with a laboratcrJ pnotometer.The cuvette length was one meter. 
The detector solid angle was 0.27° with a spectral bandwidth 
of 5 nm. In a second step, the attenuation due to dissolved 
organic matter (yellow subsLance) was determined after filtra
tion with 0.2 m filLers. 81destilled water was used as refe
rence sLandard. 

A first analysis of the fluorescence data showed a high cor
relation of the Raman corrected fluorescence lidar signals and 
the in situ fluorescence readings over the whole experimental 
period with R correlation coefficient of 0.97. Both fluores
cence data varied by a factor of 4 in time while the analysis 
of the extractec chlorophyll ~ values revealed a relativly 
constant ~hlorophyll ~ concentration indicating thaL t~e in 
situ and the lidar signals were both affected by environmental 
factors. 

To analyse the influence of daylight on the fluorescence ef
ficiency in detail, the continuously recorded in situ fluores
cence data were normalized to constant chlorophyll § concen
tration taking into account the results of the analysis of the 
water samples and of the continuously recorded in situ attenua
tion data at 670 nm. With a good approximation the influence 
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of yellow substance on the diffuse attenuation coefficient at 
670 nm could be neglegted due to yellow substance concentra
tions of less than 0.74 mg/l. Additional, the influence of 
particulate matter on the attenuation was nearly constant in 
time and less than 0.1 m-1. With these findings the continuous 
in situ attenuation data could be considered to be proportional 
to the chlorophyll ~ concentration. Assuming that the in situ 
fluorescence data were proportional to the chlorophyll ~ con
centration and the fluorescence efficiency the normalization 
of the fluorescence readings could be accomplished by dividing 
the fluorescence data by the water and suspended sediment 
corrected attenuation values. 

With this approximation, the normalized fluorescence data in 
relative units could be regarded as a measurement of the fluo
rescence efficiency. The mean squared error of the normalized 
fluorescence was approximately 18 %. 
For two days, April 22 and 23, Figures 9 and 10 show the 
daily cycle of fluorescence efficiency together with the daily 
cycle of the photosynthetic active radiation given by the dot
ted lines. The solid line shows the result of the expanded 
photosynthetic model. 

The model parameters Bmin, Bmax, Io and I1 were fitted 
computer program. For all days including those which are 
presented here, only che parameter 8min had to be changed 
0.2 to .3 to describe the observed photoinhibition with a 
correlation. 

by a 
not 

from 
high 

For ~pril 22, the weather was ~artly clo~dy with short clear 
ups similar to April 21, s howing a maximum irradiance of about 
470 Wm-2. The fluorescence efficiency showed a daily cycle due 
to the influence of che pho~osynthetic acti1e radiation again. 
Although the ma~ imum irradiance on April 22 was nigner com
pared to April 20, the f:~orescence efficiency was reduced to 
about 50 ~ compa r ed to 60% , sug;esting that the short clear 
u~s at noon had minor inf~uence due ~o an internal regulation 
mecha~ism with time Gonstants 3reater than che shortest i~

crease of the light dur1n5 this day (Figure 3 ) . 

The best approximation of the model to ~he in situ data could 
be achieved by increasins ~he parameter Bmin tc 0.3. For April 
23, the same param~ter ~eL as f o r April 22 was found to mini
mize the te~iation of ~he moael and the measured data. A good 
correlation between pnotosynthe~1c act1~e radiation and fluo
rescence efficiency was observed until the afternoon. The in
crease of the global irradiation in the late afternoon was ,o~ 
see~ in a ccmparat11e decrease o f tne measured fluorescence 
efficiency. Due to a nonconsisten~ increase of the night ~a
lues up to I .2 it was ass~med that a systematic error was in
troduced ( Figure 10). 
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dotted line:measured 
data 
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8. Discussion of the FLUREX '82 results. 

For the interpretation of the model parameters introduced to 
expand the bipartite model of Butler et al. (1975) for a quan
titative description of the in vivo fluorescence reduction due 
to high light a sensitivity study was made with respect to the 
fluorescence and the photosynthesis efficiency. The parameter 
Io, describing the light dependence of the state of the re
action center II, can range from 1wm-2 to 30Wm-2 giving an 
error of about 2% with respect to the fluorescence reduction. 

Regarding the influence of Io on the efficiency of photosyn
thesis, which can be deduced by the bipartite model, it can be 
seen, that Io determines the light value for maximum photo
synthesis. A comparison with the empirical formula of Steele 
(1962) for the description of photosynthesis efficiency P gi
ven in Eq. (3) shows that the free parameter a of Steele is 
reciprocal related to Io and describes the light value of ma
ximum photosynthesis too. 

p = Pm a x * I * a * e ( 1 - a * I l ( 3 ) 

Pma~ is the maximum for photosynthesis efficiency, I is the 
lisht intensity and a a free parameter. The free parameter a 
determines the position of the maximum for photosynthesis ef
ficiency, as well as the linear region of the P-I curve. It can 
be shown that 

Io = 1; a ( -1- ) 

Additional, the investigations of Ryther et al. (1959) confirm 
~ ha~ for shade adapted algae ~he maximum of photosynthesis is 
t ypica: at 10 wm-z and for sunadapted algae at 70 wm-z. With 
Io = 30 wm-2. the maximum is in the range observed by Ryther 
indicating that the algae population under investigation du
ring FLURE X '82 is assumed to be shade adapted (Figure 11 ). 

Tc op~imi ~ e photosynthesis with regard to the light conditions 
ph1toolan ~ ton can change the size of the photosynthetic units 
( ?er ry et al. 1 9.S ~ ) on a long time scale. The number of chlo
r o p hy ll molecules ~er reaction center P700 increases with de
creasing ligilt. 

The parameter I1 determines the fluorescence reduction due to 
hi·~h ligt1t levels. Varying I1 in the range from 200 wm- 2 to 
400 Wm-z, the normalized fluorescence efficiency changes by 
about 12 % compared to I1=300 wm-2. According to the analysis, 
the parameter I1 describes the light adapted state of the mem
brane and can be related to the threshold level for photoinhi
bition introduced by Kiefer (1973a). Heaney (1978) and Vincent 
( 1979) . The parameter I 1 is nearly insensi ti v to the eff i
c iency of photosynthesis. 
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Figure 11: ~Jormali::ed rate of photosynthesis depending on the 
ohotosynthetic active radiation. The parameter are 
choosen in agreement with the findings of the FLU
REX '82 campaign. 
solid line: separate package model 
broken line: matrix model 

Tc anal1ze the inT~uence of Gmin and r3max or. the normali::ed 
fluorescence efficiency Fn. an approximation can be given, 
assurnir.g I ·:. and I; as constant for the time of investigation. 
This approximation Malas for lig n t in~ensities I grea~er than 
the parameter Io . 

Fn - i3m i n / f3m a x + \ f3m i n / i3m a x - 1 "' e;<p(-Iphar/I1 l ( 5) 

where lphar is the intensity of the photosynthetic active ra
diation. The approximation shows. that Fn is determined by the 
ratio of Bmin to i3max. A variation of Bmin and Bmax with 
fixed ratio reveals that ~ne approximation of Fn compared to 
the exact evaluation is within an error of 2%. 
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Analyzing the influence of Bmin and Bmax on the efficiency 
of photosynthesis, one can show that Bmax determines the 
light level of maximum photosynthesis, while the maximum value 
of photosynthesis is to a first approximation independent of 
Bmin. Assuming that the ratio B~in to Bmax describes the 
physiological state of the membrane due to phosporylation, an 
increase of this ratio is equivilant to a minor decrease of 
photoinhibition at high light levels. In the limit of Cmin -
Gma x , no photoadaptation is expected according to the expan
ded bipartite model. 

The data of Kiefer (1973a,1973b) and Blasco l1975) as well as 
own investigations confirm that under nutritional stress the 
photoinhibition of algae is reduced compared to algae in the 
exponential growth phase resulting in a higher fluorescence 
efficiency. 

Investigating the fluorescence induction curve (Kautsky ef
fect) of phytoplankton treated with the herbizide DCMU one can 
observe a steep increase of the fluorescence after the onset of 
light. No decrease, or photoadaptation occurs due to the fact 
that DCMU inhibits the flow of electrons from the reaction cen
ter P680 towards the plastoquinone pool. In the frame of the 
expanded "bipartite model " the redox state of the plastoqui
none pool is not changed. Thus the encymatic reaction for phos
phorylation is not initiated, r esulting in a constant 3 ( 1Phar ). 

Thus, it can be assumed that the ratio Gmin to Gma x depends 
on t he nutrient ava i lab i l i t y a nd en v ironmental stress factors. 

In conclusion, tne four parameters introduced by the proposed 
expanded " bipartite model" can be reduced to two parameters 
determining the photoadaptation of phytoplankton with respect 
to the fluorescence efficiency due to high light. 
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9. Experimental results of FLUREX '85. 

From March 25 to 31, 1985, a second Fluorescence Remote Sen
sing Experiment FLUREX ' 85 was performed to continue the ex
periments of FLUREX '82 regarding the variable fluorescence 
efficiency of phytoplankton influencing remote sensed chloro
phyll fluorescence. Different sensors operated from ships and 
aircrafts in the German Bight and the Baltic near Kiel. It was 
intended to combine ground truth data with active and passive 
remote sensing data. Due to bad weather situation a reduced ex
perimental program was performed. 

First preliminary results are reported concerning the photo
adaptation of phytoplankton measured with an in situ fluorome
ter. For this purpose the "Kieler Multisonde" of the Institute 
for Applied Physics, University of Kiel, was operated from 
board of the research vessel "Alkor" of the "Institut fur Me
ereskunde'', Kiel. This multifunctional profiling system mea
sured pressure, temperature, salinity, down- and upwelling ir
radiance, attenuation at 670 nm and fluorescence at 685 nm. 

Investigating the photoadaptation of phytoplankton by inspec
ting in vivo chlorophyll A fluorescence, the raw data of fluo
rescence and attenuation were processed similar to the proce
dure mentioned above for the FLUREX '82 campaign to get concen
tration normalized fluorescence data. Applying Eq. (5) to the 
normalized fluorescence emission data and the downwelling ir
radiance data a least squares fit was performed to extract the 
ratio Gmin to Gmax, indicated in Figure 11 as 8, and the inten
sity value I1. 
In Figure 12, one typical ~esult of a depth profile measured 
on march 25, 1985, at. position 54° 37.4" E, 10· 21.8'N is pre
sented. The typical exponential decrea3e of ~he normalized 
fluorescence with increasing downwelling irradiance is seen 
comparable with the results obtained during FLUREX '82 where 
the dailJ cycle of the fluorescence emission was investigated. 
In the surface layer ~here the downwelling irradiance was 
abou~ 200 wm-:, a reducec fluorescence efficiency of about 70% 
is seen compared ~1th the fluorescence efficiency at 8 meter 
depth, the 1% light level. 

Comparing the result of 8= 0.29 ~ith the results o f FLURE ~ ·a2 
where G increased from 0.25 to 0.37 during the e xperimental pe
riod, a good agreement is seen, indicating that the physiolo
gical state of the thylahoid membrane seems to be comparable. 

The measurements in '982 and 1925 were performed during olank
tcn blooms resulting in a decreasins nutrient availabilit y .Du
ring F_JRE X ·a2 the e ' parimental period started at the end of 
a p:ankton bloo~ reflected witn regard to the fluorescence 
emission l; y an inc r-ease in i3. During FL URE>. · 85 the plank ton 
bloom was still in progress, reflected by a low B. 

- , . ., -........ 



The parameter I1. discussed as representative for the photo
adaptation of phytoplankton with respect to the available 
light is reduced comparing the result of FLUREX '82 
(I1 = 300 Wm-2). One possible explanation for the observed 
difference is the lower mean light level at the end of March 
1985 compared to the light level at the end of April 1982 in
dicating a different adaptation. 
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10. Conclusion. 

Concluding the results obtained during FLUREX '82 and '85, the 
fluorescence efficiency shows a light dependent behaviour 
which can be described by the expanded "bipartite model" quan
titatively. 

Performing in vivo chlorophyll 9 fluorescence experiments with 
artificial light sources, one has to take into account the pho
toadaptation of phytoplankton. The results show that the fluo
rescence efficiency is reduced in high light. 

Regarding remote sensing techniques as .g. airborne lidar sy
stems or radiometers operating during day at light levels grea
ter than about 200 wm- 2 one can assume to a good approximation 
that the phytoplankton in the upper water layer is photoadap
ted and has reduced the fluorescence efficiency. Remembering 
Figure 1 one can see that a variation of irradiance comparable 
with daily variations of global irradiance around a mean aay 
light level is weakly reflected by the fluorescence efficiency. 

To demonstrate this fact wich respect to solar stimula~ed fluo
rescence application Figure 13 shows the result of a calcula
tion regarding a constant phytoplankton concentration. For 
this calculation a variaoie fluorescence efficiency accoraing 
to t r: e expanded ' bipartite model' •:Jas as s umed. Figu r e 12 :i e
mon s ~ r ate s tne ~onlinear increase o f t he f luores=ence em1s s 10~ 
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with increasing irradiance. The light level is varied from 
dark to full sun.Regarding typical remote sensing applications 
with irradiances of more than 150 - 200 Wm-2, the increase of 
the fluorescence signal with increasing irradiance can be ap
proximated linearly. Thus, the fluorescence efficiency can be 
regarded as constant for this irradiance range remembering the 
reduction compared to low irradiance. This finding is in good 
agreement with the fluorescence efficiency of 0.3% which is 
used fitting radiative transfer models (Fischer et al. 1986) 
for solar stimulated fluorescence to measured data. Assuming 
that this value is correct for high light levels, the fluores
cence efficiency will increase to about 1% for dark adapted 
phytoplankton. 
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The effect of short term illumination changes on the sun 
light stimulated fluorescence of phytoplankton 

R.Doerffer 

GKSS Forschungszentrum Geesthacht 

1. Introduction 

It has been demonstrated in appendix 2 and 3 of the 
study, that illumination changes due to sun elevation 
can be neglected for remote sensing purposes. Another 
effect, which might change the fluorescence efficiency 
are short term illumination changes caused by clouds 
which shade the water surface. For satellite remote 
sensing it is important to know, if after a cloud 
passage the fluorescence has the same value as before 
the passage assuming no concentration chang~. 

The influence of light changes on biophysical processes 
in the algae cell is discussed in appendix 1, in 
KIEFER(1973), RABBANI (1974) and in GONTHER (1984). 

During the Fluorescence Experiment FLUREX'82 we had the 
opportunity to observe this situation but only for one 
case. The fluorescence signal was extracted from 
spectral radiance measurement as described in Annex 2. 
Simultaneously the downwelling irradiance was recorded 
with the same multichannel radiometer. 

2. Results 

The observation was made at April 25 , 16:30 h, in the 
Kiel Bight, Baltic Sea, at the end of a clear day when 
some small cirrus and cumulus clouds appeared. 
Chlorophyll concentrations ranged from 2 - 4 mg m- 3 , 

suspended matter dry weight was ·2 mg/l. 

The radiances were measured while the ship was slowly 
drifting. 

Fig.1 shows the downwelling irradiance at 445 nm, where 
chlorophyll has its absorption maximum. The upper level 
in the time series indicates the irradiance for clear 
sky, while the minima indicate passages of single small 
clouds, which reduce the irradiance up to 50%. The 
larger cloud passage (at 200 s) lasted for about 100 
seconds. 

The corresponding radiances for 645 nm and 685 nm are 
represented in fig.2. In general both radiances are 
correlated. Of interest are the events when the light 
level is changing. At the beginning of the first cloud 

- 1 -



passage (time: 170 s) L(645) changes as rapidly as the 
downwelling irradiance while the slope of L(685) is 
flatter. Both radiances reach the same relative level 
lateron. Another interesting event can be observed at 
time 400 s: L(685) has an invers trend compared to 
L(645). 

These events are much more evident when applying the 
fluorescence algorithm on the radiance data (fig.3). 
The applied algorithm normalizes the fluorescence line 
height by the height of the baseline (s. appendix 2) in 
order to take into account the variable irradiance: 

fluor.norm = fluor.line height I baseline height 

3. Discussion and Conclusions 

Before and after the passage of a cloud the fluorescence 
does not show any difference. The average value and the 
fluctuations of the fluorescence signal correspond 
(according to the calibration appendix 2) to chlorophyll 
densities of 1.5 ± 0.5 mg m- 3 , also proven by the 
direct measurements from water samples. 

The maximum in the fluorescence signal right at the 
beginning of the first cloud passage is caused by the 
different temporal response to the rapid change in 
irradiance. The slow change in L(685) with a time 
constant of about 15 seconds must be related to 
biophysical and biochemical processes. These in turn are 
reflected by a fluorescence efficiency change, 
explainable by the induction or transient process 
(KAUTZKY effect, s.Appendix 1), which has also a time 
constant of the same order. The same process is 
presumably also responsible for the inverse trend in 
fluorescence ( time 400 s in fig.3); in this case the 
algae react with less fluorescence to a sudden increase 
in irradiance. Similiar effects were also observed by 
ABBOT'r et al. (1982) in time series of fluorescence with 
an in situ fluorometer (with artificial light source). 

Do these effects have an influence on remote sensing of 
chlorophyll fluorescence from space? For this question 
we have to consider a scenario where a cloud free pixel 
was shaded just before the satellite passes. Assuming a 
wind speed of 10 m/s a cloud can move about loo - 200 m 
during the above adaptation process. In the 
neighbourhood of a cloud windside pixels may be partly 
contaminated by this effect. However, pixels in the 
vicinity of a cloud should be excluded from 
interpretation of water colour anyhow. 
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THE ROLE OF PASSIVE OCEAll SPECTRAL FLUORESCENCE MEASUREMENTS 
IN SATELLITE DETERM:WATIOllS OF MARINE PRIMARY PRODUCTION 

B.J. Topliss• and T.C. Platt•• 

•Atlantic Oceanographic Laboratory, ••Marine Ecology Laboratory, 
Department of Fisheries and Oceans, Bedford Institute of Oceanography, P.O. Box 1006, Dartmouth, Nova Scotia, Canada B2Y 4A2 

ABSTRACT 

The detection of spectral fluorescence is a rapidly-growing tool for marine biologists interested in both phytoplankton biomass and species composition. The presence of solar stimulated fluorescence at 685 nm (associated wit:i chlorophyll al has been detected in data sets collected from areas as di verse as the high Arctic and -the Caribbean Sea. Interpretation and modelling of passive fluorescence signals in terms of optical ef:"iciencies is dependent on accurate estimates of specific absorption coefficients. This in turn requires an optical modelling of the associated water mass in a similar manner to that used in interpretation of remote sensing signals (such as from the CZCS - Coastal Zone Colour Scanner, or the planned OCI - Ocean Colour Imager). A potential relationship between passi Ve Cl1lorophyll fluorescence efficiency and photosynthetic efficiency Of chlorophyll a is outlined for the field data and the relevance of such a relationship to future remote-sensing signals such as from the FL! (Fluorescence Line Imager) is discussed. 

INTRODUCTION 

Most work in remote sensing of water colour is orientated towards producing pigment maps. However, the signal received by the CZCS (Coastal Zone Colour Scanner, /1/) is a function of the optical absorption and scattering caused not only by marine phytoplankton but also by otiler subst.ances. The FLI (Fluorescence Line Imager /2/, is an alternative surface chlorophyll mapping device. In· addition to being programmable fer CZCS characteristics, it can also m~asure the electro-magnetic output of the biological photosystem in the form of chlorophyll fluorescence. If primary production could be estimated directly by e l ect!"'o-:iagnetic ::e:?~Z, i:lf~r:a.t:.on collectad at sea would be more di~eccly comparable -.,;1th contemporary optical :-emote sensing techniqi.:es. Photosynthesis is presently estiz;iated eithe:- by measuring the assi:nilation of carbon /3/ or the evolution or.· OX'/ gen /4 / . Recently it has been demons-era ted /5, 6/ that the fluorescence emission of cnlorophyll pigments at 685 nm c"!.n be detected throughout the water column in the upward irradiance in the ocean. The spectral acsorption characteristics of phytoplankton can also be measu:-ed at sea /7 ,8/. The use of fluorescence emission, together with pig:::ent absorption, is examined in this text for its potential to estimate biologica.:.. produoti vi ty. Inv es tigation of other fluorescence features is commented on and finally the possible implications of using passive fluorescence as a remote sensing tool are discussed. 

FIELD MEASUREHENTS 

Theory has attributed the existence of high apparent surface reflectance at the chlorophyll a emission wavelength to either fluorescence 19,10/ or to anomalous dispersion / 11 / . In situ optical data illustrating the passive fluorescence feature have, nowever, been relati•1ely few. The optical measurements discussed in this text. have all been made with a Techtum ··quantum irradiance meter capable of scanning from 400 to 750 nm. Chloropoyll fluorescence =ieasurements ;iresented in detail here were taken on a se:-ies of CSS :Judson Cruises througnout the Canadian Eastern Arctic (August/Sept. 1983) and on the Grand 3ar.ks off Newfoundland ( April 1984). The spectral upward irradiance signal is only a few percent of the downward signal, such that at wavelengths greate:- than oOO nm the backg:-ound upward light field below 10 m is ·1ery weak (app:-oX.:..mately 0.061. of surface light for 650 nm at. 20 m) . This makes it easy to distinguish the enhanced 680 nm faature from any fluctuations in background caused by changes in surface intensity and sea state. The fluorescence feature has an approximate gaussian shape with a half-band width, after correction for the gaussian response of the instrument, of 24 nm = 3 nm. The peak wavelength is 681 nm + 6 nm and the peak height decays almost exponentially with depth. The absolute level of passive fluorescence has been shown /6/ to depend on the intensity of the incident radiation, the penetration depth of the excitation wavelength and the quantity of chlorophyll-like pigments throughout the water column. T~e above characteristics allow us to associate the enhanced feature with the fluorescence properties of chlorophyll ~· This fluorescence fear.ure has now also been observed on additional cruises of the CSS Sudson in 



the Caribbean Sea and eastern U.S. seaboard (1984) and in ':.he Gulf of Maine and open 
Atlantic waters ( 1985). The chlorophyll pigment range for which the feature has been 
detected (with the Techtum instrument ) is from 0.08 to 30.0 mg chl .! m-3. 

FLUORESCC:NCS AND PHOTOSYNTHESIS 

Early theory / 12/ suggested an inverse relationship between photosynthesis and fluores
cence. The efficiency of photosynthesis was measured by carbon- 14 experiments /13/ per
formed on samples taken at discrete depths on the Arctic (1963) and Grand 3anks (1984) 
cruises. In the parameterization of the photosynthesis - light curves /13/ the initial 
slope,a, of the photosynthesis-light curve has ~een related to the quantum yield of photo
synthesis and hence as an index of photosynthetic efficiency. Passive fluorescence effi
ciency has been calculated for an exact 1-D solution /10/ and 2-D solutions /11/. S.:..mpli
fied field calculations have also been presented / 6, 14/. In these field models, fluores
cence efficiency, 11(;: ) is defined as the prooability that the absorption of a photon at 
the excitation, ~ x• will produce a photon at an emission :\ m• at depth z. The fluor
escence signal F( Xm, z ) is quantified only at the maximum emission wavelength. Fluores
cence efficiency can then be related to the measured fluorescence signal via the relation
ship /14/: 

n{z ) HO. x,z) (KT(\ xl - KwO.xl l ( 1) 

-2- (KT(A xl + KT(A ml ) 

where: H (:\x,zl is ' the quantum irradiance (photons m-2s-1) incident at depth z on an opti
cally thin layer of photoplankton pigments of concentration C (mg chla m-3): Kr is the 
total attenuation coefficient at any wavelength and Kw (:\x) is the attenuation coefficient 
due to pure water. 

For a medium in which chlorophyll pigments are the only absorbing material other than 
wate~, the total attenuation coefficient KT at any wavelength can be partitioned so that: 

(2) 

where: Kc;(),) is the specific attenuation coefficient for- chlorophyll pig:Dents. Partition
ing is only strictly valid for inherent optical proper-ties such as absor"ption /15/ ::ut 
where the ratio of absorption to scattering is hign the tecr.nique provides useful working 
models /8/. Use of a oroad band estimate for attenuation KT(w,z) provides a first approx
imation for spectral variations in phytoplankton absorption / 14/. Spectral attenuation 
data from the High Arctic and Grand 3anks was consisten'C with a rela~ionship, 

Kc(441)C = 0.041 + 0.0186 C and r = 0.93 
(3) 

This is similar to the relationship /16/ found for productive waters off the west coast of 
Africa (coefficients 0.058 and 0.018 respectively ) . For the Arctic and Grand 3anks data, 
figure 1 shows the relationsnip between photosynthetic efficiency, a , and fluorescence 
efficiency, n , to be approximately inverse. Since this is expected from first principles 
/ 12/, such a plot, even with large errors, appears extremely promising. Photosynthetic 
efficiency was exacined fer potential strong covariance with environmental variables such 
as temperature and percentage light level. As no strong covariance was found the hypo
thesis that the .J - n relationship is purely an indirect statistical one is diminished. 
Most of the stations used had light values below the 10~ light level, where photosynthesis 
could be considered to be light limited. Pig:nent concentrations were between 1 and 15 mg 
m-3 which together with the relationship given in equation (3) are characteristics of non
oligotrophic waters. 

AUXILLARY ?IGHE:~TS 

Other pigments besides chlorophyll a are known to fluoresce. In part'icular, cyanobacteria 
(very small sized cells) carry the accessary pigment, phycoerythrin, whose fluorometric 
characteristics are fluorescence emission between 570 and 595 nm accompanied by weak fluo
rescence of chlorophyll a /17/. Whereas there are several species that fluoresce in the 
far 500 nm's, Synechococcus (emitting at approximately 585 nm) is currently considered to 
be the most abundant marine cyanobacterium / 18/. Measuring the in-situ fluorescence of 
phycoerythrin has not been easy. Fluorescence signals /17/ appear to be extremely small 
even in surface waters where cyanobacteria is most abundant. Some explanations for the 
very poor detection /17/ have been offered, these include: relative fluorescent fluxes 
for phycoerythrin between 3 to 10 times less than that for chlorophyll; low cellular con
centration of phycoerytnrin in natural populations; fluorescence yields less than 1/2 that 
of chlorophyll; narrow excitation spectrum, approximately 30 nm as opposed to 100 nm for 



chlorophyll; and higher background irradiance at 590 nm. In deep waters of the Caribbean, 
Open Atlantic and Gulf of Haine cruises additional signals were observed in the upwar::I 
irradiance spectrum. The feature illustrated in Fig. 2 appeared only at the bottom of the 
photic zone and hence at low light levels. This was initially assumed to oe due to the 
very high levels of background irradiance higher up in the water column. 
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Fig. 1 Plot of photosynthetic efficiency, 
a , versus fluorescence efficiency 
~(w) using total energy. :::Z.ror bars 
are one standard error. After /14/. 
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Fig. 2 Long wave length upward irradiance 
at station in the Caribbean Sea. 

The features occurred close to 600 .! 10 nm with a half-band width (approxin:ately 18 = l 
close to that of the instr\l:llent's filter band-width (instrumentation error as a source of 
this feature was eliminate::!). Phycoerythrin was measured by flow cytometer techniques on 
the Cariboean cruise and was found to be abundant higner up in the water column (~. Olson 
personnel communicat i on). Only ve1·y s!!lall or insignificant quantities were detected at 
the bottom or below the photic zone. All the occurrences of the feature illustrated in 
Figure 2 ;;ere chal"acteri::ed by becoming visible only when the chlorophyll .!!. f:.uorescence 
signal was rapidly diminishing or was too weak to detect. The wavelength of emission 
detected was longer than might be expected from the cyanobacteria gr'cup. :iowever, no 
comparative field data on auxillary pigments were available at these locations, so these 
features require further study. In particular, future optical-pigment studies might ex
amine the occurrence of pigments at the bottom of the photic zone in conjunction ;.iith 
possible nitrogen transfer from deeper waters /19/. 

DISCUSSION 

Passive fluorescence efficiency calculated with a simple 1-D field model has gi•ren an in
verse relationship with photosynthetic efficiency consist'ent with ea!"ly theory. Theore- . 
tical considerations have also been outlined /20/ which indicate that photosynthetic ef
ficiency can be used as a primary production index on a large scale. Together these 
provide the possibility of estimating marine primary producti·rity ove!" the large spatial 
areas cove!"ed by remote sensing devices. However, chlorophyll a is not the only bio
logical pigment to fluoresce and hence channel optical energy Chrough the pho<:osystem. 
The presence of accessory pigments will influence the use of chlorophyll .!!. as an estimate 
of biomass and hence any indirect (statistical) estimate of productivity. For example, in 
open ocean areas cyanobacteria may account for up to half of primary production /21/ and 
are identified by the presence of pigments other than chlorophyll .!!.· A fuller under
standing of the channelling of optical energy by phytoplankton and photosynthetic bacteria 
requires utilizing full spectral informatio~ in both laboratory and remote sensing appli
cations. Fluorescence from accessory pigments may become detectable via high-sensitivity 
or high-energy electro-magnetic/remote sensing multi-spectral techniques, but as yet such 
work is in its infancy and auxillary fluorescence signals observed in this study have not 
yet been firmly identified. A parallel study of active or stimulated fluorescence yield 
for the Arctic, Labrador and Sargasso Seas gave no coherent relationship with any of the 
P-I parameters /14/. ?otential differences between active and passive fluorescence :nay 
become imporcant for those remote sensing techniques that compare active (laser) and pas
sive sensors for mapping biological pigments. T~e use of an optical esti!!late of the total 



energy absorbed (inclusive of chlorophyll concent) has the advantage of automatically accommodating any changes in the specific chlorophyll attenuation coefficient bet;ieen species. Any optical method must, however, also accommoctace different liater masses. These water type proble!lls are a oajor li:nitation on currenc bio-opcical modelling tecnniques particularly as applied to remoce sensing studies for ecological interpretation. 

CONCLUSIONS 

This study indicates that if bio-optical modelling can be successfully extended to all water types for ship and satellites alike, then not only biomass but productivity estimates may be directly obtainable. All the space-technology com;ionents for such methods are already available but tl:le scientific components still require careful or further examination. 
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Talk Outline: Trevor Platt 

Estimation of Primary Production by Remote Sensing 

Remote sensors collect information per unit surface area of the ocean. 

Primary µreduction per unit area depends, to the first order, on incident 

radiation and chloroplyll content of the water C".llumn. A simple model yields 

t\1e result that the relevant photosynthesis characteristic is the initial 

slope of the photosynthesis-light curve. This parameter can be measured by 

routine radioactive tracer incubation measurements at sea. The model assumes 

(1) that photosynthesis is linear in available light (only true at low light, 

but the bias can be corrected as a function of a dimensionless property of tl1e 

photosynthesis-light curve); (2) that the vertical distribution of 

phyloplankton pigments is uniform (detailed consequences of tl1is assumption 

still to be calculated). This simple model proves to describe field data on 

water column photOS)'nthesis very •¥ell. 

Photoaynthesis and fluorescence ace complementary proceases ~ith reapect to 

the photons absorbed. Thus E~r a given photon fl~x absorbed, 

likely to he 101¥ when relative photosyntheais is high, and vice versa. One 

might therefore expect an inverse correlation bet~een relative fluorescence 

and relative photosynthesis. !Tsin:.; as an index of re"!.ative photosynthesis the 

initial slope of the photosynthesis-light curve (referred to above), we have 

indeed found such an inverse corr.elation with the 1~ormalised dmplitude of the 

chlorophyll emission at 685 nm (detected in the submarine light field). 

These observations lay the basis for a possible avenue to estimation of 

primar; production from remote sensing. There dre, however, severdl 

complications (wavelength dependence, photoadaptation and so on) to he 

addressed along the way. 
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CHLOROPHYLL A FOR AIRBORNE AND SATELLITE MAPPING OF 
PHYTOPLANKTON 
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Institute of Ocean Sciences , P.O. Box 6000, Sidney, B . C . , V8L 
4B2, Canada· ''Borstad Associates Ltd , tlOO , 9865 West Saanich 
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ABS'l'RACT 

Since our early measurements of the solar-stimulated fluorescence signal 
from chlorophyll a in airborne, water color surveys along the British 
Columbia coast, 1Je have applied the technique in a number of areas. 
including the waters of the Canadian arctic and Europe. and further 
evaluated its potential and problems. The results show that mapping using 
the fluorescence signal has definite operational advantages . and can 
enhance the accuracy of airborne chlorophyll surveys made using the more 
conventional broad-band green / blue signals. Also. measurement of the 
fluorescence may allow better estimation of primary productivity rates. 

