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INTRODUCTION

This volume summarizes the objectives, approach and conclusions

reached in the "Advanced Study of Global Oceanographic Requirements for

EOS A/B, " NASw-2163; NASA Headquarters; January 1972.

OBJECTIVES

The global ocean, for the purposes of this study, is defined as the

ocean domain of phenomena requiring a spatial resolution of at least

several kolometers. The coastal zone, on the other hand, required a

resolution on the order of meters.

In addressing the open ocean province, the specific study objectives

were as follows:

• Define the global ocean information needs and evaluate their
relative importance

• Establish the synoptic measurements required to provide
useful data on these information needs

• Determine the sensor and orbital requirements needed to
obtain the desired measurements

• Analyze the complex problems associated with data manage-
ment

• Evaluate the possible synergistic aspects of the EOS oceano-
graphic with existing and planned in situ measurement
programs and other remote measuring platforms

The overall purpose of the study was to determine what, if any,

relevant problem-oriented information can be best provided by a space-

craft dedicated to global oceanography in the 1976 time period.

Therefore, the study was directed at problems confronting the open ocean

rather than defining the classical oceanographic data obtainable from
remote platforms.

APPROACH

Under the auspices of marine resource management and ecological

exploitation, the study commenced by identifying specific priorities and

their associated information needs. The specific priorities chosen were

as follows:



• Monitoring and Prediction of Physical Pehnomena - Under-
standing and predicting those phenomena which determine
the physical environment of the global ocean ecosystem.

• Management of Living Marine Resources - Optimum exploi-
tation and conservation of the living components of the global
ocean ecosystem based on the understanding and prediction
of the phenomena associated with these components.

• Detection, Monitoring and Control of Global Ocean Pollution -
Monitoring and controlling those man-made phenomena which
significantly perturb the natural system.

Once these information needs were identified, the study was per-

formed in the following manner (See Figure 1).

1. The general all-inclusive national needs were broken down
into more specific implied information needs and their asso-
ciated space observables, features, processes, or phenomena

2. The synoptic measurements that provide information on these
features, processes, and phenomena were then identified.
Measurement requirements most likely accommodated by
other space programs of expected operational status during
the EOS A/B time frame were eliminated.

3. Requirements for these synoptic measurements, in terms of
electromagnetic spectral region, spatial resolution, sensitivity,
field of view and temporal characteristics were considered in
order to arrive at sensor concepts. Tables 1, 2, and 3 give
examples of the measurement requirements.

4. The widest range of sensor concepts was evaluated for its
ability to meet the minimum and maximum performance goals.
Table 4 is given as an example of this selection process and
Table 5 shows the ultimate sensor design goals for all three
information needs.

5. Under the requirements of the work statement a mini-
mum sensor payload grouping for each priority that max-
imized effectiveness in achieving global problem solutions were
synthesized. The minimum group established the most limited
mission worth implementing. A description of each instrument
in terms of size, weight, power, and performance was provided.

6. Beginning with the phenomenology requirements associated
with the information categories and the sensor requirements,
parametric orbital analyses were performed. Consideration
was given to such factors as global areas to be covered, fre-
quency of coverage, ground station visibility times, sun-angle
variations, sensor field of view constraints, and atmospheric
drag.
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î
ro

4)

S

sa
 S

u
rf

ac
e

T
e
m

p
e
r;

OT

>s

I
o

P
as

si
v
e 

m
ic

ro
w

av
e 

ra
d
i

H

OH
in

O

a
4)
rt
O

2
(M

1
•"<

r-
PO

S
al

in
it

y

!x

R
ad

ar
 o

r 
la

se
r 

al
ti

m
et

r

CO

o

2
in
i
o

CO
O
o
M

»̂*

01

S.
O

55

1f

V
is

ib
le

 
im

ag
in

g
S

y
n
th

et
ic

 a
p

e
rt

u
re

 r
a
d

a
i

1
Ift

2
0)
4)

•on

m
4)

tf

O

1
in

0
fO

0)
N

»H
CO
a
Rt

U
4)
U
l-l

>.

V

8
0

V
is

ib
le

 i
m

ag
in

g
G

li
tt

er
 p

at
te

rn
 s

en
si

ng
P

as
si

v
e 

m
ic

ro
w

av
e 

ra
d
i

N
B

N
 w

it
h

b
o

u
n

d
ar

ie
s

to
 2

 k
m

0)
0)«

(M

f~

03

jj

•l»l

-2"
(U

5
03

ed
u

ce
d
 

se

«



G
0

1
i— i
O
A

grt
u
O

"rt
43

5" 2
c "o
C "-"3 o
to £
4j G

H / -\oj U

« 1tn
.H QO
i Gn^ *r*
0) fc

(5 °
IH '£

o 5
w 2
(3
0) •

W g
• H
+J
O

-M
fli flj

1 °
H

j

^ !
(V

X

•3^TO *H

£ ? •-»

< « "c-^
W «

rH
Mrt

U M^

^< d. rt —
W5 CH

fH |-l *̂F*H i*t r4
*J *J {

w ^2 j<
w £

>^
w° £

io
n

 N
e

e
d

s

4->
rt
g

£
£

CO1
u

«J ..

e 
E

c
o

s
y
s
te

m
 M

o
d
i

o
w

e
r 

P
la

n
t 

E
ff

e
c
ts

C
u
rr

e
n
t 

lo
c
a
ti
o
n

b
o
u
n
d
a
ri
e
s

" DH •rt

M

2 <

t-i

— o « o « ^ « S _
O O O 0 O O O o o

d o d o d d d o o

•o
in ^ rt ^^ in in in -rt m
o o o o o o o o o

d o n d d d d d d

l^l*" r * t ^ f ^ f ^ ' ' * f c f ^ r ^

d o d o o d d , - ; / - ;
i t i i i i i , .

•<r •<? •* •* • ^ • ^ • n f , j , T j ,

OO O O O O O o o

OO | O O O O o O
OO O O O O o O
M < M i C M r j m c a m p q

o
N (M •« cj pa
II 1 O O O 1 |

- H — m ^ - - H p j - r t J , 0

^^

X

W y g O ° C M » »
r t - n g w « r t r t r t
h E £ t> <U to Kc V.

t - S S S - g ^ ^ ^ c co c S . iJ>< o o ou £ J S g - g w ^ o u
M ^ < J . 2 5 M O K I h ^
O f i - S 4 2 C r t o » o t o 0

i— i n a i r t m - i - 1 1 * * «-> cu ••• ' cu •— '
O * j £ < J ™ ^ h O u O r j O" -s S s § .§ s § ^ 5 ; 1 "
« 4 S3 s. I I g? « r i s S
rtonS rt w r t ! i **3 rt <u rt n rt^ i 1 o ; i u ^ s ^ ^ ^
^ ^ ! 5 - 0 « a > o r t < o . J : ^ . o ^ . H ^
^ P * H ^ S ^ I S . - g O C ' r t U r t t f r t

5 ' f r t < X ^ ' ^ n H O ^ PO" <*^ H
"o rt H S

a < s •< « tS S
'H '3

H B s S



bo
R>

u
0)
0.

n)
o>

0)

3
•H
(0

•H

n•a
S
m
0)
Q
M
O
0)
A
9)

W

IT)

r-l

•8

2:
5 o.
— ^_ LU

zz

c/>

X

Q^

|o§r
z
o
§2
f"\ x^

I/I
LU
at

X

||_

^J ^^ ̂ ^?
UJ — i

l|

w»

O
B

JE
C

TI
V

E

8 o
d d

o d § ?

d d
i i
^ ^
d d 2 2

8 8
IO CM

E
C

T
IO

N
, 

M
O

N
IT

O
R

,
D

 C
O

N
T

R
O

L 
G

LO
B

A
L

E
A

N
 P

O
LL

U
T

IO
N

Gzu
Q<O

K Is
d d
i i

— 2 do

"> in ^ i/i

6 o o" 3
O o O o
LU uj LU LU

z z z z
ii ii^2 SJ a;o o o o
U- u. U- LLc* 72 °* atzg z. s

0 5 2 | 2
_i 3 3 35 3
0 2 § 25

7 ^ Z « < ZZ S = uj S =
<i 5 2 t i 2
U _i
O O

o o
do ?f 3?
ii n 22
A &
^ ^ z z
UJ UJ M «

Z Z Z Z

88 § §

• o o
I 10 — —
^ i
do LO >n

o —
o' o*

rs is
d d
i i

d d

J 13 ^ 2

O o O o
UJ Ii i UJ QJ

^ (1 ^^ 1)

z z 2 z

gi 22 2 §
S ^ os oe **• oe
«o B S S £
Q ^- 5r ^ — ^ «r

il § | i | i

|| z I | S | |

O T^ U J

2^0 o

§ 0
d d

§ 8

~ o
IO |

d to

o 2
d d

O 0

i i

d d

«". U> ^ 00-J _j J _j

OQ O o
Oo O o
LU MI LU ui

u u u u
o 1 z z z

2^ 0 o O o
U. LU Of. \£ Of. {£

O^ ^ S S ^ a!

28 S 1 i 1 i2jjj 0 2 5 25

isJS z < ? S 5 2
Ii is 2 s t 5 2
<< U -i
22 O O



7. A review of planned or existing terrestrial programs that may
be relevant to the EOS mission was conducted as well as the
supporting terrestrial measurements that would be needed to
maximize the effectiveness of the EOS mission.

8. The complex problem of data management and some repre-
sentative solutions are discussed. Data rates and total
daily data load were calculated on the basis of mission char-
acteristics (e. g. , sensor data outputs, coverage require-
ments, etc.). Data-link bandwidths and data storage require-
ments were determined on the basis of a review of state-of-
the-art data handling technology, including projected capabil-
ities for data compression and storage. Three representative
ground data station locations (Goddard Space Flight Center;
Fairbanks, Alaska; and Goldstone, California) were consid-
ered in conjunction with onboard data storage and orbital
parameters which would indicate maximum data handling
capability.

RESULTS

The final product of the study of global oceanographic requirements

for EOS A/B is the recommendation of optimum and minimum sensor

groupings and their associated oribtal requirements for each of the

national priorities. The optimum and minimum sensors and their char-

acteristics are displayed in Figures 2 , 3, and 4 as well as their rele-

vance to particular mission categories. In each list, the sensors are

shown in their order of importance. The degree of satisfaction within

each priority is expressed below:

Monitoring and Predicting Physical Phenomena

• The optimum payload satisfies all information needs except
for two categories under geophysical research: geodesy and
dynamic topography, and geomagnetism.

• The minimum payload emphasizes environmental monitoring
and prediction for transportation and hazards.

Management of Living Marine Resources

• Both the optimum and minimum payloads are capable of com-
pletely satisfying all the information needs, except for
weather effects on fishing operations.

Detection, Monitoring, and Control of Global Ocean Pollution

• The optimum payload possesses a positive capability for all
the information needs.
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• The minimum payload completely satisfies all the information
needs except the detection and monitoring of oil films which is
marginally accommodated.

The multiple priority payload grouping, in order of importance, is

contained in Figure 5. The minimum sensor grouping nearly fulfills the

measurements requirements as shown in Figures 2, 3 and 4. It should

be noted that the sensors in the multi-priority grouping, except MOCS,

are design concepts and require development. This could be accom-

plished before the EOS-A launch if appropriate action were taken to

establish the parametric design specifications, including aircraft flights.

SENSORS MEASUREMENTS

I. VISIBLE IMAGER OCEAN COLOR

II. 1R-MULT1SPECTRAL SCANNER SEA SURFACE TEMPERATURE

III. MICROWAVE RADIOMETER SEA STATE

IV. SYNTHETIC APERTURE RADAR SURFACE ROUGHNESS

PAYLOAD CHARACTERISTICS

POWER (WATTS) DATA RATE (MBS)

18 0.3

45 1.5

NILL

8.0

SENSOR

I.

MM •

III.

IV.

TOTAL

SIZE (M3)

0.15

• 1.2

0.4

0.3

2.0

WEIGHT (KG;
18

43

91

73

225 9.8

Figure 5. Payload Grouping - All Priorities

The recommended orbit for all priorities was a near-polar, sun-

synchronous orbit with a high cyclic frequency to meet the distributive

and dynamic nature of the phenomena. Depending upon the sensor field

of view, the size of and the latitude of the geographical regions of interest,

coverage can be acquired at intervals of from one to four days. A para-

metric summary of the global oceanographic orbit is shown in Table 6.

To satisfy the scene contrast and instrument sensitivity require-

ments associated with visible spectroscopy and obtain favorable coverage

in the Northern Hemisphere, particularly the Continental United States,

a 2:00 P. M. ascending orbit was selected.
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Table 6. Selected Orbits

ALL PRIORITIES

Q
(OMITS/DAY)

133/4

S
(NMI)

1571

f
(MINUTES)

104.73

H
(NMD

531

1
(DEGtEES)

99.37

Q
(DEGREES

30

LOCAL
TIME *

2PM

•ASCENDING EQUATORIAL CROSSING

The ground data handling problem for the chosen orbit was

evaluated by considering the three representative ground data stations

previously mentioned. Rise and set times were then calculated for visi-

bility circles with 5 and 10 degree elevation angeles over one complete

orbital coverage cycle of 4 days. As shown in Figure 6 for an elevation

angle of 10 degrees less than 7 percent of the passes have unacceptable

visibility times and 68 percent have visibility times greater than 7

minutes. Lowering the elevation angle to 5 degrees brings the number

of unacceptable passes below 4 percent and over 85 percent of the passes

have visibility times greater than 7 minutes.
t,

To estimate the amount of data that will be acquired, the total
payload was taken to consist of six separate sensor assemblies. Each

assembly was analyzed in terms of the operating data rate, the average

coverage factor and the average total data per orbit. The results are

summarized in Table 7.

Table 7. Data Acquisition

Senior

SLR

Multispectral \ Day
Scanner f Night

VUible Spectrometer

Glitter Sensor

Microwave Radiometer

Radar Altimeter

Operating Data Rate (MB/S)

tactantaneoue

8 MB/S

1.5
0.75

0.3

O.I

0.0002

0.0001

Average

8 MB/S

1.0
0.5

0.2

0.04

0.0002

0.0001

Average Coverage Factor

Fraction of
orbit

0.25

0.9
0.9

0.2

0.2

0.6

0.6

Operating
time /orbit (sec

1550

1850
1850

1240

1240

3700

3700

Average Total Data
Per Orbit (MB)

1.24 x 104 MB

} 2. 8 x 103

3. 7x 102

50

0.74

0.37

Total 1.56 x 104 MB
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One final note should be added to place spacecraft oceanography

in its proper perspective. While remote sensing of the ocean's surface

shows great potential in meeting the needs of the oceanographic community,

it is still in the research and development phase and there is a lack of

sensor hardware experience and software utility.

ACCEPTABLE
-»*•

VISIBILITY TIMES

0-3 3-5 5-7 7-9 9-11 11-13 13-15

VISIBLE TIME/PASS (MINUTES)

a = ELEVATION ANGLE,

Figure 6. Number of Passes with Available
Visibility Times
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ABSTRACT

\

This report considers the characteristics of the global ocean in

terms of the nation's social, scientific and economic priorities and in

terms of the measurements that can best be made from a spacecraft. It

discusses the kinds of information that are needed to advance the basic

ocean sciences as well as to improve marine transportation and fisheries

operations and provide information for pollution control. It relates these

information needs to logically feasible sensor concepts and presents an

optimum sensor complement together with the related orbital considerations.

The report then relates the data-gathering capabilities of an oceano-

graphic spacecraft to those of terrestrial oceanographic programs, using

airborne, surface, and submarine platforms. Finally, it examines the

data management problem and concludes that it is solvable with current

technology.
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1. INTRODUCTION

For the purposes of this study, the global ocean can be defined as

the ocean domain of mesoscale* or larger phenomena. It includes all

coastal zones as well as the high seas and extends around the world in an

irregular but unbroken envelope. It is the primary factor in maintaining

a climate that is hospitable to life as we know it. It is the ultimate sink

for most terrestrially derived substances, both natural and man-made.

It provides a habitat for plants and animals far greater in area and volume
~ i

than the life zone of the land, so that marine organisms can be thought of

as the more representative life forms of the earth. Moreover, billions of

years in the past, the global ocean is believed to have been the birthplace

of life.

Yet we are only beginning to understand the oceans in definitive

terms. Such detailed knowledge as we have is limited to a few small areas

and has relatively little historical depth.

Over the past decade, however, the United States has shown an

increasing interest in oceanography, as evidenced by major national and

international activities. These efforts have, without exception, recog-

nized the need to increase our understanding of the actions and interactions

of the global ocean as a component of the biosphere.

"With improved understanding, a start can be made toward control-

ling pollution, improving our management of marine food resources, and

increasing the effectiveness with which marine hazards can be located,

monitored, and countered. Without a vast increase in detailed factual
knowledge of ocean dynamics, mankind has no basis for the national and

decisive action that is necessary for the solution of these problems.

Given, therefore, that much basic information is lacking and urgently

needed, what are the specific information needs and in what order of pri-

ority should they be treated? This was the first question to which the study

team addressed itself and our conclusions are summarized in Section 2 of

this report.

^Phenomena requiring spatial resolution on the order of kilometers rather
than, as was the case for the coastal zone studies previously sponsored by
NASA, on the order of meters.
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Section 3 discusses the main categories of needed information in

terms of the synoptic measurements that can, and indeed must, be made

in order to provide the information and summarizes the instrumentation

capabilities available for making these measurements.

Sections 4, 5 and 6 present more detailed discussions of the three

main categories of information needed to meet the priorities discussed in

Section 2.

Section 7 analyzes a selection of spacecraft sensors in detail while Sec-

tion 8 considers an optimum orbit for the preferred sensors and the infor-

mation needs they are expected to satisfy.

Section 9 reviews existing programs that may be relevant to the EOS

mission and the supporting terrestrial measurements that would be needed

to make the EOS mission as effective as possible. Section 10 discusses

the complex problems of data management and presents some solutions.
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2. PRIORITY ANALYSIS

Government, industry, academia, and the public all participate in

determining priorities (see Figure 2-1) but the information on which they

can base decisions relevant to the global ocean is limited. Consequently,

there are deep and widespread disagreements on the subject of what needs
to be done first.

TO FULFILL

RESULT IN

STATED AS

INTERPRETED
BY

PRODUCTION
GOVERNMENT OF GOODS &
PROGRAMS SERVICES

1

ADMINISTF

<

5ATION & BUS INESS
CONGRESSIONAL MANAGEMENT
PRIORITIES PRIOR ITIES

RESEARCH &
EDUCATION
PROGRAMS

i

RESE>!tfCH&
EDUCATION
PRIOfUTIES

— *PUBLIC
DEMANDS

i

IND IV 1 DUAL
& GROUP
PRIC)R ITIES

GOVERNMENT INDUSTRY ACADEMIA PUBLIC

INDIVIDUAL AND CORPORATE NEEDS

To government economists, for example and other officials who are

responsible for trying to keep unemployment down and international trade

in balance, the highest priorities for a global oceanographic satellite

might be improvement of weather forecasting and charting services for

the benefit of transportation and fisheries. This is because, as shown in

Table 2-1, high seas transportation (including naval shipping) and fishing
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Table 2-1. Principal Global Ocean Industrial Users
(date of information given in brackets)

Industry
Jncome

(million dollars)
Number Persons

Employed Comments

Transportation

Offshore
Petroleum

Fishing

4,000 (1969)

2,350 (1968)
\

602 (1970)

87,000
(1967)

30,000
(1967)

128,000
(1965)

High seas trans-
portation only

Persons employed
computed from
dollar/person ratio
for entire industry

Persons employed
do not Include
87,000 shore
workers

employ a great many people and produce a large amount of income. Both

the people who work in these industries and those who derive less direct

economic benefits from them would presumably also support this priority.

To fisheries people and the general public, data that could provide

a basis for effective control of industrial pollution would probably also

rank high on the list of priorities.

To the oil, chemical, and agricultural industries, however, (though

they may be willing to support pollution control measures in the long run),

there is a near-term threat in such measures. Their highest priority

problem tends to be information in support of the contention that pollution

is not as imminent a danger as environmentalists claim it to be.

To the scientists, who are scattered throughout government, indus-

try and academia, the paramount priority is for basic and objective infor-

mation that would permit logical planning to meet all the other priorities.

The need to improve charting services, for example, is obvious (if

not particularly urgent) because presently available charts are not only

admittedly inaccurate and incomplete for vast areas of the globe, they are

often also (except in areas of the heaviest traffic) embarrassingly out of

date.
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The need to improve weather forecasting, particularly the longer-

term (5-14 day) forecasts, is equally obvious since ships still founder in

storms and large efforts have to be expended in rescue operations.

The danger of seafood pollution by "hard" industrial chemicals has

already been proven by the condemnation of fish catches contaminated with

mercury. ,

There is widespread awareness of the potential danger of pollution

by waste heat, industrial and agricultural smokes, and CO2 and a very

sharp awareness of the dangers of oil pollution. But not enough informa-

tion is available to determine with any certainty whether or when these

dangers will become so acute that decisive action must be taken to actu-

ally curtail industrial growth. There is only enough information to

encourage loud arguments between environmentalists arid the oil industry

or environmentalists and the Atomic Energy Commission. There is not

enough information to settle any of the arguments to anybody's satisfaction.

The need for background information appears, therefore, to be the

most urgent need of all. And, since highly trained specialists are required

to process and interpret such background information, the "community"

with the most urgent need for data from a global oceanographic satellite

would appear to be the technical people who are scattered throughout

academia, industry, and the governments of the world.

The specific kinds of global oceanographic information that are

needed by this community and that can be directly or indirectly provided

by a satellite system may be categorized as follows:

• Monitoring and Prediction of Physical Phenomena. Under-
standing and predicting those phenomena which determine the
physical environment of the global ocean ecosystem.

• Management of Living Marine Resources. Optimum exploita-
tion and conservation of the living components of the global
ocean ecosystem based on the understanding and prediction of
the phenomena associated with these components.

• Detection, Monitoring, and Control of Global Ocean Pollution.
Monitoring and controlling those man-made phenomena which
significantly perburb the natural system.
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These categories are closely interrelated. The first represents

the ultimate goal of much of the directed research of marine scientists.

It will contribute basic information needed for the management of the

marine ecosystem required by the other two priorities, and for the improve-

ment of weather forecasting. More directly it will provide the data base for

optimum ship scheduling, including departures from scheduled routing and

emergency planning. It also will include information applicable to off-

shore mapping and utilization of drilling platforms.

The second priority is primarily associated with the assessment,

harvesting, and management of commercial fisheries, but since every

component of life in the ocean affects the status of every other, it must

be concerned with the entire system, including the effects of physical

phenomena and of pollution trends.

The addition of pollutants to the marine environment poses a serious

threat to the biological resources of the ocean. The monitoring and con-

trol of global ocean pollution depend strongly for their effectiveness on

an understanding of the physical environment. A satisfactory solution to

this priority is vital to the preservation of the marine ecosystem.

The detailed analysis leading to establishment of the global ocean

priorities is presented in Appendix I.
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3. MISSION DEFINITION

On the basis of the priorities and information needs outlined in

Section 2 and Sections 4, 5, and 6, the study team has defined in gen-

eral terms the measurement requirements for the EOS mission and the

sensor capabilities that would be needed to fill those requirements. This

section also summarizes spacecraft and data requirements and presents

summary conclusions and recommendations.

3. 1 MEASUREMENT REQUIREMENTS

Measurements made from satellites represent the only feasible

way to satisfy many of the information needs of the global ocean priorities.

However, it is evident that they will not provide all the required informa-

tion. Thus the role of a global ocean monitoring spacecraft system is

that of a component of a total system designed to provide the information

necessary for the implementation of the management and control aspects

of the national priorities. This system should include aircraft and sur-

face platforms as well as the spacecraft and, moreover, should draw

upon data from other spacecraft, particularly those concerned with making

meteorological measurements. The measurement requirements are dis-

cussed in terms of missions- directed toward each of the priorities but,

because of the interrelationships among these priorities and the frequent

commonality of the accessible space observables, many of the require-

ments are similar for more than one priority.

3. 1. 1 Monitoring and Prediction of Physical Phenomena

The information needs for the monitoring and prediction of broad-

scale ocean physical phenomena which must be met by a comprehensive

program are discussed in detail in Section 4. 1. They comprise three

groups. The first of these is associated with environmental monitoring

and prediction for transportation and hazards, with prediction periods of

about two to five days. This group involves primarily measurements per-

timent to short-term forcing functions, coupling mechanisms, and res-

ponse patterns, but it also includes concern with shoal water areas which

need to be monitored only once or twice a year.

Long-term meteorological prediction needs for periods of five days

to two weeks entail a second group of measurement requirements. These

3-1



prediction periods are desirable for adequate transportation planning and

hazard warning times, since the average open ocean transit time for

ships is greater than the two to five day short-term period. The mea-

surement requirements are primarily meteorological, and are most

effectively met by satellites devoted to meteorological missions. A

separate study concerned with this subject, Requirements for Earth

Observations Satellite - Meteorology, is now in process. Since the

oceans and the atmosphere cannot be separated when considering the

dynamic interaction processes which affect them both, oceanographic

measurements are necessary for long-term as well as short-term

weather forecasting. It should be noted that meteorological mission

planning recognizes the importance of such measurements as sea sur-

face temperature, sea state, and sea ice conditions.

The third group of measurement requirements which are best addressed

byaseparate satellite such as GEOS, is concerned with basic geophysical re-

search. It includes the areas of geodesy and dynamic topography, geomor-

phology, conditions and processes in polar regions, and geomagnetism.

The foregoing information needs lead to the measurement require-

ments on space observables listed in Table 3-1. A mission payload sen-

sor group can be identified to fill most of these requirements. However,

the temperature and humidity profile measurements will be obtained by

meteorological satellites and need not be included. Magnetic anomaly

measurements are incompatible with the other measurements because

of their need for a clean magnetic environment; moreover, since they

are required only once a year, they are inappropriate for a payload that

is primarily concerned with frequently repetitive coverage. Therefore,

these measurements should be made from another satellite. Bottom

topography and configuration change measurements are similarly infre-

quently required, but they can be obtained, with somewhat less than the

optimum resolution, by a sensor needed for other purposes. Directional

wave spectrum measurements require a resolution level far in excess of

that consistent with a global mission payload. Finally, the salinity mea-

surements are beyond the foreseeable state of the art within the weight

size, and power constraints of the EOS spacecraft. The mission pay-

load appropriate for the rest of the measurement requirements is dis-

cussed in the remainder of this section.
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3.1.2 Management of Living Marine Resources

The information needs and measurement requirements for the living

marine resources priority are discussed in detail in Section 4. 2. The

first category of information needs is concerned with resource abundance

and dynamics. Estimates of the magnitude of the ocean's food potential

vary widely; an urgent need exists for accurate data on population sizes

both for species of established importance,and for those currently unex-

ploited and subject to limited exploitation. The most important need is

information on population dynamics -- the response to environmental per-

turbations, including the effects of natural predators and of fishing opera-

tions --to permit accurate estimation of sustainable yields. The abun-

dance data, however, are essential to provide a baseline against which

population change data can be compared. Moreover, because of the inter-

dependency of all forms of marine life, including those not directly useful

to man, the measurement requirements are very broad-based.

The distributions of living marine resources, and the variations in

these distributions, are required for the practical exploitation of these

resources. This information is needed to determine the extent to which

apparent fluctuations in population densities are real or are the results

of changes in distribution of otherwise stable populations. In addition,

the information is needed directly to facilitate the planning of effective

harvesting operations.

Data on the accessibility of fishing grounds and the catchability of

the stock complete the information needs for the living marine resources

priority. These include data on existing and forecast weather conditions

and other environmental factors (such as sea state and currents) which

affect the ability of fishermen to get to the fishing grounds and to carry

out their harvesting operations. A number of environmental factors also

influence the vulnerability of fish to the strategies and gear employed.

For example, a shallow thermocline increases the efficiency of purse

seines for catching tuna, and water turbidity is important in gillnet fish-

eries, since the ability of the fish to see the net enhances their change for

escape.

The measurement requirements implied by the information needs

just summarized are listed in Table 3-2. These requirements cover
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measurements possible by observations from space; the information needed

to accomplish the marine resources priority must be inferred from sur-

face and aircraft observations as well as those from a spacecraft. A set

of sensors capable of substantial satisfaction of these requirements can be

configured within the constraints of the EOS Spacecraft, with exceptions

similar to those for the physical phenomena priority. The atmospheric

temperature profiles should be obtained from meteorological satellites

which will also contribute supplementary data on other meteorological

parameters and probably sea state and surface temperatures as well.

Sea surface salinity, directional wave spectra, and swell wavelength fore-

shortening measurements are not feasible for the reasons given in Sec-

tion 7.

3.1.3 Detection, Monitoring and Control of Global Ocean Pollution

The most significant global ocean pollution problems are concerned

with thermal pollution and modifications to radiative balance, chlorinated

hydrocarbons, and heavy metals and radionuclides. These problems are

considered in Section 6. Global ocean pollution can disturb the natural

order of the marine ecosystem in a number of ways. Toxic materials can

kill marine organisms directly or product unacceptable levels of contam-

ination in marine products desired for human consumption. These and

other pollutants can also act more subtly by reducing the suitability of the

environment, or by affecting biological processes such as reproduction or

photosynthesis.

The need for knowledge of pollution effects and distribution mechan-

isms is urgent. Most direct measurements of actual pollution concentra-

tions must be made from aircraft, surface or subsurface observations.

However, satellite monitoring can contribute measurements of great

value for the understanding of distribution patterns and for the indication

of significant areas for detailed surface observations. In particular,

ocean color measurements from a satellite promise a unique contribution

to monitoring of phy to plankton distributions and vigor, and to the location

of current boundaries, convergences and upwelling areas. Thus the mea-

surement requirements, listed in Table 3-3, stress ocean color measure-

ments as well as measurements of other surface parameters from which

possible pollution effects can be inferred or located. All the requirements
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can be met quite well except, as with the other priorities, the sea sur-

face salinity measurements.

3.2 SENSORS

In Section 7 the measurement requirements are considered in terms

of electromagnetic spectral regions, spatial and spectral resolutions, sen-

sitivities, and observation frequencies in order to arrive at sensor con-

cepts. Along with spacecraft constraints, orbital parameters, and present

or predictable state-of-the-art capabilities, these concepts have been used

to define particular sensor configurations and specifications. Six sensors

have been identified in this way to meet the feasible measurement require-

ments given in Section 3. 1. Descriptions of these sensors are given in

the following subsections.

3. 2. 1 Visible Imaging Spectrometer

The sensor selected for making ocean color measurements is an

electronically scanned imaging spectrophotometer. A slit in the image

plane of an objective lens defines the instantaneous sensor field of view.

A collimating lens directs light passing through the slit to a transmission

diffraction grating where it is dispersed into a spectrum. A re-imaging

lens focuses the light onto the face of an image dissector tube. The

resulting two-dimensional image gives the spectral signature, in one

direction, of each pixel in a cross-track strip, positioned along the other

direction. Scanning in a conventional raster thus produces spectral data

for the light from each pixel along a cross-track line, and successive ras-

ter scans provide spectral data for a complete strip map. The instrument

has no moving parts. It is capable of high spectral resolution and sensi-

tivity and excellent readiometric accuracy.

A model of this device, the Multichannel Ocean Color Sensor (MOCS)

is currently under development in the NASA Langley Advanced Applica-

tions Flight Experiments (AAFE) program which very closely satisfies

the EOS global ocean requirements. Its performance characteristics are

given in Table 3-4. In order to achieve the coverage necessary for glo-

bal mapping applications, three MOCS sensors can be used with adjacent

fields of view, providing a swath width of 925 km from a 925 km altitude.

The use of three discrete instruments reduces development requirements,

3-8



Table 3-4. Visible Imaging Spectrometer Specification

Crcnrral Description

Function

Configuration,
Major Elements

Developmental
Status

To measure the spectra of reflected sunlight in an imaging mode

Imaging spectrometer: objective lens, collimating lens, diffraction
grating, re-imaging lens, image dissector

Presently under development by TRW Systems for AAFE: MOCS
(Multichannel Ocean Color Sensor)

Performance
Characteristics

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

51° (3 MOCS sensors, 17. 1° each) (925 km swath @ 925 km alt.)

1. 8 km

NEAP = .001 or better

+ .003

Physical
Characteristics

Size

Weight

Power

. 035 cubic meters (total of 3)

18 kg (6 kg, each of 3 sensors)

18 watts total

Platform/Data
Considerations

Pointing Accuracy

Line of Sight Rate

Data Output

.07° (1 pixel)

.05°/sec

0. 3 MBS (all 3 sensors)

Comments No moving parts

3 MOCS sensors sweep adjacent awatha providing 925 km swath
(3 day coverage)
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provides for substantial coverage in the event of failure of one instrument,

and isolates possible saturation or flare effects from sun glitter to no

more than one third of the total field of view.

The choice of 20 spectral channels, as indicated in Table 3-4, is

somewhat arbitrary. Design analyses show than an adequate S/N can be

achieved with this spectral resolution, so that reduction of the number of

channels is not necessary to achieve the desired performance. The cur-
i

rently available evidence is not conclusive with respect to the spectral

resolution required, but it does seem to indicate the desirability of 20 to

30 channels in the visible range, particularly if the information so obtained

can be fully exploited. In this respect, recent studies by P. G. White,

Manager of the MOCS AAFE Project, indicated that a novel technique

making use of the second differentials of the reflection curves facilitates

the interpretation of ocean color data while making full use of high spec-

tral resolution. This technique, since it makes use of the relationships

among reflectances in wavelengths very close to one another, should also

greatly reduce the requirements for calibration of the atmosphere.

3 - 2 . 2 Infrared Multispectral Scanner

A single channel (8-13 JJL band) and a multichannel infrared spectro-

meter are discussed in Section 7. Both employ a mechanical conical scan

technique. This type of scan produces a (nearly) circular motion of the

instantaneous field of view and is produced by the rotation of a mirror at

a suitable angle to the axis of rotation. This scan technique has several

distinct advantages over the conventional linear scan:

• Resolution element size and velocity on the ground are nearly
constant.

• The obliquity angle and atmospheric path length are constant
throughout the scan.

• Scan efficiency is higher than with a rotating mirror producing
a linear trace, while mechanical complexity and power require-
ments are reduced from those for an oscillating mirror.

The single channel radiometer is obviously much simpler than the

multichannel device, but the greater capability and flexibility of the multi-

channel instrument make it the recommended approach. Anding, Kauth,

and Turner have recently described a technique for removing atmospheric

3-10



effects from infrared surface temperature measurements which is imple-

mented in this device. Simultaneous radiometric measurements are

made in three narrow spectral intervals centered at 4. 9, 9- 1 and 11. 0 p..

With the data from these three intervals, the effects of a non-cloudy

atmosphere on the observed radiance can be nearly completely compen-

sated for and estimated of sea temperature to an accuracy of 0. 1 5 K can

be obtained. The three channels also provide some information on cloud
>

cover when some clouds arc within the field of view. It is, however,

recommended that a broad-band visible channel be included to aid in

cloud cover determination and to provide panchromatic imagery precisely

registered with the infrared data. In addition a near infrared and/or an

ultraviolet band can aid in recognizing oil slicks and other special targets.

Performance characteristics of the Multispectral Infrared Mechanical

Scanner are given in Table 3-5. The Multichannel Infrared Radiometer

not only given more accurate data, it also eliminates the need for obtain-

ing auxilliary atmospheric measurements and introducing them into the

data processing procedures.

Table 3-5. Performance Characteristics of Multispectral
Infrared Mechanical Scanner

Channels: 4. 75 to 5. 1 SJJL, 8. 85 to 9. 35fi, 10. 5 t o l l . 5u,

0. 4 to 0. 7 n, 0. 3 to 0. 4 JJL and 0. 7 to 1. 0 n

Spatial
Resolution 1 km

Swath Width: Adjustable, 1 00 km to horizon-to-horizon
(sensitivity given for 360 km swath)

Sensitivity: NEAT = 0. 16, 0. 07 and 0. 05 K respectively
for thermal IR channels

NEAP = 0. 01 for the other channels

Absolute
Accuracy: 0. Z C

3. 2. 3 Microwave Radiometer

The radiance observed with a single passive microwave radiometer

measurement depends on water temperature, surface roughness, atmos-

pheric conditions, and, to a slight extent, water salinity. The conditions

of observation which affect the dependence are frequency, polarization,

and the angle between the surface and the line of sight. Measurement

3-H



conditions can be chosen to maximize the sensitivity to any particular

parameter while having low sensitivities to the others, but no one measure-

ment can be made to be completely independent of all parameters but one.

Thus a combination of carefully selected measurements is required, even

if only one environmental quantity, e.g., sea surface temperature, is

desired.

No one combination of microwave radiometer design and mode of

operation is superior in all respects to any other. The recommendation of

a two frequency, dual polarization, multiple angle radiometer is based on

a primary interest in sea surface temperature and roughness. Size and

weight are reduced over a radiometer sensitive to more frequencies;

less information is obtained on cloud and rain droplet sizes, but this

information is not as important for global ocean applications. The radio-

meter uses frequencies near 9 and 19 GHz, and angles of about 40 to

60° with the surface. Fixed planar array antennas are electrically scanned

to provide conical scanning of the surface. For the smallest angle with

the local vertical used, 40 , a swath width of up to about 1250 km can be

obtained. A spatial resolution of 50 km and a temperature sensitivity of

0.5 K can be achieved with a radiometer weighing about 90 kg and using

about 175 watts of power.

3.2.4 Synthetic Aperture Radar (SAR)

At frequencies below about 10 GHz there is very little attenuation

by the atmosphere, even with heavy clouds in the path. Consequently

imaging radar operating below io GHz can provide all-weather imagery of

the surface. The synthetic aperture technique can be used to achieve high

resolution with a feasible antenna size. The required radiation pattern is

a fan beam tilted to one side of the orbit plane, so the antenna is very

long in the along-track direction compared to its height in the cross-track

direction. Scanning is provided in the cross-track direction by the time

delay of the signal reflected from the surface at points successively far-

ther from the nadir, while in the along-track direction the scanning comes

from the spacecraft motion, (see Table 3-6).
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Table 3-6. SAR Performance Characteristics

Wavelength: 10 cm (3 GHz)

Bandwidth: 0.5 MHz

Resolution: 1 km (both directions)

Sensitivity: Good image above a of -20 db

Antenna Size:, 6 m by 0. 3 m by 8 cm

Weight: 73 kg

Power: 140 watts

3.2.5 Glitter Pattern Sensor

A sun glitter pattern sensor can provide the speed and direction of.

the near surface wind averaged over a substantial fraction of the glitter

pattern, and make possible the detection and delineation of areas of

reduced sea state arising from regions of upwelling or from natural or

man-made slicks. The proposed sensor is essentially a medium resolu-

tion TV camera with a field of view which can be centered on the glitter

pattern and cover a substantial fraction of its area. The wind data are

deduced from relative measurements of constant brightness contours in

the pattern, i. e., the "size" and "shape" of the pattern, along with the

use of the relationships between the frequency of occurrence of local sur-
3

face slopes and near-surface winds developed by Cox and Munk.

