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FOREWORD

This final report documents progress towards achieving a capability
to acquire oceanographic information by using remote sensing techniques from
aircraft and spacecraft. It is submitted under the terms of Contract N62306-
70-C-0149 with the U.S. Naval Oceanographic Office (NAVOCEANO) as modified
on 18 September 1969 and 11 May 1970. Funds for the study were provided by
the National Aeronautics and Space Administration (NASA) on an interagency

transfer of funds,

Emphasis during the conduct of the study was placed on those research
activities funded and/of monitored by the Spacecraft Oceanography Project of
NAVOCEANO but also includes research and development conducted through
other agencies. The organization of the report follows a logical progression of
steps that shows the rationale for the program, the progress in acquiring and
using the data, and the program's status for achieving a capability to acquire

oceanographic information utilizing spaceborne instruments.

The study was conducted under the cognizance of the staff of the
Spacecraft Oceanography Project (SPOC). John W. Sherman, III is Project
Manager and A. L. Grabham was Technical Monitor. Close liaison was main-

tained by CSC with the SPOC personnel during execution of the contract.
This final report was prepared under the technical direction of:

Dr. W.E. Strange, Director R.K. Salin, Manager

Geospace Applications Operation Geonautics Department

Several individuals involved in various ocean industries and ocean
sciences as well as instrument development were querried in regards to their
needs, future applications, and progress in remote sensing instrument develop-
ment. Their inputs were extremely valuable in the conduct of the study. Those

individuals contacted are listed in the Appendices.
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SECTION I

INTRODUCTION

1.1 BACKGROUND

The Spacecraft Oceanography Project (SPOC) was established in 1965
through an agreement between the Associate Administrator, National Aeronautics
and Space Administration (NASA) and the Assistant Secretary of the Navy
(Research and Development). The project was established to develop and
coordinate the Oceanography/Marine Technology Applications Experimental
' Program in conjunction with NASA'S Natural Resources Program. SPQC was
assigned to the U.S. Naval Oceanographic Office (NAVOCEANQ) for administra-
tion, which placed the project in a position to provide liaison between the
oceanographic and space communities and provided an experienced contractual

organization for the administration of contracts in the oceanographic field.

Since its inception SPOC has directed its efforts toward defining the
feasible‘us es of space technology for measuring oceanic parameters. It has
contracted for numercus investigations, tests, and studies in the field of
oceanic research. Those reports developed through SPOC funding are listed
in the Bibliography, . (Appendix A). An annual report was compiled covering
the work conducted during the initial year of operation, but reports have not been
made in subsequent years. Since the early report, efforts related to the sul‘)ject
have increased to the point where a consolidation of the results of all research
by SPOC contractors and related research by user ageﬁcies, industry and research
institutions is mandatory in order to produce a document clearly defining
progress to-date, users, thelr requirements, sensor state of the art, and

possible benefits to be derived from spacecraft c.>ceanogra.phy".

1. 2 NASA-SPOC PROGRAM OBJECTIVES

The agreement between NASA and the Department of Navy establishing
the Spacecraft Oceanography Project called for the development of a program

of research studies that would lead to the identification of experiments in



oceanography and marine technology utilizing manned orbiting space platforms
(73). In addition the Naval Oceanograph_ic Office, in which SPOC was
established, was asked to enlist the support and obtain advice of a broad
spectrum of governmental, academic and industrial organizations in defining

and designing the technical experiments.

[

Later an expanded definition of SPOC objectives was developed. These

objectives are:

" &, ‘To increase man's knowledge and understanding of the mechanisms
underlying oceanography by exploiting the favorable and unique aspects of
spacecraft (altitude, speed, repeatablhty) and identifying and défining those
features and processes of the ocean which are uniquely suitable to measurement
by sensors aboard spéceci'aft,' e.g., the ocean's vastness, inaccessibility and
reinoténéss; the small time-scale variants; the existence of large-scale

phenomena, and low topographic relief.

b. To con;ipile and assess information on those instruments and tech-
niques which can provide meaningful and useful oceanographic data from space-
craft, separately‘, or complementary to other data acquisition techmques to
investigate means for coordinating and optimizing all available methods of
oceanographic data gathering from the subsurface, and from above the surface

of the. ocean.

‘ ¢c. To devélop and test new techniques using oceanographic .spacecraft
observations to fill gaps existing in present techniques; to determine which
oceanographic sig-na,tures can be quantitatively detected from orbital altitudes,
free of ambiguiity and environmental noise; to establish reliability by com-

parison with ground truth.

d. To develop new and improved methods of displaying oceanographic
information on a global scale suitable for utilization by scientific, technical,
and commercial interests for eventual better understanding of the economic
geography of the sea and exploitation of the ocean's resources; to develop
analytic methods of drawing valid three-dimensional oceanographic inferences

from two-dimensional data.
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e. To discover, what unforeseen oceanic phenomena may be observable
from the overview available at orbital altitudes to scientifically trained
astronauts; to assess the degree to which men in a spaceborne system can
enhance the system's effectiveness for obté.ining and maintaining up-to-date

knowledge of the natural conditions existing throughout the world ocean.

f. To exploit the dwell time of all orbiting spacecraft, which spend

over two thirds of their total lifetime over the oceans.

Currently SPOC represents the point of contact between the space and
oceanographic communities. The project is responsible for contracting
for studies of techniques and experiments for collection of oceanographic
data utilizing air/spaceborne sensors, the interrogation of in situ sensors
by space vehicles, the determination of ground truth, and the analysis of
oceanographic data acquired by remote sensors. Both manned and un-
manned systems are being considered. Funds for these studies are pro-
vided by NASA on a transfer basis to NAVOCEANO who then contracts and

monitors the work.

1. 3 STUDY OBJECTIVES

The objectives of the study which led to this report were to:

{1.) Review, compile and document the essential results of all con-
tractual and in-house work performed for and by the
NAVOCEANO/SPOC Project from October 1965 to July 1969.

(2.) Evaluate and verify the SPOC results; identify and quantify
(where possible) potential benefits from spacecraft oceano-

graphy; and compare user requirements with present capabilities.

It was felt that if these two objectives could be met, not only would it be
possible to meaningfully assess the results of past SPOC efforts, but it would
also be possible to identify the most productive direction for future SPOC efforts.
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14 STUDY METHODOLOGY

In order to achiev;e the study él:;jectives' a two-phase approach was’
taken. The first phase consisted of a preliminary review of the 60 documents
provided by SPOC at the initiation of the study. This preliminary review had
three aims. The first aim was to pr.epare a réview format £o be used in the
detailed review of the documents. The second aim was to prepare a detailed
study pla.1:1 to guide the total study effort. The final aim was to develop a final

report outline as a further means of focusing the study effort.

Duzring the second phase of the study, the SPOC generated documents
were reviewed using the review formats generated under the initial phas e‘ of ~
. the effort.. To complete this second phase and provide a means of qva,]__p.af:ién
and verification of the results, additional documents concerning sp-ac ecraft
oceanography were review‘ed, guestionmaires were p-repa,red and sent -to .
potential us ers and sensor designers and manufacturefs, personal interviews
were carried out, and the results of all inputs were synthesized in t;ng_la:; fgrn';

and evaluated.

1.4.1 Phase I - Preliminary Review of SPOC Documents

A preliminary review of each of the 60 SPOC furnished documents was
carried out independently by the project manager and at least one other member
of the project team. KEach reviewer then contributed his ideas concerning a
detailed study plan, a document review format, and a final report outline.

The inputs from all reviewers were then synthesized to arrive at the final
content of the documents as presented in Appendices B and C of this

report. These documents were approved by SPOC before continuing with the
study. )

1,4.1.1 Document Reviev? Format

The document review forms finally selected and presented in Appendix
C were designed to allow summarizing a document in terms of a number of
-different types of potential information. Allowance is made on the review

forms for the following types of information:
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(1.) A list of: users identified, user requirements identified,
instruments described, data requirements defined, and
benefits indentified.
(2.} An indication of the relations between user catagories served
and ocean phenomena, between ocean phenomena and the measured
ocean parameters, and between sensors and ocean phenomena’and

parameters. These relations are indicated by checkiné of proper

boxes in four matrices.

1.4.1.2 Detailed Study Plan

The detailed study plan presented in Appendix B envisioned that the
second phase of the study would consist of two parts. The first_p_a.r'f: would be
a detailed review of each of the documents provided by SPOC using the document
review forms described previously. At least two members of the study staff
would review each document. The final results of the reviews would then be

transferred to tabular matrices relating in various ways:

user groups

user requirements

ocean phenomena to be investigated

ocean parameters to be measured

spatial and spectral resolution requirements
measurement frequency requirements

sensor availability and state of the art

data format, integration, and transmission requirements
data processing i‘equirements and

anticipated benefits,

The second part of this second phase of the study would begin with pre-
paration, mailing and evaluation of replies from questionnaires sent to members
of the user community, scientific community, and sensor developers. Follow-
ing the questionnaires, there would be personal interviews with pertinent

individuals involved in either utilizing ocean information or acquiring it.
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The final objectives of this second phase of the study were to evaluate,
verify and document the SPOC documents, identify and, where possible,
quantify benefits to be anticipated from spacecraft oceanography, and to com-
pare user requirements and sensor capabilities and thereby establish current

state of the art.

1.4.1.3 Final Report Qutline

A final report outline was generated and approved by SPOC. This final

report is patterned after the outline.

1.4.2' Phase 2 - Review SPOC Documents and Evaluate, Update, and .Verify
Results .

This aspéét of-the s'tudy was carried out as described in the Detailed

Study Plan presented in Section 1.4.1.2 and Appendix B.

1.4.2.1 Task 2a - Review, Analyze, Compile, Summarize and Document’

Reports

Initially SPOC submitted approximately 60 documents for review. An

addition to the contract provided 50 additional documents. These documents
consisted of reports, investigations, and other scientific and technical papers.
The 110 documents submitted by SPOC were reviewed individually by members

of the technical staff, The review formats, developed in Task 1, were completed
for each document. The principal objectives of this review were to identify

the users or potential users of oceanographic data obtained from spaceborne
sensors and to determine their specific requirements, to document progress in
achieving a remote sensing capability, and to determine the status of remote

sensing techniques for ocean studies.

The documents reviewed varied ex‘tensively- in their worth for providing
information to satisfy the above objectives. It was found that, in general,
the documents could be divided info two categories. (1) Those that involved
the analysis of sensor data or other research applicable to rermote sensing of
the ocean's surface, and ‘(2) those documents that resulteti from surveys of

possible applications and potential sensing techniques, or summary discussions



of prior research. The majority of the information used in the report was
acquired from those sources reporting original work. However, the survey
type documents also proved to be valuable primarily for guidance in determining
potential users and their information needs and for guidance to other pertinent

activities and reports,

1.4.2.2 Task 2b - Evaluate and Verify Results

The evaluation and verification of the results of the reports and the identi-
fication of the user community and their requirements was accomplished through
the use of two additional sources of information., These sources were (1) the
review of an additional 50 documents, external to SPOC, pertaining to the sub-
ject of remote sensing of oceanographic parameters and (2) information obtained
from members of the oceanographic and sensor community through mailed

questionnaires and personal interviews.

Three sets of questionnaires were developed for this purpose. (1) An
abbreviated questionnaire, Appendix D, was developed for the ultimate users
of oceanographic information such as fishermen, marine transportation organi-
zations, the petroleum and mineral industry, etc. This questionnaire was de-
signed to obtain current and future (1980) data requirements. (2) The second
set of questionnaires (Appendix E) was developed in more detail and was designed
for the scientific community, i.e., individuals and organizationa conducting
oceanographic experiments and research. (3) The final questionnaire (Appendix
F) was addressed to sensor designers and manufacturers. It was designed to

obtain data on the state of the art of airborne/spaceborne sensors.

Approximately 250 questionnaires were sent to members of the user and
scientific communities. (Lists of those individuals and organizations can be
found in Apfaendices G and H.) Approximately 65 of those were returned,
Fifty-nine questionnaires were distributed to industry, university and govern-
mental organizations engaged in remote sensor R&D activities (see Appendix I}.
Twenty-eight were returned for a response rate of 47 percent. This group

provided not only the highest rate of return but also the most informative returns.

In addition to the use of questionnaires to obtain information, a number
of personal interviews were conducted. Approximately 55 persons that were

.
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either users of oceanographic information or involved in sensor development

or oceanographic research were contacted. See Appendix J for those individuals
“interviewed. For consistency, the questionnaires were used as a format for
cdnducting the personal interviews. As was expected, more complete information
was obtained from the interviews than from the mailed inquiries. However, the
results of the interviews of some members of the oceanographic scientific com-
munity left much to be desired as few could provicie precise information on

data acquisition requirements. Even fewer had given consideration to the

. problems of data transmission, storage and analysis or to the benefits that

would accrue,

.5 FINAL REPORT

This final réport, thus, contains the results of the study to document pro-
gress in the SPOC Program from its inception in 1965 through June 1, 1969. The
organization of the report follows a logical progression of steps that shows the
rationale for the program, the progress in acquiring and using the data, and the
program's status for achieving a capability to acquire oceanographic information

utilizing spaceborne instruments. .

This logic flow begins with determining the users, both real.and potential,
of oceanographic information (Section 2), followed by documenting their infor-
mation requirements (Section 3). These two Sections establish the rieed for data
" feasible for remote acquisition. Section 4 discusses progress that has been
made towards sensing the various identified phenomena and effectiveiy utilizing
the data. Section 5 documents the overall status of remote sensing of oceano-
graphic parameters. The status of information management systems is dis-
cussed in Section 6 and the potential benefits identified in the various reports are
identified in Section 7. Conclusions resulting from the Study are provided in

Section 8.
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SECTION 2
IDENTIFICATION OF THE USER COMMUNITY
AND THEIR INFORMATION NEEDS

In this section the oceanographic user community is identified
and the individual users are grouped. The information needs of the

various user groups are then documented in terms of broad information

requirement areas, In Section 3 these user requirements are detailed

and quantified.

This information is a necessary prerequisite for the evaluation
of past research, determination of present status, and definition of
future requirements for spaceborne oceanographic sensing systems.
Thus it is needed in order to evaluate in context the past research

efforts in spacecraft oceanography which were funded by SPOC.

2.1 IDENTIFICATION OF USER COMMUNITY

The first objective of this task was to identify the individual users,
The second objective was the grouping of the individual users in ways

that reflect some type of commonality of requirements.

In order to satisfactorily identify and group the cceanographic

user community an iterative procedure was adopted. Early in the study
the initial user and information groupings indicated in Table 2-1 were
developed by the CSC investigators in conjunction with SPOC personnel,
These groupings were based on past experience of the CSC personnel
and the initial review by CSC of the documents provided by SPOC for
evaluation under this study effort, These documents, varied from de-
tailed contractor reports to brief papers presented at scientific meet-
ings and/or published in technical journals, The groupings which
evolved represented a best judgement of the individuals involved as to
the broad major categories in which the users and their information
requirements might be consolidated and classified. Only non-military
users were considered since military oceanography was outside the

scope of the present study.

In Table 2-1, the basic groupings of users are related to the type
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of organization with which the users are associated and whether the
users are application oriented (Industry, Fishing) or research oriented
(Scientific Government and Scientific Non-Government),with a special
grouping for those users who were essentially land based and were
interested only in the ocean as it interfaced with land {Coastal Zone
Interface}. Fishing was broken out as a separate entity rather than
being placed as a subheading under Industry because of its uniqueness
when compared with other Industry, (construction, petroleum.drilling,
etc.) and also because it was taken to include sport fishing as well as
commercial fishing. Subgroupings under Industry were chosen on the
basis of types of industries while subgroupings under Scientific
Government consgisted of individual governmental agencies. The
Scientific Non-Government group was divided into two sub-groups,

Universities/Oceanographic Researchers and Fishing Commissions.

The appropriate selection of these general user categories in
order to allow the proper relating of spacecraft missions and activities
to user requirements is difficult. As may be seen in Table 2-1 and in
later classifications the user categories chosen do not refer to strictly
similar quantities nor are they completely independent in that there may
be overlapping categories, That is, a user may in reality belong to
more than one category. It is believed that without employing users
categories which are so narrow that they are impossibly large in number
some degree of overlap and dissimilarity in terms of the basis of user

groups is inevitable,

In order to verify the breakdown of the user community and 1-1p—
date user requirements obtained from the review of the SPOC provided
reports it'was decided to proceed with the development and distribution
of questionnaires and the conduct of personal interviews. These aspects
of the study have been previously discussed in Section 1 of the report.
The reports provided by SPOC and personal contacts, as well as pub-
lished oceanographic directories provided for a representative coverage
of organizations and individuals with an interest in the oceans, Individ-

uals and organizations contacted are listed in Appendices G through J.



On the basis of this additional information, a somewhat different user
grouping was arrived at as illustrated in Table 2-2, Representative Users
of Ocean Information. The six primary groups presented here and their
ass.ociated sub-groups represent a refinement and modification of the user
groupings of Table 2-1 and are used throughout the remainder of this report.
The specific users listed in the table are, of course, only representative of
much larger groups of users and are intended only as examples. As may be seen
from Table 2-2, there continues to be apparent overlap with some individual
users being named in more than one user group and with the six basic groups
being somewhat -dissimilar in nature. Despite the apparent problems, how-
ever, this method of user grouping was found to be advantageous in that one
could consider information requirements, sensor requirements, and anfici-

pated benefits reasonably effectively and efficiently. .

The reasons for the chosen grouping of users can perhaps be completely
understood only through careful reading of this entire report to see how the
groups are used in relation to various aspects of satellite remote sensing.
However, some‘d_egree of ‘explanation of the rationale leading to this final user
grouping is well worthwhile. For example, the industry users were grouped
into the three séparate classifications of marine transportation, fisheries and
other industry because each relates to the ocean medium in a different way and
in many respects requires different types of information. Moreover, the marine
transportation and fisheries group are interested in data from most of the open
ocean while the oil, mining, etc., sub-groups of the other industry group are
interested almost exclusively in continental shelf areas. An exception to this
is the recent developments in the mining of manganese nodules in non-continental
shelf waters. Another characteristic of these three industrial sub-groups is that
they tend to state their requirements in terms of information rather than data.
These users would prefer that the raw data from the spacecraft be converted
into the information that satisfies their requirements before it is presented to
them. On the whole, these users have little knowledge or interest in space-
craft, spacecraft sensors, etc. As will be seen later in this report this makes
identification of true needs of these groups in terms of data quantity, data k

accuracy, etc. difficult to assess.
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Table 2-2 REPRESENTATIVE USERS

SHIPPING COMPANIES

OF OCEAN INFORMATION
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SEA LAND ING
UN:TED STATES LINES
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_ sHIP DESIGN

— MORAN

T oA LLISTER
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\\CNEW YORK R
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OCEANCULRAPHIC SERVICES INC -
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— NATIONAL FNVIRONMENTALSATELLITE CENTER

WEATHER
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The two user groupings labeled Weather Forecasting Agencies
and Mapping and Hydrography hhave the characteristic that the user
is an intermediary who transforms the satellite derived data into
information that the ultimate user can benefit from. In most
cases these intermediary users can describe the data that they require

but are not able to describe benefits since they are not the ultimate users.

The: five uéer ;:ateéories described above have in common the
characteristic that each category of user has specific well defined
problems to be solved that relate to specific needs, The last user
category Scientific/Cultural covers those users who wish data concern-
ing the oceans.because of a desire to betlter understand the ocean or
some oceanic process without a clear idea as to precisely how this data
will contribute to a specific practical problem. This is not to say that the
Scientific/Cultural user may not have in mind the ultimate solution of
a practical problem only that his desire for data is for essentially re-
search purposes or simply to understand some characteristic of the
ocean, The end‘ item produced by users in this category will be research
information and knowledge as opposed to an economic product or service.
Two important characteristics of this type of users are: first, theér
usually require nearly raw data rather than information and second, it is
not possible for them to clearly define the benefits to be provided by
the data they request since they cannot foresee the extent of the practical

applications of the research information and knowledge which they produce.

2,2 CLASSIFICATION OF INFORMATION NEEDS

This sub-section describes user information requirements in terms
of phenomena to be observed and associated parameters to be measured,
Section 3 quantifies requirements such as resolution, frequency and area

of coverage.

Whereas the review of the documents provided by SPOC proved to

be a fair source for identifying user groups it did not prove to be a
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satisfactory means of identifying the requirements in terms of phenomena
to be described and parameters to be measured. Not more than 20
instances were found within the literature provided where explicit require-
ments were defined. This is perhaps to be expected since many of the
reports were studies of methods, or techniques, or hardware for remote
sensing of the ocean and would not be expected to specifically call out

user requirements,

In constructing Table 2-1, the ocean phenomena included are those
which, in the éstimation of CSC and SPOC personnel, after evaluation
of remote sensor R and D, were judged to have a rcasonable possibility
of observation from space, With this as a base the various character-
istics or parameters which are required to describe the phenomena wezre
developed. Obviously, the measurement potential is not the same for
each entry and some may be questionable, Section 5 discusses the
current status of sensing each of these parameters., Again it will be
seen, as was the case with the user groups, that the quantities classi-
fied as Phenomena are not all similar quantities and that there is
overlap {e. g., color is considered a phenomenon while pollufion, which
can be detected using color information is also considered a phenomenon).

Also it will be noted that the breakdown of phenomena as shown has
practical advantages because it allows a correlation with both user require-

ments and sensor capabilities in an effective way.

Table 2-1 was compiled using informa,tiqn derived from the approxi-
mately 110 reports supplied by SPOC to CSC., The entries in the table
represent either an explicit statement of requirements (an X) or a con-
census by the CSC reviewers that within the reviewed reports there
exists a rather firm indication thaet information in particular areas is
required or desired (an *¥). As discussed above very few of these reports
explicitely identified user requirements. The one report that contained
a comprehensive listing was "Oceanography and Meteorology!', produced
by Douglas Aircraft Company (44}, Many of the requirements depicted
in Table 2-1 were obtained from this document. Whenever possible

inputs were confirmed by other sources. It can be seen from



Table 2-1 that a significant number of blank spaces appear., This is
not meant to imply that no information is needed in these areas by the

users but only that the requirements were not identified in the limited

information sources provided,

‘It wag obvious that if a more complete and relevant chart was to
be developed, additional information sour;:es had to be utilized. It was
thus decided to proceed with the survey of the various entities within the
oceanographic user community to update and validate the impressions
formed by the document review., This was accomplished through the
prepared questionnaires‘and personal interviews mentioned previously

as well as the review of additional documents,

Table 2-3 graphically illustrates the results of CSC's survey
efforigs undertaken to verify and update information obtained from the
review of-SPOC.reports. Those questionnaires mailed to instrument
developers are not included in these totals., The totals of columns -

2 and 3 are somewhat misleading as many of the inquiries and inter-
views provided information in more than one category, however, for
consistency they were only placed into the category that appeared most
applicable, The totals for Mapping and Hydrography are necessarily ‘
low since only‘; a few groups are active in this endeavor. Primarily the
USC & GS and the Navy along with a few commercial and research

organizations,

One user category in which one wo uld expect a greater response
is mé.]_rine transportation, however, a number of those individuals con-
tacted for interviews stated that they were interested only in the most
accurate sea state information possible and felt that an interview was
not called for. The largest number of responses, as was expected,
were in the scientific area. This results primarily from the fact that
these individuals and organizations are responsible for developing new
ways of acquiring ocean data and utilizing such data for obtaining a

better understanding of the marine environment,

The total number of questicnnaires distributed to users was 252

and the total number of useful returns was 66 for a response rate of
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TABLE 2-3
RESULTS OF CSC'S SURVEY

Questionnaires Questionnaires |Interviews

User Category Distributed Returned Conducted ‘Totals
Mar1nfa Trans- 38 6 3 9
portation
Fisheries 70 8 10 18
Other Industry 82 27 4 31
Mapping and
Hydrography 12 2 2 4
Weat;her Fore.- 14 6 3 9
casting Agencies
Scientific/Cultural 36 17 33 50

TOTALS* 252 66 55 121

*#Totals do not include questionmaires sent to instrument developers

22%. We feel that this response rate is about average for this type of survey.
However, a number of these were not completely filled in, thus making them
of little use. Lists of those individuals and organizations querried are found
in Appendices G and H. Appendix Ilists the 59 instrument developers who
were querried concerning sensor state of the art, Appendix J includes those
individuals interviewed in person. The information obtained in these question-
naires was also of significant use in Section 3 for documenting dctailed data

requirements and in Section 5 for documenting the status of remote sensors.

As may be seen the questionnaire response rate was low. However,
personal contacts were extended until there was assurance that responses

related to each user group were obtained.

As a result of the questionnaires and interviews and the review of
additional documents such as references 4 and 132 a new user requirements
matrix was developed based upon the revised user classification categories

presented in Table 2-2. The results are presented in Table 2-4.
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Table 2-4 demonstrates those types of oceanographic information which
might be of interes:‘: to different classes of users and which are potentially
measurable using remote sensing techniques. Because of the broad spectrum:,
of information sources on which the table is based a.fi.most all of the significant

“user groups and their information needs are identified. A general discussion
of these needs is presented in the remainder of this section. The discussion
is arranged in terms of the phenomena and parameters to be sensed. The
.three categories of Erosion, Wind, and Clouds are not discussed here or
through the remainder of this report since these were not considered to be
tr111y oceanographic parameters. The discussions of requirements in this
section are carried out in general terms. Details in terms of geographic

coverage, frequency of coverage, resolution etc. are presented in Section 3.

2.3 DISCUSSION OF INFORMATION NEEDS

In the previous Subsection the needs of the various groups have been
tabulated by phenomena of interest. This Subsection will discuss the basis

of the need for observations of the phenomena of interest.

2.3.1 Marine Organisms

Oceanographic knowledge assists in increasing the harvest of the' sea
in five ways: (1) location of highly productive fishing areas, (2) identification
and location of promising unutilized fishery resources, (3) providing the
fisherman information which he can use to improve his tactical scouting
and catching operations, (4) forecasting space and time variations in the
abundance and catchability of fish populations, and (5) providing the scientific

basis of rational management of the heavily exploited fisheries.

Few _specific requirements for this type of assistance have been
documented, but Dr. Wilbur B. Schaefer, Director, Institute of Marine
Resources, University of California has expressed for the fisheries

industry a statement of their needs in the five areas above., Essentially
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he calls for an extension and expansion of systematic scientific observations
which may lead to the identification of important latent resources or revealing
fish behavior in relation to catching operations. He also indicates a need for

improved forecasts of fishing locations and expected catches.

To'make such forecasts we need to have useful estimates of the magnitude
of the exploitable fish populations and {of most importance to space applications),
understanding of the distribution and behavior of the fish in relation to measur-
able properties of the ocean such as temperature, salinity, depth of mixed layer
strength of currents, and upwelling. Relatively simple prediction models have
been conceived which are further described in Section-4.2.-2. Information re-
quired. for such models would relate (as Dr. Chapman suggests) distribution -
of fish resources to certain physical characteristics of the environment and the
availability of food. The model conceived would require the following parameters

as input:

Sea Surface Temperature
Surface Currents

Color of the Water
Surface Winds
Chlorophyll Content
Salinity

The model would seek to identify some effect or combination of effects of
these parameters which if correctly interpreted will provide a greater possibility

of locating economic concentrations of fish (96).

Sea surface temperature is one of the most frequently discussed para-
meters, along with nutrients, that is associated with the presence and abundance
of fish and is presently predicted for the eastern Pacific. Even though this pro-
gram includes only a modest portion of the world ocean and the in-put data coverage
is sparse, the program has been of some significant benefit to the tuna industry
as partially evidenced by the continued participation of individual fishermen. Im-
provement due to a uniform, synoptic and comprehensive data input such as is
possible from space is obvious. In summary, the most important improvement
fisheries could expect from satellites would be in providing better data for
construction of predictive models, Of secondary importance would be the direct

detection of fish,
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2.3.2 Pollution

Requirements for pollution information include measurements of the
various organic, inorganic, and biological materials that are Important in
water quality control. These data are essential to federal, state and municipal
agencies in determining the existing quality of marine waters, in establishing
procedures to maintain or improve these levels, and in designing and imple-
menting monitoring and enforcement programs. These data are also of impor-
tance to municipal sanitation agencies, industrial dischargers, oil companies,

fish and game agencies, and recreation and conservation groups.

The greatest density of data is required from coastal areas such as bays,
estuaries, harbors, marinas, and the surf zone; and offshore data around oil
drilling platforms and river outflows (20). At the present time pollution data
are collected on a routine basis only for purposes of monitoring sewer outfalls,
or in areas where special problems exist. The Federal Water Quality Adminis-
tration (FWQA) recently required state agencies to establish water quality
criteria for marine waters (which are defined as interstate waters in most

cases), and a no-degradation policy has been firmly stated (82).

Data products‘required by state agencies are the following: water quality;
related biological {ecological) information; current, upwelling, and climatic
data relating to dispersion and assimilation of wastes; location of outfalls and
descriptions of past and present effluent volumes and characteristics; descrip-
tion of other sources of pollutants, including industrial operations, shipping,
boating, flood rumoff, etc.; and present water quality objectives and federal,

state, and local regulations designed to meet these objectives.

With the exception of specific outfall monitoring reports, marine water
quality and pollution data reports produced .at the present time are issued on
an irregular basis, They are generally highly specialized and have very limited
application and usage, There is a need for the collection and analysis of basic

data on a much broader basis.

Since very little is known about the factors which determine marine water
quality, particularly in terms of the bioclogical consequences of changes in the

marine environment, the need for additional data is extremely important.



There is increasing indication that even the open oceans are becoming
polluted. Itis impo.:r:tant to identify both the nature and extent of the pollution

as well as to identify the sources of pollution,

2.3.3 Sea-Surface Temperature

Sea-surface temperature is the most frequently measured ocean state
variable. In spite of marked variations in observational methods and instru-
ments, it is the logical base to which the subsurface thermal structure is
related. The majority of ship observations are of cooling water injection intake
or bucket temperatiures. Bathythermograph observations are spars;e, but
gradually increasing in number. Airborne radiation thermometers (ART) are

also being used at an increasing rate (90).

Charts indicating the horizontal distribution of sea surface temperatures
are ]E)roduced routinely by.a number of organizations on a daily to monthly basis
and cover regions ranging from local operating and fishing areas to total global '

coverage. Such charts are used for both forecasting and historical data studies.

~ Several thousand ship observations of sea-surface temperature from the
Northern Hemisphere are available each day. Distribution of observations is
not homogeneoué, however, and most observations are made along major ship-
ping lanes. Data alre transmitted by ships in their routine weather messages and
data accufacy is not high., Information, even from the Northern Hemisphere is
not sufficiently dense to resolve many features of importance, and the Southern
Hemisphere is essentially unsampled. The average density of data for the
Western North Atlantic on an annual basis is about one surface temperature data
point per day per 26,000 square kilometers (50). On a global basis, the annual
average is about 1/5 of that value. Regions of severe weather tend to be under-
sampled, although the presence of clouds does not interfere (as it does in the

case of airborne infrared measurements}).

Sea surface temperafture charts primarily based on ship observations are
routinely prepared and published by such organizations as the U.S. Naval
Oceanographic Office, the Fleet Numerical Weather Central, and the Japanese

Meteorological Agency.
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Groups that are presently relying on ART data to an ever increasing
extent include, for e;s'.a.mple, the U.S. Coast Guard which acquires temperature
data over the North Atlantic and Pacific coastal areas on an operational basis.
Such data have been also recently used by the Bureau of Sport Fisheries and
Wildlife (BSEFW) to prepare temperature charts along the Atlantic and Pacific
coasts. Sea surface temperature data are also acquired over the North Atlantic
by the ASWEPS program for use by the Naval Weather Service to prep;are sea
surface and layer depth temperature charts. Data are transmitted to the Navy
fleet on a daily basis and to other interested, scientific, commercial and

military operations.

Temperature is one of the more easily determined environmental factors,
and its correlation to fish population is readily demonstrated (see Section 4. 2).
However, in view of the multiple uses of sea surface temperature information,
requirements for accuracy, scale, and frequency of observation range from
O.OIOC, a few meters, and minutes, to lOC, tens of kilometers, and interwvals
of months. In terms of a space goal, an absolute accuracy of +1°C has been
suggested (77). At the present titne, an accuracy of 0. 01°C is not believed to
be feasible from space (77), however, such resolutions have been approached
using an airborne IR radiometer developed by Scripps for heat flow studies (64),

Results of this study are discussed in Section 4. 9.

If all-weather space measurements are feasible {passive microwave
sensing), a direct synoptic analysis of sea-surface temperature could be produced.
If cloud~iree areas only can be observed, it might be nécessary to maintain
surface~temperature distribution as a continuing analysis, appropriately updated
on a suitable computational grid as new information is received. For more
complete areal coverage, observational data could be extrapolated into cloudy
regions with the assistance of other known meteorological and oceanographic

parameters, including surface observations from ships and buoys.

The present average data base samples 6% of the ocean. It is apparent
that the single greatest improvement that can be made in the existing system
is to increase the data input. Present data needs also include broader
geographical coverage, especially in the Southern Hemisphere; more closely

spaced contour intervals (at least IOC) are required for historical SST charts;
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and more timely preparation and distribution of the charts. At the present time,
with the exception of the daily charts used for forecasting, time lags between

observation and final dissemination of the products may range as long as months.

Sea surface temperature information may also be useful for establishing
the boundary of ocean currents and is in this respect of interest to marine trans-
portation users for ship routing as well as the scientific community which is

interested in understanding ocean circulation.

2.3.4 Sea-State/Wind

In view of the recent rapid acceleration in activity and interest in the
marine area, many of the needs for sea-state and/or wind are not being met to
the Satisf'a.c'tionpf the user communities (132). Thus, as discussed below, new

techniélues and programs are required to satisfy some of these unfulfilled needs.

¢ . Wave Height Forecasts

This group of products includes wind-wave prognoses, swell prog-
noses, and combined wave forecasts for 24-hour and 36-hour periods. "The
predictions are based solely on wind fields computed from surface pressure.

-1f this prognosis is obviously in error, the wave heights should be used with
caution. These predictions are issued in the form of areal charts for the

North Atlantic and North Pacific Oceans, containing contour lines of forecast
wave heights at three-foot intervals and values of maximum wave height centers.
Twenty-four charts per day are transmitted, 10 to each Atlantic, Gulf of Mexico,
.and Pacific seaboard station, and four combined wave charts to the Gulf of
Alaska, stations. To increase the availability of these forecasts, ESSA plans

to establish a civilian facsimile and communication network which will be

implemented to provide transmission on a firm schedule.

It appears at this time that the use of various spaceborne all weather
radar systems could.provide significant information on wave heights. This

information is essential for optimum ship routing of naval and merchant vessels.

° Cdastal Weather and Wave Forecasts

These forecasts indicate surface weather and sea conditions and upper

. air conditions for periods up to 36 hours after the previous synoptic time for all
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U.S. coastal areas out to 80 kilometers at sea. They are produced four times
daily by 18 area forecast centers. Warnings .are issued for expected hazardous

conditions as required.

Coastal weather and wave forecasts are of major importance to recre-
ational boatmen and for short-term planning of salvage and submersible
vehicle operations. Adverse weather conditions can limit or prevent these
activities. Both commercial and sport fishing vessels require these forecasts
for day-to-day planning and operations in order to maximize catch and avoid
hazardous conditions. A common complaint from present users is that fore-
casts are made for a large area and are not sufficiently localized to be of use
for a specific oil drilling rig, recreational boatmen cr for marine coastal en-

gineering operations.

The use of high resolution sensors being proposed for spaceflight in con-
junction with other surface and airborne sensors may be able to improve signi-~

ficantly the data now being distributed to users operating in the coastal area.

. High Seas Weather Forecasts

These forecasts indicate surface weather for periods up to 36 hours
for oceanic areas extending from 80 kilometers offshore to limits defined by the
World Meteorological Organization (WMO) International Convention. They are
issued by three area forecast centers (and by Fleet Weather Centrals) four times

daily. Bulletins contain forecasts and warnings.

These forecasts are utilized directly in navigation and routing of naval
and merchant ships including sea-going tugboat operations. Since these fore-
casts provide a means of predicting sea state and fetch, they are also an essen-

tizl input for suri condition forecasts.

Shipping companies state that these forecasts are not available in some
locations, that the facsimile charts received are difficult to read because of
distortion, and that there is not a close adherence to transmission schedules,

Of the two commercial and five Navy radio stations which broadcast marine
weather information for the Pacific Ocean and Soath China Sea, none transmits
more than 480 kilometers seaward north of 8° north latitude. Facsimile trans-
missions are made on a direct beam from San Francisco to Melbourne, Australia,

and from Honolulu to Wake and Kwajelein Islands for use by Weather Bureau units
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at these locations. Forecasters staté that their forecasts would improve if an
increased number of equally spaced synoptic reports (500-800 kilometers} in
their area of responsibility were available. They also reveal that hemispheuxic
products from the National Meteorological Center (NMC) are sometimes received

after the beginning of their forecast cycle for the same synoptic period.

The acquisition of sea-state information using spaceborne instruments
should provide not only more frequent information than now obtained but also
wider area coverage and coverage of remote areas. This data combined with
that provided by other data acquisition systems could go a long way towards

providing the information required by many users.

2,3.5 Currents

For utilization in ship operations planning, navigation, search and rescue
planning and operations, and fish locating, an increase in the level of detail of
current inforimation for the continental shelf is needed. An additional unfulfilled
need is for increased accuracy. Over 98% of the surface current data_ consists
of set and drift observations made by Navy and merchant ships. These observa-
tions réﬂect the average surface current over a distance of 80 to 650 kilometers
and have a highly questionable accuracy because of variations in_navigation

accuracir, steering and frequency of speed and course changes (132).

Tidal current tables are published for a number of the waterways on the
Atlantic Coast of North America and on the Pacifiec Coasts of North America and
Asia. These tables include predictions of the time of slack water, the times
and speed of maximum flood and ebb currents, and methods for obtaining
predictions for various locations. These products are used for navigation
purposes and also have value in coastal operations and water pollution control
activities. There exists a minor need for greater detail, but the products are
satisfactory for most purposes. Port and harbor authorities are interested in
the flow which not only affects harbor design but also deposits silt and sediment,

which creates a need for dredging. Their réquirements for information

therefore are somewhat more stringent.

Petroleurn and other industries engaged in exploration for and

recovery of offshore resources require current information in design of off-
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shore installations, planning their operations, and dispersion of sediment
resulting from minit:[g. In areas such as Cook Inlet, Alaéka., currents must

be considered when designing and placing the platforms and in locating and
orienting mooring facilities. The existing level of detail in current information

~

is not considered adequate for the purpose.

Currents flow other than in the horizontal plane and while practically all
elements of the user community have requirements for information on horizontal
water motion, the interest in upwelling and downwelling is restricted fo a much
smaller community, predominantly the fishing industry to whom associated
changes in temperature, salinity and nutrient levels affect the habitats of fish.’
Thus; although representing a smaller community, the requirements of the

fisherman are real in this area.

It is expected that the charting of currents from space on a global and
quasi-synoptic basis will also provide an input to sea-air interaction studies,

long~range weather prediction and heat budget and climate research.