To produce similar data over large areas, observations of chlorophyll 
fluorescence from high altitudes or from space . are required . This sets 
stringent demands on design of a suitable sensor. This paper 1Jill discuss 
the implications of the various airborne and in-water resuli s . and show 
examples of the data recently acquired from the "Fluorescence Line Imager", 
an imaging spectrometer designed ~pecifically f o r this type of chlorophyll 
mapping from high altitudes . 

INTRODUCTION 

In 1974 the Institute of Ocean Sciences (IOS) took delivery of a custon1 
designed silicon diode array, multichannel spectrometer. (the "IOS 
spectrometer ") which digitally records the intensities of light dispersed 
onto th~ 25E eleme~ts o : a Reticon photodiode array. This was incorporated 
into a aircorn~ observing package, designed to view the water surface 
throu8h a polarizer at the Brewster angle. so as to reduce surface 
reflected light and make observations possible when flying under cloud. Tbe 
instrument is c~librated between flights with a . white card in sunlight, and 
produces speutra of reflec tance factors (Lu~ ' EdT). which should equal the 
irradiance reflectance multiplied by a constant factor of about 0.6. 

In the first test observations in April 1975 11•. a small increase in 
reflectance was observed. centered at a wavelength of 685 nm and with a 
width of about 25 nm, easily res o lved by our spectrometer resolutior. of i.,; 
nm . The amplitude of the peak showed a good correlation with the near 
surface chlorophyll concentration . On the basis of this proportionality. 
and the peak's position and width. it was ascribed to fluorescence of 
chlorophyll a stimulated by ambient ( sun and sky) light. The signal was 
reported a-c about the same time in under - 1Jater i.1easurements 2 . 

:: bad earlier been sug~ested that a c ombinati on of chlorophyll absorption 
at 670 nm. with reflectance and water absorption at longer wavelengths 
~ould explain such a peak However accumulated evidence now supports the 
fluoresoe~ce interpretation . 

Figure 1 shows two reflectance spectra taken 3 minutes apart with the IOS 
spectrometer. from a ship in the Baltic. Most of the change is in the 
height of the increase at 685nm. This type of variation is consistent with 
the fluorescence interpretation and seems to indicate a change in 
fluorescence efficiency . Accurate measurement of s~ch a difference spectrum 
also gives a precise position and width of the line. 
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Fig . 1 . A reflectance increase (solid curve , at 20 times scale) 
observed from the d~ck of a ship, between spectra (dashed liLes) taken 
at two locations roughly 300 m apart . The dotted line is the residual 
after subtracting a Gaussian line shape centered at 683.5 nm and 24 nm 
wide at half height . 

OBSERVATIONS OF NATURALLY STIMULATED CHLOROPHYLL 
FLUORESCENCE 

Observations of this fluorescence can be applied to remote sensing surv eys 
~f near surface phytoplankton . Such surveys are usually based on raaiauce 
Jr reflectance measurements at blue and green wavelengths. t o monitor the 
affects of chlorophyll absorption aud associated backscatter in 
?hytoplankton. Surveys based on passive fluorescence can take advantage of 
:he relatively narrow bandwidth of the fluorescence line and its position 
~t the red end of the spectrum . where atmospheric radiance is low . 

~isadvantages would be expected from the relatively low signal available, 
~nd the varying fluorescence efficiency of different phytoplankton species 
in different phy siological states . Nonetheless . initial experience in 
relatively large scale surveys have been undertaken with the IOS 
spectrometer. for example in the eastern Canadian arctic in August 1979 

3 . and have given successful results . 

The fluorescence and green to blue ratio· methods of chlorophyll mapping can 
be compared by analyzing observed or modeled spectra using characteristic 
vector . or factor analysis. This derives the (relatively few) additive 
component spectra that contribute s:'..gnifica!ltly to the total variance over 
different spectral ranges 14.5 . 6 1 . The corresponding chlorophyll 
measurements can then be fitted by combinations of these components. with 
the goodness of the fit indicating the value of the spectral range for 
chlorophyll sensing. In two studies, / 5,6 ! , observed and model data for 
coastal water were found to indicate a better fit using fluorescence data . 

Since the fluorescence signal has a linear response to chlorophyll (except 
where high concentrations of absorbing material are present). and gives a 
specific narrow spectral signature, it could be expected to give improved 
measuremegts in coastal or "case 2" waters where concentrations are high 
( . 5 mg . m- and above) , and other suspended or dissolved material can 
influence the optical ~ater properties, esP.ecially at shorter wavelengths . 
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Fig. 2. The spectral form of the reflectance increase for water 5 
meters (solid line). 7 meters (long dashes). and 11 meters deep ( d ots ). 
and at two points where the fluorescence signal was observed to 
increase (medium dashes). 

For lower chlorophyll concentrations in less complicated. ·case l " , off
shore water. the green to blue r~tio, with its sensitivity for 
concentrations down to .02 mg . m- . should give improved results . 

A further advantage of the fluores cenc e tec hnique was observed in airborne 
observations in the Baltic. where v a riati ons in apparent water refl&ctance vere ca.used by a contribution fr om the sea bottom. or from !lear·-bottom re
suspended material . 

Increases in spectral reflectance observe d i n a region with shallo~ water 
and patches of high chlorophyll. relative to nearby relativ e l y clear. deep 
water. are shown in figure 2. The increases evidently fall into two types: 
those due to bottom reflectance, between 500 and 600 nm wher·e the diffuse 
attenuation coefficient of the water is minimum. but giving no change in 
fluorescence signal. and those due to near-surface phyt oplankton showing a 
croader peak. with fluorescence emission at 685 nm . 

In these shallow waters the inorease between 500 and 600 nm c auses a 
corresponding rise in the green to blue ratio . The fluores c enc e signal was 
relatively unaffected . because of the limited depth penetr a ti on of the 
fluorescent emission. 

VARIATIONS IN APPARENT FLUORESCENCE EFFICIENCY 

Apparent variations in fluorescence efficiency ( output per unit 
chlorophyll) occur when comparing the slopes of the plots of fluorescence 
versus measured near-surface chlorophyll for a variety of surveys 
undertaken with the IOS spectrometer system for which sufficient comparison 
data is available. Figure 3 shows the slopes of the best fit lines ou a 
linear scale. over the indicated chlorophyll ranges on 9 different 
occasions from 1975 to 1982. all but one (i) in western Canada coastal 
waters . 

The lines in figure 3 represent close correlations Cr 2 0.8 to 0.9), both for areas of order 100 Km on a single day, and, at a single point, during a day and for periods of up to 10 days. 
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It can be seen in figure 3 that with th5 exception o: ( a ) . (b) and (f), the 
lines have slopes in the range 17 X io- to 33 X 10 - 0 o f reflectance increase 
per mg.m- 3 chlorophyll ~ . Results from the Ca~adian arcti c 3 also suggest 
a mean relation with a s lope of about 20 X 10 - o in these units. It would be 
tempting to ascribe the slopes of lines (a) and ( b ) . derived from the first 
observations in 1975 and 1976 respectively, to poor calibration of the 
early measurements. However all sequences of spectra show roughly the same 
range of water reflectances. 

In summary figure 3 shows a mean fluorescence output proportional to 
chlorophyll a. equal to 24 X 10- 5 of reflectance per rng.m-3 of chlorophyll 
a. and with an rms variation by a factor of 1.8 on either side of this 
value. If cases (a) and (b) are excluded then the rrns variation is by a 
factor of 1.3. 

Variations in fluorescence efficiency over at leasi a 4 : 1 range are 
observed from fluorometer results (e.g. 17 / ). However. these observations 
make use of stimulating light that differs in intensity and spectrum from 
natural illumination. They also represent a range of depths, light 
intensities and of sample treatments, so they may not be directly 
comparable to the variations shown here. 

TRE FLI INSTRUMENT FOR FLUORESCENCE IMAGING 

Successful work on fluorescence measurements has spurred the development of 
an imaging spectrometer capable of mapping the spatial distribution of 
fluorescence emission from sea water. The instrument is named the 
Fluorescence Line Imager (FLI) 181. It was designed as an airborne 
prototype for a satellite instrument, with the same spatial resolution as 
the CZCS or its airborne equivalents (about 2000 pixels over a 70 degree 
swath, equivalent to 1 Km resolution from orbit), and covering the spectral 
range 430 to 805 nm, with 2.5 nm resolution. 



The FLI can operate in two modes. In imaging mode it acts as a push-broom scanner with about 1900 pixels per line. and with band spectral properties (positions and widths ) under computer control in steps of 1.3 nm. In spectral mode it acts as 40 spectrometers providing low spatial resolution imagery in 288 bands . 
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Figure 4 shows images from the FLI in imaging mode. Although no high 
resolution images of chlorophyll fluorescence distribution have yet been 
produced with the FLI. its band selection capabilities have already been 
found useful in a number of other studies, here, the mapping of benthic 
algae. 

In spectral mode. changes in fluorescence have been successfully mapped. 
Figure 5(a) shows water radiance spectra. indicating a change in the line 
height at 685 nm. The shaded bands selected for high resolution imaging 
show that this mode would have mapped this change. Unfortunately, no such 
data has yet been processed. However, figure 5(b) shows how the spectral 
mode data can be used to produce a low spatial resolution image of the 
fluorescent emission . Spectra in figure 5(a) were selected from the upper 
and lower halves of figure 5(b). 

The instrument has been flown in a number of exercises. Over water it is 
being applied for many purposes in addition to fluorescence imaging. such 
as coastal water bathymetry. and aquatic vegetation surveys . It also finds 
many applications over land, particularly in mapping leaf chlorophyll 
reflectance changes in response to plant stress . 

CONCLUSIONS 

Mapping of the naturally stimulated fluorescence from chlorophyll a is a 
useful remote sensing technique, both alone and as an adjunct to 
measurements of absorption and scattering effects . using the green to blue 
ratio. especially in coastal waters . Recent developments in two dimensional 
array image sensors make feasible the sensitivity and spectral resolution 
required of a satellite sensor capable of providing both types of data . 

An important goal of satellite water color mapping is the measurement of 
primary productivity . This is known to vary with the fluorescence 
efficiency of the phytoplankton 19 1 , suggesting an important application of 
this type of optical remote sensing. 
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1. INTRODUCTION 

The phenomena associated with the natural (sun-stimulated) 
fluorescence of chlorophyll-a in water have been investigated 
under a variety of environmental conditions in several exper
iments involving shipborne, airborne and platform-based obser
vation techniques. In this study relevant data from the North 
Sea and the Bal tic Sea have been analyzed in an attempt to 
answer the following questions: 

• Is it possible to detect a meaningful fluorescence signal 
by means of special airborne radiometers and scanne~s? 

• How does the fluorescence signal change with increasing 
aircraft altitude? 

0 How does the fluorescence signal change with different 
illumination conditions? 

• How does the fluorescence signal change with the pigment 
concentration? 

• What is the correlation between the color ratios and the 
fluorescence signal? 

• Is it possible to map the near-surface chlorophyll concen
tration by means of the fluorescence in different types of 
water? 

In order to answer these questions, data from the 
- Fladenground Experiment (FLEX) 
- Ocean Color Scanner Experiment German Bight (OCEG) 
- Fluorescence Experiment (FLUREX) 

were used, especially aircraft measurements and biochemical 
measurements from ships and platform:::- (ground truth) in an 
attempt to prove the applicability of the fluorescence method. 
The observation techniques, the specific environmental condi
tions, the data processing and the results of the data analysis 
are discussed in the following sections. 
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2. FLADENGROUND EXPERIMENT (FLE..X) 

2.1 General 

Within the context of an international experiment in 1976, the 
spring plankton bloom in the northern section of the North Sea 
was investigated by means of combined aircraft and ship meas
urements [Amann and Doerffer, 1983] 
The general objective of the experi:nent was to monitor ar:d to 
analyse the physical, chemical and biochemical processes which 
determine the temporal development of the spring plankcon 
bloom. For this purpose it was necessary to map the area of 
interest, a square with 100 km lenghth as shown in Figure 1, 
every few days in regard to SST and chlorophyll concentrations 
by means of an aircraft. (For inst:-ument specifications :::-efe:-
to section 9.) 

TEST SITE 

GB 

Figure 1. Test a:-ea in the North Sea du:::-i~g FLEX 76. 

The more specific tasks in regard to =iuorescence in -chis 
experiment were the detectibi 1 ty of the relevant signal .:rom 
aircraft through a bloom cycle, the comparison with color ratio 
measurements and the correlation with sea truth in cas~ I water 
[Gordon and Morel, 1983]. 
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2 .2 Data processing 

The signal measured by the aircraft, the upwelling radiance 
L(A)u consists essentially of the radiance backscattered by the 
water body, L(A)w, t.l-ie radiance reflec"Ced at "Che water sur::ace, 
L(A)S and the radiance scattered by air molecules and aerosols, 
L(A)R + LP,) A. For the evaluation of the airborne radiometer 
data by means of the blue/green color ratio, the complex proc
esses can be reduced to the following relationship: 

The first step in the evaluation of the radiometer data thus 
consists of the compu"Ca-r.ion or estimate o: L(A)S and L(>.)R 
L().)A. 
E'or t.'1.e ·.:orrection o: the sur::ace .:::-eflec"Cion, "':.he spec-r.ral 
radiance of -r.he sky had to be de":ermined. In case of a c l ear 
sky, "Che off-zeni"Ch ::-action o:: the sky radiance (corres?ondi~g 
.-. ..._, ~ . l • ,... .._. ".. ~ - - ~, ' - .._ ,_ 2 0 0 • r ... - - .. .., ~ ) 1..0 1...ne ... i ... o:;: 1 ... n.e .... n.:. 1...::-""me!i '- i.)y away -"-cm ~---= sun r..;as 
estimated from the ::-elevant li "':.eratu::-e and, unde.:::- t:'le assu;np-
tion o: 2 % reflectivity, subtracted from L(X). In cas:: of an 
overcast sky, a fraction of -::he downwelli~g irradiance as mea
sured at the -::op of the aircraft was used directly as an i~pu"C 
for t.:.'1.e 2 % ref lee ti vi ty. 
So as to correct for the backscattering of -::he a"Cmosphere, 
over::lights at .differen-r. al 7.i tudes above "Che same ship posi
tion. were performed. From these vertical profiles "Che values 
of L().)R and L().)A were determined through an ex-crapolation to 
zerc altitude. The derived corrections were applied to the 
entire test area under the assumption of a :iomogeneous at:nos
phere. 

Data for t.'1-ie evaluation of -r.he fluorescence were not radiorne
trically corrected because it was assumed, that the com:rib
ution of the atmosphere is negligable in the red part of the 
spectrum at this altitude. 
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2. 3 Data analysis 

2. 3 .1 Chlorophyll concentrations derived from color ratios 

The chlorophyll concentration was calculated fr-om the color 
shift of the radiance values L(\)W. 
However, so as to compensate for -che changi:ig illumination 
conditions, the water-leaving reflectance R(\)W was calculated 
by referring the upwelling radiance to the downwelling i=radi
ance E (A) as described above. Then the color shift was derived 
=rom the ratio L560;L445 and calibrated in terms of an absolute 
concentration by means of water samples collected by "Che ship. 
The relationship be"Cween the chlorophyll concent=ation and the 
green/blue ratio is shown in =igure 2 . 

Figure 2. 
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2. 3. 2 Chlorophyll concentrations derived from fluorescence 

Alternatively the natural fluorescence at 685 nm was used so 
as to determine the chlorophyll concentration. !or this purpose 
the relative fluorescence signal was calculated :rom the 
relationship 

?luorescence Signal (FS) = Lw( 685 ) - (Lw( 645 ) + Lw( 724 ))/2 · 

(Compare also the similar processing of IOS Spectrometer da"t:a 
in section 4.3.1) The linear relationship between the fluores
cence and the chlorophyll concentration in 2 m water depth is 
shown in cigure 3. 

Figure 3. 
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Comparison the fluorescence with -che . . ..... in- s:i. '-u 
chlorophyll concent=a~ion. (Cor=e:ation coe::icien"t: 
r = 0, 98, a ~ 1 % ) . 

For this analysis, data along a 90 km profile were compared. 
(Water samples along the profile were collected by the British 
R/V Cirolana, while the fluorescence measurements were oer
forrned with the 18 channel radiometer, ECR (GKSS) from a flight 
altitude of 600 m.) By means of the above-mentioned calibration, 
a chlorophyll distribution map was finally calculated by 
interpolating between indi ?idual flight tracks ( E'igure 4 on 
page 6). 
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~· ~ ..: igure -: . Chlorophyll distribu":ion mao within -;:.:i.e :?LEX bo:-.: 
derived from airborne fluorescence ~easuremen~s (5 
May 1976). 

2. 3. 3 Factor analysis 

The type of fac"':or analysis used :::.ere is descril:::ed J..:J. Uberla 
1971, Comrey 1973 and Cooley and Loh:les 1971. 
The firs-c step in ex-r.:::-ac~ing "':!"le 1.1seful in.::or::1atior.. :::::-om the 
spectra wi t:h m spectral 
[Mueller, 1973]. Figure S 

~ l cnan:le_s is the eigenvalue ar..alysis 
on page 7 shows the eigenvalues of 

16 principal components from a 30 km prof~le in the E'L~X area. 
It can c_early be seen that two component:s can ~e separa-;:ed 
while all o-;:::iers :::-epreser..t noise. An addi ti anal low-pass ::i j_

tering of the da-ca enhances this separation. 
Figure 6 on page 7 shows the two extracted factors after 
orthogonal rotation [Kaiser, 1958] and their correlation (fac
tor loadings) with 16 spectral channels. The dominating factor 
1 shows 2 maxima: a negative correlation in the blue part of 
the spectrum around 470 nm and a positive cor:::-elation at 685 
nm, corresponding to the fluorescence peak of chlorophyll-a. 
Due to these properties, this factor may be interpreted as 
phytoplank-r.on. Factor 2 shows an increasing positive corre
lation towards the red part of -i:he spectrum which may be due 



2igure 5. 

2igure 6. 

3.2 

2.4 

10 \ , 6 
> 
u 
C'I 

- 7 -

c unfiltered data 
.. moving average of ; 
o moving average of 20 

-c-a-a-a-
-·-·- a-a-a-a_ 
o-o-o--~·-·-·-·-· 0-c-c--a-a 

0-0--0-0-0:::::.0--·:=5=-·-=-· 

4 8 12 
principal components 

Eigenvalues of the principal components in order 
of their variance. 

o.6 
t factor I 

0 t- ------------- ---
"U 
~ -o.6 0 

420 ;co sac 660 72'J 
wc.ve Ieng th ... 

0 
~ o.5 

~ 
I.) 

"' factor 2 

.. 
0 

L - - - - - -
I 

-o .S 
420 soc ;ao 660 720 

.,.,ave Ieng th 

Correlation between ~he 2 factors and the spectral 
channels. 

to the scattering particles in the wa~er. Therefore this =actor 
can be interpreted as suspended matter. 
The values of the factors (factor scores) calculated for each 
single spec~rurn along the flight profile are shown in Figure 7 
on page 8 (graph a) and ~igure 8 on page 9 (graph a). The shape 
of the two profiles shows that t~e t~o =actors are independent. 
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:inally the factor scores prof!le of factor 1 was compared w!th 
the same profile e•,,-alua ted !:ly using the fluorescence signal 
obtained in "Che way as descri!Jed before ( :=igure 7 on page 8 
graph b). Similarily the fac~or scores profile of fac~or 2 ~as 
compared with the blue/ green ratio (:igure 3 on page a 

JI graph 
b). 

These resu_ts show ~hat ~he information conten~ of the spectra 
as derived by the factor analysis co-varies very well wi~h ~he 

fluorescence signal as derived by the FLE analysis. 
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2. 3. 4 Temporal development of the bloom 

The ~ernporal developmeni: of the plankton bloom was mon.: tored 
by means of both , green/blue ratio and the sea surf ace 
temperature. '?igure 9 on page 11 indicates "':he developmeni: 
through i:he dif::ereni: phases in a comparison between ai:-bor:1e 
and shipborne measu:::emeni:s. The upper part of E'igu:::e 9 shows 
the temporal development of the sea surface temperai:ure (solid 
lines=shipborne measurements, dots=airborne measurements) and 
the formation and ::inal shift of the thermocline. (The vertical 
bars indicai:e i:he range of the SST in the test area.) 
The lowe::- part of ~igure 9 shows the corresponding development 
of the planJ{-:.on blo om du:=-ing the same period (solid li·ne = 
shipborne measuremeni:s, dots = airborne neasuremen-.:s) . The 
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vertical bars indicate the range of the chlorophyll concer..
tration in the test area. 
It can be seen that the airborne measurememni:s of the color 
ratio above the cer..tral ship position correlate very well wi':h 
the shipborne measurements. The overall chlorophyll di si::::-i:O
ution along the flight profiles shows a strong variability 
during the growing phase of the bloom (end of April). 
This experiment also pinpoints the importance of airborne mon
itoring so as to extrapolate from ship measurements ir:.to a 
larger area but also to verify single ship measurements i~ cases 
of a strong patchiness. Thus it is possible to obtain a 
synoptic view from a test site which cannot be obtained by sl':ip 
measuremeni:s alone especially in cases of a strong spa~ial and 
temporal variability. 
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3. OCEAN" COLOR SCA.i\TNER E.."'\:PERIME~T GERMAN BIGHT (OCEG) 

3 .1 Introduction 

As part of the scieni::i=ic cooperation with NASA in conjunction 
with the OST.~-I/OCE mission, the Ocean Color Scanner ( OCS) on 
loan from NASA Goddard Space Flight Center was flown together 
with other instruments above the Elbe estuary during the summer 
1981 ( OCEG). The flight tracks 
Monitor ( B in flight track 7 in 
was anchored in the middle of the 

and the position of the R/V 
Figure 10 on page 13), which 
river near Cuxhaven. 

While the more general objective of this experiment was t.:ie 
preparation for the underflight of the OSTA-I mission, (?an der 
?iepen e"t: al, 1983], the specific objec"t.ives in regard -co -c.he 
chlorophyll fluorescence were to inves"t.iga~e t.:ie la~"t:er ef::ec"t. 
in extreme turbid ~aters ( case II ) containing large arnoun"t.s o! 
yellow substance and suspended ma~ter, to s"t.udy the atmospher:c 
effec"t.s from different flight al"t.itudes, and :::nally to map the 
fluorescence signal from a high a l ti~~de ( Kim et al, 1985]. 

3 . 2 Spectral signature analysis 

The upwelling spectra in the OCS chanr.els (!or instrument spe
ci!icat:ions refer to section 9) collected at di!!erer.t a:. t:i-
tudes were converted into albedos . - . cy rere!:"ring the data to 
downwelling flux calculated by means of a radiative trar.sfer 
model, called Dave Code [Kim et al, 1985]. (T:'::.e ship measure
ments were referred to the downwelling flux by means of a grey 
card.) The results for the altitudes of 30 m and 3. 500 m 
re spec ti vely toget:her with a spectrum co_lected simultaneously 
from the ship are shown in Figure 11 on page 14. 
The agreement between the 30 rn aircraft and the ship data is 
good, considering that the two radiometers were not cross-cal
ibrated. The at~ospheric effects due to the Rayleigh sca"t:"t:eri~g 
in the blue region are clearly visible in the data taken at 3600 
m alti"t:ude. 
The fluorescence peaks at 685 nm are visible in all cases. even 
though the ship data shows a slight shift t:owards 700 n.:.~. Such 
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an effect has often been observed when a high local concen
tration of chlorophyll or phaeo-pigments is found in water 
containing large amounts of suspended matter. This causes the 
absorption at 670 nm to broaden, shifting ;:he apparent 
fluorescence peak ;:o "Che red. This subtle st:-uct:u:::al shift is 
not detected in the ai:::craft data because the OCS has cornpar
ati vely wide bandwidths. 
Further demonstration of the atmospheric effects on pertinent 
4:92 nm and 682 :i.rn spectral channels is given in Figure 12 on 
page 15. The upwelling radiance measurements taken at a number 
of different altitudes along wi t..'1 a theoretical point a;: 20, 000 
m are plotted to give a vertical profile. 
Im:erestingly, the reflectance of the ~92 run radiation 
increases steadily ·,.,ri th altitude, as the effecL:s o:: mo_ecular 
Rayleigh scattering :::iegin to accumulate. Eowever, the reflec
tance of the 682 run channel displays somewha;: c..:.::£e:-ent pat-

5 ~ 0 H 

Figure 10. 
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Map of the Slbe river and its est:uary showing ;:he 
aircraft coverage on 13 .i\ugust .!.981. At point E 
upwelling spectra were co 1 lected from di :::erent 
altitudes. (The solid dot:s indica-.:e ':he app:-oxi
rnate location of 30 pixels :::-om which upwelling 
spectral signatures were analyzed.) 
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terns. Although the surface albedo at 682 run is actually larger 
than at ..;92 nm ( 2. 75% vs 2, 05%), a small decline is detec~ed 
until it reaches the height of 2.000 m. This pnenomenon is 
probably caused by the fact, that the wa-.:er-leaving :-adiance 
is being attenuated at a faster rate, due to the combined 
absorptional effects of the atmospheric gases and aerosols in 
the lower troposphere, than the increase in the atmopsheric 
radiances. Since the ~otal radiance is a sum of the two com
ponents, a minimum will be formed as the atmospheric radiance 
gradually begins to compensate for the transmission loss of the 
upward radiation. 
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Table 1 on page 15 gives a breakdown of t~e upwe:.. 1 .:..ng radiance 
of the 685 run :-adiation at -.:he -.:op of the atillosphe:-e. ~he com
putational :-esul ts are based on an ai:::nopsheric :::-adi ance model 
known as the Dave Scaler Code [Dave, 1972 ] . Ac::ordi:J.g t:o t!lis 
model, a sea surface albedo change f:-on 0 to 3 . 0 % wi 11 cause 
the albedo being percei-;ed by a satellite to increase f:-om 1.95 
% to 3.~3 %. This is equivalent to a transmission loss of 50 % 
as the water-leaving radiation at 685 nm reaches the top of the 
atmosphere. 

For further image processing, a proven atrnosphe:-ic-ef:=ect-remo
val algorithm was used [ Vio 1 lier et al, '1. 980] . T!le me-:hod 
applies an inversion procedu:::-e, which transforms -::.:r:e raw radi-
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*************************************************** ** ** 
Ground reflectivity (%): 

0 

3.0 

Reflectivity at 90 km(%): 

1. 95 

3.43 
***************************************************~*** 

Table 1. Estimated upwelling intensities at the top 
atmosphere at 685 nm (solar zenith angle 
scanner look angle = nadir, 'Mie = 0.2). 

of the 
= .a.50 

- I 

ance data into ocean albedo using a series of single-sca-:t:eri~g 
radiative transfer equations. In essence, the algori tr.:.m calcu
lates molecular ~ayleigh and ozone contri;:iu-:.ions which are 
subtracted from the total radiance. The effects of aerosol Mie 
sca-ct:ering in the atmosphere are esti:na-ced !Jy -c.~e U3e o:: ::.he 
near-infra::-ed channel at 772 !"'-111 , where the water is black. T:':1e 
ext:rapolation to the other channels was pe:-fcr:nec ';;;y usi~g an 
Angstrom coefficient of n = 0.8, which describes t~e wavele~g-:hs 
dependence of aerosol sca~t:e:-ing. 

Figure 13 on page 17 illustrates resultant wat:er- leaving spec
tra taken from a pair of high and low chlorophyll window sites. 
The drawing also shows how -:::..e -:·..;o di ffe:-en~ chlo:::-opnyl 1- a:ia
lysi s me"':....~ods are being applied. The absorption method ut:ilizes 
the reflectance ratio of the blue and green channels, and t::':1e 
steepness of the slope is used as an indication of -:~e relative 
richness of the chlorophyll pigrnents in the ·~·ater. ()lote -chat 
t..l-ie spectral channel at 492 rnn was used, because · - is less 
susceptible to the presence of yellow subs~ance tha~ a =han~el 

centred around the chlorophyll-a maxi~um.) 
In case of the fluorescence the algorithm also requires ":hree 
channels, a fluorescence channel near 685 nm and two adjacent 
channels at both, longer and shorter wavelengths. The longer 
wavelength channel is used for the removal of the aerosol 
effects, while the short-wavelength channel is used to remove 
water signals of non-fluorescent origin. 
The algori tl"'_rn implemen~ec to re~::::-ieve t:he flu.orescer..ce recui::::-es 
the initial removal of the atmospheric e=fects. Cor::::-ected 
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-o-o- Chl. Cone. 17mq/ HJ 

--·- Chi. Cone. 1.5 mg I HJ 

Fluorescence 
Yield 

552 652 582 
Wavelength 

?72 ( nm) 

=igure 13. Derived wa~er-leaving spectra (reflectance) fer a 
pair of high and low clorophyll wi~dow .sites. 

water-lea~ing reflec~ances a~ 582 and 652 !1..~, 

R(w) 652 are obtained from 

R(w)682 

.=.r:d 

( 1 ) 

( 2 ) 

where R ( t) denotes the re.:lectance obtained before any cor
rection procedures, and R(c) refers to the reflectance ob~ained 
after the molecular Rayleigh and the ozone effect corrections. 
It is to be noted that molecular Rayleigh effects in the long
wavelength visible and near-infrared regions a::-e negligibly 
small, and for practical purposes can be ignored. Then ins~ead 
of R(c) 772 , R(t) 772 can be used in equations 1 and 2. 
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The next step is to :-emove non-fluorescent water background by 
the use of the adjacent short-wavelength channel at 652 nm: 

R( F) 682 refers to the fluorescence re!'lectance for the 682 nm 
channel and the v denotes the wave number in 1 / \ (wavelength). 
By substituting equations 1 and 2 into 3, t..'1e fluorescence 
algorithm can be given as 

R(F)682 = R(t)682 - a xR(t)652 - b x R(t)772 . · · .. · · . . · ( 4 ) 

where a and b are a pa i r of e x perirnen"': specific constam:.s 
obtained by eni:.ering appropriate at:nosphe:-ic pa:-arneters a:r:d 
computations. 

:Squa cion 4 is conveni eni:. because, ::1 order to retrieve '::.l;.e 
f_uorescence i:1i:.ensity of the 632 nm channel, ii: i s not neces
sary to go through the elaborate p:-ocess of c~mpui:. i ng i:.:ie 
at:nospheric effec~s pixel by p i xel as i:i the case cf ::.::e 
absorption method. I nstead, a simple subi:.raci:.ion process •.v i ~h 
two preset consi:.ants is all that is required. 

3. 3 Comparison of fluorescence and absorption data 

The rapid changes of the river relative to the posii:.ion of i:.~e 

R/V Monitor made it difficult to cor:-elate all aircraft data 
directly with the ship measurements of the chlorophyll concen
trations. The rapid fluctuai:.ion of chlorophyll readings during 
the 3 h span while the R/V Monitor was anchored at point B 
(Figure 10 on page 13) is evident from Table 2 on page 19. 
As an alternative, the fluorescence signal (here called 
fluorescence yield, FY) derived from the data were compared with 
those chlorophyll concent.rations obtained from the same data 
set via the absorption met:!:iod. .; set of 30 window sites were 
randomly selected along the deep ship channel (Figure 10 on page 
13) whenever high and low fluorescence cont:-asts were :ound. 
:Sach window data poi:it cor...sists of an averaged radiance value 
taken from 9 contiguous pixels. Ir.. Figure 14 on page 20 derived 
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********************************************************** 
Time: Chl. -a: Phaeo: Seston: K( abs) : Transm: 
GMT mg/m3 mg/m3 mg/m3 1/m % 

12:50 4 12 7.3 1. 0 85.3 
14:53 6 16 7.1 1. 4 80.4 
15:44 7 6 5.5 1. 0 83.6 
16:11 2 20 7.6 1.3 79.9 

********************************************************** 

Table 2. Ship measurements of water parameters in the Elbe 
at point B (13 Aug. 81). 

chlorophyll concentrations from the absorption method are 
plotted agains~ the derived :luorescence yields. 
The ordinate chlorophyll values are de=ived :rom 

Chlorophyll Cone. (mg/ m3 ) = ( 5 ) 

The coefficient:s 1.5 and 3.0 are empirical parameters tha~ ~ave 
been taken from the results of previous OCS flight experime~ts 
w!:.ich used 472 / 552 channels. Other investigat:ors !lave qi..:.ot:ed 
different empirical parameters :or CZCS 520/550 run c~an:lel 

ratios [Clark, 1981, Smith and Wilson, 1981, Gordon ~- .... al, 
1983). Eowever, the 492 r_rn cha:mel is sit·.iated close:- to 47 2 
11m than to 520 n.111 and so the values f::-om tl'le previous OCS 
experiment were used. A regression line 
window radiance data has tur~ed out to 
form: 

... i h , Q ..... .:; .... wn_c •. .o_s .... __ 1..s 

be exponential 

the 30 

in the 

Chlorophyll Cone. (mg/ m3 ) = 0.36 x exp. (2.8 x FY) . ( 6) 

with a correlation coefficient r = 0. 7 4 ( cr. ::; 0. 1 ~~) . 
As discussed earlier, various factors influence the 685 lli'i\ 

fluorescence. For instance the ship data indicate that the Elbe 
river wa-r.er contains a high concentra~ion of phaeo-pigments 
(see Table 2), which show a simila:- absorption and emission 
spectrum as chlorophyll-a. It is known that these are strong l y 
correlated with suspended mat~er. Thus the comparatively good 
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~egression of chlorophyll concentra~ions (der~7ed 

from the blue/ green ratio) ·1ersus 582 ::r;1 .:luores
cence yields for 30 pixels selected along ~he deep 
ship channel. 
The ordinate chlorophyll values are derived .:ram 
Chlorophyll Cone. (~g/rn3 )=1.S(R492 ;R552 )- 3 · 0 . 
(The coefficien~s 1.5 and 3.0 are emnirical values 
that have been ~aken from ~he results of previous 
investigations with the same instrunent.) 

correlation of the fluorescence signal with the chlorophyll 
quantity derived from the blue/green ratio (=igure 14) is 
probably caused by this effect and may not be representative 
:or other types of case I I waters. T~e chlorophyll quantity 
given in equation 5 should there.:ore ;:,e co::.sidered as a firs<: 
order approximation, a:id is quoted merely to demonstrate that 
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under these particular environmental conditions a correlation 
exists between the sun-stimulated fluorescence and the 
pigment/seston quantity in the water. 