Performance characteristics of the proposed sensor are summarized

in Table 3-7. The glitter pattern sensor is in a sense in competition with

the passive multichannel microwave radiometer, which also gives a mea-

sure of near-surface winds. It suffers in comparison with microwave

techniques both in that its applicability is limited to the sun glitter region

in the absence of excessive interference from cloud cover, and that the

area over which the wind measurement is averaged is larger than a typi-

cal microwave footprint. The latter point may, however, not be a disadvan-

tage for applications such as Numerical Weather Prediction, in which aver-

ages over fairly large areas are desired. On the other hand, the glitter

pattern sensor provides information on the wind direction, while micro-

wave measurements do not. In addition, the fairly high resolution of the
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Table 3-7. Glitter Framing Camera

General Description

Function

Configuration,
Major Elements

Developmental
Status

Primary: To obtain images of g l i t t e r pa t te rn f rom which to deduce
average sea state and detect and locate areas of reduced
sea state.

Secondary: To obtain moderate resolution images of areas outside
glitter pattern

1000 TV line camera (RDV or Sec Vidicon); f/4 optics with adjustable
iris diaphram f/4 to f / 1 6 ; two axis gimballing or 2 axis pointing
mirror

State-of-the-art

Performance
Characteristics

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

0. 58-0. 7(i - not critical but should be at red end of visible spectrum

Broadband - one band only

40° x 40°; -777 km across at 30° from nadir

2500 feet; 0.78 km (per TV line) (925 km altitude)

64: 1 dynamic range at any given exposure, additional 16: 1 by varying
expsoure
20 percent photometric

Physical
Characteristics

Size

Weight

Power

. 03 cu. meters

18kg

45 watts average, 52 watts peak

Platform/Data
Considerations

Pointing Accuracy

Line of Sight Rate

Data Output

0. 5 (+ 5 nmi)

0.35°/sec

100 KHz video, 10 sec/f rame, 1 frame/30 sec

Comments Brightness at center of glitter pattern varies from about ZOOLum/ft /
stcr to 2500 Lum/ft2 /ster.

2 f rames /min give about 4 images of any point on surface.

Pointing required 0 to 40° from nadir, 360 in azimuth
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glitter pattern sensor imagery permits the detection and delineation of

slicks which microwave radiometry could miss entirely. On a relatively

short term basis, it should also be observed that the Cox and Munk sta-

tistics require some, as yet not firmly determined, modifications for

application to microwave measurements. Thus, sun glitter measure-

ments could serve as a form of "ground truth" for use in validating

microwave data reduction procedures.

3. 2. 6 Altimeter

The analysis of Section 4 shows that for oceanographic measure-
•7

ments slopes of one part in 10 over regions of about 100 km or more need

to be measured. This translates into an altimeter performance require-

ment for a range accuracy of 10-20 cm for a single measurement. Either

a laser or a radar altimeter can be considered for this application. The

principal advantage of a laser system is that it can provide very fine

angular resolution but', for ocean surface measurements, averaging over a

fairly large area is required to reduce the effects of local wave structure,

so a narrow altimeter beam is of no particular value. Most other con-

siderations, including weight and power requirements, more nearly all-

weather capability, and stage of development, favor the radar altimeter.

Therefore the radar altimeter has been chosen. The characteristics of

the sensor are given in Table 3-8.

Table 3-8. Radar Altimeter

Type:

Pulse:

PRF:

Antenna:

Accuracy:

Sensitivity:

Data Rate:

X-band (9 GHz), single pulse operation

40 nanosec amplitude modulated CN

1-100 pulses per sec.

0.9m diameter circular, 37.2 mr ad beam width

10 cm

Slopes of 10"7 over 50-100 km

One measurement per 10-20 km along track
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The purpose of the altimeter is not to make geodetic measurements

per se but to obtain data for application to oceanographic requirements

for current, tide, and storm measurements. For these purposes the ocean

surface slopes can be used rather than absolute surface heights. It is

this fact that makes useful measurements feasible, since the slopes can

be obtained without knowing precisely the altitude of the spacecraft nor

the exact departures of the geoid from the reference ellipsoid.

The transmitter power required for satisfactory imaging is strongly

dependent on the incidence angle of the antenn beam. To reduce the re-

quired transmitter power over the ocean, the beam should be pointed

much nearer the nadir than is customary for side looking radars over

land. "With the beam starting at about 20 from the vertical reasonable

power levels can be used, while observable contract between rough and

moderately smooth seas will be obtained. Ice will produce strong signal

returns, so this sensor is particularly useful for mapping sea ice and the

polar ice caps.

Sea and polar ice measurements should be made every 1-2 days over

latitudes down to 60 or less. To achieve this coverage a swath width of

about 600 km is required. Because the highest latitude reached by the

satellite is about 81 (north or south) and the radar looks to one side, it

is not possible to observe close to both poles with a single fixed antenna

configuration. Such observations could be made either with two antennas

or with one capable of being pointed to either side of the spacecraft. How-

ever, given a single antenna with a swath width of 600 km on a spacecraft

at an altitude of 925 km, starting at 20° from the nadir, it is possible

to observe to within about 0.5° (63 km) of the north pole and to about

1340 km of the south pole, i.e., to about 78°S latitude. The region never

seen near the south pole is entirely over land except for a small portion

of the Weddell Sea, so the loss of coverage of this area is not as serious

as would be that of the corresponding region near the north pole. It is

this configuration that is recommended, since it provides good coverage

with minimum weight and complexity.
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Performance characteristics of the suggested synthetic aperture

radar are summarized in Table 3-6. The power requirement degradation

of the maximum achieveable resolution in the along track direction, but

since the required resolution is very much larger than that obtainable

even with the past detection integration, no compromise of mission

requirements results.

3. 3 SPACECRAFT REQUIREMENTS

The spacecraft requirements are derived "from the expected pay-

load capabilities of the EOS spacecraft and from operating characteris-

tics of the chosen sensors. It is, of course, not purely fortuitous that

the sensors do not require greater weight or power allotments than

those postulated for EOS. The balancing of sensor performance against

the spacecraft capability to provide the weight and power required to

achieve that performance is probably not evident from the discussions

of the individual sensors, but it was nevertheless an important consider-

ation throughout the study.

3. 3. 1 EOS Pay load Limitations

The EOS total pay load was taken to be subject to the following

limitations:

• Maximum payload weight 315 kg

• Maximum power available 500 watts average
1500 watts peak

• Maximum data rate 40 MHz

The total estimated weight of all six sensors is 292 kg; this falls

within the weight limitation with about an eight percent contingency fac-

tor. The power presents less of a constraint than the wieght. The

average power consumption with all sensors operating at once is esti-

mated at 443 watts, about 13 percent less than the allowable average,

but since the sensors do not operate all the time the margin is actually

considerably greater. The duty cycles of the sensors vary from about

0. 2 to no more than about 0. 6, on the average, when the relative amount

of land and water, and, for the visible sensors, sun angle considera-

tions, are taken into account. With these coverage factors, the average
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estimated power requirement is about 200 watts, with a peak, since they

will tend frequently to be all operating at once, of about 450 watts. The

sensor requirements also fall far short of the maximum data rate.

3.3.2 Orbital Selection

The choice of orbital parameters is discussed in detail in Section

8. The desires for high resolution in the imaging sensor on the one hand,

and for complete and frequently repeated coverage on the other, lead to

conflicting altitude requirements. The best tradeoff between them occurs

at roughly 500 to 1000 km; an altitude of 925 km (500 nmi) has been chosen

as nominal for calculating sensor resolutions and coverage. A circular,

sun-synchronous orbit is clearly desirable to provide repeated observa-

tions under as nearly the same conditions as possible and to regularity in

the coverage repetition. The choice of a sun-synchronous orbit establishes

a relationship between altitude and inclination; for an altitude of 925 km,

the inclination is about 99 . The exact choice of altitude determines the

period at which the orbital traces repeat themselves.

Once a sun-synchronous orbit of a given altitude has been chosen,

the only significant orbital parameter remaining is that relating the orbit

to the local time of day. Choice of this parameter is affected most strongly

by the visible imaging spectrometer requirements for suitable sun angles.

The image contrast arises almost exclusively from color differences, as

opposed, for example, to lunar or Martian imagery, where it comes pri-

marily from shadows associated with terrain relief. A sun angle as high

as possible is thus desirable. However, too high a sun angle brings the

glitter pattern into the field of view. The very bright specular reflection

of the glitter pattern provides almost no information on the specular char-

acteristics of the water itself, while overwhelming the much weaker up-

welling scattered sunlight which is affected by the transmission properties

of the water. The best available evidence on ocean color contrast relative

to sun position is discussed in the section on the visible imaging spectro-

meter. An orbit for which the local time of the descending node is 1400

appears to be the best, taking into account both sun angles and diurnal

cloud and fog trends.
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3. 3. 3 Attitude Control

The spacecraft must obviously be three-axis stabilized and earth-

oriented to provide a suitable platform for the global ocean sensors. It

should be possible to determine the spacecraft attitude at any instant of

time to 0. 05° in order to have location accuracy consistent with the reso-

lution of the sensors. The attitude control need not be quite so tight,

however, the control should be at least good enough to provide pointing of

fixed-mounted sensors to 0. 5 in each axis, and preferably to 0. 2 or bet-

ter. Moreover, the control must insure body rates no greater than 0. 035 /sec
" '»

in each axis. These attitude control and determination requirements can be

met within the state of the art without unusual cost or capability.

3. 4 DATA REQUIREMENTS

The data requirements summarized in this section are based on the

use of all six sensors for the maximum amount of time that they could be

used. That is, for example, the data acquisition for the visible imaging

spectrometer has been based on the times when acceptable sun angles

occur, but no allowance has been made for reduced operating time because

of cloud cover.

The volume of data acquired by all the sensors is summarized in

Table 3-9. The synthetic aperture radar (SAR) acquires about four times

as much data as all the rest of the payload together. Thus the SAR data

dominate the storage and readout requirements. However, once the stan-

dard preprocessing typical for this kind of sensor has been done on the

amount of data requiring further processing or analysis becomes much

smaller (by over two orders of magnitude).

It is assumed that the ground stations which will receive the global

oceanographic data are the NTTF in Maryland, Goldstone, California, and

Fairbanks, Alaska. They together provide an average of 16 minutes of

readout time per orbit, of which about half is at Fairbanks. The individual

orbit times for a typical month vary from zero to 37 minutes. Thus data

must be stored on board for over two orbits on occasion, and must be

transmitted at a higher than real-time rate.

The storage requirements do not strain the current technology in

tape recorders. For example, the tape recorder being developed for

ERTS could store about 2. 4 orbits worth of radar data, which has been
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Table 3-9. Data Acquisition

Sensor

SLR

Multispectral 1 Day
Scanner / Night

Visible Spectrometer

Glitter Sensor

Microwave Radiometer

Radar Altimeter

Operating Data Rate (MB/S)

Instantaneous

8 MB/S

1.5
0.75

0. J

0.2

O.OOOZ

0.0001

Average

8 MB/S

1.0
0.5

0.3

0.04

O.OOOZ

0.0001

Average Coverage Factor

Fraction of
orbit

0.25

0.3
0.3

0.2

O.Z

0.6

0.6

Operating
t ime/orbi t («ec

1550

1850
1850

1240

1240

3700

3700

Average Total Data
Per Orbit (MB)

1.24 x 10* MB

} 2. 8x 103

3. 7 x 102

50

0.74

0.37

Total 1.56 x 104 MB

seen to have the greatest requirements. It is desired that the readout

rates stay within the capabilities established for ERTS, and this can be

accomplished. Two 30 megabit/sec channels (i. e. , the ERTS Channels)

would be used to transmit all the data in an average of 7 minutes per

orbit, which is nicely within the available time.

3. 5 PAYLOAD GROUPINGS

The final product of the study of global oceanographic requirements

for EOS A/B is the recommendation of sensor groupings and their asso-

ciated orbital requirements for each of the national priorities. Optimum

and minimum sensor groupings have been established for each priority as

required by the work statement. In the identification of these groupings,

iterative analyses were performed which were started almost from the

beginning of the study. Thus a set of sensors of configuration and perfor-

mance within the state-of-the-art, conforming to spacecraft constraints,

was evolved to meet the measurement requirements;. Because of this

guidance of the choice of sensor capabilities and the. considerable common-

ality among the requirements for the different priorities, the optimum

grouping established for each priority consists of all six sensors. Minimum

sensor groups were selected by identifying those sensors which acquire the

most significant information for each priority. The recommendations for

optimum and minimum sets of sensors are presented in Tables 3-11 through

3-13, along with the measurements performed and the extent to which rele-

vant information is acquired. The sensors are listed in terms of impor-

tance for each grouping.
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For the physical processes priority, Table 3-11, the optimum payload

capabilities satisfy all the information needs except for two categories

under basic geophysical research. With respect to the first, geodesy and

dynamic topography, the optimum payload can satisfy only the geostrophic

flow measurement requirements using the altimeter. The other information

requirements under this category involve a need for daily coverage. The

second category, geomagnetism, is not covered because of the operational

and physical incompatibility of magnetic measurements with the rest of

the payload. The minimum payload provides ocean color, sea surface

temperature, and surface roughness (sea ice detection) information and

thus emphasizes environmental monitoring and prediction for transpor-

tation and hazards.

For the living marine resources priority, Table 3-12, both the opti-

mum payload and the minimum payload possess a positive capability for

all information needs, except for weather effects on fishing operations.

The minimum payload consists of ocean color, infrared sea surface tem-

perature and all weather microwave sea state and surface temperature

measurements. Temperature and color are vital for finding fish and all

weather sea state and temperature are important for predicting environ-

mental work conditions and icing conditions. Radar sea ice detection was

not selected since the bulk of fishing activities occurs in ice free waters.

The pollution priority mission, Table 3-13, optimum payload and

minimum payloads provide positive capabilities for all information needs,

except that the minimum payload possesses only marginal capability for

detecting and monitoring oil films. The minimum payload provides ocean

color and clear weather sea surface temperatures. Positive capability

for detecting oil films should also include all weather sea surface temper-

atures, all weather sea state glitter modifications measurements and sur-

face radar roughness measurements.

3. 6 CONCLUSIONS AND RECOMMENDATIONS

The recommended payload groupings, in order of-importance for an

EOS mission dedicated to global oceanography is contained in Table 3-10.

This sensor grouping nearly fulfills all measurement requirements as

shown in Section 3. 5.
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Table 3-10. Summary - Recommended Payload Multi-Priority
MINIMUM PAYLOAD GROUP - All PRIORITIES

SENSORS MEASUREMENTS

I. VISIBLE IMAGER OCEAN COLOR

]|. IR-MULTISPECTRAL SCANNER SEA SURFACE TEMPERATURE

III. MICROWAVE RADIOMETER SEA STATE

IV. SYNTHETIC APERTURE RADAR SURFACE ROUGHNESS

PAYLOAD CHARACTERISTICS

SIZE (M3) WEIGHT (KG) POWER (WATTS) DATA RATE (MBS)

18 18 0.3

43 45 1.5

91 175 MILL

73 140 8.0

225 380 9.8
Beyond this, an all encompassing sensor grouping would include, in

order of importance the sun glitter sensor and the radar altimeter. It

should be noted that the need for altimetry measurements could be fulfilled

by GEOS-C and inclusion of the altimeter would impose spacecraft stabil-

ity requirements during data acquisition.

The recommended payload complement would also include two wide-

band tape recorders similar to those under development for ERTS A/B.

Additionally, a Data Collection System with tracking capability would be

desirable.

In summary, the recommended multi-priority sensor grouping could

be developed for the EOS A mission, if appropriate action is taken to develop

the payload which would include aircraft flights to finalize design parameters.

It should also be noted that the sensors described, except for MOCS, are

design concepts and require development.

It should finally be noted that spacecraft oceanography is still in the

research and development phase, and there is a lack of sensor hardware

experience and software utility.
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Table 3-9. Sensor Definition and Relevancy -
Physical Processes Priority Mission

SEE SECTION 4 FOR DETAILED INFORMATION NEEDS

PAYLOAD GROUPING

.A.

SENSOR DEFINITION

OPTIMUM GROUP

1. VISIBLE IMAGER

II. IR-MULTISPECTRAL SCANNER

III . SYNTHETIC APERTURE RADAR

IV. MICROWAVE RADIOMETER

V. GUTTER FRAMING CAMERA

VI. RADAR ALTIMETER

MEASUREMENTS PERFORMED

OCEAN COLOR

SEA SURFACE TEMPERATURE

SURFACE ROUGHNESS AND SEA ICE

SEA STATE

GLITTER PATTERN

SEA SLOPE

PAYLOAD CHARACTERISTICS

SENSORS SIZE (M3) WEIGHT (KG)

1. 0.15 18

II. 1.2 43

III. 0.3 73

IV. 0.4 91

V. 0.1 18

VI. 0.05 23

TOTAL 2.2 266

POWER (WATTS) DATA RATE (MBS)

18 0.3

45 1 .5

140 8.0

175 NILL

45 0.2

X NILL

450 10.0

RELEVANT INFORMATION ACQUIRED

OPTIMUM GROUP

I. ENVIRONMENTAL MONITORING AND PREDICTION FOR
TRANSPORTATION AND HAZARDS
A. SHORT-TERM FORCING FUNCTIONS- INSOLATION

6 . SHORT-TERM COUPLING MECHANISMS
I) WIND STRESS ON SURFACE WATER

2) HEAT EXCHANGE, EVAPORATION/PRECIPITATION *
AND FREEZING/MELTING

C. SHORT-TERM RESPONSE PATTERNS
1) SEA ICE: PACK AND SHELF ICE FORMATION

AND BREAKUP
2) REGIONAL WEATHER CONDITIONS (FOG, SEA

STATE, WIND, ETC.)
3) CURRENTS (RESPONSE OF SURFACE WATERS TO WIND

AND CORIOLIS FORCES) - CURRENT BOUNDARIES
(FRONTS, DIVERGENCES, CONVERGENCES,
UPWELLING AREAS)

D. SHOAL WATER AREAS (REEFS BANKS, ETC .)

II. BASIC GEOPHYSICAL RESEARCH
A. GEODESY AND DYNAMIC TOPOGRAPHY

B. GEOMORPHOLOGY
1) SHALLOW WATER BOTTOM TOPOGRAPHY

2) VOLCANIC ISLANDS, CORAL REEFS, CONTINENTAL
AND INSULAR COASTLINES

C. CONDITIONS AND PROCESSES IN POLAR REGIONS [

D. GEOMAGNETISM

MEASUREMENT REQUIREMENTS SATISF-IED

(I .A) REQUIREMENTS SATISFIED FOR OC AND SST. ONE DAY
REPETITION RATE POSSfeLE ONLY WITH IR-MULTISPECTRAL
CAMERA.

(I.B.I) REQUIREMENTS SATISFIED FOR OC, SS ANDSR.
GLITTER PATTERN (GP) ONE DAY FREQUENCY OF
COVERAGE POSSIBLE BY UNIQUE GIMBAL GLITTER
FRAMING CAMERA, MICROWAVE FREQUENCY OF
COVERAGE NOT POSSIBLE

(I.B.2) SAME AS I.B.UN ADDITION SST REQUIREMENTS SATISFIED

(I.C.I) REQUIREMENTS SATISFIED FOR SST, OC, AND SR. SEA
SURFACE SALINITY DATA NOT PRONTOED

(I.C.2) SAMEASI.B.1, SIDELOOKING RADAR FREQUENCY OF
COVERAGE NOT POSSIBLE.

(I.C.3) REQUIREMENTS SATISFIED FOR OC, SST, GP, SS, SSL, AND
SR. SEA SURFACE SALINITY DATA NOT PROVIDED. SPECTRAL
BANDWIDTH IS O.OISp INSTEAD OF 0.01|i FOR TURBIDITY.

(I.D.) REQUIREMENT SATISFIED FOR OC EXCEPT SPECTRAL BAND-
WIDTH IS 0.015(1 INSTEAD OF O.OIjiFOR SHALLOW WATER
BATHIMETRY.

(II.A) REQUIREMENTS SATISFIED FOR SSL FOR GEOSTROPHIC FLOW.
ALL OTHER REQUIREMENTS FOR ONE DAY COVERAGE OF SSL
NOT MET.

(II.B.I) REQUIREMENTS SATISFIED FOR OC AND GP EXCEPT SPECTRAL
BANDWIDTH IS 0.015(1 INSTEAD OF 0.01)1 FOR BATHYMETRY

(II.B.2) REQUIREMENTS SATISFIED FOR OC EXCEPT SPECTRAL BAND-
WIDTH IS 0.015(J INSTEAD OF O.Olt"

(II .C) REQUIREMENTS SATISFIED FOR SST AND OC EXCEPT SPECTRAL
BANDWIDTH IS 0.015|j INSTEAD OF 0.01 u

(II.D) REQUIREMENTS NOT SATISFIED.

MINIMUM GROUP

MINIMUM GROUP

I. VISIBLE IMAGER

II. IR-MULTISPECTRAL SCANNER

III. SYNTHETIC APERTURE RADAR

OCEAN COLOR

SEA SURF ACE TEMP.

SURFACE ROUGHNESS AND SEA ICE

PAYLOAD CHARACTERISTICS

SENSOR

1.

II.

III.

TOTAL

SIZEIM3)

0.15

1.2

0.3

1.65

WEIGHT (KG)

18

43

73

~\34

POWER(WATTS)

18

45

140

loo"

DATA RATE (MBS)

0.3

1.5

8.0

9.8

I. ENVIRONMENTAL MONITORING AND PREDICTION FOR -
TRANSPORTATION AND HAZARDS
A. SHORT-TERM FORCING FUNCTIONS-INSOLATION
B. SHORT-TERM COUPLING MECHANISES

1) WIND STRESS ON SURFACE WATER

2) HEAT EXCHANGE, EVAPORATION/PRECIPITATION
AND FREEZING/MELTING

C. SHORT-TERM RESPONSE PATTERNS
1) SEA ICE: PACK AND SHELF ICE FORMATION

AND BREAKUP /.
2) REGIONAL WEATHER CONDITIONS (FOG, SEA

STATE, WIND, ETC.)
3) CURRENTS (RESPONSE OF SURFACE WATERS TO

WIND AND CORIOLIS FORCES) - CURRENT
BOUNDARIES (FRONTS, DIVERGENCES, CONVER-
GENCES, UPWELLING AREAS)

D. SHOAL WATER AREAS (REEFS BANKS, ETC.)

II. BASIC GEOPHYSICAL RESEARCH
A. GEODESY AND DYNAMIC TOPOGRAPHY
B. GEOMORPHOLOGY

1) SHALLOW WATER BOTTOM TOPOGRAPHY
2) VOLCANIC ISLANDS, CORAL REEFS, CONTINENTAL

AND INSULAR COASTLINES
C. CONDITIONS AND PROCESSES IN POLAR

REGIONS
D. GEOMAGNETISM

0 .A)

(I .B.I)

O.D)

REQUIREMENTS SATISFIED FOR OC AND SST.

REQUIREMENTS SATISFIED FOR OC. GLITTER PATTERN
NOT PROVIDED . - •

(I.B.2) SAME AS(I.A)GPNOTRPOVIDED

(I.C.I) REQUIREMENTS SATISFIED FOR SR (SEA ICE) AND SST, SEA
SURFACE SALINITY DATA NOT PROVIDED.

(I .C .2) REQUIREMENTS SATISFIED FOR OC AND SST EXCEPT NO SLR
DATA

(I.C.3) REQUIREMENTS SATISFIED FOR OC AND SST. SSL AND GP
AND ALL WEATHER SST CAPABILITY NOT PROVIDED.

REQUIREMENTS SATISFIED FOR OC EXCEPT SPECTRAL BAND-
WIDTH IS 0.015(r INSTEAD OF O.OIl

(II .A) REQUIREMENTS NOT SATISFIED

(II.B.l) SAME AS (I.D)
(II.B.2) SAME AS (I.D.) • .

(II .C) REQUIREMENTS SATISFIED FOR OC AND SST EXCEPT
SPECTRAL BANDWIDTH IS 0.015(1 INSTEAD OF 0.05

(II .0) REQUIREMENTS NOT SATISFIED
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Table 3-12. Sensor Definition and Relevancy -
Living Marine Resources Priority Mission

SEE SECTION 5 FOR DETAILED INFORMATION NEEDS

PAYLOAD GROUPING

SENSOR DEFINITION

OPTIMUM CROUP

I. VISBLE IMAGE*

II. K MULTISPECTRAL SCANNER

III. MICROWAVE RADIOMETER

IV. GLITTER FRAMING CAMERA

V. SYNTHETIC APERTURE RADAR

VI. RADAR ALTIMETER

MEASUREMENT PERFORMED

OCEAN COLO*

SEA SURFACE TEMPERATURE

SEA STATE

GLITTER PATTERN

SURFACE ROUGHNESS AND SEA ICE

SEA SLOPE

PAYLOAD CHARACTERISTICS

SENSOR

1.

II.

III.

IV.

V.

VI.

TOTAL

SIZF.(M3)

0.15

1.2

0.4

0.1
0.3

0.05

~75~

WEIGHT (KG)

18

43

91

18

73

23

26T

POWER(WATTS)

18

45

175

45

140

30

450~

DATA RATE (MBS)

0.3

1.5
NILL
0.2

8.0

NILL

10.0

RELEVANT INFORMATION ACQUIRED

OPTIMUM GROUP

i. RESOURCE ABUNDANCE/DYNAMICS
A. TOTAL GLOBAL RESOURCE ABUNDANCEAlELD POTENTIAL

B. YIELD POTENTIAL OF SPECIFIC OCEAN SECTORS, YEAR-
TO-YEAR STOCK SIZE VARIATIONS, MAXIMUM
SUSTAINABLE STOCK YIELDS.
1) REGIONAL PRIMARY PRODUCTIVITY
2) ENVIRONMENTAL LETHAL OR SUBLETHAL FACTORS

II. RESOURCE DISTRIBUTION
A. BROAD BIOGEOGRAPHY OF RESOURCES
B . ADULT STOCK MIGRATION ROUTES, LOCATION

OF SPAWNING GROUNDS/NURSERY AREAS.
1) REGIONAL PRIMARY PRODUCTIVITY
2) MAJOR CURRENT/WATER MASS DISPLACEMENTS
3) CURRENT MEANDERS
4) RIVER PLUMES, ETC.

5) SEASONAL MIGRATIONS OF ISOTHERMS
C. CONCENTRATION OF FISH NEAR DISCONTINUITIES

1) OCEANIC FRONTS
2) CURRENT EDDIES

III. STOCK AVAILABILITY/ACCESSIBILITY
A. WEATHER EFFECTS ON FISHING OPERATIONS

1) STORMS

2) CURRENT EDDIES
3) ICING CONDITIONS

4) LOCATION OF SHOALS
B. VULNERABILITY OF FISH

MEASUREMENT REQUIREMENTS SATISFIED

(I .A) REQUIREMENTS SATISFIED FOR OC EXCEPT SPECTRAL
BANDWIDTH IS 0.015(1 INSTEAD OF O.Oly

(I .B .1) REQUIREMENTS SATISFIED FOR OC, SST, S», GP, AND
SS EXCEPT SPECTURAL BANDWIDTH IS 0.015(1 INSTEAD
OF 0.01(1 . SEA SURFACE SALINITY DATA NOT PROVIDED.

(I .B .2) SAME AS (I .B. 1) EXCEPT FOR MAXIMUM FREQUENCY OF
COVERAGE FOR OC. MINIMUM FREQUENCY OF COVER-
AGE PROVIDED.

(II» SAME AS (I.B.I)

J O . B . I
i (I.B.I
MI.B.I

SAME AS (
SAME AS (
SAME AS (
REQUIREMENTS SATISFIED FOR OC, SST. SURFACE SALINITY
DATA NOT PROVIDED. LOWER LIMIT (MAXIMUM ONE DAY)
FREQUENCY OF COVERAGE NOT PROVIDED FOR MICROWAVE.

(II .B .5) REQUIREMENTS SATISFIED FOR SST

8I .C.I) SAME AS I.B.I)
I.C.2) SAME AS (I.B.I)

OII.A.I) REQUIREMENTS SATISFIED FOR OC AND SST. ALL WEATHER
SST NOT PROVIDED FOR OC ONE DAY FREQUENCY OF
COVERAGE.

OH .A .2) REQUIREMENTS SATISFIED FOR GP, SS AND SR.
(III.A.3) REQUIREMENT NOT SATISFIED FOR LESS THAN ONE DAY

FREQUENCY OF COVERAGE
(III .A .4) REQUIREMENTS SATISFIED FOR OC AND GP.

1) THERMOCLINE TOPOGRAPHY
2) WATER CLARITY

(III.B.I)
(III.B.2)

SAME AS (I.B.I)
REQUIREMENTS SATISFIED FOR OC

MINIMUM GROUP

I. VISIBLE IMAGER

II. IR-MULTISPECTRAL SCANNER

III. MICROWAVE RADIOMETER

MINIMUM GROUP

i. RESOURCE ABUNDANCE/DYNAMICS
A. TOTAL GLOBAL RESOURCE ABUNDANCEAIE LD POTENTIAL (I .A.)

B . YIELD POTENTIAL OF SPECIFIC OCEAN SECTORS, YEAR-
TO-YEAR STOCK SIZE VARIATIONS, MAXIMUM
SUSTAINABLE STOCK YIELDS
1) REG IONAL PRIMARY PRODUCTIVITY (1.8.1)

OCEAN COLOR

SEA SURFACE TEMPERATURE

SEA STATE ,'

SENSOR

I.

II.

III.

TOTAL

size (M3)
0.15
1.2
0.4

1.75

PAYLOAD CHARACTERISTICS

WEIGHT (KG) POWER (WATTS) DATA RATE (MBS)

18

43

91

TsT

18
45

175

240

0.3

1.5

, NILL

1.8

2) ENVIRONMENTAL LETHAL OR SLKLETHAL FACTORS

I. RESOURCE DISTRIBUTION
A. BROAD BIOGEOGRAPHY OF RESOURCES
B. ADULT STOCK MIGRATION ROUTES, LOCATION OF

SPAWNING GROUNDS/NURSERY AREAS.
1) REGIONAL PRIMARY PRODUCTIVITY
2) MAJOR CURRENT/WATER MASS DISPLACEMENTS
3) CURRENT MEANDERS
4) RIVER PLUMES, ETC.
5) SEASONAL MIGRATIONS OF ISOTHERMS

C. CONCENTRATION OF FISH NEAR DISCONTINUITIES
1) OCEANIC FRONTS
2) CURRENT EDDIES

I. STOCK AVAILABILITY/ACCESSIBILITY
A. WEATHER EFFECTS ON FISHING OPERATIONS

1} STORMS
2) ENVIRONMENTAL CONDITIONS

REQUIREMENTS SATISFIED FOR OC EXCEPT SPECTRAL
BANDWIDTH IS O.OI5M INSTEAD OF O.OlM

REQUIREMENTS SATISFIED FOR OC AND SST EXCEPT
SPECTRAL BANDWIDTH IS 0.015(1 INSTEAD OF 0.01|i.
GP AND SR REQUIREMENTS NOT PROVIDED. SURFACE
SALINITY DATA NOT PROVIDED.

(I.B.2) SAME AS (I.B.I), EXCEPT MAXIMUM 1/2 DAY FREQUENCY
OF COVERAGE NOT PROVIDED.

(II.A) SAME AS (I.B.I)

(II. B.I) SAME AS (1 .6.
(II .8 .2) SAM£AS(l.B.
(II. B. 3) SAME AS 1.8.
(IIJJ.4) SAME AS (1 .6.
(II.B.5) REQUIREMENT"

(II .C.I) SAMEASO.B.
(II .C. 2) SAMEASfl.B.

SATISFIED FOR SST

!

3) ICING CONDITIONS
4} LOCATION OF SHOALS

B. VULNERABILITY OF FISH
1) THERMOCLINE TOPOGRAPHY (III.B.I)
2) WATER CLARITY (III.B.2)

(III .A .1) REQUIREMENTS SATISFIED FOR OC AND SST
(III.A.2) REQUIREMENTS FOR SS PROVIDED EXCEPT FOR

MAXIMUM TWO DAY FREQUENCY OF COVERAGE.
GP NOT PROVIDED

(III.A.3) SAME AS (III.A. 1)
(III .A.4) REQUIREMENTS SATISFIED FOR OC. GP NOT PROVIDED.

REQUIREMENTS SATISFIED FOR SST. GP NOT PROVIDED.
REQUIREMENTS SATISFIED FOR OC.
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Table 3-13. Sensor Definition and Relevancy -
Pollution Priority Mission

SEE SECTION 6 FOR DtTAILED INFORMATION NEEDS

PAYLOAD GROUPING

SENSOjIJiCFINITIQN

Of T1MUM GROUP

I. VISBU IMAGEI

II. «-MULTISPECTlAL SCANNER

HI. GLITTER FRAMING CAMCRA

K. MICROWAVE RADIOMETER

V. SYNTHETIC APERTUK RADAR

VI. RADAR ALTIKCTEI

MEASUREMENTS PERFORMED

OCEAN COLOR

SEA SURFACE TEMPERATURE

GLITTEI PATTERN

SEA STATE

SURFACE ROUGHNESS

SEA SLOPE

SENSOR SIZE <

PAYLOAO CHARACTERISTICS

POWtlj

N|LL_

10.0

ajNIMUM GROUP

VISIBLE IMAGES

I. K-MULTISPECrRAL SCANNER

OCEAN COLOe

SEA SURF ACE TEMP.

PAYLOAD CHARACTERISTICS

WEIGHT jKG_) POWER (V

RELEVANT INFORMATION REQUHtU

OPTIMUM GROUP

I. THERMAL POLLUTION

UPWELLINGS

MVCT PLUMES

ii. HEAVY METALS AND RAOIONUCLIDES

A. PHYTOPLANKTON STANDING
CROP DYNAMICS - SPECTRAL
SIGNATURES

t. GENERAL SURFACE CONDITIONS

I) GENERAL OCEAN SURFACE

« CONVERGENCES

3) RIVEft PLUMES

III. CHLORINATED HYDROCARIONS

A. PHYTOPLANKTON STANDING
CIOP DYNAMICS - SPECTRAL
SIGNATURES

I GENERAL SUWACE CONDITIONS

!) CONVERGENCES

3} (tlVER PLUMES

V OIL FILMS
MINIMUM GROUP

I. THERMAL POLLUTION

UPWELLfNOS

RIVER PLUMES

MEASUREMENT MQUIREMtNTS SATISFIED

MIASUMMtNT REQUrtEMtNTS SATISFIED

(I.A.I) SAMI AS ().A,I)

(I.A.3) SAMEASdJK.I]

(I.A .4) REQUIREMENTS SATISFIED FOK OC EXCEPT
SPECTIAL lANOWlDTH IS 0.011 INSTEAD
Of O.Ot

(1.1) 1C E CAP SIZE MEASUREMENT REQUIREMENTS
SATISFIED FOR VlSlHE IMAGERY AND SYNTHETIC
APERTURE RADAR IMAGERY. WARMING TREND
MEASUREMENT REQUIREMENTS SATISFIED FOR SST.

(II.A) SAME AS {I./.4)

(11.1.1) SAME AS (I.A. I) PLUS DYNAMIC TOPOGRAPHY
MEASUREMENTS SATIFIED TO SLOPES OF IO'7

(11.1.2) SAME AS (I,A.1)

til J.3) SAME AS (I .A.I)

(III.A) SAME AS U-A-4)

(lit,1.1) SAME AS(IM.I)

(111.1.3) SAME ASd-A.l)

(III.1.3) SAME AS(I-A.I)

MII.1.4) REQUIREMENTS SATISFIED FOR OC, GP, SST,
AND SR. ULTRAVIOLET DATA NOT PROVIDED.

(I .A .11 REQUIREMENTS SATISFIED FOR OC AND SST
EXCEPT ALL WEATMEB SSI NOT PROVIDED.
SEA SLWFACE SALINITY DATA NOT PROVIDED.

(I.A.I) SAMEAS(1.A.1>

(I.A.3) SAMEAS(I>.1>

(I.A.4) REQUIREMENTS SATISFIED FOR OC EXCEPT
SPECTRAL &ANDW1DTH IS 0.013 INSTEAD
OF 0.01

HEAVY METALS AND RAOIONUCLIDES

A. PHYTOPLANKTON STANDING
CROP DYNAMICS - SPECTRAL
SIGNATURES

I. GENERAL SURFACE CONDITIONS

I)

:) CONVERGENCES

3) RIVER PLUMES

CHLORINATED HYDROCARBONS

A. PHYTOPLANKTON STANDING
CROP DYNAMICS - SPECTRAL
SIGNATURES

>. GENERAL SURFACE CONDITIONS

CONVERGENCES

RIVER PLUMES

OIL FILMS

(11.1.2) SAMEAS(I.A.I)

(M.a.3) SAMIAS(I.A.I)

(IK .A) SAME AS (I >.4)

(III.B.I) SAMEASIII.B.M

(III.B.Z) SAMEAS(I.A.1)

(III.1.3) SAMEAS(t.A.I)

(III .B.4) REQUIREMENTS SATISFIED FOR OC AND SST
EXCEPT ALL WEATHEX SST DATA NOT PROVIDED.
GLITTER PATTERN, SEA STATE, SURFACE
ROUGHNESS AND ULTRAVIOLET DATA NOT
PROVIDED.
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4. MONITORING AND PREDICTION OF PHYSICAL, PHENOMENA

From the point of view of the observer attempting to understand the

fundamental processes that affect the physical environment, the global

ocean and the atmosphere serve as the link between the basic source, or

forcing function, for all environmental changes (the sun) and the specific

local response patterns known, from the short-term point of view, as

weather, and in the long-term as climate.

The input of solar energy per unit area is, of course, greater in the

equatorial region than at the poles, where ice forms and melts (according

to season) and so provides a pair of large heat sinks. The basic condi-

tions therefore exist for the transfer of solar energy around the globe.

The oceans and the atmosphere provide the means for this transfer

through such coupling mechanisms as evaporation, condensation, preci-

pitation, freezing and melting, (see Figure 4-1). Logically, the global distri-

bution of temperature, pressure, and motion (along with the resulting trans-

port of heat and moisture) should be predictable by the equations of motion

and thermodynamics. Although, in principle, such ana nalytical approach

should be straightforward, in practice there are enormous difficulties.

The first of these difficulties is a general lack of the kind of detailed

and comprehensive information that is needed for a better understanding of

how the system works. Man's knowledge of the ocean atmosphere system

is limited in both space and time. Scientists have only recently begun to

obtain a synoptic view of even the surface manifestations of its dynamics,

.through the weather satellites that have been launched during the past

decade.

The second difficulty lies in the complexity of the system. The con-

tinental land masses, the coriolis force, seasonal changes, and various

other factors so complicate the dynamics of the basic energy transfer that

it defies analysis by classical methods. Computer technology, however,

provides an increasingly promising means of analyzing even these for-

midably complicated interactions, if comprehensive data can be provided.

This brings us directly to consideration of what a global oceano-

graphic satellite can do. Specifically, it can:
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ABSORPTION AND REFLECTION

BY EARTH SURFACE

Figure 4-1. Factors Affecting Transfer of Solar Energy
Absorbed and Re-emitted by Global Ocean
and the Atmosphere Above it

1) Continuously map cloud cover in order to measure the amount
of solar energy that reaches the surface of the ocean so that
the amount of heat that is absorbed can be roughly calculated
as an indication of the strength at any given time of the fun-
damental forcing function. This extremely basic kind of
energy estimate may eventually be applicable to long-range
weather forecasting and might have more immediate appli-
cation to the prediction of such factors as the depth of the
thermocline, which is of interest not only to naval and
research submarines but also to fishing fleets.

2) Map and monitor the extent of the polar ice caps in order to
estimate what might be called their heat-sink capacity, there-
by their effect on global temperature changes. This would
also provide part of the basis for long-range weather fore-
casting and would be immediately useful for predicting ice
boundaries for shipping in extremely northerly or southerly
waters.