2.3.6 Sea Ice

Sea ice forecasts are issued as large~scale charts which cover specific
areas such as Baffin Bay and the coast of Alaska. They indicate the nature,
extent, and concentration of sea ice cover. Iceberg concentrations and
distributions may also be indicated. These forecasts are transmitted by radio,
teletype, and facsimile to all vessels, civilian and military, operating in ice
areas. Sea ice forecasts are an essential product for ship routing and operations
planning for merchant shipping in areas where ports and shipping lanes are
subject to icing. They are also essential in the planning of naval logistics
operations in support of polar stations and bases, and in the planning of naval
submarine operations in polar waters. Industrial operations are increasingly
concerned with sea ice in view of the growing promise of economic return

through development of mineral and petroleum reserves in the arctic.

Forecasts of ice conditions on the Great Lakes and the St, Lawrence Sea-
way are produced by ESSA as well as by the Canadian Government. The .
effectiveness of merchant shipping operations and routing in the Great Lakes
and inland waterways is dirvectly dependent on the timeliness and accuracy of

these forecasts.
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Present forecasts have about a two-week uncertainty, whereas accuracy
within one day- is desired. Five-~day warnings of port closing and daily ice
suryey bulletins following the initial opening of ports and during the final days
before freeze-up are needed. Ice survey bulletins should contain ice cove‘rage,

ice thickness and ice type data (132),

~ Currently available ice atlases consist of maps indicating the monthly
average and extreme of ice coverage, thickness, and type. Also included are
the mean range of ice freeze-up and breakup dates. Worldwide coverage is ‘
available only at small scales. Larger scales and increases in geographic
coverage, especially for continental shelf areas and the Great Lakes, are
needed for planning ship operations, environmental predictions', offshore oil

operations, offshore and shoreline structure design, and vessel navigation.

Ffrom’ the point of view of basic research there is need for considerably
more detailed information on variations in polar ocean pack ice cover. This
need derives in part from the opinidn of some experts who consider the intense
heat sink effects of temporarily open water areas {large polynyas) to have a major
bearing on the periodic outbursts of cold polar air which substantialiy affects

northern hemisphere weather.

2.3.7 Icebergs

. Undetected icebergs represent a definite hazard to shipping, although it
has been many years since a disaster at sea has been directly related to
collision with an iceberg. Generally, this attests to the success of the Inter-
national Ice Patrol in achieving its mission. The availability of radar to surface
shipping would seem to eliminate the need for the surveillance provided by the
Ice Patr.ol, but efforts by both the USSR and United States shipping authorities
to use radar for iceberg dei;ection aboard surface ships have met with limited
success (96). The reason is that icebergs are poor radar targets because they
are highly absorbent to microwaves. The smaller bergs, known as growlers,

are even more dangerous to navigation as they are virtually undetectable by

radar.



However, the very property which makes the iceberg an unattractive
target to a radar, its absorptivity makes it an excellent one for a microwave
radiometer. The iceberg shows up nominally 100° hotter than the sea, thus

justifying a closer look at this particular space application.

The U.S. Coast Guard has commented in interview on the limited coverage
of the broad ocean area provided by ships and/or aircraft in iceberg detection as
well as the fact that both are weather limited. They presently provide coverag:e
on the Grand Banks and in the Labrador Sea and although not pressed for
coverage in new areas, express a need for more frequent and complete coverage

in the areas of responsibility.

The experience gained through nearly ten years of studying satellite ice
imagery provides the basis for specifying further spacecraft experimentation in
this field. In particular, improved resolution and contrast over that already
achieved with TIROS narrow angle cameras or with Nimbus AV CS photography

is needed. Aerial iceberg patrols could be substantially reduced, possibly
eliminated, with ground resolution of 8 meters (19). Requirements for tactical

aircraft support of ship operations could zlso be significantly reduced with

this same regolution. With a ground resolution of 30 to 300 metersg, the neces-
sity of conducting long-range reconnaissance fiights to obtain ice information for
forecasting purposes, or to detect and measure ocean currents by tracking

large ice flows or ice islands, could be largely eliminated.

2,3.8  Heat/Energy Exchange

Many aspects of research in air-sea interaction are now beginning fo
receive attention. However, much more remains to be done. The most obvious
interchanges between sea and atmosphere are those of water, heat and
momentum. Careful measurements of radiation, temperature gradients in the
lower atmosphere and upper layers of the sea, precipitation and humidity in the
air, salinity at the air surface, and the formulation and breakup of sea ice,

can lead to understanding of these major exchanges (20).
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There are, however, many other types of exchanges between oceans and
atmosphere, some exceedingly subtle in their requirements for observations, -
all of which need to be studied in detail.

Energy is transferred from wind to ocean as kinetic energy of waves and °
currents; severe storms may greatly modify the ocean layers over which they
pass, mixing the surface layers to produce profound temperature and salinity
(;l;.anges. Solid particles are exchanged between the sea surface and the-

atmosphere as are gases.

A broad attaclé on the theoretical and technological problems of providing
adequate worldwide meteorological information is now being planned and
coordinated by the World Meteorological Organization under the designation of
tile“World Weather Program. Critical importance is attached to the understanding
of thé interaction between ocean and atmosphere, on the one hand for predicting
the state of fhe oceans and on the other hand for predicting the state of the

atmosl:;he re.

At present, numerical models and other methods for short- and long-range
prediction are rapidly advancing to the point where they can directly incorporate
the effect of heat sources and sinks. For the atmosphere the primary external
heat sources are at the interface with the underlying oceans and ground. The
energy éxchange at the ocean-alr interface is one of the governing factors of -

the general circulation.

Synoptic data on the surface temperature of the globe as required by the
World Weather Watch are, at this time, sparse or missing entirely over many
oceanic areaé. There is hope now, although not a well-expressed requirement,
that technological problems can be overcome to obtain these measurements from

spacecraft,

The precise measurement of absolute surface temperature from space is
more difficult than that of relative temperature differences because of the
radiocactive contributions of the atmosphere itself. To eliminate or correct for
these contributions, a very narrow atmospheric spectral window must be used
which in turn implies conflicting requirements in available energy and desired

ground resolution (65).



2.3.9 Bathymetry

The applica.tioﬁ of remote sensing technigques to hydrographic charting
will probably be confined éo shallow water effects, such as the '"doubtful shoal'!
problem (19). However, ESSA is considering the application of navigation
satellites to locate positions of ships as they station themselves over the 200
meter bathymetric contour, for the purpose of defining and locating the edge
of the continental shelf to a better degree of reliability than is nofrmally
practiced. The requirement for added precision stems from the addition of
political boundaries to continental shelf maps and the establishment of state
seaward boundaries on submerged land parallel to the shoreline (U.S. .
Congress, 1953) as well as the extension of state and national dry land

boundaries into the sea (19).

A worldwide problem is the detection and charting of doubtful and un-
charted shoals. Since numerous offshore hazards to marine navigation are
reporte-d annually, these potential dangers must be shown on all pertinent
nautical charts until either specifically disproved or properly identified by
accepted survey methods. Such methods are not always practical because of
high search costs. The problem was so acute that as early as 1947 member

nations (of which the United States is one) of the International Hydrographic
Bureau {IHB) passed a resolution (146, 147) requesting that it be given top

priority for immediate solution. It was estimated that by using only surface
ships to investigate possible shoals, it would require 20 years of concerted
effort by all nations to solve it. Since this problem encompasses all oceanic
areas, a large area survey technique, such as from space, is needed to detect
shoals and permit comparison of data obtained from conventional hydrographic
charts. Ships or aircraft could then be dispatched, if necessary to specified

locations for more detailed studies.

In addition to detecting isolated shoals in the deep sea and shoal water
close to land, information is needed about partially or totally submerged
stationary or floating objects (derelicts) which could be hazardous to ship
operations. Image sensors which provide a coarse resolution could be used to
detect most natural shoal features of vital interest, but resoclutions should be
bef‘:ter than 30 meters in order to detect bars and reefs. To satisfactorily identify

"derelicts', remote image sensors should have very high resolutions.
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It will be necessary to cover all the world oceans at least once to be sure
all possible shoal areas have been detected. There will also be a need to
monitor some oceanic areas at regulai' intervals to detect relativély rapid
morphological changes. This covetrage could probably be provided best from a

polar-orbiting spacecraft.

Imp:roved:hydrographic charting is required for other applications such as
tsunami forecasting and fishery research. Additionally, needs have been cited
for 1arg;3r scale chért_ing than is now available in many areas of the world for
waste disposal management, estuarine flushing forecasting, offshore oil and
mining ope‘n;atioﬁs, surf forecasting, submersible operations and salvage

operations (132).

2.3.10 Sea-Surface Topography

The geocentric radius to the surface of the land and sea is a changing
guantity at each point of the Earth. Tidal forces, wind stress, and barometric
pressure constantly remold the sea surface. These changes can be progressive,
cyclic, or intermittent, but each has an explanation and significance in
furthering understanding of physical processes at work within the oceans and

atmosphere (66).

A satellite altimeter in neaf-polar orbit would provide a coarse-grained
topographic map of the sea~surface every 12 hours. A time-series of such
maps would provide evidence of change in the oceans that may easily reveal un-

expected phenomena in the sea for scientific investigation.

Of fundamental importance to physical oceanography is the measurement
of the difference between the topography of the physical sea surface and that of
the geoid. Given the geopotential of the sea surface and knowing from ship

observations the internal distribution of water density, it would then be possible
to compute the dynamic topography of all isobaric surfaces and the values of the

global geostrophic transport of mass and heat by ocean currents at all depths.

Thus, through determination of geoidal undulations over the broad extent
of the oceans, it may be possible to develop models for ocean circulation that

could lead to predictions of regions of upwelling and convergence, thus aiding
the fishing industry.
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Oceans are a long -term indicator of climatic anomalies and, in turn,
once the oceans have established an oceanographic anomaly, the feedback to
the atmosphere produces persistent climatic anomalies. Thus if the geoid
is determined by space applications to sufficient precision, the year-to-year
departures of the sea surface from the geoid will have important implications
in-long-term weather prediction. For example, if the Gulf Stream currents
were found to be 20% stronger than average, this would imply anomalous

weather conditions in the Iceland, Great Britain and Scandinavian regions.

The use of the satellite altimeter to delineate storm surges and possibly
tsunamis and the use of satellite communications to transmit seismic and
tidal data obviously contribute to protection against certain environmental

hazards.
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SECTION 3

COMPILATION OF USER OCEANOGRAPHIC
REQUIREMENTS

Section 2 summarized oceanographic use.r requirements in terms of the
oceanographic phenomena and parameters to bhe measured and associated these
with the users who had the requirements. The objective of this section of
the report is to detail the oceanographic requirements of each user group
s0 as to provide insight as to type of spacecraft missions required, require-
ments placed on sensors, and format and density of user data requirements.
This information will then be used in conjunction with the results of Sections
4 and 5 to place in context past SPOC efforts and to identify future profitable

directions,

A number of studies have been conducted in the past, with part of their
objective being to determine user requirements for a spaceborne sensor
system (36, 44). These compilations of user requirements have always been
received with mixed emotions, probably because of the lack of detail
presented and because of the limited number of basic users (shippers,

fishermen, drilling companies, etc.) that were contacted.

A second type of analysis that has been undertaken and received even
wider attention are the studies completed by the Travelers Research Center (4)
for the National Data Buoy System (NDBS) and by the System Development
Corporation (SDC) for a National Data Program for the Marine Environment
(132). The former study addressed itself primarily to the determination
of oceanographic user requirements that might be satisfied by the NDBS.
This study was exhaustive in that it covered many potential users and also
included a number of analyses of the collected information. Incorporating
their results- into a requirements survey for a space system proved difficult
because the inherent capabilities of the two systems are vastly different.
For example, buoys are capable of providing very high resolution point.
sources of surface and subsurface data, while space systems will provide
wide synoptic viewing of primarily surface phenomena on a global scale.

Hence, when attempting to utilize the NDBS requirements survey to obtain



user requirements for consideration for satellite acquisition, the inherent capa-
bilities of each system were kept in mind so as not to necessarily complicate

the study with inputs that are either impractical or theoretically infeasible.

The SDC study covered the total data program for the marine
environment and touched on most aspects of oceanographic requirements from
ocean engineering through marine resources development. Thus they
addrés_sed use'r requirements in a general manner which proved to be a good
list for comparison with our results. In those cases where similar type
'.L;‘lp'llts were being solicited, the resultant requirements corresponded rather
well, Both of these studies provided general background information of

restricted but worthwhile use in the present study.

The compilation of user requirements developed under this study. are
present;edhi_n 'I'—a.bles ?;-1 through 3-6. This compendium provided the neces-.
sary information for det(—;rmin'mg the current capability of remote sensing
t‘ec':hniques, either from aircraft or spacecraft, to provide data to satisfy the
stated user requirements. Results of this task are delineated in Section 5 -
Status of Remote Sensing of Oceanographic Parameters. The second objective
of this compilation was to provide basic information in a format that would be
appropriate for a.na.ly's;as' to determine the data acquisition system best
'qual’ifiéd for acquiring the data. This latter analysis is beyond the scope

of the contract.

The information sources used in preparing Tables 3-1 through 3-6
included,. .in addition to ﬁrevious requirement summaries, the results of the
literature review, and of the questionnaires and interviews conducted. Only
the requirements of the U. S. user comunities were solicited and- compiled,

into this report.

As may be seen by Appendix G, a special effort was made to reach the
ultimate industrial users of oceanographic information such as fisherman,
marine transporters, and members of the offshore oil and mineral industry.
The information on the response rate has been presented in Table 2-3. Once
again the difficulty of obtaining direct requirement inputs from ultimate users
was encountered. This difficulty is one that CSC has commonly experienced

in attempting to define requirements. Most potential ultimate users of the
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data to be produced by spacecraft remote sensing know only what their

ultimate requirements for information are. One cannot expect these users

to be able to translate their information requirements into spacecraft data
sensing requirements. Nevertheless their inputs are extremely valuable.

For one thing, the ultimate user is the best source of information as to the
optimum form for the final information format. What must be done to obtain
additional information is to begin with the ultimate user's information
requirements and proceed through a logical chain. Taking the users
information requirements researchers must be approached to determine the
phenomena and parameters which must be determined to provide the desired
user information, At this step it is well to consult the full gambit of researchers,
the majority of which will not be space oriented. F'inally‘, the results obtained
from the non-space oriented researchers must be reviewed by individuals

who are familiar with both the science in question and space sensing capa-~
bilities. This final step ha.s. been found to be necessary in all past attempts

by CSC to translate user information requirements to spacecraft data sensing
requirements. The need for this step arises because the non-space oriented
scientist is often unaware of the radical difference in the nature of space sensed
data and surface acquired data and is often unable to translate surface gathered

data requirements into satellife sensed data requirements.

The data presented in Tables 3-1 through 3-6 represents the final
compilation of satellite data regquirements based on a synthesis of all available
inputs. The final synthesis was carried out by study personnel having both
oceanographic and remote sensing experience and represent the conclusions
of these personnel based on the available data. Those stated requirements
that substantially deviated from the majority of the requirements which were
synthesized to produce the tables are indicated in the tables under the

heading '"Comments'".

Tables 3-1 through 3-6 are divided with one table for each of the six
user groups, previously identified in Figure 2-2. Within each group, those
particular ocean features of which knowledge is required to provide the
pertinent information to the user are listed. In turn these are subdivided

according to the extent of the geographical area of interest. These sub-



divisions a:.;e global, regional and local - and for the purpose of this compil-—

ation are defined below.

GLOBAL -~ Global as the name implies includes all of the ocean areas
of the world including the continuously frozen marine areas of the Arctic and

Antarctic. Two subcategories may be used as appropriate.

World's coastal zones to 200 m isobath,

World's deep ocean area.

’ REGIONAL -~ A region is typically defined as a broad oceanic area such
as the North Atlantic Ocean, the Atlantic Coast from Florida to Canada, the
Great Lakes, and the Arctic or Antarctic areas. Its oxtent is less ‘tha..n global
and greater than local and when it i1‘1c:1udes coastal areas will be so stated,
as - Regional (coastal). The North Atlantic region includes the coastal zone
and deep ocean area. A region may be a notable large-scale phenomenon such

"as the Gulf Stream or the Mid-Atlantic Ridge.

LOCAL - A local area is an ocean area of limited dimensions where
certain oceanographic data are required. A local area may border on the
coast, for example, Monterey Bay, where data are requir‘ed in connection with
a pollution study, or it may be in the open ocean where data are required in
connection with petroleum exploration, i.e., a drilling site. A local area is
not defined by size. It differs from regional areas in that it has explicit= ’
boundaries which are set by the interests of the individual(s) requiring the
data on the feature itself. A river estuary of any size would be a local area

by this definition,

Other specifications that are identified in these tables includes frequency
with which information is required, the optimum presentation of information,

data points required, and resolutions required.

The compilation of user requirements in this format should expedite
requirements analyses for determining those needs that are most applicable
for satisfaction by space and/or airborne acquisition. Preliminary deductions
that are obvious after a surficial study of Tables 3-1 through 3-6 indicate
that many requirements, i.e., frequency, resolution, and number of data

points do in fact change with geographic area. For example, these require-



ments are most stringent for local areas which are usually near-in coastal
areas. Also to be note;i are the indicated spread of scme of the numbers,
This spread indicates that numeric statements of requirements often cannpt
be made in terms of a single number which, if achieved, will completely fulfill
a user's needs, with there being noadvantage to the user if the number is

not achieved. An example of this might be in the case of sea surface temper-~
ature information. Certain fisheries have specified an information input
frequency requirement of 1-4 times a day. It is obvious that a fairly high
resolution space system in a polar orbit will not pass over a given lower
latitude area four times in a day, and thus to satisfy this requirement, one
would need a number of satellites simultaneously in orbit. But even one
sa.mple‘ a day would provide useful information to the fishery in questidn.

In 6ther words, for any part of the spread that can be met, a certain percentage
of the user's requirements will also be met. If is generally believed that often
100 percent of any user requirement could not, in fact, be satisfied by the
exclusive use of a single data acquisition system, and that a combination of

surface, airborne and spaceborne sensors will be required in most cases.

Tables 3-1 through 3-6 are believed to be self-explanatory in so far as
the objectives of the present study are concerned and will be discussed only
in the context of review of past SPOC research and possible future directions in
Section 8. More exhaustive studies of the user requirements presented here
might well be made in the future. However, prior to initiating such a study,
there are a number of policy questions that must be answered, on a high
government level, so that realistic and meaningful ground rules c<an be

established.
Two of the more important of these are:

I. Will an operational satellite system acquire data over the whole world
ocean and provide such data to other countries, or will data be restricted to
the U. 5. only?

2. If the former is true, how should these countries be approached for

their requirements and what type of weighting should be applied?



The time for answering these questions is rapidly approaching."
ERTS A&B, test systems, are presently configured only to obtain data
over the United ‘States as a result primarily of their restricted data trans-
mission system. However, tape recorders are now under development which
may be ready in time for potential nuse on ERTS A&B. Thus, if the decision
were made to do so, it may be technically feasible to obtain data from other

areas using these satellites.

Also, cooperative programs have been agreed upon between the U.S.
and_l\{Iexit;o and Brazil and aircraft data is being a,cqui-red. However, the
fact remains that no international oceanographic user réquirements have
been sc‘alicifged and the acquisition of such could alter prelinllina.ry planning
for a space system. This is true especially in the a.rveas of data transmission,
_i.e., tape recorders, data compression, dump stations, etc., as well as

sensor configuration and geographical coverage.
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Table 3-1.

Compilation of User Oceanographic Requirements
That are Feasible for Remote Acquisition

-

Information Ocecan -
Use/ Geographic Data Resolut
mpptication | Reured | Feawres  FERo| |t | towe ] porma | Poms | Papimeter i Commenta
Area User Qbsgrved cquire Required Spatial Bpectral | Temp
Parameter range for variwous fish-
GChart, .57 1o | 2ries falls wethun the bounds given
Local | 1-d per day Daily Facsimele, [ | per km? [-5° to -~ 35°G| 500 m NA | ' fee” | but usually does not include the
Rado whote range. For Calif coast
+ 12° to 27° C 15 adequata.
Sea Surface Chart, I per km® 00 - Pearcy 1n Qregon coast studies
Temperature Regional |, per day Dauly Facsimale, to Lper }-5% to + 35°%C| 50[};!1 9 Na ' 50 to | found S5T [luctuations to be rapid
! {coastal) T 1 m L.0%C [ and complicated, Thus his stated
{Thermal) Radio 10 km
Gradients) requirements are for 100 m and
. ;T;;:o::.tion Mo T up to 0 1® C resolutions.
cas ag lape,
switable or Chart, 1-2 per ° o o in general, charts with 1 0°
unsuitable ) Regional Woekly Weekly Tabulation, 400 kem? |37 to+35°C) 10 km NA 1 0°C net?dcd at scales of 1:100,000 to
}f‘l:‘rl;ilt\ath B Facsumile 1,1,000, 000 every weck (132)
ation :
Chlorophyll concentration should
. :'f?iit]:‘m . be ltil:mtuurmi everyf% 21 mg/}m‘:
Regl 1 Map, 0. 1t01 0 100- witth an accuracy o 1 mgfm©.
FISHERIES| schools Ghlorophyll (Czi::;a” Weekly Weckly Ch:\prt 1 per km?® mg?ma 1000 m 0lp |1 0°C | Absorption peak of chloraphyll
18 0 67 B Latile data acquired
resently Parameter to measure
= Potential p 1
sea state g o;-.
conditions | Sea State ) Regional
:’;:’al.):ratmg ® Wave Height Facsumile, | (¢0a8tal) ® 0-30m ®.5-2m Japanese tuna vesscls presently
o Wave Length p , Charts llml;igr 20 ©0-300m |e28m NA NA hav(; on-board l'acs;mllc rocord-
eglona Daly Daily {on Beard, 1-40 15§ ing for gea state wmnformation
» Wave Period (coastal) Vessel), | Regional . sec (e sec Information should include histori-
« Wave Direc- Radio T per . 0°-3609 & 29 §° cal as well as present data
a J
tion 100 km
R R P T e O B I e e
Pollution P ¥ ¥ Map Specifted unegolhxtmg)t) ' ' density of data 1s required from
{Varigus near in coastal areas - bays,
Poliutants Various - estuaries, harbors, marinas, and
Included) Fc(;il;t:;:; Daily Daily Ma%'{'zape. $ I::Z:fl.ed (depending | 60 m 01 & (1 0°C atound offshore oil drilling
P P on pellutant) platiorms on a fairly repetitive
bas:s
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Table 3-1 {Conintued) Compilation of User Oceanographic Requirements
That are Feasible for Remote Acquisition

Information Ocean i~
Appllfci[twn Required Features ‘“gz&zggh": Input Input Data P?::ﬁa Parameter Resolution
Aron by to be Regquir gd Frequency |Timeliness Format Required Range Comments
User Observed quire equire Spatial |Spectral| Temp.
» [00m-2km
Cont'd Cont'd 1 per km®
(Cont'd) (Cont'd) Currents Regronal Daily Basly éfl:g; to | per » 0-360° . sg{}m
a o
© Stze and 10 e 0,5-10 .5 Ol 1°c Current boundaries {fronts) are the
Location knots ® | knot areas of imterest and may be
delineated by color, temperature,
a Direction » up to 50km or other anomaliea
1000 ny
& Velocaty Reglonal . Map 1 per 500 o .
Global Weckly Weekly Chart km? * 0-360 .5° oLe | ¢
. g;:i;sm * 2 knots
' 0 01-40 | See
Local . Charta, Not Obscrvational accuracy of 10% n
I -
Salinuty {coastal) Daily Daily Maps Specified l:;:‘:';a!:‘%' g:;ﬂ NA NA | oaatal zone and 1% in eatuaries,
Regional Map, 1 per 500 m to S
Danly Daily z 500 m 01 M 1°C
Upwellin {coastal) Chart 10 km 1000 m Requirements ate comnparable to
L & Map,- | per Not o those for currents. .
Regional Weakly Weekly Chart 500 km? Specthied 1000 | .01 i 1°C
Map, Chart, 2 Information on water color s
Local Daily Daily |;iaoh Photo] ! Per km NA 100m | O ¢ NA |[important for the measurement of
' Py, FRote . a number of phenomena. Informa-
tion on color can be obtained either
QOcean Regonal Map, Chart, 1 per in an image format (camera) or
Color {coastal) Daity Daily Photo 10 km* NA 100 m{ ot @ Na spectral format (apectrometer,
spectrophotometer). Both tech-
nlques have certaln advantages.
Every Every |Map, Chart, 1 per .
Regromal | ggovs 5 days hoto | 500 km? NA 1000 m {. 01 & Na |See Section 4. 10.
Fish Schools '
» Photography
« Lumines 1-4 a day The range of light emitted by low
- Regtonal i arca of Near Facsimile, Not a and high concentrations of lumines~
cence {eoantal) fishing Realtume Radio Specified 10m to 7 km| 15-30m, 150 A Na ¢lng organisms has not been
« Spectral activity specified- Fish schools have a wide
* Detection 81zZ¢ range.
« Slicks
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Table 3-2.

Compilation of User Oceanographic Requirements
That are Feasible for Remote Acquisition

Information Jcean
Use/
Application Required Features Gg:graphlc Input Input Data Data Parameter Resolution
o be verage | o Points Comments
Arvea o be Roaulred requency | Tumeliness| Format Range
User Observed quire Required Spatial {Spectral Temp.
«~10m a0 5.2m Because of density of traffic more
Regronal |, , a Near Facsimule, e 0-300m |e25m fr::;‘l‘:::ln:'an\f mcnlrlenicc:ratc mfor-l
(coastal} -4 per day Realtime Radio ! per 20km NA NA spare Greain vegion
Sea State ® 1-40 scc |e 1-5sec areas
® Wave Height . 0-360° . 2°. 57 Most requireineats for height
W Length resolution were about 2 meters,
® Vave Leng small cralt require sca atate
® Wave Direc- w-30m * 0 5-2m information assoctated with
tion Near Cacsumile 4o 0-300m |e 25m 10 knot winds
Global 1-2 per da ' 100 ke
L4 ¥ Realume Radwo per e 1-40 sec |e 1-5 sec Na NA Travelers Research Report (4)
' o specified §0° for coastal and 20°
* 0-360° . 2%-5° for open ccean wave direction.
5 [* L9Um- + 500m
« Potentizl . Regional Daul Faesumile, | 1 per km 25 km A .
sca state {coastal) arly Daily Charts, t%l penr e B5alOLt | ) Kkt el e 1°c
conditions | Currents Reports 10 km N These requirements were derived
1n operat- |- . . « 0-360 = 3° from various reports  Individual
ing area » Extent : users did not specify requirenients
» Veloctty e Upto 50 | other than that they would Like
MARINE km o 1000m informatien on ogecan currents.
IPR ANSPOR - | ® Optimum ¢ Directlon Facaumile, |, 500 o
AN routing Global Weekly Weekly Charts, |'PEF 2 s .5t010 lezkt |.81p| 1°C .
. Reports m kt
o Location o 0-360° (e 5° . ' -
catlo =
and posltion Sermi- Facsumile
Within I . Location of iceberga to aceurag
) of ehoal Icebergs Regional Weckiy 12 hours Charts, 15m and up.| 15-20m | NA 1°-2°C |of 48 km Requirements apcct-y
areas to Daily Radio, etec, fied are from U 5 Coast Guard ]
Sea Ice *
I » Extent Facaimile, ‘le NA « 30- o 1, 0- For long-range 1ce forecasting,
i Regional Datly- Within agsimile _ 100 m 2 0°C |kilometer resolution ts adcqua{e
Thick 4 | ' Charts, e 0-20m
+ Thickness Weekly 12 hours Radio, ete e <lm Seaiee thickness required for
- ’ NA @mNA
o Type . . s NA e 30- such shipping routes as Great f
100m o NA Lakes, Nerthwest Passage, ctc.
<2m near Sece chart on Bathymetry. Safe
Cilobal shore surface navigation requires that
{coastal) Charts . Sm far- all ocean arecas with charted
Bathymetry znd shoal NA NA Maps ' ~0-200m [ther from 02Z- NA depths less than 30 m that are In
areas shore doubt be verified.
N Hg!rizgn-
. tal ~30 m - :
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Table 3-3.

Compilation of User Oceanographic Requirements

That are Feasible for Remote Acquisition
Information Ocoan
A ﬁz:{non Required Features GE%%_’::‘;‘“: Input Input Data plﬁf;s Parameter Resolution Comment
PE‘JM_ by to be R sd Frequency | Timeliness Fortmat d Range *
wrea User Observed equire Require . Spatial [Spectral|] Temp. .
Sea Stat Facslimile, * 0'3.0 m s -3m .
ca State Every 3 Teletype, Not e 0-300m e NA
Local Realtime N NA MNA
to 6 hours Computer Specified
® Wave Height Tc,,,';mai P ® 1-40 sec s NA Weather forecasts good for up to
OCEAN ® Wave Length o 0-2460° . 2°.5° 2 weeks are requlred by many
INDUSTRY |s Potential W Perlo : marine industry uders, Wave
sea state ® Yave Tor . height 1a the most requeated
e Ou/gas conditions  [e Wave Diree- Faesimule, e 0-30m s .3-1m Information
in operating| tion Taletype, Not 0-300 m o NA
drilling arcas Regional Daily 6-12 Hours Comp\mr Specificd * NA NA
@ 1-40 sec s NA B
» Construc- Terminal
tion » Water depth 0'0-340° e 2°-5° ,
th oporating ; T
areas
* Recreatior Radio, Not Various- To be o Recreation industry i@ eminantly
+ Submerss. | Bottom . Local Daily Daily Charts, Specified depending | 10-20m | Deter-| 1°C interested tn pollution although
Ble omera.| cheracterrsd o oo o Photos - on pollutant mincd they are not sure of their require-
P ties o Radlo B - . To b ments Requirements speciufied
tions . , B Not Various o be q p
operating Regronal Weekl Weekl; Charts, depending | 10-20m | Deter~| 1°C | here are those of the sctentufic
¥ ¥ Specified P g
areas Photos on pollutant muned community.
& Mineral p
f:;l:\k:::l- e Pollutton in - .
Yorta - operating Vertical- N s
exp and recrea- . [<2rn near|
tron tion-areas Glebal Charts Not shore, )
Water Depth | (coastal and Na NA M " | specified 0-200 m [<5m far-| .0ZH NA See chart on Bathymetry
» Cable shoal arcas) aps peciliie kher from
laymg shore
1 “ Hor1zon-
. kal ~30m .
’ ¥ Information required includes
Bottom, Global Charta Not Horizon- -
- : : \ - HD A hidated lidated,
iCharacteristic{ (coastal) NA NA Maps Spaclfied 0-200 m tal ~30rm Ze W f;::?i;l:n: gz?:w!:ﬁfo:::g e
.. . topography. ‘
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Table 3-4. Compilation of User Oceanographic Requirements
That are Feasible for Remote Acquisition

Information Qcean
G h .
A P}{::t,mn Required Fentures égg;::g;ﬁ Laput Lnput Format Poal::::u Farameter Resolution Comments
PAréa by to be Requirey | Frequency [Tumeliness Required Range s T E N
Usaer Observed q 9 patia pectral| Tarmp.
Horizon- Charts at dcales of at leaat
tal ~30m 1 50,000 are requited ESSA/
Analog (eamera) C&G5 has the major responsi-
» Location f
Digltal, bility for the coastal arecas of
and pesition Reglonal | 4o Lonuired NA Ghart, NA 0-200 mm [Yertieall gy NA the U S and Lts possessions.
of shoal {coastal) ~2m near P
CRT shor The Navy has the major respon-
arcas Display L6m :w‘:n'y sibility for providing bathymetric
MAPPING Water Depth from maps of non U §, areas
AND shore The measurement of ocean coler
HYDRO- |* xasv;:;:;;lnh Ocean Bottom o using cameras and scanners
GrRaPHY | 75O . bal 0m shows the highest feasibullty for
Aroas Anal (.m~ n; space deployment. Pulsed lager
Dl;ltigl' age techniques possess very hugh
Global ' Vertical resolution | 2m) {frem alreraft
(coastal) A8 roquired NA %l;‘a.;t' Na ~0-200 m F2m near OLE Na altitudes Other techniques
Displ shore, include wave refraction analyses
splay -5 away| and thermal anomaly detection.
from
shore
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Table 3-5.

Compilation of User Oceanographic Requirements

That are Feasible for Remote Acquisition
Information Ccean
A ﬁz:{mn Required Features %’:f::a?h: input Input Data PE?;:S Parameter Resolution
PPA“a by to be Re \un;gd Frequency | Tumeclincsas Format Required Range Comments
User Observed q equire Spatlal [Spectral| Temp.
A wide range of data wnput {requen
cies s catled for depending on
Sea Surt how the data 18 to be used For
ea Surface i1 perx e [ o developing global prediction
* £ - % pLig g p
Temperature Global 4 per day Realtimes Duigrtal 50, 000 km?® 3% to +35°C| 500 km Na, 1°C models hiptorical data tg sufficie
ent For realtime updating of
tnodel and forecasting - near
realtime data 18 necded
Accurate and
synoptic 10{or Sea Ice
matton on - - _
WEATHER |those ocean |* Thickness Reguonal ‘,‘I,):ell]?{y 24 Hours Digatal * Lper km®|e0-20m slm NA 1°c
FORECAST-|foatures » Extent . e NA s NA s 1 km
ING affecting:
AGENCIES
» Ocean
circulation Information on general sea state
Not conditions w required, howevaer,
w» Heat Sea State Global Daily 24 Hours Bugital Specificd Na NA not in the detail that is required
budget for the shipping wndustry.
& Woather °
urrents
Extent .L'l;:ntl::= * 1000m
L ] Xten!
Dasly- 1 per 50 ke
Global 24 Hours Dugital °
» Velosity oba Wockly 1Bita 500 km® Je.5-10kt a2kt Oy | 17C
® Dirsetion e 0°-360°% |e 8%

*U. 8. Weather Bureau
requirement
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Table 3-6.

Compilation of User Oceanographic Requirements
That are Feasible for Remote Acquisition

Use/ Information Ocean Geographic Data ]
Application Re?:"red F‘::‘:rca Coverage pﬂi"ﬁﬁ;c Tl:gl:l‘:; a FData ¢ Pounts Pa;:nmecter GCommments
Area Usir Obscr\c.'cd Required 4 Y c8 orma Required g Spatial [Spectrall Temp
. Bngutal, Most rfqutrementa are llior
Heat transfer Computer o o sporadic data over small areas.
Thermal Local Daily or NA Contoured {1-5 por km® | (588 [25-500m| ma [} {08 | Data 18 uscd for a wide range of
lr;r:nn isothorm + studies a= 1a indieated 1n the
pollution Charts spread of the requirements.
Thermal Sea Surface
struciure Temperature | Regronal Daily or Chart, ol -57C to . 1% to
Forccasting {coasial) | As required NA Digital |1 Per 20kmT} a5scn [ <lkm | O RA ) gog
- Reoquirements are for tuna
currents Regional As required NA Chart,l ]'0'2 pera -Ssoccto 1-10 km NA 130§°c research in the Eastern Tropical
Dhgita 400 km +3 Pactfic ishing region,
Maps
Regronal ’ 2| ¢ 1tol.0[500 mto] ClE to
Chlorophyll | Ocean Color (coastal} Daaly NA ﬁs::\iltigl, 2-4 per km mg/m? 1000 m |. 0075 B NA
Bastc research only - it appears
Upwelling Surface v Analog, Not 0]1-40 partsf Not Not .
EI Nuno Salinuiy Lacal As required NA Dugital Speciited per thousand|Specilied NA |Spectfrod g;“l:ré}ﬁa:a;eggn;g?:ioogg:::'::.:%nc
SCIENTIFIC salimtby in coastal areas
AND Radar scaiter] Wind/Seca Amnalog, ot Not
CULTURALfing crass sec State Local A required NA Digital Specified Specilicd NA NA
STUDIES 1 every £-3
¢ Currents ::5::; Theoretical research tnto elee-
Sea surface e Thdes features Vertical ;romngnnehclza\;c sia:tcrmg
topography » Eustatic Regional Dail: NA Map 10 mn + 1to NA NA TOM & mon-LREAT Sed L6 4
h 4 1 every 10- 1.0 necessary step towards i0-cm
:c:nlg;,nclm 20 apc for -0m rerolution of aea surface heights.
wider
features
Fuma, filters, spectrum and
IMax, Water| data processing techniques need
Water depth | Ocean Golor Loeal 48 required NA Photo NA penetration 30m Olw A to be determined to insure
maximum water.depth penetration.
To be Not An image intensifier has beien
Biclumines- | Regional As requred NA Deterruned | Specified ~l&m NA NA tested to determine its applica-
cence ¢oastal bility for locating fish schools.
¥
Fish schools/ Fish Cil Regional Spectral , To be To be Mot Not
species Slicks lcoastal) | A® reaured NA Gurves | Determined | Determuned Spccmedéspecltmd Na
- Visthle R Laboratory tests have been
eclagic Regional | As required NA Spectral Not Spectrum- | ~15m | 200 A NA successful, aircraft tests are
Fizh Species | (coastal) for test Reflectance | Specified 3 PR now reguired to continue feani-
h bility sudiea.




. . SECTION 4
SIGNIFICANT ACHIEVEMENTS IN REMOTE SENSING OF THE OCEAN.

4,1 INTRODUCTION

This section provides a comprehensive discussion of progress to date in
determining the fea.s,ibility of .using airborne and spaceborne instruments- for
acquiring information on the marine environment. Included are studies‘- and
experimental flight tests which have been sponsored not only by SPOC but also
by other agencies, i.e., NASA, ESSA, Interior Department, Navy Department,
etc. The discussion of research in addition to that sponsored by SPOC, as
specified in the contract, is believed necessary in order to provide a true
appraisal of progress in this wide-ranging and multi-faceted endeavor. During
the course of this study CSC was provided with some 75 documents for review
which reported on'tasks either sponsored-or technically monitored by SPOC.
Forty-three of those documents were found to contain new and original research
rhaterial relating directly to SPOC's interests in remotely sensed oceanbgraphic
data, These are discussed here. The remaining documents, while of value in
the overall development of remote sensing capability, represented indirect
material which is discussed in general in this report. These documents include
papers developed as.a result of basic research reported in other documents,
bibliographies, monthly contract status reports, and the like. Thus, while no
direct reference is made in this report to most of these types of reference docu-
ments, the applicable research is discussed in conjunction with other documents.
A small number of original research documents were purposely not discussed as
they either presented results which were invalidated by later work or they did
not, in the opinion of the reviewers, present significant research advancement.
Figur’es 8-1 through 8-3 of Section 8 lists, analyzes, and discusses those

specific studies funded by SPOC and their impact on the overall program. .

When considering a spaceborne system for use-in observing the marine
environment, there are two modes which may be considered. The first mode
would be direct observation of marine phenomena by instruments in the satellite.
The second mode would relay information via the satellite. Such information
would be transmitted to the satellite from an ocean-based observation platform.

Information included in the latter concept covers a wide range of ocean



parameters, subsurface, surface, and above surface, and is limited only by the
capability of the buoy in question. Thus it is primarily a data transmission
problem with a communications satellite, This study does not relate to this

situation and addresses itself only to remote sensor data acquisition systems.