Figure 15. Fluorescence i:nagery of ':he Elbe estuary derived 
from OCS data. ( :'he green hue corres:;:ionds 1:0 a 
high, the yellow hue to a medium, the blue r.ue 1:0 

a low fluorescence signal. 

3. 4 Mapping of fluorescence 

Figure 15 shows a fluorescence image of the lower Elbe ~i ver 
and its estuary in false color derived from ocs data. It is 
composed of 4 flight segments (compare tracks 3 to 6 in 
Figure 10 on page 13) and has been geometrically corrected for 
a mercator projection. (Areas characterized by a low fluores
cence signal are shaded blue, areas of medium fluorescence are 
shaded yellow, areas of high fluorescence are shaded in green.) 
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The fact that the 4 flight sections do not match fully radiom-
etrically is caused by t:t:e different overflight ..... 1..:!.mes. This 
indicates the rapid changes in this estuary due to the tidal 
effects. 

Section 3 in Figure 15 shows some ship wakes ·,yhich are accen
tuated, possibly because the ship's motion churns up fresh 
plankton from the sublayer to the surface. According to Kiefer, 
1973 the fluorescence signal varies in part due to an inhibition 
in the fluorescence of cells exposed to intense sunlight. The 
freshly upwelled deep-layer phytoplankton does not show such 
fatigue, thereby providing a marked con~rast. A signal increase 
of as much as 30 counts (from 100 to 130) was detected in tne 
682 nm channel. This is shown in Figure 16, ·,yhere the actual 
counts of the 682 and 655 run channels of a transecti~g li~e a=e 
plotted. This increase is equivalent -:::o a radiance increase 

,:- 0 o- :.1 . 2 o.... . / m•n; cm usr . 

Figure 16. 

.l 140 
I 

\j r20 
= < 
= 
~ 110 

rr681nm 

j · .. \);-- 655 nm 

I/ .... 
~~Yi \ ... I 

'-..... 

l-- iOO meters -1 
TRANStCT ACROSS THE SHIP'S WAKE -

Radiance counts of 655 nm and 682 r...m channels 
across one of the ship wakes o: section B in 
Figure 15 on page 21. 
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4. FLUORESCENCE EXPERIMENT (FLUREX) 

4 .1 Introduction 

Within the context of ?LUREX 82, t:he Six Channel Radiome1:er 
(SCR) of DFVLR and the IOS Spect:romet:er [Walke::- et al, 197 5] 
were flown together with other instruments (OCR) above specific 
positions ( R/V Alkor, E'PN) within the FLUREX test sites 
(Figure 17 and Figure 18 on page 2~). 

I 
/ 

I 
I 

I 

v - ' 

r!' I 01.· 
~\' : .. · ' : .. ., -. ) >U" 

(; -1· 

i<IEL::R 
9UCHT 

10"30E 

'-!' . u 

Figure 17. ?osi tions of R/V Alkor in the Kiel Bight during 
FLUREX. 

While tb.e general objecti v es of this experiment were invest:i
gations concerning the fluorescence effect, the more specific 
objectives Here to study this effect U!'lder extremely high 
chlorophyll concentrat!ons (river Schlei) and again to monitor 
the relevant signals under 1:hese envircnrne!'lt:al conditions from 
different flight altitudes. Results f:::-om the airborne obser-
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FOHR 
. ,:;.a• 

-·· :,:: 
--------------------------------------------~ : .. ,._ t!- ········ FPN [ '·, 

AMRUM·'a, •, 
'·:,-' 

Figure 18. ?osition of the F?N and flight ~racks in the Ger~an 
Bight during ~LUREX. 

vations and ~~ei= co==e l a~ion ~ith 

cussed :n the following sec~ions. 

4. 2 Environmental conditions 

.O. 'h"' --J.- g:-ound. -~,,-'-. 
!....- ._.. ....... .:. 

In spite of ~he success 0! ~he e:<perine:i-r. in ge!'le:::-3.l, 

C.is-

-'l--::. .._..c:,, __ 

collection by neans a= SCR and IOSS ~as somewha~ i~flue~ced by 
the linited range of pigni.en~ concentra~ions bo~h, :n the 3altic 
Sea and in the North Sea. w:th the excep~io~ of the a=ea in and 
near the ri v er Schlei (3altic Sea), the concen~=ations were low 
at the E'PN (. Torth Sea ) and low -:.o medium in ~I'-e Kie l 3ight 
(Baltic Sea). 
Typical near-surface chlorophyll values, measu=ed in-si~u du=
ing the operation of the IOSS on the DO 28 were: 

0 in the Kiel 3ight: 2.3 4. 0 mg/m 3 -
0 in the river Schlei: 39.6 56.5 mg/m3 

at the E'PN: 0.43 1. 0 3 0 - mg/m . 

Typical (near-su=face) chlorophyll values measu=ed in-si~u 

during the operation of the IOSS on boa=d of the R/V ALKOR were: 
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o in Kiel Bight and river Schwertine: 2.4 
o in and near river Schlei: 4.3 

3 10. 3 mg/ m 

58.5 mg/ rn3 . 

The results of the data analysis a:::-e thus rest:::-icteC. to these 
particular environmental conditions. 

4. 3 Analysis of IOSS data 

4. 3 . 1 Data processing 

By re=erring the upwelling radiance c:.o the downwell i :lg irradi-
ance, IOSS data is expressed in terms of ref:.ecc:.ances . ::'rom 
this data the fluorescence _ine height (:Ln) is calculated as 
the excess re=lectance x 1 0 6 at 58~ ~~ above a linear ~ase l ine 
connecting re.:lectances ac:. 551 r_rn and 716 nm . I n case of ~he 
exceptionally !ligh chlorophy _l ·;a l ues as fou:J.d in ~he r:. ·;er 
Schlei, c:.he re=lec~ance o.: ~he nex~ channel (a~ 7 02 nm) ~as used 
insc:.ead. (Compare also with -che ".:luorescence signal" :..n se.c
c:. i on 2.3.2 where, however, radiances hav e been used ins~ead o.: 
reflec\:ances.) 

4.3.2 Results 

In a first s-cep, a linear regression analysis form 

y = a ... b x x 

was pe=formed between -che IOSS-derived fluorescence line height 
values (FLH) from both, ship overflights (at 500 feet altitude) 
and ship-based measurements (all together 31 data points) ver
sus the available near-surface (0.5 m) chlorophyll values (.:rom 
R/V ALKOR and the FPN). The resul\: is shown in Figure 19 on page 
26. 

As mentioned, the 
to ~he conditions 
(medium values up 
values). 

data point clusters cor:::-esnond essentially 
at \:he ::'?N (S 1 mg/ m3 ), i~ the Kiel 3ight 
to 10.3 mg/m3 ) and the river Schlei (high 
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Linea= :::-egre s sion bet:ween IOSS-de:-i ved :?Ln ( ai :-
borne and shipbor~e) ve:-sus grou~d ~=~t:h (~/V 

ALKOR and ~PN). The correlatio~ coefficie~~ is 
= 0. 96 (a: s 0. 1 ;~) . 

The relat:ionship between t:he :?LE (in rel. units) a~a t:~e chlo
rophyll concent:-ation ( in mg/ :n3 ) can be described by t:he 
expression 

FLH = 10.7 + 19.3 x Chlor . Conc . 

with a correlation coefficient: r =0.96 (as 0.1 %) . 
relationship 

FLH = 4.99 + 19.5 x Chlor.Conc. 

A simila:::.-

with a correlation coefficient 
if the dat:a points ~=om the ::PN 

r = () • 9 6 ( C: s 0 • 1 ;~) i S f 01 . .md I 
3 (values s 1 :ng/ m ) a:-e omi ':ted 
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and thus only data :rom the 3al tic Sea is used ( E'igure 20 on 
page 27, .'\). 
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Linear regression bet~een IOSS-der~ved ~LE versus 
ground truth (R/V AL~O~ only). 
A = 3 values bet~een 2.3 and 58.6 rng/ m 
(r= 0.96, c ~ 0.1%) 
B =values bet~een 2.3 and ~.30 mg/ m3 

(r =0.78, c ~ 0.1%) 

The clustering of da~a poin~s a::ects ~~e slope o: ~he 

regression line and subsequen~ly the sensitivity of the met~od. 
If only medium concentration values ( 2. 3 4. 3 mg/m3 ) in 
Figure 19 on page 26, B are used for the correlation ( 15 data 
points), a muc:i. steeper slope is derived as expressed by the 
relationship 

=~ = -45.2 ..- 34.0 x C~lor·.Ccnc. 
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The reason for this effect is probably the re-absorption of the 
fluorescence signal at very high concentrations and ~he 

resulting quenching and shift of the fluorescence peak (compare 
also ~igure 11 on page 14). Furt:.hermore, the fluorescence cross 
section at lower concentrations may be comparatively larger 
than at higher concentrations. This latter ef=ect, however, is 
not yet verified. 

The correlation coefficient is higher, r = 0.98 (a S 0.1 %) if 
only shipborne FLH data are correla":ed wi t.h the in-situ :neas
urernents of near-surface chlorophyll from the R/ V ALKOR in the 
Kiel Bight and in the river Schlei (14 da~a points ) . The reason 
for this is probably the patchiness, which introduces an error 
into the correlation of airborne wit~ sh~pborne Ca~a. 

A smaller number o= airborne IOSS data ·,.,ere compared w: -::h ":..::1-
si t:.U measurements ( R/V A~XOR) at ct:..:= erent depi:h. ·::he deri .,,eC. 
correla-::ion coe==icients are: 

at 0.5 .m: r = 0.97, a s 0. 1 0/ (10 d--,,, point:.s) / 0 c:.1...-

at 2.0 m: r = 0.99, a s 0.1 0/ ( 7 dat:a po in-cs lo 

at 5.0 m: r = 0.56, a s 8 % (6 dat:.a points) 

These results indicate ~~at represen-::at:.!7e !luoresce~ce signals 
are only derived from t~e upper !ew me~ers o! the ~ater colu~n . 
• 'A. strat:.ficat:.ion and t:::e co:::-:::-esponding ir..c:-ease of ~lie c::-i.lo
rophyll concentration at larger depth can not be assessed by 
the fluorescence method. 

4. 4 Analysis of SCR data 

Both, mapping flights, overflights at different altitudes were 
undertaken above the FPN and above va::-ious posi t:.ons of R/V 
Alkor in the Kiel Sight (Figure 17 on page 23, Figure 18 on page 
2 4: ) • 
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4. 4.1 Data processing 

SCR data were calibrated against a calibration standard and 
radiance values calculated for each channel above selected 
positions or along individual flight tracks. (2or SCR specifi
cations refer to section 9.1.4.) 

FLH was calculated as the difference of upwelling radiance at 
682 run and a linear baseline between 649 and 7 4:9 run. (Compare 
also section 4.3.1.) Alternatively the normalized fluorescence 
line height (NFLH) was calculated by dividing t~e FL.5 by tl"le 
value of the above-mentioned baseli:J.e at 682 nm. 

4.4.2 Influence of the flight altitude 

Flight 14 on 25 .:....pril 82 above ~/V Alkor (pcsi ticn 2 i:i t.:he :;:::.el 
Bigh-r.) was selec-ced so as to demor.s-cra"':e -::he ( al:nos-::) li:;,ear 
increase of upwelling radiance values wit.h i~creasi:;,g alt.i"':~de 

till approx. 1500 :n, while al:Jove t.:i.at the i.:1.crease s::..ows ~o-.·m 

(Figure 21 on page 30) . ,'!l.s expected, t:he i:J.crease at. s::.c r-::er 
wavelengt:.hs is faster than that at longer waveleng-chs (:<.ay
leigh- and aerosol scat.t.e::::-i:ig). SCR channe l 682 :un ::ioes no-: s:how 
any e;{cepi:~onal response i.:i. ~h~ s plot. ~:.gure 22 on page 3:.. 
shows w.'1.e same C.ata but al-:itude and wavele:-igth inver-:ed. I-: 
indicates clearly i:he ::luorescence peak no;: only a-:: 150 m bu.-c 
also at higher altit.udes. ?LE does not:. sI'-ow a strong dependa~ce 
on the al ti tt:.de since both, ::luorescence a::d !:laseli:1e ·l'lave
lengths appearently respond i:1 a similar way to ;:he a~~ospheric 
effec"t:s on the measaured sig:1al. r::iis can be seen :7'.ore accu
rately in Figure 23 on page 32 ·.vhich shows "':he varia.bi li ty of 
FLH w:. thin the close en"\:i=orir~ent of R.j'l .. ;1~-{or at diffe=ent 
altitudes together with their mean and standard deviation. 
Again, the dependance on altitude is minor. The small horizontal 
variation indicates that the FLH values derived are signif
icant. 
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Upwelling radiances (at SCR wave l eng;:!J.s ) versus 
flight altitude (flight 14 on 25 ~.pri l 82 above 
R/V Alkor at position 2 in ~he ~ie l 2 i gh~ ) . 

4.4.3 Correlation of airborne data with sea truth 

A linear regression was performed between SCR-derived ?LH data 
from all flights ( 150 rn altitude) above the North Sea and the 
Kiel Bight (without data from the river Schlei) versus ground 
tru-.:h (R/V Alkor and FPN) .. T:ie result is shown in Figure 24 on 
page 33. Based on 16 data points, the relationship can be 
expressed by 
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FLH = 0.026 + 0.03 x Chlor. Cone. 

The correla1:.ion coefficient is r = 0.80. 
Sased on the same data points, however, co::-related with the NFLH 
instead (~:..gure 25 on page 34), imp:-oves 1:.he cor:-ela"'C:..on -::::> r 
= 0. 91. The reason seems to be again the high co:-:-elation o.: 
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the baseline with the down.welling i:rradiance. Thus the N::L2 (i::;, 
terms of upwelli:lg radiance) is almost identical with the :: L~ 
derived from IOSS reflectance values as indicated i:i section 
4.3. 
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4. 4. 4 Temporal and spatial variability 

The temporal variability of the ~FLE (as rep~esen~a~ion of the 
chlorophyll concentration) is shown in E'igure 25 on ;>age 35 for 
"Che flights 15 to 19 on 27 April 82 above tl"le en?::...ronme::t o.: 
R/V Alkor at: position 11 in the Kiel Bight. 2ligh"C.s ·,.;ere per
formed at different al i:i tudes and different direc~ions across 
a distance of 1.6 &~each. 
Since the base line increases with height, only a low al ti
tude-dependance is observed. While the NFLH varies according 
to the flight direction in eac:!:'l case, t.:ie value above the 
anchored R/V .r..lkor (A in Figure 26 on page 35) follows the 
temporal change of t:::.e in-situ measured chlorophyll cone en-
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0. 91. 

tration du=ing the day (i.e., high during --:he mcrn:::.ng, cec:-ease 
around noon, increase during the afternoon): 

Large scale variations 
~he ~ligh~ path are 

of chlorophyll (in terms of NELE) a l o~g 

shown in Figure 27 on page 35 and 
Figure 28 on page 37 for two consecutive £lig!n:s wi::h a ti:ne 
laps of a few hours on 27 .:l,.pril 82. (NFLE has been calibra"Ced 
with the ground tru"Ch derived from ?igure 25.) 
Generally speaking the derived chlorophyll concentrations in 
the near-shore a!:"eas are comparatively high while the values 
towards the east a::::e almost by a fac"':.or of 2 lower. This cor
responds very well to the generall chlor?hyll patter:i as was 
measured di=ectly by the R/ V ~lkor. Small scale struc"Cures are 
reproducible from one flight to tI'.e next. 
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Large scale variation of chlorophyll along the 
flight path derived from NFLH with a calibration 
against ground truth from Figure 25 (flight 16 on 
27 April 82 in the Kiel Bight). 

5 . CONCLUSIONS 

The possibility of using the natural (sun-stimulated) fluores
cence of chlorophyll-a at 685 nm for the remote assessment of 
near-surface pigments in coastal waters has been investigated 
during the course of several experiments in the North Sea and 
the Bal tic Sea using different (imaging and non-imaging) sen
sors under a variety of environmental conditions. 
Although the data analysis presented here does not necesseraly 
permit conclusions in regard to specific effects (like e.g., 
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influence of the illumination, influence of stratification, 
influence of plankton species etc.), it shows clearly that 
natural fluorescence (expressed by FLH or NFLH) can be applied 
in general to the mapping of near- surface chlorophyll from 
aircraft in the concentration range above approximately 2 
mg/rn3 in different types of water ranging from comparatively 
clear North Sea water (case I), through river water containing 
very high pigment concentrations as can be found in the river 
Schlei (case I), to extreme turbid water (case I I) with large 
amounts of yellow substance and suspended matter as can be found 
in the Elbe estuary. 
Furthermore, the measurements from aircraft flights at differ
ent altitudes indicate that the fluorescence signal can sti 11 
be detected with sufficient accuracy from high altitudes. 
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7. ACRONYMS 

CZCS . . . . Coastal Zone Color Scanner 
ECR . . . . . Eighteen Channel Radiometer 
IOSS 
FLEX 

Institute of Ocean Sciences Spectrometer 
Fladengrund Experiment 

FLUREX . . Fluorescence Experiment 
FLH Fluorescence Line Height 
FLI Fluorescence Line Imager 
FPN Forschungsplattform Nordsee 
NFLH .... Normalized Fluorescence Line Height 
OCE .... . Ocean Color Experiment 
OCEG ... . Ocean Color Scanner Experiment, German Bight 
OCR Ocean Color Radiometer 
ocs Ocean Color Scanner 
SCR Six Channel Radiometer 
SST Sea Surface Temperature 
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8. INSTRUMENT SPECIFICATIONS 

8 .1.1 Eighteen Channel Radiometer ( GKSS) 

In context with the experiments FLEX, OCEG and FLUREX, the 
Eighteen Channel Radiometer ( ECR) was mounted on the aircraft 
(FLEX) or alternatively on R/V Monitor (OCEG) and R/V Alkor 
(FLUREX) to measure upwelling radiance spectra in coarse steps. 
The ECR specifications are listed in Table 3. 

********************************************************* 
FOV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 o 
IFOV ...................................... non applic. 
Quantization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 bit 
Number of channels 18 
Spectral range ... 420 - 720 nm (equal steps,), 895 nm 
Half widths: . . . . . . . . . . . . . . . . . . . . . . . . . . 9 - 12 nm each 
********************~ * ****************** * *************** 

Table 3. ECR specifications during FLEX and OCEG. 

8 .1. 2 Ocean Color Scanner (NASA) 

In context with the experiment OCEG, NASA's OCS was mounted on 
the DFVLR DO 28 and flown during ?.ugust 1981 over the Elbe 
river and estuary for mapping flights (altitude 3.600 m) and 
for ship overflights ( R/ V "Monitor") at different altitudes. 
The OCS specifications are listed in Table 4 on page 45. 

8 .1. 3 IOS Spectrometer ( DFO) 

In context with the experiment FLUREX, the IOSS was mounted on 
the DFVLR DO 28 (pointing forward under the Brewster angle) and 
flown during April 1982 above test sites in the Kiel Bight and 
the German Bight. In addition the IOSS was also mounted on the 



- 45 -

****************************************************** 
FOV .................................... .. ...... 90° 
IFOV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2. 6 mrad 
Quantization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 bit 
Spectral bands: 

Centre wavelengths: Halfwidth: 
464 nm 20 nm 
492 nm 20 nm 
524 nm 20 nm 
552 nm 20 nm 
587 nm 20 nm 
618 nm 20 nm 
655 nm 20 nm 
682 nm 20 nm 
772 nm 100 nm 

**~*************************************************** 

Table 4. OCS specifications during OCEG 1981. 

R/V Alkor during the same period and operated in the Kiel Bight. 
The IOSS specifications are listed in Table 5 on page 45. 

******************************************************** 
FOV 
IFO 
Quantization ......... . 
Spectral range .............. . 
Number of channels ... 
Halfwidth of channels 
Tilt (forward ur backward) 
Response time ..... . 0.1 sec (min.), 

0.7° x 0.2° 
not applic. 

12 bit 
400 to 800 nm 

256 

14 nm 
53° 

2 sec (typical) 
******************************************************** 

Table 5. IOSS specifications during FLUREX 1982. 
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8.1.4 Six Channel Radiometer (DFVLR) 

In context with the experiment FLUREX, DFVLR's SCR was mounted 
in a nadir looking mode on the the DFVLR DO 
large variety of flight patterns (mapping 
altitude flights, multi-temporal flights) 

28 and flown in a 
flights, different 
during April 1982 

above the German Bight and the Kiel Bight. The SCR specifica
tions are listed in Table 6. 

******************************************************** 
FOV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s 0 

IFOV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . not appl. 
Quantization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 bit 
S/N ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2000 : 1 
Spectral bands: 

Centre wavelengths: Halfwidths: 
649 nm 11 nm 
660 nm 11 nm 
670 nm 12 nm 
682 nm 10 nm 
699 nm 12 nm 
749 nm 14 nm 

******************************************************** 

Table 6. SCR specifications during FLUREX 1982. 
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1. Introduction 

The usefulness of natural sun stimulated fluorescence of 
chlorophyll for remote sensing of phytoplankto n has been 
demonstrated by a number of investigations /l,2,3,4/. 

One of the main problems concerns the variability of the 
specific fluorescence efficiency as a function of the 
physiological state of the organisms as well as of 
environmental factors as illumination. From 
investigations using in-situ fluorometers with 
artificial light source it is known that a changing 
irradiance - due to water depth or daylight changes 
can have a strong effect on the fluorescence stimulated 
by the artificial light source /5,6,7,8/. However, the 
influence of these quantities to sunlight stimulated 
chlorophyll fluorescence has not been investigated. 

This paper will answer the following three questions by 
combining results of a field experiment and model 
calculations: 

1. What is the efficiency of the conversion of 
light absorbed by phytoplankton into light 
emitted by fluorescence? 

2. Does the efficiency vary as a 
irradiance due to the sun elevations 
day? 

- 1 -

function 
within 

of 
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3. Which algorithm can be used to calculate the 
fluorescence from radiance spectra of the water 
surface accounting for changing irradiance? 

2. Data Base 

2.1. Field Experiment 

The field experiment - to investigate the daily cycle of 
the natural fluorescence efficieny of phytoplankton 
was part of the Fluorescence Remote Sensing Experiment 
FLUREX. It was carried out in the Kiel Bight {Baltic 
Sea) on 27 April 1982 from the research vessel ALKOR of 
the I~stitute filr of Meereskunde, Kiel. 

The 
bay, 
low. 

ship was anchored from 8:20 to 17:20 h in a calm 
where advection of water masses was expected to be 

The following parameters were recorded: 

Water leaving radiance and downwelling irradiance 
were measured using a filter wheel spectrometer 
{EO-SUAREZ) with 16 interference filters in the 
spectral range 420 - 720 nm and 1 filter at 895 nm 
(half bandwidth 10 - 12 nm). The instrument was 
mounted at the ships bow to avoid shading and 
~eflection of the ships body. The observation angle 
was about 20° off nadir with a sun azimuth angle of 
160° - 200° to minimize sun and skylight specular 
reflectance. 

Chlorophyll concentrations were measured from 
acetone extracts of water samples using the UNESCO 
method for calculating the concentration. The data 
were interpolated in time using the record of a 
continuous flow TURNER fluorometer. 

Additional parameters used for this investigation 
were the global irradiance, measured on deck, and 
the suspended matter dry weight from water samples. 

The spectrometer samples at a rate of 2 spectra per 
second. To enhance the signal/noise ratio about 50 
spectra ~ere integrated to form one sample after passing 
a procedure which skips all spectra below or above the 
standard deviation of the set. During this experiment 21 
samples, distributed over the observation day, were 
used together with corresponding chlorophyll 
concentration data to investigate the problem. 

2.2 Model Calculation 

To analyze different factors influencing the radiance 
spectra some aspects of the experiments were also 
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simulated with the GKSS Radiative Transfer Model. This 
model /9,10/ simulates multiple scattering in water and 
atmosphere, all sun- and observation-angles and a rough 
sea surface for a prescribed wind speed. 

For the requested task the following situation was 
assumed: 

atmosphere: 
sun elevation: 
sea surface: 
yellow substance: 
suspended matter: 
chlorophyll: 
stratification: 

cloudless, visibility > 20 km 
variable, as for the field experiment 
calm, wind speed 1.5 m/s 
constant, ay (380nm) = 1.5 m-1 
2mg/l constant 
variable, as for the field experiment 
neglected 

Multispectral radiances including fluorescence were 
calculated according to optical properties of water, 
yellow substance and suspended matter and the absorption 
spectrum of phytoplankton /11,12,13,14/ ,taking into 
account a scalar irradiance of phytoplankton and a 
constant fluorescence efficieny of 0.3 % of the absorbed 
radiation. The fluorescence peak is centered around 685 
nm with a Gaussian distribution a~cording to /15/. 

The wavelengths used for the calculation were slightly 
different from those of the radiance measurements: 

Hodel: 1(640) 1(670) 1(685) 1(711) 

The radiances L were calculated for just above the sea 
surface including skylight specular reflectance. 

3. Results 

3.1 General Data 

The general data describing the situation of the day 
are: 

observation time: 8:20 h - 17:20 h Mean European Summer 
'l'ime 

weather: cloudless, calm, visibility > 10 km 
zenith distance of sun: 70 - 40 deg 
global irradiance: 350 - 815 W m- 2 

During the observation period the 
changing by a factor of 1 : 2.3 
concentration (Fig.1) varied from 2.5 
minimum at noon and thus an opposite 
irradiance (fig.2). 

- 3 -

irradiance was 
The chlorophyll 

to 4 mg m- 3 with a 
trend compared to 



3.2 Radiance data 

All measured radiance spectra are summarized in fig.3. 
The following characteristics are obvious: 

The maximum radiance at a wavelength of 550 nm and the 
steep decrease to the blue part of the spectrum indicate 
high yellow substance concentration, which is typical 
for water of the Baltic sea. Radiance spectra for low 
and high sun elevation (Fig.4) both contain the expected 
maximum assigned to chlorophyll fluorescence with a low 
value for the noon sample and a high value for the 
sample with low sun elevation. 

For the 
radia~ces 
according 
were used 
with 

extraction of the fluorescence signal the 
at 645, 665, 685 and 724 nm were analyzed 
to the scheme in fig.5. L(645) and L(724) 

to calculate a linear baseline for L(685), 

base= (L(645) + L(724) )/2 

For the model data the radiances at 640 and 711 nm were 
used with 

base = (L(711) * (685-640) + L(640) * (711-685)) I (711-640) 

From L(665) also an estimate of the chlorophyll 
absorption centered at 670 nm can be derived, as used 
in one of the algorithms. The radiance at 685 nm above 
the baseline the fluorescence line height was 
assumed to be caused by chlorophyll fluorescence only. 
Values for the fluorescence line height were found in 
the range of 0 .10 to O .16 w m- 2 sr- 1 ,Um- 1 • 

3.3 Derivation of irradiance and skylight reflectance 
parameters from radiance measurement 

According to the ~ain goal of the experiment - to test 
whether the fluorescence efficiency is independent of 
the sun elevation it is necessary to find an 
algorithm, which allows to normalize the fluorescence 
signal with a measure of the downwelling irradiance. It 
was intended to extract this information directly from 
the radiance measurement, e.g.from the baseline 
radiance. 

The baseline radiance as measured above the sea surface 
contains specular reflected skylight as well as 
subsurface radiance. Both are related to the downwelling 
irradiance. 

Two approaches using the baseline as an irradiance 
measure are possible: 

1. The baseline radiance is dominated by the specular 
reflected skylight; without further manipulation 
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one uses in this case the close 
the near nadir sky radiance and 
irradiance. 

relation between 
the downwelling 

2. One can try to eliminate the reflected skylight 
from the baseline radiance and use then the 
remaining baseline radiance as a measure of 
irradiance. In this case the reflectance of the 
water body - the subsurface radiance - is dominant. 

In our experiment the radiometer was pointed 20° off 
nadir to meet the minimum in skylight reflectance. 
The remaining reflected skylight around 685 nm is very 
low compared to . the blue-green spectral range (fig.6). 

An estimate of the relation between the baseline 
radiance and the downwelling irradiance can be derived 
from the time series of these two parameters (fig.2, 
fig.7). To confirm the indicated correlated trend we 
have compared the corresponding parameters from the 
model data base. Fig.8 shows the relation between the 
baseline radiance and the reflected skylight radiance, 
which was calculated from the nadir skylight radiance 
with a specular reflectivity of 0.02. Zenith distances 
of 35, 50.7, 66.5, and 82.2° and constant concentrations 
of water constituents have been considered. A 
significant linear correlation between both parameters 
is obvious. 

The same procedure using the model was carried out to 
compare downwelling irradiance Ed with the baseline 
radiance 1 : For zenith distances from 35 to 82.2° the 
correlation is not linear. 

A prerequisite 
normalisation 
radiance at 
baseline is a 
724 nm. 

to use either the baseline radiance for a 
of the fluorescence line height or the 

724 nm for skylight correction of the 
constant ratio of the radiances at 645 and 

The field data confirm this prerequisite: the ratio 
1(724/1(645) is nearly constant for the period 9h to 
16h (fig.10). Thus for that period of the day, which is 
suitable for passive remote sensing, the baseline 
radiance or the radiance at 724 nm may be used for 
correction procedures as discussed above. 

On these premises we have tested different algorithms 
using field and model data as described in the next 
chapter. 

3.4 Test of algorithms 

At first the classic green blue algorithm in form of the 
ratio 1(545)/1(445 was related to the chlorophyll 
concentration (fig.11). The unsignificant negativ 
correlation derives mainly from the problem of the 
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specular reflected skylight, which cannot be corrected 
with the procedure described above due to the high 
skylight in the blue-green spectral range. The time 
series of this parameter as well as that of the ratio 
(L(545)/Ed(545)) I (L(445)/Ed(445)) is given in fig.12. 
For the period lOh to 16h it reflects the course of the 
chlorophyll concentration. But for low sun elevations, 
where the skylight becomes dominant under clear sky 
conditions, the green/blue ratio parameter do not longer 
apply. 

The simplest fluorescence parameter, which has to be 
tested, is the radiance at 685 nm above the baseline 
(the fluorescence line height): 

k(685)-base 

Assuming a constant fluorescence efficiency one has to 
expect that this parameter must depend beside on 
concentration - on the amount of light available for the 
algae (the irradiance). Fig.13 shows the relation as a 
function of the chlorophyll concentration. Because the 
high concentrations were found in the morning and 
evening one can conclude that the downwelling irradiance 
is responsible for the negative and low correlation 
coefficient. 

The next step was to try to normalize the fluorescence 
line height by the baseline radiance under the 
assumption that the baseline is a measure for the 
downwelling irradiance (s.3.3) and therefore also a 
measure for the amount of light available for the 
fluorescence process: 

Fluorescence= ( L(685) - base)/base 

This algorithm calculates the fluorescence line height 
as fraction of the baseline radiance. The time series of 
this parameter (fig.14) does agree with the temporal 
chlorophyll distribution of that day. 

This fluorescence parameter is highly correlated with 
the chlorophyll concentration reaching a correlation 
coefficient of 0.97 (Fig.15) and giving a regression 
line of 

fluor. = -0.0303 + 0.0667 * Chl.Conc. [mg m- 3 ). 