3) Continuously map ocean surface temperature patterns as an
indication of the rate of insolation, which is the fundamental
energizer of all ocean currents and weather phenomena.

4) Continuously map wind and ocean current patterns for pre-
diction of short-term (2-5 days) and longer-term (5-14 days)
weather.
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5) Monitor sea state as an indication of locally existing and
broadly developing weather conditions.

6) Continuously map fixed and slowly evolving phenomena, • such
as shoals and coral formations, as an aid to charting services.

It is also possible that such a satellite might provide data useful to

geodesists and geomorphologists for their fundamental studies of the plan-

etary configuration. i
The remainder of this section discusses the interactions between

solar heat and polar cold and the responses to those interactions and the

extent to which, they can be observed by satellite-borne sensors. If the
discussion seems oversimplified, it is so partly because experts do not

agree entirely upon what the true and precise interrelationships are and

partly because a certain amount of deliberate oversimplification can help
to clarify the overall argument, which is that more information is needed

for a clear understanding of the global ocean system.

4. 1 SOLAR-POLAR INTERACTIONS

4.1.1 Insolation

Since the sun is the basic source of energy for all oceanic processes

(and more than half the heat that drives atmospheric processes comes from

the ocean's surface), measurement of the amount of heat that reaches the
surface of the ocean is of fundamental importance. While a satellite sys-

tem can measure ocean surface temperature by means of infrared radio-

metry, insolation is a complicated phenomenon which depends upon a wide

variety of factors, as shown in Figure 4-1. Far more significant than

surface temperature is the amount of input energy that is absorbed by the

ocean for, by absorbing heat during the day, the ocean stores solar energy

so that the forcing effect of the sun on atmospheric processes is continued

during the night.

The rate at which energy is absorbed is a function of atmospheric

transparency as well as time and solar radiance and the following equation

offers a crude means of calculating in units of gram calories per square

centimeter per 24 hours, the solar energy (Q ) that arrives at the oceans
surface.
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Q = 0.014 A t, (1-0. 0006 C3)
5 ** O

where A = Noon altitude of the sun (degrees)

t, = Length of daylight (minutes)

C = Cloud cover (total, in tenths)

A somewhat more refined, though still only grossly useful, calcula-

tion can "be made if atmospheric transparency can be measured in terms

of low, medium, and high-altitude layers of cloud. This, permits a more

detailed calculation, as follows:

Qs = Qo s(l-0.006CM
2)

Qg = Qog (1-0.0035 CH
2)

where Q = Insolation with a clear sky and C, , C,,, and €„ are theos J-i M H
values for cloud cover at low, medium and high altitudes. The minimum

Q for any cloud layer is the value used for sea surface insolation.s

Given solar input, a calculation can be made of albedo (Q ) which,

when subtracted from the input figure, should provide an approximation

of the energy absorbed by the ocean.

Albedo (Q ) for the sea surface can be expressed in terms of Q :
r s

<3 = 0. 15 Qc - (0.01 QJ2

r s s

Relevant measurables for determining insolation are those that deal with

atmospheric transparency, i. e. , cloud cover, haze, fog, other aerosols,

etc. Visible imagery along with measurements made in the IR and micro

wave portions of the spectrum can be used to determine atmospheric

trans par ency.

The value of the satellite system would, of course, be its ability

to provide the data for calculations of cloud cover on a synoptic scale,

while airborne and surface-based observations would be used, as they

are now, to provide more detailed, local measurements.

While the results, in terms of determining the quantity of heat

actually absorbed by the ocean, would inevitably be more akin to esti-

mates than to measurements in the strict sense of the word, the gradual
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accumulation of historical data would contribute substantially to the over-

all objectives of the EOS mission, which is to provide just this kind of

baseline information.

4.1.2 The Polar Ice Caps

Though the general atmospheric circulation is forced by uneven dis-

tribution of heating between the equator and the poles, variations in equa-

torial heating and polar cooling are poorly understood and little studied,

largely because of the paucity of relevant data over the oceans. Yet it

has been discovered that significant anomalies in the exchange of heat

and moisture between the ocean and atmosphere do occur* and that these

anomalies are closely related to variations in the dynamic behavior of

the atmosphere or, in a word, the weather.

For the Arctic region, anomalies of heat exchange and related

variations in atmospheric circulation have been investigated in great

detail by Soviet scientists, and are receiving increased attention else-

where. For the Antarctic regions, however, such studies have not yet

gotten underway, largely because adequate data have been lacking. It is

here that a large contribution can be made by a satellite. The problem,

simply stated, is to gather data on the seasonal variations in the extent

of the ice caps (which satellite-borne imaging systems can do synoptically

and, for all practical purposes, continuously) with a view to roughly

measuring their effect as regulators of the heat exchange between ocean

and atmosphere.

It has been suggested that such variations may be an important

factor in amplifying the climatic effects of small changes in global inso-

lation. Fletcher* has investigated this hypothesis and has shown that

variations in the extent of polar ice should have a considerably greater

influence on thermal forcing of the atmosphere during the fall and winter

than during the summer. Bjerknes ' has indicated that monitoring the

extent of the ice in the Southern Ocean on a continuing basis is an essen-

tial task in the development of extended-range forecasting and in under-

standing air-sea interactions.

*The North Atlantic was the first ocean area to be studied, followed by the
whole Atlantic; in recent years, emphasis has shifted to the Pacific, where
even larger anomalies of ocean/atmospheric heat exchange have been found
to occur, in both the equatorial zone and the mid-latitudes.
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Annual variations in the area covered by pack ice are about five

times larger in the Antarctic than they are in the Arctic and range from

about 8 percent of the Southern hemisphere to less than 1 percent.

While the overall problem is to record the major variations in heat

exchange over the oceanic regions, the specific contributing.factors that

a satellite system can measure over the polar regions are:

• Location and extent of pack ice, open leads,, .and polynyas,
especially in winter

• The distribution of ice and open water in both space and time

• Variations in mean albedo.

These observations of thermal forcing patterns should be part of

a continuous program that will yield reliable and permanent data on year-

to-year variations of the Arctic and Antarctic heat budgets and the inter-

actions between the polar oceans and their peripheral areas.

In addition to this basic information, satellite surveillance of the

polar regions can, of course, provide meteorologists with data that are

of more immediate interest for short-term and long-range forecasts as

well as with specific indications of the movement of ice toward warmer

latitudes and therefore into the shipping lanes, where they become haz-

ards to navigation.

4. 2 THE RESPONSE PATTERNS

In their most obvious manifestations, the response of the global

ocean and atmosphere to the forcing functions of heat and cold are simply

those that have been repeatedly observed by existing weather satellites.

The present and planned sensing capabilities of these satellites are shown

in Appendix D. For example, imagery in the visible spectrum can show

in time the rate at which evaporation and condensation are operating in

a given area to form clouds. With an indication of wind direction (which

can be deduced from the movement of the clouds) and the temperature of

downwind areas (mapped by infrared spectrometry) precipitation fore-

casts can be made. In areas where temperatures are low enough, pre-

dictions can be made of snow and hail precipitation.
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With the EOS sensors, discussed in Sections 3 and 7, some refine-

ments of weather forecasting techniques should be possible. The micro-

wave spectrometer and glitter sensors, for example, can provide an

indication of sea state,from which wind velocity can be deduced.and this

could improve the accuracy of weather forecasts with respect to time.

The Synthetic Aperture Radar would also provide substantial improve-

ments in ice-mapping, as compared with any instruments that are avail-

able or planned for purely meteorological satellites.

An oceanographic-dedicated satellite would provide one unique addi-

tional capability in the ocean color sensor and this, taken in conjunction

with the refinements discussed above,appears to justify such a special-

ized system. Further justification lies in the very real advantages to

oceanographers of having a complete observation platform and data-

processing system in one coordinated package. For, instead of having

to search for relevant atmospheric profile data in other, unrelated sys-

tems, they would have their own data, all generated simultaneously by

their own system so that correlation would be virtually automatic and

the entire data management problem would be substantially reduced.

Apart from weather (which in its extreme form as major storms

can, of course, endanger shipping and coastal life and alter the configu-

ration of vulnerable shorelines, shoals, and similar features), the ocean-

ographic satellite would provide a record of such long-term geophysical

changes as the evolution of coral formations and of islands or coastal

features created by volcanic activity. This information would be immed-

iately applicable to the drawing of new charts and the revision of existing

ones as well as to the relocation of aids to navigation.

The system would also, by means of the ocean color sensor, record

the changes in course and configuration of the ocean currents and the

divergences, convergences, and other features which affect upwellings

and overturns. These phenomena are more relevant in their practical

effects, however, to the management of living marine resources than

they are to basic research on physical ocean phenomena. They are,

therefore, discussed in the next section.
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5. MANAGEMENT OF LIVING MARINE RESOURCES

Most experts agree that agriculture is approaching the limits of its

ability to meet the nutritional needs of the present world population. Even

with the advances in agricultural efficiency that have been made in recent

years, the majority of the present population is still grossly undernourished.

Further increases in production appear to be limited not only from the tech-

nological point of view but also by the amount of additional land that can be

made arable. So, in order to meet the needs of the populations projected

for the remainder of this century, it is estimated that world food supplies

will have to be approximately doubled by 1980 and tripled by the year 2000.

If, as seems inevitable, agriculture is unable to sustain anything like so

large an increase, the oceans will have to be exploited to the greatest pos-

sible extent in an attempt to meet the need.

Ryther' ' states that the world's fisheries produced some 60-million

metric tons of food in 1967 (though this figure has since been questioned)

or between two and three percent of the world's total food production.

Estimates of the amount of food the oceans may be capable of pro-

ducing vary widely, as shown in Table 5-1. Whatever one's estimate of

the total resources may be, however, it is obvious that huge increases in

the efficiency of seafood harvesting (particularly of underutilized* marine

organisms) are absolutely necessary.

Russia and Japan are well aware of this need and are aggressively

developing their fishing capabilities. Russia, alone, for example, bud-

geted nearly $3-billion a few years ago to provide the new capital equip-

ment required to double their production over a five-year period. In

contrast to this active expansion, the fishing fleets of the United States

(which is the world's largest importer of fish) are actually shrinking and

the U. S. catch is declining.

*The already dangerous over-exploitation of such species as tuna underlines
the need to go down the food chain to organisms which are capable of pro-
viding high nutritional values with greater efficiency than the more complex
organisms, such as large fin-fish.
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Table 5-1. Estimates of Total Ocean Yields of Aquatic Animals J

Author

Thompson

FAO

Finn

Graham and Edwards

Meseck

Graham and Edwards

Schaefer

Meseck

Alverson

Bogdanov

Graham and Edwards

Schaefer

Schaefer

Pike and Spilhaus

Chapman

Pike and Spilhaus

Chapman

Forecast
(Million Metric Tons)

21.6

55. 4

50 to 60

55 (bony fishes)

55 (by 1970)

60 (bony fishes)

66 (by 1970)

70 (by 1980)

80

70 to 80

115 (bony fishes)

160

200

200

1000

180 to 1400

2000

Year

1949

1955

I960

1962

1962

1962

1965

1962

1965

1965
<962

1965
1965
1965
1966

1962

1965

Method

Ext.

Ext.

Ext.

Ext.

Ext.

Ext. f.

Ext.

Ext.

Ext.

Ext. f.

f.

Ext.

f.

f.

f.

f.

f.

Ext. - Extrapolated from catch trends or existing knowledge of
world fish resources.

f. - Flow of material through food chain.

From a purely nationalistic point of view, therefore, there is an

urgent need to encourage the building and manning of new and much larger

U. S. fishing fleets. There is an equally urgent need to increase the effi-

ciency of our fishing operations by guiding the fleets to the most productive

fishing grounds (with a minimum of time spent hunting for schools*) and to

provide greatly improved information on weather and other hazards that

reduce operating efficiency and endanger lives.

*A high-seas tuna boat, to cite only one example, normally spends more
than 85 percent of its on-ground time in searching for schools.
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Beyond these immediate needs, however, there is an evident long-

term need for international cooperation in the management of worldwide

marine food resources to ensure that the ocean's maximum sustainable

yield is both attained and maintained instead of being diminished by uncon-

trolled exploitation. The legal agreements and technical methods of en-

suring effective management can only be developed.if solidly factual infor-

mation (on the size of harvestable fish stocks and the factors that increase

or decrease them) is both available and kept constantly up to date.

As indicated in Section 3, no presently feasible satellite system can

provide information that is directly usable for this purpose. But it is well

within the capabilities of current technology to provide indirect data (on

wind and current patterns, water color, sea state, etc. ) which show where

harvestable stocks are likely to be and indicate the dynamic phenomena

that affect their size, well-being and harvestability. Only by judicious use

of such data, in combination with more precise surface and airborne mea-

surements, can mankind hops to plan for intelligent use of these desperately

needed food resources and to control their exploitation effectively.

The information that is required to provide a basis for improved

management breaks down into three categories: The dynamics of abundance

and scarcity of the various resources, the measurement (or inventorying of

the size and distribution of specific stocks, and the factors which affect the

harvestability of those stocks that are nutritionally (either directly or as

organic agricultural fertilizers) valuable to man.

5. 1 DYNAMICS OF RESOURCE ABUNDANCE

The factor that most obviously indicates the abundance or scarcity

of all other marine organisms is the fundamental element in the food chain,

phy to plankton. While various types of planktonic plants are found at various

depths in the ocean, most of them are either at the surface or near enough

to it to be visible to a spaceborne water color imaging system. And, where

plankton blooms, the higher marine organisms all the way up the chain are

bound to congregate.

By calculating the chlorophyll concentration in plankton beds on the

basis of water color imagery, it is possible to make useful rough esti-

mates of the bio-mass in areas of interest because the top-to-bottom depth
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of a given aggregation of algae can be assumed to be quite limited (since

their well-being depends upon sunlight from above as well as on inorganic

nutrients from below) and reasonably uniform in a given area of uniform

color.

With accumulated records of such data on a worldwide basis, it

should be possible in time (and with the support of additional.data from

detailed terrestrial observations) to make useful estimates of fish popula-

tions, at least of those species that school and feed at or near the surface.
" '%

5.1.1 Global Primary Productivity

Lack of synoptic observation of important sectors of the ocean --

areas where dynamic physical processes of variable intensity are respon-

sible for conveyance of nutrient-rich water into sunlit upper strata to sup-

port photosynthesis --is the primary reason knowledge of global primary

productivity is so limited at present.

Some of the most productive waters in the world may lie off the con-

tinent of Antarctica, yet the extent of this area has never been defined.

Experts differ, in fact, as to whether the high productivity that takes place

in Antarctic circumpolar waters occurs uniformly over the vast area south

of the Antarctic Convergence, or is confined to irregular, discontinuous

areas of upwelling close to shore, as is the case in most other parts of

the world. The Indian Ocean has also been relatively neglected. While

this ocean comprises approximately one fifth of the area of the world ocean,

it now produces only about 1 /25 of the world catch.

Once the patterns of primary productivity are documented on a

global basis, it should be possible to better estimate the global marine

food potential. Allowing for energy losses from one level to the next as

the food chain is ascended, primary productivity data may be applied to

arrive at rough estimates of productivity (maximum sustainable yield) at

trophic levels occupied by easily harvested organisms.

Changes in the quantity of phytoplankton pigments in near-surface

waters may offer a valuable mesoscale index of variations in the intensity

of primary productivity. Much of the world ocean is relatively monoton-

ous insofar as variation in productivity is concerned. Thus, only a frac-

tion -- upwelling zones and coastal water masses -- would require inten-

sive monitoring. These water masses comprise only about ten percent of
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fc—K-is-also-in_thes_e _regiojis__that_ the level of

productivity is extremely high. Annual productivity (grams of carbon/m )

in coastal waters (not counting upwelling areas) is twice the level in the

open ocean, according to calculations by Ryther. It is not surprising

in view of this that about 90 percent of the U. S. catch is comprised of

species that spend at least part of their lives in estuaries or shallow

coastal waters nearshore. (The fact that coastal stocks are more easily

accessible to fishermen also has something to Jo with this, however.)

Convective overturn of surface waters and wind mixing over shallow

thermoclines are agents responsible for high nutrient levels and corres-

pondingly high productivity levels, during certain times of the year in

higher latitudes. The most intensely productive conditions, however, are

associated with upwelling areas.

Annual productivity in upwelling areas is conservatively six times

the level in the open ocean province.* Additional significance of upwellings

to world fisheries derives from the fact that food chains tend to be short

here. Harvestable stocks such as Peruvian anchovy and Antarctic krill

(a shrimp) feed directly upon phy to plankton. Fishing these stocks mini-

mizes the energy losses (roughly 90 percent at each step along a food

chain) that would otherwise occur over the additional steps necessary to

produce an organism of harvestable size in other ocean provinces.

Upwellings occur in a variety of ocean situations, e. g. , along wes-

tern coasts of continents, in the turbulence downstream from islands and

shoals, and in equatorial areas, where parallel currents diverge in res-

ponse to coriolis force. Much of what is known about upwellings has
(3)

been summarized by Gushing. Table 5-2 presents some of this informa-

tion.

5.1.2 Variation in Abundance of Specific Stocks

Efficient exploitation and management of living resources requires

information to aid prediction of changes in population size. Generally

speaking, factors which influence stock size in marine species may be

divided into two categories: density-dependent factors and density-

independent factors. The former include such factors as size of the

parent stock and intraspecific competition for a common limited food

supply or for attachment space, in the case of sedentary forms. The

latter include extrinsic environmental influences, such as water mass

conditions. c e



Table 5-2. Characteristics of Known Upwelling Areas
(from Gushing^)

MAIN UPWELLJNGS

West Coast of North America (California Current)

1. Baja California to Point Conception

2. Point Conception to Cape Mendocino

3. Cape Mendocino to Cape Flattery

West Coast of South America (Peru Current)

1. Cape Blanco to 10°S

2. 10°S to Arlca

3. Antofagasta to Cape Carranza

4. Cape Carranza to 45°S

West Coast of North Africa (Canaries Current)

1. Freetown to Dakar

2. Dakar to Cap Blanc

3. Cap Blanc to Canaries

4. Canaries to Casablanca

5. Cap St. Vincent to Vigo

West Coast of South Africa (Benguela Current)

1. Pointe Notre to Porto Amboin

2. Baia do a Tlgros to Walvis Bay

3. Walvis Bay to Orange River

4. Orange River to Cape of Good Hope

Season

FMAMJJ

AMJJAS

MJJASO

FMAMJJASO

FMAMJJASO

DJFMAMJJ

ASONDJFM

ONDJF

ONDJFMA

AMJJAS

AMJJAS

JJASO

FMA

DJFMAMJJ

SONDJFMAMJJA

SONDJFMA

Length
(Km)

" i

880

560

800

720

1300

1500

1000

800

700

1020

1000

600

700

800

700

700

Width
(Km)

190

190

290

400

170

250

150

50

150

300

150

150

50

300

300

220

Area
(Km2)

169. 103

106. 103

230. 103

288. 103

191. 103

375. 103

150. 103

40. 103

105. 103

306. 103

150. 103

90. 1 03

35. 103

240. 103

210. 103

144. 103
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Table 5-2. Characteristics of Known Upwelling Areas

(from Gushing^3 ')

(Continued)

EQUATORIAL UPWELLINGS

Seaaon

September - January

February - April

May - July

July - August

DOMES

Location

North Equatortal Current

Weak

Strong

Strong

Weak

Counter Current

Weak >

None

Strong

Strong

South Equatortal Current

Strong

Weak

Weak

Strong

off Costa Rica

off Java

off Angola

Southwest of Dakar

Probable Area (km )

1.5x 105

3. O x l O 5

Possibly a little larger than Java Dome

UPWELLINGS IN THE INDIAN OCEAN AND INDONESIAN REGION, INCLUDING THE SOUTH CHINA SEA

Season

May
June and July
August and September

October

May and June

July

August

September

October

September - October

?

February - March
December - February

August

October - January

April - September

MINOR UPWELLINGS

Location Are* (km )

375 km from Cape Guardaful 94x10
625 km from Cape Guardafui HZ x 10

375 km from Cape Guardaful 94 x 103

200 km from Cape Guardaful 61 x 10

As Salala - Ras al Hadd 126 x 103

Ras Fartak - Ras al Hadd 161 x 1O3

Mukalla - Ras al Hadd 217 x 103

As Salala - Ras al Hadd 1Z6 x 103

Marbat - Al Khalaf 32 x 103

Alleppey - Guilon .

Trivandrum - Panjln
Off Walthair

Burma Coast

West Coast of Thailand

Northeast Coast of Thailand

South Vietnam Coast

Location

Gulf of Panama-

Gulf of Venezuela

Off Cape Relnga

Off Northeast Coast of South Island of N*w Zealand
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It may be possible, with extremely high-resolution spaceborne sensors,

to estimate the sizes of specific surface-schooling fish populations and get

some indication of the food and habitat available so that density-dependent

factors can be roughly measured. But this takes no account of bottom-

feeding species and, even for surface-schooling species, the resolution

requirement eliminates density-dependent factors from consideration as

observables for an EOS satellite.
i

Observation of density-independent factors, on the other hand, is very

much within the scope of the EOS concept and can provide information for

estimates of the likelihood that various species will increase or decrease

in a given time period. Thus, adverse environmental conditions are pri -

marily responsible for the prodigious egg and larval mortality rates of

most marine organisms, while reduction in size of the adult stock -- espec-

ially in heavily exploited (stable) populations -- can result in the release of

so few eggs that the population suffers.

Many density-independent environmental factors are broad-scale

synoptic influences and, as such, are of interest for remote sensing. The

importance of ocean currents to the survival of sardines off the west coast
(5)

of North America has been explained by Sette. Sardine larval survival

is very low and year classes are weak when the south-flowing California

Current is strong and steady, because larvae are prevented from reaching

coastal nursery grounds. When the flow is sluggish on the other hand,

nursery grounds are accessible, and the corresponding year classes are

strong. Cumulative wind data are valuable in predicting circulation pat-

terns of surface waters, and would similarly be useful in predicting the

drift of eggs and larvae. Projections of future year class strength of

various stocks may then be made on the basis of whether the eggs and

larvae are conveyed into favorable or unfavorable areas. Pollution con-

ditions which occur over wide areas may have profound effects on marine

resource population dynamics, although the exact nature of such effects

has yet to be documented for the most part.

In summary, it may be said that the information most needed for

understanding and predicting resource abundance (and controlling the

exploitation of key resources so as to maintain the maximum sustainable
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yield) is of two basic types. First, the dependence of resource popula-

tion dynamics upon environmental factors must be better understood.

Second, information is needed that will enhance our ability to understand

and predict synoptic influences, which give rise to anomalous physical

environmental conditions. The major contribution of remote sensing will

lie in synoptic coverage of physical environmental processes, in particu-

lar:

• Conditions leading to high primary productivity

- upwellings ""*

- seasonal convective overturn of high latitude water masses

- estuarine and terrestrial run-off influences in coastal
waters

• Current and water mass displacements

• Variation in location and intensity of oceanic fronts

• Distribution of polluted water

5. 2 DISTRIBUTION OF LIVING MARINE RESOURCES

It is axiomatic that the need for improved knowledge of the potential

of the global ocean in terms of abundance and sustainable yield of living

resources implies the need for knowledge of the macroscale spatial dis-

position (biogeography) of these resources. This is not enough from the

standpoint of practical exploitation, however, as most resource popula- .

tions are not stationary. What may appear to be fluctuations in abundance

of marine resources may in reality be changes in distribution of other-

wise stable populations. As a result of evolution and physiological adjust-

ment, marine organisms are adapted to a range of environmental condi-

tions. The range is peculiar to a given species and may be narrow or

wide, depending upon the condition and the organism.

In the case of marine organisms with sufficient mobility to achieve

a degree of independence of ocean currents (mature stages of most

species which are subject to harvest fit this description), suboptimal or

lethal environmental conditions often can be avoided. • On the other hand,

when organisms with limited mobility encounter unfavorable conditions,

lethal or sublethal effects may impair reproductive ability or cause death

and their population dynamics are correspondingly affected as discussed
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above. It follows that the logical places to search for itinerant resources

are those parts of the ocean where optimal conditions obtain. The suit-

ability of a given condition is tempered by other conditions; moreover,

whether a condition is optimal or not may depend upon the life history

stage of the species in question.

Broadly speaking, the biogeography of a species is controlled by

the distribution of tolerable environmental conditions. Outside that

range, they will not be expected to occur -- within the range, highest

probability of occurrence will be over a narrower optimum range of

conditions. Evidence is accumulating which suggests that within broad

areas of suitable temperature, salinity, transparency, and oxygen con-

ditions, many species (especially pelagic schooling species) concentrate

in the neighborhood of discontinuities and aggregate upon concentrations

of organisms that serve as forage. It is generally acknowledged that the

large-scale distribution of small animals which serve as forage for

schooling fish roughly resembles the contemporaneous spatial distri-

bution of surface chlorophyll, and that the latter may thus provide a

valuable index of the former. For tuna, at least, the distribution of such

biological properties may be the only useful basis for distinguishing areas

of probable abundance from areas of probable scarcity within vast areas

over which temperatures are suitable. ' Thus, it is important to moni-

tor conditions indirectly indicative of the presence of fish.

Our knowledge of conditions and interactions among conditions

which determine stock distribution, while limited at present, is the key

to reduction of the search time that plagues many fisheries. As a single

factor, temperature is the most useful environmental parameter for

delineation of fishing grounds. Temperature ranges for tuna species
(7)are illustrated in Figure 5-1. Sea surface temperature happens to be

one of the most time-variant fishery-oceanography parameters. Figure

5-2, showing displacements of isotherms during a six day period, illus-

trates this/8)

Study of stock migration is fundamental to fisheries research.

Many pelagic fish species make use of ocean-wide circulation features

for purposes of spawning, feeding and providing nursery grounds for
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their progeny. An example is the albacore (Thunnus alalunga), speci-

mens of which have been caught off Japan after having been tagged near
(9)California: Other populations or subpopulations accomplish these func-

tions over a much smaller geographical area. In any case, the basic

pattern is illustrated in Figure 5-3.

Eggs and larvae of substantially all marine organisms that repre-

sent actual or potential resources are planktonic - they drift with the

ocean currents from spawning areas into biologically-rich nursery

grounds. The latter are usually upwelling areas or otherwise fertile

coastal or nearshore water masses. Larval and juvenile growth takes

place in nursery grounds, and, after a period of time, mature indiv-

iduals arrive in adult feeding areas as new recruits to the particular

fishery in question. Active swimming against ocean currents is usually

required for adults to reach spawning grounds. Adult migration, conse-

quently, is roughly of the same range as the drift of juveniles. The

exact routes taken, time of arrival, and even the location of spawning

grounds or feeding areas is subject to the vagaries of ocean water mass

conditions. Figure 5-4 illustrates the effect that anomalous tempera-

ture conditions may have on the geographical location of fishing grounds,

in this case for albacore. The optimum temperature range for albacore

fishing is between 17°C and 19°C. The shaded area in the figure shows

the area normally bounded by these isotherms during August (long-term

average). The cross-hatching shows the area bounded by the same iso-

therms during the period August 20-25, 1967. It may be seen that the

optimum fishing grounds were displaced much closer to the coast during

this unusual year. To predict such changes, synoptic monitoring of

water mass and current displacements and the factors responsible for

them is necessary.

Oceanic fronts are features important to the distribution of certain

fish, especially tuna. According to Blackburn/ ' ocean fronts are

"probably best considered as boundaries (lines of convergence) between

surface waters of different densities, recognizable by strong horizontal

gradients of temperature and/or salinity, and accompanied by some

sinking of one or both types of water involved". Fishermen seek fronts

because fish tend to be associated with these features. The reasons for

the association are not well understood. While data does not exist to
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confirm this, it is generally thought that zooplankton organisms are con-

veyed towards a front from one or both sides and aggregated there. Lar-

ger nekton animals, which are not at the mercy of currents, move into

frontal regions to forage on the zooplankton. Thus, a food supply may be

available for higher carnivores (e. g. , tuna). Fronts vary in sharpness

and can move rapidly. In general, seasonal shifts are more pronounced

in lower latitude fronts. Considerable variation in intensity of fronts may
(11)occur in a few days time. '

Even though the underlying causes for changes in fish distribution

may not be well understood at present, empirical methods are being

devised that provide a means of predicting these changes. In the broadest

sense, information which influences large and mesoscale oceanic circula-

tion is needed. To summarize, the features or processes of interest

from the standpoint of remote sensing are as follows:

• Location and dynamics of fertile water masses (upwellings,
nutrient-rich coastal and nearshore waters)

• Distribution of surface isotherms and isohalines

• Oceanic fronts

• Estuarine and terrestrial run-off effects on coastal water
masses '

• Water mass and current displacements

5. 3 ACCESSIBILITY OF FISHING GROUNDS AND STOCK CATCHABILITY

The kind of information most needed by the harvesting sector of

the fishing industry is improved weather forecasts. Weather not only

affects a fisherman's comfort and safety enroute to and from fishing

grounds, it also affects his ability to find fish and deploy gear once he

is on the fishing grounds.

Fishermen ply sectors of the ocean that merchant and military

ships seldom traverse. Because of the sparsity of weather reports,

vast areas, especially in the southern hemisphere, receive virtually

no coverage by existing data sssimilation and predictive services.

Reliable reports on existing conditions and near-term (few days)

and long-term (weeks) prognoses are most needed by fishermen. Infor-

mation on wind conditions and sea state is the most important. A great
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need exists for improved information on the location, intensity, direc-

tion of travel and probable duration of storms and squalls -- especially

in isolated fishing areas. Modern high-sea fishing vessels are usually

forced to stop fishing when sea conditions reach seven to eight Beaufort

(25-40 knot winds). Smaller vessels operating in coastal and nearshore

waters are forced to stop much earlier, especially where swell waves

resonate with locally-generated wind waves to produce "outsized waves"

which can subject gear to enormous stresses.

In high latitudes, icing conditions represent a severe hazard to

smaller vessels. This phenomenon occurs where air temperature drops

below the freezing point of sea water. Sea spray, driven by wind from

•wave crests or emanating from bow splashes as the ship encounters large

waves, accretes to the hull, rigging, and superstructure of the vessel.

Reduction of freeboard and stability may be great enough to cause cap-

sizing. Icing conditions occur typically under the following circumstances

-- air temperature between -4 and -7 C, sea water temperature between

-2 and 2 C, and wind force of Beaufort 6 or more. ^ '

Weather, sea state, and current information is needed to permit

effective least-time route planning. In this regard, the most important

cause for overall loss of ship's speed is waves. This was discussed

above in the section on physical phenomena. Knowledge of current and

wind speed and direction is critical to fishing operations. For example,

direction of trawling and setting of purse seines is highly dependent upon

the ability of crew members to visually spot fish schools. Under heavy

sea conditions, fish that normally school at or near the surface may be

driven to deeper water. Even under moderate sea conditions, schools

at the surface may be very difficult to spot relative to the situation under

calmer conditions.

Finally, updated and refined bathymetric charts are in continual

demand by fishermen. Accurate charts are important for avoidance of

navigational hazards and for location of optimal fishing grounds (e. g. *

in the vicinity of banks, islands, reefs, and seamounts).

In addition to environmental factors which bear directly upon the

fisherman and his ability to locate and catch fish, a number of environ-

mental factors influence the vulnerability of fish to the strategies and

gear employed in fishing operations.
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According to Murphy and Shomura,' tightness of schooling in

deep-swimming yellowfin tuna --a factor which affects the number of

fish caught by longlines -- depends on the temperature structure of the

water. Schools are tightly packed and easily fished in narrow diver-

gence zones. However, when the cool water of a divergence is spread

over a wide area, there is little aggregation.

Thermocline topography is particularly important to high seas

tuna fisheries. Where the thermocline is shallow, tuna are more easily

caught by purse seines, the reason being that-the fish are prevented

from escape through the bottom of the net because of the cold waterf

directly below the thermo cline.

Visibility (water turbidity) may also be an important factor. If a

fish is able to see a net in the water, its chances for escape may be

enhanced. Water turbidity is especially important in gillnet fisheries.

In summary, the features or processes important in determining

stock catchability and accessibility of fishing grounds are:

• Current vector

• Wind vector

• Storms and squalls

• Icing conditions

• Sea state and swell

• Water clarity

• Thermo cline topography

• Bottom topography
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6. MONITORING OCEAN POLLUTION

The principal contribution that a satellite system can make to the

eventual control of ocean pollution is indirect. By monitoring areas of

upwelling and ocean currents (particularly the zones of convergence and

divergence) and similar phenomena, it can provide information of the

basis of which terrestrial platforms can be more effectively directed in

their efforts to make direct measurements of pollution effects.

Our investigation of all the identified sources of pollution on a glo-

bal scale indicate that two principal types of pollutants are of major

significance:

1) Industrial and agricultural chemicals, which are transported
to the oceans by the atmosphere, by rivers, and by direct
discharge from coastal plants

2) Thermal effects produced by (a) industrial waste heat, which
is also transported by the atmosphere, rivers and direct
outfalls, and (b) atmospheric haze*.

In addition to these main causes of ocean pollution, the study team

investigated herbicides, "soft" pesticides, municipal and industrial sewage

and other forms of dumping, and petroleum spills. These were deemed

to be the domain of fine scale and/or local investigators, however, because

they are relatively short-lived and local in their effects.

Oil spills have, of course, received wide publicity and have done

much to alert the public to the dangers of pollution in general. Their

effects are locally lethal to wildlife, temporarily ruinous to beaches and

dramatically useful as a stimulus to public awareness of the larger prob-

lem, but they cannot, at present, be considered as long-term global

threats.

*The major causes of deleterious atmospheric haze are industrial and
agricultural smokes, aircraft contrails, and volcanic dusts. These phe-
nomena can affect the temperature of the oceans by altering the radiation
balance of the ocean/atmosphere system as a whole. Variations in solar
activity also affect the radiation balance, of course, but are better obser-
ved by other means than the satellite system conceived for EOS.
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Sewage, soft pesticides, and herbicides are similarly short-lived

in effect (according to presently available information) and, though unques-

tionably dangerous on a local scale, are also best monitored by other means.

The most dangerous pollutants by a considerable margin are the

"hard" agricultural and industrial chemicals, that is heavy metals, chlor-

inated hydrocarbons, and radionuclides. The first two of these are widely

distributed in huge quantities and all three are both highly toxic and long-

lived. They enter the marine food chain at the primary level and become

increasingly concentrated as they rise through the hierarchy of marine

organisms. The result is that some stocks of large edible fish have

already become too contaminated for human consumption. The effects at

the primary level, however, are of greatest interest to this study because

by monitoring standing stocks of phytoplankton (particularly in areas of

high plankton concentration), a satellite system should be able to provide

an indirect but valuable global assessment of damage caused by such con-

taminants.

Thermal effects, due to either industrial or natural causes, do not

appear to be an immediate threat to the ecology of the global ocean but do

call for monitoring with a view to establishing control levels for industrial

and agricultural sources and applying controls in the event that they do

become dangerous.

The remainder of this section treats the two main categories of

pollution in somewhat greater detail.

6. 1 "HARD" CHEMICALS

This group of pollutants includes heavy metals, radionuclides, and

chlorinated hydrocarbons that are used both as agricultural pesticides and

in various industrial processes.

The principal sources of the majority of the heavy metals (mercury,

arsenic, cadmium, chromium, nickel, potassium, etc. ) are industrial

plants. One of the most dangerous and widely distributed metal pollutants,

however, is lead which emanates principally from automobile exhausts.
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It is estimated that some 350, 000 metric tons of lead are burned annually

in internal combustions engines and that this has increased the lead con-

tent of the surface waters of the northern hemisphere by 5-6 parts per

billion (ppb) in the past 45 years. The present annual rate of pollution

from this source is estimated to be equal to the amount of lead that

reaches the oceans as a result of natural weathering. It therefore, in

effect, doubles the natural rate. Continued pollution and biological con-

centration at the current rate will ultimately kill an increasing range of

marine organisms. ••»'

Mercury is an even more dangerous metabolic poison because its

effects are more severe and immediate. It occurs ionically and in such

organic compounds as methyl and ethyl mercury, which are more toxic

and readily absorbed than the ionic form. Ten ppb of the organic com-

pounds are sufficient to reduce photosynthesis in a representative marine

diatom to practically zero, while the currently tolerable limit for humans

of 0. 5 ppb, has already been exceeded in swordfish. In spite of its high

cost, only 48 percent of the mercury used in the U.S. in 1968 was recov-

ered and some 1400 metric tons entered the environment. Worldwide,

the quantity at least equals the amount entering from natural sources.

Both common and exotic radioactive elements have been released to

the environment as a result of man's nuclear experimentation. To date,

none have results in severe global environmental problems. Airborne

radionuclides arise primarily from nuclear weapons testing, whereas

those from nuclear power plants are primarily waterborne. The inci-

dence of the former is decreasing at present while the latter is increasing.

The chlorinated hydrocarbons include such pesticides as DDT, DDE,

aldrin and dieldrin, and a variety of poly chlorinated biphenyls used in

plastics and rubber manufacturing.

To take DDT as a typical example, it is estimated that some 1,200,000

metric tons have been produced since it was introduced more than 25 years

aso. Since it has a half-life of 10-20 years, most of this quantity is still

actively dangerous and it is estimated that 25 percent has reached the

oceans. Although the mixed layer (that part of the ocean that lies above

the thermocline and is subject to turbulent mixing) can probably dissolve

ten times the total quantity produced, the danger lies in the ability of oil
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films and the biota to absorb DDT at 10 to 10 times the concentration

of saturated sea water. Only a few parts per billion are sufficient to kill

shrimp and many other crustaceans and fin-fish. The higher orders of

marine life and carnivorous mammals, such as man, accumulate pesti-

cides in concentrations as much as 100, 000 times greater than that of

saturated sea water.

While some of these pollutants are distributed atmospherically in

the vapor state or as dust (or by being absorbed into dust particles),

others are transported by water runoff from the land. As they run into

or settle on the surface of the ocean, they are further distributed by sur-

face winds and ocean currents. In regions of upwelling (off the coast of

Southern California to cite only one typical area), where there are heavy

concentrations of plankton, they start to concentrate immediately. Off

the eastern coasts of the continents, they are transported by surface

winds and ocean currents to the areas of upwelling off the western con-

tinental shores. Consequently, there is some delay (arid therefore some

time for part of the pollutants to settle to the'bottom) before concentration

begins. Where gyres meet in current convergences, transfers are

effected from one major current system to another so that pollution pro-

duced by highly developed countries is unquestionably a global problem.

The function of EOS, as the study team sees it, is therefore to map

atmospheric and ocean circulation patterns (See Table 6-1) (as discussed

in greater detail in Section 4) so that gyres, convergence zones, and areas

of upwelling can be located and tracked as they vary in intensity and pos-

ition. The principal indicators of these phenomena are cloud patterns,

sea state, and ocean color which,as shown in Sections 3 and 7, can be

measured synoptically by the sensors recommended for EOS. The pur-

pose of this mapping and monitoring activity would be to provide a speci-

fic and factual basis for more effective planning and direction of the use

of standard oceanographic techniques to gather detailed and precise pol-

lution data at locations of major interest. It is on the basis of these

detailed measurements that control measures could be developed and

applied.
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Table 6-1. Detection, Monitoring and Control of Global Ocean Pollution
- Space Measurement Requirements

CHEMICAL POLLUTION

GENERAL PROBLEM SPECIFIC POLLUTANTS

CHEMICAL POLLUTION

ENVIRONMENTAL
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AND
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INSERTION

HEAVY
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AND

RADIONUCLIDES

SPECIFIC PROBLEMS
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DIRECT SPACE
MEASURABLE
EFFECTS:
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i

'-•

• SPACE OBSERVABLE
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PHYTOPLANKTON
, STANDING CROP

DYNAMICS
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SPACE MEASUREMENTS

WATER
SPECTRAL
SIGNATURES

MONITORING
SYSTEM
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MONITORING
SYSTEM
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INHIBITION 1

1

wm^m

-

•

•••i

-

r
^m^m

c
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•M^M

CIRCULATION !