An ektensiv'e area of research and development not included in this com-
pllatlon is that pertaining to mlhta.ry applications. These developments and
ca,pab:l.l:.tles are, for the most part, classified, hence are not directly ava1la.ble
to a c1v111an space program However, much of the progress achieved by the
m1l1tary OVer the past few years has provided valuable fallout for civilian appli-

cations.

Because of the complex naﬁue of the potential sensor and platform systems,
the wide spectrum of applications, the numerous government agencies and indus-
trial concerns involved, and time allocated for this phase of the study it is a
difficult task to completely survey all research that is being conducted. "I‘hus,.

Ain i):his section-we did not include all recent research, however, we have a.ttem]éted
to summarize the research on those techniques that appear to have the great::aét
potential for contributing to an improved understanding of the marine environ-

ment, - .. .

This section is divided into 12 subsections which relate to-those ocean -
phen'omena,'/'pai'ameters that appear to be measurable using remote sensor tech-
niques either from aircraft or spacecraft and were previously identified in-

Section 2. They are in order of occurrence in the section:

.Marine Organisms
Pollution

Sea Surface Temperature
Sea State/Wind

Ocean Currents

Sea Ice

Icebergs

Heat/Energy Exchange
Qcean Color -
Bathymetry

‘Sea Surface Topography
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4.2 MARINE ORGANISMS

4, 2.1 Introduction

A healthy and viable fishing industry can make a significant contribution .
to the United States' economy and provide needed food resources. Attaining a
competitive fishing industry will require a multiple attack on a number of proﬁlem
areas that exist within the industry., These problems have been discussed in -
reference 82, We have examined the problems which satellites can help sgolve.
There appear to be two general types of applications of an expanded systemn of
satellite observations to commercial fishing operations. The most significant
application is in the use of satellite acquired data as a part of an integrated
research effort designed to ider;tify and quantify the parameters determining the
temporal movements and concentration of fish in the oceans (26). The second

" major contribution is to the direct location of fish concentrations.

4,2.2 Indirect Detection of Fish Schools - Development of Prediction Models

The relatively simple prediction models now visualized for aiding in
the location of edible ocean organisms relate the distribution, abundance, and
availability of these organisms to certain physical characteristics of the environ-
ment and to the availability of food., The tremendous coverage, accurate posi-
tioning, and rapid communication afforded by the use of satellites, alone and
in conjunction with surface and subsurface platforms, should increase enor-
mously the rate at which required information can be accurmulated and converted
into improved predictive models (24). Suchimproved models mayresultinlarge-

scale reductions in search time and therefore in increased catch per unit of time.

Inputs required.for such modelg include information on several ocean
parameters, some of which have already been remotely sensed from space, but
without the accuracy and resolution required, and others which are believed
feasible for acquisition to some degree and thus are under study. These para-

meters, listed with previous acquisition platforms, are as follows:
Sea surface temperature, mixed layer (Nimbus and ITOS)

Surface currents (Nimbus, Gemini, Apollo)
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Color of water (Gemini and Apollo)

Surface winds, sea state (Aircraft)

Chlorophyll (Aircraft)

Salinity (Theoretical studies only)

These factors influence the internal supply rate of nutrient elements. to
the surface euphotic layer, which in turn govern the primary production, or
carbon fixation, of marine plants on which all the marine fauna depend, either

directly or.indirectly. The aggregation of commercially useful fish species is’

subsequently influenced by these concentrations of marine plants.

"To prowde a useful forecasting service for the commercial as well as’
the sport’ flsherman, more than periodic charts of some or all of the above
parameters will be required. A forecasting center will be required, within an
appropriate government agency,’ where data on all pertinent parameéters from-
all collecting sources can be combined with operational 1nformat10n, then

1nterpreted and distributed in a form most useful to fishermen,"

Each of the aforementioned parameters for fisheries'applications will
be discussed to present the status of techniques for acquiring such information,

‘either from aircraft or spacecraft mounted instruments.

4.2.2.1 Sea Surface Temperature

Sea snrfa.ce temperature has been the oceanographic parameter which has
rece1ved the most aftention in so far as aciual sensing with spaceborne instru-
mentatlon is concerned This has resulted primarily because meteorologmal
sensors, the I—I:Lgh Resolution Infrared Radiometer (HRIR), and the Medium
Resolution Infrared Radiometer (MRIR), designed for cloud studies are also
marginally applicable for determination of ocean surface temperature; The
temperature of the surface layer of the ocean is of fundamental importance in
the thermodynamics of the upper ocean and lower atmosphere and in their inter-
action, Thus sea surface temperature enters into predictive models for both

ocean and atmosphere and is of great importance in many phases of oceanography.



Because of the importance of sea surface temperature to many different
phases of oceanography, this parameter has been treated separately in Section
4,4, Itis discussed here only in relation to the indirect detection of fishery
resources. Several of the publications reviewed during this study discussed the
application of aircraft and spacecraft derived sea surface temperature and its
relation to the indirect location of fish (14, 24, 26, 89, 95).

Charts of the sea-surface temperature are of demonstrable importance to
fisheries for estimating distribution, abundance, and availability of fish. For
example, the Bureau of Commercial Fisheries (BCF), Fishery Oceanography
Center at LaJolla, California, publishes periodic sea-surface temperature
(SST) charts of the eastern pacific for use by the tuna fishery. At the present
timne, data for these charts are obtained from cooperating ships and aircraft,

both government and private.

An extensive survey of the albacore environment was conducted during
the summer of 1969 along the Oregon coast by W. Pearcy of Oregon State Uni-
versity (95) in conjunction with the Coast Guard, NASA, the Bureau of Commer-
cial Fisheries (BCF) and numerous albacore fishing fleet operators. A prime
parameter correlated to the albacore population was SST. The areas temperature
pattern was found to be complex and rapidly changing. Detailed analyses were
not available at the writing of this report, but preliminary indications are that
SST does influence the migration and distribution of the albacore tuna. Both
ship and aircraft SST surveys were carried out during the environment survey
to determine, not only the temperature environment in which albacore tuna were
actually netted, but also the pre- and postenvironmental temperature conditivns.
Sea surface temperature was measured on all flights using PRT-5 radiation
thermometers. Multispectral scanner data was obtained from the University

of Michigan aircraft which also took part in the survey.

In another aircraft remote sensing survey, NAVOCEANO (89) conducted
a study to aid the Icelandic fishing industry., An aircraft equipped with an air-
borne radiation thermometer (ART), described in Section 4. 4. 3.1, was used
to define the boundary between the tongue of polar water projecting southward to
the east of Iceland and the warmer eastern Atlantic water mass. This survey
was completely successful. Since arctic water masses have heen changing their

positions rather dramatically recently and since the herring fishery follows the
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the temperature gradient quite closely, the Icelandic Fishermen have become
quite concerned about losing their fishery a.nd are critically inte¥ested in this

application of remoéte sensing.’

T

Although as 1nd1ca,ted in Section 4. 4, satellite borne mfrared rad1ometers
have been used to obtain sea surface, temperature data, the present review did
not uncover 1nstances in Wh1ch such data have been used for indirect location
of f1sh concentrat:.ons Re asons for this are inadequate temperature as well
as spatial. resolutzon. User requirements are 1 °C and ~2. km (spatial) with -
HRIR da.ta. prov1d1ng 3-4°Cand ~ 10-12 km {spatial resolutions.)

4.2.72,2 Ghlordphyll

' The abundance of chlorophyll is another important indirect indicator of
fish concentratmns, espec1a11y if information on chlorophyll content 1s used in
con_]unct:.on Wlth sea surface temperature information. Because it is associated
with plant 11fe, chlorphyll concentratlon is an index to the amount of phyto- ‘
plankton pres ent. Regions with high phytt)pla.nkton abundance can support large
poPuIatmns of herbwores and these in turn support successive links in the animal
food cham, :man;,r of which are of economic importance. To be of maximum use-
fulness chlorophyll must be detectable in concentrations as low as 0. ng/ms.
This low concentratzon threshold appears to be significant for some fisheries,

such as tuna., whlch are not fou.nd in lesser chlorophyll concentrations, (77)

In the ocean,chlorc)phyu is dlstnbuted in 2 nonunifoerm manner throughout
the euphotic zone, which may range from 10 to 100 m in-depth. A rough estimate
is that most backscattered light arises from the first 10 m, Thus, chlorophyll
concentrations can reasonably be expected to be measured in that interval only
by remote sensging techniques. In terms of photosynthetic“ production this does .
not present an acute problem since the light energy that drives photosynthesis
decreases logarlthmlcally with depth and the phyto plankton near the surface
are respon51ble for the majority of the productlon Therefore, in a ma.Jorlty of
cases high phyt0p1ankt0n concentra.tmns in surface Waters will in general be

1nd1cat1ve of a productlve water mass (77).

_ _Cl:ﬂ.orophyll affects the visible spectrum in two characteristic ways which
are described below. These effects make it feasible to consider establishment

of chlorophyll concentrations in the ocean by remote sensing.
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One effect of chlorophyll on the visible spectrum is to cause large changes
in the ratio of green (, 54 p) to blue (.46 y ) in the spectra of backscattered
light, It has been shown. (18) that such cﬁanges can be remotely detected from low
altitude aircraft flights over water areas where relatively large changes in the

chlorophyll concentration occur in the upper 10 meters of the ocean,

A second effect of chlorophyll on the visible spectrum is to produce
specific absorption at 67004 which can be measured spectroscopically. The
specific absorption of chlorophyll a is illustrated in Figure 4. 2-1,

The absorption coefficients of water plus chlorophyll (for a chlorophyll
concentration of 1 mg/mg) in the vicinity of 67004 are given in Table 4.2-1

along with the percentage transmission through a meter of water at this wave-

length.
Table 4.2-1 Absorption Coefficients and Transmission in
Chlorophyll and Pure Water {77)

1 h Chlorophyll in Water Water

Wavetengt (1 mg/m3) (100 cm)
N % E %
6500 0.0035 100 0.1300 74
6700 0.018 95 0.1590 70
7000 0.0018 100 0.2150 61

Water absorption is monotonic in this spectral interval, while chlorophyll
absorption is not. The differential brightness of backscattered radiation in the

absorption band and in an adjacent reference band is associated with the amount

of chlorophyll present.

Recently data on chlorophyll have been obtained from aircraft using a
water color spectrometer (WCS) and a widerange image spectrophotometer
{WISP) both developed by TRW (8, 18, 104). The primary difference between these
instruments is that the WCS measures the spectra (.4 - . 74) of the upcoming
radiation from the water in only one spatial: element with a spectral resolution

of 5 to 7.5 nanometers, while the WISP is designed to measure simultaneously the

color of twenty spatial elements over a spectral region of .35 to . 75u.
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Additional information on these instruments can be found in reference 8.

Experiments us_ing the above instruments on aircraft, singularly or in
combination, have been conducted over a variety of water masses exhibiting
widely different known chlorophyll concentrations (8, 18). Results of these studies
showed that large differences in color occur from areas in the ocean having
different chlorophyll concentrations and that they can be recorded from aircraft.
Because of the consistency of the results and in view of the shift in the band of
maximum transparancy from blue to green which occurs when minute amounts
of chlorophyll and associated carotenoids are present in sea water, it is probable

that these substances were the primary cause of the observed color differences.

It is noteworthy that the spectral effects of increased chlorophyll concen-
tration are nonlinear. With added amounts of chlorophyll, the amount of water
remaining constant, the band of minimum absorption, and hence the color,
approaches asymptotically to the wavelength of minimum absorp tion for
chlorophyll at .56 u., Consequently most of the color shift occurs as a result of

3
the addition of the first 2 or 3 mg/m  of chlorophyll to cl ear sea water (159).

Such anomalous results as were found are believed, by the investigators
(18), to be due to differences in times within paired observations, to differences
in surface reflection, to scattering of light by the atmosphere, and to the presence
in the water of material,other than chlorophyll, affecting the light selectivity,
If such interference can be eliminated, or identified and allowed for, consistent
chlorophyll detection in the surface water layers by remote sensing from aircraft

is possible.

No information was found in the literature concerning zctual sensing of
chlorophyil from spacecraft, nor were any studies found which assessed the
requirements on spacecraft instrumentation for successful chlorophyll sensing
or the probability of success. It was learned, however, from personal interviews
at TRW that a spectrophotometer is being built for high altitude test in the NASA/

MSC aircraft program.

4.2.2.3 Salinity

One of the most important parameters of the hydrosphere is its salinity.

The salinity of the surface layer of the sea is usually 34 to 37 o/co, Near coast-
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lines, the salinity may va;.ry' between 5 o/"oo'am’i 37 o/oo due to the influence of
coastal runoff of precipitation or river outflow. Studies of the application of
remote sensor technology, i.e. microwave radiometry, to the determination
of salinity have been limited. In one laboratory study of note, J. Paris (92)
found that, for a number of microwave frequencies between 1 GHz and 34 GHz,
salinity affects the polarized brightness temperature significantly at

a frequency of 1 GHz and insignificantly at the other frequencies. A number of
assumptions were made relative t¢ environmental conditions in order to arrive

- at these conclusions. These assumptions can be found in reference 59.

At this early stage of investigation it would be iaremature to make any
predictions as to the possibility that the use of passive microéwave radiometry
could in fact determine salinity concentration from spacecraft altitudes, However,
the feasibility has been shown by these preliminary studies, and the technique
might be able to survey salinity along-coastal and river regions. More extensive

experiments both on the surfice and from aircraft are needed,’’

4,2.2.4 Water Color

The color of the water is one of the fundamental measurement parameters
of the ocean and can be measured by remote sensing techniques. -Of greatest .
importance are the very slight and constantly changing color differences that

occur within lafge bodies of water and may relate to anomalous conditions.

Water color has been used in the past and is presently under increased
study for the measurement of the oceans biological activity through chlorophyll
detection (see Section 4, 2, 2, 2). In addition, it now appears possible to distinguish
different water masses and to détect water pollution, both of which have a direct
beaﬂn’g on the oceans biological activity. A more detailed discussion on ocean

" color can be found in Section 4,10,

4,2,2.5 Surface Currents

Information regarding ocean currents can be utilized in a number of ways.
For the fishing industry, where changes in temperature and nutrient levels affect
the habitats of fish, the charting of currents from space on a global and quasi-

synoptic basis will be valuable,
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One of the principal parameters defining the boundary of an ocean surface
current is the difference in temperature between the surrounding ocean water
and the current. Temperature differences between these two water masses may
vary between 22 and 10°C. This significant temperature difference can at
present be detected, from aircraft or spacecraft, using remoté sensors operating
in the infrared spectrum. More detailed information on the remote sensing

of ocean currents can be found in Section 4. 6.

4,2.3 Direct Detection of Fish Schools

The second major impact of an operational satellite system on commercial
fishing operations would be on the direct location of pelagic fish concentrations.
It is unlikely that satellite observations could contribute directly to the efficiency
of demersal fisheries. However, satellite observations may possibly be
developed to the point where the presence of schooling pelagic fish such as the
high-valued tuna and tuna-like fish that occur over wide areas of the Pacific,

Atlantic, and Indian Oceans, could be sensed directly from space,

A number of stud.ies have and are being conducted to determine the
applicability of various techniques to this problem. Presently a number of
techniques are used on an operational scale from low flying aircraft for the
location of fish stocks. These include both direct observation and photo-
reconnaissance. A number of other techniques are currenily und‘er investigation
for the purpose of determining their feasibility for providing useful data to
various fishery organizations and include the detection of the following

parameters:

Bioluminescence,
Fish oil slicks, and
Fish schools - visible sighting (spectral detection, multispectral

photography).

4.2.3.1 Bioluminescence

One approach to the problem of locating and identifying pelagic fish stocks,

which shows significant potential, is the use of low-level light sensors, such as
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image inte_nsifiers, to detect the bioluminescence associated with most fish
:scho%)lg. The Spanish mackerel fishery which yields an annual catch of 3 t‘0 4
million kilograms serves to illustrate the potential application of this method. In
Florida this fishery is carried on chiefly with gill nets and haul seines at

night, The fish are sighted by the "fire" in the water. This "fire" results

from the movement of fish schools which cause luminescent organisms in the
water to glow momentarily., Large schools of mackerel weighing from 5 to

10 tons are identified by individual flashes within a larger glowing sphere of

bicluminescence,

During i968 and 1969 a series of tests were conducted by the Bureau
of Commercial Fisheries (BCF) (14), at Pascagoula, Mississippi, using
an image intensifier (starlight scope) from an aircraft, a stationary oceano-

graphic platform (Stage I}, and surface vessels. The intesifier used in the

initial studies.amplifies the ambient light, in this case bioluminescence,

40, 000 times. Observations were made from low altitudes of fish schools,
individual fish, scuba divers, and objects towed at subsurface depths in water
masses containing both low and high concentrations of luminescing organisms.
These 'testé used the Plumbicon closed-circuit television system coupled to a
starlight s-cope. Results of these tests strc;ngly suggest that low-level light-
sensors may be used effectively from h1gh alhf:udes as a meansg for locatmg and

possibly 1dent1fy1ng pelag1c fish stocks over large oceanic areas,

4.2.3.2 Multispectral Photography

Oblique aerial photographs of selected areas in the Gulf of Mexico,
cbtained by BCF Pascagoula (14) show considerable activity of surfaced-fish
schools (Figure 4,2-2), A close scrutiny of these photographs reveals
that although they show the areas the schools cover and various configurations the
schooling fish assume, they donot permit the evaluation of the schools as to
tonnage or species. To collect sufficient "'surface truth' information. with
which to interpret the fish school photography, BCF Pascagoula has established
a Flshery Resources Assessment Program based on aerial photogra.phy,
Sonar- equ1pped research vessels, and commercial fishing boats, The program

outlines a coordinated effort to locate by aircraft and photograph the horizontal
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The Photograph Shows Fish Schools at No. 1,2, and 3. Area 4 is Shallow Water with Sandy Bottom.
Area 5 is Deeper Water with Mud Bottom. Item 6 is a Boat. The Grid is Used to Aid in Statistical
Evaluation of Shape Changes and Aerial Extent. Each Square is About 12 by 12m. Photo was Taken
from Altitude of 600 m in Gulf of Mexico.

Figure 4.2-2 DETECTION OF SCHOOLING FISH BY AIRBORNE PHOTOGRAPHY




extent of a fish school, and subsequently to catch the entire school. This process

is to be repeated for numerous schools of the same species and for a selected

number of species.

The extraction of the maximum information from each photograph is
of primary importance. Multispectral analysis, termed ''false color separation, "
has been developed by D. S. Ross (113, 114). This separation is accomplished
by photographing a color transparency with 25 millimicron bandpass interference
filters to produce a series of five negatives. The technique increases the con-
trast of small color differences between the successive spectral brands. Color
separations have revealed information not detectable on the original record,
such as schools at greater depths and the separation of fish from the back-

ground scene.

The usefulness of color separation has not been fully investigated,
but the technique is expected to aid in the int erpretation of photographic
records. Further study will enable the evaluation as a possible standard
method of analysis of photographic data. See Section 4.1l for a more detailed

review of image enhancement techniques.

Another method of photographic interpretation, densitometry, has the
capability of measuring and recording minute differences in the density of the
film emulsion and thereby depicting details which could not otherwise be
observed. The density differences depend on the film exposures. This method
may allow the photographic interpreter to determine the horizontal compaction
of fish within a school (14).

The BCF station at Pascagoula has been conducting studies to define the
optimum spectral region for obtaining maximum water penetration and enhancing
the very subtle color differences associated with some fish schools (14).

Results of the study were not available at the time of this report. However, in
a study conducted by D. Ross (114) he found that for recording ocean water color
to obtain maximum penetration, two spectral bands are optimum, .46 - . 511
and .51 - .564, W, Vary (141) in a similar study found the . 564 band to be
optimum. A more detailed description of the results of these studies can be

found in Section 4.1l, Bathymetry.
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4.2.3.3. Spectral Reflectance

Many pelagic species may be identified on the basis of color or pattern,
such as the distinctive color of menhaden schools. These characteristics
are commonly used by commercial aircraft spotters in fishing operations to
locate catchable stocks. The use of color or spectral differences by the
commercial fish spotter to identify fish species, sug.gesf:s that spectral
analysis of the reflected radiation may reveal characteristic spectral sig-
natures. This technique may be used to locate and identify fish schools in their natural
environment under certain conditions. During 1968,the BCF Pascagoula and
TRW Systems (138) obtained spectral reflectance measurements of 15
schooling species in the Northern Gulf of Mexico. Measurements were
made of single fish, fish in small groups, and fish in schools inside impound-
ments, using a recently developed TRW spectrometer (8, 104). The spectral
reflectance curves , i.e,, measurements of the intensity of reflected light
versus waveleﬁgth, were obtained under natural lighting conditions from both
surface vessels and a stationary oceanographic platform. Results indicate
that, in general, the reflectances are separable ona species basis and are
different from seawater reflectance. A gross analysis of the da..ta, which took
into consideration water and atmospheric effects for selected saniples of data

presented, also substantiates this difference.

Thus, the potential for using the visible spectrum for remote identification
of epi~pelagic fish has been established by a rudimentary data analysis technique
(138). The salient aspect of this exploratory program was the signature
data obtained for naturally schooling bait fish which was taken over several
days. The data was repeatable and possessed unigque spectral characteristics,

which could be used for unique identification.

The next step in the evaluation of remote identification is gathering
data on schooling fish in a natural or near-natural environment. Data should
be gathered for the same species under varying environmental conditions to
establish unique spectral-signatures. Regquirements for a spectirometer for

obtaining pertinent data, as specified by TRW (138) are:

Spectral range - .4 to .7 U
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Ground resolution ~ the minimum acceptable will be approximately

12 m on a side
Spectral resolution - 150k to 2004

Signal to Noise ratio (S/N) - approximatelér 100 desirable, 640 is
' barely acceptable

Field of View (FOV) approximately. 2°.3°

The above specifications are for a design altitude of about 300 m for a scene
area of 12 x 12 m and an aircraft velocity of 60 m/sec. The minimum detec-

table school sizme would be about 25 m in diameter.

4.2:3.4 TFish Oil Slicks

Preliminary studies have been conducted by Barringer Research Litd. (10)
to determine the applicability of specific spectrometric techniques to the .
detection of fish and mineral oils on the surface of the ocean. The results of
their laboratory work show that the fish oils can be readily classified b}v,r a
multiband photometric system based on the absorption spectra when the oil
sample is viewed in transmission. The differentiation between fish oils and
mineral oils can be done quite easily in the visible wavelength region. Thus,
mineral oil slicks are readily detected and identified by their increased
reflectivity whereas the fish oil slicks which do not have a large increase in
reﬂecéivity over that of sea water, are not as detectahle. The ultraviolet
reflection properties of the fish oils do not lend themselves to remote sensing
systems. The lack of selective reflection in the ultraviolet and the surface
spreading properties of the fish oills make detection and identification very
difficult. The most promising area for remote sensing appears to be the
thermal IR, due to the expected temperature differences in the region of fish oil
slicks. Further work should investigate the energy exchange mechanisms at the
fish ©0il ocean interface and make experimental measurements with IR thermal

sensors over the ocean.

Barringer (10) thinks that there is a good possibility for developing an
infrared scanner Incorporating spatial filtering which will be able to discrim-
inate fish oil slicks on the ocean surface from orbital altitudes. Recent studies

using IR techniques for mineral oil detection can be found in Section 4, 3,
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4,2.4 Conclusions

There exist two potential applications of remote sensing to the location
of edible marine organisms; these are (1) detection of environmental parameters
which can be used as inputs into a predictive model which could predict those

areas suitable or unsuitable for fish habitation and (2) direct detection of fish,

In the case of indirect detection of fish schools the parameters of poten-
tial value which might l:;e. measured by sensing from space are sea surface tem-
perature, presence of chlorophyll, salinity concentration, and water color. In
the case of direct detection of fish schools the parameters of potential value
which might be obtained by space sensing are bioluminescent light, water
color {using multigpectral analysis), relative darkness as sensed by black
and white photography (densitometry), spectral reflectance of fish schools,

and water temperature (as it is associated with fish oil slicks),

Sea surface temperature has been measured from space using sensors
primarils;- designed for meterological applications, State of the art is advanced
to such a stage than an IR radiometer could be built to provide 1°C resolution
from s;ﬁace. The remote detection of color as it relates to chlorophyll requires
additional research prior to space flight, A spectrophotometer is under con -
struction for test in high altitude aircraft, The use of remote sensing techniques
for salinity determination require extensive study prior to determining the feasi-

bility of the microwave radiometric concept.

The various techniques for direct detection of fish schools, as mentioned
above, all require extensive studies prior to designing instruments for space,
They may prove to be feasible only for low altitude aircraft flights near to

on-going fishing operations,
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4.3 POLLUTION

4,3, 1 Introduction )

.Pollution, its detection, abatement, and control, is a major
problem of the oceans which is receiving more attention every day.
Congress and the public are showing increasing impatience withvlarge
scale ocean polluters such as oil drilling compames However, attempts
at control have been m1n1n:1al and pollution of our oceanic envu'onrnent ’

steadily inc reases.

-- The large scale disposition of wastes in the ocean is a growing
interna,tionail problem. Each body of water can assimilate certain aﬁuounts _
a.nd kinds of waste products, but each body of water, including the ocean,. -
has a limit. The pollutmn load in many coastal waters already. has. exceeded
the limit. An estimated 1.2 million acres (8 percent) of the nation's shell-
flsh1ng grounds have been declared uns a.fe for the takmg of shellfisti for
human use due to contamination by sewerage and/or industrial wastes.

A number of coastal areas have become unﬁt for recreational purposes
Industrial’ pollution alone is 1ncrea.smg at a rate of 4.5 percent per year

desp1te abatement efforts (82)

Exactly what ha.ppens to this pollution after it leaves .the coastal
waters, i.e., how it is dissipated and what effect it has on the total oceans'
biologic balance, is largely unknown at this time. Pollutants entering the
oceanic system travel long distances over the Earth's suliface' . F"or example,
pest1c1des representmg a potential hazard to health have been found in the
Bay of Bengal and the Caribbean Sea after tra.vehng in the monsoon and

the northeast trade winds from the African Continent,

Another problem is that of detection and tracking of such pollution as
oil spills and wastes from tankers and offshore oil drilling platforms.
The extent of this problem can be appreciated when one studies reports
of various ships making Atlantic Ocean crossings. Thor Heyerdahl in
his recent crossing of the Atlantic in RA II, reported globules of tar-like
oil widely distributed across the ocean. Most likely, this is the result of the
practice of tankers crews who steam clean tanks at sea prior to loading light

oils or other cargo.
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One critical problem in open ocean pollution control is the establishment
throughout the ocean of existing levels of concentration of natural elements such
as lead and mercury, which in excessive concentrations represent a serious
pollution problem. This information, now lacking, is needed to establish bench-
marks so that increases in concentration due to the activities of man can be
identified before they become serious and so that corrective action may be
taken. These requirements for ocean wide coverage represent a national

application of the spacecraft capability for providing worldwide coverage.

It is readily apparent that the problem of pollution must be viewed and
combated in the context of a total waste management system. The part that
remote sensing techniques may play in a detection system is still to be
determined. To date, only preliminary studies have been made. Information
acquired from aircraft, as well as Gemini and Apollo spacecraft (130), reveals
the presence of sediment, chemicals, oil, and other industrial effluvia, as
well as thermal pollution, in such bodies of water as the Gulf of Mexico and the
Chesapeake and Delaware Bays. IR imaging has shown promise for the
detection of oil slicks on the oceans' surface. This and other recent remote

sensing research, .as it applies to marine pollution, is discussed below.

4.3.2 0Qil Pollution Detection Using Multispectral Techniques

Remote sensors operating in the UV, visible, and IR regions of the
electromagnetic spectrum have been receiving increased attention for the
detection of oil slicks subsequent to the recent Santa Barbara and Gulf of Mexico
spills. The technique that shows the most promise for detecting this type of
pollutant appears to be thermal IR imaging.

In a recent study (31) an airborne infrared thermal mapper was utilized to
determine its applicability for oil slick detection. The IR sensor system used
was a North American Rockwell modified Bendix 8-14y thermal mapper.

Images of the oil spill at Santa Barbara, California showed a mottled and
streaked pattern, both lighter and darker than the background sea surface.
There are conflicting explanations for these apparent thermal anomalies.
Because it is darker than the ambient sea water, oil should have a higher

emissivity and thus should show a lighter tone on a thermal IR image. However,
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reflectivity of oil films and their interface with heat exchange at the sea/air
interface substantiates expectations that oil patches should register as darker
(cooler) tones on a thermal infrared image. Both of these types of tonal
signatures were exhibited on the IR images. It has been assumed by the
investigators (31) that the lighter areas, of higher infrared emissivity, are
areas where the oil has pooled into thick streamers. Patterns where the oil-'-_
polluted surface is seen as darkm_-‘ than the background involve areas ‘of active
upwelling -at the actual blowout sii;es, where cooler fluid is displacing the warmer

surface waters.

Densitometric color ;enhancement was used to aid in further di_scﬁmination
of the tonal differences that distinguish oil slicks from the background water.
This enhancement permits identification of any oil patches, slicks, andlfilms‘ A
that show even ‘mino_r differences in density from the background water. _Sinc-:en
the emissivity of a water body is essentia-.lly unity in the thermal IR regién, oil
films that eﬁhibit é. density difference against this uniform background tone can

be automatically enhanced and positively identified through this processing.

-From measures of areal extent, a number of extrapolations ¢an be made -
regarding thickness of oil pollutants, volume of pollutants involved, and the flow
rates. Precise volume estimates require highly accurate measurements that
are difficult to obtain by remote sensing techniques and thus are perhaps most
economically measured on the surface. But, even here, knowledge of the areal
extent to which these variables are to be applied is a prerequisite that could be

supplied by the remote sensing system.

Another remote sensing study of the Santa Barbara oil slick was conducted
by the University of Michigan (60), using its airborne multispectral system. -
The purposes of this study were: a(1) to locate the offshore kelp beds and
determine the extent of oil impre gnati-on; {2) to locate the oilslick and attempt to

determine its thickness; and (3) to locate the areas treated with oil dispersant.

Two scanners installed in the University of Michigan C-47 aircraft
operated in seventeen different wavelength bands between 0.32y and 13, Ou .
One scanner was equipped with lamps, to calibrate radiometrically the channels
operating in the region below 2. 5. The other scanner was equipped with

extended blackbody sources for calibrating the thermal region.
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The data acquired using this instrument were only partially analyzed at
the writing of this report. In the analyzed data the slick was best contrasted
against the water background in the ultraviolet, 0.32 to 0.38y, and the infrared
8.0 to 13.5u bands. Inspection of the imagery from the 12 channel scanner
showed the slick to be brighter than the water at wavelengths from 0.32 to
0.54p although the contrast was not as dramatic as in the UV. At wavelengths

from 0. 54 to 1.0y the contrast was too weak to positively delineate the slick.

These results are in conflict with the high reflectance of oil reported by
J. Bailey of TRW (8). He found that when using a spectrophotometer (WISP)
operating in the visible region the same 0il slick is responsible for an
appreciable increase in reflectivity, particularly in the red end of the spectrum
(see Figure 4.3-1). It is interesting to note that the spectral reflectivity of a
thick oil film is greater in the blue end of the spectrum than a thin oil film.
Conversely, a thin oil film is more reflective in the red portion of the spectrum

f:h_an is a thick film.

Bailey demonstrated the effect of the oil slick by calculating the ratio of
its reflectivity to that of the unpolluted water. The resulting ratio is the
spectral contrast of the oil covered water to its background and is illustrated in
Figure 4.3-2. This figure indicates that any visible region sensor designed to
detect oil slicks on water should concentrate on the red region of the spectrum

to obtaln maximum contrast.

One possible cause for the difference in results of these two investigators
may arise from the variation in slick conditions, primarily thickness, since the
TRW measurements were made when the rupture first occurred and the flow was
estimated to be 10 times larger, and thus probably thicker, than at the time of
the University of Michigan experiment. Another possible cause for the difference

may be the amount of dispersant being dispensed.
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4.3.3 Pollution Detection Using Photography

4,.3.3.1 0Oil Pollution

Preliminary investigations using black and white as well as color photogra-
phy for detecting floating oil on sea water have been disappointing (31). The
contrast between an oil patch and the adjacent water is very low. High contrast
occurs only where a favorable sun angle accentuates reflectance from the oil.
Even then, such oil reflectance is difficult to distinguish from sun glitter on
oil-free waters. OQil-free areas of upwellings, surface currents, and localized
air flows show a streaked, alternately choppy and smooth sea surface, which is
difficult to distinguish from patchy oil slicks. Color photography is similarly
ineffective. The color contrast between the oil film and the adjacent water is
again very low. Except for areas where thick rope-like streamers of oil register
as dark gray, the oil-polluted waters show a grayish-green color, which the eye
readily accepts as a normal sea surface tone. It is, therefore, often impossible
to tell whether a particular air photograph shows a completely oil-covered or
completely oil-free surface. More work needs to be done in experimenting with

multispectral photography including the near IR.

4.3.3.2 Turbidity
Color photography has the potential-for indicating turbidity in shallow

waters. This can be useful both in detecting natural conditions such as dispersal
patterns of river sediment load and in determining man-madé conditions {142).
Figure 4.3-3 is an analysis of a Gemini 12 photograph by R. Stevenson (BCF)
and shows sediment-laden water flowing out through Sabine Pass and the jetties
of Galveston Bay. (74) In the original color photograph the dredged Houston Ship
Channel, the dredged sediment, and the extremely turbid water flowing from the

dredging operations are visible.

The significance of being able to frequently photograph coastal waters of
Texas and Louisiana is obvious as that area comprises the greatest shrimp
fishery in the world today. The turbidity caused by dredging operations, some
of it illegal in the case of dredging fossil shéll, was shown to be detrimental to

the oyster industry. It is reported (74) that certain of these activities, detected
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SPACE CRAFT

Figure 4.3-3 Analysis of Gemini 12 Photograph of Texas and
Louisiana Coast - by R. Stevenson (BCF). (74)
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by Gemini photography, resulted in a citation and an improvement in the water

quality of the Bay.

4.3.3.3 Man-Made Effects on the Ocean Bottom

In an experiment using photography to study shallow water subsurface
ecology, Kelly (51) used photographs to detect certain effects of man's
activities in Biscayne Bay. These effects were: channels dredged through
shoal areas, the influence of drainage canals on the bottom cover, and the

results of heated water outflow from a thermoelectric power plant.

The photographs used in this study were obtained using an RC-8 camera,
mounted in the NASA aircraft, and loaded with aero Ektachrome, IR Ekta-
chrome and black and white film. The photography was obtained from approxi-

mately 3, 600 meters and the water depth in the area averages about 4 meters.

Delineation of the damaged areas and the extent of damage as shown in the
aerial photography proved of great value to workers in the area and to local and
county governments, even to the extent that evidence was subpoenaed by the
Dade County Board of Commissioners (51). The thermal effect of power plant
effluents on bottom cover will be of considerable importance as the number of
nuclear power plants increase, Aerial photography combined with the use of
thermal infrared scanners should prove of value in monitoring changes that

occur due to thermal effects of nuclear power plants.

4.3.4 Pollution Detection Using Fraunhofer-Line Spectral Techniques

Another parameter that may provide significant information on water quali-
ty is luminescence which is produced by many pollutants. The Interior Department
(131) has already used Fraunhofer-Line spectral techniques to detect bio-
luminescence in the sea, even in daylight, and while the luminescence signature
of biota would obviously have to be differentiated from that of pollutants, this

kind of optical discrimination is feasible.
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4.3.5 Qil Poliution Defection Using Passive Microwave 'I‘echniques

A preliminary study undertaken to determme the application of passwe
microwave techniques for the detection of oil pollution produced optxmlstlc
results (6). There were two objectives considered in this study. The first was
the measuring of the local change in sea state due to the presence of the oil
pollution. This phenomena presents very strong signals to microwave radiom-
eters when winds in excess of 6 knots are present. It is felt by the investiga:tcors
(6) that this may be a primary detection mechanism for thin oil films. The
second objective considered was the direct change in the emissivity of the water

surface due to the presence of oil.

In the preliminary study several measurements of sea state were obtalned
from a pier where thin oil films were present. These measurements show that
for relatively calm seas with wind ripple (sea state 0), the radiometric temper-
ature decreased by approximately 4° whenever the oil suppressed the ripples.
For sea states of 1 or 2, thin films of 0il had similar effects provided wind
ripple was present. In higher sea state, the temperature decrease should be
even more pronounced. Thick oil films which suppress the sea state may have
different effects, however. Decreasing sea state will still tend to produce
colder radiometric readings, but the increased absorption from interierence
effects for thicker oil films may mask the sea state effect with a resultant
increase in radiometric temperature. In regards to the direct change in the
emissivity of the water surface in the microwave region, a series of measure-

ments were conducted in a small tank to verify theoretical conclusions.

Examination of the data obtained during this study reveals that oil on a
water surface behaves in a manner that causes two separate and distinct effects.
Thin 1a'yers of oil p:;'oduce a lower radiometric temperature than the surrounding
sea by reducing the number and size of small capillary waves produced by the

wind. This effect can produce a signature of up to 10 degrees.

When the oil film becomes thicker, it causes the apparent temperature to
increase due to the effects of a dielectric on the water surface. For an
operating frequency of 38 GHz, the crossover point for these two phenomena
occurs in the range of 0.1 to 0.3 mm, depending on the wind speed. Thicker
oil concentrations caused a very hot signature, up to 100° at 1.0 mm thickness,

to be generated.
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Under a2 U.S. Coast-Guard study, microwave radiometry is belng
evaluated as a technique for detection of intentional oil spills at sea. The goal
is to begin prototype hardware development of an airborne system within F'Y 1?71.
As part of the investigation Aerojet-General Corporation (30), using controlled
dumping of various types of oil off the California Coast, has conducted
experiments which demonstrate that an oil film only 0. 04 mm thick can be
detected using a 0.81 cm wavelength microwave radiometer. In this test the
lower dielectric constants for petroleum products relative to sea water were
reflected in warmer radmmetrlc brightness temperatures of the oil sllck The
exploratory work to date shows that ability to detect oil slicks increases with
decreasing wavelengths. It also shows that sea state increased the brightness
of the oil slick, a phenomenon not observed in laboratory tests in calm water.
The effects of temperature on detectivity and the influence of various sea states

on the data are questions which must be answered in future work:

- In summary, m1c:rowave radiometers appear to offer a promising means
of detecting, measuring the thickness of, and tracking oil spills in the open
ocean, on an all weather, day and night basis. However, care must be taken in
applying these technlques, since it is possible to obtain combinations of 011
thickness, incidence angle, and wind speeds that could change the nature of the

signature or render spills invisible.

4.3.6 Data Presentation

The- display of pollution data in a meaningful format that can be readily
as simﬁ.lated into a water quality system is mandatory. A preliminary attempt to
accomplish this has been made by TRW, (8) using data acquired by a spectro-
photometer (WISP) and a water color spectrometer (WCS), both operating in the
visible spectrum, off the coast of Santa Barbara, California. Their method was
to utilize a computer to generate a map of water pollution concentration. The
computer inspects the individual spectral reflectivity curves recorded during a
WISP flight and by making some simple comparisons of the relative reflectivity
in certain selected regions of the spectrum, the computer assigns an estimate
of the pollution concentration to each point in the water. The computer then
prints one of a group of previously selected symbols representing varying

density corresponding to the relative concentration of pollution in the water.