The same algorithm was also applied to the model data, 
which were calculated for the same concentrations of 
chlorophyll and suspended matter, sun elevation, 
visiblity and sea surface roughness as the field data; 
for Gelbstoff a mean value for this area was assumed. 
The result is presented also in fig.15. The regression 
line does agree with that of the field data. 

To check whether this relation is independent of the 
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irradiance the model calculation was carried out also 
for a constant sun zenith distance of 50.7° (fig.16). 
The slope of this regression line is much flatter: 

fluor. = 0.0824 + 0.0307 * Chl.Conc. [mg m- 3 ) 

We assume that the difference between both slopes must 
be related to the influence of the skylight reflectance, 
which is - as mentioned - not linear correlated with the 
downwelling irradiance. 

To eliminate or reduce the influence of the specular 
reflected skylight we have used the radiance at 724 nm 
for the correction of the specular reflected skylight. 
To a first approximation water is dark at this 
wavelength and the wavelength dependence is small in the 
range 645 to 724 nm . 

Under these assumptions we have substracted 
from L(685) ,L(665) and L(645) and after 
manipulation used the algorithm as described 
again. 

For the field data (fig.17) we get 

L(724) 
this 

above 

fluor. = -0.110 + 0.144 * chlor. cone. [mg m- 3 ) 

and for the model data (fig.18) we get 

fluor. = 0.371 + 0.132 * chlor. cone. [mg m- 3 ) 

Nearly identical slopes indicate that the above 
correction procedure for specular reflected skylight 
allows an elevation independent calculation of the 
fluorescence line height.The difference in the bias term 
must be related to the different wavelengths used for 
the baseline calculation. 

Another possible algorithm is to calculate the 
difference between the radiances at 665 nm - which is 
influenced by the absorption of chlorophyll - and 685 
nm: 

fluor.=(L(685)-L(665))/base 

For field data a slightly better correlation coefficient 
of 0.98 is found if compared to the algorithm using the 
difference between the baseline radiance and L(685). 
Also the agreement between the time series of this 
parameter and the chlorophyll concentration is improved 
(fig.19). 

4. Discussion and conclusions 

The first obvious result is the high linear correlation 
between fluorescence line height and chlorophyll density 
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even for a narrow range of 2.5-4.0 mg m-3 chlorophyll. 
It demonstrates that the fluorescence derived from 
radiances measured above the sea surface allows to 
resolve concentrations in the same order as conventional 
methods using water samples. 

The assessment of the algorithms is complicated due to 
the correlation between sun elevation and chlorophyll 
concentration during the observations. Since the 
absolute fluorescence line height is a function of 
irradiance, it was necessary to find an algorithm 
independent of sun elevation within that period of the 
day, where passive remote sensing is possible. 

A normalization by the baseline radiance shows in fact a 
high ,correlation between fluorescence and chlorophyll 
density for our field data, but this may also be due to 
the correlation between chlorophyll concentrat~on and 
sun elevation. We have to assume that the relation 
between specular reflected skylight and irradiance is 
the main reason for this effect. 

The model data have shown that the relation between 
specular reflected skylight and downwelling irradiance 
is not linear. That means that the use of the baseline 
as a measure of the downwelling irradiance is depending 
on the zenith distance of the sun. It is therefore 
necessary to eliminate the specular reflected skylight. 
Because of the fact that at 724 nm the water is nearly 
black, it is possible to use this channel to estimate 
the skylight reflectance and subtract the ~adiance from 
the other channels used for the fluorescence 
calculations. 

The field data have shown that after this procedure one 
gets a regression slope which is the same as the slope 
from model data for a constant sun zenith distance. This 
procedure seems to be appropiate for chlorophyll 
determination under conditions of changing sun zenith 
angles. 

For constant illumination, as it is the case for the 
evaluation of data from sun synchronous satellites, the 
simple fluorescence line height algorithm without 
normalization is the optimum procedure. In this case the 
specular reflected light is automatically eliminated by 
the difference procedure itself. It was demonstrated 
that the spectral ratio of the two baseline channels is 
constant during mean to high sun elevations, which is a 
prerequisite for this procedure. 

Finally the question has to be answered whether the 
fluorescence efficiency is constant at least for the 
period of the day where passive remote sensing can be 
carried out. The high significant linear relation 
between chlorophyll concentration and fluorescence 
derived from the field data as well as from the model 
data and its good agreement (fig.15) confirm that the 
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efficiency is constant. The good agreement between field 
and model data also confirms the fluorescence efficiency 
of 0.3 % for this day. Because this value was found also 
for other areas, as the North Sea, and by other authors 
with different methods /8/, it must be assumed, that 
0.3% is a typical value. 

Another estimate, which can be derived from the 
experiment, is the fluorescence energy per concentration 
unit normalized by the downwelling irradiance at 685 nm. 

This estimate is derived from the slope of the 
regression, the irradiance at 685 nm and the height of 
the baseline. The slope indicates the fluorescence 
energy per 1 mg m- 3 chlorophyll in terms of the fraction 
of the baseline height. 

For the 12h station of the field experiment this value 
was calculated according to the following scheme using 
the algorithm with skylight correction: 

slope: 
0.144061, i.e the fluorescence line is 14.4% above 
the baseline per 1 mg m- 3 chlorophyll 

baseline radiance: 
0. 57 5 W m- 2 sr- 1 JJm- 1 

downwelling irradiance Ed(685): 
1054 W m-2 sr-1 J.Jm-1 

nominal reflectance of baseline (baseline radiance 
* rr I Ed) 0.171% 

fluorescence albedo: 
0.0247 % per 1 mg m- 3 chlorophyll, without skylight 
correction thi~ fluorescence albedo is 0.0214%. 

Acknowledgements 

We thank Dr.R.Boje, Institut filr Meereskunde Kiel, for 
chlorophyll and suspended matter data of the water 
samples and Prof.Dr.H.GraBl and Dipl.Met. P.Schlussel 
for the global irradiance data. 

1. 

References 

R.A. Neville 
Sensing of 
Fluorescence , 

and J.F.R. Gower, Passive Remote 
Phytoplankton via Chlorophyll a 
J. Geophys. Res. 82, 3487 (1977) 

2. J.F.R. Gower and G.A. Borstad, Use of the In Vivo 
Fluorescence Line at 685 nm for Remote Sensing 
Surveys of Surface Chlorophyll a, in Oceanography 
from Space, J.F.R. Gower, Ed. (Plenum, New York, 

- 9 -



1981), pp. 329-338. 

3. R. Doerffer, Factor Analysis in Ocean Colour 
Interpretation,in Oceanography from Space, J.F.R. 
Gower, Ed. (Plenum, New York, 1981), pp. 339-345. 

4. V. Amann and R. Doerffer, Aerial Survey of the 
Temporal Distribution of Phytoplankton During 
FLEX'76, in North Sea Dynamics, Silndermann and 
Lenz, Ed. (Springer-Verlag Berlin Heidelberg), pp. 
517-529 (1983). 

5. D.A. Kiefer, Chlorophyll 
Centric Diatoms: Responses 
and Nutrient Stress, Mar. 
(1973) 

a Fluorescence in Marine 
of Chloroplasts to Light 
Biol., pp. 23, 39-46 

6. M.R.Abbott, P.J. Richerson and T.M. Powell, In situ 
Response of Phytoplankton Fluorescence to Rapid 
Variations in Light, Limnol. Oceanogr., 27(2), pp. 
218-225 (1982) 

7. B.J. Topliss, Optical Measurements . in the Sargasso 
Sea: Solar Stimulated Chlorophyll Fluorescence, 
Oceanol. Acta, 8(3), pp. 263-270 (1985) 

8. K.P. Gunther, Die Abhangigkeit der In Vivo 
Chlorophyll a Fluoreszenz marinen Phytoplanktons 
von der Globalstrahlung, Dissertation Fachbereich 
Physik der Universitat Oldenburg, FRG (1984) 

9. J. Fischer and H. Grassl, Radiative Transfer in an 
Atmosphere-Ocean System: An Azimuthally Dependent 
Matrix- Operator Approach, Appl. Opt. 23, 1032 
(1984) 

10. J. Fischer, R. Doerffer, H. Grassl, Factor Analysis 
of Multispectral Radiances over Coastal and Open 
Ocean Water based on Radiative Transfer 
Calculations, App. Optics, 25(3), 448 (1986) 

11. L. Prieur and S. Sathyendranath, An Optical 
Classification of Coastal and Oceanic Waters Based 
on the Specific Absorption Curves of Phytoplankton 
Pigments, Dissolved Organic Matter, and Other 
Particulate Materials, Limnol. Oceanogr. 26, 671 
( 1981) . 

12. A. Morel, · Optical Properties of Pure Water and Pure 
Sea Water; in: N.G. Jerlev and E. Steemann-Nielsen 
(Ed.), Academic Press, 317 (1974). 

13. R. Doerffer, Untersuchungen ilber die Verteilung 
oberflachennaher Substanzen im Elbe-Astuar mit Hil
fe von FernmeBverfahren, Archiv f. Hydrobiologie 
43, 119 (1979). 

- 10 -



14. N.K. Hojerslev, On the Origin of Yellow Substance 
in Marine Environment, in: Workshop on Eurasep 
OCS Experiment (1979), pp.13-28. 

15. H.R. Gordon, Diffuse Reflectance cf the Ocean: The 
Theory of its Augmentation by Chlorophyll a 
Fluorescence at 685 nm, Appl. Opt. 18, 1161 (1979). 

f L U ~ l X - 02 27/4 

o.n J(J.0 12.IJ 111.fl 16.U tn.O 

I J M E (II CJ UH) 

Fig.1 The concentration of chlorophyll at the 
station Strander Bucht 
dotted lines indicate radiance measurements 

- 11 -



FLUPE:< -i32 27/4 

0 
0;--~~,~~~~-1r-~~,~~~,-~~T~~,~~~~~,~~-,~-~,~-l 

7.0 8 .0 0.0 10.0 11.0 12. •) 13 0 1·1 .0 15 .0 16.0 17.0 18.0 19.0 
TIME (HOUR) 

Fig.2 Time series of the downwelling irradiance at 
545 nm 

Fig.3 

l;; 

"' • • E ..... 
:x 

l .S 

.. 2.5 
u 
6 
.J e u 

" 6 o.s 
~ 

"- - 1.00::f•g 
t - o.oo .. 

" 0 --,---,---,-·--1----1---..--1 0.10 o.1s o.~ o . ~s o.6~ o.es 0.10 o.1s 
wovoleriglh lpml 

Radiance spectra of station Strander Bucht 



.. 
0 

w 
u 
z~ 
<( 0 

a 
<( 
ix: .., .. 
::::!: • 
IX:O 
0 z .. 

0 

0 

Bl 

IB 
IB 

IB 

FLUREX'82-SPECTRUM 

IR m 
IR 

IB 

IB 

IB 

IB 

IB 

II' IB 

Bl 

IB 

o .~~1---......---...----.~--,..---......-~~ . .----~~-~--......---.fll-
400 4 SO SOD S50 500 650 700 7SO 800 15'0 900 

WAVELENGrH NM 

MAX. VALUE L W•M-2•SR-1•1JM-1 -1 .-MB 

FLUREX'82-SPECTRUM 

0 m m 
IB IB El! 

Ill 

Ill 

"' iW II 

!B 

ID 

-m--...----.---r-o I I I I 'II 
550 600 650 700 750 800 850 900 

WAVELENGTH NM 

MAX. VALUE l W•M-2•5R-1•UM-1 1.89-1 

FILE NR. 87 
ST II TION 0 
1982,/\PRIL. 27 
TIME 124311 
TYPE 3 

FILE NR. 76 
STATION 0 
1!J82.APR1l. 27 
TIME 83050 
TYPE 2 

Fig ·. 4: a) Radiance spectra at hi9h sun elevation (5n°) 
chlorophyll concentratioM 2.6 rng/rn- 3 

b) at low sun elevation (24°), 
chlorophyll concentration 3.9 rng/rn-3 



··· ... 
6~.~~"[B··· .. ··········rn I LllO/£NC£ LINE 11£1Glll 

-1,. "./ 

OJ 
u 
c 
d 

,,(!.> J ;._ 

, \.. O/\SlllNE llllGllT 

""O 
d 

e::: 

645 665 

' ........ / 

><. 
~ 

685 704 724 nm 

Fig.5 Scheme of parameters in fluorescence 
algorithms 

FLURE\'S.2-SFECTRUM 

0 - Ill 
Ill 

f!l 
"! 
o · 

II! 
w 
u !B Z •C 

<{ 0 

Ci Ell 
<{ m 
~ rn ::i ~ 
0::0 m 0 -
z EB 

03 
N EB 

EB 0 !!I !!I Ill 

0 
0 

400 450 500 550 500 550 700 
WA VELEMGTH NM 

MAX. VALUE l W•M-2•SR-l•IJM-I 32 878 

Fig.6 Skylight radiance spectrum 

750 600 850 900 

FILE ~JR. 79 
STA TIC'N 0 
1982.APP.ll. 27 
TIME 100618 
TYPE 5 



0 
,.; 

~ 
II) 
Ill 
0 
!Do 
~...: 

0 
.3 

"I 
0 

q 
0 

0 
N 

FLUREX -82 27 /4 

0 

,O;---~-,-,~,_-~,-~-,-,~,,~~r-,~,-~,,~~,-,~T,~-,,~--,, 
7.o a.o 9.o 10 o 11.0 12.0 13 o M.o 1s.o 1s.o 11.0 1a.o 19.o 

llME (HOUR) 

Fig.7 Time series of the radiance baseline at 685 nm 

FLUREX 82 modell 

IB 

0.0 0.5 1.0 t.5 2.0 
Lsky Base 

Fig.8 Relation between the specular reflected sky 
radiance (calculated according to the 
baseline algorithm) and the fluorescence 
baseline for zenith angles of 35-82°. Scales 
are in W rn- 2 sr- 1 urn- 1 • 



Cl> 

~ 

0 
rl 

CD o 
L... ... 

~ 
-3 

"1 
0 

FLUREX 82 modell 

II 

0 
d-1--~--'---.,.--~~-.--~~~,-~~-...~~~-.--~~~ 

o.o 200.0 400.0 600 0 BOO 0 1000 0 1200.0 

Ed Bose 

Fig.9 Relation between the downwelling irradiance 
[W m- 2 um-1], calculated according to the 
baseline algorithm, and the fluorescence 
baseline [W m- 2 sr- 1 urn-'] for zenith angles 
of 35-82° 

rLURE:< -32 27/4 

~-
0 

+ 
-++ 

+ + ¥ 

+ 
+ + + •"'f_+ + + + + 

+ 

::;: 
0-t-~-,--~-...~~~~~~-.--~-.-~-...~~~-~..--~'"T"-~-,--~-, 

1.0 8.o o.o 10.0 1\.0 12.o do 14.o 15.o '8.o 17.o 18.0 19.o 
TIME ~HOUR) 

Fig.10 Time series of the radiance ratio L(645)/L(724) 



FLUREX 82 27/4/82 

0 
.-1 

~ 

~~ 
'-'-' 

~ 
~": 
IO~ 

:::r 
I 

11 11 I 
II II I I II 

II II ,-

~ 

0 .... 
I 

2.0 2.5 J .O J.5 4.0 
Chlorophyll &rig m-3] 

Fig.11 Relation between the chlorophyll concen
tration and radiance ratio L(545)/L445). 
Correlation coefficient is -0.55 for n=21. 



FLURE>'. -82 ~114 L t 

0 

~-

~-
+ 

+ 
,-.... 