CONVERGENCES ' ~

GENERAL
ATMOSPHERIC
CIRCULATION

I PHYTOPLANKTON • ,
STANDING. CROP, .
DYNAMICS"

GENERAL OCEAN
SURFACE
CIRCULATION

CONVERGENCES

NATURAL/ARTIFICIAL
OIL FILMS

GENERAL
ATMOSPHERIC
CIRCULATION

—

u_
• .

h
-
-

-

• . . •

• ••!

h-
-

[ WATER COLOR CONTRASTS,
SURFACE TEMPERATURE

.wfflMmstem

WATER COLOR CONTRASTS,
SURFACE TEMPERATURE,
SURFACE SALINITY

1 MET PROGRAMS
PROVIDE INFORMATION

1 WATER
SPECTRAL
SIGNATURES

WATER COLOR CONTRASTS,
SURFACE TEMPERATURE,
SURFACE SALINITY,
DYNAMIC TOPOGRAPHY -

.' , ;

... : _, .

'-• '* '
WATER COLOR CONTRASTS,
SURFACE TEMPERATURE, .
SURFACE SALINITY

1
-

SEA SURFACE ROUGHNESS.
RADIATED FLUX ANOMALIES,
UV AND IR SIGNATURES

1 MET PROGRAMS
PROVIDE INFORMATION^
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6. 2 THERMAL EFFECTS

While many different types of industrial plants discharge waste

heat to the atmosphere, into rivers, and directly into coastal waters, the

most readily measurable sources are electric power plants. Recent

figures show that world expenditure of energy in 1970 was about 5 million

megawatts. This figure is expected to rise to about 10 million MW in

1980 and 30 million by the year 2000. About 80 percent of the waste heat
>

from today's power plants reaches the ocean through river runoff or

through direct outfalls. The effects of such runoffs can be measured

locally (e. g., the Columbia River plume can be traced thermally to a

distance of about 300 kilometers from the river's mouth) but then rapidly

disappear in the mass of ocean water. They cannot, therefore, be said

to contribute measurably to temperature changes in the global ocean.

A major problem, in enforcement of water quality standards, is the

specification.of tolerable temperature limits. This requires understand-

ing of the extent of undesirable effects as a function of the level of altera-

tion from the natural thermal environment and an understanding of what

the baseline natural thermal environment should be. For example it may
o

be accepted that a 0. 5 C change from natural conditions is detrimental to a

certain ecological community that we are attempting to preserve but, if

we do not know what the natural temperature levels should be, we are

unable to prescribe absolute temperature limits above which enforcement

of regulations would be necessary. To complicate matters, the natural

levels are highly variable with season, current directions, and local wea-

ther phenomena. A satellite system dedicated to global mesoscale ocean

phenomena may be ideal for determining what natural conditions should be

as a function of season, currents and weather. Periodic mapping of large

scale temperature changes along coastlines either before or after installa-

.tion of a power station would provide knowledge of reference levels against

which alterations of natural conditions could be measured. It would be

desirable to perform mapping on a weekly basis with 0. 2 C accuracy and

a spatial resolution on the order of 1 /2 mile (high sensitivity, low reso-

lution measurements).
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The most significant argument against the immediacy of the danger

of thermal pollution by industry, however, is the fact that there has been

a general atmospheric cooling trend since 1940, which has resulted in a

mean global air temperature decrease of nearly 0. 3 C. Hubbs shows

that changes in the sea surface and air temperature track each other

closely so it is reasonable to assume that a slight general cooling of the

oceans has also occurred. This is in spite of the rapid increase in indus-

trial output of waste heat since the beginning of the industrial revolution.

Mechanisms which could contribute to such slight but large scale

climate changes include:

• Modifications of solar energy input to the global system due
to variations in solar activity

• Changes in atmospheric reflectivity (i. e. , albedo) due to
clouds and suspended particles

« Changes in upper atmosphere emissivity due to contaminants
such as CO2 (greenhouse effect)

• Direct thermal addition due to human activity (combustion,
fusion, and fission).

The effects are related by the simplified global energy balance

equation:

I (1-r) A + E - 4A e <y T4 = O (1)o x ' e e e '

where I = solar energy input

r = albedo

A = cross-sectional area of the earthe
E = non-radiative energy due to natural phenomena such

e as tidal (gravitational) energy and energy contributed
by man's activities

e = effective emissivity

<r = Stefan Boltzmann Constant

T = temperature

Substituting knowns into the first term of Equation (1), I =0. 135 watts/cm ;
17 °

r = 0. 037 results in approximately 10 watts for the first term of the equa-
13tion. Current estimates for E are 3x10 watts (man contributes about
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one-third of that amount). Thus, man is currently contributing less than

0. 01 percent of the solar energy input.

It is interesting to note that some meteorologists feel a one percent
change in climate is critical. Such a change would require the contribu-

tion through man's activities to be increased 100 times. At double the

current rate of power generation, it would take nearly 70 years to bring

E to one percent of the first term of the equation. The effect of man's
" t

activities on global climate seems, therefore, unlikely to constitute a near-

term danger. Thermal addition due to other mechanisms, however,

should be considered.

From 1860 to I960, CO2 has increased from 305 ppm to 345 ppm,

a 14 percent increase. Figure 6-1 attempts to correlate sun spot activity,

CO2 and dust-albedo effects. It shows that CO2 and sun-spot number

might account for world mean temperature change up to 1940. Beyond

1940, controversy exists as to the cause of the cooling trend. Most agree

that an increase in reflectivity due to dust :s the most probable factor.

Figure 6-2 implies that dust contribution due to volcanic activity is not

a
£ 1.2
uj in
Q
>- 0.8

0.4

0.2

320

300

' (A) WORLD MEAN TEMPERATUR6 /

(B)SUNSPOT NUMBER

{C)CO, CONCENTRATION

(DlVOLCANIC ACTIVITY INDEX

100

80

(L

40

X

0

Figure 6-1. Estimated Chronology of World Wide Atmospheric Particulate
Load by Volcanic Activity (stratospheric loading only, dotted
curve) and by Human Activity (heavy solid curve). (3)

6-9



A - COTOPAX
B - MAJKAN
C - ASKJA
D-KRAKATOA
E - TARAWERA
F - BANDAI SAN
G -AWU
H - SANTA MARIA
I - SHTYBELYA
J-KATMAI
K -SO. ANDES
L-HEKLA
M -MT. SPURR
N - BEZYMYANNAYA
O-AGUNG
P-AWU
Q - GALAPAGOS

l/>

O50

230

O 10

OO OO CO CO

ADJUSTED TO
NORTHERN HEMISPHERE

yr AVERAGE V= 4.2xl06 lft>NlS -

A B C DEF G H 1 J K LMNOPQ

, LOADING BY VOLCANIC ACTIVITY
-(H) TOTAL ATMOSPHERIC LOADING BY HUMAN

ACTIVITY
(ANNUAL AVERAGES 1850-1969)

Figure 6-2. Trends of World Mean Temperature, Sun Spot Index, Carbon
Dioxide, and Volcanic Activity. (2)

sufficient to account for the cooling trend. If this is the case, other

mechanisms that might contribute to climate change include:

• Industrial smoke

• "Blue" haze due to agricultural burning (most of the CO?
increase noted above has been shown to be linked to ^
agricultural burning and not to fissil fuel burning)

• Increase in cloudiness due to jet contrails (current pro-
jections based upon 1500 subsonic jets making 1 /2 mile
contrails lasting for 2 hours result in an estimate of a
5-10 percent increase in cirrus clouds over the North
American-Atlantic-Europe area)

The postulated EOS satellite system (See Table 6-2) would not be

capable of measuring the direct effects of these contaminants on the

atmosphere since their global effects (as opposed to their readily obser-

vable local effects) are still too slight to be detected. This very fact,

however, reinforces the vital role of the satellite system as a means of

establishing a body of data as a baseline against which future measure-

ments can be made in order to determine the need for control measures.

The principal means of acquiring this baseline information would,

of course, be the infrared radiometer, which would be used to produce
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global maps of sea-surface temperature patterns so that even slight

changes could be noted from year to year and more discriminating

methods could be developed to determine their specific causes.

Monthly average sea-surface temperatures (that is the tempera-

ture of the upper few centimeters of the water) correspond closely to

monthly average air temperatures. Based upon the magnitudes of the

global temperature changes shown in Figures 6-1 and 6-2, a satellite

sensor with 0. 1 C accuracy and 1 longitude/latitude spatial resolution

is recommended. This would provide spatial averaging of large areas

impossible with terrestrial sea-surface measuring techniques. Data

should be gathered at least monthly so that an accurate annual average

distribution can be assembled for comparison with data gathered by

future satellite systems and for comparison with current attempts at

averaging of sea-surface measurements.
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Table 6-2. Detection, Monitoring and Control of Global Ocean Pollution
- Space Measurement Requirements

THERMAL MODIFICATIONS

GENERAL PROBLEMS SPECIFIC PROBLEMS

THERMAL
MODIFICATION
ENVIRONMENTAL
CAPACITY

MARINE ECOSYSTEM
ALTERATIONS H POWER PLANT

ENERGY
ADDITION

POWER PLANT
LOCATION

POWER PLANT
EFFECTS/CONTROL

GLOBAL MEAN
TEMPERATURE
ALTERATION H ALBEDO

MODIFICATIONS
DUE TO HAZE

ENVIRONMENTAL
MODELING
(ENERGY BALANCE)

PHYSICAL
ENVIRONMENTAL
CHARACTERISTICS

BIOLOGICAL
CHARACTERISTICS

ATMOSPHERIC
TEMPERATURE
CHANGE

OCEAN MIXED
LAYER
TEMPERATURE

SPACE OBSERVABLES,
FEATURES, PROCESSES,
OR PHENOMENA

ENVIRONMENTAL BASELINE

CURRENT LOCATION AND
BOUNDARIES,

UPWELLINGS,
RIVER PLUMES,
ESTUARY FLUSHING,
TEMPERATURE STRUCTURE

ENVIRONMENTAL BASELINE

CURRENTS, UPWELLINGS, RIVER
PLUMES, ESTUARY FLUSHING,
TEMPERATURE, STRUCTURE

PHYTOPLANKTON
STANDING CROP
DYNAMICS

ICE CAP
SIZE

SEA SURFACE
TEMPERATURE

SPACE EXPERIMENTS

WATER COLOR CONTRASTS,
SURFACE TEMPERATURE,
SURFACE SALINITY,
SURFACE ROUGHNESS

WATER
SPECTRAL
SIGNATURES

INFORMATION
PROVIDED BY
MET PROGRAMS

VISUAL IMAGERY
RADAR IMAGERY

SURFACE
TEMPERATURE
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7. SENSORS

This section is concerned with the means by which remote measure-

ment of oceanographic phenomena is accomplished. To the layman, it is

often difficult to perceive how a spacecraft orbiting the earth at some 500

miles above the sea surface can be even moderately successful in analyzing

conditions which, as many oceanographers will attest, are difficult to

detect IN SITU. The fact is that state of the art techniques in remote

sensing, orbital selection, and data processing combine to satisfy a ma-

jority of the requirements delineated in previous sections. Further, new

methodology developed as a result of EOS A/B flights combined with in-

strumentation improvements will provide information even more profound

than is now possible.

Perhaps the most significant contribution of the oceanographic

emphasis of EOS A/B missions will be the first opportunity for rapid and

complete overviews of world ocean conditions. Previously, data col-

lected from ships at sea, buoy systems and aircraft have attempted to ob-

serve and measure oceanographic phenomena. However, because many

of the phenomena are physically large in scale, an orbiting platform is,

in fact, the only practical means for examining the complete picture of

oceanic conditions and interactions. However, aircraft, ships, and buoy

systems will continue to contribute to global ocean knowledge by providing

the necessary confirmation and calibration of EOS A/B data.

In examining the requirements for remote measurement sensors, the

data needs in terms of electromagnetic spectral region, spatial resolution,

sensitivity, temporal requirements and other requirements defined in Sec-

tions 4-6 are converted to conceptual sensor specifications. The means

for this synthesis, that is, the physical relationships, hardware capabil°

ities, and practical considerations have been rigorously reviewed in a

previous study as well as in many texts and are well known to the sen=

sor systems design engineer. This section will, therefore, select parti=»

cular sensor configurations and present specifications with discussions of

particular advantages and disadvantages in each case. Analysis is, how-

ever, emphasized in areas which were less thoroughly reviewed in the

previous study. (Thus, apparent emphasis on particular sensors in this
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section is not an indication of mission priorities; the weighted value of the

contribution each sensor has to the overall mission is treated in the mission

relevancy section. ) Each class of sensor (visible imagery, glitter, IR,

microwave radiometer, SAR, altimeter) is individually presented. In

some cases, such as infrared radiometry, more than one instrument is

proposed providing a choice during the payload definition phase of a mini-

mum or maximum emphasis experiment. Presently there are a number

of sensors which exist or are currently being developed which closely

satisfy the EOS A/B requirements. These are mentioned in the sensor

discussion and Section 7. 7 Specification Sheets where applicable.

The sensors have been synthesized for a circular orbit having an

altitude of 925 km (500 nmi). Increasing altitude generally greatly in-

creases size and weight for a given sensor performance, which is dis-

cussed further in detail below. Increasing altitude, of course, allows

a greater swath width for a fixed angular field of view. Section 7. 7 is a

collection of instrument specification sheets describing the proposed sen-

sors. Appendix B consists of requirement summary sheets from which

sensor design goals were formulated.

7. 1 VISIBLE IMAGING SPECTROMETRY

7. 1. 1 Sensor Description

The instrument configuration selected for ocean-color measurements

is an electronically scanned imaging spectrometer. Energy collected by

an objective lens is focused on a slit which determines the instrument field

of view. A collimating lens directs the light to a transmission diffraction

grating where it is disbursed into a spectrum. A re-imaging lens focuses

the energy onto the face of an image tube or detector array. On the face

of the tube then, is a two dimensional matrix consisting of spatial elements

in one direction and spectral information in the other. The image tube

(array) provides both spectral and spatial (line) scans by scanning in a

conventional raster. The result is a compact, no-moving-part instrument

capable of high spectral resolution and sensitivity for each of several

hundred picture elements (pixels) across track. The data output is the
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spectral signature of each pixel in a strip map.* An important feature of

this configuration is the inherent registration of the spectral energy from

each pixel. Figure 7-1 is an optical schematic of this instrument.

«>,. A»n- DIMENS/ONAL DETECTOR
•vG*i«£L ARRAYORJACE OF IMAGE TUBE
o Ĵ ^C*->Sb^^W- i

REIMAGING LENS

DIFFRACTION GRATING

Figure 7-1. Imaging Spectrometer

* Appendix F is a description of ocean color data reduction techniques
which obviates the requirement for a complete spectral scan as opposed
to selected bands. The work described in this paper was performed under
Contract No. N62306-72-C-0037 for the U.S. Naval Oceanographic Office.
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Presently there is under development a spaceborne model of this

device which very closely satisfies the EOS A/B global ocean requirements.

The Multi-Channel Ocean Color (MOCS) experiment of the NASA Langley

Advanced Applications Flight Experiments (AAFE) program, principle

investigator Peter G. White, TRW Systems, is summarized in Table 7-1

and depicted in Figure 7-2. Figure 7-3 illustrates MOCS sensitivity.

In order to achieve the coverage necessary for global mapping

applications, three MOCS sensors could be mounted with their fields of

view adjacent providing a swath of 925 km (500 nmi) at 925 km altitude.

Other than the obvious reason of redundancy, three sensors are preferred

to one because of sun glitter. On occasion, the glitter pattern may con-

taminate part of the field of view due to high sea state. By having three

discrete instruments, any one having glitter in its field of view will iso-

late saturation or flare effects from the other two.

Table 7-1. Characteristics of MOCS (Multichannel Ocean
Color Spectrometer)

SPECTRAL RANGE

SPECTRAL RESOLUTION

FIELD OF VIEW

ANGULAR RESOLUTION

GROUND RESOLUTION

S/N

POWER

WEIGHT

SIZE

DETECTOR

OPTICS (OBJECTIVE)

SPACECRAFT
o

o

4000 - 7000 A

150 A (20 CHANNELS)

17.1
2 x 2 m r

1.8 x 1.8km (925km ALT.)

110:1 (5000A -45° SUN)

6 W

6KG(13LBS)

19"x8' x5"
F4012 IDT
F/O.95: 50 MM

An alternate approach to providing the required performance with

a single instrument is to employ one or two image intensifier stages ahead

of the image dissector tube. This combination, referred to as a "smoothing

dissector, " would provide an advanced MOCS sensor the increased signal

to noise necessary for a single sensor to satisfy the performance require-

ments (Figure 7-4).
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Figure 7-3. Electronically Scanned Oceanographic Imaging
Spectroradiometer Performance

The orbit selected for the EOS A/B missions will be 2 pm sun-

synchronous. As the spacecraft crosses the equator region, the sun will

be at 60 elevation. This produces a glitter pattern to the side of the

satellite sub-orbital track. As the spacecraft progresses north or south,

the glitter pattern will appear to shift fore or aft. To avoid the glitter pat-

tern a pointing mirror will aim the MOCS sensors field of view to the side

perhaps 20 at the equator depending on which position in the orbit data is

being collected.

The 2 pm orbit was selected for maximum global coverage taking into

account scene contract, haze, glitter and obliquity constraints. Appendix G

is an analysis of considerations leading to the choice of a 2 pm orbit. Instru-

ment specification sheets 7 . 1 . 1 and 7 . 1 . 2 summarize the performance and

specifications of the tri-MOCS and advanced ("smoothing dissector") sensor.
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7.1.2 Visible Imaging Spectrometry - Rationale for Design Parameters

7. 1. 2. 1 Calculation of Open Ocean Radiances from Satellite Altitudes

Essentially no measurements of the radiances from the open oceans

are presently available. The presence of the large particles found in the

haze of the maritime atmosphere is expected to reduce the contrast, as

seen from a satellite, for the small differences in ocean color which

indicate areas of ocean productivity.

Reference 2 gives some measured visible spectral data taken at alti-

tudes up to ten thousand feet over two different water masses. One set is

of the sterile Gulf Stream water and the other of a more productive nearby

area, as determined by the "ground truth" data showing average chlorophyll

content. The Gulf Stream water showed a mean chlorophyll value of 0. 07
3 3mg/m , the other water had a mean value of 0. 22 mg/M . Values up to 10

3
or 15 mg/M of chlorophyll may be found at times, but the ability to mea-

sure the difference, 0. 1 5 mg/M of chlorophyll may be found at relatively

low areas of productivity would be considered a meaningful accomplishment

from space.

Figures 7-5 and 7-6 are taken directly from Reference 2 and they

show a spectral difference in measured radiance between the two water

bodies at the 10K ft altitude. Using these data calculations were made of

the reflectivity, and radiance, to be expected from the top of the atmos-

phere, based upon the following assumptions:

• The measured spectral reflectivities for the 500 foot altitude
cases were assumed to be the signals to be measured - in
other words, the contribution from the atmosphere below the
the altitude is assumed to be negligible.

f • The contribution to the total signal from that part of the atmos-
phere above 10K feet was determined assuming that the atmosphere
above 5K feet, over the oceans, was the standard clear atmosphere
of Reference 3. This atmosphere, includes haze and ozone as
well as the molecular (Rayleigh) component.

Reference 3 lists values of the optical thickness of each kilometer

layer of the atmosphere from 0 to 50 km. The amount of solar radiation

scattered upward by a layer, i, of the atmosphere is assumed proportional
—T C f* f* O

to (1-e i ), where r. is the optical thickness for the layer i and 0 is

the solar zenith angle. Thus the percentage of the total airlight at the nadir
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for any altitude H, is

H
<nn^T* / T -T- seed. , V"* /T T. secfl.100 2^ , ( I - e i ) / 2 - > ( I - e i )

i=o i=o

Figure 7-7 is a plot of this percentage for the Elterman standard

atmosphere for various visible wavelengths. The ordinate is plotted in
5r

units of kilometers, since the data is given in one kilometer layers.

Table 7-2 indicates the procedure followed. The reflectance differences

between 5, 000 and 10, 000 feet altitudes are listed as taken from Figures

7-5 and 7-6 (from Reference 2) and from Figure 7-7, the corresponding

percentage contribution to the airlight from the layer between 5, 000 and

10, 000 is listed as well as that to be expected from above 10, 000 feet (all

from Figure 7-7). Using the ARy values for the low chlorophyll case

(0. 07 mg/M ), somewhat arbitrarily, an example of the procedure used

is as follows. At 400 mjx, a value of AR_ of 5. 2 corresponds to 15. 7

percent of the total airlight. Therefore, an additional amount of AR

(46. 7 percent or 15. 7) is to be added to the data of Figures 7-5 and 7-6 to

obtain the total radiance as seen from above the atmosphere. The last

three columns of Table 7-2 show the extrapolated radiances and their dif-

ference. These are plotted in Figure 7-8 as the upper two curves.

The bottom two curves were obtained from a series of curves plotted

in Reference 4. These curves are plots of nadir spectral radiance from

the earth and atmosphere for various values of earth reflectivity. These

curves are based upon various authors calculations using the continental

air mass models. The earth reflectivities used were the value from Fig-

ures 7-6 and 7-6 for the 500 foot altitudes. It is obvious that a much better

contrast exists for the continental measurements from space and those from

the oceans. It can be shown, however, that these noted differences for the

open ocean case should be measurable with present state-of-the-art

equipment.

*A Value of 45 solar zenith was used for the cases. These curves remain
essentially unchanged for solar zenith angles down to 60°.
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Reference 5 gives values of spectral solar irradiance for air masses,

m=0 and m=2, or 0=0 and 60° respectively. These values were inter-

polated to obtain the solar irradiance, at the earth1 s surface, for 0=45°.

(The reflectivity values of Reference 2 are referenced to solar irradiance

reaching the earth1 s surface. )

Multiplying the values by cosd (since the reference gives values of

irradiance on a surface normal to the sun) and dividing by n yields the

solar radiance of the earth (or ocean) surface for the solar zenith angles

of 45° and 60° . Modifying these solar radiance values by the upper curves of

Figure 7-8 results in the curves of Figure 7-9, the expected spectral

radiance, or seen from above the atmosphere, for the two cases of 0. 07

and 0. 22 mg/M of chlorophyll concentration. The radiance differences

are for the two solar zenith angles are given in the following Table 7-3.

Table 7-3. Calculated Radiance Differences as Seen from Space
for 0. 07 and 0. 22 mg/M3 of Chlorophyll (units of
watts /M2-|i-ster)

e
Wavelength 0 = 4 5 ° 0 = 6 0
(millimicrons) ANv ANv

400 2.4 1.4

425 4.0 2.2

450 3.7 2.1

500 2.6 1.6

550 0

600 0

650 0

700 0

Since the data of Reference 2 was obtained using a nadir viewing

angle of 40% the calculated reflectivities and radiances of Figures 7-8

and 7-9 can be assumed to apply to off-nadir viewing of 40°. In any case,

these are "worst case" conditions and these radiances, radiance differences,

reflectivities and reflectivity difference values can be used in the design

of a system viewing the open oceans from a satellite in the visible region.

In addition, it may be noted that there are no differences beyond about
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Figure 7-9- Calculated Radiance from Ocean and Atmosphere for Two
Low Chlorophyll Concentrations Found in Open Oceans
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550 mu. For the higher values of chlorophyll content, sometimes found

in the open oceans, the reflectivity should increase out to about 600 mu,

over the values shown. The contrast, however, should always be higher

for the longer wavelengths because the molecular scattering from the

atmosphere (Rayleigh) increases with decreasing wavelength. Thus a

system designed to meet the wavelength requirements for small

chlorophyll changes at low concentrations should be adequate for the

larger concentrations.

Reference 2 indicates that a threshold sensitivity to concentrations

as low as 0. 10 mg/M would be meaningful as an index of biological

activity. Since the measured data used in this report was for an average

difference of 0. 15 mg/M the reflectance and radiance difference expected

from space should be decreased by a factor of a third. Thus a reflectance

difference of less than one percent (a value of 0. 00087), for the 450

millimicron part of the spectrum, is a conservative design criteria.

7. 1. 2. 2 Required Spectral Range for Open-Ocean Color Measurements

In the previous discussion emphasis was placed upon the calculation

of the difference to be expected in the radiances from the ocean for areas

of low productivity (as indicated by low values of chlorophyll concentration).

It was seen that no measurable radiance differences existed beyond 550

nanometers. There are good reasons however for measurements out to

700 nanometers. These are:

• Areas of high productivity (indicated by chlorophyll concentration
up to 15 mg/M ) do occur in the open oceans. The upwelling
energy from beneath the water in these cases shows a large
increase in the green up to about 600 nanometers and beyond. In
addition, the narrow chlorophyll absorption bond due to
chlorophyll ji, which is centered at 670 nanometers
(Reference 6) may be measurable from space when these
high concentrations do occur.

• Shoal areas exist in certain parts of the open oceans which will
show the effect of sedimentation and bottom reflectance.
Reference 7 shows the effect of increasing reflectance to 600
nanometers as the sandy bottom is observed in shallow waters,

• Although pollution, and various other organisms are more often
seen near shore. They can be found in the open oceans, such
organism as the "red tide. "

Figure 7-10 is a sampling of reflectance curves obtained from low-

flying aircraft over waters showing a great diversity of signatures. The

information contained in these signatures would be seriously compromised

if only portions of them were available.
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A - CLEAR WATER - GULF STREAM

B - ALGAE - PACIFIC OCEAN NEAR SEAL BEACH

C - GONYAULAX - L.A. HARBOR

- D - GONYAULAX - PACIFIC OCEAN NEAR SEAL BEACH

E - SEWAGE - L. A. HARBOR

5000 60CO

WAVELENGTH (A)

7000

Figure 7-10. Reflectance Curves Obtained from
Low-flying Aircraft

Figure 7-11 is a map of the Los Angeles Harbor showing the track

followed by an aircraft and the location over which spectrometer scans

(rectangles) and ground truth stations (dots) were taken. Figures 7-12

thru 7-17 show the reflectances from each of the 28 scans. Particulate

matter from sewage and cannery outfalls affected the first few curves and

the red tide (a type known as gonyaulax) is evident by the hump at about

575 manometers. The shape of the curves from 550 to about 700 manometers

correlated well with ground the truth taken (organism count and Secchi

depth). A more detailed discussion of these data correlations can be found

in Reference 8.
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650 700

Figure 6-12. Spectral Reflectance Along Airplane Track over Los Angeles
Harbor for Spectra 1-5

400 450 500 550 600

WAVELENGTH

650 700

Figure 7-13. Spectral Reflectance Along Airplaine Track over Los Angeles
Harbor for Spectra 6-10
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Figure 7-14. Spectral Reflectance Along Airplane Track over Los Angeles
Harbor for Spectra 11-15
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Figure 7-1 5.
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Spectral Reflectance Along Airplane Track over Los Angeles
Harbor for Spectra 16-20
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Figure 7-16. Spectral Reflectance Along Airplane Track over Los Angeles
Harbor for Spectra 21-24

400 450 500 550 600

WAVELENGTH (nm) '

650 700

Figure 7-17. Spectral Reflectance Along Airplane Track over Los Angeles
Harbor for Spectra 25-28
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7. 1. 2. 3 Calculation of Minimum Signal-to-Noise

From the above discussion the following criteria, for a satellite-

borne ocean color sensor are: (450 millimicrons).

Spectral Radiance of Scene 22 watts/M -M-ster
(60° solar zenith angle)

Minimum Detectable Radiance Diff . 1.4 watts/M -M-ster

Minimum Detectable Reflectivity Diff. 0. 0009
"*"'»

Minimum Spectral Bandwidth 150°

This last specification is somewhat arbitrary, but an inspection of

Figure 7-6 would indicate a value less than this is not needed to

characterize the shape of the curves.

To achieve the accuracy and precision necessary let it be

required that
S/N=^NL
S/N ANX

So at 450 m|j. the minimum required S/N is 31, at 450 mji.

7. 1. 2. 4 Effect of Viewing off the Nadir

Assuming that no part of the field of view seas any of the glitter pat-

tern a visible sensor will still suffer some degradation in contrast as the

viewing angle increases from the nadir. A simple approximation to this

loss of contrast can be calculated based upon the following assumptions.

• The radiance, due to upwelling light from beneath the water,
which is the signal to be measured passes through a longer p
path length and the transmission is proportional to e"Tsec a,
where T is the optical thickness (a function of wavelength) and
a is the viewing angle off the nadir.

o The airlight (the sunlight backscattered toward the instrument)
will increase with viewing angle also because of the effective
longer path length. The amount of airlights can be assumed
proportional to l-e"^sec 0sec a, where 6 is the solar zenith
angle. This is only an approximation, but is probably valid for
small changes in a, particularly for the scattering angle in the
background direction.
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The ratio of increase in airlight to the decrease in signal can then

be calculated from the following relationship (as a function of a).

Ratio 1 - e-rsec © sec a -T

1 - e -Tsec 0 -Tsec a

This ratio is shown plotted in Figure 7-18 for a wavelength of 0. 45

microns (T=. 454 from the Etterman Standard Atmosphere) a worst case for

the visible spectrum and solar zenith angles of 6 = 60 and 45 . It can be

seen that this ratio increases to a value of 20 percent. Only beyond 30°

off the nadir and therefore viewing angle off the nadir up to about 25 or

30 do not seriously degrade the contrast.

2.00

1.00

-VIEWING ANGLE
Figure 7-18. Ratio of Increase in Airlight to Decrease in Signal

from Water versus View Angle off Nadir (0. 45 microns)
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7. 2 GLITTER PATTERN SENSOR

7. 2. 1 Objective

The glitter pattern sensor is included in the payload for the deter-

mination of wind speed and direction over the open ocean and for the detec-

tion and measurement of the extent of areas of reduced sea state, such as

might arise from areas of upwelling or natural or manmade slicks.

Secondarily, it can be used outside of sun glint areas for obtaining medium

resolution black and white imagery over fairly large areas.

7 .2 .2 Theory

If the surface of the ocean were perfectly smooth, it would provide

a specular image of the sun about 13 km across,* as seen from an appro-

priate sensor in the spacecraft. Since the surface is in fact roughened,

primarily because of the action of wind, the specular reflection is broken

up into many small facets, each of which reflects according to the law of

reflection. As seen from a distant sensor, this means that locations re-

moved from the nominal position of specular reflection (the "horizontal

specular point") will have local surface slopes such as to reflect into the

field of view of the sensor. Clearly the rougher the surface, the higher

the probability that points farther removed from the horizontal specular

point will have local slopes great enough to reflect sunlight into the sensor.

At the distance of the spacecraft, the specularly reflecting facets, which

may be only a few millimeters across, will not be individually resolved.

The observed glitter pattern will thus appear as a bright center, with the

radiance decreasing smoothly at increasing distances from the center.

Since the total flux from the sun is independent of the ocean surface rough-

ness, the broadening of the pattern with higher sea states results in a

corresponding decrease in the radiance at the center. The observed

average radiance at any point will be proportional to the fraction of the

total area covered by the specularly reflecting facets, and this, in turn,

will be a function of the roughness and of the distance from the center of

the pattern. Thus a measurement either of the absolute radiance of the

center of the glitter pattern, or some suitable measurement of the pattern

size, will give an indication of the sea state. Moreover, since the surface

roughness is caused by the wind, it is to be expected that such measurements

*925 km (500 nm) altitude ? ^



could give an indication of wind velocity as well. It turns out that the

broadening of the glittering patterns is caused primarily by the very

small, high-frequency components of the waves, i. e. , the capillary waves,

which are in fact most sensitive to the local wind, further justifying this

expectation. Modern investigations of the correlation of glitter patterns

with wind speed include those of Hulbert (1934) and Shuleikin (1941). These

measurements involved determining "maximum" slopes occurring at dif-

ferent wind speeds from the size of the glitter patterns, and thus were

dependent on the criteria implied in the definition of the pattern boundaries.

In 1951, Cox and Munk undertook to compute the distribution of slopes

from the measured variation of radiance within the glitter pattern and to

relate these to the prevailing wind velocities. The measurements were

taken near the island of Maui with wind speeds up to 14 m/sec. The re-

sults were reported in abbreviated form in 1954 and fully in 1956. They

found that the frequency distribution of the occurrence of slopes could be

represented by a Gram-Charlier series, which to a first approximation

is a two dimensional Gaussian distribution. This may be written:

P(Zx,Zy) = (2irocou) exp{- ^|{^

where Z and Z are the slope components crosswind and upwind, re-x y
spectively, and a and a are the corresponding rms values of the slope

2c 2
components, a and a are linearly related to the wind speed. H. and

H. are Hermite polynomials and the C.. are coefficients determined from
J y ij

the data. Eight of these terms are enough to give the accuracy justified

by the data.

Rosenberg and Mullamaa (1965), Levanon (1968) .and Strong and Ruff

(1970) have investigated the feasibility of determination of sea state and

near-surface wind speeds from satellites using the Cox and Munk wave-

slope statistics. Rosenberg and Mullamaa, and Levanon primarily con-

sidered the use of geosynchronous satellites while Strong and Ruff consid-

ered a satellite altitude of 700 km. In addition to the determination of

average winds, glitter patterns can provide data for the detection and

measurement of slicks or other areas of reduced sea state, since these
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show up as darker when near the edges of the pattern and brighter when at

or near the center. This application of glitter pattern measurements has

been studied by McClain and Strong (1969), Bowley, Greaves, and Spiegel

(1969) and Soules (1970).

The Gaussian approximation to the Cox and Munk expression for

surface slope statistics (i. e. , the first term in the Gram-Charlier series)

is adequate for discussing the application of glitter pattern measurements

from a satellite. The relationships between rms slope components and

wind speeds found by Cox and Munk are:

a2 = . 003 + . 00192 W ±. 002
c

a2 = . 000 + . 00316 W ±. 004 (7-2)

a2 + <j2 = . 003 + . 00512 W ±. 004c u

where the wind speed is given in m/sec. They observe that the sum

<J + a is independent of variations in wind direction, and thus its use
c u r

gives a better determination of wind speed than either separately. (Note

that this sum, computed as a single quantity, is not quite equal to the sum
2 2of 0- and cr determined separately. ) Moreover, the use of this quan-

tity greatly simplifies the data processing. Therefore we use the slope

frequency statistics for the determination of wind speed in the form:

2 2
91 (ZY + Zv ) 2 2 2

P(Z . Zv) = (no2)'1 exp -{ 2
 y \ where o = oc + 0(|. (7.3)

* y ( a J

The wind direction can be determined independently, by identifying

the direction of the glitter pattern ellipse after corrections have been

made for geometric factors. Any errors in the determination of the

direction of the major axis of the ellipse, and thus in the identification

of the wind direction, do not affect the wind speed measurement.

7. 2. 3 Glitter Sensor Description

The glitter pattern sensor consists of a 1000 line TV camera with a

slow scan capability, f/4 optics with a mechanical shutter and an iris

diaphragm adjustable from f/4 to f /16 , and two-axis gimballing so that
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that any area from horizon to horizon can be observed. The camera tube

requirements are well within the state of the art; all /2-inch vidicon

(such as the RCA 8051) with ASOS target could be used, or a return-beam

vidicon or SEC vidicon might be appropriate. While the absolute photo-

metric capability of vidicons leaves much to be desired, relative measure-

ments within a single frame of imagery can be made with acceptable accur-

acy, as will be shown in the discussion of expected results. Wavelength

requirements are not critical, but it is desirable to operate in the long

wavelength portion of the visible spectrum to reduce the background effects

of scattered sunlight, reflected skylight, and diffuse scattering from the

ocean surface layers. The sensor characteristics are summarized in

Table 7-4. A conceptual drawing of the sensor is shown in Figure 7-19.

Table 7-4. Sun Glitter

Sensor Type

Wavelength Range

Field of View

Resolution

Dynamic Range

Exposure Time

Exposure Control

Pointing Range

Sensor Characteristics

1.5-inch vidicon

0. 58 - 0. 7n

40°x40°; ca 780 km across
the field @ 30° from nadir

1000 TV lines; 0.78 km
per TV line.

64:1 within a frame

12 to 48 msec

4:1 with exposure time; 16:1
with iris diaphragm

0-45 from nadir, 360 in
azimuth

7.2.4 Mode of Operation

In theory, the sea-state at the horizontal specular point can be

determined by a measurement of the radiance at that point. In practice,

however, this method would incur large errors from errors in the absolute

photometric calibration of the sensor and from imperfect compensation

for atmospheric effects. Moreover, this measurement gives no information
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CAMERA ELECTRONICS
15 x 15 x 32 CM 6 kg

CONTROLLER
15 x 15 x 32 CM 6 kg

POWER
cs 45 W AVE
52 W PEAK TWO AXIS GIMBAL,

W/DRIVE WT 2.5 kg

VIDICON AND
PREAMPLIFIER
WT 2.5 kg

30 CM

LENS, IRIS AND SHUTTER
ASSEMBLY

CA 7.8 CM DIAMETER
10 CM LONG
WT 0.5 kg

Figure 7-19. Glitter Sensor
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on wind direction. For these reasons it is preferable to use a relative

method in which the angular distance from the center to some relative

radiance contour is measured. Such a method is less sensitive to instru-

mental and atmospheric effects and permits a determination of wind direc-

tion. The primary disadvantage of measuring the "size" of the glitter

pattern is that the measurement is necessarily that of the average sea
\

state over a considerable area. Figure 7-20 snows the distance from

the center of the pattern of three equal radiance contours (B/Bc is the

ratio of radiance at the contour to that at the center) both in degrees at

the image plane and in kilometers on the surface as functions of wind

speed. The surface distances assume a spacecraft altitude of 925 km and

a nadir angle of 30 .

Using a contour at which the radiance is considerably less than that

at the center (smaller radiance ratio) clearly reduces the effects of

measurement errors, but at the cost of obtaining a wind velocity value

averaged over an uncomfortably large area, as can be seen from Figure

7-20! This is objectionable primarily because it is unlikely that sub-

stantially constant wind conditions will prevail over areas as great as

900 km in diameter (for the worst case shown, wind speed 15 m/sec and

the 0. 6 brightness contour). It will be seen that at least in most cases,

measurement of the size of the 0. 9 contour provides a good compromise

between measurement accuracy and area over which the wind velocity is

averaged.

The pointing of the sensor will be commandable, either by stored

commands on a precomputed schedule, or by operator-generated commands

for special observations. For wind velocity determination, the pointing

will normally be determined by a program taking into account the known

location of the horizontal specular point and whether it occurs over an

ocean area of interest. The sensor is pointed to put the horizontal specular

point at the center of the frame in azimuth, and generally at or near the

center in nadir angle. With image scanning in the azimuth direction of the

frame, this provides considerable simplification in data processing because

of symmetry about the frame center line, as well as insuring maximum

coverage of the glitter pattern.
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The center radiance will be about 270 lum/m /ster for a wind of

2 m/sec and could be even much higher for unusually calm conditions. On

the other hand, the center radiance for a wind speed of 1 5 m/sec is about

27 lum/m /ster. Therefore exposure control must be exercised, using

an auxiliary sensor to get the appropriate center brightness and adjusting

the exposure time and/or the iris diaphragm setting, in order to keep the

dynamic range within a frame within reasonable limits.