4-28



A logical upgrading of this technique, which will be implemented into
TRW's system in the near future, is to use a high speed digital plotter to plot
and connect lines of equal spectral characteristics in the water. A contour
map of water pollution, water color variation, etc. can be easily generated in

this manner.

Additional data presentations produced by TRW using WISP data were
produced by comparison of the spectrums of the oil slick and of blue water.
Figure 4.3-4 shows the spectra for the two runs normalized to the same level

and plotted with arbitrary units along the ordinate.

A comparison of the blue water and oil slick curves may be made on the
basis of the WISP spectral calibration. The blue water curve peaks in band
17-18 (4800-5000 &). The oil slick curve peaks in bands 15-17 (5000~5300 A).
It may be seen in bands 18-20 that the amplitude of the oil slick curve falls off

much faster than does the blue water curve.

The amplitude of the oil slick curve is as much as 25% larger than
the amplitude of the blue water curve in bands 7-13, if the DC level is
regarded as a zero reference for the spectral curves, Throughout the entire
range of bands 2 thru 17, the oil slick curve exceeds the blue water curve,

indicating a larger red-orange-yellow-green spectral content.

A comparison of spectral reflectivity curves obtzined from spectrometer
(WCS) data showed an increase concurrently with a change in water color
from blue to red (see Figure 4.3-5), Water samples collected simultaneously
not only substantiate the color change but found the cause'to be red tide, a

large concentration of dinoflagellates.

4.3.7 Conclusions

Before any remote sensing techniques for pollution detection can be
considered operational, extended and detailed investigations into the nature
and interaction of numerous environomental and physical parameters of a
pollution/sea system are needed. The availability of proper sensors is also
crucial to the effectiveness of any aircraft or spacecraft system for detecting

peollution and additional development remains to be done.
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Most of the studies that have been conducted relate to oil pollution.
The best definition of oil slicks has been in the 8-14y thermal IR region;
although data in the ultraviolet, visible, and microwave regions also
exhibited strong anomalies over oil. Analyses of data acquired in the
visible region by various investigators provided slightly conflicting da.éa.
pertaining to contrast of oil slicks in the red spectrum. Additional airborne
studies, with surface truth data also being acquired, shéﬁld clarify this
disagreement. As for the use of microwave techniques, ‘it must-be determined
whether factors such as foam, salinity, atmospheric absorption, rain
sc;a.ttering, and waves cause specular obscuration of ocean-emitted
microwave radiation that would make it impos‘s' ible to obtain unambiguous

measurements of oil slicks and other surface phenomena.

In consideration of these results for the remote detection of pollutants,
it appears that the potential for providing important information from either

air or spaceborne sensors is significant.
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4.4 SEA SURFACE TEMPERATURE

4.4.1 Introduction and Background

Sea surface temperature has been that oceanographic parameter
that has'received the most extensive study using space acquired data. Sea-

surface temperature (SST), as measured by an infrared radiometer, is the
temperature of the surface.layer of the ocean, less than 1 mm in.thickness. Be-

cause of the stirring processes occurring at the sea surface, this temperature
seldom differs By more than a few tenths of a degree centigrade from the

bulk temperature of the surface layer, and most presentations of sea-surface
temperature pertain fo measurements made at various depths in the upper few
meters., This variable is of fundamental importance in the thermodynamics of
the upper ocean and lower atmosphere and their interaction and thus enters into

predictive models for both systems.

Charts of the sea-surface temperature are widely used for a ﬁumber ‘of
purposes, including studies of energy exchange at the sea surface, studies of
surface circulation (location of current boundaries), studies of biological
productivity (location of upwelling areas), and studies of the biological environ-
ment. Such studies are of demonstrable importance to fisheries (distribution,
abundance, and avalilability of fish), meteorologj} (long-range weather fore-
casting}, coastal engineering (pollution, river outflow, and sewer effluent), and
shipping (location of major currents) as well as to physical and biological
oceanography.

The remote sensing of SST has been under study for a number of
years using both aircraft and spacecraft as platforms. The technique has also
been utilized on an operational basis from aircraft using the airborne radiation

thermometer (ART) as the sensor. Some of the more significant results will

be summarized in this section.

4.4.72 Spacecraft Data Acquisition Systems

A number of investigators (37, 38, 146) have analyzed a considerable
amount of infrared data acquired by the various meteorological satellites
(TIROS, ESSA, and NIMBUS) to assess their applicability for sea surface

temperature determination. Table 4.4-1 lists these satellites along with
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TABLE 4.4-1

SATELLITES WITH INFRARED AND AUXILIARY SENSORS (52)

’ Total
. Pictures? -
Averagel or Pictured
Data Launch End Operational Inclination | Apegesl | Perigoel | Alfitude | Picturs | Resolution
Satellite Mode Sensor Date | Operations| Period [Orbit *) KM. (NML) | KM, (NM.) | KM. (NM.)| Rata KM. (NM.)
Nimbus 1 |Infrired | HRIR  |8/28/64 | 9/23/64 | 26Days |Polar | 987 by o, A so0 | BB AT
- v ] owaves 9/23/84 | 26 Days 12000 [05,05 87
Nimbus 2 [Infrared | HRIR |5/15/66 | 11/15/66 | 174 Days |Polar | 1003 A s v NA |80
nfrared | MRIR | 7/28/66 | 75Days | N | 541808
- ¢ B , = N T =

v AVCS 8/31/66 | 109 Days ) | mameo |93 &AL
Nimbus 3 | Infrared HRIR 5/14/69 | Operational | Continuous | Polar ate [ }61132? }gg?;} }é&‘%} T ONA ]3’0(33(?%)
‘Infrared MRIR ’ Operational | Continuous i N.A. 151(30()60}.\(5
v 1DCS Cperational | Continuous ’ N.A, %368?.)59%}

ITOS | Infrared HRIR- 1/17/70| Operational | Continyous | Polar| . "*-‘](%35? IS

STV AVCS Oparational | Continuous . - il
Nimbus 4 |,r}frared THIR (Tcmp‘.) 4/8/70 | Operational | Continvous | Pelar N }E}D})? ' . ]30(3)(?95)
infrared |THIR (Hum.} Cparational | Continuous 1'"21 1%585&5
P LA IDCs Operational | Continuous ) : qg&gg&g
FOOTNOTES: .

1. Values are not meant for scientific purposes; they should be uvsed only as a guide to the size and shape of orbit,

2. Where applicable, tatal number of pictures is cited for those satellites which were no longer n operation on 31 December 1968, Picture rate [time needed
to tzke one picture} is cited for operational spacecraft, -

3. Where values are applicable, resolution is measured at the subsatallite point. For example, the Nimbus 2 HRIR at an altitude of 1,100 KM, {595 NM.} has a
subsatelhite ground resolution of @ KM. (5 NM.). - ‘

N.A, = Not Applicable’ ) )
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pertinent information (52). To date, only the Nimbus 1, 2, and 3 satellites
have provided infrared data with the resolutions useful for preliminary oceano-
graphic SST studies. Also, certain anomalous dark areas in sunglint patterns
are occasionally seen in photographs taken by the ATS (13). These dark areas
appear to be caused by relatively calm surface conditions against a background
of higher sea states, Evidence of cold water temperatures in the dark areas
suggests the presence of upwelling, More recently, ITOS and Nimbus 4 have
been launched and are expected to provide valuable SST data for oceanographic
research; however, as of this writing, definitive results have yet to be

realized.

4,4.2.1 Nimbus Data for Sea Surface Temperature Determination

Two infrared sensors of potential value to oceanographers were onboard
the Nimbus 1, 2, and 3 satellites. The sensor most useful was the High Rego-
lution Infrared Radiometer (HRIR), a scanning radiometer, operating in the
3.4 to 4.2 micron atmospheric "window' region. This instrument provided
resolutions of 3° - 4°C or better, depending on corrections applied and
~10-12 km (spatial). The objective of this instrument was to provide both day-

time cloud mapping and nighttime radiation measurements,

The second infrared sensor, a Medium Resolution Infrared Radiometer
{(MRIR), was a five-channel scanning radiometer, operating between 0.2 and
30 4, designed to measure electromagnetic radiation emitted and reflected from
the Earth and its atmosphere. A variety of information was obtained from each

of the channels as well as from a combination of channels.

The MRIR's resolution was much coarser than that of the HRIR, For
example, at an altitude of 1, 000 km, the 10 to 1l micron channel had a tempera-
ture resolution of ~7% C and a spatial resolution of 55 km at zero nadir angle.
Recent work has shown that despite the MRIR'S- lower resolution it is possible
to derive such information as sea surface temperature from the data, if the
region is cloud-free and the projection scale used is approximately 1:5 million

or greater,

The Nimbus satellifes circled the globe in a polar orbit, their gensors

constantly oriented to the Earth and their periods timed to always provide
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satellite passage at approximately local midday on the Earth's lighted side and
at local midnight on the Earth's dark side. Thus, each point on the Earth's
surface is viewed at least twice a day by the satellite. Overlaps in the satellite
coverage increase toward higher latitudes with ea.ch of the poles being v1ewed

fourteen times in twenty-four hours.

._Genera] conclusions of investigators who have made studies of Nimbus
IR data indicate the feasibility of acquiring SST from operational meteorological
satellites. In a study conducted by Wilkerson and Noble (151), they acquired
synoptic measurements of the SST field of a 10 x 20 degree area of the North
Atlantic by Airborne Radiation Thermometer (ART) and shipboard bathy-
thermographs (BT's)., These data were then used f6r ground truth for.the

interpretation of Nimbus II HRIR radiation temperature observations.

Table 4.4-2 presents the results of the comparison of the ship-and air-
craft data with the Nimbus II radiation temperature data (151). Surface temper-
ature data from 64 BT casts,. taken between 15 and 18 June 1966, were compared
with the corregponding gatellite grid-point data. Comparison of the average
temperature values from the two sets of data showed that the satellite radiation
temperatures were biased 3.;6’0 C higher than the ship obtained surface temper~
ature data. Upon removal of the 3. 6°C bias from the satellite data, there
remained a mean absolute error of 1, 5 ¢ between the ship and the satellite
data,. o ‘

Comparison of the satellite and the aircraft data showed the satellite data
to be biased 2.4°% hlgher than the aircraft data. Removal of the bias from
the satellite data results in a mean absolute error of 2. 0°C between the
satellite and aircraft data. One hundred and thirty-four one minute averages

of the ART record were compared with the corresponding grid~point data values.

The primary'sc;urces of bias and mean e,bsolute errors between the
satellite radiation temperatures and the conventlona.l sea surface temperatures
are instrumental noise, a.tmospherlc absorptions, computer averaging of the
resolution elements into the grid-point. .values, extraneous reflections of solar
rada.at:.on into the radiometer windowsg,. and field contamination by subresolutmn
element clouds. The instrumental system errors in the satellite radiation

temperatures have been discussed by Warnecke, McMillin, and Allison (145) .
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TABLE 4.4-2

COMPARISON OF SHIP AND AIRCRAFT SST WITH NIMBUS [I HRIR DATA, 22 JUNE 1966 (151)

Ship vs HRIR, 15-18 June 1966
64 points

Avg. Temp., Ship Data  23.5°C
Avg. Temp., HRIR Date  27.1°C
Temp., Bios + 3.6°C

-Mean Absolute Error,

Ship vs HRIR 3.94°C

Mean Absolute Error,

Ship vs HRIR - 1.5°C
(Bios subtracted from
HRIR data)

ART vs HRIR 21 June 1966

134 points

Avg. Temp., ART Data
Avg. Temp., HRIR Data
Temp., Bias

Mean Absolute Error,
ART vs HRIR

Mean Absclute Error,
ART vs HRIR

{Bias subtracted from

HRIR data)

22.8°C
25.2°C
2.4°C

2.94°C

2.0°C




The magnitude of the sea surface temperature gradients as sociated with
the Gulf Stream boundary which have been defined range from a maximum of
6° C/600 meters from the analog ART data, to 5° C/11 kilometers from digitized
HRIR data to 5°C/110 kilometers using Fleet Numerical Weather Central
computer analyses. The difference in resolution between these analyses provide
a measure of sea surface temperature analysis improvement poteatially avail-

able through the increased synoptical data coverage afforded by satellite.

4.4,2,2 Nimbug Data Handling

HRIR and MRIR data have been processed for display to provide output in
two forms: a digital form for quantitative analysis; and an imagery formy

similar to television pictures, for comparative studies.

The areal coverage of the surface of the oceans by the HRIR a..nd MRIR
data was limited by the amount of cloud cover. This interruption by clouds is
normally obvious in the data when the cloud temperatures are low., However,
because the HRIR data were collected at night and the MRIR's resolution was
low, it is sometimes difficult to differentiate between low clouds and the sea's
surface when their radiational temperatures are gimliar, Useful HRIR
digital data were limited to those data collected during the night since the
daytime measurements had reflected solar radiation added to the Earth's in-

frared emission.

In the examination of single~day HRIR data it is necessary to use clear-
sky data. Such information. is possible by assigning threshold temperature
values high enough to guarantee the exclusion of cloud data. Since some sea
surface temperature information may be lost by this method, a second procedure
of examining single-day data was used., This method utilized a minimum
threshold grid made of historical minimum temperatures to exclude cloud
data. (A maximum ceiling made of maximum temperatures may also be
used to help exclude the more obvious of the electronic !'"noise'). Both of
these methods are difficult to use in analyzing high altitude data where cloud

and water temperature values are similar,

A method formulated by La Violette and Chabot (54) to remove transitory

~clouds artificially from the HRIR data involves a highly selective composite
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of several days' data. An example of this compositing is shown in Figure 4, 4-1.
The HRIR data for the region for each day were printed by computer using a
‘Mercator projection of 1:2 million scale. The mesh size of the data printout
at this scale formed the resolution of the study. The printed temperature
‘value for each day for each point was an average of ten HRIR scan spots and
represents an approximate area of 497 sq. km within the nadir angle limitation
of 50°. The temperaturé printed was a ''‘corrected average' determined by
excluding from the average all data lying outside boundary temperatures based

on historical extremes.

The five-day composite, called a High Daily Average (HDA) composite,
was made by examining the daily temperature average at a point for each of the
five days, and printing the highest daily average which occurred during the
period. This process was repeated for the entire HDA chart, The resulting
printed values were designed to reflect either no clouds or the smallest

concentration of clouds over each point for the five-day period,

Because of these inherent problems computer recognition and elimination
of cloud contaminated data points is called for., The radiance contrast, in the
visible and the IR, between an extensive thick cloud deck and a large clear
region is readily discernible in present satellite data. However, this radiance
contrast can provide no clear indication of the effects of thin cirroform clouds,
or of situations involving scattered cumulus in which the sensor resolution
element is only partially filled by clouds. With the data presently available,

the identification of these situations is not always possible.

In order to optimize the techniques of using simultaneous measurements
in-different spectral regions, threshold values for cloud contamination must
be established. To accomplish this, the characteristics of the transition
between clear and cloudy areas must be better understood. A clear distinction
in radiance between cloudy and clear atmosphere does not exist in any wave-
length region. However, the trade-off between useful sea gsurface coverage
and the false alarm rate can be optimized if the radiance characteristics of

clouds can be determined.

In order to improve current knowledge of these radiance characteristics,

interest must be selectively focused on special cloud cover gituations. Since
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Figure 4.4-1 A study of sea surface temperatures in the Gulf of California using satéllite infrared data - Nimbus 2

Five days of High Resolution Infrared Radiometer (HRIR) data, 11 through 15 November 1966, were examined
individually and then combined in o selective composite designed to-arrive at sea surface temperatures in a region of
transitory clouds. An examination of the individual charts showed a small migration of warm water northward into the
Gulf during the five-day period. The variation was small however, and the five-day High Daily Average (HDA)compusite
may be taken as representing the sea surface temperature conditions of the region with the transitory clouds removed.

(LaViolette and Chabot 1969) (54)



these phenomena are essentially targets of opportunity, it would be desirable
that measurements and observations be performed by means of a manned space-

craft system.

4.4.2.3 Potential of ITOS and Nimbus IV Sensors

Even though definitive results are yet to be realized utilizing Nimbus IV
or ITOS data for oceanographic applications, short descriptions of their potential

will be given.

Nimbus IV is the most recent satellite in a series of advanced research
and development weather systems and carries, among other instruments, a
Temperature Humidity Infrared Radiometer (THIR). This instrument along with
the Scanning Radiometer (SR) aboard ITOS (ESSA's Improved Tiros Operational
Satellite} have a significant potential for measuring sea surface temperature.
However, because the instruments are meteorologically oriented there are
certain inherent difficulties in utilizing the sensors for oceanographic measure-
ments. One of the largest difficulties is the atmospheric moisture effect oninfrared
sensor recordings of the ocean's surface blackbody radiation. When clouds are
present between the sensor and the ocean, the sensor records the cloud rather
than the ocean's radiation temperatures. Thin clouds or smaller amounts of
moisture also affect infrared sensor data by making the ocean's surface appear
cooler than it actually is. The amount of cooling is directly proportional to the

amount of water vapor in the air.

Both instruments, the THIR and SR have infrared channels which operate
in the 10.5 to 12.5 y range, beyond the range of reflected sunlight. This is
significant because SST data can then be collected from both day and night sides
of the Earth without reflected sunlight influencing the return. This channel did
not exist on prior high resolution radiometers flown on Nimbus. Whether data
collected from the day side will be representative of sea surface temperature is

a matter that must be examined during the initial inflight calibration of the first
ITOS satellite.

Sea surface temperature data acquired by infrared sensors are actually
the blackbody radiation of the first millimeter of the surface. Nimbus' night
data have been acceptable because sufficient radiation loss is believed to have

occurred by midnight, so that the surface represents a dynamic mixing to a
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depth of at least three meters. During the daytime, insolation offsets the

radiation loss by a variable amount, If there is no mixing, such as when wind
speeds are less than 10 knots, then the day-time measurements of ITOS may be

the radiation of a surface film several degrees warmer than the water a few
centimeters deeper. It is doubtful that this limitation will have a great effect
on the usefulness of ITOS's '"second look." The ability to study diurnal
differences in ocean surface temperatures and to distinguish cloud regions

clearly will be a great asset to the sensor's oceanographic capability.

The infrared channel's noise equivalent temperature difference is expected
to range from 1°C for a 27°C scene to 4°C for a -88°C scene. Sea surface
temperature resolutions achievable using a radiometer designed expressly for
that purpose would be substantially improved. This results primarily from
the temperature range of interest being much narrower, -5°C to +35°C, thus
allowing, for example, sensitivity to be increased and much less complicated

cooling devices.

4.4.3 Alrcraft Data Acquisition

Various IR radiometric techniques for the measurement of sea surface
temperature have been used from aircraft, on an operational basis, for the
past few years. A number of government agencies as well as .private companies
are included; for _exé,mple, Navy, Coast Guard, NASA, BCF and USGS. The
present research activities relate to determining precisely how surface temper-
ature relates to other oceanic phenomena such as fish, currents, pollution, etc.,
so the data can be efficiently and effectively utilized. Research in these areas
of application can be found in those sections discussing the specific ocean
phenomenon.

I

4.4,3,1 Airborne Radiation Thermometer (ART) Studies

The airborne infrared radiation thermometer (ART) operates in the
8-13 u region of the spectrum and uses a thermistor bolometer detector. From
an altitude of 300 meters, the instrument views a 12 x 12 meter spot along the
flight path beneath the aircraft. The instrument is calibrated over the range of
-29 to +35°C to an accuracy of £ 0.2°C. However, atmospheric conditions can
lead to errors of as much as several degrees centigrade in recorded temper-
atures. Corrections have been developed which give the instrument a field

accuracy of £ 0.4°C ninety-five percent of the time (90).
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Significant scientific results have been obtained using this instrument.
For example, in 1967, Wilkerson (150) using data acquired on the Gulf Stream
noted the formation of a cyclonic eddy south of the Gulf Stream. These data
were the first to be remotely acquired showing such a i:henomenon. Data have
also been acquired over Lake Michigan (88), with various surface water

thermal gradients being observed.

4.4.3.2 Utilization of Cloud Field

Various investigators have studied the possibility of correlating cloud
patterns observed from weather satellites with sea surface-air temperature
differences existing at sea level. The assumption is that information on air-
sea temperature differences is provided by the presence or absence of cumulus

type clouds on relatively clear days.

Arnold (3), Maughan {61), and other investigators (83) have found that
-sea surface temperatures could be postulated for areas below cumulus type
clouds. Further, it was shown that cool water below warm air displayed an
absence of cumulus type clouds and warm water below cool air expressed itself
by the formation of cumulus type clouds. However, the technique was found to
be impractical, overall, in view of the dependence of the cloud field on several
parameters in addition to SS5T. When frontal systems, atmospheric motions,
and land radiation influence cloud patterns, it is evident that low level clouds

are masked. Under these conditions, postulating SST using cloud patterns

becomes impractical.

4.4.3.3 Microwave Radiometric Studies

Studies to obtain sea surface temperature, using passive microwave
techniques, have been conducted in the laboratory, remotely from the surface
and from low flying aircraft (5, 30, 92). A number of investigators and research
establishments are using various instruments operating over a wide range of
frequencies, 1 GHz to 90 GHz. A general conclusion is that a significant
amount of additional information needs to be obtained prior to making any

decisions on the value of the technique,
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Aside from roughness, microwave emission characteristics of water
depend on water temperature and salinity. Investigators at Texas A&M
University (92, 93) have computed the emissivity and absorption of sea water
as a function of wavelength, salinity, water temperature, and dissolved gases.
These data are expressed as the product of the computed emissivities and
physical temperatures, Changes in salinity have little effect above about 8 GHz
(A =3.75 cm) and the higher frequencies exhibit a nonlinear water temperature
dependence. A frequency of 4 GHz ( A= 7.5 cm) was deemed optimum for .
linear response to water temperature in areas having salinities of roughly
35 o/o0, With salinity variations over a -wider range, a frequency of 6 GHz

(A =5 cm) was deemed optimum,

Theoretical data also indicate that microwave sensors should be most
responsive to water temperature variations for observational wavelengths near
5 c¢cm, where the dependence is substantially linear. At this wavelength, and for
moderate viéwing angles where atmospheric path lengths are minimal, ocean
water exhibits an emissivity of about 0.4. Thus, a 20° C change in water
temperature would result in a change in brightness temperature (TB) of about
SOK, and water temperature variations of the order of a few degrees will result
in very slight TB changes. On the open ocean, these small changes are apt to

be masked by contributions associated with surface roughness and weather.

Laboratory data measured at 37 GHz (A =, 81 cm)} and 1.3..4 GHz
(A= 2.2 cm) (30) show good agreement with the Texas A&M results. These
measurements were obtained in an: environmental chamber where the water was
cooled at a slow rate. The antenna viewing angle was 30°. The data indicate
only slight changes in the brightness temperature (Tg) for a relatively large
range of water temperatures. Additional data will be acquired (30) using -
a wider selection of radiometers including observational wavelengths of 0. 8

cm, 2,2 cm, 6 cm, and 21 cm.

For these reasons it does not appear practical, with present state of the
art, to measure ocean surface temperature from siaacecraft' or high altitude
aircraft by means of microwave radio}netry, for even at low frequencies and
under ideal conditions, SST could only be determined in those areas where

strong surface gradients exist.

4-44



In order to extend the state of the art of microwave:techniques, J. Paris

(93) Has specified the following problems that need attention:

(1) The complex dielectric constant of sea water needs to be determined

accurately for a numbezr of temperatures, salinities, and frequencies.
(2) More airborne measurements are needed in the L-band and S-band.

(3} The effects of multiple scattering must be determined for a large

range of meteorological conditions.

{4) The effects of foam need to be determined quantitatively through

well-supported aircraft measurements.

4,4.4 Conclusions

The measurement of sea surface temperature using IR techniques from
both aircraft and spacecraft is well within the state of the art and is more or
less operational from aircraft. It appears that an IR radiometer, designed
expressly for SST measurements and using current state of the art capabilities,

could acquire temperature data with a resolution of 1°C from space.

Present attempts fo map SST using meteoroclogical satellites have heen
frequently hampered by light clouds. Multiple passes by a satellite such as
Nimbus permit some cloud cover removal for surface observations due to the
randomness and movement of clouds. However, the longer the observation
period needed to remove cloud cover, the greater the loss in the observation of
dynamic thermal features., Hence, the need for all weather systems have

already been demonstrated.

The feasibility of using microwave radiometric techniques for these
measurements, however, still remains to be determined. This results from
the fact that variations in emissivity in the microwave region, for example
surface roughness related to sea state, may completely mask thermal changes.
It is anticipated that microwave thermal mapping can be accomplished only
when a solution is found to sea state measurements. Numerous studies are
directed to seeking all-weather scolutions to these problems. Use of duatl
polarization, fixed angle of incidence, antenna systems, combinations of both
active and passive sensors, and potential use of dual frequency systems are

being investigated.
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In conclusion it appears that IR techniques are the best suited for .

operational systems in the near future, at least until the feasibility of micro-

wave techniques can be determined.



4.5 SEA STATE/WIND

4.5.1 Introduction

The; prediction of ocean wave spectra permits the efficient routing of
ships to allow them to travel faster and prevent excessive storm damage.
Wind information is a vital part of both weather prediction and ocean
wave prediction. The relationship between wind speed and radar scattering
cross section may provide the oiaportunit-y‘ to use a spa;:eborne radar system to
obtain wind information over those extensive areas of the oceans where ship
reports are too sparse for accurate forecasting. When atmospheric radiation
and attenuation are not too great, a microwave radiometer is also sensitive
to wind speed. Since the effective temperature seen by the radiometer is
strongly dependent on attenuation in the atmosphere, the radiometer can be

used to provide a correction to the measured radar backscatter signal.

Prediction of ocean wave spectra involves knowledge of the surface wind
field over a large area and long time intervals. Waves can propa.éate over large
distances, and the effect of local winds is felt for .many hours after the winds have
. died down. Hence, the numerical prediction techniques depend on an iterative
solution of the a,ppropl:ia.te equations over the period of about a week. Updating at
intervals of about six hours permits the predictions to be continuocusly extended.
The grid for numerical forecasting cannot be too fine, or it would require too
much computer capacity; accordingly a 120 km point spacing has been
proposed (68). Fortunatel;_r this will permit a sa.tellit-e instrument to operate

with a resolution of tens of kilometers, which greatly simplifies its design.

4.5,.2 Radar Observations of Ocean Backscatter

From preliminary radar observations of ocean backscatter, an increase
in off-vertical radar backscatter with increasing ''sea state'' has been observed.
Attempts have been made to relate this phenomenon to both wave height and wind
speed; but in recent years it has become apparent that wind speed is more
important in 'determining radar return than Wa.v;e height, at least for most angles
of incidence and for microwavelengths. This is probably due to the strong
dependence of the radar return on the high-wave number part of the ocean wave
spectrum (i.e., the small structure), and the dependence in turn of this part of

the wave structure on the current local wind {67, 68).
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Various observers have indicated some sort of ""'saturation'' in the in-
crease of radar return with windspeed. The validity of the observations of
saturation seems to be dependent on radar wavelength and on the approximations
in radar theory. Evidence reported by Moore and Pierson (67, 68) indicates no
saturation for the 2.25 cm radar \ivavelength up to wind speeds between 40 and
50 knots, whereas saturation does appear at much lower windspeeds for 75 cm
radar waves, The NRIL, measurements at 3.3 cm show a much smaller varia-
tion with windspeed, and measurements at longer wavelengths show almost

no increase in radar return at midangles for wind speeds above about 12 knots.

A NASA/MSC aircraft made 2 flights over the North Atlantic, one in the
spring of 1968 and one in the spring of 1969, Two radar scatterometers were
carried on these missions, one at 2.25 c¢m radar wavelength (both missions)
and the other at 75 c¢m radar wavelength (1969 mission only). During the 1969
mission essentially simultaneous radiometer measurements were made at 1.6

and 3.2 cm by Nordberg of NASA/GSFC, using NASA's CV-990, (30).
Because the relative measurements are much more accurate than the

absolute measurements, the 2.25 c¢m cobservations have been normalized to
10°. Figure 4.5-1 shows the normalized 2.25 cm upwind measurements for

a variety of windspeeds and for runs made during both years. The effect of

the normalization is to make the ordinate the ratio of the differential scattering
coefficient (o-o) at each angle to that at 100, expressed in dB. Clearly, the
normalized value of ¢° increases with in¢reasing wind speed for all angles
above 10°. The difference between the two curves for nearly equal lower

wind speeds has.not been explained, but may be due to the effect on one of them

of a confused sea.

The difference between upwind and crosswind data is indicated in Figure
4,5-2. Not only are the crosswind values less, but their variation with wind-

speed is different from that for upwind data.

Observation of Figures 4.5-1 and 4.5-2 might lead to the conclusion that
saturation is indeed occurril‘lg, however, this is actually an illusion caused by
‘use of the logarithmic dB scale. When logarithmic scales are used for both ‘
wind speed and co, the scattering continues to increase up to the maxir'num wind

speed for which observations are available.
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From these results, the use of radar cross-section as a measure of wind
speed appears feasible, provided the wind direction is known. On the basis of

the relative measurements, a system based on measurements at two angles
(say, 10° and 350) along the satellite ground track can be justified. The general
conclusion that can be drawn from both previous measurements and theory is
that the curves of absolute magnitude of the differential scattering coefficient

should cross each other in the vicinity of 100, as do the normalized curves.

The measurements made at the 75 cm wavelength show, if anything, a
reverse trend with respect to wind speed, but this trend is small enough to be
due to measurement error. Figure 4,5-3 illustrates a comparison of the
results at 2.25 e¢m and 75 c¢m, with only the limits of the 2.25 cm observations
shown to compare with three representative curves for 75 cm. Since no back-
scatter can occur for a pérfectly smooth ocean, the 75 cm scatter must saturate
somewhere in the neighborhood of 12 knots, for measurements at much lower
wind speeds would have to fall below those for 12 knots (at higher incident angles).
Because of this saturation at low wind speeds, 75 cm appears not to be useful
for satellite determination of wind speed, e;xcept perhaps for very low winds.
Guinard's (40} 3.3 ¢cm measurements show the same trend as the 2,25 cm NASA
results, but with much less sensitivity to wind speed. Thus, it appears that
proper choice of frequency for radar determination of wind speed is very

important.

4.5.3 Microwave Radiometric Measurements of Sea and Precipitation

Although microwave radiometric observations of relatively calm seas
and of controlled surfaces have beén available for some time, measurements
of microwave brightness temperatu're of the ocean under high sea state con-
ditions appear to have been made for the first time during 1969 by Nordberg,
{30) and Blinn (11). These measurements were also made over the North Atlantic

and include the same points as the radar measurements discussed previously.

These experiments, include measurements with a 1.55 cm microwave
imager and with a 3,2 cm radiometer. During these flights, sea states were
observed corresponding to surface winds ranging from 10 knots to 58 knots.
Considerable data were obtained over very rough seas whose characteristics

ranged from deep swells with long fetches to violent, windidriven seas with
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very short fetches. Wave spectra of the sea surface were obtained with a
laser profiler onboard the CV-990. The effects of clouds which ranged from
low altitude, thin stratus to thick overcast with occasional cumulus buildups

and rain cells, were also measured.

Comparison of 400 MHz and 13 3 (5Hz Daa
Mission 88 (Irefand, March 1989)

400 MHz Data Upwind, Fore beam

------ 133 GHz Data
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Figure 4.5-3, Differential Scattering Coefficient of Oces
Normalized to 0 dB at 10°. (68)

The effective temperature of the surface, measured with the radiometer
at the 3.2 cm wavelength, increased from about 105° to about 125°, over a wide

range of sea conditions from less than 12 knot winds to over 50 knot winds.

The strong dependence of 1. 55 cm emission on sea surface roughness,
originally observed over the Salton Sea (30) was confirmed. Over smooth sea,
{10-14 knot winds) brighiness temperatures of about 115° to 120°K were measured.
Over rough seas (35 to 40 knot winds) brightness temperatures of about 140°K

were measured,

At windspeeds greater than 40 knots, an interesting situation arises. The
same brightness temperatures were measured for windspeeds of 37 knots over

a fully developed sea in the North Atlantic and for the North Sea at 55 knots.
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A laser profilometer, carried on board to provide surface truth data, indicated
average wave heights of 5.4 to.7.5 m respectively for these two conditions, and
vastly different wave spectra for the two seas. This was also reflected in the
instantaneous values of 1.55 cm microwave emission in the presence of high
wind conditions. The fully developed sea with lower windspeeds showed fewer
and much smaller fluctuations around the average brightness temperatures of
140°K. The wind-driven sea at 55 knots and 40 knots showed frequent excursions
to brightness temperatures much higher than the average. In some instances,
these excursions reach brightness temperatures of 200°K. From sea surface
photographs and other simultaneous observations, these excursions can be
correlated with large (15-30 m) patches of foam on the sea surface. These
foam patches exhibit very high emissivities or brightness temperatures which
are observed only when the radiometer beam scans over their areal extent.
Between the patches, the sea did not produce any highe;-r emissivities than for
the 37-knot case. When the ai;cra.ft was at higher altitudes, the individual
foam patches could not be distinguished and the radiometer's instantaneous
response assumed a characteristic and an average brightness temperature
similar to that for the 37-knot wind case. These observations are in line

with Williams'(153, 154) experimental results of sensing foam in a tank of water,
Hollinger's (45) resulis at Argus Island and also Aukland's () results. In
addition, Hollinger found that the surface disturbance due to rain has much less

effect on the emissivity of the sea than does foam.,

These data, acquired with the 1.55 cm imager, indicate that sea surface
emission corresponds rather well to the wave heights, at least up to about 6 m.
However, it does not relate to windspeeds, especially for very strong winds.

The observations with the 3.2 cm radiometer seem to indicate that, at that wave-
length, the same effect exists'qualitatively, but qua.ntitatively it is somewhat
smaller, Effects of clouds {negligible for thin stratus, but considerable for

rain cells) at the 1.55 cm wavelength were confirmed in all flights. The cloud/

rain effect is much less at 3.2 cm.
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Results from preliminary analyses of data acquired from the 9.3 GHz

radiometer are as follows (11):

1. The microwave temperature of the ocean varies less than 10°K for
wind speed changes from 0 to 30 kts. Part of this 10°K differential may be

due to undetermined variations in sky brightness temperature.

2, Foam does not have the strong influence at this frequency. as it does

on other frequencies.

3. Using a simplistic model, sky brightness temperatures of 15.5 and
21, 8°K were predicted for stratus clouds approximately 14, 000 feet thick.
This indicates that clouds have a significant effect at 9.3 GHz and must be
accounted for if:meaningful measurements are to be made over the ocean at

this fr equencsf.

Additional experiments are in progress (118) to clarify the physics of
microwave emission associated with the sea surface roughness. These include
analysis of 0.81 and 1.55 em data gathered during recent CV-990 flight; in
the Caribbean near Barbados, flights off the Southern California coast and.
additional multiwavelength dual polarized measurements (A = 0.8, 2.2, 5 and 21 cm)
of near shore wave conditions. Other experiments planned in the near future
include stationary measurements from the Argus Island Tower (NRL) and multi-

frequency measurements over the Atlantic (NASA/MSC).

More data, preferably multiwavelength, are needed to clarify contributions
from small and large scale roughness. By proper choice of sensor character-
istics (wavelength, polarization, and viewing angle), it may be possible to
distinguish between emission associated with the two types of roughness and to
develop a practical means of determining sea state by passive microwave tech-

niques. Multispectral methods may provide the solution.

4.5.4 Laser Profiling of the Sea Surface

In addition to the potential use of pulse laser systems for water depth
determination as well as terrain profiling, the continuous wave laser holds

significant potential for obtaining profiles of ocean waves. The Navy has spon-

4-53



sored a number of feasibility studies in this area including, more recently,

one to acquire wind and wave information from altitudes up to 9, 000 m.

Recent programs undertaken to prove the feasibility include those by
NAVOCEANO (110) where the amplitude modulation of a continuous wave helium
neon laser of red light (6238 1) was utilized. Two instruments of similar
design were tested, one from an aircraft and one from the Chesapeake Light
Tower off Virginia Beach. The aircraft tests were conducted from an altitude

of 150 m and provided very high resolution data ~ .06 m.

Another experiment, this one funded by the Naval Air Systems Command
utilized an App'lied Research Laboratories (ARL) built system. This system
also operates in a continuous wave configuration. Mounted in an aircraft fly-
ing at 60 meters above the surface and at _240‘ km/hr, the profilometer yielded
data which are processed to produce a vertical section trace of the .oceans sur-

face showing ripples of 2.5 cm or less and waves of any height.

Additional experimentation which have already been conducted and are now
being analyzed, include an airborne evaluation of Spectra Physics 25 mw system

over Argus Island, Bermuda, the continental shelf waters, and the arctic.

4.5.5 Photography/Television for Sea State Determination

The use of airborne photography to determine sea state conditions is not
a new technique. The direct measurement of waves or the use of scattered
sunlight on the sea surface may be used. With the advent of satellites, a new
dimension for observation has been added. The image of sunlight scattered at
the sea surface is termed "sun glitter" or sun glint'". Phot;ographs have been
made of it from aircraft as well as satellites and interpretation techniques have
been developed. Aircraft studies have been made to determine the probability
density of sea slopes and its relation to the wind field. The use of non-glitter
portions in surface images obtained from meteorological satellite television data

have also been studied for sea state estimates.

4.5.5,1 Direct Measurements

Apollo VI photographs of the surface of the ocean," acquired within two

hours of noon, solar time, were found to show wave structure of the sea with
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remarkable clarity (59). The wave length distribution was measured for
about 1000 waves in a single photograph of about 25, 000 sq. km area. At the
time of photography there were no white caps on the sea. Breakers along
islands and coasts were sharply visible in companion photographs. With
better photographic definition wave height could probably also be measured

from deformation of edges of cloud shadows.

4.5,5,2 Sun Glitter

The use of sun glitter to study the slope statistics of the_sea was suggested
and explored by Cox and Munk (25). They also suggested an empirical relation
between the variance of the slopes and the surface wind velocity. Their basic
idea is that if the sea surface were entirely calm, then an overhead"obs erver
would see a single, mirror-like reflection of the sun at the horizontal specular
point. The sea, of course, is never mirror flat, but due to the short wave-
length of light, can be considered as constructed from many small facets, each
with its own inclination. The farther a facet is from the horizontal specular
point, the greater is the inclination required to reflect light toward the observer.
The location of the reflected light source can therefore be interpreted as a
certain sea slope, and the average intensity of the light coming from this
location can be interpreted as the frequency with which this particular slope

occurs.

With the advent of satellite photography, the sun glitter has appeared as a
major phenomenon on the photographs, and subsequently has been studied by a
number of investigators (58, 144), Levanon (58) adapted the Cox-Munk technique
to pictures taken with the spin scan cloud camera installed in ATS-1,

The main modification involved the use of a sequence of photographs of a
limited area (taken over a time period) rather than a single photograph of the
whole sun glitter area. It was possible to by-pass the photographic and photo-

metric processes and to do all the quantitative work on the received video signal.

These data were used to calculate the slope distribution, and from it the
wind velocity, for three locations in April of 1967. The calculated values were
compared to direct wind measurements obtained at these locations during the

"Line Island Experiment'. These comparisons revealed that the enormous height
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of the observer did not signifi¢antly degrade the accuracy of the observation,
When the wind direction is ‘given, the accuracy of the calculated wind velocity,

+ 1 m/sec., is as good as if the sun glitter was obtained from aircraft altitude.