+ ~ + 
-+ ~ + + 
~~~ .. 

""" 
+ 

~ + + + 
(cl·~ 

+ "T ;-
Ul - .. .._,. 

+ + :::i 
....J !O 

~-

0 

~ 
I I I I I 1 I I I I 1 l 

7.0 8.0 Q.O 10.0 11 0 12.0 13 0 1 .. . 0 lS.O 15.0 17.0 18.C) '9.0 

TIME (HOUR) 

Time series of radiance color ratio 

FLURE:< -32 27(_4 
0 

~-

+ 
"' + 
~- + .. --- ~ + + l!l 

-:t + .. "lfr + 
~~- + + 

+ 
++ 

........... 
,-..0 
lJ) ·? 
--t- -
lll ---0:: ID + 

~-

+ 
0 

~ t-----, 7.•) 
I I l .----. I I I I a.o Q.O 10.0 11rJ 12.0 13 0 M.O 1:5.0 16.0 17.0 18.0 r.1.1) 

TIME <JiOUR) 

Time series of reflectance color ratio 

Fig.12 Time series of the 
and 

radiance ratio 
L(545)/L(445) (a) the corresponding 
reflectivity ratio ( b) 



w 

0 
C'j 
0 

~~ mo 
I 

lO• co--: 
tO 0 
'::::f 

!'::! 
0 

52 

FLUREX -82 21L4 
0 .., 
·-0 

ID 
N 
ci + 

N + N 
!!2 0-

a::: + 
o~ 
:::J • fie + 

:!: 
d 

E 
d 

7.0 8 .0 9.0 10.0 

Fig.13 Time series of 
fluorescence 

FLUREX 82 27/4/82 

+ 

+ 
+ + ~ + ·i,, 

I I I I 

11.0 12.0 13.0 M.O 

TIME (HOUR) 

the baseline 

IB IB IB IB ~1- 1•mir-;,~~-~::..__:_m1!__ 
m-111~111-

ll 

+ 

I 

15.0 

+ 
++ 

+ 
+ 

+ 

I I 

16.0 17.0 18.0 

normalized 

cl ~-~~~~~,~~~~~,~~~~~.--,~~~~~ 
2.0 2.5 3 0 3.5 4.0 

Chlorophyll &ng m-3] 

Fig.14 Relation between the chlorophyll 
concentration and the fluorescence line 
height [W m-2 sr-1 um-t] for 21 samples, 
correlation coefficient is -0.67 

I 

19.0 



0 

"' d 

1:) 
Wd 
Vl 
<o 
~:;
w 
~~ 
ID o 

..lo 
I() '": 
a::i 0 

.!£. 
e~L 

0 
0 
0 

FlUREX 82 27/4/82 

0 ~~-o~~~~--,-i-s~~~~-.-j-o~~~~-3~'.-5~~~~-,io 

Chlorophyll ~ng m-3) 

Fig.15 Relation between the chlorophyll 

0 

"' d 

~ 
Cl) 0 
UI 
Co 

~~ 
'QI 
~~ 

.0 0 

I 
ti} 5? 
ffic:i 
d~ 

0 
0 
0 

concentration and the baseline normalized 
fluorescence, open squares: model 
calculation, filled squares: FLUREX data 

F LUREX 82 mo dell 

_.,.._~Ble--<111-...--IB--
- &1 

m-m--m
-111-&1-m-

0-J--~~~~-~.~~~~-~.~~~~-.~~~~~-, 
2.0 2.5 J o J .5 ~ .o 

chlorophyll frng rn-3] 

Fig.16 Relation between the chlorophyll concen-
tration and the baseline normalized 
fluorescence for a zenith distance= 50.7° 



_1-1-11-

0 

FLUREX 82 27/4/82 

IB 

~!L-·----IB IB II-- &I IB 

0 .1------,-----.----~,----~, 2.0 2.5 J 0 J .5 4 0 
Chlorophyll ~ ng rn- .3] 

Fig.17 Relation between the chlorophyll concen
tration and the baseline normalized 
fluorescence after correction of the 
specular reflected sky light 

2.0 

FLUREX 82 rnodell 

-~-___.-------

2.5 J 0 

111-m--111- 111 ·-"' -

chlorophyll ~ng m- 3j 

~------- -----·---- ·---

Fig.18 Relation between the chlorophyll concen
tration and the baseline normalized 
fluorescence after correction of the 
specular reflected sky light for a zenith 
distance of 50. 7° , model data 



FLUREX -82 27L4 
0 
0 

I 

~ 

++ 0 ++ ,--..... ...: -
~ I + 

+ ... 
IY IX> .. ... 
0 C!- ... Vl -CD I 

+~+ + <t: + 
I~ + IY _, _ 

o' 
=> 
ii~-

I 

6 
~ 
I I I I I I I I I I I 7.0 8.0 9.0 10.0 11.0 17.0 13.0 M.O 15.0 15.0 17.0 

TIME (f lOUR) 

Fig.19 Time series of the fluorescence calculated 
as ~he baselin~ normalized difference 
between L(685) and L(665) 

_,. 

... 

I I 

18.0 T9.0 



WORKSHOP ON HIGH SPECTRAL RESOLUTION IMAGING 
FOR LAND AND OCEAN REMOTE SENSING 

Ottawa, 14-17 October, 1986 

Distribution of Gelbstoff in coastal waters 

and its investigation with laser remote sensing 

G. Budeus 1 , D. Diebel-Langohr2. F. Dorre2, 
T. Hengstermann2, G. Krause,, 

R. Reuter2 , P. Schlittenhardt3 

Institute for Polar and Marine Research, Bremerhaven, FRG 
~ University of Oldenburg, Oldenburg, FRG 
3 Joint Research Cen~re, Ispra, Italy 

ABSTRACT The fluorescence lidar operated from aircraft 
allows a nearly synoptic investigation of extended 
areas of the sea which is particularly important if 
hydrographic conditions are changing rapidly in 
time, e.g. due to tides. Among the substances that 
are detectable with lidar, Gelbstoff (dissolved or
ganic matter) gives rise to very dominant fluores
cence signals. Due to its good stability this 
material can be used as a natural tracer for 
transport and mixing studies, and for the 
identification of characteristic water masses and 
frontal systems. Results obtained in the German 
Bight and in the Adriatic Sea are reported. 

The use of satellites for the delineation of chlorophyll g 
distributions from water colour measurements at blue/green 
wavelengths has led to remarkable results over the open 
ocean where water colour is governed by phytoplankton 
pigments alone. Problems arise for the interpretation of 
radiometer data obtained over coastal waters where other 
substances optically compete with these pigments. The recent 
development of solar-induced chl g fluorescence as a further 
and spectrally independent parameter opens a new chance for 
quantitative investigations of coastal areas where, in 
addition to chl g, the observed radiance spectrum is strongly 
influenced by suspended minerals and Gelbstoff. 
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The further development and verification of this method 
necessitates an evaluation of new algorithms for data 
interpretation and sensor calibration which have to be 
verified on the basis of ground truth measurements, in 
particular of chl £, Gelbstoff, and light attenuation data. 

A method complementary to shipboard ground truth 
investigations makes use of airborne fluorescence lidars. 
With these instruments a nearly synoptic survey of extended 
areas of the sea can be achieved. As an example, mapping of 
the hydrographic situation present in the German Bight 
requires a measuring time of 2 hours which is essentially 
shorter than the tidal period. The ability of a specific and 
continuous detection of those substances or water column 
parameters which are investigated with satelliteborne 
radiometers means that this remote sensor is a candidate for 
an efficient collection of ground truth data. 

Basically the fluorescence· lidar consists of a high power 
laser emitting at near UV or visible wavelengths, and of a 
gated signal receiver for the detection of laser-induced 
radiation from the upper water layers. Pulsed laser systems 
and gated signal detectors are throughout utilized in order 
to discriminate daylight background from the laser-induced 
water column return. 

In clear case II waters the lower limit of sensitivity is at 
about the same level as with laboratory instrumentation. 
However, accuracy is reduced through the air/sea interf3ce 
transmission: waves give rise to an apparent signal noise of 
about 10 - 20 % which hampers the resolution of structures 
at very small scales. Moreover, absolute calibration of 
airborne fluorosensor signals is a difficult task and has not 
been achieved so far; signal calibration is generally done on 
the basis of in situ data. 

The laser f luorosensor was used as an airborne sensor for 
the first time by Kim (1973) for algae detectio~ . Since that 
time a number of working groups have developed and 
operated such systems for the purpose of hydrographic 
studies, see , for example, Bristow et al. (1981, 1985), 
Diebel-Langohr et al. ( 1985, 1986a-b), Hoge et al. ( 1982, 
1 983, 1 986), Houghton et al. ( 1 983) and O'Neil et al. ( 1 980). 

The following hydrographic parameters can be evaluated: 

- spectral light turbidity from the analysis of water Raman 
scattering (Bristow et al. , 1 981 ; Hoge and Swift, 1983), 

- Gelbstoff (Bristow and Nielsen, 1981; Hoge and Swift, 
1982; Diebel-Langohr et al., 1985, 1986a) and 

- Chlorophyll (Kim, 1973; Browell, 1977; Hoge and Swift, 
1983) from their specific fluorescence. 
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The effect of multiple scattering on the detected signal has 
been theoretically investigated by Gordon (1982), Poole and 
Esaias (1982) and Schmitz-Peiffer ( 1986). Spectral 
light turbidity derived from water Raman scatter 
intensity takes on some intermediate values between the beam 
attenuation coefficient c and the diffuse attenuation 
coefficient K. The actual value depends on the turbidity 
itself, on the elastic scattering properties of the 
hydrosol and on the footprint diameter R of the detector 
telescope field of view (R having a typical value of one 
meter). Multiple scattering is negligible with R*c < 1, and 
becomes dominant with R*c > 5; then, measured attenuation 
coefficients approach c and K, respectively. 

The potential of fluorosensors having time resolving lidar 
capabilities has been successfully demonstrated. These 
systems make use of nanosecond laser pulses and of a fast 
signal detection. Delineation of depth profiles 
of hydrographic parameters, particularly of water turbidity, 
has been achieved down to water depths of about 5 
attenuation lengths with a resolution in the order of one 
meter· (Hoge and Swift, 1983; Diebel-Langohr et al, 1985, 
1986b). Moreover, the possibility of evaluating quantitative 
attenuation coefficients without the need of an absolut~ 
calibration of the instrument has been demonstrated (Diebel
Langohr et al., 1986b). 

Algorithms for signal interpretation 

The laser-induced scattering or fluorescence signal dP 
received from a depth interval dz at depth z can be written 
for arbitrary emission and detection wavelengths as (Browell, 
1977) 

dP = Ao {exp(-~)/(z+mH)2} dz ( 1 ) 

with z = O at the water surface and z positive downwards, ~ 
representing the effective optical depth 

with 

and where 

z 

~ = J c(z') dz' 
0 

c = Cex (z, :A.ex) + Cem (z,A.em) sum of light attenuation 
coefficients at the excitation and the emission 
wavelengths, 
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o = o(z,Aex ,Ae~) quantum efficiency of fluorescence 
or water Raman scatter, 

H aircraft flight height (positive), 
m refractive index of water, 
A summarizes instrumental factors as the laser 

power and detector efficiency and others, 
signal losses in the atmosphere, and the in
fluence of the rough water surface on the beam 
propagation. 

The general solution of the lidar equation (1) for a 
homogeneous water layer (c = const, o = const) between depths 
z1 and z2 in a water column with arbitrary stratification is 
found by integration (Diebel-Langohr et al., 1986a): 

z 1 

Pzuz2 = A exp{- J c dz) o/c 
0 

whereby the approximation c >> (z + mH)- 1 is utilized which 
holds in all practical cases (H ~ 100 m). This form allows a 
calculation of the response of water layers which are 
stratified within the penetration depth of the fl1Jorosensor, 
and the investigation of other layered structures as e . g. 
thin films of pollutants on the sea surface. 

The total signal received in the depth averaging mode of a 
laser fluorosensor (i.e. not regarding a depth-resolving 
lidar capability) is then obtained by the summation of all 
~ontributions (2) between z1 = O and z2 >> 1/c. Assuming an 
optically deep and homogeneous water column, the direct 
integration of the lidar equation (1) yields (Browell, 1977): 

P = [ A I ( mH ) 2 ) * [ o I c ] 

When measuring water Raman scattering R which mostly 
necessitates subtraction of fluorescence background the 
corresponding scatter efficiency OR can be assumed to be a 
constant in a first approximation, and the signal intensity 
reflects the inverse sum of light attenuation coefficients at 
the laser excitation and the water Raman scatter wavelength: 

R "' 1/c = 1 / (Ce x + CR ) ( 3 ) 
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Gelbstoff or chlorophyll fluorescence signals F read: 

F "' OF I c = OF I ( c. x + CF ) ( 4) 

with OF the fluorescence efficiency, CF the fluorescent 
matter attenuation coefficient. 

Normalization of a fluorescence signal to water 
scattering yields then: 

F /R = OF (Ce x + CR ) / (Ce x + CF ) 

Raman 

( 5 ) 

The expression (5) is applicable for a delineation of the 
fluorescent matter concentration which is assumed to be 
~roportional to the fluorescence efficiency OF , provided the 
ratio of attenuation coefficients (Cex + CR )/(cex + CF) 
shows only moderate changes (Bristow et al., 1981; Hoge and 
Swift, 1982; Diebel-Langohr et al. , 1986a). This implies a 
careful choice of excitation and detection wavelengths: to 
avoid errors due to differential absorption, their spectral 
position should be set as close as possible. 

Absorption and fluorescence of Gelbstoff 

The potential of remote measurements of Gelbstoff depends on 
the optical properties of this material. Both absorption and 
fluorescence determine the laser fluorosensor signal 
according to the algorithms given above. On the other hand, 
radiometer data are governed by the absorption charac
teristic; a possible relevance of sunlight-induced fluores
cence for the radiometer signal has not been investigated so 
far. 

Gelbstoff absorption is dominating at blue/green wavelengths 
where the absorption coefficient can be approximated by an 
exponential function (Nyquist, 1979; Bricaud et al., 1981 ). 
Beam attenuation spectra of filtered water samples of the 
German Bight , Fig. 1, demonstrate this clearly. The diffuse 
attenuation coefficient of clear water (Smith and Baker, 
1981) is given in the same figure for comparison. 
The weak absorption bands of Gelbstoff generally found at red 
wavelengths play only a minor role for the optical charac
teristic of seawater in this spectral range. 

Fluorescence emission of 
spectral band covering 
excitation line (Nyquist, 

Gelbstoff results in a broad 
the whole visible beyond the 
1979; Bristow and Nielsen, 1981_). 
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With excitation at wavelengths in the near UV the spectrum 
shows a maximum at about 430 nm: Fig. 2. 

Small but significant variabilities of the absorption and 
fluorescence signature are observed depending on the area 
under investigation. These findings confirm that absorbing 
and fluorescent compounds of Gelbstoff are not identical. For 
the same reason a regression analysis of absorption and 
fluorescence data generally leads to low correlation 
coefficients in the order of 0.5 - 0.8 (Reuter et al., 1986). 
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Fig. 1: Spectra of the Gelbstoff attenuation 
coefficient of samples taken in the 
German Bight (full line: research 
platform 'Nordsee', open sea; dashed 
line: 8°25'E 54°15'N, coastal area), 
and of the diffuse attenuation coef
ficient of pure water (dotted line) 
according to Smith and Baker (1981 ). 

These findings are also supported by investigations of the 
long term stability of optical parameters of Gelbstoff. It 
turns out that the temporal variation of absorption and 
fluorescence is ruled by different time constants under both 
illuminated and dark storage conditions (Diebel-Langohr et 
al. , 1 986c) . 
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Airborne f luorosensor measurements of Gelbstoff 

To show examples of data obtained with the airborne fluoro
sensor method, results of the oceanographic experiments 

* ADRIA'84, which was performed in the north-west Adriatic 
Sea in August 1984, aiming at an investigation of the 
hydrographic processes present in this area in the 
summer period {Schlittenhardt, 1986), and 

* 'Fronten 2', which was carried out in the German Bight 
in October 1985 as part of an interdisciplinary research 
programme on water masses and frontal systems in that 
area (Krause et al., 1986). 

are presented. 

The fluorescence lidar utilizied in these campaigns was the 
Oceanographic Lidar System {OLS). developed at the University 
of Oldenburg. The instrument is a profiling sensor operated 
at 200 m flight height ~hich has been designed for · near Uv 
(308 nm), blue (450 nm) and green (533 nm) laser excitation 
and for a sensitive time-resolved signal detection at a few 
emission wavelengths characteristic of the water column 
parameters under investigation (Fig. 2). A detailed 

10 

!'! Qlj 
·;: 
"' 
f 0.6 

~ 
iii 0.4 c 
~ .: 

Wavelength I nm I 

Fig. 2: Emission spectrum of a water sample 
taken from the German Bight. Excitation 
wavelength is 308 nm. Water Raman scat
ter is observed at 344 nm. Gelbstoff 
and chl s fluorescence show maxima at 
430 and 685 nm, respectively. 
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description of the system has been reported 
(Diebel-Langohr et al., 1985, 1986a). 

elsewhere 

From the time-resolved lidar data depth-averaged fluorescence 
and water Raman scatter signals of the sur.face layer were 
computed off line by numerical integration according to Equ. 
(4) and (3). From these data, 

the UV attenuation coefficient c(308)+c(344) ~1/R(344) 

the blue/green attenuation coefficient c(450)+c(533) ~ 1/R(533) 

the Gelbstoff concentration 

and the chl g concentration 

F(380)/R(344) 
F(366)/R(344) 

F(685)/R(533) 

ADRIA'84 
'Fronten 2' 

are derived in relative units according to Equ. (3) and (5). 

Four ships were involved in the ADRIA'84 campaign to cover 
different areas of the northern Adriatic with measurements of 
CTD, seston and dissolved material, and of various optical 
parameters; a comprehensive presentation of results is given 
in a joint data catalogue (Schlittenhardt, 1986). In the 
experiment 'Fronten 2' ground truth CTD and optical 
measurements were done on board R/V Victor Hensen. 

* Adriatic Sea 

The northern part of the Adriatic Sea is the shallowest area 
of the Mediterranean. Large river run-off, extended lagoon 
systems having considerable exchange of water with the open 
sea, and the increase in surface temperture during summer 
result in strong gradients of the hydrographic parameters. 

This is displayed in the results of a flight with the 
Oceanographic Lidar System on August 30, 1984 , Fig. 3. The 
Po river plume with a pronounced patchiness of the measured 
data, and the existence of different water masses having a 
relatively homogeneous composition, are clearly recognized. 

Water Raman scatter normalized fluorescence intensities 
F(380)/R(344) range between 3 and 10 in front of the Po 
delta, and 0.3 in the clear water area in the southern part 
of the off-shore flight track on 13°00' E. At these locations 
the Gelbstoff attenation coefficient Cy(450) is estimated to 
be 0.2 and 0.01 m- 1 , respectively. 

The data derived from the lidar measurements are strongly 
- but not linearly - correlated between themselves, and with 
in situ findings. Mean values of airborne and ground truth 
data taken from selected positions indicated in Fig. 4 are 
given in Table 1. 
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Fig. 3: Distribution of the UV and blue/green atten
uation coefficient, and the Gelbstoff and 
chlorophyll g concentration in the northern 
Adriatic Sea with lidar on August 30, 1984. 
Flight tracks (straight lines) are used as 
baseline for the given data. Scaling of the 
profiles is identical except for the track 
on 13°00'E and the area near Ravenna. 
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Fig. 4: Position of selected data along the flight 
track chosen for Table 1. 

-------------- lidar ------------- -ground 

flight UV blue/green Gelb- chl f! Gelb-
track 

a 
b 
c 
d 
e 
f 
g 
h 

att att stoff stoff 
[ relat. units] [Raman norm. fluor.] [ r. U.] 

.74 2. 14 . 61 .08 48.2 
3.29 12.08 1 . 7 6 4.40 89.0 
9.29 25. 12 4.61 1 6. 1 7 126.6 
1 . 38 3.75 1 . 33 .46 70.3 

. 7 8 2.87 .85 .30 70. 1 

. 31 1 . 41 .29 .07 24.4 
1 . 1 1 3.00 1. 23 .40 54.3 
1. 04 3. 19 .89 .04 50.5 

Table 1 : Mean valueas of airborne lidar and of 
ground truth data of selected positions 
shown in Fig. 4 
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The high covariance of Gelbstoff and chlorophyll present in 
the northern Adriatic is a consequence of the Po river 
discharge which is the dominating source of Gelbstoff and 
nutrients when compared to other freshwater input and 
advective transport of open sea water. In addition to the 
river plume in front of the Po delta, an extended mixed water 
mass with enhanced Gelbstoff concentrations is found with 
very stable hydrographic conditions over the 3 days period of 
investigation. 

* German Bight 

The distribution of Gelbstoff obtained during the experiment 
'Fronten 2' on October 4, 1985 with the Oceanographic Lidar 
System is given in Fig. 5. Isolines correspond to 
F(366)/R{344) with 308 nm excitation. 

Airborne Gelbstoff data were compared with salinity measured 
in the surface layer at identical ship and aircraft 
positions, whereby the difference of the sampling time of 
data chosen for this purpose did not exceed one hour. 
Correlation of these parameters · is high, Fig. 6, as it is 
typicall y found in the German Bight. The distribution of 
Gelbstoff in this area is largely dominated by ri ver 
discharge and reflects well the hydrographic situation in 
this area, particularly the mixing of river water and the 
formation of haline fronts (see, for example, Krause et al, 
1986). 

On the basis of the high correlation of Gelbstoff and 
salinity, and because of the observed stability of the 
hydrographic parameters over the period of measurements (3 
5 October). an identification of characteristic water masses 
was performed using the airborne lidar and the shipboard 
data: Fig. 7 and Table 2. 

The distribution of water surface salinity derived from 
shipboard CTD measurements in the period of investigation is 
shown in Fig . 8 . For this presentation, a conversion of 
geographical positions to coordinates fixed with the moving 
water mass has been done to avoid errors due to tides. 

To further describe the hydrographic situation, airborne and 
shipboard results obtained on longitude 54°15'N are shown in 
Figs. 9-10. In addition to Gelbstoff data, profiles of UV and 
blue/green light attenuation coefficients and of water Raman 
normalized chlorophyll g fluorescence are given for 
comparison in Fig. 9. Fig. 10 displays isolines of salinity 
in the water column along the same section. The formation of 
water types 1 2 and 5 (Table 2), separated by transition 
areas about 3 kilometers wide can be cearly seen. 
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Fig. 5: Distribution of water Raman normalized Gelb
stoff fluorescence obtained with lidar on 
October 4, 1985, in the German Bight. Iso
lines correspond to F ( 366) /R ( 344). Dashed 
lines represent flight tracks. 
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Fig. 6: Plot of water Raman normalized Gelbstoff 
fluorescence versus salinity in the surface 
layer. Full line corresponds to linear re
gression with r = -0.96. Dashed lines mark 
the width of the signal fluctuation of air
borne data. 
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9• 

Fig. 7: Characteristic water masses derived from 
airborne Gelbstoff fluorescence and ship
board salinity data. 

mass Gelbstoff salinity 
F(366)/R(344) (%] 

< .25 ) 3. 1 
. 3 ... .45 2.8 3.0 

> . 6 < 2.7 
> .6 < 2.7 
> . 6 < 2.7 

Table 2: Characteristic water masses shown in Fig. 7 
and corresponding Gelbstoff and salinity 
values. 
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Fig. 8: Distribution of surface salinity obtained from 
shipboard CTD measurements on October 3 - 5. 

A close correlation of Gelbstoff and chlorophyll data cannot 
be found in the airborne profiles of this experiment. 
Phytoplankton growth is obviously not strongly related to 
physical hydrograohic parameters, if we consider Gelbstoff to 
be inversely proportional to salinity according to Fig. 6. 

Conclusions 

The development of the airborne laser fluorosensor method 
during the past decade has reached a level which allows an 
application of this sensor for various tasks in oceanography. 
These cover investigations of dynamic processes, primary 
production, pollution monitoring and of other subjects. 

For the purpose of optical satellite 
collection, the oceanographic laser 
advantage for several reasons: 

data ground 
f luorosensor 

truth 
is of 

* the sensor allows a sensitive and specific detection 
light attenuation and of chlorophyll, Gelbstoff 

of 
and 
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* 

suspended minerals by use of fluorescence and Raman 
spectroscopy. Lower limit of sensitivity for Gelbstoff 
and chlorophyll measurements is close to that of 
laboratory instrumentation. 

besides atmospheric 
completely determine 
by the satellite; 

contributions 
the radiance 

these parameters 
spectrum measured 

* it is particularly the sensitive detection of Gelbstoff 
which allows an investigation of the characteristic 
hydroraphic processes since Gelbstoff concentrations are 
cloasey related to salinity data 

* a good coverage of extended areas of the sea is easily 
achieved. 

f J Jgtrrnumo~r 08.3 
aat~ J-J0-85 
tJm~ 12 47 

• 2 so 

"' " 

• i!5 0 

~ . 
:.. 

'1JSt•nCll {~ts/ 

Fig. 9: airborne lidar profiles obtained on longi
tude 54o14'N on October 4. UV and blue/green 
attenuation, and concentrations of Gelbstoff 
and chlorophyll are given. 
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10: East-west section on 54°15'N from 8°25'E 
to 7°50'E, October 4, 1985. Ship stations 
are marked. 

Limitations arise from the fact that attenuation data can be 
derived in absolute units only with limited accuracy, if 
shipboard ground truth is not available. However, fluores
cence data are given with high accuracy due to the 
normalization to water Raman scatter. 
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Other problems are due to the f luorometric method of 
investigation. Particularly fluorescent compounds of 
Gelbstoff are not identical with the absorbing fraction. 
This can lead to erroneous results when estimating Gelbstoff 
absorption coefficients from fluorescence data. Further 
investigations of the chemical and optical properties of 
Gelbstoff are necessary to better understand the relations 
between absorbing and fluorescent dissolved matter. 
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AIRBORNE FLUORESCENCE MAPPING: APPLICATIONS AND POTENTIAL 

Gary Borstad, Borstad Associates Ltd. 

The Fluorescence Line Imager arose from experience with an non
imaging spectrometer built for DFO by USC astronomers in 1974. 
The IOS spectrometer uses a 256 channel Reticon linear array 
sensor and dispersive optics to produce spectra with a 12nm 
resolution. Reflectance ratios CLu/Ed) of the sea CFIG. 1.) show 
a fluorescence peak at 685 nm. 

WATER COLOUR SURVEY APPLICATIONS 

For oceanographic surveys, water colour indices are calculated 
from each spectrum Cat integration times of .1 t.o 1 sec) and 
plotted as strip charts CFIG. 2), Sea surface temperature is also 
measured with an infra-red radiometer. The technique allows rapid 
surveys of large and remote loca~ions. In this plot of a track 
across the mouth of Lancaster Sound, the FLH and GIB ratio vary 
together CFIG. 5) and opposite to thermal changes. 

FIG. 3. illustrates the results of three days of flying in the 
Eastern Canadian Arctic in August 1979 (Borstad and Gower, 1984), 
Surface phytoplankton chlorophyll was highest in patches 
associated with eddying along the edge of the Baff in Current 
which flows southward along the west side of Baffin Bay. 

In situ vertical profiles of chlorophyll were made from a snip at 
about the same time as the airborne survey. These showed that the 
top 35m of the Baffin Current and further offshore, which had 
surface temperatures of >0°c were nearly homogeneous. The 
integrated pigment content C0-35m) was 40-75X that at the surface 
CFIG. 4). Strong subsurface chlorophyll maxima present under the 
cold melt waters near the coast would lead to large under
estimates of the pigment present using surface measures alone, 
but the combination of ship and aircraft data permitted 
quantitative 30 mapping. 

In another Arctic survey in the Canadian Beaufort Sea in late 
August 1983 (Borstad, 1984) phytoplankton, sediment content and 
temperature ~Jere mapped to provide information concerning the 
environment of the bowhead whale, an endangered baleen CFIG. 6). 
Late summer upwelling along the Yukon coast west of 137°W 
resulted in increased fluorescence there. A large congregation of 
bowheads near King Point appeared to be associated with the 
upwelling. The largest numbers of this group were in colder, less 
turbid wa~er near the coast CFIGS 7 and 8), Several studies 
arising from this one have since shown the animals congregate 
along the edge of the river plume and in these shallow coastal 
upwellings where their zooplankton food is more abundant. 
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E~AMPLES OF AQUATIC APPLICATIONS OF THE FLI 

Gary Borstad, Borstad Associates Ltd 

The design driver for the FLI was the requirement to image water 
spectral reflectance changes resulting from varying phytoplankton 
concentrations in the near surface layers of the sea, 
specifically the narrow chlorophyll emission peak at 685 nm. 

1. *Radiance sensors have to avoid solar and absorption lines. 
* Oxygen line at 686.8nm overlaps with chlorophyll fluorescence 
peak, but it has a sharp lower edge. 
* FLI spectral bands can be placed to avoid absorption, even in 
the 'dirty window' near 720nm. 
* A 'Reflectance' spectum can be fabricated which shows the 
fluorescence line. 

2. * Spectra from a family of lakes with increasing chlorophyll 
concentration show increasing 685nm emission peak. * Yamaska Reservoir C37 mg Chl/m-3 ) shows a shifted emission 
peak, the resultant wavelength of which is a fucntion of Chl 
absorption and fluorescence as well as atmospheric Oxygen 
absorption. This spectrum also shows evidence of chlorophyll b 
absorption at 640nm. 

3. * Comparison of FLI measured fluorescence CFLH) with in 
si~u chlorophyll in 8 lakes in southern Quebec, and at 5 oceanic 
stations off Cape Hatteras, Virginia shows good agreement. 

4 5 and 6. * Comparison of two measures of FLH with fluorescence 
measured with the NASA Airborne Oceanographic Laser CAOL) along a 
line south east of Cape Hatteras shows very close agreement. More 
overlap between ship based chlorophyll measurement and the AOL 
also showed excellant correlation. Both FLH calculations were 
from 3 points. FLH 1 used a base line on either side of the 684nm 
peak (figure 5). FLH 2 used a base line extrapolated to 684nm from 
lower wavelengths. 

?. *A spectral image of Chlorophyll fluorescence in the vicinity of 
CSS Hudson Cseen under way in the lower part of the image) south 
west of Yarmouth, Nova Scotia in July 1986. Highest concentrations 
are seen in a patch near the top of the image. 

8. *Spectra from two locations Csingle pixels) in the spectral image 
in Figure 7, showing a change in fluorescence. 

9. *Most of the colour changes visible in lower Chesapeake 
Bay in December 1984 were a result of suspended inorganic solids. 
A simple measure of upwelling signal at 750nm correlates well with 
in situ measurements of Total Suspended Solids. Spatial imagery 
shows complicated patterns of TSS off the mouth of the Bay Csee 
Borstad et al, 1985), 
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FLI WORKSHOP ON HIGH SPECTRAL RESOLUTION IMAGING 
FOR LAND AND OCEAN REMOTE SENSING 

OTTAWA OCTOBER 14-17, 1986 

ANALYSIS OF FLI VEGETATION REFLECTANCE RED EDGE DAT.-\ 

J.R. Miller, M. Boyer, E.W. Hare, M. Belanger, York University 

J. Wu, on leave Shandong University, CHINA 

and .-\.B. Hollinger and D.R. Sturgeon, ).foniteq Ltd. 

During the summers of 1985 and 1986 the FLI has been used to col
lect airborne data from forests in Canada, the United States and central 
Europe over sites that were selected on the basis of suspected localized 
vegetation stress due to possible excess metal uptake or reported regional 
forest decline due to suspected acid deposition damage. The vegetation red 
reflectance edge, which occurs in the 650 to 800 nm spectral region. hri.s 
received increased attention during the past several years as a potential 
indicator of vegetation stress; previous laboratory and field measurements 
have shown shifts in the red edge of up to 10 nm in response to stress due 
to uptake of heavy metals. Preliminary analysis of FLI spectral mode data 
show the potential of this sensor to detect small spectral changes. It is 
expected that the FLI has an important role to play in eYaluating the ef
fects of canopy morphology and mixed species on the potential of mappin~ 
vegetation stress using remote 5ensing. 

York University is currently undertaking a joint field and airborne re
search programme into t!-:e potential to remotely map changes in the red 
reflectance edge. An inverted-Gaussian model has been introduced to de
scribe the vegetation red edge. This model ().1filler et al., 1985: Hare et al., 
1984) represents the vegetation reflectance as: 

fl. 3 is the shoulder reflectance, 

R'J is the reflectance minimum corresponding to the chlorophyll 
absorp-cion maximum at about 685 nm, 

>. 0 is the wavelength of the reflect<rnct minimum, 

u is the Gaussian model deviation parameter and, 

>.P = u + >. 0 is the edge inflection wavelength considered the :'position"' 
of the red edge. 



Analysis of Fluorescence Line Imager Data of Different Forest Types 

Donald G. Leckie 
Petawawa National Forestry Institute 
Canadian Forestry Service 
Chalk ~iver, Ontario 
l{QJ lJO 

There is a large need for remote sensing systems capable of providing 

information on forest type and condition. Of particular interest to the 

forest manager are species discrimination and assessment of insect, disease 

and other forest damage. The Fluorescence Line Imager (FLI) offers unique 

capabilities appropriate for these applications and a study was initiated to 

investigate the technology. The capabilities of the technology for 

determining spectral details of different forest types and changes in forest 

condition are examined and the variability of spectra of forest types is 

quantified. 

FLI data in the spectral mode was acquired October 3, 1Q85 over two test 

strips on the Petawawa '1ational F0restry Institute research forest. Flying 

altitude was 350 m giving a spatial resolution of 2 m across track and 12 m 

along track. The forest of the test strips includes plantations of coniferous 

species of ages from 5 to 60 years and natural stands of deciduous, coniferous 

and mixed woods. neciduous trees were near the peak of fall colouration. 

Data was analyzed at the Institute of Ocean Sciences, Sidney, 8.C. with the 

assistance of G.A. Borstad Associates Ltd. Several methods of display of 

spectral information were examined. An effective display was plotting a 

sequence of each spectra on a three dimensional plot with one axis as 

wavelength, another as intensity and a third as pixel number along a given 

camera band. A good indication of forest type and variability in spectra of 

forest type is given. Despite limitations in the spatial resolution and 

geometric characteristics of the spectral data image, the imagin~ is 

sufficient to determine areas of different forest types. Selected spectral 

bands were used to display an image of data acquired in the spectral mode. 
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Areas of similar tree species, age and density were defined on the images and 

the mean spectra for each area calculated. The standard deviation at each 

spectral wavelength was also determined. Mean spectra obtained from pixels 

within the same camera bands were compared. The spectral detail of fall 

colouration of deciduous stands is clearly evident. There is a large 

variability in the radiance spectra both between sites and within sites of 

similar forest types. 

The role and applications of FLI spectral mode data in forestry is as yet 

unclear. However, it is clear that the technology can provide useful 

information regarding the spectral characteristics of forest features which 

can be used to increase the effectiveness of forestry applications of linear 

array imagers such as the FLI in spatial mode. 
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Bathymetric analysis of geometrically' corrected imagery data collected 
using a two dimensional imager 

N.T. O'Neill, A.R. Kalinau~kas, J:D. Dunlop, A.B. Hollinger 

I' . '· , MONITEQ Ltd. 
630 Rivermede Road, Concord, Ontario, Canada L4K 2H7 
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Canada Centre for Remote Sensing 
~nergy, Mines & Resources Canada, 2464 Sheffield Road, Ottawa, Ontario, Canada KlA OY7 

Abstract 

In August of 1985 a programmable multispectral imager (FLI for Fluorescence Line Im~ger) 
was flown along with a Inertial Navigation System over the Red Bay region of Lake Huron. 
The objective of che mission was to collect digital imagery which could be processed into 
an accurate geomeLrically correct bathymecric map. The results of the geometric correction 
processing were found to be accurate·to the output pixel level (5 x 5 meters). Sampled 
profiles of the geometrically corrected image showed systematic shallow bias errors of less 
than 1.6 meters for depths less than 6 meLers and 0.6 meters for depth less than 4 meters. 

Introduction 

Airborne optical imagery for purposes of passive bathymecry in shallow waters is a 
promising hydrographic technology which p~ovices 100% surface coverage and which exploits 
the speed and flexibility of airborne remote sensing. The high sa~pling density and broad 
swath coverage ac:;ieved by current pu~hbroom scanning systems are st:::ong agrtunents for the 
utilization of this technology as an alternative or supplement to traditional methodologies 
of operational hydrography. 

To date the acceptance of passive bathymetry as a hydrographic tool has not been wide
spread due principally to comparatively small depth penet:::acion, uncertainty in absolute 
accuracy, and to the difficulty of converting airborne images to map quality data bases. 

We present in this report the results of an airborne imaging experiment whose goal was 
the production of an accurate, geometrically correct bathymetric map. The scope of the 
experitr.ent included the field measure.'11ent/ acquisition of the airborne imagery, inertial 
navigation system data, radiometric, geometric, and atmospheric corrections as a precursor 
to the application of the bathymetry algorithms. The techniques and instrumentation em
ployed to perform the tasks are described and results of intermediate processing steps are 
presented along with an analysis of the bachymetric output produces. 

Field experiment and equioment 