To determine wind speed, the normal procedure would be first to

measure the apparent radiance at the center of the pattern. The vidicon

pixel size is about .025 , while the sun subtends about . 5 , so the central

region of essentially constant brightness is about 20 pixels across, and in

the absence of cloud interference, about 300 pixels can be averaged to get

this value. Corrections for geometric factors can be applied, and at least

some nominal corrections for background lunimance can be made if neces-

sary; the latter will be increasingly important for higher wind speeds and

hence lower luminance values. The contour representing 0. 9 of this cen-

tral value can then be measured, and the wind speed deduced from the

Cox and Munk statistics.

The measured contour, corrected for viewing geometry, can be

fitted to an ellipse centered on the horizontal specular point. The direc-

tion of the major axis of this ellipse gives the average direction of the

wind with an ambiguity in sign which can readily be resolved from know-

ledge of the general circulation pattern. Cox and Munk did find a small

upwind-downwind asymmetry in the slope statistics, but it is extremely

doubtful that it would be large enough to resolve the ambiguity in the

presence of expected measurement errors as well as real variations in

the synoptic situation.

The foregoing discussion has implied the absence of cloud cover or

sea state anomalies (e. g. , slicks) of sufficient amount to affect the mea-

surement accuracy; however, both these phenomena are likely to occur,

particularly clouds with the higher sea states. Fortunately, there are

methods to obtain good wind and sea state data even in the presence of

such interference. If the center of the pattern is observable, but some

of the contour is not, one can have the computer iteratively reject all

values which lie too far from the mean, the tolerance being based on the

7-30



expected range of real values, and thus automatically end up using only

points which are probably valid. Alternatively, one could have an operator

look at a displayed image, and indicate to the computer, say via a light

pen, those areas which are to be excluded from use in the determinations.

If the center of the pattern is obscured, the determination could be made

from sections of two different contours; from their separation and the

location of the center (known from spacecraft and astronomical data) the

average wind speed 'over the area bounded by the sections of the contours

used could be deduced. This second method could be used at any time for

determination of wind speeds over areas within the measurable glitter

pattern but not centered on the pattern center. In this method, however,

an estimate of wind direction probably could not be obtained. The various

possibilities are illustrated in Figure 7-21 a, b, and c.

In addition to its use for determining sea states and wind velocities,

the glitter pattern sensor could be pointed at any area of interest outside

the glitter pattern for broad area, medium resolution, black and white'imagery

in support of other sensors. For example, it could provide cloud cover

information for areas covered by the infrared or microwave radiometers.

7. 2. 5 Coverage

7. 2. 5. 1 Orbital Considerations

Computer runs of the location of the horizontal specular point (i. e. ,

the center of the glitter pattern) relative to the orbit trace have been made

for sun-synchronous orbits with an altitude of 913 km and an inclina-

tion of 99- 085 . Runs were made for three sun declinations, +23. 5 , 0 ,

and -23. 5 , corresponding to the summer solstice, either equinox, and

the winter solstice respectively. The local time at the descending node

was taken at 9:30, noon, and 14:30 for each of these cases. The horizon-

tal specular point is visible (the sun is at or above the spacecraft's hori-

zon) from 65 to 71 percent of the time, depending on the orbit. However,

if the local angle of incidence of the sun's rays at the specular point ex-

ceeds about 60°, it is difficult to make accurate sea-state measurements,

because the center of the pattern is very near the horizon, the resolution

is poor, and the brightness relationships become complicated and variable

with atmospheric conditions. If the angle of incidence is restricted to
5 60 , usable sun glitter patterns can be seen over ranges of about 101
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DIRECTION
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Figure 7-21. (a, b, c)
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to 1 1 8 of latitude. Over these ranges the trace of the horizontal specular

points roughly parallels the orbital trace. The characteristics of the nine

orbit cases are summarized in Table 7-5. Plots of the orbit and glitter

pattern traces for noon orbits at summer solstice, equinox, and winter

solstice are shown in Figures 7-22, 7-23, and 7-24, respectively. The

absolute values of longitude are of course quite arbitrary in these plots;

they can be adjusted to fit the longitude of the ascending node of any desired

particular orbit. The points shown on the plots are 125. 4 seconds apart,

so the separation is 810 km. Values of the local angles of incidence are

shown beside the points at the extremes of the ranges over which these

angles are < 60 .

7. 2. 5. 2 Range of Wind Speeds

A number of considerations lead to the conclusion that the highest

wind speeds which can be deduced with any degree of confidence from

surface roughness (glitter pattern) measurements are about 15 m/sec.

Wu (1969) has found that the high frequency wave components which are

primarily responsible for the size of the glitter pattern saturate beyond

this value. The maximum radiance of the pattern (approximately at its

center) decreases with increasing size of the pattern, with corresponding

decreases at the fractional radiance contours, so the background radiance

from reflected skylight, sunlight refracted into the water and then out

again by scattering, and scattering from the atmosphere becomes a

Table 7-5. Glitter Pattern Characteristics for Nine Orbits

Time of Year

, Fraction of orbit Latitude Range
Local time of with sun at or for angle of

Descending Node above Horizon incidence 60
Minimum angle

of incidence

Summer Solstice

Equinox

Winter Solstice

0930
1200
1430

0930
1200
1430

0930
1200
1430

0.69
0.65
0.71

0.71
0. 67
0. 71

0.71
0. 67
0.69

75N
79N
BON

60N
59N
B I N

32N
36N
26N

- 27S
- 35S
- 33S

- 51S
- 59S
- 60S

- SOS
- 79S
- 75S

25.8°
3.2°

33.3°

3265°0°
32.5°

33.3°
3.2°

25.8°
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greater fraction of the glitter radiance, making accurate measurements

more difficult. The increased incidence of foam (from white caps) with

high winds also introduces errors into the model. Finally, winds in ex-

cess of 1 5 m/sec are likely to have considerable cloud cover associated

with them.

At the other extreme, the statistical model it.self is subject to large

relative errors at low wind speeds. Moreover, it is unlikely that average

winds of extremely low velocities will occur over large open ocean areas.

Therefore a lower limit of 1 to 2 m/sec is to be expected.

The relationships among various units used for wind speeds and the

Beaufort Number designations are given in Table 7-6. Thus, the range of

measurements covers Beaufort Numbers 1 through 7.

7. 2. 5. 3 Area Coverage

For sea state and wind velocity measurements, per se, the concept

of continuous area coverage is not particularly applicable. In normal

operation, the data obtained will be the wind velocities at a series of

points roughly paralleling the orbit trace. The density of these points

can be made whatever is desired; about one every 200 km seems appro-

priate. If desired, measurements can be made somewhat away from the

glitter pattern center, as indicated in Section 7. 2. 4, so wind measure-

ments over a swath some 200 to 700 km wide, depending on sea state

and cloud interference, are possible. The range of latitudes over which

the line or swath of measurements can be made is shown in Table 7-5.

Areas of reduced sea state can be detected anywhere within the sen-

sor field of view in which the glitter pattern is strong enough to make

them observable. The glitter pattern moves with the spacecraft, though

at a slightly slower rate (see Figures 7-22, 7-23, 7-24) so if sensor

frames are taken every 200 km, there is a chance to see any reduced

sea state area in about 4 frames (each is about 800 km across) and thus

the chance of observing it in a favorable position relative to the glitter

pattern is increased. Roughly, then, reduced sea state areas can be

observed over a swath up to 800 km. wide, covering about the same lati-

tude range as the primary wind measurements.
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For general black and white imagery, a usable swath perhaps 3800

km across is accessible to the sensor, since the total distance horizon

to horizon is about 6700 km, but areas near the horizon must be excluded

both because of severe obliquities and unsatisfactory lighting conditions.

Table 7-6. Modern Beaufort Scale

WIND SPEED

BEAUFORT
NUMBER

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

KNOTS

UNDER 1

1 -3

4 - 6

7-10
11 -16

17-21

22-27

28-33

34-40

41 -47

48-55

56-63

64-71

72-80

81 -89

90-99

100- 108

109- 118

MPH

UNDER 1

1 -3

4 - 7

8-12

13-18

19-24

25-31

32-38

39-46

47-54

55-63

64-72

73-82

63-92

93 - 103

104- 114

115- 125

126 - 136

METERS
PER

SECOND

0.0-0.2

0.3-1.5

1.6 -3.3

3.4-5.4

5.5-7.9

8.0-10.7

10.8- 13.8

13.9- 17.1

17.2-20.7

20.8-24.4

24.5 -28.4

28.5-32.6

32.7-36.9

37.0-41.4

41.5-46.1

46.2-50.9

51.0-56 0

56.1 -61.2

KM PER
HOUR

UNDER 1

1 -5

6-11

12- 19

20-28
29-38
39-49
50-61
62-74
75-88
89 - 102
103- 117
118- 133
134 - 149
150 - 166
167 - 183
184 -201
202 - 220

7. 2. 6 Expected Results

The radiance at the center of the glitter pattern is given by

B = L cos 6. .) P(Z , Z )
i' x y'

(7-4)
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where B = radiance related to sensor coordinates

L = Luminance of the surface of the sun
s

0. = Angle of incidence at the horizontal specular point

R(8.) = Fresnel coefficient of reflection for 0.

w = Solid angle subtended by the sun; it must be divided by 4
because of the doubling of angles in the sensor coordinate
system.

P(Z , Z ) is given by Equation 6-3x y

At points away from the center, this equation is only approximate, since

the local angle of incidence differs from©., but for the purpose of esti-
1 2 2 2

mating,errors this variation can be neglected. We can put Z = Z + Z ,

so for a contour of radiance B, the ratio of its radiance to that of the

center is given by

Z = tan 9 , where <f> is the surface slope necessary to reflect the sun-

light onto the chosen contour, so

2
a

= log |-£f], or tan2* = c a2 (7-6)

where c = log

From Equations 7-2 and 7-6,

(-*)
w _ tan2 9 - . 003 c ( 7_7)

. 00512c

The actual measurements are made in sensor coordinates, in which

where G is the angle in sensor coordinates, which is twice that of the

slope, since an image moves through twice the angle that a mirror moves.
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The errors incurred in measuring the wind speed will result from

geometrical errors in the vidicon, radiance errors in the vidicon, and

errors in the model, so that

2 _ /3W 3 tan?
I atan<p atane J |E( tane) l

3W J^an
3 tan <p ~

l

= GE2 + BE2 + ME2

(7-9)

The details of the calculation of the partial derivatives and the estimates

of the basic errors leading to values of GE, BE, and ME are given in

Appendix C. The results are summarized in Table 7-7.

Table 7-7. Summary of Expected Wind Speed Measurements

Radiance
Ratio

0.6

0.8

0.9

c

0.5

0.22

0.105

Wind
Speed

(in/sec)

i

10

15

1

10

15

1

10

15

Radius of
Contour

137 km
360

445

89
230

270

63
160

187

GE
(m/aec)

.016

.106

.150

.016

.106

.150

.016

.106

. 150

BE
(m/aec)

.023

.155

.230

.050

.345

.510

.107

.710
1.05

ME
(m/sec)

.782

.782

.782

.782

.782

.782

.782

.782

.782

RMS
Error

.785

.835

.860

.815

.890

.990

.820
1.08
1.34

Percent of
Wind Speed

79

8.4

5.8

82

8.9
6.6

82

10.8

8. 9

The model error (ME), according to Cox and Munk, is constant in absolute

value, regardless of wind speed or conditions of measurement.. It not

only dominates the total error at low wind speeds; it also produces very-

large relative errors. It may be expected that the accumulation of data

may permit some refinement of the model, but this is not really import-

ant because the absolute error is already less than 1 m/sec.
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The error arising from geometrical non-linearities in the sensor

(GE) is independent of the contour used but it increases with increasing

wind speed. However, it never makes a significant contribution to the

total error.

As might be expected, the error in measuring radiance values (BE),

increases with wind speed, since lower values are measured, and in-

creases as the radiance ratio increases, since the difference being

measured decreases. However, it only becomes equal to the model error

for about 12 m/sec and use of the 0. 9 contour.

The rms error expected for a 15 m/sec wind, measuring the 0. 9

contour, the worst case shown, is 1. 34 m/sec, still less than one half a

Beaufort number at this level. Thus measurements made on the 0. 9

contour give satisfactory accuracies for wind speeds averaged over fairly

reasonable areas; it is proposed to use this contour for normal measure-

ments. However, the sensor field of view permits the use of contours

nearer to or farther from the center, if this should prove to be advisable.

The accuracy which can be obtained in the wind direction determin-

ation is difficult to assess. For very low winds the model predicts a

nearly circular pattern; only for winds in excess of about 4 m/sec is the

ellipticity of the pattern enough for detection of the wind direction. In

addition, the real variability of the wind direction over areas 100 to 400

km across will degrade the accuracy of the determination. However,

one can estimate that for a steady wind of 10 m/sec, with the assumptions

outlined in Appendix C, the wind direction should be obtained to about

±24°.

7. 2. 7 Data Rates

The field of view of the sensor is 1000 by 1000 TV lines, or 10

pixels per frame, with 6 bits per pixel required to give the necessary

radiance resolution. Thus about 6 x 1 0 bits, plus a few for pointing and

housekeeping information are needed for the raw data for a frame. If a

frame is taken every 180 kmf this means about one frame every 28 sec-

onds, and a total of about 70 frames per orbit if the trace of the horizon-

tal specular point is entirely over water. Thus a maximum of about

420 Megabits of data might be accrued per orbit.
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Each frame must be exposed in about 48 msec or less to preserve

the inherent resolution capability of the 1000 line vidicon and thus to be

able to locate slicks or other features of interest. (Since the glitter

pattern moves along with the spacecraft, there is very little smearing

of the pattern itself for exposure times corresponding to spacecraft

travel long compared with a pixel but short compared with changes in the

average wind). However, with 28 seconds between frames available, slow

readout can be used to reduce the instantaneous data rate if this is de-

sired. About five seconds can be used for frame readout before the in-

evitable degradation of the image with time becomes too great to compen-

sate for with sufficient accuracy. Thus the readout video signal can be

kept down to about 200 KHz, or about 1. 2 Megabits/sec if digitized.

7.3 INFRARED IMAGING/RADIOMETER

Two versions of IR sensors have been synthesized. Both utilize a

conical scan technique. The instantaneous field of view (I. F. O. V. ) of a

telescope is scanned in a conical motion by a rotating mirror, the axis of

the cone coinciding with the nadir. A circular motion on the ground of the

I. F. O. V. is thus produced. As the spacecraft moves along its orbital

path (Figure 7-25), a strip, or swath is scanned in a raster comprised of

curved lines. This geometry was selected because of its several unique

advantages:

• Resolution element size and velocity on the ground are constant.
This is particularly important for the wide fields of view neces-
sary for global ocean monitoring.

• The obliquity angle remains constant throughout the scan as well
as the atmospheric path length. Because of this and the afore-
mentioned spot size and velocity considerations, the desired sea
surface temperature accuracies (0. 2 to 0. 5°K absolute) will more
readily be achieved since less variables are involved.

• Scan efficiency is an honest 33 percent regardless of the field of
view required. In fact, conical scanning affords the opportunity
to view the same scene on the ground in a single orbital pass
from different directions by looking both forward and aft in which
case the scan efficiency is 66 percent.

• Image reconstruction without distortions is greatly facilitated.
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• Since the mechanical motion is purely rotational, scan rate is
constant (neglecting "hunting, " as later discussed) and mirror
distortions eliminated. The latter feature is important because
little degradation of the optical performance can be tolerated
without sacrificing resolution. Further, rotary motion is energy
conserving and thus requires little power for operation.

MOTOR DRIVE" ASSEMBLY

S/C VELOCITY

(CAN VIEW NARROW \
OR WIDE SWATHS I

/RESOLUTION CONSTANT,
I OBLIQUITY CONSTANT

MIRROR _
SPEED

S/C GROUND VELOCITY
RESOLUTION

CAN SCAN BOTH FORE AND AFT\
FOR 2nd LOOK FROM DIFFERENT 1
DIRECTION IF DESIRABLE I

SCAN EFFICIENCY
-33%

SECONDARY MOTOR

RIMARY MOTOR

Figure 7-25. Conical Scan
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The first candidate IR sensor (instrument specification sheet 6. 3. 2)

might be considered a minimum experiment in that it is single channel

(8-13 n) and fixed swath width (1000 km). A 12 cm (4. 7 inch) diameter

f/1 reflecting telescope consisting of a primary and secondary mirror

focuses the earth's thermal radiance on a single Hg Cd Te detector
$ 10

(D ~ 2 x 10 ). A filter is required to block the lower wavelengths to

avoid daytime specular solar reflectance. The detector will be radiatively

cooled by a horn viewing deep space similar to the M. S. P. S. scheduled
~"»

for flight on ERTS A/B. This technique, although rather bulky in size,

requires no power for operation and should provide sufficient cooling for

one or a few detectors. The scan mirror will rotate at 420 rpm, probably

being driven by a hysteresis-synchronous A. C. motor and supported on

ball bearings. This speed should pose no problem for ball bearings even

in a space environment. Class 9 or better bearings, "dry" lubricated

with specially designed labrynth seals, will provide sufficient accuracy

(less than 10 percent of the one milliradian I. F. O. V. due to precession

or out-of-roundesss) and reliability. Fluid (gas or liquid) bearings, both

hydrodynamic (self generating) and hydrostatic (external pressure supply)

have been successfully applied to rotating mirror scanners in applications

requiring ultra-precision and/or high rotational speed. However, the

extra peripheral equipment necessary (supply pumps or artifical atmos-

pheric environment) makes their use unjustified in this application. One

item, always of concern in spaceborne optical devices, is the possibility

of foreign material depositing on optical surfaces over a period of time,

degrading their performance. However, recent developments in lubricants

and seal design have eliminated the possibility of lubricant outgassing

contaminating the optics.

The hysteresis-synchronous motor is used because it "locks" onto

its driving signal and is very efficient (80 percent or better when momen-

tarily over-magnetized upon reaching scan speed). Although the motor

runs at the same average speed as the driving frequency, a phenomena

known as "hunting" occurs. Depending on driving torque and shaft sup-

ported moment of inertia, sinusoidal ripple in scan velocity (perhaps

4-5 Hz for this application) develops. There are two schools of thought

concerning this slight advance and retard of the scan mirror (thus the
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I. F. O. V. spot on the ground). The first is to compare shaft position,

indicated by a shaft mounted optical encoder, with the driving signal. Any

lead or lag is corrected by'phase-lock-loop circuitry. Digital techniques

have been particularly successful, being able to maintain true scan posi-

tion within 5-10 arc seconds. The second is to allow the scanner to hunt

and use the encoder to trigger the A/D address or telemeter position data

to the ground and remove pixel position error from the data there. Selec-

tion of the technique will be made in final design of the sensor.

This minimum experiment IR radiometer/imager (depicted in

Figure 7-26), although requiring some design effort, is well within demon-

strated state of the art in performance and.,component development.

.The .maximum IR experiment recommended is similar in configura-

tion utilizing a conical s can 'configuration. .'However, it is a much more

flexible and capable instrument in that it is multispectral, having several

spectral channels including some in the visible spectrum and has a variable

field of view. • . - . - . . . . .

( 9 ) . - . . - .
. In.-a recent study, Anding et al have described a technique for

removing atmospheric effects on temperature measurements by perform-

ing simultaneous radiometric measurements in three narrow spectral

intervals centered at 4. 9, 9.1 and 11.0 M-- The effects of non-cloudy

atmospheres!"pn-the •observed;r$.di"Ance1 can'be nearly completely compen-

sated for and estimates of area, temperature to an accuracy of 0. 15 K can

be;©btained. :.,F,or.;fields.of view Which contain clouds, the three-channel

radiometric data also provide'the necessary information to indicate the

presence of semitrans parent or opaque clouds'within the field of view

and, if opaque, the fractional amount of .cloud obscuration to an accuracy

of approximately 10 percent for any field of view size. , A model signature

typical of those developed by Anding et al is illustrated in Figure 7-27.

. . In addition to the thermal channels, it is recommended that a broad-

band visible channel be included. This is to aid cloud cover determination

and provide panchromatic imagery precisely registered with the IR data.

Additionally, a near IR and/or an ultra-violet band (low sensitivity due to

transmission of atmosphere) may aid in recognizing oil slick and other

targets. It is not practical, however, to attempt detailed visible spectral
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Figure 7-26. Conical Scan Infrared Imager (Minimum Experiment)
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t

300°K
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WAVELENGTH (pirn)

Figure 7-27. Model Atmosphere (Anding)

Figure 7-27. Model Atmosphere (Anding)

signature analysis by having 20 or 30 highly sensitive bands because of

energy limitations and instrument complexity. This task is better per-

formed by the visible imaging .spectroradiometer elsewhere described.

The maximum experiment will have a feature unique to spaceborne

(or aircraft, for that matter) sensors. The swath width will be adjustable

from very narrow (100 km) to essentially complete horizon to horizon coverage.

This is accomplished without changing scan efficiency or the number of resolu-

tion elements. This capability will allow concentrated viewing of a local

feature, medium swaths for general coverage, or broad observation of

large phenomena in a single orbital pass. Further, the same area on the

ground may be viewed from two different or continuously varying incident

angles for the atmospheric and emissivity studies. The means of imple-

menting the variable field of view is to articulate the scan mirror at the

fixation to its supporting shaft (Figure 7-28) thus allowing different cone

angles to be selected. Adjustment of the angle would be made by a slip-

ringed stepper, mechanically, or other means. This feature is quite

practical for the 25 cm aperture optics since the rotational speed is low

(7 revolutions per second) for this application.
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The size and weight of a 25 cm aperture sensor are fairly signifi-

cant in terms of payload percentage. For this reason it is anticipated

that beryllium metal will be used in its construction allowing a 30 to 40

percent weight savings. From Table 7-8, which illustrates typical mir-

ror and structural materials, the stiffness to weight advantage of bery-

llium is apparent. Also, one material can be used for both optics and

supporting structure simplifying design (thermal expansion compatibility,

etc. ). The weight estimate to 43 kg on instrument specification sheet 6. 3. 1

was made assuming the extensive use of beryllium. "*'

HINGED SCAN MIRROR

SCAN ADJUSTED FOR WIDE SWATH

Figure 7-28. Multispectral/Adjustable FOV Scanner
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Calibration of each channel will be performed between each active

part of the scan by including known radiance standards in the sensor pack-

age, i. e. , blackbody sources for the IR channels and diode emitters for

the visible. Since part (66 or 33 percent depending on whether one or both

fore/aft views are active) of the scan cycle is "deadtime, " the data rate

can be reduced by "line stretching. " That is, expanding the data during

active scanning to fill the time taken for one scan. This can be accom-

plished by a buffer storage or a more recently developed technique re-

quiring no storage external to the sensor proprietary to TRW.

7. 4 LASER AND RADAR INSTRUMENTATION FOR PRECISION OCEAN
ALTIMETRY

This and the following sections describe conceptual sensor designs

and specific hardware configurations suitable for application to oceano-

graphic missions. These missions include ocean current, tide, and storm

measurements, and require precise determination of the mean ocean height

profile over extended ocean areas. This section first considers the appli-

cability of laser versus radar altimetry systems, and decides in favor of

the radar system for all missions on the basis of hardware size, weight,

and power considerations. A baseline radar system is then described,

and subsystem configurations are detailed for the major components. It

is concluded that reliable system performance can be obtained with virtu-

ally off-the-shelf components requiring neither excessive development

time, technical risk nor cost. Next this section considers geodetic factors

in altimetry measurements. Irregularities in the geopotential produce two

effects in altimetry measurements:

1. The mean sea surface (neglecting various oceanographic
phenomena) follows an equipotential surface called the
geoid, which differs from an ellipsoid by amounts up to
±80 meters (see Figure 7-30)

2. The satellite carrying the altimeter follows a trajectory
disturbed by the geopotential field.

Because the gross magnitude of these effects far exceeds the desired pre-

cision for oceanographic measurements, the following questions will be

addressed:
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1. Spectrum. What are the magnitudes of the disturbances
of the geopotential over long distances (orbit or earth
scale), moderate distances (2000 km), and short dis-
tances (100 km); or what is the spectrum of geopoten-
tial effects?

2. Predictability. To what accuracy can the effects of
the geopotential on the orbit and the sea surface be
predicted?

3. Elimination Through Differencing. To what extent can
the effects of the geopotential be ignored because they
will be eliminated by differencing the observed altitudes
on different passes?

It is necessary to define for reference the desired accuracy in altimetry

for oceanographic measurements: changes in slope of the mean sea sur-
5 7face of from one part in 1 0 to one part in 10 over regions of 100 km or

more are to be measured. These slopes correspond to an altitude change

of 100 cm down to 1 cm over 100 km.

It was concluded that interference from unknown short wavelength
_7

slopes in the geoid enters at slopes of order 2. 5 x 10 . However, these

effects are the same on different passes over the same region, and hence

can be subtracted out in determining changes in slope of the mean sea sur-

face. Short wavelength slopes ( 1000 km) in the orbit resulting from geo-
_7

potential disturbances are of order 10 or less. These slopes vary from

orbit to orbit, and are not well known for short wavelengths.

7. 4. 1 Instrumentation Characteristics for Altimetry

The following altimeter performance requirements have been

developed.

Range Accuracy 10-20 cm, la

Pointing Accuracy .3° Icr each axis

Area Averaging Accuracy specification applies
to relative mean ocean height
over 5-10 km diameter areas

Data Rate: One measurement per 10-20 km
along track

Sensor Altitude 925 km (500 nmi)

Viewing Geometry Nadir

Duty Cycle -si 00 percent

Availability All weather

Reliability ' 1 year MTBF

Weight <90 kg (S200 Ib)

Power Input <150 watts
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7.4. 1. 1 Laser versus Radar Tradeoff

The relative applicability of laser and radar altimeters for space-

borne ocean ranging has been examined on several occasions. ' The

results depend strongly on the specific mission chosen and generally favor

the laser system when fine angular beamwidths or angular resolution are

required, and otherwise favor the radar. In the present application, ex-

tensive area averaging over the ocean surface is required to reduce the

undesired effects of local wave structure, and consequently narrow alti-

meter beams are of little use. The radar can then be expected to be the

preferred configuration, as borne out in the following tradeoff analysis.

For purposes of comparison, a pulsed X-band radar and a Nd:YAG

Q-switched laser have been selected. The X-band system is recommended

on the basis of a tradeoff between component miniaturization and all-weather

capability, and the NdtYAG system represents a suitable choice of high

efficiency power source and sensitive receiver. While neither system

represents the results of an exhaustive tradeoff optimization, both are

thought to satisfactorily represent typical operational systems.

Table 7-9 presents the results of the laser/radar tradeoff in terms

of the parameters which must strongly impact the spacecraft platform and

overall mission feasibility: sensor size, weight, and power. It is clear

from the table that the laser system is both larger and heavier than the

radar, and requires more than four orders of magnitude more power.

The laser power requirement is sufficient to exclude the system on this

basis alone, while the radar transmitter power requirement is so modest

as to be negligible compared to peripheral electronic power requirements

and filament supplies. The overall radar power requirement is estimated

to be less than 30 watts.

Table 7-9. Tradeoffs Between Laser and Radar Altimeters
for Equal Performance (10 pulses per second)

Laser Altimeter Radar Altimeter

Power 5 kw 30 watts (0. 17 watts transmitter)

Weight 45 kg (100 Ib) 23 kg (50 Ib)

Volume . 085 m3 (3 cu ft) . 014 m3 (0. 5 cu ft)
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Further advantages of the radar system are:

• The radar altimeter is more nearly capable of all-weather
performance than the laser altimeter.

e The radar system measurement rate can be significantly
higher than that of the laser system.

o Radar systems are generally better developed than laser
systems. As a result most of the radar altimeter components
can be obtained off-the-shelf, while some of the components
assumed in the laser analysis are still in the developmental
stage (e. g. , detectors with high quantum efficiency at 1. 06
microns and narrow spectral filters with high transmission
at 1. 06 microns).

7. 4. 1. 2 Radar Altimeter

Table 7-10 lists the characteristics and performance capabilities of

the recommended radar altimeter. Operation at 9 gHz ensures satisfac-

tory measurement accuracy through all but the heaviest weather and yet

allows operation with only a 0. 9 meter (3 ft) diameter antenna structure.

Receiver sensitivities remain good at X-band and a maximum of off-the-

shelf hardware is available for across the board component selection.

A 43 kw peak power transmitter is recommended which is capable

of achieving the required ranging accuracy with a single 40 nanosec ampli-

tude modulated CW pulse. The required sampling rate can be satisfied

with this system with a pulse repetition rate of less than one per second.

Much higher data rates can be achieved for increased range accuracy, or

can be traded off against peak transmitted power. Transmitter size and

weight requirements are not directly related to peak power however (but

to average power), and the savings will not be first order. Conversely,

a significant increment in receiver complexity will be required to perform

multiple pulse integration. On balance it appears that the single pulse

system is the most attractive for this application.

At 925 km range the antenna illuminates an ocean surface area of

approximately 34. 5 km diameter (half power). Of this area a 40 nanosec

pulse instantaneously illuminates a footprint equivalent to an 8. 8 km dia-

meter spot. The illuminated area originates at the nadir point, builds up

to 8. 8 km diameter, and then sweeps out to 34. 5 km in an essentially

constant area ring. Relative range measurements are made on the basis

of the inflection point of the pulse rise waveform, or the null point of the
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Table 7-10. Radar Altimeter

System:

Source power required
Overall system weight
Overall system volume
Accuracy
Attitude stabilization accuracy

Antenna;

Diameter
Thickness
Aperture shape
Ape rturn illumination
Beamwidth
Cain
Weight

Transmitter;

Frequency
Pulse peak power
Pulse length
Pulse repetition frequency

Receiver;

Noise figure
Bandwidth
Bandpass characteristic
Receiver delay

Processor;

Type
Processor delay
Output waveform
Timing sensor

Altitude Tracking Circuit;

Type
Tracking bandwidth
Tracking time constant

Altitude Counting Circuit;

Type
Reference oscillator stability
Reference oscillator frequency

Data Storage;

Altitude counts
Time signals
Temperature
Voltage
Signal strength
Bias delay altitude
Radiometer Signal

30 watts
23 kg (50 Ib)
.014 m3 (. 5 ft3 - 864 in3)
10 cm
0. 3°

0. 9 m (3 ft)
1 cm

Circular
Uniform
2. 13° (37.2 mr)
38 dB
3. 2 kb (7 Ib)

X-band (9 gHz)
43 kw
40 ns
1-100 ppS

8 dB
25 mHz
Synchronous single tuned
150 ns

Two-stage delay differencing
75 ns
Ramp doublet (ideal)
Pulse-time discriminator

Phase (altitude) locked prf oscillator
. 157 Hz
1 second

Digital frequency meter (prf count)
10-8

10 mHz

(Diagnostics)
(Diagnostics)
(Sea-state indication)
(Bias error correction)
(Refractivity correction)
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second derivative of range return. Each measurement represents an

average over approximately 60 km of ocean and thus averages over local

wave structures very well. A signal to noise ratio of 900 is provided to

allow location of the inflection point to the required accuracy.

7.4.2 Geoid Effects in Altimetry

Kaula ' has derived from statistical analysis of surface gravity

anomalies a set of power series representations of the spectrum of geo-

potential effects. The preferred representation of the earth's potential

for geodetic and satellite applications is a summation of spherical harmonics

with empirically derived coefficients

C o
* O .im , tm

O ijf 75

where the order jj corresponds to terms of wavelength—^— in the potential

expansion (R is radius of the earth and m varies from 0 toj£) . Kaula's

spectral representation formula was first applied to terms of order 4^15.

Present determinations of the coefficients for the geopotential such as by

Gaposchkin and Lambeck' ^' are complete to order SL= 16. In addition,

there are a few higher order terms evaluated from resonant orbits of

periods 12, 13, and 14 revolutions per day.

For terms of order I <; 15, the spectrum of variations_of order jjis

represented by

i l f\ ™ ~^ / A ™

Estimates of higher order spectra were computed assuming a different

value of k fo rk ' s between 15, 36, 90 and 180:

^(V*) « k/jj*

These terms were derived by fitting to mean free air gravity anomalies at

the earth's surface.

7. 4. 2. 1 Spectrum of Variations at the Geoid

Figure 7-29 gives Kaula's results for the spectrum of the geoid surface

which is directly proportional to the above:

=R d
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Comments about which wavelengths are well known and predictable were

added on the basis that 16th order terms are only recently determined, 8th

order terms have long been known and higher order terms are still unknown.

To summarize Figure 7-29 note that well known geoidal effects are of

wavelength 5000 km or more, and of rms amplitude 1 to 20 meters.

Recently determined terms are of wavelength 3600 km to 5000 km and rms

amplitude 50 to 100 cm. Unknown terms are of wavelength Z500 km or

less and amplitude 50 cm or less. Terms of rms amplitude 10 cm are of

wavelength 1600 km.

102

10

S 0.5

10"'

10

10"

,-3

WELL KNOWN

RECENT

UNKNOWN

I I I I I I i i i
5 10 20 50

KCYCLES PER EARTH CIRCUMFERENCE)
_i i i i I i

too 200

40,000 20,000 10,000 5,000 2,000
4,000

WAVELENGTH (KM)

1,000 500 200
800 400

Figure 7-29. Spectrum of Geoid Undulations, RMS Amplitude
Versus Number of Cycles, 1 , or Wavelength
(from Kaula)

7-56



Translating to mean sea surface slope reference, the various terms

can be compared to slopes of 1/4 wavelength as abscissa, and rms amplitude

as ordinate.

Table 7-11. Slope of Geoid

rms
Amplitude

1/4 Wavelength

Amplitude

100 cm

50 crn

10 cm

Wavelength

5000 km

3600 km

1600 km

Slope = Amplitude
1/4 Wavelength

. 80 x 10

. 55 x 10

.25 x 10

-6

-6

-6

Hence geoid undulations of unknown form produce mean sea slopes of the

order 10"6 (Table 7-11).

7. 4. 2. 2 Predictability of Geoid Effects

Figures 7-30 and 7-31-are reproduced from the work of Richard H.

Rapp, (13^ and indicate the shape of the geoid and its uncertainty, respec-

tively. A figure similar to Figure 7-30 from the Smithsonian Standard Earth

is shown in Figure 7-32. Note that while the two geoid figures have the

same major features, the variations between them exceed in most cases

the internal accuracy of the solution represented by Figure 7-31.

In ocean areas, the internal errors for Rapp's solution are of the

order of 4 meters. Differences between Rapp's and the Smithsonian solu-

tion are as much as 50 meters in the worst cases, (e. g. , near New Zealand

60 meter maximum versus 114 meter maximum). Because spherical har-

monics determined from satellite do a poor job of representing abrupt geo-

detic features such as trenches and peaks, discrepancies near such features

will be large. If detail is needed near such features, it is usually taken

from surface gravimetry (land or submarine). Predictability of the geoid

in ocean areas is therefore poor. Where tracking stations are scarce, the

worst discrepancies will occur. With the advent of satellite-to-satellite

tracking, an order of magnitude improvement will be made in remote area

geoid modeling. _ CT
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7. 4. 2. 3 Differencing of Geoid Effects

The saving grace for the proposed oceanographic application of alti-

meter measurements is that it is changes in mean sea surface that are of

interest. The geoid fortunately remains fixed, and for observations made

in the same geographic area, the effects of the geoid will subtract out.

7. 4. 3 Perturbations of the Satellite

The geopotential field produces accelerations on the satellite which

cause the trajectory to vary from orbit to orbit. The largest effects are

those caused by features represented by zonal harmonics, which vary with

latitude only. In the notation mentioned for coefficient C. , S. , m = O7 S.TTL S.m
for zonal harmonics. These effects, as well as lunar-solar perturbations

and solar radiation pressure, cause long term gradual changes in the orbit

which may be ignored in studying short baseline oceanographic changes of

slope. The absolute determination of orbital parameters --in particular,

the altitude above the ellipsoid, or the geocentric distance --is also unin-

portant in noting short baseline slope variations.

The features in the geopotential which vary with longitude and latitude

are represented by tesseral harmonics with coefficients C. , S , where

m = O. In general these effects average out over 24 hour intervals because

of the rotation of the earth. Their orbital perturbations are traditionally

separated into two groups: long period effects which have a period more

than one orbital period, and short period effects, which are of period less

than one orbit. The long period effects are not of interest, again because

they are easily distinguished from short baseline slope changes.

7.4. 3. 1 Spectrum of Short-Period Geopotential Perturbations in Orbit

The spectrum of short-period variations resulting from the tesseral

harmonics are plotted in Figure 6-32 for an orbit of inclination 60 and

small eccentricity, at altitude 886 km, and for m =O. The formulation

of Kaula from which this figure was taken gives the following representation

of the short period spectrum:

/ ae\ 1+ m(s in l - 1) |~i -m
kN

m

2 ( . 2 5 - e ) . j jUmod 2H 3000 meters
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Figure 7-32. Geoid Heights in Meters of the New Combination Solution
Corresponding to a Reference Ellipsoid of Flattening
f = 1 /298. 255 (Gaposchkin)

Table 7-12 summarizes the slopes that would be typical for the spectrum

represented in Figure 7-33. Slope is approximated by dividing the rms ampli-

tude by one quarter wavelength.

Table 7-12. Slopes of Short-Period Orbital Variations
Attributed to Tesseral Harmonics in Geo-
potential (from Figure 7-32)

RMS Aplitude

15 m

1 m

10 cm

1 cm

Wavelength
(km)

22, 800

10,000

5,000

3,300

SL
*\

2

4

8

14

RMS Amplitude
Slope = 1 / 4 Wavelength

.2 x 10"5

-6. 4 x 1 0 °

.8x 10"7

. 1 x 1 0"7

The slopes which approach the baseline scale of 1000 km or less of

interest in this application are of order 10 or less,
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Figure 7-33. Spectrum of Short Periodic Perturbations of Orbit
at Altitude 886 km (480 nmi) for Terms of I Cycles
per Orbit in Geopotential

7. 4. 3. 2 Predictability of Geopotential Effects

Because the features in the geopotential represented by terms up to

order J? = 8 have been well known for some time, they are predictable.

Terms of order 8 < H < 16 are recently determined, and can be pre-

dicted with some uncertainty. These are the terms of rms amplitude

between 1 and 10 cm. Unknown terms (J? > 16) produce disturbances of

less than 1 cm rms aplitude.
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7. 4. 4 Interaction of Oceanographic and Geopotential Effects in Altimetry

In a document entitled "Oceans from Space: Proceedings of a Sym-

posium on the Status of Knowledge, Critical Research Needs, and Potential

Research Facilities Relating to the Study of the Oceans from Space,

Houston, Texas", Peter C. Badgley et alia made the following statement

about the measurement of ocean currents using satellite altimetry:

"There is one feature, though, of the wastern boundary currents;

they are long narrow features. This change of 100 centimeters, or so,

takes place over a relatively small distance normal to the current of

about 100 kilometers. Figure 7-34 is a section roughly normal to the

Gulf Stream near Cape Hatteras. We see that there is a dip as one goes

away from shore and a rise as one goes out to the Gulf Stream. Other

sections yield substantially the same results, and one can say that the

change in elevation relative to the geoid across the Gulf Stream over a

distance of, say, 100 kilometers is of the order of a meter. We have

added the contours to the Gulf Stream to the controus of the geoid as shown

in Figure 7-35, and one can see the Gulf Stream as a characteristic per-

turbation. If we consider a section normal to the Gulf Stream as in

Figure 7-36, the Gulf Stream is still visible. The dashed line is from

Guier and Newton assuming that their geoid is correct. The soild line

is what an altimeter would measure, if it happened to follow this parti-

cular track. If the line for the geoid was a little bit more jiggly than

shown, the curve for the sea surface would also trace those jiggles, and

one might still be able to see the Gulf Stream. The limitation is that the

geoid must not have scales in it comparable to the width of the Gulf Stream.