Data analysis also showed the feasibility of studying the east-west component
of the wave's slope distribution by using the sun as the radiation source with its

movement, relative to the earth, as a scanning mechanism.

4,.5.6 Conclusions

The significance of accurate and timely sea state information for the
oceanogra:phic user community dictates extensive research efforts in this
area. Those techniques that have been receilving the most attention are radar
scattering and microwave raciiometry. From preliminary radar observations
of the ocean surface, an increase in off-vertical radar backscatter with in‘—
creasing "sea state'’ has been observed. It has been détermined that wind speed
is more important in determining radar return than is wave height, at least

for most angles of incidence and for microwave lengths.

Although microwave radiometric observations of relatively calm se;as and
of controlled surfaces have been available for some time, measurements of
microwave brightness temperature of the -ocean under high sea state 'conditic')ns
have only recently been acquired. Data acquired at 1.55 ¢cm and 3.2 cm indicate
that sea surface emmission corresponds rather well to wave heights, at least
izp to 6 meters. However, it does not relate to windspeeds, especially for very
strong winds. Other éechniques such as laser profiling, direct seastate measure-
ments (photography), and sun glitter measurements also show promise with a

number of studies conducted.

Additional investigations are still required in all these R&D areas prior
to establishing the feasibility of an operational sea: state measuring system.
. In regards to the scatterometer arnd microwave studies exténsiVe data at different
frequencies needs to be acquired and correlated with a wide variety of surface
conditions, i.e., wave heights, precipitation, clouds, winds, foam, etc.

Limited tests are already underway or planned.
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4.6 OCEAN CURRENTS

4.6.1 Introduction

The principal parameter defining the boundary of an ocean surface
current is the difference in temperature between the surrounding ocean
water and the current. Temperature differences between these two mediums
may vary between 2° and 10° C. This significant temperature difference
can be detected remotely, from aircraft or spacecraft, using various

remote sensors operating in the infrared region of the spectrum.

Because information on surface temperature is a prime factor for
studying a number of other oceanic phenomena, in addition to currents, an
overall discussion of temperature is presented separately in Section 4. 4,
This section is concerned with specific studies of ocean currents, and, for
example, addresses the measruement of temperature only as it relates

to ocean current measurement.

4.6.2 Identification of Ocean Currents from Satellite Infrared Data

purposes, sea surface temperature discontinuities, such as those of the
northwall of the Gulf Stream, have been located from spacecraft. Locations

of the Gulf Stream northwall by means of daytime and nighttime Nimbus II
HRIR data (145) agree to within 10 km. with those indicated by aircraft
radiation data. This boundary or at least significant parts was seen in about
50 out of the 175 days for which data were analyzed. Figure 4.6-1 is an image
and Figure 4.6-2 is a plot based on digital processing of Nimbus II HRIR

data showing the Gulf Stream surface temperatures (145). Figure 4.6-3

shows the same data in an improved display - a computer grid - print

map in a Mercator projection with the third dimension (temperature) trans-

formed into a selected color scheme (145).

Similar results have also been obtained in analyses of the Agulhas
Current boundary, the boundary between the Brazil and Falkland Currents,

and the Kuroshio-Oyashio mixing region (145). These satellite radiation

|
|
Using available techniques, primarily designed for meteorological ‘
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Figure 4.5-1. HRIR Image of the Gulf Stream




Figure 4.6-2.

Nimbus 11 High Resolution Infrared Chart of the Gulf
Stream Surfaces Temperatures on June 2, 1966.
(Warnecke, Allison, Foshee, and Wilkerson, 1967).




Figure 4.6-3.
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Digital color print of computer grid print map of Nimbus
11 HRIR measurements from orbit 238 on June 2, 1966 over
the Gulf Stream (oscillatory noise eliminated by numerical
filter). Blue and grey areas indicate clouds and/or land.
The North Wall of the Gulf Stream stands out under clear
skies; its sputhern boundary is obscured by clouds. Note
the higher temperatures shown in Chesapeake Bay and the
Delaware River if compared with the near-shore ocean
temperatures.
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observations suggest that the Brazil-Falkland Current boundary, which is
associated with a surface temperature discontinuity, is as sharp and strong
as the Gulf Stream northwall. The Agulhas Current exhibits a similar
temperature discontinuity along its western boundary, which separates it

from the Benguela Current surface waters (145).

4.6.3 Determination of Ocean Currents from Photographic Observations

Present photographic (television) techniques of observations from
satellites designed for meteorological purposes do not have the spatial
or spectral resolution necessary to determine boundaries of ocean currents
directly. Thus, at present one can only obtain inferences under certain
conditions of the location of currents. This indirect detection of ocean
currents is possible because of the effect of the sea surface temperature
changes associated with currents on televised cloud features. Over the ocean,
with its comparatively small horizontal temperature differences, the surface
effect on cloud patterns is usually overridden by the effect of internal
atmospheric processes. However, in the case of rather homogeneous
horizontal conditions and fairly weak large-scale dynamic activity in the
atmosphere, sea surface temperature changes associated with currents
can be reflected in the cloud patterns as is shown in Figure 4. 6-4, an
ATS II TV photograph of the eastern tropical Pacific Ocean (145). In this
picture a clear zone seemingly follows the expected course of the Humbolt
Current which is a pronounced cold water current that flows westward from
the South American coast at the latitude of Punta Negra, Peru. The current
is, on the average, 2% to 5° C colder than the surrounding sea regions.
This temperature difference seems to be quite sufficient to suppress the
formation of convection cloudiness which covers all the surrounding warm

water areas.

In the series of photographs provided by the ATS III satellite, which
was stationary over the equator near South America, the outlines of the
Humbolt Current are also a pronounced phenomenon in almost every

picture (145).
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Figure 4.6-4.

ATS-11 photograph taken on April 10, 1967, 1855 GMT, over the
eastern Pacific Ocean. South America in the lower right is
outlined by heavy cloudiness. The Peruvian coast is under
clear skies; the Humboldt Current is marked by the extended
band of no or 1ittle cloudiness through the center of the
picture. Central America, the Gulf Coast, and southern Baja
California are visible in the upper center portions.

4-62




From the foregoing discussion, it can be concluded that in some cases
present satellite photography can provide information useful in dete;cti.ng
ocean currents exhibiting pronounced sea surface temperature discontinuities.
The location must be inferred visually from characteristic modifications of
existing cloud patterns induced by local temperature related vertical
circulations in the lower atmosphere. However, since the cloud features
merely reflect induced local lower tropospheric circulations rather than the
sea surface temperature itself, the locations of the ocean current boundary
and the cloud boundary need not coincide because of horizontal air motion
across the current boundary. Therefore, a displacement of approximately
10 kilometers toward the warmer water often occurs. Also, a large-scale
atmospheric flow pattern may be superimposed on the local circulation,
thus resulting in an additional displacement of the cloud boundary in a

direction dependent on the superimposed wind field.

These effects will complicate the accurate location of an ocean current
boundary through cloud photography due to their influence on cloud patterns.
No detailed and quantitative investigation of this problem has been

accomplished.

4,6.4 Aircraft and Spacecraft Feasibility Studies

Remote sensor data have been acquired from aircraft over selected
ocean current boundaries, such as the Gulf Stream, to determine the
feasibility of the techniques. For example, in one experiment (74), IR
systems and photographic systems were utilized to detect the northern
wall of the Gulf Stream. Figure 4.6-5 is an IR image showing the contrast
between the colder shelf water (light) and the warmer Gulf Stream (dark).
Figure 4. 6-6 depicts the visual differences apparent along the meandering

boundary and the sargassum which accumulates along the edge.

The Naval Oceanographic Office has devised a technique (97) for
locating and tracking the Gulf Stream using an infrared radiation thermometer.
The radiometer had a one-second time constant, an operational accuracy of
+ 0.4°C 95% of the time, and is normally flown at a 300 m altitude. The

Gulf Stream was detected by the strong temperature gradient that occurs along
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Figure 4.6-5. Aircraft Infrared Image and Insert of Airborne Radiation
Thermometer Graph of the Gulf Stream off Cape Hatteras,
North Carolina; March 12, 1966, NASA; U.S. Navy.
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Figure 4.6-6. Color Variations at the Edge of the Gulf Stream
(35°N, 74° 30'W) Aircraft Photo; March 12, 1966,
U.S. Navy
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the northern boundary. In the vicinity of the gradient, the IR thermometer
data is used to navigate the aircraft. Positions of the northern edge of the
Gulf Stream between 65° and 75° W showed that meanders exist, average

520 km. in length, and move from west to east at a speed of about 15 cm/sec

in a mean direction of 068°.

Analysis of selected Gemini photographs has shown that for photo-
graphic systems to provide useful data they must be extremely sensitive to
small variations of available light, primarily in the blue green spectrum. In
addition, efforts should be made to enhance the contrast effects during data
collection and processing. Color film is most advantageous since small
variations of color contrast are more easily detectable by the Inormal human
eye than are small changes in shades of gray. For example, Figure 4.6-7
a Gemini photograph, clearly delineates coastal currents. The judicious
choice of spectrum, film, processing, etc., is mandatory since in the open
ocean most of the light reflected from below the surface is blue to green, and
the differences in water composition are considerably smaller than along the
coast lines. Also, variable sun angle over an ocean basin will result in
varying amounts of light backscattered from the sea. Radiation losses due

to the atmosphere will further reduce photo contrast.

4.6.5 Determination of Current Topography

Several investigators (35, 39, 66, 69) have discussed the need for and
the possibility of determining sea surface slopes along current boundaries as
a means of identifying surface currents and estimating their flow volume.
Vertical resolutions on the order of a few decimeters have been specified (69),
which may be achievable in the near future. .Presently, however, these
resolutions are beyond the state of the art. Greenwood (39) believes there is
little hope of getting sea surface slopes relative to the geoid because an in-
dependent equally accurate estimate of the true geoid is missing. However,
small-scale features such as the very strong slope across the Gulf Stream
might be detectable as an irregularity in the analysis of altimeter returns.
Additional information on these concepts may be found in Section 4.12 - Sea

Surface Topography.

.
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Figure 4.6-7 Coastal currents are flowing toward the southwest in response to wind blowing at
25 km hr from N.E. Sediment Taden water is seen to be flowing out through Sabine
Pass and the Jetties of Galveston Bay. An interference eddy can be noted west of
the Galveston Jetty. Note seaward drift of smoke from marsh fire.




4.6.6 Conclusions

The two principal ocean surface parameters, the measurement of
which will allow the detection and definition of surface currents, are
surface temperature and water color. The use of IR techniques to measure
the temperature differences between the current and the surrounding water
has received the most attention and consequently shows the greatest promise
in the near future. This is especially true for those currents exhibiting
substantial temperature differences from the surrounding medium, i.e., the

Gulf Stream.

The primary deficiency of sensing in the IR spectrum is the overall
attentuation of the signal by the atmosphere and, in particular, the clouds.
However, since currents are not thought to change as rapidly and as radically
as some other oceanic phenomena, IR systems may be perfectly satisfactory.
For detailed oceanographic research work in the future, a higher spatial
resolution than available with the HRIR and a shift to the 10.5 to 12. 5u region
is desirable. Simultaneous window channel observations with a visible
channel (0.55 to 0. 75u) would be necessary to delineate and eliminate cloud

contaminated areas within the field of view of the radiometer.

The use of passive microwave techniques for measuring sea surface
temperature and consequently surface currents appears to have one distinct
advantage, all weather capabilities. However, extensive R&D is still
required before the system can be made operational for this purpose from

spacecraft,

The measurement of a third parameter, sea surface topography, also
holds potential for surface current detection and has received some limited
theoretical study for remote sensing application. The theory is that many
currents have sharply defined relief on their boundaries that could be
detected with a very accurate altimeter (+10 cm). Due to the high accuracy
requirements and the present state of the art in space altimetry, it is
believed that this technique will not be available in the near future, (see
Section 4, 12).
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4.7 SEAICE

4.7.1 Introduction

Early experiments involving interpretation and use of satellite imagery
have already demonstrated the feasibility of using space vehicles to complement
and supplement the conventional ice reconnaissance and surveillance programs
(19). Other techniques that have been tested from aircraft and also show

particular promise, especially in view of the fact that they are theoretically

"all weather, ' are radar imagery, radar scatterometry, and microwave

radiometry.

4.7.2 Operational Aircraft Programs

Today the primary vehicle for obtaining ice information is the aircraft.
The Naval Oceanographic Office and the Lake Survey as well as the Coast Guard
actively acquire ice data from aircraft. Since 1953, NAVOCEANO has had a
regular program of ice reconnaissance and ice forecasting to support surface
shipping. In 1962 they initiated a major ice surveillance program for the
collection and compilation of statistical data concerning the distribution of
various ice features and conditions in the arctic. The program, termed Project
Birds Eye, consists of ten missions a year, each mission comprising several
flights, which cover a large portion of the Arctic Ocean and its marginal seas.
This program has been strongly restricted by reliance on visual observation

with its inherent human limitation for quantitatively estimating magnitudes of

ice canopy features.

Aerial ice reconnaissance aircraft are primarily used to search for leads
or openings in the ice that are large enough for ships to get through. In
addition, the aerial ice observer looks for certain features which indicate ice
formation, advance, or breakup, or characteristics which show that icebreakers
could be used to open ice covered ports or waterways for shipping. Many air-
craft are employed for ice reconnaissance missions, both over the oceans and
in the Great Lakes region. Ship and land station reports complement the
aerial reconnaissance program. Information from these sources is sent to

major ice centrals or other collection centers for use in forecasting.
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For long-range ice prediction (30 days or more) the forecaster is
primarily interested in the location of sea ice boundaries (+ 16 km), concentration
(percentage of ice cover within a given boundary), and depth (in cm's). For
short-range forecasts of five days or less, and for close support of shii:
operations, additional information is needed: ice type (ranging from slush to
large ice fields), age (new or young, medium, or winter), topography (presence
of ridges or hummocks several cm's or meters in height), presence of cracks or
other small open water leads, and other features. When studying ice conditions
in bays or off-shore sites prior to establishing petroleum drilling rigs much of
this same information is required. Aircraft are also used to follow the move-
ment of large ice features (several kilometers across) as indicators of ocean

currents, and for iceberg patrol.

Weather, logistics, and economics dictate the success of many aerial
reconnaissance missions. Furthermore, since aerial ice reconnaissance is
largely subjective, the accuracy of the observations will be largely contingent
upon the training and experience of the observer. The observer is also limited
in the size of the area which he can view effectively, usually a distance of about
25 km on either side of the aircraft. An added problem is the possibility of
location error due to navigation difficulties, particularly in arctic and antarctic

regions.

4.7.3 Significant Experimental Results Using Space Acquired Data

Project TIREC, a joint U.S.-Canadian program (19) to coordinate aerial
and surface ice observations with TIROS IV ice photography, led to the develop-
ment of satellite ice reconnaissance techniques which are now being applied
operationally. In this operational application satellite imagery is used to ''tie
in'"' point observations from shore stations and obtain a complete picture of the
shore-line extent of ice. Locally, this information can be used to predict ice
breakup or formation along coastal areas where small commercial or recreational
activities, such as fishing, are of interest. Leads, polynyas, and other open

water features 800 m or larger can also be detected in satellite imagery.

On a larger scale, satellite photographs of the Great Lakes region have

been used as an aid in preparing forecasts of ice breakup for commercial
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shipping activities. Experience (19) has shown that, over areas of major
economic interest, satellite photography suitable for ice reconnaissance
purposes should be obtained once or more a week, depending on the application.
This frequency is enough to give a good indication of the ice extent and stage of

formation or breakup.

Satellite ice observations can also play a role in detecting and tracing
ocean currents. During Project TIREC, an ice area off the east Newfoundland
coast was photographed simultaneously by aircraft and by satellite (19). Swirling
eddy patterns were seen which were produced by the confluence of the Labrador
Current and the northeastward extension of the Gulf Stream. The patterns are
visible because of the presence of ice. Other similar patterns have been

observed in satellite and aircraft imagery of other areas.

Another example of sea ice movement due to current effects is shown in
Figure 4.7-1. The ice is observed to drift eastward and northward from the
southern and western Gulf of St. Lawrence, then out of the Gulf through Cabot
Strait and southward along the east coast of Cape Breton. This series of pic-
tures is illustrative of the many which have been obtained and examined in
connection with sea ice studies (19). More recently, the rotation and movement
of large ice floes caught in the East Greenland Current were followed for

several days using Nimbus II photographs.

Using Nimbus I HRIR data, it has been reported (102, 149) that consid-
erable detail was delineated in the antarctic pack ice. M. Predoehl (103) in a
study to establish boundaries of the antarctic pack ice from both TV photographs
(AVCS) and HRIR data, found that in the HRIR pictures the pack ice edge was
not as clearly delineated as in the AVCS photographs. It appeared as a gradual
change in brightness corresponding to the change from the warmer water to the
colder ice. However, abrupt changes were also readily noticeable in the HRIR,
such as at the edge of the Antarctic Continent where a large temperature

difference exists.

A study by Allied Research (9), sponsored by SPOC, was undertaken to
evaluate the use of nighttime HRIR imagery from Nimbus I and II satellites for

mapping distributions of arctic sea ice. In all HRIR film strips analyzed, areas
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Figure 4.7-1 A series of TIROS IV satellite photographs taken during Project TIREC,

illustrating how the movement of sea ice features can be followed using
satellite imagery. The ice is observed to move in an easterly and
northeasterly direction, out of the Gulf of St. Lawrence, through Cabot
Strait, then southward along the east coast of Cape Breton. More
recently, the movement of large ice floes along the east Greenland
coast has been followed in Nimbus II satellite pictures.




of permanent polar ice appeared much colder than areas of ice-free water.

Similarly, thicker ice observed later in the fall (November) is more easily
detectable than newly formed or broken ice because of the greater temperature
contrast with the open water. Conversely, distinction between land and ice-
covered water becomes more difficult as the season advances and the land

surface becomes colder.

Three additional factors have a significant effect on the interpretation
of HRIR data in terms of sea ice. One factor is data noise, which can be of
sufficient magnitude to interfere with the detection of small temperature
variations. Secondly, the gray-scale resolution of the data in the film-strip
format does not permit small temperature differences to be detected. In the
temperature range near 273°K, differences of only a few degrees can be
significant for distinguishing between ice and water. Thirdly, low stratus or
fog can be mistakenly identified as newly formed ice, since both may have a

similar appearance in the HRIR imagery.

Allied Research (9) concluded that nighttime HRIR imagery is an effective
means of mapping sea ice distribution, particularly the large scale features.
When the temperature contrast is sufficient, such as between an unfrozen inlet
and the surrounding land or between an open lead and thick pack ice, features

of less than 8 km width can be detected.

Problems encountered were related primarily to cloud interference and
low spatial resolution. The cloud problems were especially acute when the
surface was very cold thus making the distinction between cloud and other
geophysical features more difficult. More reliable distinction between ice and
low cloud, and more reliable mapping of partial ice cover, would be achieved
with improved spatial resolution of the HRIR sensor. Even without a significant
improvement in spatial resolution, however, improved mapping reliability may
be possible through the application of techniques to enhance the gray-scale

resolution of the HRIR film strips.

4.7.4 Significant Experimental Results Using Aircraft Acquired Data

Several remote sensing techniques have the basic ability to acquire ice

data. However, since frequent all-weather information is required, and the
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regions of ice occurrence are often cloud-obscured, and it is sometimes
difficult to distinguish between cloud and ice in the visible spectrum, it appears
that passive and active microwave techniques would be most advantageous.

Results from studies using remote sensors flown on aircraft to determine sea

ice type and extent have been encouraging.

4.7.4.1 Multispectral Surveys of Sea Ice

A survey of the Arctic region sea ice in the vicinity of Point Barrow,
Alaska, was conducted by the University of Michigan (46) in October 1967 using
a multispectral scanning system. This system developed at Michigan is
capable of obtaining and recording on magnetic tape simultaneous imagery in
eighteen discrete spectral brands ranging from 0.32 to 13.5 microns. The
primary element of the system is a 12 channel spectrometer, operating between
0.4 and 1.0 micron. In addition to the spectrometer, five other detectors

operating between 0.32 and 13.5 microns provide data in six discrete bands.

Figure 4.7-2 is an example of the imagery obtained and shows sea ice
thermal patterns in the Arctic Ocean off Elson Lagoon. Both calibrated (using
reference lamps and blackbody plates) and uncalibrated data are shown. The
light strip at the bottom of the calibrated imagery represents the hot calibration
plate (0°C) while the dark area around this strip represents the cold calibration
plate (-15°C). In the imagery itself, the cold (dark) inhomogeneous stippled
areas are small polar floes and cakes from previous years refrozen into a
matrix of new winter ice ~ 30 cm thick with light snow cover. The warmer
(medium gray) areas are young sea ice 10 to 15 cm thick. The warmest areas
are refrozen leads (cracks) and polynyas (holes) covered with ice rind about
5 cm or less in thickness. The effect of wind upon the ice formation can be
seen by the vertical banding of the ice types in the center portion of the imagery,

perpendicular to the prevailing wind direction.

Figure 4.7-3 shows young sea ice formation near the shoreline at Barrow,
Alaska. Note that in order to show the subtle thermal patterns in the thin ice,
the very cold land area (right side of image) was forced outside the dynamic
range of the film. The temperature of the land is about -15°C while the tem-

perature of the warmest ice is about -2°C. The large geometric patterns on
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Figure 4.7-2

Figure 4.7-3

Uncalibrated 80° Fov

8-13.5 MICRON THERMAL IMAGERY OF SEA ICE.
Data acquired east of Elson Lagoon at 1700 hours on
October 11, 1967 at an altitude of 2, 000 feet.

Scale: 1 inch =1, 000 feet. (46)

8-13.5 MICRON THERMAL IMAGERY OF YOUNG SEA
ICE. Data acquired northwest of Barrow Village at
1200 hours on October 16, 1967, at an altitude of
6,000 feet. Scale: 1 inch = 3, 000 feet. (46)



the left side of the image are produced by heavily rafted young ice 5 to 15 cm
thick, with the coldest areas representing the thickest portions. The generally
warmer ice nearer shore is composed of semi-solid pancake ice and solid ice
rind less than 5 cm thick. The linear striations in this area which generally
parallel the shore line are due to sea smoke (thin fog) which has become oriented
by the wind. The presence of the sea smoke is indicative of the nonsolid nature

of the pancake ice and the presence of some free water surface.

4.7.4.2 Laser Studies of Sea Ice

Recent aircraft tests of a laser terrain profiling system over the
Beaufort Sea (88) demonstrated the feasibility of the laser for accurately
profiling the sea ice surface and measuring pressure ridge heights. A
reflectometer coupled with the laser system provided useful complementary
data by depicting surface reflectivity of the sunlight and the transmitted
laser light. The system employed a Spectra-Physics Geodolite 3A which
uses a modulated CW laser technique to obtain continuous measurement
of instrument height above the surface. The illuminated spot on the surface
from a height of 300 m is only 3 cm in diameter. Figure 4.7-4 shows
combined records from a 300-meter altitude of terrain profile and surface

reflectivity along with a photograph of the ice surface traversed.

The laser profile reveals directly the surface topography, or roughness
of the ice surface and consequently identification of categorical ice ages can
usually be made through interpretation of the character of the profile. This
information can often be coupled with information about the surface reflectivity

to aid in interpretations.

The unique capability of the laser system, however, is that of measuring
feature height and the ability for continuous profiling of surfaces with respect to
a relatively constant reference level. Further refinement of instrumentation
used to sense vertical fluctuations of the aircraft with respect to this constant
reference level may enable the use of the laser system for estimating sea ice
thickness, based on precisely measured profiles of the ice surface above a sea
level reference. This estimate would be based on a known ratio of sea ice

height above water to sea ice depth below water. At present, an airborne
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Comparison of terrain profile and terrain reflectivity
records with aerial photograph showing the ice terrain
traversed by the laser profiler and reflectometer
indicates the unique value of this system for sea ice
reconnaissance.(88)
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system could support statistical ice data collection programs by providing
objective supplementary data concerning distributions in frequency and sizes of
important ice features. This system, like the infrared system, is restricted

or limited by atmospheric obscurants. Further testing under varying atmospheric

conditions and during summer ice conditions is anticipated.

4.7.4.3 Infrared Studies of Sea Ice

In 1964, the Naval Oceanographic Office began experiments to test and
evaluate airborne infrared scanners to determine their applicability to sea ice
reconnaissance. Infrared scanners were flown during both day and nighttime
periods over the arctic sea ice. These experiments demonstrated that many
sea ice parameters could be detected using infrared imaging techniques (88).
The ice surface thermal pattern during the daytime is strongly influenced by
solar heating and by heat conducted through the ice from the water, whereas
during nighttime, heat conducted through the ice from the water is the single
most dominant and persistent influence controlling the surface thermal pattern.
Additionally, weather conditions such as air temperature, cloud cover, and
wind may have a very strong and extremely variable influence on the surface

thermal pattern.

When comparing a conventional aerial photograph with an infrared image,
it is readily apparent that the thermal image provides a much stronger capability
for detection and identification of ice fracture patterns and early stages of ice
development (88). The thermal image not only permits easier detection of
fracture zones in the polar pack, but also enables the interpreter to more
readily group fractures of the same deformation period and to chrornologically
date deformation periods. This is often impossible with conventional
photography. Moreover infrared systems can be used successfully during
nighttime. The primary disadvantage of the infrared system is that atmos-

pheric obscurants restrict its all-weather use.

Ice-water boundaries present high contrast in the passive infrared
(3-15u) spectral region. Furthermore, variations in ice thickness are revealed
in infrared images by differences in surface temperature, even through snow

cover. Relative thickness of adjacent ice areas can thus be estimated by this
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means (77). However, since the surface temperature is determined by
numerous other parameters, such as air temperature, percentage 6f cloud
cover, wind velocity, humidity, sun elevation, previous weather history, thick-
ness and compactness of snow cover, and ice conductivity, IR techniques do not
appear to be promising for the determination of the absolute value of ice thick-

ness or even the relative thickness of widely separated ice areas.

4.7.4.4 Radar Imagery Studies of Sea Ice

The capability of radar to provide useful sea ice reconnaissance and
forecasting information under weather and lighting conditions unsuitable for
visual sensing has attracted considerable interest. Radar, in the form
of a side-looking imaging system, was used experimentally for mapping
of the arctic ice as early as 1957. The majority of this work was sponsored by
the U.S. Army Cold Regions Research and Engineering Laboratory (CRREL),
using the AN/APQ-56 airborne radar system flown by the U.S. Air Force.
Additional data have been acquired by NASA/USCG using a modified AN/DPD-2
radar imager (164). These imaging systems record marked differences between

the radar return amplitudes from various ice types.

Airborne side-looking radar systems normally provide image maps which
display good surface feature resolution, have wide dynamic range, and cover a
relatively broad surface area compared to other airborne remote sensors.
These factors, coupled with the radar capability for successful operation during
almost any weather situation, day or night, place side-looking radar high among

potential ice reconnaissance sensors.

Figure 4.7-5 shows a section of a side-looking radar (K-band) image
taken several years ago over the arctic ice pack north of Greenland. The
imagery was obtained during experiments conducted by CRREL (88). The black
or dark gray features in the imagery represent areas of recent fracturing and
divergence of the ice canopy. These areas consist of open water and thin ice.
Broad aerial coverage of this nature enables determination of the general
orientation of fracture patterns and gives evidence as to scale of the deforma-
tional fracture pattern. Sequential coverage of the same area would enable

studies of ice motion along with evidence of the resultant ice deformation.
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Figure 4.7-5 The potential value of airborne side-looking
radar in sea ice reconnaissance lies in the
ability to obtain, in a short time, broad-area
maps portraying discrete feature detail and
large-scale patterns where weather or dark-
ness may preclude the use of the other
sensors. (88)

4- 80

|



4.7.4.5 Radar Scatterometry Studies of Sea Ice

A scatterometer is a radar system used to record the differential scattering
coefficient of terrain as a function of incidence angle. A 2.25 cm scatterometer
(a Ryan Redop system mounted in NASA's P3A) has been used in a number of sea
ice experiments. The instrument transmits a vertically-polarized CW signal
and collects return from an illuminated region + 60° along the flight line and
30 wide. The return is processed through doppler filters to obtain the scattering
coefficient at each of several discrete angles within the beam. The data are then
presented in such a way that, regardless of the angle at which the data are
recorded, the return is from a particular ''cell' on the terrain. That is, a
final plot of scattering coefficient versus incidence angle is produced that
represents the ''signature' of one particular area along the flight line. A ''cell"
is approximately square and its area is a function of the altitude of the system
above the terrain. From an altitude of 300 m, a ''cell' is approximately 30 m

on a side.

An experiment using this instrument to determine characteristics of radar
backscatter from various types of ice was conducted in 1967 with J. Rouse as
principal investigator (116). This study was restricted by being limited to a
single frequency and polarization. Hopefully, better understandings of the
effects of these two parameters will be forthcoming from the Naval Research
Laboratory four-frequency, multipolarization radar system discussed below,

and from future radar scatterometry flights being scheduled by NASA.

During April 1968, the Naval Oceanographic Office conducted a multi-
frequency (8910 MHz, 4455 MHz, 1225 MHz, and 438 MHz) multipolarization
radar experiment over the Arctic Ocean sea ice using the Naval Research
Laboratory synthetic aperture side-looking radar (40). Imagery obtained at
X-band on horizontal and vertical polarization exhibit varying shades of gray
which appear to be associated with the differing roughness of the ice. From a
knowledge of the ice roughness, ice analysts are able to infer the age and thus
the melting rate of ice patches. The L-band frequency appears to respond more
strongly to the boundaries of the ice patches than to the roughness of the ice.
Possible reasons are that the roughness of the various ice types viewed is

smaller than required to reflect the L-band well or that penetration of the
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ice tended to smooth the air/ice interface. Apparent penetration of the ice by

radar transmissions was also observed in the imagery.

Visual comparison of the results gave some insight into the behavior of
the return. However, such approaches are qualitative, so a ''roughness factor"
was found for each ice type by fitting the scattering coefficient data into a
theory based on the Kirchhoff-Huygens principle (116). The identification of ice
types obtained by determining their surface roughness factor is based solely on
topography. Several ice types are differentially based on the scattering-
coefficient angular dependence compared with the returns from various other

ice types and with theoretical predictions.

During the mission extensive cloud cover was encountered degrading much

of the photography; however, the radar data were of excellent quality.

4.7.4.6 Microwave Studies of Sea Ice

A number of aircraft missions have been flown over sea ice to determine
detectability using passive microwave techniques. Sensing in the microwave
region (0.03-30 cm) has an advantage for many applications and especially for
arctic areas, because the radiation is relatively insensitive to atmospheric
scattering and attenuation. Microwave sensing also provides some distinctive
signatures not obtainable in the visible or infrared spectrum. Microwave
measurement of ice and water off the Labrador coast using the NASA/MSC
radiometer as well as USCG studies illustrate the potential of passive micro-
wave radiometry for observing ice (74). The difference in brightness temper-
ature between ice and water is very large (60 to 1209K), although both may be
at nearly the same physical temperature. Figure 4.7-6 shows an aerial
photograph of sea ice and examples of the output of a 22.2 GHz and a 15.8 GHz

radiometer (79) when flown over an ice/water boundary.

An electrically scanning microwave radiometer operating at a frequency
of 19.35 GHz (~ 1.55 cm), was flown in NASA's CV-990 aircraft (16). The
experiment proved that the technique can be useful for mapping the extent and
possibly the thickness of sea ice, independent of cloud conditions. There were
a number of consistent features to be noted in the brightness temperature

patterns of the data. (1) Relatively uniform temperatures were mapped over

4-82



Air Photo of Ice/Water Boundary Showing

Flight Direction and Ground Track

— 5Pk b Bl
1 41 ! | I | |
551 5 ERFEI IETE IEEET pra W) ERgE TU22R2GHE
1 | | | | RERE 1 1
] FE 0 O R L D D 0l S R LR
| FETF SIS R R [ o g s 80 e
| 5 ‘ AT TN
i i O« A O
| fift i EEE SR8 40, ) ) | I |
1 e R B R T TS 13
e a5 . ’ o R - !
| T WATER THCE T
1 T 1 T TTHTE T
i R

Figure 4.7-6 Microwave Radiation Measurements of Ice and Water off
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solid pack ice (245°K); (2) Brightness temperatures were not noticeably
influenced by the cloud cover; (3) Brightness temperatures decreased sharply

as ice became very thin; (4) Brightness temperatures of about (110°K) were

measured over open water.

These results tend to show that the determination of ice thickness may be
feasible using passive microwave techniques. Other sources, such as the
National Academy of Sciences report on the Useful Applications of Earth-
Oriented Satellites (77), have stated that there appears to be little possibility
that microwave radiometers can measure sea ice thickness. Reasons stated
are that at microwave frequencies it is doubtful that the penetration depth can
approach the total ice thickness. When the ice is many skin-depths thick, its
radiant temperature will depend on surface properties rather than thickness.
1f the thickest ice were only a skin-depth thick, then the radiant temperature
would continue to rise as the ice thickness increased from zero thickness to
one skin-depth. However, sea ice differs from lake and river ice in that it can
contain varying amounts of salt, depending on its age. This varying salt
content will change the rate of radiant temperature increase with thickness.

These changes cannot be predicted when the salt content of the ice is unknown.

4.7.5 Conclusions

The experience gained through studying satellite ice imagery provides
the basis for specifying further spacecraft experimentation in the field. The
polar orbiting Nimbus satellite system is not adequate to support sea ice
investigations which require knowledge of ice motion and of distributions of
discrete ice-water features. The high-resolution infrared system (HRIR) and
the advanced vidicon camera system (AVCS) on board Nimbus, at best, during
periods of unrestrictive weather, display only the most gross ice conditions or

unusually large ice-water features.

With a ground resolution from space of 30 to 300 meters in the visible
range, the necessity of conducting long-range aircraft reconnaissance flights
to obtain ice information for forecasting purposes could be largely eliminated.
Lower resolution, however, would not contribute much above what can be done

using existing satellite photographic systems.
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Coincident with improvements in resolution, the contrast or gray scale
range of the photography should be improved. The presence of thin ice, or
old ice with large meliwater puddles forming on the surface, cannot be detected
with current visual sensors except in rare circumstances. The use of micro-
wave and infrared sensor systems may prove most helpful under these
circumstances. Microwave sensors may also be applicable to the detection of
ice features in polar regions when cloud cover and the long polar night preclude

visual surveillance for extended periods of time.

The use of color photography to study tonal variations in ice features
would be of use, especially if obtained in conjunction with black and white
imagery from the same vehicle. In polar regions, ice age and thi-ckness are often
determined by color. Particularly evident is the "ice-blue'' color of thick winter
ice which persists from year to year. This type of ice is very hard, usually a

result of gradual cooling and compression processes.

Present sea ice programs are not designed to provide the methodical
data collection needed for systematic investigation of sea ice dynamics. For
this purpose, it will be necessary to repeatedly map, with remote sensors, an
area of sea ice coincidently with the observation and measurement of ice motion,
wind, and ocean currents, to determine basic interrelations of ice motion and
deformation with the causal environmental factors. An understanding of the
interrelations of the forces and processes involved will enable development or

improvement in theoretical models which describe ice motion and deformation.

Ideally, surface mapping would be conducted from an orbital platform
which could provide sequential coverage with good spatial resolution for extended
periods over a broad region of the Arctic Ocean. In order to maintain continuity
in observation, the orbital sensor used should be operational in any weather

condition and during daytime or nighttime periods.
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4,8 ICEBERGS

4.8.1 Introduction.

Since the Titanic disaster in 1912, the U.S. Coast Guard as a part of the-
International Ice Patrol has carried out ice surveys. These patrols were
initially conducted by eye from .shipboard and later from aircraft, which often
meant flying below the clouds at ~15 meters above sea level. Several planes
were lost in collisions with icebergs., After World War II, radar was used,
again first from low altitude and as a safeguard for the ice survey planes. Since
1962, the Coast Guard has flown radar scanning systems installed in C-130 air-

craft, The possibility must be investigated that this difficult operation could be

~.conducted from space.

4.8.2 Data Acquisition Programs

Although the U.S. Coast Guard has been tarrying out experimental pro-
grams in remote, all-weather sensing of icebergs in the arctic and sub-arctic
since 1967, the principal inputs to their present iceberg location and tracking
program are from Coast Guard ships and aircraft, and radio message reports
of sightings from the U. 8., Navy, merchant shipping and the Canadian Depazrt-
ment of Transport. These reports are said by the Coast Guard to meet their
requirements., The principal problems with reports originating external to -
Coast Guard are with misidentification and position error. The geographic
coverage of the existing reporting programs, in the arctic, subarctic and New-
foundland area are of sufficient scope for the need, but the frequency of report-
ing is insufficient. The system as it operates requires at least daily reports
and position accuracy to 8 km, which apparently are not achieved. The
Coast Gu:ar_d would like to re.ce-ive reports within 24 hours of measurement (not

achieveé) and preferably, within six hours.

4.8.3 Significant Aircraft Experiments

A microwave radiometer, designated AN/AA2-23, developed by Sperry
Microwave Electronics Company for the U.S. Coast Guard was installed in
their C-130 aircraft for use in spotting and tracking icebergs. The radio-
metric design was chosen to provide both accuracy and all-weather capability

for the service's international ice patrols.

4-86



Radiometry is a passive measurement, in contrast to radar, which
requires transmission and reception of a signal. The radiometric unit is
basically a sensitive, low-noise receiver which picks .u.p the elect:romagnetic
energy emitted ami ‘reflected in the microwave region of the frequency spectrum.
The incoming signals are compared to a low-level energy reference source -
said to be unique to this unit - which comes from a built-in automatic gain
control. The difference between the generated reference and the incoming

signal is measured and calibrated in degrees Kelvin.

By pinpointing the radiated energy source and magnitude, and recording
them in coordination with the aircraft's speed, direction and altitude, technicians
can measure such factors as size and shape of an iceberg, its rate of melting,
the direction of its migration, speed through the water, and even whether the
snow on the surface is new or old. Most important, the observer can distinguish
between an iceberg and a ship, even in severe weather. For the most part, only
the portion of the iceberg above the water produces a reading, although the
radiometer does pick up signals from that portion not more than a few inches

under the surface.

The Coast Guard reports achieving a spatial resolution of 10 m (analog)

with this system under ideal conditions with an aircraft flown at altitudes ranging
from 120 to 900 meters in the Grand Banks-Liaborador areas in 1967-1968,

Bradie, in a paper presented to the ASP-ACSM in 1967 reported the
identification of trapped icebergs in sea ice by use of Side-Looking Airborne
Radar (SLAR). The brightness of their returns and irregular shapes led to the
conclusion that they were bergs and not portions of a pressure ridge., The

equipment in use was not described.