On August 4, 1985 a programmable multispectral imager (FLI for Fluorescence Line Imager) 
was flown over the Red Bay area of Lake Huron in a Falcon aircraft belonging · to the Canada 
Centre for Remote Sensing (CCRS). Data was logged on high density tapes and later trans
cribed to computer compatible tapes on the AIR system belonging to CCRS. An inertial navi
gation system (Litton Systems LTN-51) was also flown in the Falcon and its output recorded 
on dedicated CCTs. Ground truth consisted of solar extinction and ground reflectance 
measurements made using a programmable multispectral radiometer. The geocoded soundings of 
the Canadian Hydrographic Service (CHS) were acquired for the purposes of calibrating and 
validating the bathymetry processing steps. Survey photographs which could be triangulated 
from known geocoded points to selected scene points were provided by Terra Surveys Inc. 

The Red Bay area is a test sounding area for CHS and as such provided a density of 
soundings cotll!Uensurate with the high resolution sampling capability of the FLI. In addition 
the bathymetric parameters of the general area were fairly well understood since numerous 

Published in the Proceedings of the Society of 

Photo-Optical Instrumentation Engineers, 1986 ... 
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field trips have been carried out in the past to perform in-situ water quality and bottom 
type measurementsl. 

The FLI is a programmable imagery spectrometer which uses a set of two dimensional CCD 
array sensors for gathering electronic imagery from an airborne platform2. It employs 
multiple optical trains collectively cover·ing a wide swath in a pushbroom mode. Each CCD 
samples the ,:;.tnage at 385 spatial locations with a 0.7 milliradian field of view and at 288 
spectral columns covering the spectral region from 430 to 800 run. Data . is digitized to 12 
bits and summed to give 8 pre-programmed 16 bit spectral bands. The bathymetry spectral 
bands which were ·chosen are shown in Table 1. 

Table 1. 

FLI Band # 

0 
1 
2 
3 
4 
5 
6 
7 

For the Red Bay experi~ent 4 of 
1540 pixels or approximately 56°. 
velocity of 170 knots (315 km/hr), 
approximately 4 kilometers and the 
track. 

FL! Bandset for Bathvmetrv 

Wavelength Interval (nm) 

450 - 475 
515 - 525 
545 - 555 
525 545 
570 - 580 
600 - 625 
660 - 680 
740 - 758 

5 CCD cameras were utilized to give a 
At the nominal flying height of 12000 
and line sampling ~ime of 90 msec the 
pi~el size 2.6 meters cross track and 

total swath of 
feet (3660 m), 
swath width was 
7.9 meters along 

Figure 1 shows a coarse scale map of the area flown and the flight line swath. At the 
time of the overflight (approximately 1400 EST) sky conditions were clear and wind conaL
tions calm. To minimize sunglint problems the FLI module housing the 5 CCD cameras were 
tilted forward by 150. 

Geometric corrections orocessing 

The end product of the geometric correction processing is a map product whose line p~<el 
geometry is related by a simple linear transformation to the Universal Transverse !-!erca
tor (UTH) coordinates (easting and northing). In this fore the radiometric data and 
derived quantitices (such as depth an·.i bottom classification) can be compared on a pixel by 
pixel basis to ocher geocoded data bas ~ s. 

The navigational data must be corrected for linear drifts and offsets which are inherent 
errors in inertial systa~s. This correction (flight path rectification) is accomplished by 
extracting the associated errors through the use of absolute positions of gro~nd concrol 
points (GCPs) and applying these corrections to all navigational data samplesJ. The CC? 
acquisition was performed by first locating common ground features in t;:he FLI imagery (dis
played on an RGB i~age display system) and georeferenced photographs supplied by Terra 
Survey~ Inc. The absolute accuracy of the latter points was estimated at better than 60 cm 
and . hence was considerably better than the positional resolution which could be expected 
from the FLI imagery (7.8 meters by 2.6 mete~s footprint size). A total of 12 points were 
collected although in principle a minimum number of 4 GCPs would suffice for the purposes 
of implementing the flight path rectification algorithm. Attitude and positional data 
derived from the o~tput of the Inertial Navigation System (Litton Systems LTN-51) at sampl
ing frequencies of 10 and 50 msec respectively were interpolated to the nominal sampling 
times associated with the FLI imager lines for the Red Bay flight (90 msec integration 
time). 

The flight path rectification algorithm is based on the assumption that the systematic 
errors in the position and attitude data can be represented by a low order polynomial in 
time. Given the known (absolute) positions of ground control points, the nominal position 
of the aircraft, the sensor geometry relative to the aircraft, and the image plane position 
of the ground control points a regression inversion is performed to yield the coefficients 
which define the low.order polynomial. The polynomial is then applied line by line on the 
navigation sensor independent file to yield a corrected output file. This process is 
repeated in a recursive fashion until the estimated error is smaller than a predefined 
value. 

The success of the flight path rectification algorithm was measured in terms of the 
residual differences between the GCP positions calculated from the corrected navigation 
file and the true GCP positions acquired from the survey photographs. Before the 



63.? 
corrections were applied to easting and northing positions were characterized by residual 
offsets of approximately 1140 and 700 meters respectively (at the 1st GCP) and residual 
drifts of appro:<imately 36 meters/min and 41 meters/min respectively. After the 2nd itera
tion of the flight path rectification these residuals had been reduced to an rms level of 
1.8 and 3.7 meters respectively. In terms of the final output pixels of 5 x 5 meters this 
result represents sub pixel accuracy. 

To provide digit:al image·ry which can be compared on a pixel by pixel basis to informa
tion from other cat:a sets, t:he raw imagery must be resampled to a georeferenced output grid. 
The output grid ~as selected to have its line pixel geometry aligned with the UTH easting 
and northing axis and was charact:erized by pixel size3 of 5 x 5 meters. 

A simple linear transformation between output image line fixel positions and the UTM 
grid was then comput:ec. As a check of this transformation the first 2 ground control 
points were selected (by cursor positioning) from the oucpuc im~ge and their line pixel co
ordinates measurec. The residuals for t:he two points were computed and found to be of the 
order of one output pixel. Considering that the cursor location of the GCPs could well 
have been 1 output pixel off (5 meters) t~is result represents the best accuracy achievable. 

A resampling ~indow of 5 x 5 input pixels was utilized in a quadrature sum which approx
imated the convolution of the input image with a sine function centered at the point of 
interest (assuming a band limited Fourier spectra). To avoid frequency ringing due co the 
finite width of the resampling window, a cosine shaped damping function was applied to the 
resampling window. The r~sulcing image was free of any pixel dropouts or visual anomalies 
which could be related to the resampling algorithm. 

Water depth urocessing 

The geometrically corrected lwagery was then analyzed in a preprocessing interactive 
session, which was followed by p~oduction processing in a batch mode. The purpose of the 
preprocessing session was to extract the atmospheric and water optical parameters needed 
to analyze the FLI imager data for bachym.ecry. Preprocessing was also used to verify chat 
the intermediate results and water depths were physically realistic as well as consistent 
throughout the scene. 

An estimation of the upw~lling path radiance at-the sensor altitude is the first step of 
preprocessing. The magnitude of the path radiance is estimated from the longer red channel 
(750 run) signal over deep ~acer in the scene (greater than 4 meters in depth) and the 
spectral dependency of the scattering optical depth derived from ground radiometric 
measurements (this may also be predicted from meteorological conditions). 

Pach radiance is calculated~; using Gordon's4 expression only with slight modifications. 
The changes are due to the difference in sensor altitude (from satellite to 12000 feet) and 
a different red band wavelength (from 670 nm to 750 rua). Once calculated, path radiance 
is subtracted from the total signal associated with each pixel. · 

The remaining signal is converted from radiance to reflectance given the total down
welling flux above the water surface. Finally the component of reflectance due to surface 
reflection is subc:-acted to yield the signal caused by scattering from the water vol\.!.IIle 
(Rv) compounded with reflection from the water bottom (A). 

The simple two stream radiative transfer model is applied to produce the basic bathymetry 
eq':lation: 

(i) Ry = R.,. + (A - R ... ) EXP (- 2KD) 

where R ... is the volume reflectance for very- deep water, K is the diffuse attenuation co
efficient (l/m), and Dis depth (m). 

The diffuse attenuation coefficient (K) is the optical quality coefficient chat des
cribes in a first order sense, the radiative transfer mechanisms which influence the 
spectral radiative output of natural waters. K is calculated over deeper ~ater pixels 
(preferably greater than 5 m) by predicting the magnitude of the coefficient from radiance 
ratiosS. 

Once K is pr.edict:ed the chlorophyll-a concentration is calculated using Clark' s6 e~
pression. The K values for different wavelengths are derived using Smith and Baker 1 s7 
relationship. . 

When very deep water pixels (greater than 15 m) are not available in the scene, as in the 
Red Bay imagery, the R~ is derived from shallower depths (greater than 4 m) by using a 

' .. 
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variation of Austin and Petzold's5 radiance relationships. Only one wavelength (670 nm)l 
is used by running a polynomial fitting routine to derive the full R~ spectra8. As a 
method of comparison, true water depths are used alo~g with the two stream bathymetry 
equation and the other water parameters explained above, to calculate R~ over all visible 
wavelengths. 

It was assumed that water optical parameters do not vary greatly through one scene. 
Therefore, the optical parameters were extrapolated to the remainder of the image. 

The final parameter required for passive bathymetry is the spectral reflectance of the 
underlying bottom surface. This spectral data is derived from ground truth spectra (or 
from near shore pi:<els in the imagery). A maximum of three bottom types are used in bathy
metry processing. The three bottom albedos found in the Red Eay area are: (i) sand, (ii) 
rock, gravel, sand, silt, and (iii) mud and vegetation. 

Location of the bottom types through the image is determined by a cl•1stering analysis of 
two dimensional scatterplots of the imagery. 

Camera 2 was excluded from the final bathymetry processing because it:'s iris was stopped 
down for over land dat:a collection. However, when camera 2 was included, bottom type 
classificat:ions showed large undefined areas, This was caused by the different: intensit:y 
values between FLI cameras. 

Having det:ermined all critical auxiliary paramet:ers a depth dependent surface reflectance 
algorithm is utilized to produce a spectrally dependent reflectance look up table whose free 
parameters are bottom type and depth. During the processing stage the spectral signal 
levels from each pi:<el are utilized to (a) classify the bot:t:om according co criteria estab
lished during the preprocessing classification session and (b) to compute the spectral . 
reflectance for comparison with the scored look up table. Thus the depth ac the pixel of 
interest is taken co be the depth of the spect:ral reflectance curve from the look up table 
which most closely duplicates the shape and magnitude of the computed pixel refleccance. 

Table 2 shows the spectra for (i) path radiance, (ii) volume reflectance (R..,), (iii) 
diffuse attenuation coefficient, and (iv) three bo~tom cype albedos. The path radiance 
spectra has a monocomic decrease with wavelength as expected. Only a small fraction of che 
path radiance is pare of the reflected signal, so chat radiometric errors are small, while 
larger radiomet:ric error in the blue has minimal influence because t:he blue volume reflec
tances are insensitive to deptn. 

The Rm spectra derived in the preprocessing sessions indicate a fairly light load of 
suspended solids which is represencative of Bruce Peninsula watersl, Chlorophyll-a being 
the major absorber of the visible light field in water affects the diffuse attenuation co
eff:cient as mentioned above~ Therefore, as the chlorophyll-a concentration chanies so do 
the R... and K spectral shapes~ 

The assumotion of limited variation of water optical paramecers within one scene applies 
most favorabiy co open waters. However when islands ·and inlet:s are pare of the scene, the 
natural water current:s do not allow for maximum mixing. Therefore, the R.., used in the scene 
was to be representative of the average over the image area, This was also true of the K 
spectra derived in preprocessing. 

The bottom type ·albedos were acquired from ground 
barium sulfate .plate standard (Lambertian diffuser). 
having an air water interface. Therefore the bottom 
face datalO, 

Table 2. Preorocessing Derived 

Wavelength (nm) 460 520 550 

Path Radiance 1.214 0.787 0. 6'·8 
Volume Reflectance (R ... ) 5.0 8.2 9.3 
Diffuse Attenuation 0.288 0.213 0.20 
Coefficient 

Bottom Albedo 
Sand 9.15 12.85 15.8 
Rock/Gravel/Sand/Silt 8.05 11.15 13. 73 
Mud/Vegetation 3.45 4.2 5.0 

truth refleccance measurements using a 
Bottom types were measured near shore 

spect:ra were corrected to below sur-

Ootical Soectra 

575 610 670 750 

0.594 0 .511 0.384 0.310 
8.85 4.5 2.0 
0.239 0.542 0.658 

19.0 19.7 18.6 
16.3 17.0 16.93 

5.45 5.8 6.l 
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Comparison of comouted depth and soundings 

Figures 2 and 3 show a comparison of computed an~ sounded depths along two separate 
Northing transects. The rms residual errors relative to the sounded depths are presented 
below in Table 3 as a function of camera number (camera #5 corresponding to the leftmost 
region of Figures 2 and 3). An inspection of these residuals along with Figures 2 and 3 
reveals an evident correlation with camera numbers and depth. 

The camera 5 residuals are felt to be due to a real increase in the optical clarity of 
the water. Since the present bathymetry algorithms do not allow for spatial variation in 
the predicted value of the diffuse attenuation coefficient, depth biases related to the 
real variation of this parameter will occur. In the camera 5 results the increased signal 
level due to a real decrease in the diffuse attenuation coefficient yields estimates of 
depth which must be shallow biased if the assumed value of the diffuse attenuation co
efficient is overestimated. 

In general such errors of estimate will be more severe in dee~er water where the effects 
of particulate scattering dominate bottom reflectance information and the resultant reflec
tance becomes progressively less sensitive to changes in depth. This is particularly true 
for the apparent calibration offsets in the bathymetric computations at the larger depths 
and is borne out by the larger rms residuals in the (deeper) Figure 3 plots. 

Table 3. RMS Errors for Comouted Deoths (meters) 

Figure 2 

Figure 3 

Camera 5 

1.6 

1. 2 

Camera 4 

l.L 

1. 5 

Camera 3 

0 .. 6 

0.4 

The camera 3 results are less than 0.6 meters for both transects. Given that the res
olution of the reflectance look up table from which depths were extracted was 0.5 meters 
the rms residuals of this camera are commensurate with the best achievable accuracy. It 
should be noted however that the superior results achieved for camera J are partly attribu
table to the shallower depths in this region (less than approximately 4 meters) . 

Summary and conclusion 

For sampled imagery profiles of geometrically corrected line scanner data, bathy:netric 
processing yielced measured residuals ranging f=om less than 1.6 meters for generally 
deeper water C~ 6 meters) to 0.3 meters £or shallower water (< 4.2 meters). The greater 
part of the residual magnitudes were caused by CCD probl~~s found in camera 4, and the 
spatial variations in water quality parameters, over the swath of the Red Bay scene . 

The scanner nonuniformities of CCD sensors are presently being corrected. Therefore, it 
is expected that the depth computations should reduce the residual range. 
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1. INTRODUCTION 

Laminaria (kelp) are brown marine algae with long slender stalks and a 

broad flattened blade attached to the substrate by fibrous holdfasts. They 

occur in a wide variety of marine environments from the lower intertidal to 

depths exceding 20 m. Exploitation of Laminaria species exceed 250,000 t wet 

weight annually in the northern hemisphere (Anon, 1981). 

In southwestern Nova Scotia (map 1) kelp resources were assessed between 

1948 and 1949, MacFarlane (1952). Advances in ground survey and aerial 

photography techniques combined with impending utilization of resources lead 

to a reassessment of resources in 1979 (Sharp et al. 1981; Sharp and Carter 

1986). The limited depth penetration by normal color aerial photography (4.0 

m) necessitated extensive groundtruthing. Remote sensing techniques have the 

potential to allow greater depth penetration and higher resolution of 

resources than conventional photography. However, due to the very weak 

luminances emanating from a body of water a sensor such as a thematic mapper, 

developed to pick up the much stronger luninances of terrestrial targets, is 

not of great interest. Therefore, we tested a new sensor the fluorescence 

line imager (FLI) developed by Fisheries and Oceans ·Canada (Gower 1982). 

The discrimination of a submerged target, ie. the determination of its 

intrinsic parameters, is made difficult by the multitude of causes generating 

variations to the signal returned to the sensor. These variables are: 

- bottom reflectance; 

- extinction coefficient depth; 

- sea state; 

- path radiance. 
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The establishment of thematic cartography for submerged marine plants 
requires isolatation of causes for signal variation due to the modification 
of bottom characteristics. Unfortunately the most significant modifications 
of marine plants reflectance appear at wavelengths of minimum light 

transmission. 

The extinction coefficient as a function of wavelength varies with the 
water mass (Fig. 1). If we designate the coefficient by K, the transmittance 
inside a water mass is defined by (-X.K.Z). Where Z designates depth and X 
is a function of the path followed. At 700 nm, the value of K reaches 
0.7 (l/m). L(O) is the luminance descending immediately below the surface, 
therefore, the luminance at depth Z will be L(Z) as follows: 

L ( Z) "" L ( 0) exp ( -0 . 7 • Z) 1-1 
At a depth of 3 m, only 10% of the initial radiance will have been 

transmitted (Fig. 2). 
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Figure 1: Curves of transmittance as a function of depth. 
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Figure 2. The variation of extinction coefficients with wavelength relative 

to the spectral density of the descending illumination. 

Curve 1: Crater Lake (Oregon U.S.A.) at 10 m depth. 

Curve 2: Gulf Stream (25°45'N, 79°30'W), mean value between 

0 and 25 m depth. 

Curve 3: Gulf of California (25°5l'N, 111°2'W) at 8.5 m depth. 

Curve 4: San Vicente Lake (California) mean value between 

0 and 10 m depth. 

Adpated from A. Ivanoff, 1975. 
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2. THE STUDY AREA 

The study area was situated at the southwestern tip of Nova Scotia, 

extending 30 km north-south and 15 km east-west (map 1). The area included a 

group of islands in shallow waters (less than 15 m) with high benthic 

productivity. Two Laminaria species (kelp) are predominant in the subtidal 

Laminaria longicruris and Laminaria digitata, others Alaria esculenta 

and Saccorhiza dermatodea are common in the shallow subtidal (Fig. 3). 

Ag arum 

cribosum occurs in depths below 5 m. The main understory species are short 

( 10 cm) bushy red algae Chondrus crispus and Phyllophora spp. At the edge 

of the subtidal~O m Chondrus may predominate but will thereafter, be 

intermixed with canopy Laminaria species (Fig. 3). Zostera marina 

phanerogram (eel grass) occurs from 0 to 3 m in areas of mud and sand. 

The field data was collected by the Marine Plants Division, Department 

of Fisheries and Oceans Canada, in Halifax, N.S. (Sharp, et al. 1981; Sharp 

and Carter 1986). 

Our data base was thematic cartography of marine plants obtained by 

aerial photography and SCUBA diving in 1979. The information was 

supplemented, at the time of the fly over by real time data: sonar 

bathymetry, underwater radiance, water samples (for sediment content 

analysis) and by dives along the flight path where changes in the 

distribution of marine plants could have taken place. 

An~lysis of groundtruthing data found the extinction coefficient varied 

little over the study zone. As a result it was defined as a constant, like 

the atmospheric transmittance and the surface reflection coefficient. 
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Map 1. The study area 
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3. THE DATA IMAGES 

The FLI uses 5 CCD (Charge Coupled Device) frame transfer arrays with 

two dimensional arrays of light sensitive silicon diodes. Each array 

contains in the long dimension 385 elements and, in the second dimension, 288 

elements covering 430 to 800 run at spectral intervals of 1.4 nm (Borstad et 

al, 1986). The desired spectral intervals were obtained by selecting the 

corresponding diodes in a range from 430 to 800 nm (Table 1). 

Table 1. Experimental wavelengths and corresponding diode selection 

Channel No. Wavelength in run No. of diodes 

1 430 - 460 0 - 22 
2 500 - 530 53 - 76 
3 550 - 580 91 - 114 
4 600 - 630 129 - 152 
5 640 - 670 160 - 183 
6 690 - 720 199 - 222 
7 740 - 770 237 - 261 
8 780 - 800 268 - 284 

The intrinsic restriction of each camera ~ 14°) field made it possible to 

avoid the strong differences of luminance appearing between the center and 

the edges of the image. A faulty adjustment of the different camera gain 

allowed us to keep only two cameras (number 2 and 3) for analysis purposes; 

giving a ground cover of 770 pixels. Channel 1 was not utilized due to a 

high noise level. Therefore, the analysis was completed from seven spectral 

channels and two cameras. 
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The dimensions of the pixel, calculated from the acquisition parameters 

(Table 2) is 6 m in the perpendicular direction of the flight line and 27 m 

in the direction of the flight line. The later value, was higher than 

expected, due to weak scanning frequency specified at the time of the flight. 

(To obtain a square pixel of 6 m, we would have needed a scanning frequency 

of 37 Hz). 

Table 2. Acquisition parameters for FLI data southwestern Nova Scotia. 

Date/hour Altitude Speed Heading Scanning 
(m) (m/s) (Deg) (Hz) 

~7-07-85 

112:25 
(low tide height = 0.9m) 8,536 227 161 8.3 

Wheather conditions during the flight were clear skies and a sea state 2. 

An echo phenomenon caused by ar, internal reflection at the camera's 

optical system level was present on the image. Tl1e configuration of the 

ground target, i.e. an island of high reflectance at one end of the camera 

and the ocean, of low reflectance at the other end created this phenomenon. 

The intensity of echo I, is defined as the ratio of the radiance (L) of a 

deep water target in the echo zone over the radiance of a deep water target 

outside the echo zone. This ratio increased with wavelength from 1.06 in 

channel 2 to 1.50 in channel 8. It means an exponential increase which may 

be described by I=O .65J., with "A. inµ m. Diagrams 1 to 3 show the 

intensity of the phenomena in camera 3 along a line going from St. John 

Island to Bon Portage Island (the radiance intensity carried by the y axis is 

encoded in digital count). Photography no. 1 displays the phenomena occuring 

in channel 7 between St. John Island and Goodwin Island. The echo zones were 

excluded from the subsequent analysis. 
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4. METHODOLOGY 

Two methods were evaluated to discriminate between the effect of depth 

and the effect of reflectance from the bottom. The first, (Lyzenga 1978, 

1979, 1981) uses the band ratios and should allow without knowledge of the 

local bathymetry isolation of targets with the same reflectance. In this 

study none of the band ratios considered allowed discrimination with enough 

confidence between different bottom reflectances. 

As a result we developed a second method. The data from the local 

bathymetric map was numerized and superimposed to the remote sensing image, 

providing a known depth for each point. In keeping the basic equation 

(Lyzenga, 1978): 

Li= Lpi +a: Ri exp (-Xi • Ki • Z) 

where L. denotes the radiance received at the sensor emenating from the 
1. 

3-1 

target considered, Lpi' the radiance observed above deep water, Ri, the 

bottom reflectance and a: a parameter taking into account solar illumination, 

surface reflection and atmospheric transmittance. 

We then chose a target of known reflectance at two distinct depths: 

Z 1 and Z 2 : 

4 L pi 
+a: R. exp (-X. K. z 1 ) 3-2 

1. 1. 1. 

~ = L +a: R. exp (-X. K. z 2 ) pi 1. 1. 1. 

4 - L 
Ei [-X. K. (Z1 z 2 ) ] 3-3 = exp . -

12 - L 1. 1. 

pi 



ln 

(-X • K) 1 = 

Ll - Lpi 

Lz - Lpi 

6. z 
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Once the coefficients (-X • K)i were determined in each of the spectral 

bands, 

a: R. = 
l. 

we corrected the original image by applying: 

I 
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Figure 4. Definition of mean depth applied for the correction of depth 

effect. 
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5. ANALYSIS AND RESULTS 

The problem of depth effect correction is not as simple as the model 

lead us to believe. The theory applies well to the species type Chondrus or 

Zostera and to the non-poplulated substrates, but it is different for 

Laminaria. Kelp, having a large vertical structure, will cause the return 

signal to be issued for a same zone from many depths. In addition, their 

length is not a direct function of depth which makes the correction of the 

effect of depth according to local bathymetry problematic (Fig. 5 a & b). 

The presence of currents in the study zone tend to flatten the kelp 

against the substrate, increasing the phenomena's complexity and the 

difficulty of modeling corrections. 

We introduced through this depth correction, an over correction of the 

reflectance of the deeper zone kelp of the deeper zone. In the shallower 

zones there are mixed populations of Chondrus and - kelp or Chondrus and -

Zostera, the correction was wrong, because the reflected signal came from the 

upper part of the plant and is not at the same depth for the different 

species. An important error was probably introduced in the definition of 

equation 3-1. 

L. is defined by: (Austin, 1974). 
1 

Where R . represents the ratio of ascending light to descending light at 
W1 

wavelength i. 

4-1 
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Fig.5. The depth effect 
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To obtain equation 3-1 we suppose that in deep water Li = Lpi = ~ RWi; 

the value RWi is supposed to be independent from depth. However, it was 

observed (Ivanoff, 1961) that in shallow waters, the accumulation of 

particles near the bottom could bring about an increase in the ratio RW. 

Equation (3-1) should therefore read: 

Li= L . +a:R. exp(-X. K .Z) +e: 
pi l. z 

4-2 

The error introduced in the calculation of (X • K.) will then be of the order 
l. 

O "'· .... 

e: = 
L1 - Lp i 

4-3 
4! - Lp 

where the indices 1 and 2 denote depths Zi and ZQ. The shallower the water, 

the more we will underestimate the value of (X • Z). Particularly above non 

populated substrates (sand), the reflectance will be under evaluated. 

The bathymetric map due to its limits of resolution does not always show 

single anomalies (shoals) of ten populated by species other than those 

normally defined at the depth marked on the map. 

We had to conclude that in the case of remote sensing of a mixed marine 

plants population (plants with a predominant vertical morphology and plants 

with a predominant horizontal morphology) associated with non populated 

substrates, it was better not to resort to depth correction. 

The data was analyzed directly by principal components analysis of the 

seven spectral bands, after masking, by threshold in band 8 (near-infrared), 

the emerged zone. 
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By principal component analysis the maximtnn contrasts were extrac~ed out 

of each of the seven original channels, to assemble them into a reduced 

number of images. These contrasts, expressed by the variances, are 

accentuated according to the targets, such as sand, subtidal algae and the 

intertidal plant species. The zones of sand were the easiest to discriminate 

on the original images, while there was little differences between the levels 

of gray representing the intertidal and the submerged plants (Fig. 6). To 

accentuate the contrasts of the plant population zones we defined three 

training sites in three different populations. The first site was situated 

in a Laminaria population (-2 to -15 m). The second site included an 

intertidal algae population, mainly composed of Chondrus (+1.0 - -3 m). The 

third site, also in shallow waters (+.3- -5 m), was a Zostera marina 

population. All the populations mentioned above were submerged at the time 

of the flight. 

Four components were then produced using the covariance matrices: 

·~aminaria" site, with 7 spectral bands; 

"Chondrus" site, with 7 spectral bands; 

"Chondrus" site, with 5 spectral bands; 

"Zostera" site, with 7 spectral bands. 

Sixteen images were finally generated, amongst which five were kept to form a 

color composite where the contrasts between the different targets proved to 

be best defined. 

Examination of the eigenvectors demonstrates the degree of the variance 

of the original images in these five new components (Table 3). 
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Table 3. Eigenvectors of the principal components combined to form ti1e final 
image for the target species. 

Description of the training site 

Channel Laminaria Chondrus Com;eonent Chondrus Zostera Zostera 
fourth second FLI Channel third second third 

2 -8.83 3.76 2 0.83 1.50 11.93 
3 -16.53 0.11 3 - 2.15 -0.76 
4 23.49 -1.09 4 1. 76 1.22 -7 .86 
5 17.85 0.55 5 - o.78 1.29 
6 -11.77 -0.94 6 0.82 -1.23 0.15 
7 0 1.62 7 -0.89 0.11 -0.82 
8 0.11 -0.96 8 -0.58 0.09 -0.47 

The image created from the Laminaria training site contains a 

highlighting of the algae population submerged in deep waters. This 

information comes mainly from channel 4 (615 nm) and 5 (655 nm). Channels 7 

and 8 (755 and 790 nm) made no contribution to the formation of this 

component. The component created from the "Chondrus" site, with the seven 

spectral bands, contains information coming mainly from channel 2 (520 nm), 

while the use of only five bands created a component where the weight of 

channel 4 is the most important. Thus, information was obtained on the 

submerged intertidal algae at two levels. In the first case, the shallow 

depth populations are highlighted and in the second case, the mixed 

populations of .Chondrus cris;eus and Laminaria (transition zone). The 

components created with the training site "Chondrus", emphasize the variance 
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of channel 7 and 8, revealing the plant biomass floating near the surface of 

the water. The populations of Zostera marina are shown by accentuating the 

contrasts of channel 3 (565 nm), for the second component and those of 

channel 2, for the third component. The variance in channel 7 and 8 is very 

weakly represented in these two components; similar to kelp, this type of 

plant is totally submerged. 

The five components were associated to form a color composite according 

to 3 axis; red, green and blue (Table 4). Photography no. 2. 

Table 4. Representation of the principal components in the final image. 

Axis 

, ,_ 

2 
3 

Color 

red 
green 
blue 

Principal components 

fourth 
third · and second 
second and third 

Site 

Laminaria 
Chondrus and Zostera 
Chondrus and Zostera 

We obtained for each group of plants defined (Laminaria, Chondrus, 

Zostera and mixed population) an estimate of the areas populated (Table 5). 

Nu.merized bathymetry was used to calculate the area of species distribution 

by 1 m depth ones. 

Table 5. The coverage by depth of the different species determined from the 
Fl.I image of the study area. 

Depth Laminaria Chondrus Area (ha) Zostera Total 
(m) Mixed populations 

0-1 66.89 3.66 50.85 52.42 174 
1-2 105.93 0.46 14.56 4.41 125 
2-3 112 .42 0 
3-4 228.74 0 16.75 0.40 246 
4-5 59.53 0 2.84 0.10 62 
5-7 51.16 0 2.84 0 54 
7-9 34.45 0 2.22 0 37 
9-11 26.37 0 0 0 26 
11 0 0 0 0 0 

iI'otal 685 4 95 58 842 
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Analysis by manual methods of 1:10:000 Kodak Aero color 23 x 23 cm 

format diapositives defined 363 ha of Laminaria in the study area (Sharp and 

Carter, 1986). Groundtruthing by divers added 214 ha to the total area. 

However, FLI analysis defined 322 ha more Laminaria beds than color 

photography (Table 6). 

Table 6. A comparison of remote sensing and direct survey methods used to 
locate Laminaria resources. 

SURVEY METHOD 

Color photo Groundtruthing+ Total FLI 
rLocation Kelp ha Kelp ha Kelp ha Mixed 

St. John Is. 20 21 41 30 5 
Bon Portage Is. 113 100 213 290 19 
Duck Is. 16 23 39 41 6 
St. John Ledge 36 40 76 62 9 
Subarea totals 185 184 369 m 39 

Survey area 363 214 577 685 

+additional area detected 

The conservation asstnnptions made for the areas between groundtruth 

transects partially explains the earlier underestimate of kelp cover. The 

peak biomass density occurs between 1 and 5 m depth (Sharp et al. 1981). The 

zone maximum occurence identified by FLI was similar, 65% of kelp cover was 

located between 1 and 4 m (Table 5). Mixed populations of kelp and Chondrus 

had a maximtnll coverage in the 0-1 m depth zone. Since the emerged zone was 

eliminated from the analysis an unknown fraction of the area identified as 

Chondrus - Laminaria mix in 1981 would be eliminated in FLI analysis. 

St John Island's subtidal areas ranged from extensive shallows 2 m on 

its eastern shores to a steeply sloping (20 m) wave exposed western shore. 
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FL.I analysis identified 52% more cover than color photography (Table 6). 

Groundtruthing located an additional 21 ha primarily in depths below 5 m 

(Sharp and Carter, 1986). 

Bon Portage Island was the largest land mass and longest shore line in 

the survey area (map 1). The wave exposed western shore had a shallow slope 

to a depth of 10 m over 1 km from shore. The eastern wave sheltered shores 

made a transition from boulder substrate to sand within 200 m of shore and 

4 m depth. FL.I analysis detected a wider distribution with depth versus 

distribution in the total survey area. The water penetration conditions were 

ideal on the eastern side of Bon Portage Island; calm clear waters with 

contrasting substrate types allowed color photography to accurately describe 

this area. However, less ideal conditions on the ~estern side were more. 

suitable to FL.I. Use of FL.I added 71.0 ha of kelp principally in depths 5 m 

(Table 6). 

Duck Islaud on the western side of Bon Portage Island had very close 

agreement between groundtruthing ~nd FL.I analysis (Table 6). The small 

confines of Duck Island allowed more accurate use of color photography and 

groundtruthing. 

St. John Ledge is an area with a small intertidal area and extensive 

shoals ( 5 m). Groundtruthing defined a kelp area exceeding that located 

color photography (Table 6). Similar to Duck Island the groundtruthing to 

area ratio was high. 

FLI determination of the maximum limits of kelp distribution was in 

close agreement with groundtruth results (Table 7). Except in a few cases 

(e.g. Bon Portage east) these limits exceeded those defined by aerial 

photography. Comparison of mixed species distriubution was difficult since 



Tuble 7. A canparison of FLI analysis of kelp and mixed species limits with groundtruth 1: 10,000 color photography 

data from srutln.estem N:>va !i:otia. 

Fl.I O:'rundtruth Air H10to 

IIocation '.ltansect Turget lliter limit m I:e!)th m lliter limit m I:epth m lliter limit I:epth m 

mmber 

St. -k>hn ledge 42 mixed ~zoo 3 140 3 
kelp 500 7 700 9 400 5 

St. -k>hn ledge 44 mixed 100 1 45 1 
kelp 600 10 600 10 500 8 

St. -k>hn ledge 41 mixed 100 1.5 140 1.5 
kelp l100 10 400 10 250 2 

St. -k>lm ledge 43 mixed 100 1 100 1 
Kelp 300 6 300 6 300 6 N 

V1 

St. John ledge 19 mixed 200 1 140 1 
kelp 400 10 400 10 250 4 

St • .k>hn Is. 15 mixed 50 2 20 2 
kelp 100 5 250 lO lOO 5 

22 200 6 220 6 100 4 

lbn lbrtage Is. mixed 50 1 40 1 150 4 
West 39 kelp 1000 lO 600 8 150 

&st 5 mix 50 1 35 1 
200'.) 4 220 4 200 4 
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the presence of an understory did not relate directly to the designation 

mixed. Groundtruthing could not define a 50/50 cover as the determination 

was based upon an abundance index for Chondrus and density for Laminaria. 