If the geoid is not too bumpy, and no one really knows, then one can

detect western boundary currents. This concept will extend to all the

other important western boundary currents of the earth. One of the pro-

perties of these western boundary currents is they do vary in position with

time very slowly, and a spacecraft is a good way to keep track of this time

variation on a global scale. We believe that the gradient approximation

will hold quasi-instantaneously, but after the course of a few days, as Dr.

Ewing points out in Chapter 4, the Gulf Stream is someplace else. This

might be one way to find it. "

7-63



The statement, "If the geoid is not too bumpy, and no one really

knows, then one can detect western boundary currents, " may be considered

further in the light of William Kaula's results as discussed in the preceding

sections. Because surface gravity measurements on land and by submarine

at sea have yielded detailed information about the geoid over limited areas,

it has been possible for Kaula to describe that bumpiness using spectral

analysis. Estimates by Kaula of the amplitude of geoid and orbit undula-

tions of various wavelengths are reproduced in Figures 7-29 and 7-33.

These results of Kaula led to the conclusion by us that geopotential dis-

turbances of the orbit over 1000 km intervals are of order less than one

part in 10 (See Table 7-12). The geoid undulations over intervals of 1000

km produce slopes of order one part in 10 or less (See Table 7-11), and

are invariant with time. Hence, they can be subtracted out when tracking

currents over various orbital passes. For oceanographic features as

large as one part in 10 , these short wavelength geoid undulations will

cause little interference even on a single pass. The Gulf Stream example

illustrated by the figures of Badgley is of this order.

t ( cm)
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Figure 7-34. Sections Normal to the Gulf Near Cape Hatteras
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Figure 7-35. Superposition of Guier-NewtonGeoid and Sea
Surface Topography for Gulf Stream Region
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Figure 7-36. Superposition of Geoid Plus Sea Surface Topography
Along a Section Normal to the Gulf Stream
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7. 5 MICROWAVE RADIOMETRY, IMAGING

Although radiometric measurements are only slightly affected by

attenuation due to clouds at frequencies sufficiently below the water

absorption band, thermal emission from clouds and the whole atmosphere

in the field of view will contribute to the apparent temperature.

Furthermore, the emissivity of water is a complicated function of variables

such as salinity, wavelength and surface roughness, as well as temperature,

so that a single measurement of apparent temperature by the microwave

radiometer is useless as a means of determining the true water temperature.

However, true water temperature can be derived from apparent

temperatures measured at several angles and frequencies.

Microwave radiometers require large aperture antennas to achieve useful

spatial resolution. Although large paraboidal reflector antennas are

feasible for space use, mechanical scanning is impractical. Fixed planar

arrays, electrically scanned, can provide equivalent resolution and high

scanning speeds. Conical scanning is even more desirable for microwave

radiometery than for IR radiometry because of the variability of the

emissivity of water with angle.

The basic microwave radiometer consists of an antenna and a calibrated

wide band receiver, with a narrow bandpass filter. For practical reasons

the Dicke type is almost universely used. In the Dicke radiometer, the

receiver is alternately switched between the antenna and a calibrated

temperature reference source. The sensitivity of the radiometer is

improved.by increasing the input bandwidth, decreasing the noise figure

or increasing the observation dwell time. Practical configurations now

in use, such as the superhetrodyne receiver, have bandwidths of

200-400 MHZ, noise figures of 5-6 db and dwell times of the order of

25-50 milliseconds to achieve a sensitivity of . 5° to 1 C, and absolute

accuracy of 1 to 2 C. A cooled parametric amplifier input to the

receiver would allow an improvement of about a factor of 2 in sensitivity,

but none in absolute accuracy.
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7. 5. 1 Microwave Radiometer

The microwave radiometer system recommended for the broad

ocean requirements is similar to the dual frequency dual angle radiometer

system recommended for the coastal zone requirements.

The theoretical background, a full description and a design proce-

dure for the system are given in the final report on Coastal Zone Require-

ments for EOS A/B (Ref. 1). For convenience, a brief description is

given here. A block diagram of the system is shown in Figure 7-37.

As shown in Figure 7-38, the composite antenna for the system, produces

four separate pencil beams, each with the same beamwidth. Two of the beams

are formed at lOgHz; one at 4CT and the other at 60 incidence angle. The other tw<

16 gfii ARRAY

I

19 gHz ARRAY

BEAM FORMING
PHASE SHIREK

ARRAY
HOT REFERCNCf. COt PREFERENCE

BEAM FOHMiNT,
PHASE SHIFIEC
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SINGIF TOLF
THREE-POSITION

RF SWITCH

COMPUTER
PROGRAMMER
HAM DRIVER

RADIOMETER
RECEIVER

V 1 '

SIN1 GIL POLE
THREE-POSITION
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SIGNAL
CONDITIONING

J L

RADIOMETER
RECEIVER

RECORDER TEI.EA/ETRY

Figure 7-37. Block Diagram of Dual Frequency
Dual Angle Radiometer System
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beams are formed at 19 gHz, also at 40 and 60 incidence angles. All

beams conically scan over a swath centered on the subsatellite track. The

40 incidence angle beams see the same surface areas as the 60 incidence

angle beams, but with a time delay dependent on the orbit altitude (about

75 seconds for the 300-500 nmi altitude range).

For greatest sensitivity, each antenna beam would feed a separate

radiometer, but in order to minimize errors due to receiver gain drifts,

it is preferable to time share a single receiver at each frequency, switch-

ing alternately to the 60 and 40 antenna beams. This method eliminates

long term drifts from the measured temperature difference but does re-

quire gain stability of about one part in a thousand for the time between

the observations by the 40 and 60 beams (about 75 seconds).

The switching sequence is shown in Figure 7-39. The antenna is

assumed to be step scanned across the swath, and at each position apparent

temperature data is readout sequentially from the four antenna beams. In

addition, each receiver is switched to a hot reference and cold reference

once per scan. This not only provides absolute temperature calibrations,

but also ensures that any drift during the measurement delay period can

be compensated for in forming the temperature differences.

As shown in Figure 7-38 the composite antenna includes 10 gHz and

19 gHz phased array sections. The 10 gHz sections would be approximately

twice as large in linear dimensions as the 19 gHz sections in order to

provide the same beamwidth at both frequencies. Although it is possible

that an integrated, interlaced element, dual frequency dual angle antenna

could be developed, it is assumed here that for practical reasons the two

frequency and two angle sections are essentially separate antennas, each

controlled by the computer programmer.

The system makes simultaneous observations of the vertically polar-

ized energy received at approximately 10 and 19 gHz, each at incidence

angles of 60° and 40° with respect to the local vertical, resulting in four

measurements of apparent surface temperature from each resolution

element of the surface. The true water temperature, surface roughness

and atmospheric water vapor density can be derived from the four mea-

surements using a computerized model which includes multiple scattering
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and shadowing effects, and which takes into account the atmosphere, sali-

nity, sea spray and foam (Ref (14). The general procedure is as follows:

(1) The vertically polarized brightness temperatures at
19 gHz and 10 gHz are measured at angles of 60° and
40°; for each frequency the difference of the tempera-
tures, T6Q 4Q = T(60°) - T(40°), is formed.

(2) A "guess" is made of the lowest, T1, and the highest,
T", water temperatures likely to occur in the region
of ocean being observed.

(3) The value of T^Q ^Q at 10 gHz and the pair of tempera-
tures T1, T" then determine a corresponding pair of
values of rms surface slope s1, s". The values of s1,
s" may be shown to be independent of atmospheric
water vapor content and the presence of wind-driven
spray layer.

(4) From the measurement of Tx Q 40 at 19 gHz and the
two sets of values (T1, s1), (T , s ) so far determined,
one can deduce a corresponding pair of values p1, p"
of atmospheric water vapor content.

(5) Using the 10 gHz measurement of either T(40°) or
(T608) and the two sets of values (T1, s1, p1), (T", s",
p"), two new values of water temperature Tw', Tw"
can be determined. The smaller of these values is
then a new minimum and the larger a new maximum
water temperature; according to our numerical
results they will lie much closer together than the
original estimates T', t". If they differ by a suffi-
ciently small amount, then the true water tempera-
ture has been determined; in addition, the surface
roughness (or wind speed) and atmospheric water
vapor content are also bracketed by the values of
(s1, s") and (p',p").

(6) If Tw" - Tw' is not sufficiently small, then Tw' and
Tw" are taken to be new estimates of the minimum
and maximum water temperatures, and steps (1)
through (5) are repeated.

In an illustrative example using assumed measurements of A T / - ._

of 40°K and T(40°) of 138 K at 9. 3 gHz, and assumed water temperature

known to be between 10°C and 20°C (283°K to 293°K) a single use of the

above procedure results in determination of the water temperature to be

286. 9 ± . 75°K, and the rms surface slope angle to be 10. 5 ± 0. 5°. In

addition, the water vapor density of the atmosphere at the surface is
3

determined to be 16. 45 ± 0. 30 g/m . If more accurate values are desired,
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the procedure can be repeated with the extremes of the first temperature

determination as the new estimates of maximum, and minimum temperatures.

The procedure rapidly converges, thus in the illustrative example one

iteration would determine temperature well within the uncertainty of the

basic radiometer.

The uncertainty of the temperature measurement of the basic radio-
meter is given by the following equation.

= K sin

where K = '77(W-0.5) (7-11)

^

and NF is the noise figure of the receiver

K. is a constant determined by the circuit configuration and
type of modulation

BR is the predetection equivalent noise bandwidth

B..-, is the post-detection equivalent noise bandwidth

V is the orbital velocity of the satellite

W is the swath width scanned

0 is the scan angle of the conical sector

AW is the spatial resolution
N is the number of measurement pairs

The expression in the brackets of Equation 7-10 contains the para-

meters relating to the observational requirements, such as orbital velo-

city, swath width, number of observations at each point and scan angle.

These values are in turn dependent on the orbit altitude and incidence angle

of the beam with respect to the local vertical.

The constant K given by Equation 7- 11 may be considered a figure

of merit for the radiometer, as it consists of factors solely determined

by the type of radiometer and its parameters.

Typical values are; NF] 5-6 db at 10 to 19 gHz; K from . 125, for

the Dicke comparison type radiometer with square wave modulation/demon-

ulation to . 5 for the unmodulated absolute reading radiometer; B from
R

200 to 400 mHz for systems with electrically scanned antennas.
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The swath width is approximately (flat earth approximation) given by

W = 2h
cot 9

0sin (nmi) (7-12)

where h is the orbit altitude

6 is the angle of the antenna beam with respect to
the local vertical

0 is the conical scan angle

The conical scan angle for the desired swath width may be deter-

mined from Figure 7-40 for 300 and 500 nmi orbits at 40° and 60° angles

of incidence.

CONICAL SECTOR SCAN ANGLE (D£G)

I I I
0 30 60 90 120 ISO IBO

Figure 7-40. Swath Width versus Scan Angle
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The specification for the microwave radiometer system, (Instrument

Specification Sheet 6. 5), was derived from the preceding equations, assuming

that the satellite altitude is about 500 nmi and that the antenna must fit within

the shroud of the Delta, limiting it to about 7 feet across. The size, weight

and power of the radiometer systems are primarily determined by the sizes

of the antennas required, which are inversely proportional to the resolution.

For electrically scanned, planar array antennas, the weight is approxi-

mately proportional to the area of the aperture. The power required for

electrically scanned planar array antennas is proportional to the length

for antennas of the Nimbus E radiometer type. The weight and power for

the recommended radiometer system was estimated by extrapolating from

the weight and power of the Nimbus E radiometer system.

7. 6 SYNTHETIC APERTURE RADAR

7. 6. 1 General Considerations

In contrast to the situation in the visible and infrared regions of the

spectrum, at frequencies below about 10 gHz there is little attenuation

due to the atmosphere, even with heavy moisture-laden clouds. Conse-

quently side-looking imaging radar operating below 10 gHz can provide

all weather imaging of the surface- The synthetic aperture technique may

be used to achieve high resolution with a feasible antenna size. As shown

in Figure 7-41 the antenna pattern required is a fan beam tilted to one

side of the orbit plane so that the antenna is very long compared to its

height. Scanning is provided in the along track direction by the space-

craft motion, and in the across track direction by time delay of the signal

backscattered from the surface, so that the antenna can be rigidly attached

to the platform. However, it may be desirable to provide for some tilt

adjustment in order to optimize the imaging performance for different

purposes.

The transmitter power required for satisfactory imaging is very

dependent on the incidence angle of the antenna beam. Contrary to the

usual practice with side looking radars looking at land, in order to decrease

the transmitter power the antenna beam should be pointed only 10 to 20

degrees from the vertical when looking at the sea surface. This will pro-

vide contrast between rough and moderately rough seas and slicks. Flo at-
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Figure 7-41. Synthetic Aperture Radar

ing objects such as ships and ice will have strong returns and will stand

out as bright spots. Shorelines should be outlined by the contrast in re-

flectivity between land and sea.

7. 6. 2 Transmitter Average Power

The synthetic aperture radar {5AR) recommended for the broad ocean

observation is similar to that recommended for the coastal zone. However,

the difference in the mission allows the resolution requirement to be re-

laxed, permitting a significant decrease in the power required.

The power requirement can be further reduced by using post detec-

tion integration to improve the signal to noise ratio of the SAR. This

power reduction is obtained at the expense of an increase in the size of

the along track resolution. However, since the theoretical along track
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resolution is about one half antenna length (L/2), for any practical antenna

length the along track resolution would be several orders of magnitude

smaller than the desired resolution. Thus, for this mission resolution can

be traded for reduced power.

The transmitter average power required is given by the following

equation, which includes post detection integration.

,2
~(7^PAY = 5. 6x10 -19 W

AW (KAL/2AA) 1/2

where W

AW

L

AA

KA

S/N

NF

LV

h

V

7. 6. 3 Parameter Values

is the swath width

is the resolution

is the antenna length

is the along track resolution

is the ratio of the distance moved between pulses,
to one half antenna length

is the minimum signal to noise ratio

is the minimum backscattering coefficient

is the noise figure of the receiver

is the two-way attenuation of the vertical path

is a miscellaneous loss factor

is the orbit altitude (assumed 500 nmi)

is the spacecraft velocity

is the wavelength

The specification for the SAR (Instrument Spec Sheet No. 6. 6 ) was

derived using the following parameter values:

Altitude

Swath width

Resolution

Antenna Length

Signal to noise ratio

Minimum radar back
scattering coefficient

Wavelength

Noise figure

Atmospheric attenuation

Miscellaneous losses

925 km (500 nmi)

600 km

1 km (both directions)

6. 5 m (20 ft)

3 db

-20 db

10 cm (3 gHz)

1. 5 (uncooled paramp)

1 db

1. 5 db
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The 3 gHz frequency was selected in order to provide all weather

capability on a global basis. At that frequency the two-way attenuation

of the vertical path through the atmosphere is less than 1 db even if the

path includes an intense thunderstorm in the tropics.

7. 7 INSTRUMENT SPECIFICATION SHEETS

The following pages summarize performance and physical

characteristics of the proposed sensors.
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INSTRUMENT SPECIFICATION

Sensor: Visible Imaging Spectrometer Reference No.
7. 1. 1

General Description

Function

Configuration,
Major Elements

Developmental
Status

To measure the spectra of reflected sunlight in an imaging mode

Imaging spectrometer: objective lens, collimating lens, diffraction
grating, re-imaging lens, image dissector

Presently under development by TRW Systems for AAFE: MOCS
(Multichannel Ocean Color Sensor)

Performance
Characteristics

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

-4- .7n

.015^

51° (3 MOCS sensors. 17. 1° each) (925 km swath @ 925 km alt.)

1.8 km

NEAP = .001 or better

H- .003

Physical
Characteristics

Size

Weight

Power

. 035 cubic meters (total of 3)

18 kg (6 kg, each of 3 sensors)

18 watts total

Platform/Data
Considerations

Pointing Accuracy

Line of Sight Rate

Data Output

.07 (1 pixel)

.05°/sec

0. 3 MBS (all 3 sensors)

Comments No moving parts

3 MOCS sensors sweep adjacent swaths providing 925 km swath
(3 day coverage)
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INSTRUMENT SPECIFICATION

Sensor: Visible Imaging Spectrometer
("Smoothing Dissector" Version)

Reference No.
7- 1.2

General Description

Function

Configuration,
Major Elements

Developmental
Status

To measure the spectra of reflected sunlight in an imaging mode

Imaging spectrometer: objective lens, collirrviting lens, diffraction
grating, re-imaging lens, image dissector /intensifier

Presently under study by TRW Systems for AAFE: MOCS
(Multichannel Ocean Color Sensor)

Performance
Character is ties

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

.015n

51° (925 km swath at 925 km alt.)

1. 8 km

NEAP = .001 or better

+ .003

Physical
Characteristics

Size

Weight
i

Power

.01 cubic meters

6kg

8.5 watts

Platform/Data
Considerations

Pointing Accuracy

Line of Sight Rate

Data Output

.07 (1 pixel)

.05°/sec

0. 3 MBS

Comments No moving parts

Advanced version of MOCS (under study)
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INSTRUMENT SPECIFICATION

Sensor: Glitter Framing Camera Reference No.
7.2

General Description

Function

Configuration.
Major Elements

Developmental
Status

Primary: To obtain images of glitter pattern from which to deduce
average sea state and detect and locate areas of reduced
sea state.

Secondary: To obtain moderate resolution images of areas outside
glitter pattern

1000 TV line camera (RBV or Sec Vidicon); f/4 optics with adjustable
iris diaphram f/4 to f/16; two axis gimballing or 2 axis pointing
mirror

State-of-the-art

Performance
Characteristics

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

0. 58-0. 7(j. - not critical but should be at red end of visible spectrum

Broadband - one band only

40° x 40°; 777 km across at 30° from nadir

2500 feet; 0. 78 km {per TV line) (925 km altitude)

64: 1 dynamic range at any given exposure, additional 16: 1 by varying
expsoure
20 percent photometric

Physical
Characteristics

Size

Weight

Power

. 03 cu. meters

18kg

45 watts average, 52 watts peak

Platform/Data
Considerations

Pointing Accuracy

Line of Sight Rate

Data Output

0.5 C+5 nmi)

0.35°/sec

100 KHz video, 10 sec/frame, 1 frame/30 sec

Comments Brightness at center of glitter pattern varies from about 200Lum/ft /
ster to 2500 Lum/ft2/ster.

2 frames/min give about 4 images of any point on surface.

Pointing required 0 to 40° from nadir, 360 in azimuth
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INSTRUMENT SPECIFICATION

Sensor: IR - Multispectral Mechanical Scanner
(Maximum Requirement)

Reference No.
7. 3. 1

General Description

Function

Configuration,
Major Elements

Developmental
Status

Thermal mapping of sea surface, effect of atmospheric constituants
1'femoved from data by comparing 3 or more spectral bands. Addi-
tional channels included to measure cloud cover, 'etc.

Variable FOV con scan,25 cm dia. f/2 optics,HgCdTe detector for IR,
Radiatively cooled to 77° K

Within SOA, new instrument development

Performance
Characteriatica

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

9. 1, 11.0, 4. 7u, + BB visible, UV, and near IR channels

AX = 0.5, 1.0, 0.5 respectively + (.4-. 7), (. 3-. 4) and (. 7 to 1. 0)

Adjustable: 100 km to horizon to horizon (sensitivity given for
360 km swath)

1 km

NEAT = .07, .05, . 16° K and NEAP = .01 and .01

0. 2°Cor better

Physical
Characteristics

Size

Weight

Power

0. 3 cubic meters

43 kg (95 Ibs)

45 watts

Platform/Data
Considerations

Pointing Accuracy

Line of Sight Rate

Data Output

.05° (1 pixel)

.035°/sec (10 percent overlap)

1. 25 MBS rate, 450 KBS good (33 percent scan efficiency)
(10 bit quantizing)

Comments Spectral channels may be added or changed with little effect on
size /weight/ power
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INSTRUMENT SPECIFICATION

Sensor: IR Radiometer (Imager)
(Minimum Requirement)

Reference No.
7. 3.2

C.CMIIT;»I Do script ion

Configurat ion,
M.i jo r Eli ments

Dovc-lopmri'ial
Status

To measure sea surface temperature in a continuous swath creating
a stripmap

12 cm (4 1/2" dia.) f/1 telescope, conically scanned. 33 percent
efficient, HgCdTe detector, radiatively cooled to 100° K

New instrument but well within state-of-the-art

Performance
Character is ' i t '3

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Ac-curacy

8-13u (one band)

Same

1000 km swath width @925 km = h (500 nmi)

1. km (constant across swath)

NEAT = 0.03°C

~0. 1 C (discounting atmospheric effects)

Physical
Chctr act eristics

Size

Weight

Power

0. 2 cubic meters
(mostly radiation cooling horn)

18 kg (40 Ibs)

20 watts

Platform/Data
Considerations

Pointing Accuracy

Lino of Sight Rate

Data Output

.05° (1 pixel)

.035 /sec (10 percent overlap)

250 KBS rate, 85 KBS good (33 percent efficiency scan)
(JO bit quantizing)

Comments 1. Scan mirror speed = 420 rpm

2. No atmospheric calibration

3. Day/night operation
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INSTRUMENT SPECIFICATION

Sensor: Radar Altimeter Reference No.
7.4

General Description

Function

Configuration,
Major Elements

Developmental
Status

To measure distance from spacecraft to mean sea surface for
determination of changes of slope of mean sea surface.

90 cm dia. antenna, X-band, Transmitter, Receiver, Processor,
Altitude tracking circuit. Altitude counting circuit.

A maximum of off-the-shelf hardware is available for components

Performance
Characteristic^

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

X-band

2. 13 beamwidth, grid sampling every 50 km along track

Footprint of 8. 8 km at 925 km altitude

Slopes of 10 over 50-100 km

10 cm

Physical
Characteristics

Size

Weight

Power

.014m3 (864 in3)

23 kg (50 Ib)

<30 watts

Platform/Data
Consideration

Pointing Accuracy

Line of Sight Rate

Data Output

0. 3 la each axis

NA

<100 EPS

Comments

7-82



INSTRUMENT SPECIFICATION

Sensor: Microwave Radiometer Reference No.
7. 5

General Description

Function

Configuration,
Major Elements

Developmental
Status

Measurement of sea surface temperature and roughness

19 gHz antenna, 40 and 60 degree conical sector scan, V polarization.
10 gHz antenna, 40 and 60 degree conical sector scan, V and H -
polarization. Receiver, temperature references, switching and
scanning electronics.

Partially developed by Aerojet.

Performance
Characteristics

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

10 gHz. 19 gHz

300 mHz bandwidth

1350 km swath width

50 km

0.5°K

1.5°K '

Physical
Characteristics

Size

Weight

Power

10 gHz antennas; S .S 'x? 1 , 2 . 5 ' x3 .5 '
19 gHz antennas; 2' x 4'. 1.5' x 2'

90 kg (200 Ibs)

175 watts

Platform/Data
Considerations

Pointing Accuracy

Line of Sight Rate

Data Output

0.2"

0.2°/sec

200 B/sec

Comments
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INSTRUMENT SPECIFICATION

Sensor: Synthetic Aperture Radar Reference No.
7 .6

General Description

Function

Configuration,
Major Elements

Developmental
Status

Performance
Characteristics

Wavelength Range

Spectral Resolution

Field of View

Spatial Resolution

Sensitivity

Absolute Accuracy

Radar images of ocean surface

Antenna, transmitter, receiver

Production for aircraft -- not space qualified

3 GHZ

Bandwidth 0. 5 MHZ

Swath width 600 km

1 km

Good image above <r of -20 db

Physical
Characteristics

Size

Weight

Power

Antenna 20' x I1 x 3" unfurled, transmitter/receiver 200 cubic inches

73kg(1601bs)

130 watts

Platform/Data
Considerations

Pointing Accuracy

Line of Sight Rate

Data Output

1 MR

10 MR/sec

Analog signal bandwidth 0. 5 MHZ
Digital data rate: 8 MB/sec (8 Bit encoding)

Comments
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8.0 ORBITAL ANALYSIS

8. 1 STATEMENT OF THE PROBLEM AND SUMMARY OF THE
REQUIREMENTS

The phenomena being observed and the sensor subsystem are of

prime concern in choosing an orbit for a remote spacecraft mission

dedicated to global oceanography. Disregarding any difficulties in data

handling, an ideal EOS orbit would acquire high'resolution data with a

daily revisit time and a near vertical view of all oceanic regions of

interest. The relationships of orbital mechanics preclude achievement of

the ideal orbit with a single spacecraft and thus orbital analysis for global

oceanographic missions involves the study of possible compromise situa-

tions, and a series of prioritized tradeoffs must be made to blend these

relationships into a comprehensive mission.

Two of the more important phenomenological categories of interest

are World Ocean Productivity and World Ocean Fisheries and Proposed
*

MARMAP Area. Figures 8-1 and 8-2 show the geographical location of

the phenomena associated with these categories. To accomplish the mis-

sions's objectives from a phenomenological standpoint, the essential regions

must be covered by the chosen orbit.

Comparing sensor performance characteristics and requirements

with the quantized measurements associated with the phenomena in each

problem area bounds the observation frequency and field of view (See

Table 8-1). The sun angle constraints imposed by the sensor subsystem

are shown in Table 8-2.

Marine Resources Monitoring, Assessment and Prediction Program
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Table 8-2. Sensor Sun Angle Constraints

SENSOR
SUN ANGLE RANGE

DEGREES OFF LOCAL VERTICAL

VISIBLE SENSORS

SEA STATE SENSOR

SPECTROMETER

INFRARED SENSORS

MICROWAVE SENSORS

RADIOMETER

ALTIMETER •

SYNTHETIC APERTURE
RADAR

0-80

0-50

0-90

0-90

0-90

0-90
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8.2 THEORY

8.2.1 Parametric Development

Completely describing the motion of a spacecraft about the earth

requires a knowledge of factors not accurately known or too complex to

include in a closed form analysis. The mass distribution of the earth

and the effects of solar and lunar gravitation are examples of these factors.

Neglecting them and applying Newton's Laws provide a basis for establishing

the orbital equations and show that the satellite follows an elliptic path with

the earth as a focus.

To fully describe this path six parameters must be examined:

inclination, i, altitude, h, eccentricity, e, right ascension of the ascend-

ing node, ft, argument of perigee, w, and the time of nodal passage. TRW

has considered circular orbits because of the constant sensor range and

the uniformity of ground station visibility times. Thus the eccentricity

becomes zero and the argument of perigee drops out. Be setting w = 0,

the position of the satellite is then referred to the ascending node (See

Figure 8-3).

In fulfilling the visible sensor requirements, illumination of objects

beneath the spacecraft should remain essentially constant throughout the

year. This can be accomplished by imposing the condition of syn-synchron-

ism which exists when the orbit-plane nodal regression rate is one revolu-

tion per year. This nodal regression rate is detained by setting the altitude

and inclination in accordance with equation (1). The advantages and disad-

vantages of this condition are shown in Table 8-3.

Specifying the time of nodal passage (relative to the earth's rota-

tion), an initial right ascension of the ascending node ft, and h or i estab-

lishes the circular orbit as follows:

-7/2

= .985647 = -9.98 [— ] cos i degrees /day (1)

where a = radius of the earth

a = a + h (See Figure 8-4)

For moderately high altitude circular orbits the condition of sun-

synchronosm results in an inclination between 95 and 105 degrees.(See

Figure 8-4).
8-6



SATELLITE

ASCENDING
NODE

LINE OF
APSIDES

PERIGEE

= LONGITUDE OF ASCENDING NODE

w= ARGUMENT OF PERIGEE

i = ORBITAL INCLINATION

v= TRUE ANOMALY

r= SATELLITE RADIUS

T= 1st POINT OF ARIES
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Table 8-3. Advantages and Disadvantages of a Sun-Synchronous Orbit

ADVANTAGES

THE SPACECRAFT PASSES OVER THE

SAME GROUND POINT AT THE SAME

LOCAL TIME EACH DAY ENABLING

"STANDARD" DATA TO BE TAKEN.

DURING THE COURSE OF A YEAR THE

SUN ANGLE VARIATION IS BOUNDED

FOR A SPECIFIC LATITUDE.

MANY POINTS ON THE GLOBE RECEIVE

COVERAGE TWICE DURING A CYCLE;

ONCE ON THE ILLUMINATED SIDE AND

ONCE ON THE DARK SIDE.

SPACECRAFT DATA "FILLS IN THE GAPS"

ASSOCIATED WITH STANDARD OCEANO-

GRAPHIC AND METEOROLOGICAL DATA

TAKEN BY CONVENTIONAL STATIONS

AT 0600, 1200, 1800, 000 G.M.T.

NEAR GLOBAL COVERAGE

TRAJECTORY IS SIMPLIFIED

DISADVANTAGES

DIURNAL EFFECTS AT ANY SINGLE

POINT ARE MISSED.

INCLINATION IS ELIMINATED AS

A DEGREE OF FREEDOM.
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Figure 8-4.

8.2.2 Trace Pattern

The Interdependence of Altitude and
Inclination Resulting from Sun-Synchronism

Perhaps the most important factor in sizing an orbit is the space-

craft's trace pattern, where the term "trace" refers to the collection

of subsatellite points generated on the surface of a rotating earth by the

spacecraft in its orbital progression.
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To facilitate the discussion the parameter Q is introduced as

follows:

Q = 360°/S(2) (3)

where Q = trace repetition parameter

from this we get

S = 360°/Q (4)

where

S = Longitudinal separation of northern equatorial
crossings between two successive satellite
revolutions (trace shift)

S can be further defined as:

S = 9PN - AO = (e - fl)PN (5)

where

9 = inertial rotational velocity of the earth

P = nodal period of the spacecraft about the earth

The ground trace advance (i. e. , the trace shift at various latitudes)

can also be related to latitude and spacecraft altitude as shown in

Figure 8-5.

By substituting Equation 5 into Equation 3, and using Equation 1 for

the nodal regression rate, Q is shown to be a function of inclination and

altitude:

Q = 360 (6)*

(8 +9. 98(a/aer' /6 cos !)PN

where

PN ^ 84. 4857(a/ae)
3/Z

For sun-synchronous orbits, where there is an interdependence of h and i,

Q can be considered a function of h.

Q = 17. 044(ae/ )3/2 (7)
cl

See Figure 8-6.
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n
In general, Q can have the form, Q = I -f -r (8)

where

I = an integer

^ = a rational fraction reduced to lowest terms
d

Choosing an integer for Q results in a trace pattern which repeats

itself every day. Otherwise, the denominator of the fraction, d, defines

the number of days it takes the ground trace to repeat itself (i. e. , cyclic

frequency). The numerator n is related to the number p where p is the

number of integral segments between trace branches laid down on

successive days. Each trace shift S is divided into d integral segments:

if n/d <: 1/2, p = n; but if n/d >l/2, p = d - n (see Figure 8-7). ^

As shown in the requirements summary, the dynamic nature of

many of the global oceanographic phenomena suggests viewing be repeated

at intervals of not more than several days. This implies a high cyclic

frequency.

0= 146/7

3 > j = >WESTY.'ASO KOGFESSION ACROSS TRACE SHI"

7 SWA1H W-DTM = 207 NM
£

5

—3 rp~*
2

"1 ~T~

ScOUf N1I/-1 COVERAGE

Q= 143/7

J < j - > EASTWARD PROGRESSION ACKOSS TRACE SHIFT

SWATH MOTH « 216 NM

5 6 . . . . . . .

T~ "T

• p= d-n— * CYCLIC COVERAGE

Figure 8-7. Coverage Schemes for a Cyclic Frequency of Seven Days
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8. 3 ORBIT SELECTION CRITERION

8. 3. 1 Orbit Considerations

A choice of a representative range for Q (and therefore a representa-

tive range of h for sun-synchronous orbits) is related to a choice of the

orbital altitude, and is influenced by: sensor requirements, image

distortion or viewing obliquity, illumination conditions, ground station

visibility times, cloud cover, and atmospheric drag.
"" i

8. 3. 1. 1 Sensor Requirements^

Resolution Requirements. The moderate spatial and spectral

resolution requirements for remote observation of global phenomena

seem to imply the use of fairly high altitudes (an upper limit of approx-

imately 1482 km (800 n mi). For instance, an infrared radiometer can

attain a 1 km spatial resolution and a sensitivity of 0. 5°C, NE^T

0. 1 - 0. 2 C for a 1156 km (625 n mi) swath width by employing optics

11. 4 cm (4. 5-inches) in diameter. At an altitude of 2778 km (1500 n mi)

with the same sensitivity and spatial resolution the radiometer can cover

a 3463 km (1870) n mi) swath width by employing an optic's diameter of

30. 48 cm (12 inches). The same resolution can be acquired for a swath

width three times as large by using 30. 48 cm optics instead of 11. 4 cm.

The microwave radiometer, on the other hand, at 926 km (500 n mi) can

obtain a 44. 4 km (24 n mi) spatial resolution and a sensitivity of 1 C with

a 127 x 127 cm (50 x 50 inches) 159 kg (350-pound)antenna jthis just meets

the fringe of the requirements listed in Sections 3-5. To meet this

resolution and sensitivity requirement at 2778 km (1500 n mi) the antenna

must be 381 x 381 .cm (150 x 150 inches) and 429 kg (3150 pounds) which

is a considerable change. Because of the significant change in antenna size

and weight as the altitude is increased and the overall system limitations,

1482 km (800 n mi) was chosen as an upper bound on the altitude.

A lower limit on orbital altitude is imposed by the visible spectro-

meter. Table 8-1 seems to indicate that an observation frequency be-

tween one and five days is needed to satisfy the global oceanographic

requirements. For three synchronized MOCS or a smoothing dissector

visible imaging spectrometer positioned along the nadir, the field of view
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would be 51.3 degrees. (See Section 7. 1 . ) To obtain complete global

coverage using this view angle the highest observation frequency that can

be obtained is three days. This occurs at altitudes greater than 100 km

(540 n mi). The sensor requirements, therefore, dictate an orbital

altitude between 1000 km (540 n mi) and 1482 km (800 n mi).

Sun Glitter. Solar specular reflection (sun glitter) is avoided in

remote ocean color sensing because it masks the data (subsurface up-

welling light in the visible and near infrared spectral regions) desired

for ocean surveys. On the other hand, there are many observations

which require looking directly into the sun glitter pattern: wind speed

and direction, surface debris and slicks, and the wave spectrum of in-

ternal waves. To accommodate both the glitter sensor and the ocean

color sensor (the visible imaging spectrometer) consideration should be

given to the motion of the glitter pattern, the importance of the pheno-

mena being observed and the pointing capabilities of each sensor.

Surface reflection varies as a function of the angle formed between

the sensor, target, and the sun, as well as the sea state (i. e. , surface

wind velocity). Figure 8-8 shows these variations for a solar illumina-

tion angle of 45 degrees. Field-of-view half angles for an earth-oriented

sensor give increasing contributions of surface reflection to the total

radiance on the sunward side of the subsatellite trace, particularly at

higher wind velocities where the edge of the glitter pattern begins to

encroach on the field of view. On the other side of the trace the radiance

asymptotically approaches a minimum which is primarily caused by up-

wellings. For a solar illumination angle of zero degrees, the sea radiance

forms a gaussian distribution with the peak radiance being at the inter-

section of the local vertical and the surface as shown in Figure 8-9.

To avoid the glitter pattern in an afternoon or morning orbit in

which the sun is to one side of the orbit plane the spectrometer must

have a gimballing capability. As the spacecraft travels about the earth,

the glitter pattern shifts relative to the local vertical. To account for

this shift the spectrometer should either be positioned in such a way

that glitter interference is at a minimum or have a dynamic pointing

capability.
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Figure 8-9 shows the minimum cant angle the non-glitter sensors

would have to use to avoid the specular reflectance associated with the

glitter pattern for a 500 n mi orbit with a local noon sun at the equator.

A sea state with a beaufort number (BN) of three (wind speed 4. 4 mps)

was used to determine the cant angle because this is the lowest sea state

at which white caps occur. At this level even if the non-glitter sensors

are canted away from the glitter pattern some data will be destroyed
i

because of the specular reflectance of the white caps. To avoid the BN3

glitter pattern, the non-glitter sensors would'have to cant cross-track

approximately 37 degrees off the local vertical or fore and aft 47 degrees.

To avoid the glitter pattern throughout the year, the sensor would have to

use two-axis gimballing because of the variation in pattern size and

position.

Scene Contrast/Instrument Sensitivity. In order to satisfy the

scene contrast and instrument snesitivity requirements associated with

visible spectroscopy the ten o'clock geometry with the sensor canted off

the local vertical, away from the sun, should be chosen. This arrange-

ment gives the best coverage with the requirements mentioned above,

especially at the equator. (See AppendixG. ) The final decision is made

by comparing orbits with similar geometries; the ascending and de-

scending orbits for both the 10:00 AM and 2:00 PM geometries.

Assuming the sensor will be pointed 20 degrees off nadir away

from the sun, the final selection resulted in a 2:00 PM orbit which gave

the best hazy day coverage, since the 2:00 PM orbit was an afternoon

orbit in which most coastal morning fog would have cleared away.

8.3.1.2 Image Distortion

Another constraint at the lower altitudes (an upper constraint on Q)

is image distortion at the fringe of the swath width due to viewing

obliquity. The degree of distortion is directly related to the spacecraft

altitude as shown in Figure 8-10. For instance, in a global coverage

scheme with a cyclic frequency of two days the obliquity angle at an

altitude of 1074 km (580 n mi) is 40 degrees where as at 417 km (225 n mi)
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the obliquity angle is 60 degrees. Because of these high angles, observa-

tions requiring near vertical viewing could not be achieved at lower

altitudes. In a global oceanographic .mission this constraint is rarely

applicable.
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8-18



8. 3. 1.3 Illumination Conditions

As shown in Table 8-2, the range of sensor sun angle requirements

is only constrained in the visible spectrum. For sun-synchronous orbits

the sun angle is dependent upon the following parameters: right ascension

of the ascending node, latitude, and days from vernal equinox.

Figure 8-11 illustrates the geometry associated with solar illumina-

tion. The sun angle is the angle between the sun line and the local vertical
" '£

at the subsatellite point. The time-varying inputs to the problem for sun-

synchronous orbits are a-kt-12 , the angle between the sun's hour circle

and the hour circle of the ascending node, and 6, the angle representing

the sun's declination. The former angle can be divided into components:

J2 , as stated above, represents the initial right ascension of the ascending

node, and cv-kt is the angular difference between the apparent solar time

and the mean solar time, -y is the true anomaly measured from the line

o{ apsides to the spacecraft, but in this case, since the orbit is circular

the true anomaly is measured from the ascending node. ^ is the angle

between the sun line and the normal to the orbit plane.

Given a specific fi and a range of latitudes, one can determine the

variation of TJ within those latitudes. In a near polar orbit a spacecraft

crosses almost every latitude twice, once ascending and once descending.

Corresponding to each of these crossings is a theoretical illumination

angle where TJ > 90 degrees is considered to be a valid subsatellite sun

angle because the sun is clearly visible.