The U.S. Coast Guard reports experiments were conducted with the AN/
DPD-2 (mod) SLAR mounted in the NASA/MSC aircraft in the U.S. /Canadian
arctic and subarctic in the summer 1969 (72). At altitudes ranging from 1500
to 2400 meters they achieved spatial resolution of 30 meters in the case of sea -

ice but did not report on resolution obtained on icebergs.
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4.8.4 Significant Spacecraft Experiments

Zaitzeff and Sherman reported (162} ice surveillance by IR techniques
from spaceborne sensors. An 1ceberg estimated to be 115 kilometers by 32
kilometers was photographed thce eight days apart, in the Weddell Sea
(antarctic) with the NIMBUS I HRIR and AVCS. This is the first known case
in which an 1ceberg has been photographed from a satellite over the the arctic

or antar ctlc

4,8.5 Conclusions

The Coast Guard has stated that resolution currently obtainable frc:)mA
space with AVCS data is not suffic_:ient for identification and tracking of icebergs;
they cite a need for 15 meters resolution, It has been forecast tilat if such
. r‘e.s‘oluti‘ons could be achieved from space systeme a reduction or possible ]
elimination of aerial iceberg patrols might result (19), This resolution from

operational systems is not, however, .expected in the near future.
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4,9 HEAT/ENERGY EXCHANGE

4.9.1 Introduction

The thermal status of the earth's oceans is a major factor in controlling
the weather, Since the ocean temperature is not changing appreciably the eﬁergy
lost must be therefore equal to that received. For example, the average loss
of energy due to evaporation is 54% of the total received and the loss due to
reradiation is 40%. The remaining 6% is carried by ocean currents from lower

latitudes to polar regions where it warms the air above the water.

The heat of evaporation lost by the oceans is returned to tile atmosphere
in water vapor through the heat of condensation released during cloud formation
usually at some area remote from where it originated. The oceans and the
atmosphere, because of the effects of absorption of the ocean of energy from
the sun, the evaporation of sea water and its later condensation into rain,
reradiation of solar energy from the ocean to the atmosphere, and transport
by atmospheric and oceanic circulation constitute a heat engine. This heat
engine determines geographic climate (the mean or average condition) and

weather (departure from the mean) on the earth.

Weather forecasting at present is done without direct knowledge of the
heat flow from the world's oceans. Thus, we are operating without direct
knowledge of the energy variations in time and geographic location which are
basic to weather, World-wide synoptic knowledge of the daily energy release

from the oceans would provide weather forecasters with this controlling factor,

4.9.2 Heat Flow Studies Using Aircraft

For the past several years E.D. McAlister and W. McLeish (63, 64, 65)
have been de\}eloping an infrared radiometric system for direct measurement
of the total heat flow from the sea surface. No other direct method has pre-
viously been demonstrated, The method entails the remote measurement of
the vertical temperature gradient in the top 0. 10 millimeter of the sea surface.
This temperature depends on the physical and optical properties of water,
namely its molecular heat conductivity and absorption coefficient for infrared

radiation,

4-89



These measurements are accomplished with a two-wavelength.infrared,.
radiometer, operating in the 3.5-4.1 and 4.5-5.1 g band, deSLgned spec:.f.tcall'y-
for this purpose. Using the temperature gradient obtained a.nd the conductlwty

of sea water the total heat flow may be determined.”

. This system was tested in May 1969, dur1ng the conduct of the Barbados
Oceanographic and Meteorological Experiment {BOMF_..X) (64). A series of
‘.flights'were made around Scripp"s' oceanographic vesé;el FLIP on Which was
recorded the vertical profiles of t:ampe rature and humidity above the water,
along with other meteorological and oceanographic data. In th'is test successive
30-secohnd flights were made upwind 300 meters north of FLIP and then down-
wind 300 meters south of FLIP. Separating the data'for the north area and the
south area for May 27, 1969, the following analysis ‘was obtained. -

-Heat Flow .. Sea Surface Temp.

Area  cal cm? min-1 ‘C
N . 0.40+ .05 27.691 4 . 018
S 0.50+ .06 27.700 4 ., 024

0846 to 0952 27 May 1969

The average temperature at ., 075 mm depth over these 1,6 ki strips
is remarkably constant during the 66 minutes elapsed time, especially when
it is noted that these values are as observed at altitude, i.e. part of the

variation is due to atmospheric losses.

The present system has demonstrated the feasibility of airborne
measurements of total heat flow from the sea surface. Laboratory tests show
an average error of +8% in measuring heat flow, This is the first time that

* such direct measurements have been.made (65).

A new order of accuracy in sea surface température measurement has
also been shown. The present aystem has surpassed the accuracy of oceano-
" graphi¢ mercury thermometry for ocean surface temperature and it approachs
0.01°C. Precision measurements of ‘the emissivity of the présent internal
blackbodies may show that the present system under limited conditions can

make measurements of the absolute temperature of the sea surface.
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4.9.3 Conclusions

Even though the infrared radiometer technique provided excellent results
in the BOMEX test, the present instrument appears to be limited in its
versatility due to atmospheric attenuation, The instrument must be flown at
very low altitudes (~ 200 m). Microwave radiometry has been shown by
McAlister to be also theoretically capable of the remote measurement of the
heat flow, However, a significant increase in the state of the art of microwave
radiometers is required to provide data to the accuracy required for heat flow
measurements. Thus, it appears, that for the near future, the direct mea-
surement of heat flow from either high flying aircraft or spacecraft is beyond
the state of the art.



4.10 OCEAN COLOR

4,10.1 Introduction

The color of ocean water is one of the fundamental measurement
parameters of the ocean and concurrently is amenable to measurement by -remote
sensing techniques. The distinctive color of various bodies of water is a
familiar observation, however, of greater importance are the very slight and
constantly changing color differences that occur within large bodies of water and

may relate to anomalous conditions.

Water color has been used in the pé.st and is presently under increased
study for the measurement of the oceans' biological activity. In addition it now
appears possible to distinguish different water masses, detect pollution, and

determine water depth by accurate ocean color measurements.

In this section the effects of the atmosphere, water surface, and bulk
water as they influence water color measurements are discussed. Recent
progress towards obtaining true color response using remote sensors is
documented. The detailed relationship of color to various ocean phenomena is
included in that section that applies to the pertinent phenomena and thus is not
discussed in detail in this section.

4.10.2 Ocean and Atmospheric Characteristics Affecting Signatures

Light irradiating the sea surface undergoes reflection and refraction. The
reflected portion is polarized such that the component of the electric vector
parallel to the sea surface predominates in the reflected light and, at Brewster's
angle, is virtually the only component present. This can be made use of to
select either the reflected skylight or the backscattered sunlight upwelling
through the water surface, depending on whether the desired information relates
to the shape of the reflecting surface or to the optical properties of the bulk
water., The refracted portion penetrates the sea and, in the absence of
scattering, is eventually extinguished by absorption. In reality, the light is
scattered by particles of all sizes, from molecules through the larger colloidal
particles and up to large bubbles or, in shallow water, by the bottom. On the

high seas, about 5 percent of the incident light is backscattered upward toward
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the sky. This is about equal to the skylight reflected at near-incident angles
and severalfold larger than the fraction of reflected light passing through a

suitable oriented polarizing filter.

4.10.2.1 Atmospheric Influences

Solar energy, upon reaching the top of the atmosphere, is transmitted
directly downward through the atmosphere, scattered, absorbed, and reflected
both directly and diffusely from the surface. It enters the water where it is
scattered-and absorbed and part of it reenters the atmosphere where it is again

affected before it reaches the measuring instrument.

In the visible part of the spectrum (ﬂ“f 0.4 to 0.7 Y} the atmosphere
absorption of the solar energy is not a major factor in determining spectral
extinction, but it cannot be ignored completely. Ozone, oxygen, and water vapor

all exhibit some absorption in or near the visible spectrum.

The more important influence onthe spectral nature of the radiation
coming through the atmosphere is scattering. Besides primary (single pé,rticle)
scattering the effect of secondary (light scattered by multiple particles)
scattering must be considered in order to accurately account for the nature of

the measured radiation.

In addition to the scattering phenomena there is also a polarization of the
scattered radiation. This polarization of the measured component of radiation
that comes from the atmosphere may provide a clue to the type of scattering
occurring and indirectly to the effect of the atmosphere on the measured ocean

color.

Previous studies have indicated the many problems involved in the
prediction of the effect of the atmosphere on the spectral extinction of radiation.
For very high visibilities, the attenuation is molecular and follows the A%
‘rélationship of Rayleigh, and therefore the atmospheric effects are easily
calculable. The introductic;n of an aerosol in the atmosphere, with its distribu-

tion of various sizes, results in spectral extinction that is difficult to determine.

More measurements have been made over continents than over oceans,

but it appears that the aerosol elements to be found, especially over water
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areas far from land, are sea-salt particles with a relatively simple distribution.
The extinction experienced over coastal waters is more complex. A combination
of both continental and maritime aerosol distributions appears to be.needed.fo

fit the measured extinction data.

The problem arises, then, in determining a way'to edju‘st the ocean color
measurements to account for any selective extinction and scattering of the
atmosphere. Two types of measurements suggest themselves for-determining
the aerosol and thus making the apptopriate adjustments. One is a measure-~
ment of the visible extinction of -the atmosphere and the other involves the.
measurements of the polarization of the scattered solar radiation.- A discussion
of these measurements can be found J.n the TRW report: Study of the Remote

Measurement of Ocean Color (104)

4.10.2.2 Water Surface Characteristics and Influences )

Upwelling natural light from the sea during daylight originates from
scatteringawlitvhin the eea, reflection frorn the sea su;:ﬂag:e, and refle.c_ti_on from
the sea bottom if the water ig shallow. The spectra of. upwelling light will |
depend on many factors one of which is the ocean.surface condltlon The‘
ba,cksca.ttered light is nearly lndependent of the presence of waves; this is not
true, however, for the radiation reflected from the surface of the sea. The
surface reflected light is composed of two distinct types of radiation: 1) the
specularly reflected sun's rays and 2) the diffuse s‘ky}iight reflected at the sea's

surface.

The intensity"of upwelling due to the eun's glitter on the sea su_rf‘ace can
be determined from the distribution of wave slopes of the surface, which depende
on the ‘wind speéd, and the reflection coefficient, -wh.ich in turn depends on the
a.ngle of 1nc1dence. and the spectral reglon of intérest. The brightness due to
direct reflected sunhght is séveral orders of magmtude greater-than scattered
radiation; therefore, spectral information from sunlight scattered from
particles beneath the séa surface cannot be obtained while the sun's glitter on
the 'sea surface is within the ‘sensor's. field of view. If a sensor is pointing in
a direction around the nadir, measurements when the solar zenith distance is

small (< 30 degrees) are undesirable.
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The reflected skylight for a particular field of view of the ocean is
proportional to the intensity of the skylight from the appropriate portion of
the sky. The skylight intensity varies over the sky and is a function
of the solar altitude. For a sensor viewing around the nadir, only the zenith

skylight is of importance.

4,10.2.3 Water Characteristics and Influences

The clearest waters from either fresh water lakes or the oceans have a
deep blue color. This color can be attributed to the selective scattering of
light by small particles and water molecules. The path length is quite long,
with a dominant wavelength of 0.4 £, The blue color gradually changes to a
green color as the productivity of the water increases. This change is due to
the addition of yellow substances that are directly related to the organic material
contained in the water. In addition, some estuarine waters and inland waters
are brown and red due to special conditions of the land run-off. As a result,
the transparency of the water is much decreased and the dominant wavelength
shifts through green into the yellow (at .57 y) or even into the brown. There-

fore, the color of ocean water is a measure of the productivity of water.

Ocean waters have been categorized according to the transmission
characteristics of visible light. Table 4.10-1 lists the wavelength of maximum
transmission and the percentage of light of this color transmitted in five different
types of ocean. Roughly speaking, sea water is translucent for visible radiation
only, and most penetrable for just the wavelengths that are useful to plants. In
general, the less clear the water, the more the shifting of "surviving" wave-

lengths toward the longer waves, the green and yellow.

4.10.3 Determination of Optimum Spectrum for Sensing Ocean Color

Most aerial photography for oceanography has been based on procedures
developed for terrain recording. While satisfactory for recording the water
surface and a degree of subsurface information, this procedure does not fully
exploit the potential of the photographic process for acquiring the maximum of
underwater data. Studies have been conducted to delineate more precisely
those films, filters and data processing techniques that should be used to obtain

the maximum amount of information from ocean color (113, 141, 163).
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Table 4.10-1. Wavelength of Maximum Transmission and the
Percentage of Light of This Color Transmitted in

Five Different Types of Ocean (77)

Wavelength#* of Percent
Types of ; .
o Maximum Transmission
cean Water s
Transmission Per Meter
Clearest oceans 470 98.1
Average oceans 475 89,0
Clearest coastal 500 88.6
Average coastal . 550 72.4
Average inshore 600 60.8

*Given in millimicrons
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Investigators have-recommended photographic band pass filters for
deepest water penetration which pass a relatively narrow band, approximating
.50 to .57 yu, with peak transrﬁiésion in the gi‘eeﬁ, around .53 y. The position
of this band in the visible spectrum is shown in Figure 4.10-1 (57). This figure
also shows attenuation curves ,develc-npe_d from six sources, and illustrates the
extent of the attenuation variability and thus color variability in different types
of ocean water. All sources show attenuation rising sharply around .58 g, and
generally decreasing rapidly below .50 g. The most fruitful region for deepest
clear water penetration; i.e., least light a;’:tenuation, is according to D. Ross
(113), below 0.50 u; however, the trend has been to exclude this region based
primarily on the manner of image analysis. w. 'Vary (141) has found
that, with the use of‘certain interference filters, the 0.56 M portion of
the spectrum obtained the best water ﬁenétratic;n and ocean bottom detail. I,
Yost {160) also found the green part of the spectrum to be optimum for water

penetration. Additional discussion on this subject can be found in Section 4.11,

Most interpretation of Earth sciences photography depends on visual
means, where detail mmust have sufficient contrast with its surroundings to be
detected by the eye. It-is natural to select as best those images where detail is
most easily seen.* Underwater subjects generzlly have more visual contrast
when recorded in the green spectral region; and even higher contrast in the red
record, within the shallow penetration permitted in this band. The more rapid
the rate of spectral attenuation in clear water, the higher the apparent visual
contrast becomes. And, of course, natural color films are made to record
scene color luminances much as the eye would see them. Lepley (57), for
example, in a qualitative visuzal analysis of 92 oceanographic Gemini color
images recommends the use of minus blue filters, essentially to increase visual

contrast.

*Visual interpretation is not likely to be supplanted by automation, but for
quantitative data reduction, increasing use will be made of optical, electronic
and computer aids for enhancing and measuring visually undefinable image
information. Thus it is important to record as much information as possible
in the spectral region of interest for processing by nonvisual means, even if
it is not visually discernable in the original record (113).
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APPARENT WATER COLOR AS VIEWED FROM SURFACE
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Figure 4.10-1 Light attenuation as a function of water color
using various sources of information. Width of shaded
band indicates approximate extent of data scatter
and natural water variability (57).

4-98



In black-and-white aerial photography of terrain, light below .50 U is
generally suppressed with a filter such as the Wratten 12 (Minus blue) to
minimize the effect of atmospheric haze in reducing image contrast. Similar
approaches have been taken with color films for oceanography, by exposing the
film through a Wratten 12 or 15 filter, or by completely omitting the blue-

sensitive laver during manufacture.

As indicated by the above paragraphs, although the contrast of underwater
detail is reduced by light scattering processes in the atmosphere and the water
in the spectral region below .50 y, the attenuation of light in clear ocean water
is also at its lowest in this part of the spectrum. Consequently, the oppor;cunity
for deepest water penetration and the possibility of recording scattered light
from the greatest depths occur in the spectral region below .50 g (120).
Broadening the pass-~band ‘Wogld admit more energy and, in photography, would
permit less-sensitivie, higher-contrast films to be used. However, the question
remains: How much can the filter pass-band be opened in the blue region before
the potential gain is offset by contrast degradation from scattered.light in the
atmOSphere? Gemini and Apollo photography have served as a practical means of
assessing the trade-offs (113). Thousands of images have been taken on the
Gemini and Apollo missions with natural color films and a haze filter equivalent
to the Wratten HHF-3.% The HF-3 transmittance is about 80% from .43 u to .50 T8
a spectral region where atmospheric scattering is high. The most useful
images in natural-color films are those taken nearly vertical to the: Earth's
surface, since atmospheric haze increases sharply with obliqm;.ity, and is

recorded by the blue and green sensitive layers proportionately.

Figure 4.10-2 shows the spectral attenuation of seawater, the relative

transmittance of a number of filters, and an average curve for the blue-sensitive

*The color film haze filter used on many Gemini missions was the Hassel-
blad HV. On Apollo 7, a 2-E filter was used with 85% transmission of .45 e
No filter was used with the hand-held natural color (SO. 368} on Apollo 9.
On some missions, no haze filter was provided. Transmission of light at
.45 4 in the types of lenses used is in order 60-70%. Average light trans-
mission through the atmosphere for photographic purposes is in the order
af 0.5 for the blue, 0.7 green, and 0.8 red (113).
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layer of a typical color film superimposed. (The blue-sensitive layer of most
natural color films has a peak response around .40 i, while the yellow dye-

coupled image is peaked around .42 H.)

Underwater information recorded in the blue-sensitive layer of the Gemini
and Apollo film was isolated from the image by photographic color separation
with a blue filter. It was found that this blue record generally contained as much
useful subsurface information as the green record (113). As expected, the blue
separation had a lower contrast. However, the contrast was raised during re-~
production to that of the green separation for better visual interpretation. If
interpretation is restricted solely to visual methods, much can be done in the

laboratory to improve contrast through reproduction and enhancement processes.

Thus, the experience gained from the Gemini and Apollo images shows
the filter pass-band for satellite color photography can be opened to at least
.45 y, possibly lower, ‘without undue interference from atmospheric haze when

sensing in the + 359 latitude zone of the Earth that has been photographed.

In coastal waters, particulate and organic suspensions in higher concentra-
tions shift the band of best transmission toward the yellow-green, which is a
spectral region of high clear-water light attenuation. Since many types of ocean
water are found from frame to frame, or within the same image in the synoptic
view from space, it is necessary to include this part of the spectrum within the

single filter pass~band if it cannot be provided as a separate .50-.58.4 band.

It could be argued that light above .58 g could be included, but other
factors must be considered. Skylight reflected back from a calm water surface
is in the order of 4-6% for solar elevations above 30°. Light absorption even in
clear water begins to rise sharply above .5 H, while above . 60 p the attenuation
of upwelling light soon falls to a level where it is indistinguishable from the
surface reflection of skylight, as seen by the camera. So far as penetration and
detecting low-order luminance differences are concerned, the reflected -skylight
component lowers the signal-to-noise ratio of the underwater scene. This is
unavoidable, but if a spectral region is included where penetration is already
minimal, more harm than good results, since the reflected skylight merely
adds to the relative strength of the surface component throughout the whole

pass-band while providing little additional subsurface information. It is therefore
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desirable to record the spectral region above..58 u with a separate filter band,

for shoreline delineation and recording shallow features.

One significant experiment, conducted by Philco Ford (113),, on contract
to SPOC, had as an objective to photograph from aircraft a white, spectrally
neutral target on the deck of the BEN FRANKLIN submersible at various depths.
Comparison of the images and measurement of the photographic densities in each
spectral band permitted assessment of the merit of each spectral baﬁd, for

practical oceanographic photography.

The study concluded that information useful in oceanographic interpreta-
tions can be found in varying degree in each of the spectral regions currently
planned for multispectral remote Earth resources sensing; essentially green,
red, and infrared. However, unless a blue spectral record is also included,
much oceanographic information of fundamental importance will not be obtained
(113). The blue record combined with the green permits water color and its
changes to be detected and evaluated. This part of the spectrum is where the
color of the largest percentage of the world's oceans is found, where clear
water penetration is greatest, and where small changes in color are related to

major ocean phenomena.
It was therefore recommended by Ross (113) that;

1. Two spectral bands be used for oceanographic imaging, to be obtained
with sharp cut-on and cut-off interference filters. Variation in the pass-band
with angle is not of significance with lens field angles now contemplated for

orbital sensors,
" 2. The two suggested pass-bands are .46-.51 y and .51-.56 u.

3. If it were only possible to have one camera, or imaging sensor, and
one spectral band for oceanography, a single .46-.58 i pass-band would produce

the: most information.

In studies conducted by W. Vary (141), he recommends,‘ in contrast to
Ross (113), the use of filters or film to eliminate the "undesirable' influence
of blue light. To this end Vary originated a new non-blue sensitive aerial color
film. This film has the red and green sensitive layers, a yellow filter layer, but

no blue-sensitive layer. The yellow filter layer prevents blue light from

4-102



reaching the red and green sensitive layers. Without the blue sensitive layer,
the new film is blind to blue light and, therefore, aerial and underwater hazes
are transparent to the film, blue imagery fuzziness is eliminated and no yellow

filter is required over the lens.

Film with these characteristics was produced and tested to evaluate the
green portion of the spectrum for water depth penetration by photometric tech-
niques. Test results using various narrow band filters showed the most detailed
imagery was to be obtained using the .56 micron filter. This was true for both

shallow and deep water. The film recorded the ocean bottom at the 45 m depth.

The resuits of these investigations as well as those of Yost (160) appear
to be somewhat contradictory, although all suggest acquisition of imagery in the
green portion of the spectrum (~ .56 ). Designation of the blue spectrum,
below .5 i, by Ross and not by Vary may relate to the use of special processing
and image enhancement techniques by Ross. Because of the importance of
providing data in the optimum spectral regions additi._bnal detailed studies should

be initiated to further study the advantages and disadvantages of potential bands.

4,10.4 Experimental Results of the Remote Measurement of Ocean Color

A number of investigators using various instruments (cameras,
gpectrometers, and spectrophotometers) have conducted experiments to study
the remote measurement of ocean color. One of the more recently developed
instruments is a widerange imaging spectrophotometer (WISP) developed
by TRW. Data have been acquired over a number of areas with this instrument,
including the Pacific and Atlantic Oceans and Crater Lake in Oregon (148). In

all cases the measurements were made from altitudes of 300 to 3000 meters.

Figure 4.10-3 shows the s;pectral reflectance of two bodies of water noted
for their clarity - the Gulf Stream and Crater Lake. The trend of the curves is
similar and resembles the theoretical curve calculated by R, C. Ramsey (104).
In clear water the scattering is due to the water molecules and is of the small
particle or Rayleigh type. The light is scattered inversely as the fourth power
of the wavelength, and is why clear water appears blue. At the longer wave-

lengths water absorbs virtually all the radiation entering it. The Crater Lake
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water has a somewhat higher reflectance at longer wavelengths than did Gulf
Stream water. This cannot be easily expldained but is not inconsistent with

measurements of transmission of Crater Lake water made by other investigators.

Figure 4.10-4 is the spectral reflectance curve of water containing a high
particle content, in this case chlorophyceae or green algae. The reflectance
has increased in the middle wavelengths due to large particle s‘catte:-ci.ng. The
chlorophyll a contained in the algae absorbs energy at 0.67 g and this absorption
is evident as a reduction in reflectance at this wavelength. The theoretical clear

water curve is shown as a reference.

Measurements of the spectral reflectance of water with various chlorophyll
contents are plotfed in Figure 4.10-5. It should be noted the level of reflectance
in this case is only estimated, although the relative values may be compared.
Note also, that as the particle concentration increases, the reflectance increases
at the middle wavelengths as in Figure 4,10-4, due to large particle scattering.
The reduction in reflectance at the shorter wavelengths is probably an indication
- that the heavy concentrations of particles are near the surface. If they were
covered by a layer of relatively clear water, one would expect a higher
reflectance due to Rayleigh scattering by the water molecules. This would
seem to indicate that it may be possible to estimate the depth of particle

concentrations as well as their density.

Figure 4.10-6 shows the results of several spectral measurements made
on a day with moderate haze from various altitudes. Unfortunately, no quantitative
measurements of the atmospheric haze could be made. The general increase in
reflectance is due to scattering by the atmosphere. Note that the general shape
of the curves remains unchanged. There is some doubt as to the absvlute
levels of reflectance values and it is believed that the increase in reflectance
at the long wavelengths is due to an unfiltered second order spectrum in the

spectrometer.

The results shown indicate several characteristics of water spectra.

© High particle content increases reflectivity between approximately
0.5 and 0.6 u.
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® High particle content near the surface decrease reflectivity
between 0.4 and 0.5 g4 and increase it between 0.6 and 0.7 p.
This effect is minimized if there is a layer of clear water

above the particles.

. Certain absorption bands can be recognized.

4,.10.5 Relation of Water Color to Various Ocean Phenomena

The color of the ocean's water, as previously stated, appears to be a
major descriptive parameter of the ocean. Thus, the accurate determination of
the color will provide information to a number of user groups. Some of these
applications are briefly discussed below. More extensive discussions are to be

found in the appropriate section that addresses the phenomena.

-4,30.5.1 Water Masses

The ocean's surface temperature is the only space measured parameter
that presently serves as a discriminant of water masses. Thus, it is easy to
distinguish the Gulf Stream water from the adjacent slope water by its temper-
ature contrast (see Section 4.6). For more subtle differences, however, )
surface temperature is quickly altered by air temperature and by radiation, so
that w‘ater masses having very different histories can have identical temper-
atures. As an alternative to the correlation of temperature and salinity, it
appears that the correlation of temperature and color (see Figure 4.5-6) might

serve to distinguish different water masses.

4,10.5.2 Chiorophyll

Most of the upper ocean is thermally stratified, thus it is sterile and blue
in color. When stratification is overturned, as by currents or meteorological
events, nufrients and cold water are brought into sunlit areas where photo-
synthesis initiates a biological chain. This in turn gives rise to the accumulation
of chlorophyll and other biochromes. In the usual case chlorophyll concentration
varies from 1.0 mg/m3 to 0.1 mg/ms. Consequently an ocean color sensing

system must respond to very low color contrast to be useful for chlorophyll
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detection. Progress to date indicates that indeed these -low color contrasts can

be detected by remote sensing techniques. See Section 4.2 for recent progress.

4,10.5.3 Water Depth

Numerous attempts-to determine water depths using aerial and space
photography have been made. Penetration of water up to depths of 45 meters
have been reported (141) using aerial color photography over clear water.
Additional studies are now required over areas of other water types which have
much.less clarity. These include most of the world's coastal areas which are
of primary- interest. See Section 4.11, Bathymetry for more detail on this

subject.

4,10.6 Conclusions

It is readily apparent that the accurate remote measurement of ocean
color by camera or spectrometric techniques is well within the state of the art.
The measurement of this parameter has application for the detection.of several
ocean phenomena. These are: water rmasses (Section 4. 6), chlorophyll (Section

4.2), water depth (Section 4.11), as well as pollution (Section 4. 3).

Large ocean currents such as the Gulf Stream have been identified with
airborne color photography. Chlorophyll concentrations have been measured
with an airborné spectrophotometer. Water depths, in several clear water
areas, have been measured with color photography from aircraft, and shoal

areas have been detected with spacecraft colos photography.

Prior to the operational use of remote sensing techniques for this purpose,
however, additional studies are required. For example, films, filters and
spectral regions must be delineated. To date only the most basic of data

printout techniques have been employed. Thus, ahalysis and diéplay techniques

must be mproved,
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4.11 BATHYMETRY

4,.11,1 Introduction

The need for updating nautical charts to remove doubtful hydrographic
data and for providing additional cilart coverage at larger scales has been ex-
pressed by a number of users and user. agencies (20). This activity.is presently
undergoing a metamorphosis because of the prospects of man's continued pene-
tration into the sea and his greater usage of the sea floor. The use of remotely
sensed hydrographic data has been considered by a number of investigators
(42, 100, 101, 141) and it appears that such data may be obtained for selected

shallow water areas up to =90 meters in dei)th.

One of the more promising techniques for providing useful hydrographic
data from space is the measurement of ocean color. Other remote sensing
techniques that may provide beneficial data for water depth determination are
direct measurement of water depth by laser ranging; measurement of wave
characteristics that exist over shallow water areas; and (of less promise) the

measurement of thermal anomalies.

Most work to date has been with the use of multispectral color imagery
to determine water depth. The reliability of color anomalies as indicators of
depth, is influenced by the spectral quality of the sunlight, by suspended
material, by bottom material type, by algae species present, by atmospheric
attenuation, by water characteristics, and by water depth. These are briefly

discussed.

4.11,2 Determination of Water Color and Clarity

As part of the inventory-on the characteristics of shallow water and sub-
marine features, documentation of water color, transparency, temperature
structure, bottom type and color spectrum is necessary. Lepley (57) using
unpublished Naval Oceanographic Data, has shown that the distribution of water

color and relative water clarity can be obtained from Gemini photography.

The qualitative determination of water clarity from Gemini photography
" was done on the basis of 1) apparent water color and 2) the visibility of shoals

through the water, The basis of the method of water clarity determination is
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the relationship between water color and transparency: Comparing a derived

curve of light attenuation as a function of water color to Gemini photographs,

strongly discolored water was considered to be less than 5 meters in depth

(approximately 70% light transmittance),

deep blue water is greater than-20

meters in dépth (92%), and all other intermediate water is between 5 and 20

meters in de.pth‘. in clear water, Where"s;hallow reafs extend many miles ‘from

shore, as in the Béhama.s, the color of the sea floor can be seen throﬁgh the; H

water, and the water depth can therefore be esh.mated on th1s tona_l ba.51s

Along most coast lines,

scale of the Gemini i)hotographs.

clarity is summarized in Table 4. 11-1.

Table 4.11-1.

the shallow sea bottom was not seen due to the small
The global distribution of coastal water

G_}oi:a.l Distribution- of Cc;a.st‘al Water Cla.i‘ity (57)

Perc entaée

Percent _
Transmission of World Where Found. Implications
Per Meter Coastlines o :
0 to 70% - 15%, Near all delfas of major .Not amenable to optical
{0 to 5 m) rivers draining humid areas methods of bathymetric
: (e.g., Louisiana, China) survey to 20 meters
: Sonar needed.
70 to 92% 50% Coastal water in temperate -Amenable to optical
(5 to 20 m) and arctic regions. Found airborne bathymetric
also in tropics where up- survey by lasér
welling occurs (West Africa, fathometer to at least
West Coast of S, America, 20 meters depth.
N. W, Australia), ’
More than 92% 35% Tropical and Mediterranean Amenable to airborne
(over-20.m)+ - - . water in.areas free from laser bathymetry to
, upwelling (Caribbean, Med- over 40 m depth.
iterranéah,” S.E. Brasil, " Amenable’to aerial
Madagascar, East Austra- photographic depth
lia). contouring to over
' 290 m depth.
More than 95% 10% - Lesser Antilles, Eastérn Amenable to airborne

(ovg«:r 30 m)

Mediterrangan, Hawaii,

S.W. Pacific Islands

i

laser survey to over
60 m depth. Amenable
to air photo. contouring
to over 30 m depth.
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It is indicated in the above table that where the water clarity indicates a
depth greater than 5 m, coastal surveys of bathymetry out to %0 meters depth
should use aerial photographs simultaneously with airborne laser fathometers.
Aerial photography will enable synoptic depth contouring and shoreline mapping,
and the pulsed laser will directly give a depth profile and extension to water

depths and/or turbidity beyond photographic capability.

Lepley (57) summarizes that on a yearly average, 85 percent of the
world's coastal water is sufficiently clear for the use of an airborne laser
fathometer for mapping sea floor topography from shore out to at least 20 meters
depth; 35 percent is clear enough for mapping by aerial color photogrammetry
to at least 20 meters depth and for laser sounding to more than 40 meters; 10

percent is clear enough for aerial photography to more than 30 meters.

4.11.3 Significant Experimental Results

4.11.3.1 Color Photography

The feasibility of using spaceborne cameras to acquire hydrographic in-
formation has been demonstrated for oceanic areas where waters are trans-
parent. Figure 4.11-1 is an illustration of a hydrographic survey chart super-
imposed on a Gemini V photograph, which was exposed over Rongelap Atoll in
the Marshall Islands - an area noted for its clear water. The photograph was
exposed from a near-vertical orientation so that the imaged islands match the
islands on the corresponding chart; it is apparent that many of the charted reef |
lines do not coincide with the imaged coral reefs. This type of comparison
technique could serve to identify charting problems in specific locations, and
it could be used by survey ships as a guide for planning efficient re-surveys.
The accuracy provided by such photography is sufficient to correct horizontal
positions on very small-scale charts, but it is not satisfactory to correct

large-scale charts, or to determine depth.

While aerial photography for coastal surveying and shallow water depth
determination had been attempted prior to 1967, photography obtained on black-
and-white films was of minimal use and that obtained with color films had been
accomplished over scattered areas with non-color-corrected lenses so that

there was very little correlation between films.
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U.S. Naval Oceanographic Office).




Recently two comprehensive tests were conducted at Key West, Florida
by the U.S. Naval Oceanographic Office (141). The first test in March 1967
obtained aerial photography employing various types of film to determine the
accuracy with which water depths might be measured using photogrammetric

techniques.

Using the color photography acquired from 1500 meters altitude,
excellent bottom detail was recorded in calm seas on the shoreward side of
the reef and the red, yellow, and white targets placed in water 3 to 10 meters
deep were clearly visible. On the seaward side of the reef, the red and yellow
targets at 15 meters depth and the red and yellow targets placed on the shoals
at 65 meters depth were also clearly defined in calm seas. Good penetration
was accomplished regardless of the color of the water. With photographs
taken at higher altitudes, wave patterns were more predominant and these

patterns interfered with water penetration patterns.

False color infrared film, exposed through a Wratten No. 12 filter,
was also used and demonstrated excellent penetration and ocean bottom detail
at 20 meters depth. Prior to the test, no penetration greater than three to

four meters with this type film was expected.

Results were also obtained in rough water. When seas were 2 to 8
meters and the wind was twelve to fourteen knots, gusting to twenty knots,
both the regular color and false color infrared film still recorded ocean bottom
detail on both sides of the reef, including the shoals at 20 meters. More sun
and wave interference was evidenced in these films due to the high seas but
it was not excessive and this particular result verified that aerial color
photography is practical for obtaining hydrographic data under adverse con-
ditions of high seas and winds. From this test, it was concluded that in order
to obtain maximum water depth penetration using photography the following factors

must be considered:

a. The interference of blue light must be further reduced or eliminated;

(see Section 4.10. 3 for conflicting opinion).
b. More exposure is required for deeper water penetration;

c. More contrast is required for ocean bottom detail; and
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d. The green portion of the spectrum yields more incident light re-

flected vertically from the bottom with the least interference of other light

within the water.

These results agree with those of Yost (160) as well as those of Lepley
(57). In Yost's studies on the quantitative measurement of the comparative
penetration capability of selected filters the green spectral band had twice the
water penetration of the red and three times that of the blue band. See Section
4.10. 3 for a detailed review of studies to obtain optimum band for determining

water depth.

Blue light scattering in the air is referred to as "aerial haze.'" Under
the water, the blue light is the most scattered and least absorbed. This con-
dition is referred to as ''underwater haze.' In ''color-corrected' lenses,
the blue light cannot be focussed at the same plane as the green and red light,
causing fuzziness in the composite image. Blue light also lowers the contrast
of a scene and, while the water is illuminated by incident light, it is also illumi-

nated by skylight, which is predominantly blue.

To eliminate these undesirable effects of blue light, a new non-blue
sensitive aerial color film was originated (141). This film has red and green
sensitive layers and a yellow filter layer but no blue sensitive layer. The yellow
filter layer prevents blue light from reaching the red and green sensitive layers.
This film was first tested off the Bahamas in February 1968. Results showed

the more detailed imaging to be obtained with a 0.56 micron filter.

Both the Anscochrome D-500 and the new non-blue sensitive films
showed water penetration to 45 meters. However, the new non-blue film

demonstrated the following advantages over the Anscochrome film (141):
a. Increased image contrasts;

b. Detail in terrain and in shallow water was retained when exposing

for deep water;

c. An effective film speed of 1,000 which is 4 times faster than the
Anscochrome D-500 exposed through a yellow filter; and

d. No yellow filter is required over the lens.

4-116



Since it has been verified that this type of photography will penetrate

to 45 meters in fairly clear water, tests are necessary for other areas where
the water is less clear. Photographic emulsions and techniques will need to be
determined for optimum results for other water and bottom characteristics.
Photography for categorizing the different waters is now being accomplished in
the U.S. Trust Territory, Puerto Rico, Florida, Wallops Island, and Diamond

Shoals areas.

Photographic film provides a convenient and operationally-simple means
for recording, storing, and analyzing multispectral data spatially related to
position with respect to the ocean surface. Photogrammetric calculations made
from the photographic image plane would permit rapid hydrographic surveys
of large or inaccessible areas by remote sensing techniques. Multispectral
photometric measurements provide ''color' information to assist the inter-
preter in accurately defining the land-water boundary, separating water-borne
sediment loads from images of sand bars and reefs, achieving maximum photo-

graphic water penetration for bathymetric mapping, etc.

4,11.3.2 Multispectral Scanning

Another promising technique that may be used to map color differences
and compute water depth involves the use of two or more channels of data
that measure the spectral signature for each element observed under water.
A sensor system that can implement this technique is under development by
the University of Michigan's Willow Run Laboratories (101). This system
presently obtains data in 18 channels spaced between 0.3 and 15y. Data in the
visible region are obtained simultaneously in 12 different regions between 0.4
and 1.0y. The spectrometer mounted in the scanner represents certain
advantages in spectral filtering over the use of color film in cameras because,
with the former, a mechanical method is employed to select the wavelength
interval, whereas with the latter, dyes and emulsions are used whose spectral
responses are generally broadband and not well defined. The multispectral
scanner is also advantageous in that the time and space synchronization for
each resolution element is assured, thus permitting the use of automatic
pattern-recognition schemes in the analysis of the large amounts of data ex-

pected to be obtained utilizing satellites or aircraft.
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Illustrative of the type of data that can be obtained with a multispectral
scanner are the images (showing bottom details) in Figure 4.11-2. This figure
shows data from only a few of the channels in order to illustrate the effect of
wavelength on the quality of the image. Note that the best detail is seen in
the .55 to .58y regions, while only land above the water surface or white
foam, etc., are shown in the 0.8 to 1.0y region. In the region 0.62 to 0. 66y
only the shallowest points are observed, while in the blue region, 0.40 to 0.44“,,
scattering of light tends to lower the contrast of objects beneath the water.
Much work is being done to try to relate density on film to depths of water. The
amount of light reflected back to the sensor is the product of several factors,
including the transparency of the water and the reflectance of the bottom
material. Therefore, one must be careful to distinguish a given density on
film as the result of light coming either from a strong reflector at a relatively
greater depth or from a weak reflector at a relatively shallow depth, both
of which may give the same density. Only in the areas where bottom type and
water clarity are uniform can there be a reliable correlation between density

and depth of water.

The full potentfal of the multispectral method (besides the automatic
recognition and the improved spectral filtering) lies in the possibility of com-
puting absolute depth using two or more spectral channels. The results of
preliminary processing of a small portion of data taken off the Florida reefs
are shown in Figure 4.11-3. Two-channel processing using a light-pencil
method was performed; this processing amounts to color recognition of under-
water features using two spectral intervals. Comparison with the depth

sounding shows that water depths of less than 4 meters were recognized.

A parametric analysis of an optical-mechanical scanner has been conducted
by Willow Run Laboratories (101) to determine the requirements for obtaining

data for water depth penetration and for mapping details of under-water features.