The mixed zone was frequently narrow ( 100 m) and the resolution of FLI was a 

factor. However, the correspondence between these two measures was within a 

factor of 2 (Table 7). No comparison was made for the mixed zone between FLI 

and air photos since for analysis we eliminated the emerged zone included in 

aerial photography. 

Three areas resulted from FLI analysis had anomalies or an indeterminate 

target. Special groundtruthing was completed in these areas to identify the 

targets. 

Zostera/Laminaria mix over a sand substrate grading to exclusively Zostera 

gave a specific signature. A similar mix of Zostera and Laminaria occurred 

between Goodwin and Raspberry Island. 

Bon Portage Island North East tip had two areas of which proved to be 

sand/rock bottom with filamentous alga Chorda filum in patches. 

FLI identifed the popu~ation up to a depth of -11 m. The presence of 

populations at greater depth is uncommon. North of St. John Island, we found 

kelp below 11 m, that was not recorded up by the FLI. In the Coastal waters 

of the North Atlantic, a depth of 10 to 11 m represents the threshold limit 

of detection of marine plants for the FLI. 

Nevertheless, if the sensor seems to be capable of detecting marine 

plants at 10 m, it does not mean that it can pick up a signal coming from 

that depth. Indeed, the species populating these depths are of strong 

vertical structures and it is, in the majority of cases, the upper part of 

the plant that is at the origin of the signal received by the sensor. 
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7. CONCLUSION 

FLI is a method of resource assessment providing depth penetration 

beyond the limits of maximtun Laminaria coverage. To obtain equivalent 

resolution conventional air photography must be supplemented by costly ground 

surveys (Sharp, et al. 1981). The combination of bathemetric and FLI data 

permits correlation of coverage with depth; which is one of the most 

important factors determining resource utilization. 

The setbacks experienced when we tried to correct for the effect of 

depth have emphasized the need for a cautious approach when using remote 

sensing bathymetric studies (Jain et.al. 1983 and 1982). 

Notwithstanding the defects of quality of the sensor, that were already 

mentioned, first-rate results were obtained regarding the distribution of the 

submerged marine plants. The performance of the FLI images, in this field 

is, by far, superior to those of other methods used for the same purposes, 

whether aerial photograph or satellite images. 
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THE CANADIAN OPTICAL SENSOR WORKING GROUP 

S.M. Till 
Data Acquisition Division. Cav.ada Centre for Remote Sensing 

2464 Sheffield Road, Ottawa, Ontario KlA OY7 
Telex: 053 3589 

The Optical Sensor Working Group meets from time to time, to evaluate 
proposals for future optical remote sensing satellite systems and to 
provide preliminary specifications, conceptual designs and 
performance analyses for proposed optical systems as opportunities 
arise. Important considerations include the user requirements and 
the advances in technology and system design. The aim has been to 
satisfy both the user requirements for system performance, and the 
design constraints introduced by the state of technology and by the 
space-platform, or to find an acceptable compromise. During the past 
few years, the working group has considered and evaluated optical 
sensors for RADARSAT (References 1,2,3), and has recently considered 
the possibilities offered by a polar-orbiting platform (Reference 4). 
For this last activity, the working group members were drawn from the 
Canada Centre for Remote Sensing, the Communications Research Centre 
and the National Research Council, and had experience in remote 
sensing systems, optics and satellite systems. The group consulted 
the user agencies, such as the Departments of Fisheries and Oceans, 
of Environment, of Agriculture, and the Forestry Service and the 
Geological Survey, who provided input on the performance requirements 
to be considered in the system evaluation. The remote sensing 
advisory committees in Canada have also provided valuable input to 
these studies and discussions. 

User Requirements 

A major application of remote sensing in Canada is resource 
management, and the monitoring of renewable and non-renewable 
resources. User requirements for performance tend to be based on 
past experience with satellite data, such as the LANDSAT thematic 
mapper, with airborne data and with ground data. Data from airborne 
sensors such as the Canadian imaging spectrometer (the fluorescence 
line imager) and the pushbroom imager (MEIS) are characterised by 
high performance and spectral flexibility, ~nd exposure to this type 
of data has led to new applications, and new expectations for 
satellite systems. Ground spectroscopic studies of targets result in 
the better understanding of spectral signatures and influence the 
requirements for spectral bands. 

User ·applications related to agriculture include the monitoring of 
global and domestic crop condition and yield, the estimation of crop 
areas, and the documenting of catastrophic events such as floods. 
For these, the timeliness of the data (or frequency of coverage of 
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the target area) is an important feature, as is the spectral band 
selection which should be optimised for the specific crop/confusion 
crop. Of interest in forestry management is the identification of 
forest species, plus the mapping of clear cuts, and the detection and 
mapping of disease and damage; high spatial resolution and selectable 
high spectral resolution bands appear of major importance. The 
applications of ocean remote sensing range from the monitoring of 
primary productivity, to the monitoring of coastal processes and 
water quality. For these, critical factors are the radiometric 
responsivity because of the low reflectance of the ocean, and the 
dynamic range, if land or ice are also being imaged. These are just 
a few of the applications of an earth-observation optical sensor, and 
give an indication of the potential versatility of such a system. 

Technical Considerations 

The parameters of major interest to the user include: the geometric 
characteristics (spatial resolution or pixel size, geometric 
fidelity); the radiometric specifications (sensitivity, or 
signal-to-noise ratio at a specified target reflectance and solar 
elevation; dynamic range or, in user terms, the minimum and maximum 
sc~ne radiance); the digitisation rate required to reflect this 
performance; the spectral channels (number, width, location); and the 
sensor look-angle. These parameters determine the engineering or 
design specifications, and it is necessary to calculate the impact 
upon sensor design of the various spatial geometric parameters, 
ra<liometric constraints and signal-to-noise ratios that ara 
considered desirable from the applications viewpoint. These 
specifications should be realistic in terms of the state of the 
technology. For example the element size and well depth of ccd array 
detectors, the maximum analog to digital rate, and the imaging optics 
have certain limitations and design constraints. Similarly, as the 
number of elements across the swath is increased, mechanical or 
optical butting methods may be required with an array detector design 
to increase the swath, at the expense of more complex signal 
sampling, and/or increased optical train and mass, and more 
constraints on the optics focal plan design. The specifications 
should also be realistic in terms of the satellite platform; for 
example, there will be limitations on mass, volume, and power 
consumption, and on the data recording rate and downlink rate. Other 
considerations include the selection of on-board processing functions 
and post-flight processing, and the validation and calibration of the 
satellite system. An airborne system is considered an important 
component of a satellite system development; as part .of the sensor 
development and testing program, as a satellite simulator to provide 
familiarity with the data characteristics, and to provide 
underflights and back-up to the satellite operation itself. 
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The optical systems considered by the working group have been of the 
multi-element array detector type (pushbroom imager, imaging 
spectrometer) which offer inherent advantages of radiometric 
sensitivity, and so spectral and spatial resolution. The members of 
the group were able to draw upon the considerable experience in 
Canada with this type of imaging sensor. Two advanced airborne 
optical imaging sensors have been successfully built in recent years 
by Canadian industry, the MEIS (References 5,6) and the Fluorescence 
Line Imager, whose design and operation are described in detail 
elsewhere in the Proceedings (by Gower, Borstad, Hollinger, etc.). 
These program.mes have been accompanied by the development of 
real-time processors for such types of systems (Reference 7). The 
access of the user to such data has been accompanied by the 
development of processing techniques and new applications. The 
performance of an advanced optical system is to a great extent 
limited by detector performance, so that improvements are linked to 
detector improvements. Two items of note in this area in Canada have 
been the development of "mechanical butting" of detector arrays, and 
the development and patent of silicon detectors of enhanced blue 
response and dynamic range (Reference 8). The working group members 
were also able to draw upon experience in satellite data reception 
and data processing. The two Canadian ground receiving stations 
acquire LANDSAT, NOAA and SPOT data with plans for ERS-1 data, and 
the acquisition program has been accompanied for many years by an 
active programme in remote sensing applications, image analysis and 
methodology. 
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OPTICAL SENSOR WORKING GROUP 

- SPACE OPTICAL SENSORS: 
RADARSAT 

"OPTICAL SENSOR FOR RADARSAT", 1982, 1984 
"R-MOMS" , 1985, 1986 

POLAR ORBITER 

- CONSIDERATIONS: 
USER REQUIREMENTS 
ADVANCES IN TECHNOLOGY AND SYSTEM DESIGN 



USER APPLICATIONS AND REQUIREMENTS 

A) EXPERIENCE: 

E.G. LANDSAT MSS, TM 
czcs 
CSPOT) 

AIRBORNE DATA MEIS, MSS, FLI 

GROUND DATA 

B) PARAMETERS: 

E.G. SPATIAL RESOLUTION 
SWATH WIDTH 
SPECTRAL BANDS <WIDTH, LOCATION, NUMBER) 
RADIOMETRIC SENSITIVITY 
LOOK-ANGLE 
DATA TIMELINESS 



C) SAMPLE USER REQUIREMENTS: 

RESOURCE MONITORING: 
AGRICULTURE 

FORESTRY 

OCEANS 

GEOLOGY 

GLOBAL CROP CONDITION/YIELD 
AREA ESTIMATES 
CATASTROPHIC EVENTS 

SPECIES IDENTIFICATION 
DISEASE DETECTION 
CLEAR CUT MAPPING 

PRIMARY PRODUCTIVITY 
COASTAL PROCESSES 
WATER QUALITY 



TECHNOLOGY: 

MULTI-SPECTRAL IMAGING SYSTEMS: 

ROTATING MIRROR, "SINGLE" DETECTOR E.G. MSS, TM 
SENSITIVITY <SPECTRAL BANDWIDTH, SPATIAL RESOLUTION) 
MOVING PARTS 

PUSHBROOM !MAGER 
I> - LINEAR ARRAY E.G. MEIS, SPOT 
II) - 2D ARRAY E.G. FLI 

MULTIPLEX ADVANTAGE 
SENSITIVITY, SPECTRAL BANDWIDTH, SPATIAL RESOLUTION 
SIMPLE OPTICAL DESIGN Cl) 
SPECTRAL BAND SELECTION IN FLIGHT CII> 
NO MOVING PARTS -CGEOMETRIC FIDELITY) 
CALIBRATION 



SOME TECHNICAL CONSIDERATIONS 

SPATIAL RESOLUTION AND SWATH WIDTH 
DETECTOR ELEMENT SIZE 
OPTICS <FOCAL LENGTH, FOCAL PLANE LENGTH, F/NUMBER) 
DETECTOR ELEMENTS PER ARRAY 
FIELD-OF-VIEW 

SPECTRAL BANDS 
INTERFERENCE FILTERS 
DISPERSING ELEMENT 
BANDWIDTH 
NUMBER 

RADIOMETRIC SPECIFICATIONS 
I) MINIMUM SCENE RADIANCE CTARGET REFLECTANCE 

SOLAR ELEVATION) 
MAXIMUM SCENE RADIANCE (SATURATION LEVEL) 

II) RADIOMETRIC RESOLUTION 
RADIOMETRIC RANGE 
CN.B. DIGITISATION RATE OF DATA, ANALOG TO DIGITAL, GAIN 
SWITCHING, LOOK-UP TABLES) 



SOME TECHNICAL CONSIDERATIONS 

DATA RATE 
SENSOR GROUND VELOCITY 
PIXEL SIZE, SWATH WIDTH 
DATA DIGITISATION RATE 
NUMBER OF SPECTRAL BANDS 
"HOUSEKEEPING" 
CDOWN-LINK) 

ON-BOARD PROCESSING 

CALIBRATION 

POST-FLIGHT PROCESSING 

AIRBORNE SYSTEM 
SATELLITE SENSOR DEVELOPMENT 
SATELLITE SIMULATION 
SATELLITE BACK-UP AND UNDERFLIGHTS 



STATE-OF-THE-ART OPTICAL IMAGING SENSORS IN CANADA 
E.G. MEIS I, II: FOR CCRS, BY MACDONALD, DETTWILER & ASSOCIATES, 

BRITISH COLUMBIA 
MEIS II: 1982-1986, OPERATIONAL USE IN CCRS FALCON 

- 200 AIRBORNE MISSIONS 
- EVALUATION OF PUSHBROOM IMAGERY 
- DEVELOPMENT OF DATA PROCESSING, CALIBRATION 

SYSTEM 
- RESEARCH AND DEVELOPMENT OF REMOTE SENSING 

APPLICATIONS IN AGRICULTURE, FORESTRY, WATER 
QUALITY STEREO, CARTOGRAPHY, VEGETATION STRESS, 
GEOBOTANY, SATELLITE SIMULATIONS ••• 

- HIGH SPECTRAL RESOLUTION DATA 
- HIGH SPATIAL RESOLUTION DATA 

FLI*: FOR FISHERIES AND OCEANS BY MONITEQ, ONTARIO, AND 
ITRES, ALBERTA 

CANADIAN SATELLITE DATA EXPERIENCE 
DATA ACQUISITION, 
IMAGE ANALYSIS, METHODOLOGY 
APPLICATION DEVELOPMENT 

DETECTOR DEVELOPMENT lit CANADA 
E.G. DYNAMIC RANGE 

BLUE-RESPONSE 
ARRAY BUTTING 

* FOR DESIGN, EVALUATION, AIRBORNE MISSIONS AND RESULTS, SEE 

PRESENTATIONS BY GOWER, HOLLINGER, BORSTAD, ETC. ELSEWHERE IN 

WORKSHOP PROCEEDINGS, 
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LASER REMOTE SENSING OF THE MARINE ENVIRONMENT: 
RECENT RESULTS OBTAINED WITH THE OCEANOGRAPIDC LIDAR SYSTEM 

D Diebel-Langohr, T Hengstermann & R Reuter -
University of Oldenburg, FR Fennany 

ABSTRACT 

A lidar system was developed for research in the 
coastal zone. Based on spectroscopic methods data 
relevant for oceanographic studies and for marine 
pollution monitoring are obtained. Operated from 
aircraft, a nearly synoptic investigation of ex
tended areas is achieved. 
The system was utilized in experiments in the 
North Sea and the Adriatic. Data on the spectral 
light turbidity and on the concentration of dis
solved organics (Gelbstoff) and chlorophyll a are 
reported. By use of nanosecond laser pulses and a 
fast signal receiver depth profiles of the atten
uation coeffic ient down to 6 attenuation lengths 
were measured. Airborne measurements were per
formed over marir.e o il spills. They allowed a de
termination o f the oil type, and of the oil film 
thickness in the micrometre range. 

Keywords: laser remote sensing, lidar, depth pro
filing, Gelbstoff, chlorophyll, light attenuation, 
oil spill monitoring. 

1. INTRODUCTION 

In the past decade remote sensing methods have be
come an important tool in oceanographic research. 
The use of satellites for measurements of the 
colour of the sea by means of scanning optical 
radiometers has led to remarkable results over the 
open ocean. These systems allow a sensitive de
lineation of the primary production in the surface 
layer since water colour can be related to the 
presence of phytoplankton (Ref. 1). However, prob
lems arise for the interpretation of data obtained 
over coastal waters where other substances such as 
suspended minerals and dissolved organics (Gelb
stoff) optically compete with phytoplankton (Ref. 
2). Because of the masking effect of the atmo
sphere a quantitative evaluation of these sub
stances has not been achieved so far. 

Another method of remote sensing makes use of 
lidar systems installed in aircraft. A closer dis
tance of typically 100-500 m between the instru
ment and the water surface reduces atmospheric 
effects significantly. Laser spectroscopy enables 
a specific measurement of the spectral light tur
bidity and of the concentration of Gelbstcff and 
chlorophyll a. Some of these quantities can be de
tected as profiles down to depths corresponding to 

about 6 attenuation lengths. 

Shipboard measurements with limited horizontal re
solution can thus be extended by airborne lidar 
data of the surface layer obtained over larger 
areas. Moreover, synoptic satellite imagery can be 
calibrated along the flight line in terms of the 
water constituents which determine the water colour 
measured by the satellite. 

In addition to the investigation of these parameters 
being of interest for oceanographic research, lidar 
allows monitoring of marine oil pollution. Due to 
the specific optical properties of mineral oils an 
identification of the oil type, a measurement cf 
oil film thickness in the micrometre range, and 
detection of submerged oil volumes floating at 
depths up to a few attenuation lengths is achieved. 

In this paper we describe the Oceanographic Lidar 
System {OLS) developed at the University of Olden
burg. Designed as a profiling system the instrument 
meets the requirements for oceanographic research, 
in particular with respect to a sensitive measure
ment of hydrographic parameters. Concerning oil 
spill investigations where a scanning system is far 
superior due to the high spill variability at 
scales of less than 100 m, only the principal capa
bilities of lidar can be demonstrated. Results of 
oceanographic experiments and of oil spill moni
toring exercises performed in the North Sea and the 
Adriatic are discussed. 

2. THE OCEANOGRAPHIC LIDAR 

2.1 Principle of measurement 

The oceanographic lidar is an active sensor by 
which an optical probing of the upper water layer 
from an airborne platform is achieved. Basically it 
consists of a high power laser emitting pulses at 
near UV or visible wavelengths where seawater shows 
good light transmission, and of a gated signal re
ceiver for the investigation of laser-induced ra
diation from the water column. 

Monochromatic irradiation of natural seawater 
yields spectral structures (Fig. 1) which are re
lated to {i) elastic Rayleigh and Mie scattering, 
{ii) water Raman scattering being shifted by a 
wavenumber of 3400 cm-1 with respect to the excita
tion line, its intensity reflecting the penetration 

Proceedings of the 3rd lnrernationnl Colloquium on Spectral Signntures of Objects in Remote Sensing, Les Arcs, France, 16-20 Dec. 
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Figure 1. Emission spec
trum of a natural water 
sample taken from the Ger
man Bight. Excitation 
wavelength 308 nm. The 
peaks at 308 and 344 nm 
are due to elastic and 
water Raman scattering. 
The fluorescence band 
centred at 420 nm is due 
to Gelbstoff. The curve is 
corrected for the spectral 
response of the instrument 
and normalized to the 
Raman scatter intensity. 

Figure 2. Emission spectra of (1) 
Statfjo rd crude oil, (2) Arabian light, 
( 3) Arabian medium, (4) Arabian heavy 
crude oil, (5 ) fuel oil. The predominance 
of heavy or light oil fractions deter
mines the intensity and shape of the 
spectrum from which information on the 
oil type is deduced. Excitation wave
length 308 nm. 

Jll ,.. l50 --· 
Figure 3. Depression of 
water Raman scatter due to 
absorption by a Statfjord 
crude oil film on the water 
surface. Excitation wave
length 308 nm. 

depth of the laser beam into the water column and 
the attenuation of the Raman scattered light on 
its way back to the water surface, (iii) fluores
cence of Gelbstoff and chlorophyll a (the latter, 
not shown in Figure 1, peaking at 6B5 nm with a 
half width of 20 nm). 

It will be shown in Section 2.2 that the intensity 
of the detected water Raman scatter signal is pro
portional to the inverse sum of light attenuation 
coefficients at the laser and water Raman scatter 
wavelengths. Gelbstoff and chl a concentrations 
are derived from their fluorescence intensities 
normalized to the water Raman scatter signal (Ref. 
3-4); systematic errors which are produced by the 
spectral light attenuation coefficient being gen
erally different at water Raman and fluorescence 
detection wavelengths must be reduced by a spec
trally close selection of the corresponding detec
tion channels (Ref. 5). Concerning chl a the de
pendence of the specific fluorescence efficiency 
on the ambient light field and other factors must 
be taken into account (Ref. 6). Elastic scattering 
detected at the laser excitation wavelength prin
cipally contains information on the concentration 
and size distribution of hydrosols if bistatic 
lidar systems are utilized (Ref. 9). However, air
borne investigations of this method have not been 
achieved so far. 

The presence of mineral oil on the water surf ace 
drastically changes the clear water signature mea
sured with lidar: water Raman scattering is damped 
due to the high absorption coefficient of oil, and 
0 ; 1 fluorescence arises covering the whole visible 
spectrum (Figs. 2, 3). Both effects depend sensi
tively on the laser wavelength, on the oil type 
and the film thickness and provide thus a means 
for quantitative measurements of these oil param
eters (Ref. 3, 10-13). Concerning film thickness, 
the sensitivity of lidar ranges between .1 and 
50 µm; these values are characteristic of spills 
due to illegal release of mineral oil at sea, 
whereby lidar has a potential for the investiga
tion of those pollutant contributions. 

2.2 Theory of operation 

The hydrographic lidar equation (Ref. 14 ) describ
ing the signal dP received from a depth interval 
dz at depth z is written as 

exp (-J z c dz ' ) 
0 

~~-(-z-+~n~H~)-,~~~ dz dP = An (!) 

with z=O on the water surface, n denoting the quan
tum efficiency of fluorescence or scattering, c the 
sum of light attenuation coefficients at the laser 
and detection wavelengths, H aircraft flight height, 
m refractive index of water, and A including in
strumental factors, signal loss in the atmosphere 
and effects of the . rough water surface on the beam 
propagation. 

Integration of Eq. 1 over a homogeneous layer at 
z1<z<z2 yields (Ref. 5, 13) 

A exp <-/. zl c dz) .!!. 
0 c 

(2) 

( 
1 exp (-c(z,-~1))) 

(z1+nH)' - (z,+nH)" 

representing the general solution of the lidar equa
tion for the response of a water or oil layer in an 
arbitrarily stratified water column. Assuming a 
homogeneous situation, integration between z=O and 
z»l/c results in (Ref. 14) 

A n 
p = (mH)' ~ 

Normalization of a fluorescent signal PF to the 
water Raman scatter signal PR yields 

(3) 

(4) 

Assuming cR/cF = canst. which holds approximately 
for a narrow spectral selection of fluorescence and 
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Raman detection wavelengths, Eq. 4 is proportional 
to the fluorescent matter concentration nF'\,fJF since 
the water Raman efficiency nR is a constant. For 
the same reason PR describes the sum of the light 
attenuation coefficients cR at the laser and the 
Raman scatter wavelength. 

2.3 Instrument description 

The Oceanographic Lidar System (OLS) has been de
signed for airborne investigations of hydrographic 
parameters. The instrument is a profiling sensor 
allowing a simultaneous application of two laser 
excitation and 7 detection wavelengths for a speci
fic measurement of light turbidity, and of Gelbstoff 
and chl a concentrations as outlined in Section 2.1. 
Flight height during operation is typically 200 m. 

An excimer laser serves as the main light source 
with 10 MW peak power and 12 ns pulse width at 
308 nm. Front and rear laser output are utilized as 
lidar beam or as pumping beam for a dye laser with 
1 MW peak power and 6 ns pulse length at 450 nm. 
Maximum pulse repetition rate is 20 Hz. 

Signal receiver is a Schmidt-Cassegrain f /10 tele
scope with a 40 cm aperture diameter. The field of 
view, almost coaxial with the laser beams, is set 
to 5 mrad which corresponds to the excimer laser 
beam divergence. At 200 m flight height this results 
in a footprint diameter of 1 m. 

-.... ;ic, 

Figure 4. Optical part of the Oceano
graphic Lidar System. Position 
of the telescope is above a 
bottom hatch of the aircraft. 

Dichroic beamsplitters deflect selected spectral 
ranges of the telescope output to optical filters 
with typical bandwidths of 10 nm, and gated photo
multipliers. Detection channels at 344 and 533 nm 
correspond to the water Raman scatter wavelengths 
with 308 and 450 nm excitation, respectively. Chl a 
fluorescence is observed at 685 nm. Channels at 36G, 
380, 500 and 650 nm are used for the measurement of 
Gelbstof f and oil fluorescence spectra and for the 
identification of the baseline of water Raman scat
ter and chl a fluorescence (Figs. 1-3). A relative 
calibration of these channels is performed on the 
ground by use of a 1 m2 plate of white teflon which 
has the advantage of possessing a fluorescence 
covering the near UV and visible spectrum when ir
radiated with the excimer laser, with an efficiency 
which corresponds well to the typical water column 

return. This enables a sensitive delineation of 
water turbidity and of fluorescent water column 
constituents in relative units. Attempts will be 
made to obtain an absolute calibration of OLS in 
future experiments. Based on absolute data of tne 
fluorescence efficiency of Gelbstoff and chl a and 
of the water Raman scatter efficiency this will 
allow to derive these parameters in absolute units. 

Figure 5. Schematic of the signal flow of 
the Oceanographic Lidar System. 

Signal digitization is done with a transient recor
der at a sampling rate of 500 MHz and a resolution · 
of 6 bit. A fast logarithmic amplifier is used in 
the depth profiling mode for an enhancement of the 
dynamic range. Since the digitizer is a one-channel 
instrument, 3 photomultipliers selected by the 
operator are sequentially combined on one signal 
line and fed to the transient recorder. 

The system is controlled by a microcomputer, by 
which laser selection and triggering, selection of 
different detection channels, quick-look data out
put and data storage are achieved. 

3. OCEANOGRAPHIC APPLICATIONS 

OLS was utilized in a number of e~periments in co
operation with oceanographic institutions. Most of 
these experiments were carried out in the German 
Bight as part of an interdisciplinary research pro
gramme on characteristic water masses and fronts 
occurring in that area (Ref. 7, SJ . 

Here we present some of the results obtained during 
flights in the northern Adriatic Sea in August 1984. 
The goal of ADRIA 84 which was performed under the 
auspices of the Commission of the European Communi
ties, ISPRA Establishment, was an investigation of 
the hydrographic processes present in this area in 
summer and an examination of the potential of remote 
sensing for their study (Ref. 15). 

Resul~s of a flight on August 30, 1984 are shown in 
Figure 6. From the excimer laser induced signals 
the Gelbstoff concentration, from those of the dye 
laser, the chl a concentration are derived accord
ing to Eq. 4, i:e. assuming the water column to be 
homogeneous within the penetration depth of the laser 
beams. The Po river plume with a high variability of 
the measured parameters, and the existence of dif
ferent water masses with individual substance con
centrations are obvious from the data. These water 
masses are separated by fronts with gradients of 
typically a factor of 10 over distances of 1-3 km. 
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Figure 6. Distribution of Gelbstoff (left) and chl a (right) in 
the northern Adriatic Sea measured with lidar on August 30, 1984. 
Scaling of the profiles is identical except for the track on 
longitude 13°00'E which is given with higher resolution. Flight 
height was 200 m, signal repetition rate was 1 Hz. 

Figure 7. Depth profiles of the atten
uation coefficient c(450 nm) + c(533 run ) 
derived from two identical flights . 
Averaging over 1 km was applied to the 
lidar data. Flight tracks fr om 12 • 5- • t o 
12°39'E on 45°19'N, August 31, 1984. 

A comparison with in situ findings obtained in the 
northern part of the flight track on longitude 
13°00'E yields a Gelbstoff and chl a concentration 
of 0.15-0 .20 mg/ land 1-2 ug / 1 to be character i stic 
of the water mass present in that area (Ref. 15) . 
The lower sensitivity limit or OLS in limpid waters 
is thus in the order of 0 . - 1 mg/ l for Gelbstoff and 
0 .1 µg / l for chl ~·With these results lidar pro
vides a sensitivity which is comparable with that of 
laboratory instrumentation. 

The depth profiling mode of OLS was tested for the 
first time during ADRIA 84. Results of a flight on 
August 31, 1984 on the latitude of the Lagoon of 
Venice are shown in Figure 7. Profiles of the light 
attenuation coefficient were derived from the time 
resolved lidar measurement of water Raman scattering 
by an algorithm which assumes tne laser pulse to be 
shorter than the 2 ns time resolution of the detec
tor system (Ref. 8 ). A penetration depth which cor
responds to about 6 attenuation lengths was achieved 
with a resolution of about 1 m. 

4. OIL SPILL INVESTIGATIONS 

Initiated and organized by the Commission of the 
European Communities, ISPRA Establishment, the oil 
spill remote sensing experiment ARCHIMEDES 1 was 
conducted in October 1983 off the coast of Holland. 
Goal of the exercise was an investigation of passive 
and active remote sensing methods at microwave and 
optical frequencies for detecting and analyzing 
marine oil pollution (Ref. 16). Two spills were pro
duced consisting of fuel oil (40 m' ) and of chocolat 
mousse (50 m'), monitored over a period of 30 hours, 
and finally removed by recovery ships. 

Lidar measurements performed in this experiment 
(Ref. 13) reveal that the bulk of the spilled oil 

remained concentrated within small zones of 100-
300 m diameter, sur.rounded by extended areas with 
films of micrometre thickness. The corresponding 
fluorescence spectra show that the oil had been de
composed into different fractions, the lighter ones 
being present in the thin peripheral films; this 
effect which is not caused by weathering seems to 
be characteristic of fuel and was not observed w~th 
crude oil. Data interpretation for the chocolat 
mousse spill indicates that most parts of the oil 
were floating below the water surf ace at depths of 
about 10-30 cm. 

Data of a flight over the fuel oil spill about 3 
hours after release are shown in Figure Ba. Air
craft altitude was 200 m. Signal repetition rate 
was 5 Hz resulting in fingerprints on the ground at 
distances of 10 m. The 344 nm signal represents 
water Raman scattering. It shows a drastic decrease 
in intensity at the edge of the spill when compared 
with the slightly varying signal received over clear 
water. The film thickness, Figure Sb, is calculated 
from this variation by appropriate algorithms (Ref. 
3, 10-13) with an estimated accuracy of 50 i on th~ 
basis of light attenuation coefficients of the oil 
measured in the laboratory. 

The other detection channels, Figure Ba, reflect 
fluorescence of Gelbstoff and oil. A closer inspec
tion of the spectral signatures obtained at dif
ferent locations of the spill, Figure Be, illustrates 
the decomposition of the oil into different frac
tions with individual fluorescence characteristics 
as mentioned above. This is particularly evident 
when comparing the fluorescence of the oil with that 
received over clear water. The signal change calcu
lated from Eq. 2 when passing from ~lear water to a 
surface oil film with thickness d is 
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Figure Ba. Lidar data obtained over a fuel oil 
spill. Excitation wavelength 308 nm, 
detection wavelengths 344, 3BO, 500 and 
650 nm. Flight height 200 m, signal 
repetition rate 5 Hz. 
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Figure Sb. Oil film thickness derived from water 
Raman scattering at 344 nm. 
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with w• n
9 

efficiency of water and oil, cw, c0 the 
corresponding attenuation coefficients. Assuming 
the water column to be homogeneous the change in 
the sign of the signal variation observed at green 
wavelengths is thus attributed to a change of the 
oil type. 

5. OJNCLUSIONS 

The Oceanographic Lidar System has shown its poten
tial of remote measurements of oceanic parameters 
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Spectral signatures derived from dif
ferent locations of the spill. Scaling 
of water Raman scattering ( 344 nm) is 
depressed by a factor of 3 due to its 
high intensity. Notation of the spectra 
refers to decreasing Raman scatter in
tensity. 

in a number of airborne experiments. These cover a 
sensitive delineation of Gelbstoff and chlorophyll a 
distributions and of the spectral light turbidity of 
seawater, being of interest for oceanographic re
search. The capabilities of investigating marine oil 
spills with respect to an analysis of the oil type 
and the oil film thickness have been demonstrated. 

Future activities will cover an application cf OLS 
within oceanographic programmes where a sensor with 
large-scale monitoring capabilities is requ~red. 
This concerns particularly research on transoort and 
mixing, ~he investigation of frontal systems- and 
their physical and biological dynami cs. 

Water depth resolved detection of hydrographic param
eters will be studied in more detail. Theoretical 
investigations of the method will be comparec with 
laboratory tests using a 10 m tank with controlled 
stratification of the water column and with airborne 
experiments. 

Concerning water quality monitoring a signature 
catalogue of fluorescence and absorption properties 
of oils is now in progress. These data will provide 
a basis for operational oil spill survey. Moreover, 
the capabilities of detecting and identifying chem
ical pollutants in the water column with lidar are 
currently investigated. 

Efforts will be made in order to establish procedures 
for an absolute calibration of hydrographic lidar 
data without the need of ground truth information. 
This will provide an important improvement of 
oceanographic lidar remote sensing. 
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Workshop on High Spectral Resolution Imaging for Land 

and Ocean Remote Sensing 

Aspects of a Canadian German Cooperation under the ESA 

Earth Observation ProgrammP 

H. Winkenbach, DFVLR, Cologne (Federal Republic of Germany) 

1) Introduction into the German Earth Observation Programme structure 

To start with it might be useful to give a short overview about 

the elements o.f the German Earth Observation Programme. 

Fig. 1 gives a survey of the entities which are involved in the 

planning and implementation of Space Programmes. 

Planning is performed by the scientific institutes, the DFVLR, 

the industry and the government (BMFT) as far as national inte

rests are involved and the programmes have to be funded by BMFT. 

The decision about a programme lies within the responsibility of 

BMFT both on a national and international scale. 

The Space Research/Project Executive Department of DFVLR imple

ments the Programmes. 

2) Goals and Instrument Development of the German Earth Observation 

Programme 

Fig. 2-5 show~ the main goals of the national Earth Observation Pro

gramme. These are in general mainly the provision and utilization 

of remotely sensed data for applications in the various fields. 

This means the two focal points in developing instruments and meth

ods for data processing are addressed. It is important to say that 

the FRG does not intend to develop and operate any Earth Observation 

satellites within the national programme; therefore the programme is 

restricted to the development and operation of selected instruments. 
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As to the optoelectronic equipments up to now we have designed and 
tested in space a first version of a Modular Optoelectronic Multi
spectral Scanner (MOMS 01) . As a starting point a Phase A study for 
a Chlorophyll-detecting imaging spectrometer for space (ROSIS) and 

a Phase B study for a high spatial resolution stereoscopic looking 
experiment have been performed (MOMS-Stereo) . Also an airborne 

Scanner for short wave infrared detection is being under construc
tion. 

For the sake of completeness there should be mentioned developments 
for data processing and evaluation methods in every user's interest, 
e.g. the utilization of ERS-1. 

3) Near future activities for further national .planning in respect 

of optoelectronic instrument development~ 

At the end of this year a general discussion about further hardware 
development beyond MOMS 01 in the national frame is envisaged. 

The main arguments for the decisions to be taken for further expe
riment developments ought to be the needs of the user community in 
the middle to the end of the 90ies, not to duplicate the existing 
and planned equipments elsewhere and the chance to launch the in

strument on a spacecraft, e.g. Polar Platform. 

After the successful conduct of the mentioned study for Chlorophyll

detection from space the entities GKSS, DFVLR and MBB started with 

the joint development of an aircraft prototype which will permit 

not only a thorough tests of the feasibility of the instrument but 
will also open new applications (including land) because of the 

narrow spectral bandsinvolved. 
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4) Earth Observation with Imaging Spectrometry within ESA's Earth 

Observation Programmes 

It can be assumed that all persons present are aware of the objec

tives of ESA's Earth Observation Programmes. 

Regarding the main topics of the programmes: 

- to prepare operational systems in polar orbit tailored to the 

needs in the field of ocean, ice, coastal zones and meteorolo

gical applications 

- to initiate the development of Satellites for experimental/ 

preoperational use in remote sensing land application 

- to prepare potential future missions by advanced instrument 

studies and carry out pre-development of instruments, 

a high spectral resolution imaging is a useful tool. Therefore 

an Imaging Spectrometer is in the list of ESA's Earth Obser

vation Preparatory Programme (EOPP) as a "Possible Instrument" 

to be prepared for development. 

Also the latest register for instruments which was handed over to 

the EUA Study Group for the Polar Platform as an output of the 

ESA workshop ESPOIR (European Symposium on Polar Platform Oppor

tunities and Instrumentation for Remote Sensing) which recently 

took place includes such an equipment. 

The objectives of ESA's programmes and the user requirements 

seems to be constraining for ESA to take. into consideration a 

High Resolution Imaging Spectrometer. 

5) Perspectives of German Canadian Cooperations under the ESA Earth 

Observation Programmes 

As part of EOP, the Federal Republic of Germany and other member 

countries signed in thecourse of this year the Earth Observation 