By plotting 6 as a function of cv-kt the motion of the sun during the

course of a year is shown to be a figure-eight pattern with a maximum

deviation off the equator of 23 1 /2° (see Figure 8-12). Consequently, even

with sun-synchronism the solar illumination conditions vary throughout

the year. By accurately choosing • fi , the variation at any given latitude

can be held within the operational range of the sensors.
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Figure 8-11. Solar Illumination Geometry
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Figures 8-13 through 8-16 express the sun angle as a function of

days from vernal equinox for a latitude range of +70 degrees and an n

of zero degrees (twelve o'clock) and an fi_of 30 degrees (two o'clock) as

generated by TRW's IPCO computer program. After making a decision

as to what latitudes are of prime concern, the orbit can be optimized to

give these latitudes acceptable sun angles during a good portion of the

year. This can be accomplished by varying n .

SUN ANGLE VARIATION 0.00 DEGREE RIGHT ASCENSION

O
O

O 0.00 DEGREE LATITUDE

10.00 DEGREE LATITUDE

X 20.00 DEGREE LATITUDE

30.00 DEGREE LATITUDE

• 40.00 DEGREE LATITUDE

50.00 DEGREE LATITUDE

II 60.00 DEGREE LATITUDE

50.0 100.0 150.0 200.0 250.0

DAYS FROM VERNAL EQUINOX

300.0 350.0

Figure 8-13. Sun Angle Variation Throughout the Year
f o r Positive Latitudes ( £ 2 = 0 degree)
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Figure 8-14. Sun Angle Variation Throughout the Year
for Negative Latitudes (J2 =0 degree)
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8.3.1.4 Ground Station Visibility Times

Because of the need to relay large amounts of data, strategically

located ground stations maximizing the time of contact with the spacecraft

are of great importance. The spacecraft altitude and antenna elevation

angle establish this time for a given right ascension of the ascending

node. As a result, varying the altitude has a predictable effect upon the

contact time. If top priority is given to coverage of the global oceans,

three possible ground station locations would be Fairbanks, Alaska;
*

Goldstone, California; and Greenbelt, Maryland.

For the ERTS A/B orbit, at an altitude of 492. 6 n mi, an initial

right ascension of the ascending node of 142. 5 degrees and a minimum

elevation angle of five degrees, the maximum contact time in any orbit

of the 18-day cycle is 15 minutes. Generally, any time under approxi-

mately five minutes is avoided because of the tasks which have to be done

at every data dump (e. g. , command uplink, and video downlink). Holding

the initial time of nodal passage constant and decreasing the altitude in-

creases the ground speed of the spacecraft and alters the subsatellite

path. The result is a decrease in contact time. As a result, ground

station contact time must be considered in placing a lower bound on the

altitude (an upper bound on Q).

8. 3. 1. 5 Cloud Cover

The observation frequency of coverage for the visible and near IR

sensors will actually be less than the orbital frequency because of inter-

mittent atmospheric interference. As a result, regions of interest from

a phenomenological standpoint may have to be skipped or marginally

covered. On the other hand, observation of the distribution and appear-

ance of interference in the form of atmospheric moisture can be a valuable

indicator of certain oceanographic phenomena such as:

Through the use of TRW's Cartography Program, Figure 8-17 and over-
lays 8-1, 8-2, and 8-3 show the amount of time a spacecraft would be
visible from the three ground stations per day in a typical orbit where
the altitude is 1570 km (848 n mi), 1259 km (680 n mi), 1006 km (543 n mi),
respectively.
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• Distribution of water temperature (water maps
and current boundaries, convergences,
upwellings).

• Direction and magnitude of land-sea breezes, and
character of the wind field over major ocean areas.

• Relative moisture content of the marine atmosphere.

• Relative sea-air temperature difference.

The effect of the intervening atmosphere is to degrade, or in many

instances preclude nearly all observations that can be made from, space.

A statistical model of atmospheric effects on a global scale (e. g. , the

Arakawa-Mintz model) is a necessary first step in the development of

a realistic set of procedures for planning and evaluating potential earth

oriented missions.

The main form of atmospheric interference incountered in a remote

mission is clouds. By defining a statistical measure of experiment

success, i. e. , the probability of encountering cloud cover, one can

obtain an optimum orbit for the experiment. The probability of encounter-

ing cloud cover generally increases with latitude. On a yearly average,

the cloudiness over the Southern Hemisphere is 10 to 15 percent greater

than over the Northern Hemisphere. The ratio of ocean area to total

area in the Southern Hemisphere is about 81 percent as compared to

about 61 percent in the Northern Hemisphere.

Present climatological maps have been modified through informa-

tion provided by existing cloud amount summaries based on both

conventional and satellite data. The climatological modifications were

generally limited to the area between 60 N and 60 S. Figure 8-18 shows

the regions in which satellite data has been incorporated into surface

statistics. The data was extremely useful in ocean regions where ship

stations were scarce. Due to a large amount of ocean in tropical areas,

cloud summaries based on conventional data were of limited value.

Therefore, the design of the climatological regions in the tropical areas

was based primarily on satellite-observed

data were available for the polar regions.

(3)was based primarily on satellite-observed cloudiness. Few cloud
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The mean monthly cloud amount was the principle factor in

differentiating between climatological regions (see Table 8-4). The

absolute cloud amount, the season of maximum cloudiness, and the

magnitude of the seasonal change were all taken into account. Some

consideration was also given to cloud type, with each region being

designated as having predominantly convective cloudiness (tropics) or

predominantly synoptic-scale cloudiness (extratropical areas). For

example, areas off the West coasts of the continents where widespread
(4\

stratus is common were also designated/ '

Separate climatological regions have generally been designed for

land and ocean areas. Certain regions contain continental land areas,

islands and ocean (e.g., 03, 04). (See Figures 8-18 and Table 8-4. )

Since most of these regions are tropical, there are considerable differ-

ences in cloud regions particularly in the diurnal variations. In these

regions the statistics were generally based on land stations, and there-

fore, properly apply to land areas.

The extremes in mean monthly cloud amount occur in the summer

(June-August) and winter (December-March). A swath running along the

West coast of the United States during the early summer months would

have more than 70 percent mean monthly cloud amount over Southern

California, 50 percent over Northern California and Oregon, and 70 per-

cent over Washington. During the winter months the mean monthly

cloud amount is less than 30 percent, 50 percent, and 70 percent,

respectively. As shown above the occurrence of clouds is a significant

factor in determining the phasing of the orbit.

8. 3. 1. 6 Atmospheric Drag

The four major sources of orbital perturbation are the following:

• Atmospheric drag

• Solar perturbations

• Higher earth harmonics

• Lunar perturbations
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For the range of orbits considered for EOS A/B missions, the

latter two are neglibible. Of the three sources of solar perturbations,

solar gravity gradient, solar tides, and solar radiation pressure, the

former could produce longitudinal variations in the node, but these

effects were considered beyond the scope of this report.

Atmospheric drag seems to exert the most significant influence

on the orbit, and is therefore evaluated for the 1974-1976 launch period.

An upper limit on Q can be obtained by considering the altitude decay
'*"'»

due to drag. For the launch period considered, solar activity (which

has a predictable effect on atmospheric density) will be at a minimum;

at any given altitude, the decay due to drag will be low because of a

reduced atmospheric density.

The effects of drag can be negated by a propulsive system in one of

two ways: by continuous thrust or impulsive thrust. The thrust can be

computed in terms of energy as follows:

dE
dt

Ji
2a

da
dT (9)

where

dE
dt-37- = change in energy per unit mass

dE
Knowing -j— , the continuous thrust can be computed

dE
dT

P
2 if a. m (10)

where

where T. = continuous thrust per unit mass

P = period of the orbit

The impulsive thrust is evaluated in terms of the velocity increment needed to
correct the error, AV, and can be computed as follows:
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AE—==- -jj AV (a linear approximation) (11)

where

• f ' .
t = time impulse is applied

At an altitude of 570 km (308 n mi), and an early 1975 launch, the

altitude decay on a spacecraft with a frontal area of 1. 86 m (20 ft ) is

662 m/yr (2173 ft/yr). This decay could be corrected with propulsive

thrusting: one could use a continuous thrusting of 2. 36 x 10 kg (5. 2

x 10 Ib) or, if the impulse were applied every year, a AV of . 4 mps

(1. 3 fps). At an altitude of 370 km (200 nmi) the altitude decay would

be increased by an order of magnitude and the yearly AV needed to

correct this decay is approximately 0. 36 mps (12 fps). This error

could easily be corrected through propulsive thrusting (e. g. , a hydrozine

system). Consequently, drag considerations would not preclude use of

an altitude as low as 390 km (200 n mi).' (See Figure 8-19. )

8. 3. 2 Coverage Schemes

For a limited swath width and high repetition rates, coverage is

acquired in a series of transects (making use of narrow swath widths

separated by standard distances of hundreds of nautical miles). Depending

upon the phasing of these transects, crucial global oceanographic pheno-

mena could be missed.

Conceivably, global oceanography on an operational basis may re-

quire a substantial number of satellites to provide the data needed at fre-

quent enough intervals. Conventional synoptic oceanography is based upon

large gaps between successive swaths: ship tracks on major oceanographic

expeditions are commonly separated by hundreds of miles. EOS A/B data,

together with data from other spacecraft, aircraft, merchant, naval and

scientific ships would be fed into a computer system for interpolation. In

such a system, EOS A/B would couple extremely well in obtaining coverage
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Figure 8-19. Drag Considerations

of selected regions of interest. On the other hand, using one spacecraft,

coverage of oceanographic phenomena on a global basis could be

obtained by lowering the resolution requirements (increasing the field

of view), reducing the cyclic frequency, or resorting to some combina-

tion thereof.

8. 3. 2. 1 Coverage Frequency

Choosing an integer for Q results in a trace pattern which repeats

itself daily, and if the swath width is small (e. g. , ERTS A/B has a

swath width of ~ 185 km (100 n mi) complete coverage can never be

obtained. Increasing the denominator, the coverage pattern repeats

itself in a number of days equal to the denominator, and for complete
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coverage the swath width is approximately equal to S/d (see Figure 8-20).

Using the Karrenburg technique, two valid schemes are constructed for

a seven-day cyclic frequency (see Figure 8-7). For 1 = 1 4 and

n/d = 2/7 or 6/7 the swath width for complete coverage (assuming an

ideal perturbation free orbit in which overlap is unnecessary) is 400 km

(216 n mi) and 383 km (207 nmi), respectively. If one continues to

increase the swath width beyond the value corresponding to complete

coverage in d days a point is reached at which the coverage frequency

rises to a value higher than the cyclic frequency. -••*•

SW=120SIN"1 (SIN(i)SIN(S/2))

EXAMPLE

GIVEN S = 25° OR 1500 NM ) => SW = 2731 KM (1476 NMI)
EQ 1

j = 100° ) 1.6% ERROR

ASCENDING PASS

EQUATOR

SWATH WIDTH SW —' \ \ v\~ TRADE SHIFT S

NOTE- AS THE SATELLITE PASSES OVER HIGHER LATITUDES THE ANGLE i-90° INCREASES;
THEREFORE THE ERROR INCREASES . AS A FIRST ORDER APPROXIMATION THE
THE TRACE SHIFT OR ANY FRACTION THEREIN WILL BE CONSIDERED THE SWATH
WIDTH.

Figure 8-20. An Approximation to the Actual Swath Width

A further increase in the swath width results in a second point

being reached at which the coverage frequency rises to an even higher

value. If this process is continued until the swath width equals the trace

shift, complete coverage is acquired daily. The coverage frequency, for
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a given Q, is therefore a function of the swath width where the resulting

dependence is a step function as displayed in the Appendix. For a cyclic

frequency of seven days there are six possible rational fractions which

can be grouped into three coverage patterns: (1/7, 6/7) sequential

coverage, (2/7, 5/7) cyclic coverage, and (3/7, 4/7) cyclic coverage

(see Figure 8-2 and Appendix D ). The first element in each group is

an eastward progression across the trace shift and the second is a west-

ward progression. In the first pattern the coverage frequency is in-

creased at steps of one day every time one normalized unit is added to

the swath width where one normalized unit equals S/d.

Depending upon the distribution of phenomena being observed this

technique could be used to optimize coverage. By basing the subsatellite

trace pattern upon the sensor with the narrowest swath width (e.g. ,

visible spectrometer) and obtaining complete global coverage, (for a

visible sensor at an altitude of 370 km (200 m ni) this would be approxi-

mately 370 km (200 n mi), a sensor employing a fairly large swath Avidth

would provide global coverage at a higher frequency.

The choice of a specific rational fraction depends upon two consid-

erations: the requirements of the sensor subsystem and the frequency of

observation of global phenomena. In Figure 8-21 a rational fraction of 2/7

or 5/7 gives the largest increase in coverage frequency for the smallest

increment in swath width where a rational fraction of 3/7 or 4/7 minimizes

the swath width needed to achieve the largest coverage frequency under

one day. In considering sensors with a field of view larger than the one

used as a basis for the trace pattern the former scheme would be used to

optimize resolution and the latter for optimizing the coverage frequency.

Transectional coverage of the ocean areas of interest on a global

basis using narrow swath widths allows observations to be made at frequent

enough intervals to satisfy the dynamic .nature of some phenomena, but

large voids occur in important regions leaving gaps in the data. To opti-

mize a trace pattern employing transectional coverage, phasing must be

used to insure coverage of the areas of interest. A majority of the regions

lie between 80°N and 80°S as shown in Figures 8-1 and 8-2.
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Figure 8-21. Seven-Day Cyclic Frequency

Once the trace pattern is phased to optimize coverage, the swath

width can be increased to cover a larger portion of a particular region of

interest by sacrificing resolution. Overlays 8-1 through 8-4 are

representative trace patterns based upon the previous parametric defini-

tions. (Table 8-6 shows the orbits considered. ) Each overlay shows

the first day's subsatellite trace pattern, both ascending and descending.

In order to correctly position the overlays on the base maps,

Figures 8-1, 8-2 and 8-17 line up the 50°N and 50°S latitude lines on

the overlays with the same latitudes on the maps. Since launch is

arbitrary, one can shift or phase the overlay in a horizontal direction

(west or east) to vary the areas covered and as a result there is no need

to set the overlay over a specific longitude. Sliding the overlay along
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Table 8-6. Representative Orbits

Q

S

i

h

P

Overlay

8. 1

12 1/4

29.390

102. 3°

848 n mi

117. 55
min

8.2

13 0/1

27.5°

101.1°

680 n mi

111 min

8. 3

13 1/2

26.6°

99.8°

585 n mi • •

106.4
min

8.4

13 2/3

26. 3°

99.5°

546 n mi

105.4
min

8. 5

133/4

26. 18°

99.4°

531 n mi

104.76 min

the two guide latitudes changes the phase. The grid surrounding each

subsatellite pass represents a 740km (400 n mi) swath width. There is

also a climatological overlay which can be placed on the base map,

before the subsatellite trace overlays are used (Overlay 8-6). One

can then observe the seasonal cloud cover probability associated with

a specific trace pattern.

8. 3. 2. 2 Periodic Daily Coverage^

Near daily coverage can be accomplished by using an extremely low

cyclic frequency and a narrow swath (several hundred kilometers)

assuming that regions of interest could go unobserved for long periods of

time. This method would give daily coverage for periods of several days

to a week and go unobserved for several months. This is accomplished

by employing a consecutive progression across the trace shift which takes

d days to return to the initial cyclic trace (n = 1 or n = d-1). In other

words, global coverage is acquired in d days.

At high latitudes a phenomenon can be observed for longer periods

of time due to an increasing overlap of consecutive swaths. As shown in

Figure 8-22 a phenomenon 60 n mi in width can be seen daily for four

consecutive days at 25 degrees latitude, five consecutive days at 40 de-

grees, and 13 days at 75 degrees by using a 370 km (200 n mi) swath

width in a near polar, 902 km (487 n mi) orbit with a 36-day cyclic

frequency and a sequential coverage scheme.
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If in its steady progression across the trace shift, the spacecraft

observed a particular phenomenon of interest, a small tangential velocity

change (AV.) and a small out of plane velocity change (AV ) would bring it

into a scheme having an integral number of orbits per day, and thus, daily

observations would be made.

By using Equation 7 to calculate the normalized semi-major axis,

a/a , substituting this into Equation 1, and taking the total derivative, ,an

expression for a change in the nodal regression rate in terms of a change

in the trace repetition parameter and inclination can be computed:

= . ( tani )Ai (12)

For a sun- synchronous orbit the nodal regression rate is constant (AQ = O)

and for small velocity changes AV /V = Ai. Therefore:

7 V.AQ

By using the energy equation,

where

r = radial position of the spacecraft as measured
from the center of the earth

a = semi-major axis

V = true anomaly

r£ = V (see Figure 8-3)

an expression for the tangential velocity change can be derived. For a

circular orbit the radius remains fixed and equal to the semi-major axis
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taking the total derivative and substituting

3Ka , K= 0.059
c

The resulting expression for the AV is:

AV, = ^EJL^Q (17)
* 3Kae

3/Z

For the orbit considered in Figure 8-22 a AVfc of 4. 895 m/sec (16. 06 ft/sec)

and a AV of 5. 151 m/sec (16. 9 ft/sec) is needed to bring the cyclic fre-

quency to 1 (a daily revisit time).

This is an unlikely coverage scheme for a global oceanographic

mission because of the need for global synoptic data generally every 1-5

days in the visible spectrum and one to three days for the infrared

measurements of sea surface temperature.

8.3.2.3 Stereo Viewing

For narrow swath widths and trace patterns which give complete

coverage at the end of each cycle, many subsatellite points are observed

from only one direction or aspect angle and some points are viewed only

marginally at the fringe of the swath. In many cases it is desirable to

view points of interest from several directions (e. g., coastal bathymetric

measurements). This can be accomplished through a careful choice of the

rational fraction of Q. For example, the bathymetry observation frequency

and field of view requirements vary from 1-14 days and 80-150 n mi.

Assuming that Nimbus E and ERTS A/B will be operational when EOS A/B

is launched, a great deal of the meteorology and terrestrial cartography,

geology and hydrology could be performed by these spacecraft. As a re-

sult, a global oceanographic mission dedicated primarily to synoptic

observations of the global oceans and some coastal oceanography could

have a cyclic frequency of 14 days and a visible sensor swath width of

120 n mi.
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For the orbit to lie within the mission domain, assume the integral

part of Q must be 13, 14, or 15. Since a value of Q will be chosen be-

tween 13 and 15, the trace shift S will be between 24- and 27. 6-degrees

of longitude. Coverage of the interval S at the equator insures global

coverage (except for small regions at the poles) since the longitudinal

width of the swath increases steadily with latitude. To accomplish com-

plete coverage of S the minimum number of two degrees (equatorial de-

grees, one degree = 60 n mi) swaths required is the smallest integer

greater than S/2, which is nothing more than the cyclic frequency. If it is

desirable to view points of interest from a variety of directions, an inte-

gral value of d greater than a multiple of S/2 should be considered for the

coverage frequency. Table 8-7 lists several of these multiples.

Table 8-7. Values of d Corresponding to One or More Aspect Angles

No. of Aspect
Angles Value of d

1 12-14

2 24-28

3 36-42

4 48-56

For a one year mission it is desirable to have a whole number of

coverage cycles. This is another consideration in choosing d; Table 8-8

lists these integral multiples (assuming a year has 366 days).

Table 8-8. Frequencies Corresponding to
Integral Coverage Cycles(2)

Table 8-8 Frequencies Corresponding to Integral Coverage Cycles

Cycles/Year Cyclic Frequency

1 366
2 183
3 122
4 91.92
5 ™
6 61
7 52
8 46
9 4l

10 36.37
11 33,34
12 30,31
13 1114 2&

15 2f25

16 23
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Solving the above two conditions simultaneously results in the following

candidates for d:

24, 25, 26, 28 2 Aspect Angles

36, 37, 41 3 Aspect Angles

52 4 Aspect Angles

Assuming that 3 aspect angles are desirable there are three choices:

36, 37, and 41. A value of 36 was initially chosen for d. However, in

choosing the numerator in the rational fraction, 4, 6, 8, 9, 12, 16 and 18

were avoided because the trace closes in less than 10 days; consequently

for a 2 swath width voids would be left in the coverage pattern. Values

such as 2, 3, 10, 14, and 15 close in less than 20 days which provides

fewer than the desired three aspect angles. Furthermore, none of the

remaining primes, 1, 5, 11, etc. , are compatible with d (the coverage

pattern is laid down in such a manner that some points are observed re-

peatedly, week after week, while others remain unobserved for weeks at

a time).

Each of the two remaining values are good choices for d from the

standpoint that they are primes of all lesser integers and the trace will

not close in less than d days regardless of the choice of numerator. On

the other hand these values result in a great deal of incompatibility; in

fact for d = 41 there is no numerator that will result in a trace pattern

which obtains complete coverage in 14 days with a 2 swath width. Similar

difficulties are encountered when considering d = 37 with the exception of

a numerator value of 29 (i. e., Q = 14 29/37, see Figure 8-23). Note that

complete coverage is obtained every 14 days with an overlap of

0. 03 degree or 3. 3 km and at the end of the 37th day cycle every point is

viewed from at least three-aspect angles.
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8. 4 FINAL ORBIT SELECTION

The final selection of an EOS Global Oceanographic Orbit depends

upon the phenomenology and sensor requirements used, and the para-

metric coverage tradeoffs made. The logic associated with these tasks

is shown in Figure 8-24. The orbital parameters are bounded and a

final selection is made.

An evaluation of the gouhd station visibility times for the global

oceanographic orbit is shown in Figures 8-25 through 8-27. Seventy

percent of the visibility times are between 9 and 15 minutes and five

percent are less than 5 minutes
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P A R A M E T R I C T R A D E O F F

PHENOMENOLOGY AND SENSOR
R E Q U I R E M E N T S

PHENOMENA OF INTEREST LIE BETWEEN

80° N. LAT. AND 80° S. LAT.

OBSERVATION FREQUENCY

PRIORITY AREA

POLLUTION

MARINE RESOURCES

PHYSICAL
PHENOMENA

FREQUENCY RANGE

3-30 DAYS

1/2-14 DAYS

1 - 5 DAYS

PARAMETERS

Q -

GLOBAL -fc. OBSERVATION M ,-v nAVS

OCEANOGRAPHY W FREQUENCY U~3' V Y:>

FIELD OF VIEW

OCEANOGRAPHY VIEW 100-1000 km*

* GLOBAL COVERAGE IN VISIBLE SPECTRUM REQUIRED

SUN ANGLES

VISIBLE

SEA STATE SENSOR

SPECTROMETER

0-80°

0-50°

i
0)

ORBITS/DAY (h - ALTITUDE)
ECCENTRICITY
INCLINATION
ARGUMENT OF PERIGEE
INITIAL RIGHT ASCENSION OF

ASCENDING NODE

CIRCULAR ORBIT

UNIFORMITY OF GROUND STATION

VISIBILITY TIME

CONSTANT SENSOR RANGE

h) IS ARBITRARY, THEREFORE IT IS SET

EQUAL TO 0|o>= 0|

SUN-SYNCHROMISM

• DATA CAN BE STANDARIZED

SUN ANGLE VARIATION IS BOUNDED•

• MANY POINTS RECEIVED DAY AND NIGHT

COVERAGE

GLOBAL COVERAGE (EXCEPT AT
POLES)

i and h ARE INTERDEPENDENT

RANGE FOR Q (h)

• SENSOR REQUIREMENTS

MICROWAVE RADIOMETER

VISIBLE SPECTROMETER

- h < 850 NMI

- h>545NMI
FREQ. >3 DAYS

ATMOSPHERIC DRAG

MINIMUM SOLAR ACTIVITY - h >150 NMI

OBLIQUITY - NOT A PROBLEM IN GLOBAL

OCEANOGRAPHY (FOR ABOVE ALTITUDE RANGE)

GROUND STATION VISIBILITY TIMES - NOT

TOO IMPORTANT IN DETERMINING Q.

(SEE COVERAGE n)

C O V E R A G E

545<h<850NMI
3>FREQ.>5 DAYS

13.7> Q >12.2 ORBITS/DAY
99.5°< i < 102.3°

SUN-SYNC.

>

CHOICE OF PHASING ( EXCLUDING COVERAGE CONSIDERATIONS)

• CLOUD COVER IMPLIES A LOCAL EQUATORIAL

CROSSING OF 91 AM - 3 PM

• FOR GLITTER MEASUREMENTS A 2 O'CLOCK

SUN IS BEST

• THE SPECTROMETER CAN BE CANTED TO AVOID

THE GLITTER PATTERN (HIGH NOON SUN GIVES MAX

PENETRATION)

a = o° OR 180°o

PARAMETERS:

S = TRACE SHIFT .
d = CYCLIC FREQUENCY

SW= SWATH WIDTH

GLOBAL COVERAGE IS REQUIRED ON AN

OPERATIONAL BASIS

POSSIBILITY OF MORE THAN ONE SATELLITE

HIGH FREQUENCY COVERAGE

• d = OBSERVATION FREQUENCY

• SW = S/d , S = ^°°

(VISIBLE SPECTROMETER)
-

3<d<5 DAYS
1581 < S<1763 NMI
320< SW<600NMI

PERIODIC DAILY COVERAGE

RULED OUT BECAUSE OF THE NEED FOR
GLOBAL SYNOPTIC DATA

STEREO VIEWING

RULED OUT BECAUSE OF THE NEED FOR
GLOBAL SYNOPTIC DATA AND THERE IS
NO STRONG REQUIREMENT FOR MULTI-
ANGLE VIEWING

SHIFTING no CAN SET PHASING TO COVER

IMPORTANT PHENOMENA.

GLOBAL OCEANOGRAPHIC
ORBIT

e = 0

o> = 0

h=»531 NMI.

• = 99.4°

00 = 30° (2 O'CLOCK)

Q = 13 3/4 ORBITS/DAY

d =. 4 DAYS

sw=400 NMI.

(V IS IBLE SPECT .)

Figure 8-24. Summary of the Orbital Trade-offs and the Orbit Selected
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9. SUPPORTING MEASUREMENTS AND EXISTING DATA PROGRAMS

9. 1 BACKGROUND

In the broadest sense, any environmental measurements from plat-

forms other than EOS (which exceed EOS data in precision and accuracy,

or address phenomena or aspects of phenomena which cannot be directly

measured by EOS sensors) would be of potential utility as supporting

measurements for EOS A/B. General categories of in situ measurements

that would constitute valuable supporting information for ocean-oriented

remote measurement programs are listed in Table 9-1.

Existing data sources should be relied upon wherever practical in

order to reduce the need and associated high costs of new measurement

capability. Future measurement programs planned by global ocean users

should also be considered for possible supporting measurement contribu-

tions. Where there are identifiable measurement gaps, new programs

should be instituted to ensure needed coverage.

Although it is the specific experiment which dictates the required

ground truth measurement, it is the purpose of this section to examine

all relevant existing and planned data sources and programs which could

possibly contribute to such measurements. Measurement accuracy, fre-

quency and time of day are important in determining whether to take advan-

tage of data from other programs; when inadequate or not compatible,

additional measurements must be made.

It is appropriate to consider measurement programs in terms of

two primary categories: national programs and international programs.

All relevant national measurement programs are accounted for in the

Department of Commerce's (NOAA) Marine Environmental Prediction

(MAREP) program. MAREP's charter is to integrate all federal

marine environmental monitoring systems, to assess and improve

9-1



Table 9-1. Supporting Environmental Measurements

PHYSICAL OCEANOGRAPHY

CURRENT SPIED AND DIRECTION
MASS TRANSPORT
WATER MASS STABILITY
WIND-DRIVEN AND THERMOHALINE CIRCULATION
WATER TEMPERATURE
WATER DENSITY
PROPERTIES OF SEA ICE
OPTICAL PROPERTIES OF WATER
SEA AND SWELL DIRECTION. HEIGHT, PERIOD
SOLAR RADIATION INTENSITY
TIDAL AMPLITUDE AND FREQUENCY

CHEMICAL OCEANOGRAPHY

SALINITY
DISSOLVED OXYGEN
CO2. CARBONATE , BICARBONATE CONTENT
NUTRIENTS (NITRATIS. PHOSPHATES. SILICATIS)
HjS CONTENT

TRACE ELEMENT CONTENT (INORGANIC MICRONUTHIENTS)

PH
OXIDATION-REDUCTION POTENTIAL

CONDUCTIVITY

CONCENTRATION OF SELECTED POLLUTANTS (DISSOLVED AND
IN MARINE ORGANISMS)

SOLWLE ORGANIC MATTER CONTENT

ORGANIC AND INORGANIC PARTICULATE CONTENT

BIOLOGICAL OCEANOGRAPHY

PRIMARY PRODUCTIVITY

PHYTOPIANKTON STANDING CROP

ZOOPLANKTON STANDING STOCK

NEKTON STANDING STOCK

TAXONOMIC DIVERSITY

TROPHO-DYNAMIC INF-ORMATION

LIFE HISTORY DATA ON IMPORTANT SPECIES

SPECIES-SPECIFIC TOLERANCE LIMITS FOR
ENVIRONMENTAL EXTREMES

MARINE GEOLOGY ~«'

SEDIMENTARY DEPOSITION AND EROSION RATES

BOTTOM COMPOSITION

BOTTOM TOPOGRAPHY

TURBIDITY

METEOROIOGY

AIR TEMPERATURE

SEA bliRFACE TEMPERATURES

ATMOSPHERIC MOISUTRE CONTENT

CLOUD COVER

CLOUD CHARACTER

PRECIPITATION (SNOW. RAIN, ICE)

FOG AND SMOG DISTRIBUTION
SURFACE AND HIGH-ALTITUDE WIND VECTOR
ATMOSPHERIC VISIBILITY
ATMOSPHERIC CONTENT OF SEA SPRAY AND SALT NUCLEI!
ATMOSPHERIC PRESSURE

these systems, and to provide better marine prediction and warning services.

This includes analyzing and forecasting the physical, chemical, biological,

and hydrodynamic conditions of the oceans, coastal zone waters, and Great

Lakes plus the overlying atmosphere and their interaction. When fully

implemented, the program will provide a basic service of data analyses

and forecasts for use by government agencies and the general public. The

basic service will utilize existing and future observational or monitoring

networks, analysis and forecast centers, telecommunications services,

and other federal facilities. In addition to the basic service provided,

specialized users will benefit from specialized services for maritime

navigation, for water pollution control, for fisheries interests, for mineral

exploration, and for specialized military application.

Four interlocking systems -- data acquisition, data collection and

relay, data processing and product formulation, and product and services

dissemination -- comprise the MAREP system. Ultimately, the data



acquisition system will require an integrated mix of sensor platforms including
satellites, aircraft, balloons, oceanographic ships, ocean station vessels,

ships of opportunity, unmanned buoys, manned buoys, lixed ocean platforms,

submersibles, and island and coastal stations. The MAREP systems con-

cept is depicted in Figure 9~1.

According to the MAREP charter, all routine federal special and

aperiodic marine environmental monitoring will be accounted for -- this

includes broad ocean surveys as well as one-time federal research cruises.

Since the majority of university research cruises are federally sponsored,

for purposes of this discussion these can also be considered as components

of MAREP.

MAREP programs which involve the acquisition and near-real-time

dissemination of environmental data include, for example,

• The National Weather Service (NWS)

• The Fleet Numerical Weather Central (FNWC) Marine Analysis
and Prediction Service

• The Marine Resources Monitoring, Assessment, and Predic-
tion (MARMAP) program

• The National Data Buoy System (NDBS)

• The National Marine Fisheries Service (NMFS) Fish Advisory
Programs

• The U. S. Coast Guard - Infrared Radiation Thermometer
(USCG - IRT) Aircraft Surveys

• The Geochemical Ocean Sections Study (GEQSECSr '

An important adjunct to the MAREP program is the Interagency

Coordinating group (ICMAREP) composed of officials from each of the

principal marine-related agencies who provide planning and guidance for

the MAREP staff.

The meteorological counterpart to MAREP is the Federal Plan for

Meteorological Services and Supporting Research (FPMSSR). The coordi-

nating staff for FPMSSR, which is in the Office of the Federal Coordinator for

*The GEOSECS program, one of the International Decade of Ocean
Exploration (IDOE) programs, is funded by NSF. Although IDOE is
international in scope, the national role is reflected in the MAREP
programs plans.
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Meteorology (OFCM),has cognizance over such meteorologically-oriented

programs as Barbados Oceanographic and Meteorological Experiment

(BOMEX). For obvious reasons, there is continuous interaction between

the MAREP and OFCM staffs.

International programs are coordinated either through the World

Meteorological Organization's (WMO). World Weather Watch (WWW), or

the Intergovernmental Oceanographic Commission (IOC). Several projects

are of interest for possible ground truth measurements:

• The Global Atmospheric Research Program (GARP}

• The Integrated Global Ocean Station System (IGOSS)

GARP is an outgrowth of a United Nations resolution that recommended

the improvement of weather forecasting capability. It was established as

an international cooperative research effort aimed at increasing under-

standing of the general circulation of the atmosphere and laying the math-

ematical and physical basis for methods of long-range prediction. The

ultimate goal is to predict accurately the atmospheric circulations on a

global scale. It is hoped that this will lead to better prediction and even-

tual control of the weather through:

• Economically useful, long-range weather prediction

• Identification of consequences of inadvertent modifications of weather

• Identification of consequences of purposeful modifications of weather

In addition to traditional methods of gathering data, ocean drift plat-

forms (approximately 700) and atmospheric balloon platforms (approxi-

mately 1000) will be employed to transmit randomly timed data signals

which also provide information from which platform positions could be

computed. Constant level "mother balloons" have been proposed to carry

about 100 dropsondes to be released upon command and OMEGA will track

the sondes for wind information. Polar orbiting spacecraft (other than or

in addition to EOS) will also be used as well as aircraft, ships of oppor-

tunity and any other available data gathering programs. GARP initial data

set accuracy is as follows:

9-5



• Component wind velocities ±3 in/sec"

• Air temperature ±1 C

• Air pressure ±0. 5 mb

• Sea surface temperature ±0. 2 C

The participants in the program include universities, industry and

governmental agencies working mainly under associated national programs.

In the long-term, the technology developed under GARP will be incorporated

into the routine operation of the World Weather Watch (WWW) which is

sponsored by the World Meteorological Organization (WMO).

GARP can provide EOS with ground truth from its many data

gathering operations and experiments. The meteorological experiments

such as BOMEX, TROPEX and FGGE (First GARP Global Experiment)

should be particularly helpful. In addition to this type of experiments,

there are planned GARP sub-programs which will furnish EOS with ground

truth:

• Vertical atmospheric profiles v/ith sounding rockets for atmos-
pheric circulation studies

• Inflow and outflow of energy in polar regions

• Monsoon area studies

• Air mass transformations over the seas adjacent to continents.

EOS contributions to GARP would be to provide additional synoptic

data for their experiment correlation. A primary objective of the GARP

free drifting, floating data platforms is to provide a better knowledge of

surface currents of the ocean and of momentum exchange between the sea

and atmosphere. EOS can contribute to this surface current experiment.

IGOSS is contemplated as a worldwide system for observing the marine

environment, communicating and processing the data, and disseminating

the products in real-time for use by marine interests. IGOSS is an out-

growth of a joint WMO-IOC task group and will be closely related to and

coordinated with the WWW program.

Data from international program measurements is disseminated

through the world data centers which are closely tied to NOAA's Environ-

mental Data Service (EDS). Thus, data will be readily available through

the MAREP program.
9-6



9. 2 RELEVANT DATA PROGRAMS

For supporting measurements planning purposes, it is essential to

consider environmental data programs that will be in existence during the

1974-75 time frame. The programs meriting closest consideration may

be grouped into four basic categories:

• routine data programs

• special operational data programs

• special experimental data programs

• aircraft support programs

In the sub-sections that follow, the programs falling under each of these

categories will be examined in some detail. A listing of these programs

and their estimated implementation schedules is given in Table 9-2.

9. 2. 1 Routine Data Programs

The charter of certain large environmental data programs is to

acquire, process, and disseminate data products to a great variety of

general users on a routine basis. Programs of this nature likely to

significantly interact with EOS A/B include the National Weather

Service, the Fleet Numerical Weather Central, and the National Data

Buoy System.

9. 2. 1. 1 National Weather Service (NWS)

NOAA is concerned with describing man's physical environment and

predicting its physical state. Where this mission of NOAA relates to the

atmosphere, it is the task of NWS, NOAA's weather bureau, to provide the

nation's basic and specialized weather services and issue timely warning

of impending atmospheric and hydrologic hazards.

As part of the World Weather Watch (WWW) being planned by the

World Meteorological Organization (WMO), three World Meteorological

Centers (WMC) have been established. They are in Moscow, Melbourne,

and Washington, D. C. The WMC in Washington includes NOAA's

National Environmental Satellite Center (collocated with NWS),

9-7
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Environmental Data Service, and NWS. The National Environmental

Satellite Center is linked directly with the Goddard Space Flight Center in

Greenbelt, Maryland, and is thereby able to perform remote command

and control functions with orbiting environmental satellites.

Every day, the NWS receives:

• 12, 000 synoptic reports from surface stations

• 25, 000 hourly synoptic aircraft reports

• 1, 500 synoptic reports from ships at sea

• 1, 500 upper-air reports

• 400 weather reconnaissance reports

• 2, 500 detailed aircraft reports

• 500 radar reports

• 200 satellite photographs

These data are computer processed and analyzed each day on obser-

vations taken over the Northern Hemisphere at 0000 hours and 1200 hours

GMT. Each computer cycle begins with a preliminary analysis, made after

an hour and a half of collection over North America from the surface to

18, 000 feet. The operational analysis is made after three and a half hours

of collection, when 70 percent of all data has come in. This analysis des-

cribes ten levels of the atmosphere over the Northern Hemisphere from

the surface to 53, 000 feet. It is completed before the measurements are

four hours old, and takes the computer half an hour.

Computer products are reproduced on curve followers, photographic

systems, and a facsimile converter. Manual analyses are made for the

surface, 18, 000 feet, and 30, 000 feet, as a check on the computer. These

are also used to prepare data cards for ocean areas, where measurements

are insufficient for accurate machine analysis. A final machine analysis

is made once a day after ten hours of collection, when most information is

in, and covers the Northern Hemisphere from the surface to 53, 000 fett.

NWS's meteorologists are now preparing daily forecasts extending

72 hours into the future; forecasts out to a week ahead three times per

week; and out to a month ahead twice per month. Long-range forecasts,

based on numerical prediction techniques and broad-scale, simultaneous
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observations, are prepared routinely for three-and five-day periods.

Thirty-day forecasts are also prepared based on numerical and statistical

techniques.

General area meteorological warnings and forecasts of wind, weather,

visibility, and sea conditions when wave heights in excess of 8 feet are

expected, are provided all maritime activities by Weather Service Offices

on the Atlantic and Pacific Coasts. Forecasts and warnings are provided

to commercial shipping, government and nongovernment research and

survey vessels, recreational boating, commercial fishing vessels, sports

fishermen and mineral exploration/production platforms. These forecasts

cover a 24-hour period and are updated every six hours. Figure 9~2 shows

areas of NWS shipping forecast and warning responsibilities.

Computer-produced ocean wave forecasts are now being transmitted

from the Weather Bureau's National Meteorological Center for use in high

seas weather broadcasts and to alert coastal forecasters to the possibility

of dangerous breakers and surf. The new ocean wave forecasting program

began 1 October 1968. The forecasts are based on surface wind predic-

tions supplied by NWS's Six-Layer Primitive Equation Model. North

Atlantic and North Pacific forecasts for 24 and 48 hours include significant

height of wind waves (waves generated by the action of local winds on the

water), swell (previously-generated wind waves which have propagated out

of their generating area), and combined, or overall, wave height conditions.

In addition to providing these weather services, plans are to provide

predictions of surface and subsurface temperatures, depth of the mixed

layer, and currents for commercial fishing interests.