4.11.3.5 Laser Depth Ranging

Water depth appears to be determinable directly by use of an optical
laser system which measures the difference between the laser-beam reflection

from the water surface and reflectance from the bottom. A number of
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Figure 4.11-2  FIVE-CHANNEL MULTISPECTRAL IMAGERY, PACIFIC REEF, ALTITUDE 3000 m (101)
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PRELIMINARY RESULTS OF ONE- AND TWO-CHANNEL PROCESSING.
Three different underwater features are mapped in parts
a,b, and c. (101)
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investigators have studied this application, (42, 101, 106) to determine the
feasibility. Two separate systems have been used in airborne tests, one

built by Raytheon (106), based on a frequency-doubled yttrium aluminum garnet
laser (5300 }) transmitter and one built by AVCO (42), a Neon laser (5401 k).
Resolutions of the two systems equal 3 to 4 attenuation lengths which extra-
polates to a maximum depth measuring capability of ~36 meters. Murky waters
will reduce depths obtainable. It is expected that these figures can be
increased to a point where 4 to 6 attenuation lengths can be achieved for air-
borne systems. At this point power becomes a limiting factor. In shallow

water, a 0.5 meter accuracy in depth determination was achieved (106).

The bathymetric information from a laser system is obtained by measuring
the time difference between the light which is reflected from the surface of
the water and from the sea floor. The signal from the water surface is many
times greater than the signal from the bottom because it does not suffer the
attenuation losses of the light's double passage through the water medium.
Thus it would be required only to investigate the signal-to-noise conditions
which influence the signal from the bottom in order to determine the maximum
depth-ranging capability of satellite and aircraft laser systems built using state
of the art laser components. This has been done in a preliminary manner by the

Willow Run Laboratories of the University of Michigan (101).

Figure 4.,11-4 shows depth ranging system performance obtained by the
University of Michigan using the design parameters developed for their study.
The plot for the satellite system indicates a coastal-waters depth-ranging capa-
bility of 15. 3 to 30.5 m for daylight conditions (noon) and 15.7 to 31 m for
nighttime operation. All the systems studied showed a depth-ranging capability
of greater than 10 m for the worst case (maximum attenuation coefficient) of
coastal waters. For example, in Chesapeake Bay, the satellite system could
measure a depth of 15.3 m. For the aircraft system, coastal waters depth-
ranging capability under daylight conditions is 36.5 to 74.0 m at both 3 and
10 km altitudes. (The system design for 3 km altitude operation was optimized,
by reducing the power of the laser, to make the performance equal to that of
the 10 km altitude system.) For nighttime operations, the aircraft depth
ranging capability in coastal waters is 45 to 90 m for the '21; km altitude system

and 46 to 93 m for the 10 km altitude system. Spacecraft systems would tend
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to be large, so that component and subsystem development must be carried

out to assure that these systems are practical in size and reasonable in cost.

4.11.3.4 Wavelength Comparison

Investigations are being conducted at the University of Michigan (101)
using waterwave refraction as a potential indicator of depth. This technique
may prove to be significant for those areas where light penetration of water

is poor.

The practical application of wave-refraction techniques to the detection .
of shoal waters will depend heavily upon the ability to image surface waves
(for wavelength determination) from the aircraft or spacecraft and upon use
of an optical correlator for wavelength determination. The application of an
optical correlator will make it possible to semiautomate the decision process
for the detection of shallow waters by using a variable-gate technique to
determine the maximum wavelength of the ocean waves in the image field. The
output from an optical correlator is a diffraction pattern (similar to an X-ray
diffraction '"powder pattern'') that appears as dots in a polar-coordinate field.
The dot spacing is dependent on wavelength, and the dot position is related to

the azimuth direction of the impinging waves.

Possibly, the application of wave-refraction techniques to shallow-water
location may only require determining whether a particular wavelength is
present in one frame and disappears in another. In the optical processor, the
Fourier transform plane is photographed, and a wave swell of a given length and
direction appears as a point near the center of the transform on the film. The
shortest wavelengths appear farthest from the center. The azimuth direction
of the pattern is related to the direction of propagation of the wave front. In
a preliminary test (101), a change in the Fourier transform was observed as
a result of changes in the wave surface due to the presence of an island (see
Figure 4.11-5). What is needed now is a series of photographs of wave re-
fraction taken near shallow depths and then optically processed to measure the
length of the refracted wave; the best analytical model studies can then be
used to estimate water depth from the knowledge of deep-water and refracted

wavelength.
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Figure 4.11-5

PRELIMINARY RESULTS OF OPTICAL PROCESSING SHOWING DIFFER-
ENCES IN FOURIER TRANSFORM DUE TO THE PRESENCE OF AN
ISLAND. Parts b and d are the transforms of parts a and
c, respectively. (101)
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The optimum application of the wave-refraction technique depends upon
the existence of swells impinging upon a shoal feature. Since these swells
are usually generated by storm activities at distances remote from the site
of measurement, their form approximates that of plane waves. (Plane waves
produce the most distinct '"dots' in the optical correlator's Fourier component
pattern.) Open-sea swells range in length from 90 to 250 m and occasionally
they are as long as 360 m. (The record length is up to 1525 m.) When long
waves impinge upon shoal water, they begin to feel bottom and to change their
length and/or break. From the linear theory, an open-sea wave with a length
of 225 m will reduce to 100 m when it encouters a depth of 8 m, if the swell

height is not such that it has broken by the time it reaches approximately 15 m.

Contrast enhancement of waves is possible through the use of the different
polarization properties of reflected sunlight and a changing water-surface slope.
Imaging wave patterns by camera or by radar systems from space has one
advantage over low altitude data in that the smaller scale leads to a Fourier

transform where the longer wave-lenghts are separated further from the center.

In application, the maximum wavelength within a satellite's image field
may be monitored by an optical correlation technique. When waves of lengths
greater than 120 m are indicated, the maximum length will be monitored until
a significant reduction of this length is observed in the field. This reduction
may take place for any or all of the following reasons: 1) the sensor in orbit
may be outrunning the direction of swell propagation from a storm center;

2) the orbit path may be toward the storm center; 3) the wave field may be
encountering shoal water. The rate of change of the maximum observed wave-
length and direction data from the optical correlator will give information con-
cerning the direction of propagation. If it is suspected that the wavelength
change is caused by shoal water, the multispectral '"color' record will be
examined for a color change, and the thermal record will be examined for a
temperature change. Further, the wave record will be examined for direction
changes indicating true wave refractions and for wavelength patterns indicating

wave trapping of wave energy.

Detection need not be done in real time; multiple passes of a satellite

can be used to establish the persistence of color and temperature anomalies
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and to take advantage of the opportunity to observe the events of wave refrac-

tion in the case of swells arriving at the site from several directions.

4.31.3: 5 Thermal Anomalies

Of all the observables under investigation the thermal anomaly appears
to hold the least promise of positive association with submerged features (101)
because of two limiting factors. First, depth of water cannot be inferred from
the detection of a thermal anomaly, so the anomaly would be useful only as
another indicator of geographical position. Second, there are many other
phenomena which affect temperature structure in the oceans (e.g., upwellings,
currents, and fronts), so that detection of a thermal anomaly may be a false
indication of a hazard to navigation. Nevertheless, a study was made (101)
in an attempt to determine if spatial extent of absolute temperature differences
(or anything else) may serve to distinguish types of anomalies and therefore
indirectly provide useful information about underwater features. It was en-

couraging that two examples of infrared thermal imagery showed apparent

positions of underwater features due solely to the surface temperature structure.

Infrared imagery acquired by HRB-Singer, Inc., showed that observed thermal
variations correspond approximately to depth contours. Other imagery ob-
tained by Naval Air Development Center, shows underwater features by the
variation in the ''spatial texture'' of the temperature differences at the surface;
i.e., one could not find a temperature gradient as such, but one could infer its
existence by recognizing a change in the '""thermal structure' on the infrared
map. Conclusions resulting from a number of investigations have shown that
anomalous heating effects do exist and might be detectable as surface effects,
especially in the formations of new shoals or islands by volcanic action, but

the technique has limited application.

4.11.3.6 Algal Type and Bottom Characteristics as Indicators of Water Depth

Other possible indicators of ocean depth (in coastal regions), include
bottom type and algal type. Polcyn (101) disucsses the possibilities of using
algal for depth determination pointing out that algae grow in all the oceans of
the world but are restricted to more or less ''shallow water' 200 meters. It

is well known that those algae which are visible part of the time because of
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tidal movement show marked zonation patterns. If algae which are always

submerged are similarly zoned, then they may also be indicative of depth.

There are a number of multispectral sensors being developed, which could
be used to recognize species by their spectral signatures; thus, if there were
an ecological relation to depth, then the depth might be inferred from the
recognition. Even if there were not a reliable relationship of type with depth,
it still would be useful to know the predominant species in likely areas and
then to use the change in the observed color of the algae (due to the spectral
losses in the light with depth) as a measure of the depth differences. When-
even a uniform bottom type is encountered over a varying depth, and uniform
water transmission can be assumed, then a measure of depth change can be
obtained from the change in density of a photograph or the change in electrical

signal from a multispectral scanner.

Many ecological factors influence algal distribution. The following are
the more important factors affecting distribution in the infralittoral fringe and

in the infralittoral zones.

1 Emergence 5. Substrates
2 Light 6. Salinity

3. Temperature 7. Periodicity
-+ Sea Activity

Polcyn's conclusions (101) were that algae grow at specific depths de-
pending on a number of ecological factors. Most depth ranges are relatively
wide (up to 15 m), but a few algae in the infralittoral fringe are restricted to
zones 1 m or less in width. In a few instances, algae types identified at the
surface given an indication of depth; for example, the presence of the brown

kelp Macrocystic implies depth of 10 to 25 m. Where a particular algae type

grows at various depths, it becomes useful in terms of a known spectral re-
flectance percentage and thus aids in mapping features through multispectral
techniques. The literature is inadequate in supplying necessary depth data for
most areas of the world. It will be necessary to conduct studies specifically
for the purposes of clarifying ecological changes with depth and compiling a

catalog of indicator species and their ecological requirements.
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4.11.4 Image Enhancement Techniques

Various image enhancement techniques have been under study for a
number of years. These techniques are employed for the purpose of extracting
additional information other than that readily detected by visual means. One
process that shows significant potential for increasing the information content
in photographs for hydrographic surveys has been developed by D. Ross (112,
113, 115). This process reduces each density level on the image sequentially
into a form which can be printed separately on color-coding mylar base films,
each level being represented by a different color. All densities in the con-
tinuous -tone density range of the original image above and below each density
slice are completely suppressed. The color-coded density slices are assembled
in register with one another to form a composite false-color transparency which
may be viewed in this form; or individual ''slices'' may be removed from the
image and re-assembled to show the patterns and contours of discrete bright-
ness levels in the original image. The original image may be a standard black
and white photograph or may be separated from natural or infrared color films

with optical filters.

Where the bottom reflects light homogeneously, the luminance of light
in clear water can be related to relative depth, as recorded by vertical pho-
tography, if densitometric characteristics of the camera and film are known
and a standard atmosphere is assumed. Other factors such as particulate
matter in the water introduce unknown factors which will influence light scat-

tering and absorption, affecting the utility of this approach to bathymetry.

Examples of image enhancement are shown in Figure 4.11-6 and Figure
4,11-7. These figures show both shallow and deep water contours that were
made from a Gemini photograph of the West Florida Keys. The shallow water
enhancement method (8 increments, 7 at 0.05, the green contour at 0.10)
produces nine meter depth contours which has close agreement with charted
depth contours throughout much of the imaged area. There are several de-
partures in the continuity which probably show where the water has deepened in
some areas and become shallower in others since the bathymetric chart was
produced. The 9 meter depth is mostly contained within the first three density

levels (purple, red, orange). The outer contour line on the west and north of
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Figure 4.11-6

Figure 4.11-7

WEST FLORIDA KEYS, SHALLOW WATER (115)

At

WEST FLORIDA KEYS, DEEP WATER (115)
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this chart is at 18 meters, and includes an area noted '"Shoaling, 1966, ' but
depth has evidently not decreased as yet to 9 meters. In the deep water en-
hancement (eight 0. 05 increments) depth contours correlate at a depth of 18
meters in this region in the western and northern quarter, but deviate in the

northeast and southern areas.

Photo-optical image enhancement processes are important aids for inter-
preting oceanographic imagery. The geometry of the input image is preserved,
visual resolution of detail is improved substantially, and low-contrast density
and color changes can be separated readily. Reduction of the enormous quantities
of data found in images of the earth taken from space can be accelerated by

such processes on a rapid and economical basis.

Thus far, space oceanographic images which have been made available
for image enhancement have not been entirely suitable for scientific work, nor
were they intended to be more than preliminary records. Nevertheless, the
potential which this form of remote sensing offers has been more than clearly
demonstrated. Fully calibrated sensors and closely controlled image reproduction
will permit quantitative measurement to be made of many forms of ocean phe-

nomena.

4.11.5 Conclusions

Four basic methods (bottom reflection, laser ranging by time difference,
wave analysis, and thermal anomalies) can be used to provide information as to
the location and depth of shallow water features. As in all detection problems,
the final classification of a particular depth will depend on a ''convergence of
evidence'' from several sensors, since each one by itself may not be wholly

reliable.

Only the laser ranging sensor measures depth directly. Tradeofif
studies show that presently available components and reasonable system sizes
will provide laser systems that can measure depth to ~45 m from an aircraft
flying at a 460 m altitude over coastal waters with mean values of attenuation
coefficients. However, spacecraft systems tend to be large, so that component
and subsystem development must be carried out to assure that these systems

are practical in size and reasonable in cost. Design studies show that, from
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space, a laser system with state of the art’components with a receiver col-

lector area of at least 1.3 square kilometers could detect depths of .8 m in coastal
waters with mean attenuation. Experimental verification of water-depth measure-
ments with laser systems from aircraft should eventually be made in conjunction
with testing of sensor techniques that utilize multispectral data or wave-refraction

effects to measure depth.

A review of the multispectral methods of depth determination suggests
that two o6r more charinels might be used to compute absolute water depth pro-
vided that the values of water transmission and bottom reflection are known or
can be assumed. The advantages of this approach are in the method.of spectral
filtering and in the immediate electrical output of the sensor. The use of a
laser ranging system or other method of providing accurate measurements of
depth at known points would serve as an effective method of calibrating the

multispectral measurement for area coverage.

Under favorable observation condifions, wave analysis techniques making
use of optical data processing may eventually achieve depth measurement with
an accuracy of 10%. Observation of long wavelength swells, in the absence of
local chop, and the use of optimum conditions of resolution and contrast in
the imagery used for processing would all contribute to accurate determination

of water depth.
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4,12 SEA SURFACE TOPOGRAPHY

4,12.1 Introduction

The geocentric radius to the surface of the sea is a changing quantity at
each point of the global oceans. Tidal forces, wind stress, and barometric
pressure constantly remold the sea surface. These changes can be pro-
gressive, cyclic, or intermittent, but each has an explanation and significance

in further understanding of physical processes at work within the oceans.

It has been suggested (39, 66) that global coverage of these effects
might be provided by a very high resolution spaceborne altimeter system.

The technique could be valuable for measurements of:
"1_) the_ patterns and transports of pr'ima.ry ocean currents;
2) tides, ocean-surface waves, and possibly tsunamis;
- 3) storm surges; and
4) eustatic changes of sea level,

Prehmmary feasibility studies have been conducted. The usefulness
of a.ltunetry technlques for the above applications depends on the height
resolution that could be achieved. A resolution of at least + 1 meter would
permit the detection of tides on the continental shelves, storm surges, and
possibly the surface elevations associated with western boundary currents.
A resolution of + 0.1 m or less would greatly augment the scientific

significance of all the other observations.

4.12.2 Sea Surface Slopes Relative to the Geoid

The measurement of the difference between the topography of the sea
surface and the geoid is of fundamental importance to physical oceanography.
Given the geopotential of the sea surface and knowing, from ship observations,
the internal distribution of water density, we would then be able to compute
the dynamic topography of all isobaric surfaces and the values of the global
geostrophic transport of mass and heat by ocean currents at all depths. The

great advantage in this approach is that oceanographic calculations of

4-132



geostrophic mass and heat transports by ocean currents could be made on
the basis of facts, avoiding the traditional assumption that somewhere deep

in the ocean the water is motionless.

"The geoid is not known well enough to permit the calculation of all sea-
surface slopes by differentiating the departure of the sea-surface from the
geoid. The principal question is whether or not the larger slopes of the

sea surface can be distinguished from the background of the geoid.

The largest surface slopes associated with ocean currents are found in
the middle and high latitudes. The Gulf Stream, the Kuroshio, and in the
Southern-Hemisphere the Agulhas Current, are the strongest and most intense
currents. Attempts to answer whether or not the slopes of the sea surface,
referable to ocean currents, can be detected should start with areas -
dominated by strong western boundary currents, such as those mentioned
above. Cross-stream slopes have been computed for the purpose of finding
representative values for maximum slopes of the Gulf Stream and indicate
that a height ‘difference of about 140 to 150 cm can be expected in a traverse
of 120 kom across the Gulf Stream.

Measurements of sea slope in general and current boundaries in parti-
cular would be not only of basic scientific interest, but also of practical
value. For example, the atmosphere overlies the world ocean and is nourished
by oceanic vapor and heat. Detailed observation of the structure of the
general oceanic circulation on a day-by-day basis would surely advance
knowledge of the energy exchanges between the ocean and the lower atmo-
sphere and improve capabilities to predict weather by numerical forecasting

techniques.

For dynamical interpretation of calculations of mass transports,
measurements of sea-surface relief would be most valuable if made with
reference to the geoid, (that equipo‘tential defined by the surface of a motion-
less ocean, under uniform atmospheric pressure, in which density is a function
of pressure alone). There is now no method that permits the potential
or gravity at the sea surface to be determined to high spatial resolution from

satellite measurements.
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The altimeter senses variations in the height of the ocean surface. To
digtinguish the ocean-surface from the geoid, variations in the gravity field must
also be sensed or known. In principle, this sensing can be done by continuous
tracking of the satellite orbit variations. This technique should be adequate
for averages. over extents of 100 km or more. However, the satellite orbit
tracking probably would not be accurate enough to pick up the variations
of less than 100 km wavelength, which are appreciably damped at satellite
altitude. Hovvever, it appears that surface gravity methods will become

adequa.te over the next decade.

A difference of the slope inferred from the altimetry from that derived
from the deflections of the vertical would indicate a slope of the sea surface
with respect to the geoid, .i.e., the presence of a current, The observed
slope would be very close to the slope of an isobaric surface (1 atm) and with
0.1 m resolution in the altimetric data, yield a measurement of the dynamic
slope accurate to 0.1 meter. Such resolution in the dynamic topography of
an isobaric surface would permit the internal field of pressure and currents
at all other depths in the ocean to be completed with an error of only 20%
or so wherever measurements have been made of the vertical specific~-

volume ‘gré.dient in the underlying water column.

While the Western boundary-currents, such as the Guif Stream and
Kuroshm, will provide sharply defined relief, altimetric changes over the
broad Equatorial Current systems will be difficult to detect through the
'noise'’ due to long waves, tides, and barometric pressure changes. For
this reason, an altimeter should be accompanied by thermal, spectrophoto-

metric, and possibly other ancillary sensors.

4,12.3 Tides .

The use of a radar altimeter to study the tides should be concentrated

.. on the theoretical problems of tides and not on the practical problems because,

for most of the important parts of the world, present tidal predictions are
more than adequate. For parts of the world where the tides are not well
known, practical results can, of course, be obta.i.ne‘d, but the geophysical

global-scale problems are probably of greater interest.
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To compute the work-done by the moon and the Sun on the water of the
sea (oceanic tidal dissipation) from the global field of sea level elevation,
very precise observations (precision of + 1/2° in phase and +2 cm in
amplitude) might allow detection of some significant tidal dissipation outside
the ocean. In other cases, the U.S. Coast and Geodetic Survey has found
that for purposes of tidal prediction at ports, 0.1-hourly values read with
a precision of about 3 cm are sufficient. For various geophysical purposes
(computing the ocean loading contribution to solid earth tides, computing the
oceanic contribution to tidal fluctuations of the terrestrial magnetic :Ei'eld,
ete. }, knowledge of the deep-sea tidal elevation field to within 10% of its
local value would be useful. These problems of enduring geophysical
interest have been under study for centuries and satellite techniques now

offer a means of solution,

4,12,4 Storm Surges

Storm surges are caused both by intense extratropical cyclones whose
centers move near land masses. The strong onshore winds pile up water
along the coast, and offshore winds push it away. Storm surge amplitudes’

can alter observed tidal levels by 3 or 4 m.

Theoretical surface elevation due to a storm surge at Barrow, Alaska
have been computned (39). The effect of the surge e.xtended along the coast
from Cape Lisburne to Barrow, a distance of about 400 kilometers. At
the peak of the storm, the surge exceeded 2 m over more than half of this
distance. The surge exceeded 0,50 m for a distance out to sea of zbout
100 kilometers. The profile of such a sui’ge could be measured in terms
of 100-pulse averages every 8 km if a spacecraft were to pass over the area

of interest during the time of the surge.

East coast hurricanes affect some portion of the coast from Florida to
Maine for 2 or 3 days or longer. The chances are correspondingly high
that one of the orbits of a polar orbiting spacecraft will pass over a region of
interest where features of the hurricane surge can be measured. Similar
statements hold for the east coast of Australia and for the Philippines, Taiwan,

Japan, and the Kurile Islands.
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Once it is proved practicable, a radar altimeter could become an
important adjunct to the world weather watch as a way to provide valuable
information on storm surges. 'However, because only elevations along the

subsatellite track are measured, not all surges will be detected.

4.12.5 Tsunamis

Tsunamis are associated with seismic disturbances over the ocean
floor usually in the vicinity of the deep trenches that border the Pacific
Ocean. A tsunami is always caused by a seismic disturbance, but not zll
seismic distrubances cause tsunamis. A tsunami originating on the rim of
the Pacific Ocean takes about a day to travel across the Pacific to the other
side. Owing to the shape of the Earth, originally divergent waves can
converge and increase in amplitude as they approach an antipodal point.

The most prominent waves are present for the first day or so. If a satellite
makes 14 orbits a day consisting of 14 north-bound and 14 south-bound passes,
there is a high probability that 5 or more orbits- will pass over a tsunami
wave-train as it progresses across the Pacific, But tsunamis are ephemeral,
For this reason, it seems unlikely that an altimetric warning would precede
tsunami detection by ground-based sensors (39). However, the open-ocean
amplitude and progress of a tsunami wave train might best be determined by
spacecraft altimetry. Such observations would also prov1de fresh information

on the directional characteristics of each type of source.

Preliminary studies have shown that an a.ltimeter with a per pulse rms

error of 1 m or less-would have the best chance of detecting a tsunami.

4.12.6 Radar/Laser Altimetry Studies

A series of studies have been performed on contract to SPOC and NASA
(107, 108, 109) prerequisite to the building and testing of an altimeter system

to measure the .shape of the geoid or mean sca level from a spacecraft,

The altimeter performance requirements generated were for rms
error in the range of 0.1 to 7 méters, and measurement densities ranging
from 0.1 to 200 measurements per 10,000 km?. A tradeoff analysis (108)
compared the capabilities of candidate radar and laser altimeter systems to
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meet these performance requirements. The study substantiated that

satellite altimeter technology may be capable ultimately of providing better

than 1 meter accuracy for useful géodetic data. Both radar and laser

technologies offer promise of meeting ultimate required accuracy in tenths

of meters, however, a radar altimeter system is better able to meet

geodetic requirements than a lager altimeter system for the following reasons.

Pointing Data - The radar altimeter system requires less accurate

knowledge of attitude (pointing angle), than does laser system.

Data Rate - The radar system measurement rate is ten times

that of the laser system.

Accuracy (Data Processing) - The radar altimeter system

performs better spatial averaging of the sea surface, and

‘better time averaging over a large number of ranging pulses.

Volume - The radar system occupies less volume, than does

the laser system.

Weight - The radar altimeter system weighs significantly

less than the laser altimeter system.

The GEOS-C mission will be the first satellite altimeter-flight, The

GEQOS-C altimeter is expected to measure altitude with an accuracy of 5

meters, precision of 5 meters and a resolution of 1 meter. The radar will
probably operate at x band (8 to 10 GHaz).
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4.13 SUMMARY AND CONCLUSIONS

Under the.auspices of SPOC, NASA, other government agencies, and
private industry, extensive research has been conducted in the following areas:
(1) analyzing data acquired from extant manned and unmanned satellites-to
determine oceanographic information content;. (2) developing new instruments
and techmniques to acquire oceanographic data; (3) using off-the-shelf airborne
instruments to acquire oceanographic data; and (4) the reduction and inter-
pretation‘ of acquired aircraft data for oceaﬂqgraphic purposes and studies
aimed at ground truth comparisons. SPOC under its charter, has been especially
active in sponsoring those activities concerned with developing néw data acqui-
sition technigues and analyzing data to determine its usefulness for better under-
standing ocean phenomena. NASA has been more active in conducting data
acquisition programs, both aircraft and spacecraft, developing and ‘building
sensors, and studying means to transmit, compress and receive the acquired
data.

Since the inception of SPOC in 1965, substantial progress has been made
towards developing a capability to acquire ocean data and apply it to oceano-
graphic problems using space and airborne remote sef}sors. This is & result
of a concerted effort, not only by SPOC, but also by a wide range of other
interests, both industrial and government. Resealch has covered: ima:ge
enhancement techniques, selecting optimum frequencies and spectrums for
acquiring data, ‘comparison of sensor returns with 'surface truth data, develop-
ing new instrument techniques, evaluating data for information content, and
many more, This research is prerequisite to achieving the capability to

acquire ocean data remotely and now appears to be converging on that goal.

Some of the more significant achievements to date in oceanographic
remote sensing which have been presented in this section are summarized

below:

1. The successful detection of chlorophyll has been accomplished

from low altitudes using spectroscopic methods,

2. 0il slicks have been successfully measured from aircraft altitudes
using thermal IR irmaging fechniques. This technique shows the most potential

for providing such information,
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3. Nimbus HRIR data analyses have provided sea surface temperature
(S5T) information with fairly high resolution; however, it does not meet oceano-
graphic requirements. Improved resolution and accuracy could be provided

with a radiometer designed expressly for SST determination.

4. Preliminary research aimed at determining the feasibility of micro-
wave techniques for obtaining sea surface temperature have been encouraging,

but additional studies are required before the technique is fully developed.

5. DPreliminary results of microwave tests to determine sea state indicate
that sea surface emission can be correlated with wave heights for waves up to

at least 6 meters in height.

6. Preliminary radar observations of ocean backscatter have shown an
increase in off-vertical backscatter with increasing sea state. It has been
demonstrated that wind speed is the dominant factor in determining the

characteristics of the backscatter return.

7. Ocean currents have been identified using Nimbus HRIR and ATS
TV data.

8, Significant positive results have been obtained employing a variety
of remote sensing techniques for the detection of sea ice. Included are radar
imagery and scatterometry, multispectral scanning, laser profiling, IR radio-

metry and microwave imaging.

9. The use of a specially designed IR radiometer for determining heat
flow from the sea surface appears to be limited to low altitude aircraft
flights because of atmospheric interference. The use of microwave techniques

for heat flow determination requires a significant increase in state of the art.

10. Water depths up to 45 m have been obtained using spacecraft color photo-
graphy. Pulse lagser systems flown in aircraft have also shown a significant

potential for determining water depth in shallow areas up to ~100 meters in depth.
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SECTION 5

STATUS OF REMOTE SENSING OF
OCEANOGRAPHIC PARAMETERS

The current status of remote sensing techniques for ocean applications
is detailed in two sets of tables: Tables 5.1 - Status of Remote Sensor
Development, and Tables 5,2 - A Discussion of the Status of Remote Sensor
Development. Information presented in these tables was acquired from
various recent sources of information. They are, in order of importance,
personal interviews with scientists and engineers working in the remote
sensing field, mailed inquiries returned by scientists and engineers, and
reports describing recent results and progress in remote sensing. This
latter group included both SPOC funded studies as well as those funded by

other agencies.

Fifty-nine questionnaires were distributed to industry, university and
government organizations engaged in remote sensor R&D activities (see
Appendix I). Twenty-eight were returned for a response rate of 47 percent.
This group of questionnaires provided nof; only the highest rate of return
but also the most informative returns. Eight personal interviews were also

conducted with individuals active in the areas of sensor development.

Information in the tables indicates that it is feasible to build a number
of desired instruments using current state of the art techniques and fly them
in space to provide useful data for oceanography. This, of course, does
not mean to imply that all potential applications for each instrument could be
satisfied with state of the art capability; they cannot, as is also evident in
the tables. WNaturally, most of the data obtained initially from satellite
systems would be of an experimental nature. It should be noted also that a
much larger number of sensors are operational in an aircraft mode and are
presently capable of providing data of use for a wider range of applications
than is the case with satellite sensors. This is to be expected since the
lower altitudes simplify instrument requirements for high resolution data.
Also there are few weight or power restrictions, no communication problems,

and sensor reliability and lifetime are not as critical.



and if possible, obtain data of geodetic and Earth physics interest, The
data from this flight should be of great importance in the further radar
altimeter development reqliire'a to obtain the 10 cm accuracy needed for

important oceanographic applications.

A conclusion to be r;lade regarding a number of sensors is that sensor
development is more advanced than the ability to accurately determine the
meaning of the data and how it relates to the ocean parameter under obser-
vation. This conclusion was arrived at after studying Tables 2.1 and 2. 2,
reviewing resulfts of recent investigations, and discussing the situation with

personnel intimately associated with remote sensing feasibility studies.

This is especially true in the case of microwave sensors (including
radar) for determining sea state (see Sections 4.5. 2 and 4. 5. 3) and surface
temperature (see Section 4.4.3. 3)and also for spectrometry techniques for
determining the meaning of certain spectral signatures (see Section 4. 2).
This is not meant to imply that there are no development problems
associated with the instruments themselves; there are, buf they appear to
be less complicated, i.e., microwave antenna design, than some data
interpretation problems where a number of variables, some unknown, are

involved.

Another problem area that impacts on data reduction and limits the
overall effectiveness of infrared and optical technology for surface studies
is the inherent attenuation within of the visible and IR spectrum caused by
the atmosphere. Several studies have been undertaken in this area (28, 53,
145), however, many unknowns still exist. This attenuation must be better
understood so that it can be recognized in the data and subsequently
accounted for. A third area where additional research is required is the
determination of the optimum spectral regions for surveying ocean color,
see Section 4.10. Several studies have been conducted in this area (113,
141, 163), but there is still not full agreement on those spectral regions that

will provide the greatest amount of information for ocean studies.

The significance of the above statements is that at present the further
development of remote sensing instruments for use aboard satellites is in many

cases constrained by a lack of information on which to base further develop-



ment. This need for additional information was expressed by a majority of
instrument désigners. Without comparisons of the results of existing
aircraft and spacecraft instrument measurements with surface truth and
analysis of the causes of any differences it is not possible for the sensor
designer to identify wherein his instrument must be modified to meet
requiremehts. This need for correlation of existing data with surface
truth is the most important information needed to support- additional
instrument development. Another information requirement for ingtrument
designers is a clear statement of data needs, e.g., what part of the visible
spectrum needs to be sensed, what is the maximum required repetition
rate, etc. Until the cognizant instrument designers receive the information
input which they require, little additional advance in instrumentation will

be made in many areas.
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TABLE 5.1-1

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA /PARAMETERS

PHENOMENON: MARINE ORGANISMS

G~9

SENSCR
STATUS
e
Qfé)
&
RESO- §S
PARAMETERS LUTION o © COMMENT
SURFACE FISH 10-20m | A S Photography
SCHOOLS {spatial) Multispectral
X photography
SUB~SURFACE 1 10-20 m C " .
FISH SCHOOLS (spatial) X Multispectral Depth sounding system is
+1 photography expected to have an accuracy
A . . of + .5 m or 5% of measured:"
(vertical) X Pulsed-light denih
. JAirborne Depth pLh.
Sounding Tech-
nique
FISH OIL X IR Radiometry
- ' X Spectrometry
A S - Spéc‘trépl:loto - TRW's Spectrbi)hotometer
PLANT LIFE : , metry (WISP) has been tested by a
3 ' ' s number of marine biologists
CHLOROPHYLL [10.1lmg/m A S Mé.llt;sp’ect;'al in a variety of geographical
JNOTE: ' P%loréglgr;%phy areas. Results are encour-
A = Instruments developed for operation from Aircraft ' jagIng-
S = Instruments developed for operé.tion from Spacecraft
X = Instruments being-developed for operation on either Aircraft
or Spacecraft or both

(Continued)




PHENOMENON: MARINE ORGANISMS

TABLE 5.1-1 (Cont'd.)
STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE

OCEANOGRAPHIC PHENOMENA/PARAMETERS

9-S

SEA SURFACE
TEMPERATURE
(See Table 5.1-3)

RESO-
PARAMETERS LUTION COMMENT
BIOLUMINESCENCE Photography
Low level light
sensors
| SEA WEED 10-20 m Radar Imagery
(spatial) Multispectral
Photography
FLUORESCENCE Fraunhofer Potential applications in~
Line clude sensing fish oils and
Discriminator other fluorescent pollutants,
SALINITY 10 PPM Microwave The microwave radiometer
SURFACE {Accuracy) Radiometry portrays .greatest sensitiv-
ity for salinity at a fre-
quency of 1,0 GHaz.
SUBSURFACE* It appears that such a deviceI

may be able to measure
salinity along coastal and - |
estuary regions where great
variances in salinity exist
due to influences of river
outflow and runoff of preci-
pitation.

#In situ sensor required,
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TABLE 5.1-2

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE
OCEANOCGRAPHIC PHENOMENA/PARAMETERS

PHENOMENON: POILILUTION

SENSOR & &
STATUS )
450
&%,
&
$ 9o
\’
& S
RESO- 4;4’ ENSOR OR
PARAMETERS LUTION © TECHNIQUE COMMENT
PARTICULATE >60 m A Photography The detection of pollution
(spatial) A IR Radiometry requires relatively high
. lresolution sensors. The
CHEMICAL Ol A Spectrophctanetry rgsolution's required (from .
(in solution) (spectral) Baird Atomic's :fj.ci)oigerzta}.fg;(:lfl—the-art
Active Sensing p grapay th
o System The use of spectrometer
OIL (T'l. 0 C;'a A A Multispectral techniques to detect oil
empera= b {Baird Atomic and Barringer
ture) Scanning R h P
THERMAL ) es.) has not progresse _
A Multispectral past the Lab. phase., Feasi-
Photography  {bility from aircraft and
Microwave spacecraft has yet to be
Radiometry determined.

QOther pertinent parameters
that may provide informa-
tion include color, surface,.
temperature, and chloro-
phyll,




TABLE 5.1-3

STATUS OF REMOTE SENSOR DEVELCPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA /PARAMETERS

PHENOMENON: WATER TEMPERATURE

SENSOR
STATUS
RESO- ¢ .
PARAMETERS LUTION © COMMENT
TEMPERATURE 3°c S IR Radiometry [Spatial resolutions of 10 e
SURFTACE A e Microwave ' near islands, coasts, and
) Radi - current,bouhdaries, and
adiometry 500 km~ in the open ocean
A Airborne Radia- |appears adequate for 'most
tion Thermom-|applications.
etry State-~of-the-art is available
o to build IR radiometer to
1C AjS%¥ 5 IR Radiometry |meet ocea.n%graphic require-~
X Microwave ments, 1.0°C. Variations
Radiometry are now spaceborne in
] NIMBUS 4, ITOS. More
A Airborne Radia- | studies are needed of atmos-
tion Thermom -|pheric attenuation of signal.
etry Extensive development
needed to use microwave
radiometer from aircraft
or spacecraft to acquire
accurate temperature data.
Basgically it is a low resolu-
tion instrument.
{Cont'd)

% ITOS scanning radiometer may possibly provide 1°C resolution.
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TABLE 5.1-3 (Cont'd. )

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA/PARAMETERS

PHENOMENON: WATER TEMPERATURE

SENSOR
STATUS
&
RESO- 04,‘5
PARAMETERS LUTION COMMENT
0.1°C X IR Radiometry [Field accuracy of theoART
e Microwave with correction = 0,4 C.
Radiometry
A X Airborne Radia-
tion Themom -
etry
SUBSURFACEH
HEAT FLOW 0.01% A b4 IR Radiometry |The IR Technique for
% . determining heat flow is not
Microwave feasible from spdce and
Radiometry

microwave radiometry
state of the art is not cur-
rently available.

* In situ sensors required.
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TABLE 5.1-4

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA/PARAMETERS

PHENOMENON: SEA STATE

SENSOR
STATUS
3
&
RESO- &
PARAMETERS LUTION © ~ COMMENT
WAVE HEIGHT ~1lm A Radar Scattero- [The use of radar techniques
. metry to determine sea state are
WAVE LENGTH ~30 m - lunder investigation. BSea
to »300m A Radar Imagery state cannot be character-
A Microwave ized by a single parameter,
Radiometry The higher frequency waves
are expected to be closely
A Ph9tography related to local surface
A Laser Altimetry |winds and apparently are the
. part of the spectrum sensed
A Radar Altimetry by the scatterometer.
WAVE DIRECTION 5° A A laser profilometer built

Photography

and tested by A, P, L., and
mounted in an aircraft flying
at 60 meters_altitude de-
lineated ripples of 2.5 cm

or less and waves of any
height.




TABLE 5.1-5

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA/PARAMETERS

PHENOMENON: OCEAN CURRENTS

SENSOR
STATUS
RESO- 04,@ o
PARAMETERS LUTION CCMMENT
CURRENTS 100-1000m| A S Color Iarge ocean currents have
HORIZONTAL/ (spatial) Photography béen detéctéd from space
VERTICAL A - 5 trl .h " with Nimbus HRIR data.
Pect OPHOLO= . |Resolution needs to be’
DIRECTION 5° metry improved to meet oceano-
: A X IR Radiometry |graphic requiremeéents.
4 A s Multispectral
s Scanning
A X Multispectral
photography
A Airborne Radia-~
tion Thermom -
etry
TEMPERATURE 1° ¢ A X IR Radiometry
. A X Microwave
VELOCI’E[‘Y* 1-4 knots - | Radiometry .

# In situ sensor required.
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TABLE 5.1-6

STATUS OF REMOTE SENSCR DEVELOPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA/PARAMETERS

PHENOMENON: ICE

‘ RESO- NSCR OR.
PARAMETERS LUTION < TECHNIQUE COMMENT
SEA ICE 10-100 A S Photography Sea ice extent and movement
EXTENT ( ~ . rln A . have been measured from
epa “‘g S Television space using TIROS TV and
MOVEMENT 1.0-2.0°C A X Radar Imagery . [Nimbus HRIR data.
A X Mi av However, improved resolu-
ﬁil;l?.zvmeir tion is required for opera-
4 tional purposes,
THICKNESS * A X IR Radiometry
COMPOSITION* A X Multispectral | Gata is influenced by a
. Bh h number of extemporaneous
otograpny parameters, thus does not
A X Multispectral appear promising for Arctic
Scanning areas which are frequently
cloud covered.
ICEBERGS (10-20m) § A S . Photography The ability to locate and
(spatial) : . track icebergs (all weather)
SIZE A X Radar Imagery of =10 m size via space
A X Microwave acquired data would be of
VELOCITY Radiometry great value to the Inter-
DIRECTION X Multispectral national Ice Patrol.
Photography

* In situ sensor required.
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PHENOMENON: OCEAN COLOR

TABLE 5.1-7

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA/PARAMETERS

© S
SENSOR & &
STATUS \.)Q
£
&
aZ\s
&
&
$ &7
RESO- oé ENSOR OR
PARAMETERS LUTION TECHNIQUE COMMENT
COLOR 30-1, 000 A S Photography Apollo/Gemini color photo-
meters ' graphy (Hasselblad Camera)
(spatial) A S Stlx)lchz:{lz.rophoto- produced excelleht photo-
¥ graphs with =100 m. reso-
.04y A S Multispectral lution. ' .
(spectral) Scanning Wavelength spectra of
A S Multispectral interest are:
Photography .4 to .58
.46 to Bl u
.5l to .56H

Optimum spectrum has yet
to be determined.