Preparatory Programme (EOPP) . 
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It is obvious that in connection with the discussion about the 
cooperation Germany-Canada the EOPP should be primarily regarded. 
Because of the potential and interests of various organizations 
within the Federal Republic of Germany it is expected that these 
will participate in special tasks of the EOPP such as 
- mission concept and system studies 

- instrument and feasibility studies 

- measuring campaigns involving aircraft and ships 
- predevelopment of critical technologies. 

The accomplishment of the individual objectives of EOPP is to 
be reached by invitations of tender in the frame of a provided 
Procurement Plan. 

From my point of view it may be possible that national institu
tions, university institutes and industry of both nations cooper
ate in the accomplishment, e.g. instrument and feasibility studies 
or measuring campaigns and so on. 

At the time being cooperation between German and Canadian insti
tutions is established which does not relate directly to the re
quirements of EOPP (e.g. in scientific fields), but it broadens 
the interests of the scientific community in ESA' programme. If 
possible, the cooperation frame should be enlarged. 
As already mentioned it has not yet been decided whether and to 
which extend BMFT will provide financial support to the national 
development of an Imaging Spectrometer for the purpose of space 
flight. From today's view such a financial support is a prerequi
site for a development. 

Irrespective of the decissions yet to be taken by the two countries 
on the future technological approach and on a possible bilateral 
cooperation, the scenarions lending themselves under ESA's Earth 
Observation Programme could be discussed. 
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These scenarios include basically: 

- Bilateral development of an Imaging Spectrometer to be made 

available to ESA (e.g. for the Polar Platform), with or with

out ESA's responsibility for the data management. 

- Bilateral cooperation perhaps in Phase A of the development, 

but then to be taken over by ESA as a project. 
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The paper describes the results of a recent study 
on this subject leading to a detailed concept de
finition of a spaceborne chlorophyll fluorescence 
~ma(ji~g spectrometer. This instrument apparently 
1s suitable also for a variety of other applicati
ons, especially as an airborne version. 
The technical concept is based on a novel type of 
an .:ill-reflective optics system and a 1024 2 matrix 
CCD detector array and an advanced electronics con
cept. 
The imaging spectrometer is desic111ed to cover a 
spectral ranC]e from 425 to 'J60 rn~1 in resolution 
steps of 5 nm per channel at 0.06 % albedo resolu
tion. It \"till pi-ovide 108 spectral channels. The 
FOV amounts to ± 16.2° at 300 111 ground pixel size. 
This corresponds to 1024 pixels in the spatially 
scanned (cross track) direction. Since at present 
no frame-transfer matrix CCD array 1·1ith 1024 2 pi
xels is available, the ini£iated airborne version 
~till use 512 2 only. 
lma')ing srectrometer, m.:1trix CCQ, chlorophyll flu
orescence, gratin9 S!"'ectrometer 

1. INTRODUCTION 

This paper is closely related to the preceding pa
per by Doerffer, GraBl and van der Piepen as re
gards the scientific mission background. 
Accordingly, only the essentials of the mission re
quirements are briefly summarised here. 
The emphasis of the above mentioned study /f!l/ was 
on the measurement of ocean chlorophyll distribu
tion from space (reference altitude 525 km) throuqh 
its absorption (blue/green spectrum) and essentia~
ly its sun-stimulated fluorescence around 685 nm. 
Further channels were allocated to yellow substance 
and suspended matter detection, see Tab. 1. This 
requi~eme~ts survey has been established by the a. 
m. scientists who accompanied the total study ner
formance. Their involvement assured a permanent ac
cordance of the instrument study with the user in
terests. 

The study started with a trad~ on the most suitable 
concept principle, i.e. a concept with discrete 
spectral channels realised with modular optics a~d 

interference filters for channel separation and 
linear detector arrays versus the imac:iin'l spectro
meter concept as described in the followin". 
The first alternative had been studied 3 years aqo 
by the team in a similar ESA Study on the Ocean 
Colour tlonitorinn instrument (OCll) /f!2/. The resul
ts of that study. were taken as an input to /Rl/. 
The main areas of trading both concepts against 
another were the radiometric performance analysis 
(parametric study) and the f_"eas~bili~y of the cor
responding optical concept in line with t~e perfor
mance specifications . 
In addition, a comparison has been carried out to 
existing or planned sensor systems and their per
formance. In simplification, the aim ~1as to arrive 
at a kind of "improved CZCS" viith better spatial 
resolution and radiometric performance and hi(jher 
number of spectral channels plus more appropriate 
spectral allocation of these. 

In general, the detection of chloi-ophyll in ocean 
surface and subsurface layers tl11·ouC]h its fl uores
cence can be seen as the most challerHJing space
borne remote sensin'J task, since: 
- the ocean surface represents the "darkest" natu

ral surface on earth (typical albedos below 0.05) 

- the ocean surface si']nal arriving at the sensor 
is buried in excessive contributions from the at
mosphere (Rayleigh and Mie backscatter) 

- the "fluorescence peak" at 683-685 nm represen Ls 
a rather small "delta siqnal" or "delta albedo" 
of less than lX at low c~lorophyll concentration. 

Despite these constraints, the imaging spectrome
ter concent turned out to be the favourite soluti
on for th~s task: though the spatial resolution is 
sli<Jhtly inferior compared to the linear array con
cept (more 1 imited in terms of pixels per array, 
slightly lower dynamic range), its main advantage 
to offer an almost unlimited number of extremely 
narrow-band spectral channels made it superior. 
Note that spectral bandwidths of less than 10 nm 
impose severe optical transmission losses in case 
of the interference filter version. 
The develo~ment (computer pro~ram) of a new, all
reflective optics concept enablinn the wide spec-



tral range at the required FOV of ! 15° supported 
the decision towards the ROSIS concept considera
bly (ROSIS: Reflective Ortics Syste111 Imaginq Srec
trome ter). 

2. ROSIS CONCEPT PRINCIPLE 

The operatio11 principle of an inraging spectrome
ter meam1hile is rather well known. The schematic 
drawing of Fiq. 1 illustrates the functional prin
ciple of this rarticular design easily (see also 
Fig. 2 and 3): 

- the image on ground is relayed via a deflection 
mirror (2 in the construction drawing, Fi~. 3) 
the purpose of which is to vary the scan line 
forward or aft to avoid sun-olint on the ocean 
surface, onto the -

- primary telescope mirrors 5 and 6 (Fig.3) which 
focuses the imaoe onto the imaoe slit (7) which 
represents the ~ctual scan lin~ on nround by 
cutting off the rest of the FOV 

- the focused scan line imaae is expanded and pa
ra l l i zed throuqh the collimator system (8 & 9) 
for 

- dispersion into the spectral components by the 
subsequent blazed arating, the main spectrome
ter element (reflective 9rating) 

- the dispersed beams (dashed lines in Fig.3) are 
imaged onto the matrix CCD array (14) by the 
collimator optics, now used as imager optics, 
via another small deflection rnirror (13) which 
becomes necessar-y since the rhysical dimension 
of the detector array does not allow its mount
inq aside the slit 

- on top of the detector array, the detector ar
ray trigaer and analog readout electronics PCB 
is mounted to avoid lonq connections between 
both, i.e. to avoid EMC- riroblems and cross-talk. 

The front end relay/deflection mirror also serves 
as a means to reflect diffused sun light into the 
instrument fo1· calibration (the reversed side is 
covered with a diffuser). Furthermore, the same 
mirror is used in an intermediate position as a 
shutter to enable dark current correction 111easu
rements for the detector a 1-ray. 

Another calibration subunit is included in form 
of the cw laser diode underneath the front deflec
tion mirror (19 in Fi~.3) which serves as a spec
tral channel control reference, i.e. verification 
that the pre-launch channel allocation is main
tained; in case of deviation, it will enable a re
programming of the channel spectrum allocation. 

3. TECllMICl\L DESCRIPTION 

The ROSIS insirument is subdivided into the opti
cal module as shown in Fiq. 3 and an electronics 
module, see Fig. 4. 

The main features of the optics concept are sum
marised in Tab. 2. The main mirrors are asrheric 
elliptical mirrors and designed such that their 
residual curvature radius comrensates the mean re
sidual slit curvature (curved slit image by gra
ting), see Fig. 5. The resulting maximum distor
tion per channel remains below 0.2 pixel size at 
the FOV limits even. 

The mechanical concept for the optics module re
flects the specific adjustment and tolerance re
quirements of ROSIS in view of the number of op
tical elements to be kept in alignment: 

- the basic structure consists of two integrally 

milled shells, of which the bottom structure 
supports all essential optical components (mir
rors, grating, internal baffles); it is 111ade 
entirely of aluminum to avoid thermal gradients 
across the structure. The uoper shell contains 
the detector array rlus its' adjustment devices 
(not shown) and a TE cooler for thermal control 
and dark current reduction. 

- All optical components including the detector ar
ray can be precision adjusted to about ! 3 µm 
(requirements for the mirrors about ! 10 µm) 

- The front deflection mirror will be driven by a 
stepper motor 

- The relatively high thermal expansion coeffici
ent of aluminum requires a rather stable semi
active thermal control (:!: 2 K) 1·1hich is achieved 
by multi-layer thermal blankets and heating of 
the optics module during eclipse phases 

- lleat generated within the optical module will be 
dissipated via a 150 mm2 radiator ~1hich can point 
towards earth even (see shaded area on instrument 
in Fig. 2). 

Considerable effort has been put into the ELECTRO
NICS CONCEPT as well in order to meet the high radi
ometric requirements and not deteriorate the focal 
plane assembly performance. 
The overall electronics is subdivided into <\ main 
subunits which are: 

- the analog control/readout electronics in the op
tical module (including a s111all power supply sec
tion for the TE cooler) 

- the signal processing and conection electronics 

- the processor/soft1·111re part fo1· operational con-
trol of the instrument and du ta readout organi
sa Li on 

- auxiliary electrnnics such as ro~1e1· supply, tele
metry and telecom111and, housekeeping, harness etc. 

The overa 11 block di agramm is sho\o/n in Fig. 7; the 
dashed l i ne marks Lhe the subunits 1·1h i ch a re acco
moda ted within the elctronics box (altogether 25 
PCB Is) . 

The user (ground control) is able to select 28 spec
tral channels out of the available 256 channels (on
ly 50% of the detector array are used as sensitive 
area, while the second half is used as an interme
diate storage zone in the frame transfer mode). 
Every spectral channel provides 1024 (spaceborne ver
sion) resp. 512 (preliminary airborne version based 
on the Thomson-CSF Tll 7884 devi ce ) pixels. 

The detector array generates for each oixel a "refe
rence" and a composite signal, i.e. the actual sce
ne signal is superimposed to the reference signal. 
I\ srecial electronics subunit is provided to recover 
the scene video signal and to increase the dynamic 
range in form of the correlated double sampling tech
nique. The resulting dynamic range is 4000: 1, yet 
only 8 bit are transferred into the subsequent sig
nal processing chain through gain control (program
mable, to reduce the output data rate). 

Each pixel is radiometrically corrected (dark cur
rent and sensitivity). The large number of correc
tion values requires an appropriate memory size 
(256 lines x 1024/512 pixels per line x 2 correcti
on values, equivalent to 512 resr. 256 kbyte memory. 
In order to further reduce the data rate, the fol
lowing data reduction schemes are foreseen: 



integration over adjacent pixels (data reduct
ion), i.e. increased qround pixel size, as a 
moderate hardware SU[l!Jlement 

- Ar.ithmetric Logic Unit (ALU) for in-flight syn
thesis of spectral channels (e.9. ratioing of 
pre-determined channels with moderate hardware 
but hiaher software effort) 

- data compression through DPC~ techniques, the 
currently expected compression factor is 2.4; 
this unit needs experimental verification with 
the first test model. 

In addition to the optical calibration references, 
see sect. 2, an internal electronic self-test and 
calibration is included to eliminate drift effects 
of the signal processing elements. 
Subsequent to the si~nal correction and processing, 
the formatter transmits the serial digitized video 
data including header information (time, gain, at
titude data, channel number, operational mode etc) 
to the mass storage or data handling system of the 
spacecraft or aircraft, i.e. telemetry for real
time transmission or on-board storage. 
The processor system (data management system - DMS) 
consists of an 80C86 µP (space-qualified MBB pro
cessor) with an appropriate structure (number of 
general purpose registers, interrupt logic, bus or
ganisation) and adequate speed. A highly developed 
hard- and software support is available for this 
system, including the capability for higher 9ro
gram languages (PL/M, Pascal ,C). This enables full 
operational control of all rossible operation modes 
as well as pre- and re-pro!)ramminq of channel allo
cations, selection, gain control, radiometric cor
rection, data reduction modes etc .. 
The processor system is modularized to enable rela
tively simple adartation to varying environment, 
operation modes (number of I /0 rorts, memory etc) 
and features: 

- 101·1 po~1e r 
- compact size 
- radiation hard 
- rugged system. 

The electrical ground support system (EGSE) will be 
established in 1987 in the course of the first air
borne test model . 
The same applies for the Optical Ground Support 
Equipment (OGSE). 

4. SUt1\1ARY SPECIFICATIONS 

The main instrument characteristics are summarised 
in the tables 2 (ortical system), 3 (performance 
summary) and 4 (technical data, including the FPA 
(Focal Plane A~sembly) specifications. These are 
still preliminary for the spaceborne version since 
at the time of this paper's r.iresentation no direc
tly applicable matrix CCD array exists which pro
vides 1024 pixels in the spatial scanning direction 
(the only existing 1024 2 array of Texas Instruments 
(Tl-VP1M) is available as a starinn mode device on
ly and not as frame-transfer array-which would be 
needed for this purpose (i.e. with one half as in
termediate storage zone). 
According to the team's information, promising de
velopments are under way in Japan, the USA and the 
United Kingdom; thus, for the time envisaged for 
the space version realisation, the ayailability of 
a suitable matrix CCD can be assumed. 
As regards the performance data of the airborne 

version, the quoted 2.5 nm bandwidth can not be re
alised with either the total rov of:!: 16° and simul
taneously with 0.2 pixel matchinci. 
For concept verification purroses, the started air
borne test version will have the CCD placed on one 
half of the ~ 16° FOY (the TH 7884 covers 501 of the 
desicin FOV only) in order to demonstrate the ROSIS 
performance at lar~er view annles. 

5. OUTLOOK, COHCLUSIONS 

The here1~i th proposed ROS IS instrument represents 
the "first generation" of this imaging spectrometer 
type only. 
The first model which is initiated already on the 
basis of internal funding by the DFVLR (inst. of 
Commun. Techn. and Remote Sensing, Oberpfaffenhofen) 
and the GKSS (Geesthacht near llamburg) as users of 
the instrument and ~ml3-ERMO, Ottobrunn Space Systems 
Group, is to be considered as an airborne test ver
sion only which does not represent all electronics 
features as described above. 
It is worthwhile to mention that for this particu
lar instrument type an airborne version reveals an 
even broader application range than the space ver
sion, see as a preliminary overview Tab. 6. This 
results fro111 the nround pixel size mainly since 2 m 
ground pixel size-e.g. at 4 km flight altitude pre 
considered sufficient for almost all kinds of appli
ca ti ans. The nature and number of candidate a pp 1 i -
cat ions is expected to ex tend in the course of the 
first flight test program111e. 
For spaceborne missions - with the excertion of wa
ter colour measu1·e111ents - typically the combination 
1·1i th a high-resolution (spatial) scanner is recom
mended. · 

An extension towards longer wavelengths is the ap
parent lo~lical follm·1-on goal; the all-reflective 
optics concept clearly is favourite for 3uch exten
sion (even with some modifications of focal lengths 
and grating number). Especially the incorporation 
of S\IIR channels in the ranne from 1.4 to about 2.5 
pm is the next development goal since it represents 
rather attractive applications such as qeological 
exploration, wider vegetation status studies or at
mospheric measurements, in panicular also cloud 
studies, ice and snow analysis etc .. 
The required detector array technology is pot yet 
ma tu re for srrnceborne versions but promising for 
airborne test versions (e.g. matrix arrays based on 
Pd-Si Schottky Barrier techniques or hybrid arrays 
of InSb, CMT, with promising developments in Eurore 
and the USA). 
Ml3B plans to start with these spectral ranges in 
1989. 
An extension towards longer IR wavelengths, i.e. 
MIR (3.5-5 µm) and thermal IR (8-15 pm) is planned 
for the subsequent years, provided there is suffi
cient interest and suport for these spectral ranges. 
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Tab. 1: Spectral Channels, Bandwidths and radiometric Resolution Requirements 

Channel Main Application Central Band- Resolution 
No. Wave l. width ('.t of total 

>. (nm) signal per 
( m<fi) channel 

1 Chlorophyll Absorption 440 20 ~ 0.5 

2 " tt 490 20 II 

3 Suspended Matter Cone. 560 20 " 
Correlation for 1+2 

4 Fluorescence Correlation 675 10 ~ 0.2 

5 Fluorescence Channel 683 10 II 

6 Fluorescence Corre 1. ( atm.) 711 5 II 

I 

Option Yellow Stuff (conc.,absorptl410 20 i 0.5 

Option Atmospheric Correction 745 20 II 

Tab. 2: Optical System Design Parameters 

PRIMARY OPTICS COLLIMATOR/IMAGER OPTICS GRATING 

Type: "Blechinger" same Blazed Grat Ing 
Focal Length:31.5 nm 90 llJl1 Grating nunt>er: n = l!O 
f-number: 3.5 3.5 Blaze angle: 2· 
FOV: f 16 ~ 4.2 <relay FOVl Spectr. dlverg, 5 nm 
Distortion: 2 :t 0.2 olxel <resld. s 11 t 

curvaturel 
Allgnm. Toler, 0.3 · OS<arc mlnl 0.2 . 

-



Fig. 1: ROSIS Imaging Spectrometer, functional Principle (Optical Module) 

Fig. 2: ROSIS schematic Illustration 
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Fig. 7 : ROSIS overall Electronics Block Dia9ra111me 

Tab. 3: Summary ROS !S Performance Data (Airborne and spaceborne Versions) 

Total FOV 

lnslanlan. FOV 

Swath Widlh (km) 

Ground Pixel Size (m) 

No. of Pixels/Scan Line 

No al usable speclr. Channels 

No. al selectable spectr. Channels 

No al readout Channels 

Spectral Bandwidth per Channel 

Aadiomelr Resolution Fluorescence 
Channel (685) 

') 5 nm Baseline Concept, 2 nm feasible 

Airborne Version 

4km Altitude 

± 1.15 

22 

512 
I 

8 km Altitude 

± 16° 

0.55 mrad 

± 2.3 

4.4 

256 

128 

:$; 28 

Spaceborne Version 

(Allitude· 525 km) 

± 16" 

0 55 mrad 

± 150 

300 

1024 

} 
at a spectral range 
of 400nrn ~ ). ~ 9GGnm 

2/5 nm') 5nm 

I 
< 10 •al apparent albedo ;;i: 2 x 10 3 

I I 



Tab. 4: Summary ROSIS tec'1nical Specifications 

Focal Plane Assembly Snecifications (Detector Arrays) 

Focal Plane Assembly: 

Current deleclor array baseline: Thomson·CSF TH 7883 wllh: 
• 512 (V) x 500 (H) pixels 
• Pixel size: 23.5 x 18 5 µm 
a > 3000 : I dynamic range 
• 2 arrays (corresponding lo 2 oplics modules) 

Preferred deleclor array: 
• 1024 x 512 pixels (e g. modilied Tl VPIM or exlended TH 7883) 
• 5000 : 1 dynamic range 
•Curren! Tl VPIM dilficull lo use because ol virtual phase readoul 

Moderale TE cooling (-25° C) of FPA lo reduce dark currenl noise 

ROSIS overall technical Specifications 

Optics Module Electronics Module 

Dimensions (cm) 24 x 28 x 45 22 x 21 x 42 

Weight 18 95 

Electr. Power (W) 

- average 6 26 

- peak 16 (heater) 36 

Dig1lal Dala Rale 
(Mbps) 

- uncompr. 8.85 - 20 channels I 4 42 - 10 channels 

- compressed 3.7 - 20 channels I 1 85 - 10 channels 

Total 

27 5 

32 

52 

-
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Tab. 5: ROSIS Development Planning 

MBB Imaging Spectrometer, Development Plan: 

Visible/NIA Version (0.4-1.011m) : 

1985/86: 

1986/87: 

1987/88: 

1988/89: 

by 1993: 

Concept definition (nalional funding) 

Breadboard for laboratory verificalion (MBB inhouse funding) 

Airborne test model, space compalible 

In-orbit demonstration model for short-term ( .f: 30 d) verification in space 

Operalionai version 

SWIR Version (1.5-2.511m): 
·---------------------------------------1988/89: Breadboard version (e.g. with MBB/IMEC arrays) 

1990/91 : 

1992/93: 

Airborne version 

In-orbit demonstration model 

MIRfTIR Version (3.5-1511m) : 

1989: Concept definition 

1994 · Spaceborne model 

Tab. 6: Survey of preliminary candidate ROSIS Aprlications 

Discipline/ Application 

Oceanogrnphy 

- Chlorophyll Absorption/Fluorescence Monitoring 

- Coastal Zone Water Oualily 

Land Use 

- Vegetation Slatus Monitoring 

- Vegetation Disease Monitoring 

- Vegetation Classific. Mapp 

- Settlement Classific. + Mapp 

Hydrology 

- Water Qualily Monitoring 

- Chlorophyll Contents Monit 

- Sedimentation Mapping 

Environmental Monitoring 

(') - all above asterix applications 

- Air Qualily Monitoring (Aerosol load) 

Glaciology 

- Snow/Ice Status (humidity, age .. . ) 

--------- ·- - - --·-------
Airborne 
Version 
6.A= 2.5 nm 

Space borne 
Version 
6. .1=5 nm 

Remarks 

+ + + + Design Driver 
(regional) -- (global)------------
+ (+) 

++ + • Combination with 

++ + high-resol. Scanner 

++ + recommended 

• (+) • Spatial resolution 

++ (+) limiled !or Spaceb. 

+ (+) version 

+ + 

+ (+) 

+ + fully applicable +valuable contributions (+) limitalion through resolution/addit, sensors 
SWIR channel complementation 



EUROPEAN SPACE AGENCY CESA) 

- AGREEMENT OF COOPERATION 9TH DECEMBER 1978 

- RENE~JED IN JANUARY 1934 FOR 5 YEARS 

- CANADA CONTRIBUTES TO MANDATORY ACTIVITIES 

- CAr4ADA CAN JOIN OPTIONAL PROGRAMS: OLYMPUS, ERS-1 

- REPRESENTATION AT COUNCIL AND PROGRAM BOARDS 
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EARTH OBSERVATION PREPARATORY PROGRAMME (EOPP) 

OBJECTIVE 

- TO ADVANCE THE DEFINITION STATUS AND PREPARATION OF FUTURE 

PROGRAMMES HJ EARTH OBSERVATION SUCH THAT THE CORRESPONDING 

PHASES B. C/D AND E CAN BE APPROVED AND INITIATED. 
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HFP ACTIVITIES 

- ESTAilJ~ a= MI~IOO CONCEPTS 

- SYSlEM STUDIES 

- INSJRLtENT STIIDIES 

- FEASIBILITY STIJDIES 

- ~~iqoorr CAl"i>AIGNS 

- INVESTIGATION OF BASIC TEG[GlffiY FfQUIPE·iaITS 

- PRE-DEVEUJP1"E'IT OF ffiITIC.t:.L 1EOJ.NOLOGIES AND SlIB-ASSf?IBLIES 

- ESTif·tl\TION Cf PRCffiAM COSTS1 SOHULES MID RISKS 



FOR EACH PREPARED PROGRAM:

- MISSION OBJECTIVES 

- FEASIBILITY 

- PROGRAM REQUIREMENTS 

- ECONOMIC BENEFITS 

- DEFINITION OF INSTRUMENTS 

- DEFINITION OF GROUND SEGMENT 

- RESULTS OF TRADE-OFFS 

- LAUNCH AND SERVICING REQUIREMENTS 

- FIRST COST ESTIMATE 

OUTPUT OF EOPP 



PARTICieANI 
BELGIUM 

DENMARK 

FRANCE 
GERMANY 

IRELAND 

ITALY 
NETHERLANDS 
NORWAY 
SPAIN 
SWEDEN 

SWITZERLAND 
UNITED KINGDOM 
CANADA 

FINLAND 
NOT YET COVERED 

TOTAL 
CKAU) 

CANADA 
6% C $K) 

1986 

6,447 

338 

1 

3-61 

1-77 

18-17 

20.00 

1-40 

11-00 

4-84 

1-85 

4-00 

3-78 

3-87 

15-12 

6-00 

1-62 

2-91 

100-00 

1987 

13,104 

1,004 

1988 

13,736 

l.,053 

EOPP 

FINANCIAL 

1989 

14,286 

1,095 

1990 

11,230 

861 

TOTAL 
58,803 

4,401 

[ASSUMES 4% P.A. 
INFLATION AND 
EXCHANGE RATE OF 
1-277341 
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OVERVIEW OF THE TOTAL CANADIAN CIVILAN SPACE PROGR...~~ 

Canadian Space Program expenditures for the next five years are summarized in 
the following table and chart. 

CURRENT YEAR 

1985/86 

158 

Total Space Program ~xpenditures ($M) 

NEXT FIVE YEARS 

1986/87 1987/88 1988/89 1989/90 199 0/ 91 

148 160 170 166 180 

OYERA..LL CfVlLI.A>i SPACE E.'CPEJ'jDITL'RES 
~ TR..\...1 \19:3/37 - !SS0/91) 'a~~'.J 

S3nce Scio o·;.,, $75' I (9.8~} 

Communic11.tloo.s $202Y (2~.6~) 
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PROGRARr'I WALS 

o THE GEJl:DAL G©AL Of' THE BMFT FUNDED PART OF TIE NATIONAL EARTH OBSERVATION 
PROGJWH DS 

THE PROVISJ~ AUU> UTILIZATION OF REMOTELY SEISED DATA FOR APPLICATIONS IN 
- LAND OBSERVATION <AGRICULTURE, FORESTRY, GfOlOGY, REGIONAL PLANNING ... > 
- PHYSICS OF THE SOLID EARTH 
- PHYSICS OF THE OCEAN <INCL. MONITORING OF SEA ICE, COASTAL PHEN<J1ENA ... > 
- PHYSJCS OF THE AIDDLE AND L(}UER ATMOSPHERE, CLIMATE RESEARCH 

o THE PROGRAMME INCLUDES TWO MAIN TASKS 
I. INSTRUMENT DEVELOPMENT ("'70 % Of THE BtJDf,ET> 

II. DEVELOPMENT Of METHODS FOR DATA PROCESSING AND DATA EVALUATION, 
DEMONSTRATION OF POTENTIAL USE OF REMOTELY SENSED DATA FOR GEO
SCIENCE APPLICATION (1V30 % OF THE BUDGET> 
CTO OBTAIN SUCH DATA, SOURCES FROM ESA AND FOREIGN SPACE MISSION AS 
WELL AS FROM OWN EXPERIMENTAL INSTRUMENT FLIGHT WILL BE USED> 

o BUDGET 
PRESENTLY 16 MIODrL PLAtJNED trfl)IU'M TERM INCREASE UP TO 30 MIODM. 

• ' I : ' 

I ~1i .. l tjiij ~ -L l~ •. 1 . ~··""" ~ 

JULY 1986 + Fiq) . 
DfVLlt ELENENTS OF THE GEJO·t.Af~ EftwRTH OBSERVATION PROG~1ME 

Rf-TN 
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PROGRAfflE GOALS <CONT.> 

o IT IS NOT INTENDED TO DEVELOP AND OPERATE ANY EARTH OBSERVATION SATELLITES 
IN THE FRAMEWORK Of THE NATIONAL PROGRAMME. 
THEREFORE, IT IS RESTRICTED TO 
- THE DESIGN, DEVELOPMENT AND EXPERIMENTAL OPERATION OF SELECTED 

INSTRUMENTSWHICH PRIHARILY WILL TAKE FLIGHT OPPORTUNITIES IN 
SHUTTLE AND SPACELAB MISSIONS OR ESA SATELLITE MISSIONS 

o OBJECTIVES OF SUCH MISSIONS ARE 

- TO TEST NEW INSTRUMENT CONCEPTS AND MEASUREMENT METHODS, 

- TO DEVELOP AND APPLY NEW DATA PROCESSING TECHNIQUES AND 
INTERPRETATION METHODS 

- TO DEMONSTRATE POTENTIAL OF FUTURE OPERATIONAL USE 

~DFVLR Fig.2 ELEfiENTS OF THE GERMAN EARTH OBSERVATION PROGRllPE 
...,..., RF·TN 

JULY 1986 



I tfSTRUMENT DEVELOPMENT 

o LAND AND OCEAN OBSERVATION 
OPTICAL IMAGING INSTRUMENTS: 
- METRIC CAMERA 
- tellDULAR OPTO-ELECTRONIC MULTISPECTRA.L SCMfER <fillMS> 

TWO VIS CHANNEL IMAGER 
SWIR IMAGER 
STEREO IMAGER 
IMAGING SPECTRorETER 

} MOAS FAl!ILV 

MICROWAVE RFMOTE SENSING INSTRUMENTS 
- MICROWAVE REMOTE SENSING EXPERl~i'ENT <MRSE> 
- X-SAR 

o PHYSICS OF SOLID EARTH 
- PRECISE RANGE AND RANGE RATE EQUIPr1ENT <PRARE> 

~DFVLR FigJ ELEMENTS OF THE GERt\AN EARTH OBSERVATICl4 P!IOGRAlflE 
~ RF-TN 

JULY 1986 
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INSTRUMENT DEVELOPMENT <CONT.> 

o ATMOSPHERIC PHYSICS <STRATOSPHERE, MIDDLE ATMOSPHERE> 
- MILLIMETER WAVE ATMOSPHERIC SOUNDER <MAS> 
- MICHELSON INTERFEROMETER FOR PASSIVE ATMOSPHERIC SOUNDING CMIPAS) 

o CLIMATOLOGY <RADIATION BUDGET> 
- CONICAL SCANNING RADIOMETER CCSR> 

,,4.,DFVLR Fig.3 ELEMENTS OF THE GERr1AN EARTH OBSERVATION PROGRAMME 
..,,,..., RF·TN 

JULY 1986 
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DATA PROCESSING I DATA EVALUATION 

o PARTICIPATION IN FOREIGN OR INTERNATIONAL MEASUREMENT CAMPAIGNS. 

EXAMPLES: 
- SAR 580 
- AGRISAR 

o PARTICIPATION IN FOREIGN EXPERIMENTAL MISSIONS. 

EXAMPLE: SIR-B 

o PREPARATION ON ERS-1 DATA EVALUATION FOR APPLICATIONS IN 

- OCEANOGRAPHY, CLIMATOLOGY 
- GEODESY, GEOPHYSICS 
- SEA ICE MONITORING 
- LAND OBSERVATION <AGRICULTURE, FORESTRY, GEOLOGY, REGIONAL PLANNING.,,) 

o DEVELOPMENT OF METHODS FOR DATA EVALUATION AND INTERPRETATION 

EXAMPLES: UTILIZATION OF STEREOSCOPIC SPOT DATA FOR TOPOGRAPHIC MAPPING; 

METHODS FOR MULTIDISCIPLINARY APPLICATION ORIENTED EVALUATION 

OF REMOTE SENSING DATA 

,,4.,,DFVLR FigAELEMENTS OF THE GERMAN EARTH OBSERVATION PROGRAri'1E 
~ RF ... TN 

JULY 1986 
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OUTLOOK

o CONTINUING INSTRUMENT nEVEUWtiBff ACTIVITIES. 
FLIGHTS/REFLI6HTS Of SELECTED IrdS~HTS tULl lRLY BE REALIZED IN 
NASA SHUTTLE MISSIONSID-2 SPACE -JUSSIOO. 
THOSE MISSIONS WIU SERVE AS EXPERIOOfTAL STEPS ON T~ WAY TO FUTURE 
OPERATIONAL MISSIONS i> POLAR PLATFORH 

o MAIN AREAS OF FURTHER INSTRUHENT DEVELOPHENTS: 
- ACTIVE MICROWAVE REHOTE SENSH:G CX-SAR> 
- OPTICAL IMAGING WITH STEREO CAPABILITY AND/OR IMGING SPECTROfETRY 

<MOMS-TYPE) 
- MILLif-ETER WAVE RADIOHETRY AND INFRARED INTERFEROHETRY FOR ATPES

PHERI C RESEARCH CHAS, HIPAS> 
- ~TE SENSING WITH LIDAR SYSTEHS 
- SCANNING IR RADIOMETRY FOR CLIMATE RESEARCH CCSR> 

o DATA PROCESSING AND EVALUATI ON ACTIVITIES: 
PREPARATION OF FUTURE EARTH OBSERVATION SATELLITE DATA EVALUATION 
<DEVELOPMENT OF ALGORITllriS, DfVELOPrBIT MD VALIDATION OF MODELS, 
PI LOT AND DEMONSTRATIO.I CJU.iPAIGf~) I 

~DFVLR Fig5ELEMENTS OF THE GEruW4 EARTH OBSERVATION PROGRAMr-E ~ RF .. TN 

. 
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German-Canadian Workshop on Chlorophyll Fluorescence 
Ottawa, October 1986 

SOME POSSIBLE METEOROLOGICAL APPLICATIONS OF AN IMAGING SPECTROMETER 

Hartmut Grassl
Forschungszentrum Geesthacht 

Max-Planck-Strase 1 
D-2054 Geesthacht, FRG 

1. Introduction 

Imaging spectrometers allow a nearly simultaneous high resolution ( spec

tral or/and spatial) imaging of natural surfaces. Depending on the choice 

of spectral channels different specific applications may be optimized. 

While the existing FLI (Fluorescence Line Imager, Moniteq) and the planned 

ROSIS (Reflective Optics System Imaging Spectrometer, MBB) were both pri

marily designed for water colour and are or could be used for vegetation 

stress moni taring also, a new application in atmospheric physics would 

surely boost both instruments. 

This short note shall point to four applications of an imaging spectrcmeter 

with detector arrays sensitive at wavelength from 0.5 to 1.0 µm. The four 

uses are: 

cloud height 
optical depth of clouds and mean cloud drop~et size 

spectral albedo of snow or mean crystal size 

water vapour column content. 

All possible four uses will be characterized by only a short information 

on 

basic physical principle 
spectral channel position 

importance for meteorology and climatology. 

~ ·. 

~· · . 
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2. Cloud Height 

2. 1 Principle 

If optically thick clouds are replacing a partly reflecting natural solid 

surface if viewed from above the ratio R of upward spectral radiances with

in I and outside I an absorption band of an atmosphereic gas will grow 
a w 

with cloud height, since the absorption of the layers below the main re-

flecting upper part of a cloud is no longer so effective. If the absorbing 

gas is well mixed like molecular oxygen (0 2 ) the ratio R is a direct meas

ure of the pressure within the backscattering cloud layers. Pressure in 

turn is easily changed into height if the pressure-height relationship is 

approximately known for an area. 

2. 2 Channels 

The centre of the 0.76 µm 0 2 -band offers a position for the fa channels. 

One or preferably two nearby window channels allow a determination of R 

without any absolute calibration. The accuracy of cloud height determina

tion is a weak function of the extinction coefficient eAW in the window 

channels in the upper cloud layer, is also depending on spectral resolution 

of the 0 2 -channel and on sun elevation, however, is nearly independent on 

aerosol particle backscatterng. A computer simulation using an azimuthally 

dependent radiative transfer code has been started and should also show the 

possible use of one or two more 0 2 -channels in order to determine cloud 

height also for optically thin clouds. 

2.3 Importance 

Correct cloud height assignment within an image would - besides allowing 

global climatologies of cloud height - enhance a number of remotely sensed 

meteorological v~riables, however, most strongly 

temperature profile 

water vapour profile 

longwave net flux at cloud height 

'• 
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3. Clouds: Optical Depth and Droplet Size 

3.1 Principle 

The albedo of a water cloud is no simple function of the liquid water path. 

It is strongly varying - at fixed optical depth - with mean drop size. If, 

however, weak liquid water absorption bands in the 0.7 to 1.0 µm range are 

used both optical depth and droplet size distribution mode radius may be 

inferred. 

The spectral albedo or radiance minima within the absorption bands become 

deeper both with increasing droplet size and increasing optical depth but 

differently for different drop sizes, thus possible enabling a separation 

of the optical depth and size effect. 

3. 2 Channels 

The optimized channel positions are 

maximum liquid water absorption 

minimum liquid water absorption 

leading to maximum upward radiance differences between absorption a~d win

dow channels which contain the droplet size and .optical depth information. 

Window and absorption channels should avoid water vapour absorption bands. 

At least two channels of each type should be available. Whether an absolute 

calibration is needed cannot be answered at present. A careful simulaton 

study is needed before answering. 

Some disturbance might be caused by absorption of aerosol particles within, 

on or outside the droplets. The drop size retrieved would also be biased 

towards droplet size within the top layers of a cloud. 

3.3 Importance 

The knowledge of optical depth and mean droplet size in an aerial overview 

would extremely enhance our understanding or cloud physics and would also 

improve the remote detection of related parameter like solar radiation at 

the surface and liquid water path. 

~ .. 
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4. Spectral Albedo of Snow or Mean Snow Crystal Size 

4.1 Principle 

Ice, like liquid water, also has weak absorption bands in the 0.7 to 1.0 µm 

range, shifted to somewhat longer wavelengths. As for the size of cloud 

droplets also for crystal size these absorption bands mark minima in snow 

covered surface reflection. 

The depth of these minima is firstly a function of crystal or floe si.ze 

and secondly of crystal shape. Thus, the spectral near infrared albedo of 

snow also contains more than just a reflectivity information. 

4.2 Channels 

Canpared to section 3 no drastic change in channel selection occurs. If the 

shift to longer wavelength is accounted for and if water vapour absorption 

is circumvented section 3.2 is also applicable. In both applications (sec

tion 3 and 4) a measurement above 1.0 µm within stronger liquid water and 

ice absorption bands would increase the accuracy of droplet or crystal size 

retrievals as long as the signal-to-noise ratio - thereby accounting for 

increased channel differences - is as high as in the shortest infrared 

range. 

4.3 Importance 

Over the inland ice sheets an information on mean crystal size in the 

uppermost layers of a snow pack increases the information on snow methamor

phosis, enables the detection of fresh snow or may enable the discrimina

tion of rime areas. If informatoin from visible channels is added, the 

contamination of snow by soot may be detected. 

5. Water Vapour Column Content 

5.1 Principle 

The water vapour vibration rotation bands from 0. 6 to 1. 0 µm wavelength 

offer a way for day-time water vapour colunn content determination. The 

relative differences or ratios of upward radiances in and outside these 
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absorption bands are a strong function of water vapour column content, they 

are modified by geometry {sum elevation and remote sensing viewing angle) 

and they are weak functions of the temperature profile. 

5.2 Channels 

As for cloud height and cloud optical depth channels in and outside rather 

weak absorption bands are necessary. The spectral resolution is not really 

important since rather broad absorption features as well as windows exist 

within the 0. 7 to 1.0 µm domain. In order to avoid too much temperature 

dependence of radiance ratios or relative radiance differences the least 

temperature dependent parts of the absorption bands should be chosen. Again 

a careful simulation accounting for geometry, channel number required for 

specific accuracies and temperature dependence is a prerequisite of an 

application. 

5.3 Importance 

Water vapour is the least known important meteorological variable in many 

areas of the globe. The present meteorological satellites with thermal IR 

channels derive water vapour information only after the determination of 

temperature profiles. Their accuracy reaches 0. 2 - 0. 3 gcm- 2 water vapour 

content which is for most atmospheres accurate roughly to 10 %. The propos

ed method would be more accurate especially for cold atmospheres and would 

be nearly independent on a temperature profile information, however, would 

also fail in cloudy areas. 

6. Combination of Applications 

The above four applications - if combined - would not only add their spe

cific retrieved parameters but would enhance the accuracy of all the para

meters retrievable. As an example the knowledge of water vapour colunn 

content gives a correction of possible remaining influences on snow albedo 

and on optical depth of low lying clouds. No more than 10 channels would be 

sufficient for all tasks, since the window channels needed in all sections 

could remain the same. 

For the above applications simulations have been {section 2) or will be 

(sections 3 to 5) started soon in order to be able to use optimized chan

nels as soon as the airborne version of ROSIS is available. 

,· 

. : 