Information on ocean water
color is useful for many
applications, such as the
determination of: pollution,
chlorophyll, currents, water
depth, bottom character-
istics, and so forth.




TABLE 5.1-8

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE

QCEANOGRAPHIC PHENOMENA/PARAMETERS

PHENOMENON: BATHYMETRY

Fi-s

RESQO- NSOR CR - '
PARAMETERS LUTION TECHNIQUE COMMENT
BATHYMETRY 0.1-2m A s Color Photo- Water depth determination
' graphy ‘|appears feasible ovér a
A S Multispectral depth range of 0-90 meters.
Photography Using remote sensing tech-
. niques it is felt that the
A 5 Mg'ltISP.ECtral depth of about 50% of the
; . wcanning world's coastal waters-are
A X Laser Depth amenable to airborne sur-
Ranging vey by laser fathometer to
at least 20 m depth, about
A X SI:;CE:‘OPIIOFOH 35% to airborne laser bathy-
ey metry to over 40 m and to
A X IR Radiometry [|aerial photography to-over

20 m depth, and about 10%
to airborne laser survey to
over 60 m depth and to air-
photography to over 30 m
depth. Fifteen percent are

‘Inot amenable to optical

methods at all.

Data manipulation techniques
for color photography and
other type images, such as
image enhancement may
prove valuable in increasing
information content.
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TABLE 5,1-10

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA/PARAMETERS

PHENOMENON: STORM SURGES; TSUNAMIS

SENSOR
STATUS
&
RESO- ¢
PARAMETERS LUTION © COMMENT
DIAMETER I-2m X Radar Altimetry |Storm surges may range up
(vert.) X Laser Altimetry to 7m in height. )
HEIGHT Studies have shown the feasi-
X Radatr Scattero- lpijity of these techniques for
merery storm surge detection; how=
DIRECTION* ever, extensive development
VELOCITY* is required to bring them to

fruition.

The laser altimeter is vul-
nerable to atmospheric
influences and is completely
inoperative in the presence
of clouds. The radar is less
affected by atmospheric
transmission but sea spray
and heavy precipitation
present accuracy problems.

If systems to detect sea
level and slope are perfected
they may also be able to
detect tsunamis, however,
singé they are transient
phenomena, the probability
that an orbiting spacecraft
could detect them is rela-
tively low.

*In situ sensor required.




“TABTE 571411

STATUS OF REMOTE SENSOR DEVELOPMENT TO MEASURE
OCEANOGRAPHIC PHENOMENA/PARAMETERS

. PHENOMENON: GEOID :

SENSOR
STATUS

| 5
RESO- N
PARAMETERS LUTION o/ COMMENT
SEA SLOPE 1 10 cm X | Radar ’Allf:imetry Requirements are set forth
SEA LEVEL + 10 cm | L x Laser Altimetry | 2 the Williams College
- . ' e Summer Study Report.
SEA SURFACE + 10 cm . .o X Gravity Gradi~ |State of the art is believed
GEOMETRY D : . |ometry to be feasible within the

1970's time period, but
extensive development is
required.

' e

LI-§

Using laser techniques for
these measurements
requires a device to dis-
criminate between clouds

: - and the ocean surface.
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TABLE 5.2-1

STATUS OF REMOTE SENSOR DEVELOPMENT
-~ DISCUSSION -

Instrumentl
Description

Applicable
Parameters

Instrument Availlability

Potential for Meeting
User Requirements

Comments

Camera (Multispectral)

Variety of aircraft multi-|
spectral camera systems
are available and many
could be adapted for
space use,

Ocean Color

¢ Water Depth

¢ Sea State (glitter
and non-glitter
patterns}

¢ Currents

s Pollution

¢ Coastal Pheno-
mena

A variety of airborne multispectra]J Most oceanographic re-

cameras are available and have
been flown on an operational ba-
sis. A number of systems have
been proposed for space flight and
could be built with current state
of the art. A camera system is
scheduled for SKYLAB., A multi-

quirements eall for repeti-
tive coverage over a wide
geographical area which,

if cameras were used, would
require extensave film return|
mechanisms or the use of bi-
mat process. Both limit

spectral camera system consisting]the usefulness for an opera-

of 4 Hasselblad cameras was
flown on Apollo 9.

tional systermn unless it is
manned or man attended.

NASA has various ¢amera systems L£ these limtations can be

installed in its P3A, C130 and
RB57,

overcomeé many users still
prefer photographs
especially over coastal
phenomena.

For aircraft systems 1t
provades high resolutich
coverage, and has wide
application,

The determination of the
optimum spectrums have yet
to be agraed to.

The accurate processing of
color film to obtain identical
calibration standards from
ohe processing run to the
Inext is difficult and time
lconsumang. It is difficult to

rautomapically process, reducd

and interpret photographs.
However, there is extensive
hniormation in a picture and
people are used to handling
photos., Image enhancement
technmiques are being studied
to determine thewr contri-
bution to obtain addifional
bnformation.

Televasion

e 2Inch Return Beam
Vidicon

Spectral ranpge

(475 - 575,
1580 - . 680y
690 - .830u

~60 m resolutron

s Silwcon Vidicon
+ silicon intensifier
target sensor

Spectral range
.2tol.1p

Resolution

~2m from ~180 km
(40" F. L.}

* Low Level Laght
TV

Sea lce (extent)
Gcean Color
Currents
Water Depth

RCA's RBV system is scheduled
for ERTS A and B (1972 launch).

TV cameras using silicon vidicon
and silicon intensifier target
sensor are presently urder con-
struction and planned for SKYLAB
A prototype has been tested. Low
level light TV systems are
operational for aircraft use.

Resolution capability of the
RBV will be a signmficant
improvement over AVCS
{TIROE, ESSA, TOS).

System should provide ex-

{ cellent data for determining

sea tce extent, except when
cloud covered.

Depending on the RBV's
ability to accurately
measure coloy, the instru-
ment may provide infor-
makion on ocean color of
value for detecting ecean
currents, water depth, etc,

Low level light TV has been
used to determine appli-
cability for locating fish
schools by detecting asso-
ciated bioluminescence,

Extensive experience and
facilities exist for handling
TV data, However, 1t
appears that certain
rectification problems

will exist with BBV data,
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STATUS OF REMOTE SENSOR DEVELOPMENT

TABLE 5. 2-2

- DISCUSSION -~

-

o oL

!
-

-

/

Instrument
Description

. Bpplicable
Parameters

Instrument Availabrlity

Potential for Meeting
User Requirements

Comments

Laser System

Ocean Surface
Profiling (Sea

A number of prototypes have been
built and tested 1n aircraft up to

This technigue holds
significant potential for

Further testing under
varying atmospheric con-

o Continuous Wave State) altitudes of 9,000 meters. The obtaining profiles of ocean ditions ts required.
Helium-Neon Laser applicability to space has not been| waves. Low altitude flights
63284 Sea Ice determined, but preliminary ~150 m have delineated wave é“iii:lpr;h}]e ::v}falosf
theoretical results are promising.| heights to an accuracy of the i y topography ol
06 m. the ice, consequently ice
R age can be made after
F'or operations from space, studying profile character.
cloud attenuation of signal .
At present, an airhorne
would reduce usefulness.
system could support
Laser system together with statistical ice data
radar/microwave system collection.
could prove to be opturnum
| system.
Depth Determina~ | Pulse laser systems for operation| The potential for meeting Spacecraft sy’stem:s would

s Pulse

1) Yttrium Aluminum
Garnet Laser({YAG)

2) Neon Laser
(5401 1)

tion (Bathymetric
Surveys)

Water Turbidity

from alrcraft are still in the
prototype stage, with a number of
systems being tested. Results are
encouraging. Most testing has
been by the Navy or on contract
to the Navy.

user requirements is great,,
cspecially for airborne
systems. Tests have
provided .5 m accuracy In
shallow murky water.
Theoretical studies have
shown depth determuination
up to 93 meters under ideal
conditions is feasibile.

tend to be large, so .
component and subsystem
developrment must be
carried out to assure
systems are practical

Mulfispectral Scanner

¢ ERTS A% B System
«5to 1.1y (4 bands)

e ERTS B
.5to 1.1u {4 bands)
10.4 to 12.6f (1 band)

¢ Resolutions
~ 65 meters
200 m (IR band)

# Optical Mechanical
Scanner (Michigan)

16 channels,
0.32 to 2. b

2 channels,
4.5 to 13. 54

Ocean Currents
Chemic¢al Pollution
Shoal Detection

Sea Surface
Temperature

Sea Ice

Two different scanner systems
are planned for ERTS A& B, one
for each flight, A scanner 1s
also planned for SKYLAB. Other
scanner type instruments have
been flown previously in space,
for example, Image Disector
Camera System, as well as
various IR scanners on
meteorological satellites.

A number of prototype systems
have and are being flown 1n air-
craft. For example, the
University of Michigan scanner
has been used extensively for
ocean studies.

Other scanners have been built
by Hycon, Hughes, Bendix,

Scanners appear to hold
great potential for providing
useful data. For example,
they provide imagery and
radiometric measurements
in several spectral bands.

Operational systems will
require only a few
channels, present systems
with many channels are for
test purposes only to
determine most suitable
channels for various
applications.

ITT, and others.

Extensive data reduction
studies have been conducted.
Pattern recognition tech-
nigues show significant
prormise. Areas requiring
additional work to achieve an
operational capability in-
clude hybrid data pro-
cessor for spectral pattern
recognition, and on-board
data processing for band-
width reduction. The more
channels the more data re-
quires transmission

Data analysis studies are also
continuing to determine

exactly how the data relates
to various ocean phenomena.
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TABLE 5,2-3

STATUS OF REMOTE SENSOR DEVELOPMENT

- DISCUSSION -

Instrument Applicable N sq4 Potential for Meeting
Description Parameters Instrument Availability User Requirements C?omments
Spectrophotometer Spectral Reflec- TRW has built a prototype The instrument has the Data handling 1s more or
Resolution: tance (Ocean mstrument and tested it from low | potential to detect less state of the art;
2.3 m. from 18.3 km Color) altitude aircraft. Results are chlorephyll to an accuracy however, additional
30.5 m from 18.3 km | Chlorophyll encouraging. required for location of development 15 required
‘ ' . environment suitable for to achieve operational
100 R spectral band- Pellution ?pe?{?o}?hotometg ‘;’1} be buil fish. status.
width, 30 spectral or flig t test 1n NASA's RBS7T .
Bathymetry (high altitude test). QOcean color is a fundamental] Development of improved

bande - .4 to , T

* 2 modes of operation

differences to be detected.

measurement parameter.
Using a spectral measure=-
ment technigue allows
signatures to be broken up
into relatively narrow wave-
bands allowing minute

alporithmes for data
interpretation is needed.
More data acquisition with
simulfaneous ground

truth is required.

Spectrometer

Vizmikle and IR spectrurr
{~0,4-13p)

Spectral Reflec-
tance

® Ocean Color

» Chlorophyll

e F1éh Type

e« Pollution

Spactrometers applicable to ocean
studies are flying in a number of
aircraft including:

NASA RB57 {IR)
MNASA P3A (IR)
TRW (visible)

These instruments 1n A/C
tests show a significant
potential for detecting
c¢hlorophyll concentrations,
fish species, poliution types;
the extrapolation to space
altitudes has been shown,
however, feasibility studies
are still required.

The determination of
unigque signatures for
various fish species s
stitl under study. Some
have been determined.
Techniques need additional
tests with schooling fish
on the open ocean.

=
Airnorne infrared
Radiometer

Specifications may vary
wetween 1nstruments

General specificatinms
nre

eSpectrum-10.5 - 12,5
or 8.0 - 13,9

sTemp. resolution
~ &0, 3°C

¢Temp. range -2° to
+350

*See Table 5.2-4 for
spacecraft systems

oSea Surface Temp.

=Cuirents
-Fish

sSurface Oil
#Sea fce

eSea/Air Inter-
action

The Airhorne Radiation Thermo-
meter (ART) 15 an off the shelf
item and 1s currently tnstalled
in a number of aircrait (USCGQG,
ASWEPS, NAVOCEANOD, etc.).

A number of other aiiborne
radiometers have been built to
1individual specifications and are
installed in various aircraft,
both research and operational,

The following companies are some
of those active in the field

Barnes Engr. Ca,

Bendix Aerospace Corp.

Block Engr. Co.

Ramsey Engr. Co,

Santa Barbara Res. Corp.
{Hughes) :

At present IR radiometric
techmques are the only
temperature measuring
systems operational,
{A/C and §/C). The state
of the art appears to be
available for acquiring
data to meet most user
requirements, (1°C) for
sea surface temperature.
Clouds are a himating
factor. This techmque s
not all-weather.

Because of low altitude that
these instruments are flown,
atmosphere influences are
manimal but they do in-
fluence data and must be
compensated for., Addi-
tional studies aré required
in this area. )

Many studies have been
accomplished relating air-
borne acquired surface
temperature to detection of
currents, oil pollution, and
others. Thus meaning of .
data and how it relates

to ocean phenomena 1s
undérstood to a large degree
wtth additional studies con-
tinuing.
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TABLE 5.2-4

STATUS OF REMOTE SENSOR DEVELOPMENT

- DISCUSSION -

Instrument
Description

Applicable
Parameters

Instrument Availability

Potential for Meeting
User Requirements

Comments

Spaceborne TR Radio-
meter
* MRIR - Nimbus
s HRIR - Nimbus
* 9 km resolution
£1° - 2°C temp. res.
® SR-ITOS
7.5 km resolution
1 - 4°C temp. res. -
+ Spectrum - 9.5 - 12.5u

Sea Surface Temp-
erature

s Currents

s Pollution

s Sea/Air Inter-
action

Operational - primarily meteoro-
logical instruments,.- additional
launches of ITOS's with similar
mstruments are expected on a
regular basis. Additional Nimbus
Satellites will also be launched
with IR radiometer, part of '
complement. Data.1s available
to interested researchexzs.

State of the art 15 available
to meet user requirements
from space.

Those instruments currently
spaceborne do not provide
resolution requared for most
oceanagraphic applications.

SR 15 more appropriate for
ocean studies since it has
10,5 ~ 12,0y band (not affec-
ted by reflecting sunhght,

More studies required of
atmospheric attenuation of
signal, so data can be cor-
rected, Cloud detection
device should accompany
radiometer for ¢loud dis-
crimination,

IMicrowave Radiometer

o NASA P34 -
Multifrequency
Radiometer

& NASA Convair 990 -
1. 55 cm umager
3, 2 cm radiometer

1, Sea Surface

Temperature
2, Sea State

3, Sea Ice

4, Surface Mineral
ol

5. Salhnmity

State of the art 13 more or less
avallable to build a specific in-
strument if flnal specifications
could be determuined, i.e.,
irequency, antenna systems,
polarization, etc, Antenna design
15 one of the weak areas,

The first instrument for space
flight 15 scheduled for Nimbus E
(meteorological applications}.

A radiometer 15 also to be flown
on SKYLAB, Specifications call
for a resolution of ~2,0° K over
£0-400% range.

A variety of prototype medels
have been test flown in aircraft.

of those that are active 1n the
field:

Aerojet General Corp.
Ryan Aeronautical Corp,
Microwave Systams, Inc.
Westinghouse Coxp.
General Electric Corp.
RCA Corp.

1, Feasibility remains to be
determined, as variations in
emissivity such as surface
roughness related to sea
state tend to mask thermal
change,

2. By proper choice of
sensor characteriatics
{wavelength, polarization,
and viewing angle), it may be
possible to distinguish
between emission associated
with smiall and large scale
surface roughness.

3, The difference in bright-
ness temperature between
ice and water is very large,
even though both may be at

The following companies are somefhearly the same physical

temperature, Determination
of 1ce thickness may alsc be
fecasible,

4, May offer a means of de-
tecting oil and measuring
1its thickness if the various
parameters affecting micro-
wave return can be distin-
guished, i, 2, , 0il incidence
angle, wind speed, etc.

8. May prove feasible for
determining salinity along
certain coastal areas,

Further study required of
influences of foam, winds
emissivity, precipitation,
clouds, etc,

it is felt that the state of the
art of building the instru-
ment is significantly ahead
of data interpretation capa-
bilities. N

Extensive ground truth in-
formation sumultaneous’,
with over flight s nec-
cessary to improve data
interpretation,
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TABLE 5.2-5

STATUS OF REMOTE SENSOR DEVELOPMENT

- DISCUSSION -

Instrument
Description

Applicable
Parameters

Instrument Availability

Potential for Meeting
User Requiremer_sts

Cormnments

Radar Scatterometer

{Meagures’'the radar
reflection coefficient
as a function of mcidencd
angle.)’

Sea State (Wind)

Sea lce
Conditions

Prototype mnstruments are n-
stalled in MASA's and NRL's
test aircraft.

NASA's Aircraft has

1) 400 MHz scatterometer

2) 1.6 GHz scatterometer

3) 13. 3 GHz dual polarized

scatterometer

NRL's Aircraft has a 4 {requency
radar system: 8910 MHz,

4455 MHz, 1228 MHz, and

428 MHz,

Present observations indi-
cate an 1ncrease in off-

vertical radar backscatter
with increasing wind speed

which in turn relates to wavd

height, wind direction also
has a significant affect on
data.

At the present time this
techmque appears to hold
the most potential for pro-
viding all weather sea state
mformation. .

Extensive studies are re-
quired before this techmique
can be used on an opera-

tional scale.

Experimental error 1s
sufficient that the absolute
level of the scattering
coefficient versus angle
curve must be established
by better experiments.

The results of experiments

using the NASA radar are
not compatible with NRL

results, and must be
resolved. Thus proper

choice of frequency has yet

to be determined,

Radar Imager

e 16.5 GHz SLR
(converted Philco DPD-2
System) Synthetic
aperture receives and
transmits horizontal
and vertical polarized
waves,

e Four Frequency Radar
System (NRL)*
X Band 8910 MHz
C Band 4455 MHz
L Band 1228 MHz
P Band 428 MHz

* Described under radar

Sea Ice
Coastal Processes
Icebergs

Sea Surface
Roughness*

scatterometer syste

NASA has two SLR systems in-
stalled in its aircraft (P34, C130)

Previocusly AN/APQ 96 and
AN/APQ 56 systems as well as
others were used to acquire data.

At the present time no SLR's
are proposed or planned for
spaceflight.

State of the art 1s more or less
available for building and

flying a SLLR systermn it space.
Constraints are weight, volume,
and power.

These systems have not been
designed specifically for ac-
quiring this type of data, thus
they are not optimum, Cost and
classification are major factors,

The capability of radar
systems to provide useful
data under weather and
Hghting conditions un-
suitable for visible sensors
is significant.

Excellent surface resolu-
ting is obtained with SLR,
thus its application for sea
ice, icebergs and coastal
phenomena is dictated.

With sophisticated techni-
ques being incorporated in
new SLR's sea surface
roughness may also be
determined.

The radar imaging system's
output is 1n an image format
analagous to a photograph,
thus photo interpretation
techmques are applicable

as well as computerized
image enhancement
techmques.
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TABLE 5.2-6

STATUS OF REMOTE SENSOR DEVELOPMENT

- DISCUSSION -

Instrument
Description

Applicable
Parameters

Instrument Availability

Potential for Meeting
User Reguirements

Comments

Radar Altimeter

s GEOS-C

Noncoherent pulse
tracking system,
drpgital signal
processing.

Approx, RF =10 GHs=,
10 MHz bandwidth

Mean Sea Level
Currents
Storm Surges

Tides, Waves,
T sunamis

GEQOS-C hardware has not been
built, although the design will be
based on proven technigues and
hardware.

Other altimeters have been flight
tested on aircraft; NASA has an
APN-159 radar altimeter
installed on 1ts P3A.

A radar system appears more
applicable for meeting user
requirements than does a laser
altimeter, because:

e Radar requires less accurate
knowledge of attitude than does
laser.

e Radar measurement rate is
10 times that f the laser.

» Radar performs better spatial
averaging of the sea surface.

The GECS-C altimeter will
provide an accuracy of
approximately 5 m, hence,
its use for ocean studies
per se will be extremely
lirnked.

If a resolution of 1 m
eventually achieved the
detection of tides on the
Con Shelf, storm surges,
and possibly surface
elevations associated with
western boundary currents
can be achieved.

A rgsolution of 0 1 m would
greatly augment the scien-
tific significance of the
above, but will not be ob-
tained in the first genera-
tion space systems.

Additional research needs
to be conducted to
determine variations of
return pulse shape as a
function of pulse width,
altitude, sea state, and |
size of 1lluminated area.

Improved signal processing
techniques and sensor cali-
bration techniques must

be developed.

Extensive and accurate
ground truth data ic a
must with both aircraft
and spacecrait tests.

Fraunhofer Line
Discriminator
Spectrum-

Sodium D3
Fraunhq{er line
(5890 1)

Resolution:

26 m from
1500 m altitude

Fluorescence
Coefficient of
Water

@ Chlorophyll
» Oil Pollution

One prototype instrument exists
and operates at one Fraunhofer
line at a time. Up to three
different lines are available.
Instrument has been flown in a
helicopter for monitoring
rhodamine dye in concentrations
of less than 5 ppb over various
marine areas.

An improved model may
possibly be applicable {or
monitoring spatial distribu-
tion of phytoplankton by
means of chlorophyll
fluorescence, as well as for
monitoring eil spills by
crude oil fluorescence.
Extensive development
required for space deploy-
ment.

The fluorescence
coefficient (at 5890 to
5892 }) of the water
target is measured; this
15 the percent of incident
sunlight returned from
the target as fluorescence,
It 15 autornatically
computed as equal to the
total percent of incident
light returned from the
target minus the percent
returned as reflectance
and backscatter.




SECTION 6

DATA STORAGE, TRANSMISSIOCN AND
PROCESSING

£.1 INTRODUCTION AND BACKGROUND | .

The reviewed literature, the inputs from the questionnaires, and the
interviews produced little detailed information regarding the amount of
remotely sensed data necded to satisfy-oceanographic applications. By
detailed information'is meant the sampling rate and number of data bits
needed to provide the measurement density and required accuracies as
indicated in Section 3. The literature also revealed that little wofk has
been done by the individual experimenters in the areas of data storage and -
transmission of data gathered by spaceborne sensors. Indications were

-tha.t the‘ experimenters felt it is premature for such studies in light of

sensqr and signature analyses development status,

Two separate panels -of the National Academy of Science (NAS) Summer
Study Group did, however, study the problems involved. Panel 6 (78) was
convened in 1967 and devoted considerable effort in the area of data handling,
As a result of the findings of Panel 6 and others in the 1967 meeting, Panel 8
(79) was ‘conatituted in 1968 to consider the problems and issues raised by
the previous sessions in the field of the distribution of remotely sensed
information. The result of these studies is discussed in the succeeding

paragraphs.

6.2 DATA SYSTEMS AND DATA PROCESSING

Panel 6 (78) obtained user data requirements from the panels that
had studied the priorities of collecting Earth resources data by remote
sensors, in order to develop a conceptual design for a data transmission,
storage and processing system. Unfortunately, the oceanographic and
meteorology panels did not provide data requirements; therefore, the study
lacks their unique requirements, particularly in the area of real timne data.
.However, it is considered that in general the data systems requirements are

- comparable and thus would be applicable’'to oceanography with suitable



modifications. Using the data requirements of the users, the NAS Panel 6
developed first and second generation systems for data handling. These

systems are briefly described below.

6.2.1 TFirst Generation System

The first generation system is designed for data dissemination on a
quarterly, or at most, monthly basis, therefore it would require modifications
to provide the oceanographic community with data they required in real ox
near real time.. For example, because of the rapidly changing nature of the
oceans surface, those users requiring information on its state of roughness
must receive it on a near real time basis if it is to be of use to them in

their operations.

In the first generation system the sensors considered are: photographic
cameras, TV cameras (vidicon), and side-looking radars (SLR). Figure 6-1
depicts the data link and data processing éystem. Data link and data pro--
cessing requirements for this system will most likely be limited to an FM
telemetry system of ~4, 5-MHz bandwidth. Coverage can be handled by two
or three ground stations. The first generation stations would be equipped
with FM receivers and analog recorders, In addition, they would have a
limited optical processor lab to accommodate map generation of the side-

looking radar and the images generated by the vidicon camera.

The first generation data systems requirement appears to posé little
or no problem to the state of the art in any facet of the related areas. The
required telemetry systems have been flown, the ground-station requirements
exist or can be obtained, and the computer and peripheral .e.'quipm‘ents'- are
available. The principal emphasis must be placed on data management and
the generation of software for indexing frames as received, .and establishing
a storage and retrieval system for immediate access of individual frames.
A procedure, either software or through the use of peripheral imnaging systems,
for generating uncontrolled mosaics on a selected basis and for generating
multicolor prints from single-color frames must also be developed. The
former can be improvements in the Weather Bureau CDC 6600 rectification and

mosaicing programs. The. latter will require development of special hardware
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for correcting the camera biases and nonlinearities and for the rapid
registration of images. It will require the development of a wide-band

recording medium (storage tube).

A program for the planned growth of the ground data-processing station
must proceed in parallel with that of the satellite system. As the latter evolves
throuéh successive generations, each more sophisticated than its predecessor,
so must the data-processing systern: evolve in order to realize the maximum
in information yield promised by the more elaborate and presumably more

capable sensing systems.

6.2.2 Second Generation System

A second generation system as envisioned by the various disciplines
allows a better utilization of the data-systems technology. It takes advantage
" of the significant advances made in recent years in the development of - .

computers and methods for data analysis.

Numerous sensors have been suggested to obtain both radiance and
spectral reflectance measurements from which characteristics of the imaged
area can be determined for subsequent classification. The introduction of

multiple sensors is expected to increase the data-link requirements.

The hypothetical system (see Figure 6-2) includes high resolution
(30 m cells) and swath widths of 160 km with 6 bits per sample for each
of the following:

Line (slit) Scanner

Multispectral Radar

High-Resolution Infrared Radiometer (HRIR) and Medium-Resolution
Infrared Radiometer (MRIR) ’

As discussed in Section 5, these sensors ha.x}e ‘a..pplica.i:ion to ocean studies.

Due to the high resolution and possibility of an automatic digital-computer .
processing system, these instruments are ca.nélida.tés for pulse-code modulation
(PCM) transmission. For a 90-min orbit, each W.i].]. require a link with

1.12 x 106 bits per second (bps) capacity. These link capacities are reasonable

near-term expectations.
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Multispectral TV and high-resolution radar are candidates for FM trans-
mission with an expected bandwidth of 200 KHz or more. Passive microwave
requirements are comparable with "housekeeping' bit rates and can very
likely be subcommutated on the PCM links. Duty cycles for the several
candidates of a PCM transmission are not determined at this time; how‘ever,
timne multiplexing via stored-program variable-format PCM systems is a

possibility worth exploring once these duty cycles have been estabhshed

‘In those cases where excessive bangiw1dth may be requlred, suchmas
for the photographic camera systems, the use of multiple reentry systems
can accommodate the needed data acquisition if the frequency of*data
acquisition is not too high (i. e., monthly or quarterly). The possibility of
on-b:oa.rd processing for portions of the data acquired may be of further use
for both bandwidth reduction and reduction of ground data-processing require-

ments.

With the availability of large memory capacity comimters with rapid
processing (see Table 6-1), a significant amount of data processing can be
accomplished on board the vehicle. The relatively high bandwidth requirements
make real-time data compression attractive. The basic reason for real-time
processing is to avoid saturating the pa.ra.llél 'input-output capacity of the
computer which is occa.sione(i by slow digital tape deck transfer rates and
the resulting excessive tape handling problems. The only decision is
whether to do this in orbit or on the ground. Obvious weight and i)ower
considerations favor the ground installation, However, since three ground
stations may be required, the equipment necessary to relieve the awkward
tape logistic and handling problem (20 megabits per second is approximately-
one 800«bits-per-inch (bpi) digital tape every 5 sec) must be provided in
triplicate or the equivalent in analog tape must be shipped physically to the
processing center. Further, the real-time processing effects no bandwidth

savings in the orbit to ground-level bank.

Real-time processing in orbit, despite the disadvantages of adding to
the vehicle weight and power consumption, is attractive from the standpoint of
bandwidth savings. No attempt will be made here to separate those tasks that

can be done on board the vehicle from those relegated to ground-based
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TABLE 6-1

SPACEBORNE COMPUTERS (79)

Characteristic Current?® ’ Projected 1970-1975
Core size 131 K @ 32 bits 250 K
Word lengths 16, 32, 64, 48, 30 ' Same
Memory cycle .1,0-2.0 pgsec - 10-3 Ksec
Index registers 8-16 Same
Add times ' 1. 0-5, pgsec 10-3 Hsec
Multiplication times 6.5-18 u sec 6 x10-3 Usec
Division times 3. 6—32. i sec 8 x 10~3 usec
Floating points Hardware Same ;
Elementary functions o J’;-Iardware Same
Weight 75-520 1b
Volume 1.827.0 3
Power 365-809 W

®The specifications given here are composites and represent
reliable ''on .the shelf' computers used in aircraft and proposed for
existing orbital vehicles; they do not represent ''state of the art computer
technology.

processors. Rather the discussion will consider the multispectral and

multisensor processing that can be accomplished.

The system envisioned for the secoﬁd generation sy:ste.m will take

the form shown in Figure 6-2. The detailed discussion of the data processing
implied is beyond the scope of this discussion. The intent here is to give
some insight into the kinds of data pr‘oéessing and data reduction that are
required for this system. At first gla:nce it would appear that the volume of
data that can be a'cquired would soon c;auSe a bottleneck that v’z‘rould nullify the
wide and r:epeated c‘overa.ge achievable from the satellite. On the othér hand,
t’;le first geﬁeration system will have, by this time, established a procedure

for handling the incoming data and assuring that users are provided hard
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copy on an immediate routine basis, The expected increase in volume

and type of imagery to be made available will involve some drastic changes.
One line of flow should be open, that of generation of copies of the original
i‘rnagery'properly annotated and indexed. and stored in a readily retrievable
format. This portion of the data-processing-system can be expanded at a
more leisurely pace, commensurate with the increase in data-input rate.

The per1phera.1 equipment that has been used to generate hard copy, film
clips, and uncontrolled mosaics from the TV camera, SLR, and photographic
imagery has immediate use in the second generation system. I will form
the focal point for the expansion of the equipments and activities to handle

the fnultispectra.l, multisensor data anticipated.

Fortunately, it is not likely that each user will want all the data
immediately after it has been acquired. Rather it appears tha.t spec1f1c
users will have identified sensors that benefit them most and require a quick
furn around on that data only. They may request additional data, but they
will be willing to accept this on a less timely basis, since it will be needed
principally for support or verification, or may be required only for their
academic, or long-range scientific interest. Other users have requirements
that are met by an intensive effort for a short period of time at infrequent
intervals -(sea.s‘onal variations, fo‘r example}, Their need is immediate, . and
acts more as an impulse than as a step function input on the work load.
Provisions must be made to introduce the additional processing equipments
needed for the short-period, high-quantity data handling. Those users
who have specified the needs for multispectral or multisensor imagery on a
routine basis, at shortly spaced intervals, will pose the greatest demand
on the processing centers, since this type of data (imagery) is the most
difficult to accurately and rapidly process. It is here that the automated
data ‘ga.ndlin.g and data processing should offer the most benefit. After this
processing phase, the output is no longer the sens ed signal converted to
a form that is manageable by a user, but which leaves all, manipulation,
conversion, and computation to him. The ‘possibility will now exist for
f)reparation of a,n.nota‘.tt'ed Iﬁaps, the -predictiori of sea states on shipping lanes,
or storm warnings in the tropics. The users, both scientisits and la.y:men,

can then be provided with meaningful information on a timely basis. The
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response of an automated data-handling systemn is not to be limited to processing
requests for data desired from a fixed-cycle data~gathering system. Indeed
variable £or;nats, raised on command to accommodate special critical needs
are within current capabilities, and there is every indication to support the
belief that the development of this feature will expand between now and the nea:r

future.

6.3 POTENTIAL SYSTEMS FOR REMOTE SENSING INFORMATION AND
DISTRIBUTION

As previously mentioned, Panel 6 (78) and the other panels of the Space
Applications Summer Study (1967) indicated a need for further consideration
of the transmission, handling and distribution. functions for data derived from
remote-sensing platforms. Panel 8 (79) convened in 1968 to consider these
problems. As did its predecessor, it considered the requirements of the
total community of users of Earth-Resources Data and did not direct its
attention solely to the oceanographic community. However, useful information
on transmission, handling and distribution of oceanographic data can be derived

from this study.

The report states that early estimates of data volume and of the potential
data-processing requirements led to the conclusion that'a very substantial
roadblock to the use of the data could lie in the present capability for.data pro-
cessing. For example, imaging sensors operating at 5-MHz bandwidth can
readily produce quantities of digital data of 1012 bits per day. If detailed
digital processing of all these pieces of information is required, one can
quickly run ocut of computer capacity, even with very large machines. In
view of this, the Panel's earliest considerations probed the extent of need for
detailed processing of the data. The consequence of these assumptions is that
data will enter the first-generation data-handling function from airc;raft and
satellite data-gathering sources., The largest single source of data will be
the satellite imagery data. The processing of this latter data in analog form
only produces an output product that lacks much of the value that one can
anticipate for future systems which incorporate image enhancement and auto-
matic analysis and measurement techniques. The Panels judgment is that

this early product would however have significant utility, and not require large
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amounts of training for its limited use. DBeyond that, an aggressive R&D program
should be mounted to upgrade the earliest standard-output products, and to develop
advanced uses. The conviction, in part, forms the basis for assumptions with
respect to the experimental access to the first system. Based on these assump-
tions the Panel developed five possible systems configurations for acquiring, trans-
mitting, processing, and disseminating remotely sensed Earth resources data.,
These were total systems for all of the user communities, including the oceano-

graphic community, and include the following components:

1. Aircraft and spacecraft systems containing remote sensors and

supporting equipments;
2. Data-receiving centers;
3. Data-processing and analysis centers;
4., Dis;:ributiqn net“{orks; and

.5, Archives.

6.3.1 SystemI
System I consists of a high-altitude aircraft in which all data .obtained

are stored on board (film or magnetic type) and are physically delivered to

the regional center for developing, copying, and final delivery to the user.

6.3.2 System II

This system is similar to System I except the vehicle is a recoverable
satellite equipped with film metric camera(s). Upon recovery of the satellite,
or payload, the exposed film is physically delivered to the center for pro-

cessing, copying and distribution.

6.3.3 System III

System III is designed around a long-life, unmanned, non—recovérable,
direct readout satellite. This basic system is further subdivided into three

variations dependent in the manner in which the data are transmitted.
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6.3.3.1 System IITIA

This system provides for direct regional readout and would communicate
its data in real time directly to the grounél. Ground stations with tracking
antennas receive data from the satellite when its orbit ground-track is within
800 km of the station. Thus, the area coverage per ground station is about
2.6 million square km, requiring four to six ground receiving stations for the
United States and Alaska; 20 stations for Nerth and South America; and 100-120
stations for the world's land masses and oceans, This system fits in well with
regional (rather than central) processing and analysis centers, with the regional
processing center placed at the same location as the receiving ground station,
The satellite design is simple. The transmitter is sized for a 1600 km
distance between a 2- to 3-dB fixed spacecraft transmitting antenna and a 25«
to 30-dB zutomatic-tracking receiving antenna. The satellite design is, to a
large degree, independent of other systems (e.g., communication relay, satel-

lite networks, and number of ground receiving stations),

Should it be desired to have all or some of the processing functions per-
formed at one central station, the four to six U.S5. regional ground receiving
stations could relay their information to the one central U.S, processing station

via ground links or a geostationary communications relay satellite,

Participation of foreign countries could be accommodated by the emplace-
ment of combination ground receiving and processing stations within the parti-
cipating countries. (The concept of a ship-borne or mobile station for temporary

use in different parts of the world suggests itself.)

6.3.3.2 System IIIB

In this system, real time readout of data is obtained via a network of geo-
stationary communication relay satellites., The relay satellite, in turn, relays
the information to one (or more if desired) central receiving ground stations,
Thus, with the use of a geostationary relay satellite network consisting of 3
satellites, a single remote-sensing satellite could deliver global data in real
time to a central ground station. The remote-;.sensing spacecraft must have
sufficient transmitter power for a 40,000 km range between the tracking trans-
mitting antenna and the large fixed-area antenna on the communication relay
satellite,
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Processing of all the global data could be accomplished at a single receiving,
and processing center, Dissemination of copies of the data to the user groups can
be accomplished by either mail or radic frequency links if a real-time require-

ment exists,

Asgsuming the prior establishment of a Geostationary Communication Relay
Satellite Network, System IIIB is the most economical and straightforward way

of initiating a global monitoring capability.

6.3.3.3 System INC

In this option, the ground receivers of IITA and the direct readout from the
satellite would be supplemented by satellite on-board magnetic-tape recorders
for the acquiring of data at locations distant from established ground receivers.
One assumes the existence of an additional recorder on board to provide a back-
up capability. The reliability of the recorders and their operational life becomes
a major consideration, Assuming that this can be handled adequately, the
system would use two to three domestic receiving stations for repetitive U, S,
coverage, and selected use of the recorders for coverage outside the United
States, This option appears to provide the cheapest entry to a quickly growing
program and was assumed throughout our further discussions as the likely
imagery option. It has the advantage of real time readout in areas where the
satellite can communicate directly, such as with shipboard centers, and of near

real time readout of the remaining areas of the Earth's surface.

6,3.4 Summary

In summary, this report establishes the requirements for a Data-Processing
Center for a global network of sensors that would fulfill the requirements for
Earth resources data for the total user community. This ne:twork would consist
of land-based stations, ocean-and lake-based (buoys), and atmospheric (balloons)
platforms, The positions of most of the platforms will be fixed and known., Some
platforms (balloons and drifting buoys) will have time~varying positions. Th‘ere
will be a large variation in the number, type, and frequency of measurements
taken on each platform. For example, ocean buoys will act as platforms for a

whole complex of oceanographic and meteorologic instruments that will require
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a rather long communication message 4 times per day. Estimates of the size

of the first generation system are:
a. Number of pla.tf‘orms ~20, 000; i
b. Number of messages/day ~40,000; and
c. Number of bits/day ~10 million,

The main elements of the Distribution Sensor System (see Figure 6-3)

are presented below:

1. The network of distributed sensors or automated instrument plat-

forms; and
2. Communication relay satellite(s).

3. A group of governmental agencies with the responsibility, facilities,
a