Each day, NWS transmits 450 facsimile charts and 200 teletypewriter

messages, and distributes locally more than 2, 500 copies of weather maps.

Products flow out of NWS on the 40 teletypewriter circuits which bring the

data in, and on a dozen facsimile circuits - circuits which transmit weather

maps and computer-prepared photomosaics. In the United States alone,

there are more than 1, 000 facsimile receivers. Weather information goes

to other nations and to ships at sea over international cable and radio links

from coastal relay points. Radiofacsimile weather maps are transmitted

daily by the NWS to mariners on the high seas in the North Atlantic. The

maps cover almost the entire North Atlantic and include all major shipping

lanes between the United States and Europe,
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Ocean and atmospheric processes are closely interrelated and hard

to treat as separate systems. NWS information on weather conditions

over ocean areas will add greatly to EOS environmental ground truth. The

upper air and atmospheric observations are especially important for heat

exchange processes. At present, there are insufficient ocean area mea-

surements available to NWS for computer analysis.

EOS contributions to NWS on ocean area measurements in the form

of surface wind speed and direction, sea state, surface temperature,

and cloud patterns would help to narrow the gap of missing information.

9.2.1.2 Fleet Numerical Weather Central

The Fleet Numerical Weather Central, which operates under the

auspices of the U. S. Naval Oceanographic Office (NAVOCEANO), is the

largest of marine information systems. NAVOCEANO is responsible for

developing oceanographic analysis and prediction techniques and applying

them to naval operations on an experimental basis. As programs of

proven utility are developed, they are transferred to the Naval Weather

Service Command for application in operational forecasts. The Fleet

Numerical Weather Central, located in Monterey, California, is the hub

of a vital computer network established to process data for product formu-

lation. Since 1962, activities of FNWC have centered around application

of the techniques of synoptic meteorological analysis and numerical

weather prediction to the analysis and forecasting of meteorological-

oceanographic phenomena over the ocean areas of the Northern Hemi-

sphere.

The facility uses an iterative engineering approach in refining data

products to meet user requirements. Computer solutions of combined

theoretical and empirical equations are continually applied to real-time

data on new oceanographic variables. Then, steps are taken to improve

the data base for these variables. Finally, the original empirical approx-

imations and constants are replaced by more exact relations determined

from data.

While a major function of FNWC is to upgrade environmental moni-

toring and predictive capability for military applications, important non-

military environmental data programs benefit greatly from services pro-

vided by this facility. Basic categories of users of the kind of synoptic

ocean analyses/predictions provided by FNWC are listed in Table 9-3.
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Forecasts on the following synoptic parameters are developed

routinely (every 12 hours) and disseminated among users:

• sea surface temperature

• wind waves (direction, period, height)

• combined sea (direction, period, height)

• ocean currents (stream function and transport) .

• ocean-atmosphere heat exchange (total, latent and sensible)

• potential mixed layer depth (including transients)

• subsurface thermal structure (temperatures at any level)

• temperature versus depth profiles (for any ocean point)

• sound velocity versus depth profiles (for any ocean point)

• oceanic fronts

• underwater sound fields (ray trace plots and sound loss plots)

Previously the analyses and forecasts were restricted to the Northern

Hemisphere. Recently, however, the coverage on some of these has

been extended to 20 S. The accuracy of the forecasts is a function of the

accuracies of the input meteorological forecasts. As general limits of

the forecasting accuracy, the following values have been given: * '

• sea surface temperature 0. 3 to i. 8 C

• temperature below the thermocline 0. 3 to 1. 3 C

• mixed layer depth 20 to 50 feet

• wave height f. 5 to 4 feet

• current speed 0. 1 to 0. 4 knots

• current direction 10 to 50°

A variety of media are utilized to distribute the above products to

the users. These include: fleet broadcast teletype, facsimile (FAX),

digital data link, U. S. mail, and local hand delivery.

Major data sources which provide input to FNWC include merchant,

military, and scientific ships, U.S. Coast Guard aircraft, buoys, and

permanent ocean stations.
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Permanent ocean stations provide some of the most comprehensive

data inputted to FNWC. Observations are made and reported at 3 hour

intervals on:

• dry bulb air temperature

• dew point temperature

• sea surface temperature

• air/sea temperature difference

• pressure at sea level "*'

• surface wind direction and speed

• percent frequency of cloud types

• low cloud percent frequency

• height of lowest clouds

• precipitation amount

• visibility

• sea height, direction, period

• swell height, direction, period

Twice a day, rawinsondes are released to measure wind velocities aloft.

Permanent ocean stations are now located as follows:

November

Papa

Victor

Tango (during typhoon season)

Delta

Charlie

B ravo

Alpha

Echo

India

Juliet

Kilo

Mike

30°N

50°N

34°N

29°N

44° N

52°45'N

56. 5°N

39°N

62°N

35°N

59°N

52°30'N

45°N

66°N

39°N

140°W

145°W

154°E

135°E

41°W

35°30'W

51°W

74°W

33°W

48°W

19°W

20°W

16°W

02°E

74°W

Pacific
Ocean

9-15



FNWC Data Base

The major impediment to improved forecasting capability is lack of

sufficient data on two critical parameters: subsurface soundings (tem-

perature versus depth), and upper atmosphere conditions. Specifically,

subsurface soundings should be expanded to one sounding per water mass

every two days to provide minimum data for air-ocean heat exchange

analyses and predictions. The lack of synoptic subsurface observations

precludes direct structural analysis and accordingly requires computation
* i

of oceanographic conditions from a knowledge of atmospheric conditions

and boundary layer processes and the nature of their coupling to the ocean.

Thus, a good portion of synoptic oceanographic analysis derives from

concurrent atmospheric analysis. * ' This points up a critical immediate

data need -- expanded data on the atmosphere, in particular the upper

atmosphere. Principal investigators at FNWC strongly recommend that

priorities for expenditures among environmental data programs be

reordered to encourage new developments which will provide expanded

data in conventional radiosonde format - the present coverage simply is

not adequate. Figure 9-3 illustrates the discrepancy between the

existing and recommended upper atmosphere network for Northern

Hemisphere winter.

The primary FNWC data source is represented by reporting vessels

at sea. There are some 5, 000 of these in the Northern Hemisphere. The

system suffers because vessel observations are not distributed evenly in

time and space over all ocean areas. The most accurate and comprehen-

sive data is provided by scientific ships, a representative distribution of

which is depicted in Figure 9-4. The scarcity of ship activities in the

Southern Hemisphere is particularly noteworthy. Figures 9-5 and 9-6

show a typical distribution of vessel reports for two synoptic hours.

Another problem is that of communications. Reception of radioed reports

from certain isolated areas is often quite poor. This problem may even-

tually be remedied by data relay satellites. Navigational satellites may

also be of great value eventually. FNWC now uses a data resolution of

25 km for small-scale analyses, and this may be adequate to meet most

user needs. However, an ideal goal would be about 5 km resolution. It

is at about this resolution that navigational uncertainties enter the picture.
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The quantity of sea surface temperature (SST) data that enters the

FNWC system, while adequate for many applications, could stand improve-

ment -- especially for the Southern Hemisphere. Although about 1200 SST

reports are available every 12 hours from the Northern Hemisphere, this

quantity is insufficient for effective synoptic analysis, requiring that data

for each 12-hour analysis be accumulated over a 3 1/2-day period. Since

SST changes are not exceptionally abrupt in most locations, being on the

order of 0. 3 C or less in 12 hours over major parts of the oceans (near

sharp current boundaries, however, changes may be as great as 4 C in

12 hours) , it is feasible to retain 3 1 / 2 days' data in the analysis. *

Quality of the SST data input to FNWC, most of which is represented,

by ship engine room injection temperatures, is relatively poor, being

accurate to approximately ±1 C . * ' In general, accuracies approaching

±0. 1 C would be desirable for most applications -- ambient thermal noise -

in the sea surface is approximately of the order of ±0. 1 C. For the

scientist investigating first principles, desired accuracy would be as great

as ±0. 05°C.

Data on cloud patterns is of limited value to FNWC at the present

time. For predictive purposes, clouds are analyzed at three layers mainly

for computation of insolation. However, cloud cover is computed rather

than ascertained from imagery. The accuracy of sea and swell observa-

tions is notoriously poor, primarily owing to a lack of objective measure-

ment technique. Single observations, the most reliable of which originate

from weather ships, are used for verification. Unfortunately, verifica-

tion errors may be as high as observation errors (standard errors of 0. 3 m

and 6. 0 m for wave heights of 1. 5 m and 6. 0 m, respectively; standard

error in wave direction of 10 to 13 ; standard error in wave period of

1. 8 seconds). According to Wolfr ' this implies that "further improve-

ment of models requires either a drastic improvement of the accuracy of

wave observations, or an improvement of the computation and forecasting

of surface wind over the sea, or both. "

The EOS program and the FNWC program would be likely to interact

in a number of beneficial ways. Many of the elements contributing to the

FNWC data grid which acquire high quality data would represent EOS cali-

bration sources and would provide valuable ground truth data to aid in
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interpretation of EOS sensor output. Furthermore, the FNWC program

would provide information useful in delineating critical areas requiring

greater temporal or spatial data density. On the other hand, the synoptic

contribution of surface observations from EOS -- especially temperature

and sea state -- would be expected to reduce much of the uncertainty invol-

ved in interpolating isopleths between widely-separated observations.

FNWC Future Plans and Developments

Included among FNWC's anticipated future developments is expanded

use of expendible oceanographic instrumentation - particularly the XPT.

Further plans, as excerpted from the Federal Planning Guide for
f 5 \

MAREP, v are as follows:

Oceanographic sensors are being developed that use minia-
turized modular design with digital and/or analog output to
facilitate data handling with EDP methods. Insofar as is
practicable, the concept is to provide a flow of information--
from oceanographic observation to computer to forecast
product (with transformation to tactical indices) to user--
that is untouched by hand, but originating from a system
with a "manual override" capability. Additionally, the
Navy is striving to develop new programs to provide com-
pletely computerized products that are tailored to the needs
of Operating Forces.

A comprehensive ocean-air-space synoptic environmental
measuring system is envisioned for the time frame 1972-
1977. This system will include improved satellite readout
interpretation, more instrumented aircraft to provide better
control in data collection and to improve density of observa-
tions, and an ocean buoy system.

The total system requirements envision: manned and
unmanned platforms with accompanying local and remote
sensors; facilities to collect, process, disseminate, and
display ocean/air data; and a means to provide conversion
factors to integrate ocean/air data into command and con-
trol systems. The state-of-the-art of ocean/air data
gathering will be thoroughly examined to ensure that the
development of hardware and techniques meet future require-
ments, and to ensure an orderly progression from exploratory
development to operational use.

The key to better forecasting of oceanic conditions may
well depend, as meteorological forecasting has, upon a
better understanding of the circulation. Heat budget infor-
mation, now largely unavailable, will be of considerable
value in predicting large-scale patterns for an entire hemisphere.
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9. 2. 1. 3 National Data Buoy System

The National Data Buoy System (NDBS) is currently under develop-

ment by NOAA. The mission of NDBS is to gather and report environ-

mental information from global ocean regions on a real-time, scheduled

basis using unmanned instrumented buoys. The data will be transmitted

via radio communications links to shore stations for dissemination to

users in near real-time.

The NDBS long range development plan calls for the eventual

deployment of an operational network of 150 high-capability buoys and an

unspecified number of both drifting and moored low capability buoys in

the 1980-81 time frame. The intermediate stages leading to the operational

buoy system include the deployment of ten engineering experimental phase

(EEP) buoys by late 1971, about 30 preprototype low-capability buoys by

mid-1972, and a prototype net of about 35 buoys by mid-1977. The EEP

buoys, which will be updated with new components and equipment as they

become available, will be located in the Gulf of Mexico. Low capability

buoys will be located between 20 and 60 degrees north latitude, being

moored up to 400 nautical miles off shore from the North American

coastline, with drifting buoys in the Western Atlantic and Eastern Pacific

Oceans and in the Gulf of Mexico. The eventual high-capability operational

buoys system will cover the Western Atlantic and Eastern Pacific ocean

regions between the equator and 60 degrees north latitude, with the

possibility of future expanded deployment as the program proceeds.

Typical buoy spacing ranges from 100 nautical miles in the coastal North

American waters (400 miles off shore) to 500 nautical miles in the deep

ocean.

The high capability buoys, including the developmental models, are

to make extensive meteorological and oceanographic measurements as

shown in Table 9-4. Synoptic observations are to be made every three

hours by the coastal buoys and every six hours by the deep ocean buoys.

Provisions will also be made to permit shorter observation intervals

down to one hour, being initiated either by command from shore or under

prespecified environmental conditions. All measured data shall be

screened for accuracy, formatted, and made ready for transmission to

the users within one hour of the synoptic measurement time.
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The low capability buoys are to make the synoptic measurements

shown in Table 9-5 four times a day with no provision for additional

observations. Data shall be ready for transmission to users as soon after

the observation as possible.

Although only limited buoy deployment is planned during the EOS A/B

time frame, those coastal regions in which the buoy prototypes will be

operating should be excellent ground truth sites. In particular, both high

and low capability buoy prototypes will be operating in the Gulf of Mexico

for several years prior to, as well as during, the EOS A/B time frame.

The prior detailed observations of environmental phenomena in this area,

as well as the buoy measurements taken concurrently with EOS A/B

operation will provide extensive ground truth data for the interpretation

and identification of satellite-observed phenomena.

Table 9-5. Measurement Requirements - Low-Capability Buoy System

MOORED BUOY

X

X

X

X

X

X .

X

DRIFTING BUOY

X

X

X

X

X

—

PARAMETER

AIR TEMPERATURE

AIR PRESSURE

WATER TEMPERATURE

WIND SPEED*

WIND DIRECTION*

WATER TEMPERATURE

WATER PRESSURE

UNITS

•c
life

•c
n*/»c

DEGREES

•C

kg/cm1

RANGE

-10 TO «

900 TO 1100

-2 TO 40

OTO80

0 TO 360

-2 TO 35

15 TO 23

ALLOWABLE
ERRORS
<n«)

0.5

1.0

0.2

1 .0 OR 5%

5.0

O.I

0.5

LEVaS

AIR-SEA INTERFACE

••

10, 20, 50, 100, 200 METERS

200MCTEB

•SECONDARY PARAMETERS
••WHICHEVER IS LARGER

9.2.2 Special Operational Data Programs

A number of large environmental data programs serve a specialized

user community. Examples of such programs with which EOS A/B might

interact in especially beneficial ways include the MAR MAP program of

National Marine Fisheries Service and the Geochemical Ocean Sections

Study.
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9. 2. 2. 1 Marine Resources Monitoring Assessment and Prediction
(MARMAP) Program

The MARMAP Program is currently in the planning and development
(7)stage. The overall objectives of the program are to:

• Develop techniques for obtaining accurate measures'of the
abundance and geographic distribution of living marine re-
sources available to the United States.

• Monitor seasonal and annual fluctations in the distribution and
abundance of the various life stages of pelagic and demersal
fishery resources and relate them to environmental factors
and exploitation by man.

• Assess the productive capacity of these resources on a sustained
yield basis and develop models for predicting future yields.

• Establish a comprehensive description of the marine ecosystem
in terms of the distribution, composition, and interrelationship
of biological commumities.

Achievement of these objectives is to be accomplished under the

MARMAP Program.by development of an integrated national system for

acquisition, compilation, analysis, and dissemination of information on

the resource populations and their environment.

The basic data acquisition function will consist of large-scale

quantitative ocean surveys for monitoring the abundance, composition,

and distribution of the principal biological communities, as well as con-

current monitoring of the physical environment. NMFS vessels will be

utilized as the primary survey platform for obtaining the biological infor-

mation, although ships of opportunity will also be employed. Other types of

platforms such as buoys, aircraft, and land and island stations will be

incorporated as part of the MARMAP data acquisition capability in ocean

regions where detailed supplementary environmental data is required.

Biological processes will be studies in detail by small scale, high

intensity "zoom" surveys or experiments. This type survey effort would

be concentrated in specific ocean regions and would only be performed for

a limited time period as opposed to the broad scale, continuous surveys.

These surveys will be defined as the need arises and are not detailed in

the current MARMAP planning document.
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The continuous ocean surveys of MARMAP involve the sampling

of three kinds of biological communities: Survey 1 - ichthyoplankton (i.e.,

fish eggs and larvae), Survey 2 - demersal fish and benthic invertebrate

communities, and Survey 3 - harvestable pelagic fishes. These surveys

will initially be concentrated in those areas where a limited base of

biological and environmental knowledge is available and eventually will be ex-

panded into areas for which little or no information is available. As shown in

Figure 9-7, the most intensive sampling (up to six surveys per year) of all

three types of communities would be conducted in the waters over the con-

tinental shelves and slopes adjacent to the United States. Less intensive

surveys (up to four surveys per year) would be done on plankton and

pelagic communities and environmental factors adjacent to these intensive

sampling areas. Interim operational surveys are to begin in mid-1972 with

full scale operational surveys scheduled by mid-1975.

The preliminary requirements for taking concurrent environmental

measurements at survey stations are shown in Table 9-6, while continuous

measurements to be taken along the vessel cruise track are shown in

Table 9-7. The preliminary Survey One plan calls for cruise tracks

orientated perpendicular to the coastline at intervals of approximately

100 to 200 miles. The data stations are to be spaced at approximately

30-mile intervals along the cruise tracks. The preliminary Survey Two

plan has not yet been established although a more closely spaced sampling

grid will be necessary. Survey Three requires a continuous sampling techj

nique (such as sonar) which will probably be_incorporated with Survey One.

In addition to the survey vessel measurements, the other data

platforms mentioned previously will be incorporated as part of the MAR-

MAP Program to obtain data of higher temporal or spatial frequency in

certain ocean regions. The following data is of primary interest:

• current speed and direction

• runoff information

• rainfall

• wind speed and direction

• sea level

• chlorophyll

• sea surface temperature
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Table 9-6. Environmental Measurements at MARMAP Survey Stations

VARIABLE MEASURED SAMPLING TECHNIQUE

MAXIMUM
DEPTH

(METERS)

TEMPERATURE
SALINITY

OXYGEN

STD CAST
STD CAST AND ROSETTE WATER
SAMPLER (1)

SAMPLER AND (IF AVAILABLE)
A CONTINUOUS TRACE OXYGEN
SENSOR ON THE STD UNIT.

1500

1500

1500

NUTRIENTS

(1) NITRATES
(2) PHOSPHATES
(3) SILICATES
(4) AMMONIA

ROSETTE WATER SAMPLER (2) 300

OPTICAL PROPERTIES

(1) BEAM ATTENUATION
(2) DIFFUSE ATTENUATION

COMBINED CAST WITH

TRANSMISSOMETER
IRRADIANCE METER

250

CURRENT SPEED AND
DIRECTION

IMPRACTICAL ON SURVEY OPERATIONS -
(EXCEPT AS DETERMINED FROM SHIP-
DRAFT WITH PROPER NAVIGATION)

BOTTOM DEPTH ECHOSOUNDER

1. THE ROSETTE SAMPLER ATTACH ED ON LINE WITH THE STD UNIT SHOULD BE A
STANDARD EQUIPMENT TO ALLOW THE COMBINATION OF: (1) THE DETAIL FROM
CONTINUOUS VERTICAL PROFILES BY THE STD, (2) THE ACCURACY OF NANSEN
CAST DETERMINATIONS AND, (3) THE POSSIBILITY OF CALIBRATING A STOAT
EVERY STATION.

2. WATER SAMPLES CAN BE DRAWN FOR DISSOLVED OXYGEN AND NUTRIENT
DETERMINATIONS FROM THE NISKIN BOTTLES OF THE ROSETTE SAMPLER.
NANSEN CASTS ARE THE ALTERNATIVE SAMPLING METHOD, WHICH WOULD
REQUIRE AN ADDITIONAL 45 MINUTES PER STATION.

The two Environmental Data Centers (Pacific and Atlantic) to be

established under the MARMAP Program will serve as the coordinator

for the collection, analysis, and dissemination of all biological and en-

vironmental data from MARMAP-dedicated platforms as well as that ob-

tained from external data resources. These centers should serve as the

focal point for an EOS A/B - MARMAP interface, providing valuable
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Table 9-7. Environmental Measurements Made Underway and
Continuously Along MARMAP Survey Cruise Tracks

VARIABLE MEASURED

SURF ACE TEMPERATURE
SALINITY

INSOLATION

SURFACE CHLOROPHYLL

SURFACE NUTRIENTS

BATHYTHERMOGRAPH

WEATHER AND SEA STATE

OCCURRENCE OF FISH
SCHOOLS, BIRD FLOCKS,
AND MAMMALS

BOTTOM DEPTH

MEASUREMENT/FREQUENCY

CONTINUOUS

CONTINUOUS

CONTINUOUS

CONTINUOUS

UNDERWAY AT ABOUT A
30 NAUTICAL MILE SPACING
BETWEEN, BUT NOT AT
STANDARD STATIONS

AT BATHYTHERMOGRAPH
AND STANDARD STATIONS

CONTINUOUS

CONTINOUS

STANDARD SAMPLING TECHNIQUE

THERMO OR FREQUENT
SAMPLING (1)

PYRAHELIOMETER

FLUOROMETER

AUTOANALY2ER (2)

MECHANICAL OR EXPENDABLE BT

STANDARD EQUIPMENT (3)

SHIP'S WATCH

ECHOSOUNDER

1 . THE RECORDING THERMOSALINOGRAPH SHOULD BE EQUIPPED WITH AN ANALOG
OUTPUT, OR AN ALARM SYSTEM FOR MAJOR CHANGES (FRONTS, ANOMALIES,
ETC.).

2. DESIRABLE TO HAVE CERTAIN VESSELS SO EQUIPPED.

3. ANEMOMETER ANDWET BULB/DRY BULB SENSOR HEIGHT SHOULD BE INCLUDED
IN REPORT.

ground truth information and a historical data base for EOS A/B and

high spatial and temporal frequency environmental data coverage for

MARMAP. The MARMAP Program is compatible with EOS A/B in terms

of regions of coverage. Futher, the EOS A/B data obtained on a fre-

quent basis will complement the detailed low frequency measurements

to be made by the MARMAP Program.
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9.2.2.2 Fishery Advisory Services

A small number of advisory services have been set up on an experi-

mental or pilot basis for certain United States fisheries. Their function

is to prepare forecasts of fishing conditions for the benefit of the individual

fisherman. Domestic forecasting services, which are largely empirical

in nature, contrast with the advanced and vital forecasting programs sup-

ported by more aggressive fishing nations, notably Japan. Japan is vitally

dependent upon the sea for food, and her high seas fishing industry is

government-operated. All elements cooperate in reporting environmental

and fishing information in real time to the forecasting agency. The

United States fishing industry, on the other hand, is comprised of a com-

petitive system, of "rugged individuals". A vessel captain will guard very

closely any strategies he may develop or any information he may have

acquired on optimal fishing areas rather than share such information with

fellow fishermen. Under these circumstances, it appears that the most

direct way in which the U. S. government can aid the domestic fisherman

is by promoting services that will supply him with environmental and stock

location and abundance information -- information that provides a basis for

his individual tactical fishing decisions. Under the MAREP program, res-

ponsibility for providing this .kind of service to fisheries interests rests

with the National Marine Fisheries Service (NMFS) of NOAA.

The largest and most sophisticated of the advisory or forecasting

programs that have been implemented to date is the fishery-advisory ser-

vice for Eastern Pacific tuna fisheries of the NMFS Fishery-Oceanography

Center (FOC) in La Jolla, California. The nature of this program and its

potential interaction with the EOS A/B mission will be examined in some

detail here.

The FOC program generates fishery forecasts of two kinds -- tactical

and strategic. The tactical forecasts, radioed daily to the fleet, deal with

short-term changes in locations of fish concentrations and/or with short-

term changes in environmental conditions that influence fish distribution

or affect navigation and fishing operations. The tactical forecasts directly

aid the fleet in its harvesting activities. Strategic forecasts, on the other

hand, are long-range environmental and abundance forecasts of fundamental

importance for management and conservation of the fishery resources.
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It is an experimental program designed to encourage the flow of valuable

environmental data from fishing vessels in exchange for information

which may assist vessel operators in making tactical fishing decisions

Environmental data which serves as a basis for the advisory service,

derives from a variety of sources, including: merchant fleet weather and

sea surface temperature observations; the Automatic Picture Transmission

(APT) installation at the Fishery-Oceanography Center; the Fleet Numer-

ical Weather Central at Monterey; the National Weather Service and coop-

erating fishing vessels.

Output to the fleet includes:

• Daily radioed weather advisories

• 15-day sea surface temperature charts of the eastern Pacific
Ocean between latitudes 30°N and 30°S.

• Monthly mean sea surface temperature and temperature anomaly
charts for the entire North Pacific

• Daily radio facsimile (FAX) broadcasts to the tropical Pacific
tuna fleet containing oceanographic and weather information
specifically tailored to fishermen's needs. Examples of these
charts appear as Figures 9-8 and 9-9. (Weekly analyses of
thermocline depth will be included on the charts in the near
future).

Eventually, the location of surface thermal fronts and perhaps the distri-

bution of chlorophyll as indicated by satellite measurements may be inclu-

ded in the charts.

During the 1971 tuna fishing season, NMFS provided 13 cooperating

tuna vessels operating in the Eastern Tropical Pacific with FAX equipment

with the agreement that they would transmit at least on XBT or bathytherm-

ograph report, or one synoptic marine weather observation per day while

on the fishing grounds. This is an attempt to foster expanded cooperation

from the fleet in providing environmental data to the system. Since fisher-

men ply sea routes seldom traversed by merchant and military vessels, a

valuable source of environmental data will exist to the extent that fishermen

can be encouraged to report weather and ocean conditions. Currently only

about 15 percent of the tuna fleet operating in the Eastern Tropical Pacific,

which is comprised of about 120 vessels, radios data from the fishing

grounds. In January of this year, however, a special encoding system was
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. î O
c! -rt

0)

a .
0) 0)
r! G

^> (U h (U
C ^ a; u
o rj 42 c
U 'O 4J (u

T3 O M
J" C T) ^
^ ri C «

^ f i r t ^
u O to O" "-t •—I f •)
^ -M ̂ H V-*

££rt ..

<U <rt O 0)
^3 >*S - ^3
to ^ g -M

•-* ?) O ^
MM en Z. O

00

9-36



adopted which makes it unnecessary for reporting vessels to identify

themselves, thereby giving away their location to the rest of the fleet.

This factor, plus continuing distribution of FAX receivers among the

fleet, should lead to improved cooperation from the fishermen.

The existing system of communications with the fleet is not without

its shortcomings. Many of these, however, might be alleviated eventually

by means of data relay equipment aboard satellites. The major existing

problems will only be mentioned here, as the problem of two-way

communication with the fleet could easily form the subject of a separate study.

Vessels in the Eastern Tropical Pacific receive FAX transmissions

from FOC of very good quality, however, a more rapid means is needed

for getting vessel reports into the U.S. synoptic weather data schedule.

Although a data collection facility has been set up in the Canal Zone, it is

apparently somewhat of a bottleneck. In addition, fishermen apparently

have great difficulty in reaching radio stations from the tropical Pacific

when in need of weather information. Furthermore, there is virtually no

communication in near-real time with the entire tuna fleet operating off the

West Coast of Africa.

The principal potential EOS A/B contribution toward fishery-advisory

services will be in its synoptic coverage of surface phenomena. Compre-

hensive areal coverage of certain ocean sectors where ship observations are

reasonably dense should provide valuable supplementary data. In remote

areas, where shipboard observations are scarce or lacking, the EOS satel-

lite may represent a major data source for information on sea state, ocean

color, sea surface temperature and the location of thermal fronts and

regions of upwelling. Data acquired by the fishing vessels, on the other

hand, represents a valuable source of ground truth data for the EOS A/B

program.

9. 2. 2. 3 Geochemical Ocean Sections Study (GEOSECS)

GEOSECS is the first major research effort of the IDOE. The lead

agency for the United States' involvement is the National Science Founda-

tion. The project involves dividing the world's oceans along north^outh

lines and measuring the vertical distribution of key chemicals and chemical
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processes at fixed points, with emphasis on development of baseline data

for comparison with future measurements of the environment and measure-

ment of changes to enable prediction of impact of pollution conditions.

Specific program objectives are as follows:

• Identification of major suspected and unsuspected pollutants
and their sources

• Identification of ocean processes affecting the dispersal, sedi-
mentation, and fate of pollutants

• Identification or prediction of the impact of pollutants on the
biosphere as well as their effect on aesthetic and commercial
uses of the oceans

• Identification of ocean areas where high concentrations of
pollutants may be expected to be found.

A pilot project is currently in progress in the Pacific Ocean (28 N,

121 W). The profiling program is expected to be implemented in the

Atlantic in 1972 and in the Pacific in 1973.

Measurements provided by the GEOSECS program are expected to

be of great importance to understanding the advection-diffusion field of the

general circulation of the global ocean. It is primarily in this area that

the GEOSECS and EOS A/B programs are likely to be most synergistic.

9. 2. 3 Special Experimental Data Programs

Certain programs are planned or are in existence which are largely

problem-oriented rather than chartered for routine applications.

Three which appear to be of particular significance to EOS A/B

are project "Little Window", the Atlantic Undersea Test and Evaluation

Center, and the Mississippi Test Facility.

9.2. 3. 1 Project "Little Window II"
I O\

Project "Little Window II" is a combined satellite/aircraft/ship

survey of the sea surface temperature over a 100 nmi square area of the

Gulf of California. The field phase of the project took place during the

first week of May, 1971. The specific purpose of the project is to ascer-

tain the limitations for measuring sea surface temperature of the infrared

sensors aboard the Nimbus IV, ITOS I, and NOAA I satellites in terms of
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spatial resolution and accuracy (the sensors aboard these satellites were

designed to furnish meteorological information utilizing a temperature

range several times larger than is necessary for oceanographic purposes).

Measurements from surface vessels are used to calibrate aircraft infra-

red radiometer data, which is then compared to simultaneously-recorded

satellite radiation data. >

A pilot project, called "Little Window I" was conducted over a smaller

area (60 x 30 nmi) in the same location during March of 1970. Due to the

fact that correlative satellite data has only recently been made available,

the field data accumulated during project "Little Window I" is being re-

tained for analysis concurrently with "Little Window II" data. At the time

of this writing, the raw data had been compiled and a comprehensive data
(9 )

catalogue had been prepared which summarizes information on what

data was acquired, and where, when, and how the data was taken. The

catalogue has been distributed to project participants who are processing

the data according to their individual requirements. Plans now call for a

meeting in February, 1972, at which all participants in the project will

present results of their individual analyses and compare their findings

with those of other investigators. Subsequently, the official results of

the "Little Window II" experiment will be published by the Naval Oceano-

graphic Office.

Pending final evaluation of the results of these two special projects,

there is good reason to expect that similar projects will be undertaken in

future years. Because of the potential value to advances in spacecraft

oceanography represented by projects of this nature, the scope of the

field measurement phase of project "Little Window II" will be examined

in some detail here.

The following characteristics of the Gulf of California figured into

its selection as the study area:

• an extremely dry atmosphere with a minimum of clouds

• land masses distinctive enough to position the spacecraft re-
sults within the desired oceanographic tolerances

• fairly uniform sea surface temperature with surface wind
speeds of less than 10 knots

• proximity to U. S. -based aircraft and ships.
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The instrument platforms involved in the data collection included

conventionally-equipped research vessels, infrared radiometer-equipped

aircraft and satellites, and a shore satellite receiver station. Surface

temperature data from ITOS I and NOAA I were collected by receivers on

shore and aboard one of the research vessels, making use of the satellites'

APT and DRIR (Automatic Picture Transmission and Direct Readout Infra-

red) capabilities. These data, together with stored Nimbus IV data col-

lected at the NASA Goddard Space Flight Center, and stored data collected

from the satellites at the National Environmental Satellite Service, con-

stitutes the body of satellite data that will be utilized for comparison with

aircraft and vessel data.

The study area and the basic aircraft tracks, ship cruise tracks, and

coastal vessel anchor stations appear in Figures 9-10 Jk 9-11. Three research

aircraft participated in daily surveys of the area, collecting day and night

low-altitude (<500 feet) infrared radiometric measurements of sea surface

temperature. In addition, one of the research aircraft conducted a series

of experiments over one of the oceanographic vessels to determine the

effect of atmospheric interference with altitude. Atmospheric tempera-

ture and moisture content were measured at various altitudes ranging from

300 feet, and radiometric readings were obtained for comparison with the

ship's infrared radiometer. The oceanographic vessels acquired standard

oceanographic data to establish the stability of the area and to aid in its

assessment for future satellite thermal sensor studies. One of the oceano-

graphic vessels was equipped with a bow-mounted infrared radiometer

for measuring sea surface temperature, and a laser to provide backs cat -

tering profiles of cloud and haze layers in the direction of the satellite

and to enable day and night measurements of cloud height and geometrical

thickness. In addition, radiosondes were released from this vessel and

from Mexican weather stations at Mazatlan and Empalme during the actual

times of satellite overflights. Regularly scheduled weather reports were

made six times daily by all stations.

9. 2. 3. 2 Atlantic Undersea Test and Evaluation Center (AUTEC)

The primary mission of AUTEC if test evaluation of naval weapons,

both in-air and in-water. Range instrumentation consisting of radars and

theodolites satisfy in-air tracking requirements while a large number of

hydrophones installed on the floor of the Tongue of the Ocean (TOTO)
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adjacent to Andros Island, British West Indies, are the basis for in-water

tracking. Inaddition to this Weapons Test Range there are an Acoustic Range

for measurement of in-water sound levels generated by both surface and sub-

mersible vessels and a Fleet Operational Readiness Accuracy Check Site

(FORACS) which measures ship/fire control /weapon alignment by means

of in-water acoustic transponders and shore-mounted theodolite transits.

Environmental support services are provided by oceanographic and

meteorological instrumentation including remote weather stations loca-

ted around the periphery of the TOTO which can be interrogated by radio

command to furnish information for mesoscale climatology plots. Other

test programs not involving weapons are also supported by AUTEC. These

programs have included hydrographic surveys, ecological baselines, bot-

tom contouring by isodensity plots of reflected light and IR airborne tem-

perature sensing. AUTEC has been selected for a permanent ground truth

site for water color remote sensing with the first test program in the fall

of 1970 and yearly repetitions of this test are scheduled.

AUTEC can provide accurate ground truth calibrations for EOS

from water temperature measurements, wind speed and velocity, wave

staff readings and meso-climatological information. Additional calibra-

tion/correlation information can be provided EOS by the various environ-

mental test programs which are supported by AUTEC during the year.

EOS contributions to AUTEC would be additional water color data

for correlation with the permanent ground truth site/aircraft remote

sensing program, surface temperature isotherms for possible detection of

saline lenses which form over the shallow bank areas of the TOTO and

generate anomalies in sound propagation, synoptic sea-state determination

for test operations information and large scale weather information.

9.2. 3. 3 Mississippi Test Facility (MTF)

The Mississippi Test Facility is involved in research in the application

of remote sensing techniques, making use of data generated by NASA Earth

Resources projects such as Earth Resources Aircraft, Earth Resources

Technology Satellites and the manned orbiting Skylab Earth Resources

Experiment package. The applications studies and associated research

effort will be directed toward the, economics, needs and/or the environment
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of the region encompassing of the states of Louisiana and Mississippi and

a significant distance into the Gulf of Mexico. The effort shall capitalize

on the collocation at MTF of other government agencies such as the Coast

Guard Buoy project, Federal Water Quality Administration (FWQA),

National Marine Fisheries Service (NMFS) and the National Oceanic and

Atmospheric Agency (NOAA). Mutual interest projects include ground

truth for remote sensing provided by in-situ buoy measurements, monitoring

of water pollution, marine resources assessment and harvesting, and
the TROPEX atmospheric /oceanic research program.

MTF can provide EOS with ground truth for the Gulf of Mexico which

should be extensive and accurate. The scope of activity at the MTF and

the existence of the collocated agencies (Coast Guard, FWQA, and

NOAA) provides an advantage of mutual interests and data accessibility

seldom encountered.

EOS contributions to MTF would be to provide additional data for

their applications studies and associated research efforts. All of the EOS

data could be utilized by MTF.

9.2.4 Aircraft Programs

Various government agencies such as NASA, the U. S. Navy, the U. S.

Coast Guard and the University of Michigan have aircraft remote sensing

programs currently in operation or being planned for the near future.

These programs utilize sensors that are similar to those being considered

for the EOS A/B satellite and require similar ground truth information.

This ground truth information obtained in support of the aircraft programs

is directly applicable to EOS A/B and correlation is also possible between

data from the satellite and aircraft sensors.

NASA's aircraft remote sensing program is primarily a proof-of-

technology vehicle concerned with determining feasibility of monitoring

the earth's resources by remote sensing and is not geared for operational

application. Three aircraft are based at the Manned Spacecraft Center

(Ellington AFB), consisting of an RB-57, a C-130 and a PSA. The flight

schedules for these and other aircraft participating in the MSC program

during the first quarter of FY 1972 are shown in Figure 9-12. Table 9-8
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Table 9-8. Types of sensors arid support systems' currently used
. onboard, aircraft in MSC's Earth Observations Program.

EARTH OBSERVATIONS AIRCRAFT SENSORS

TYPE OK SENSOR"

Photographic:

•

-

Radar:

. - , + -

..

Microwave (Passive):

IR Scanner:

; j f t Pallet:

..f...:,-., ' • • ' . . . -M
Laser:

Sup|Mirl Systems:

:;:;:
;

•Conlracl Aircraft- '

NP-3A

9-lni-h Formal RC-S
Metric Cameras (21

KA62 Mullmand
Camera Cluster (4)

Horesiydl Cameras
(SLAIi. IK Sncetrom-

'cter. Microwave
Kadionielcr) I.I)

,

I6.SC.IU Side Looking
Airborne Radar (SLAR)

•400 -Mil/. Dual-Polarization

Scatlerometer
'

13.3 GHz Single Polari-
Mlion Sculteuimcter •

Mullifrccnicncy Micro-
wave Radiometer (MFMR)
(4-Fre<|ucncy)

RS- 14 Dual-Channel
Imager

IR Spectrometer.' ..,

IK Radiometer

NC-1JOU

•Mnch Furmal-RC-8 •

llasselblad Multiband ;
Camera Cluster (6)

Uorcsigtif Cameras
(13.3 Scatloromctcr.

2 S|Kircs)

. -

•

13.3 GHz Single
Polarisation Scatter-
ometer

'

Reconofax IV Single
Oiannel Imager

: " • • - .

l-r.ilik-i 1

. . - - ' . .' ... LJ
Precision Kailialion 1 Precision Radiation
riiCJiiionic|errll'KT-5) . . -| 1 (lerinoinclcr. (I'RT-SJ

Tola) Air Tcnt|>crature
l'r<.|K.-.(IAT.I . . ,
; i . . - . . . . ' ,
Lii|uid Water Content
liuiicalor. ". 5- - ' - - , . •

Auxiliary Oala
Ai)uotalii>n Sysuyn
(A'IMS)' . . - - ' - .

14 Channel Analog
Magnelic Tape
Kec<»rdi*r

A.PN-ISJ Doppler Radar

LTN-SI IneHial . . • •
Navi^alioii System

,M'N-l5y IJ.Kliir
Allimelcr

Dew Point Hygrometer

1 Total Air Tcni|>eraturc
Probe. (TAT) ..

Liquid Water Content
Indicator > ,

Auxiliary Data
• Annotation System

(ADAS)

14 X'liannel Aiialug
N'tagnetic Tape
Recorder

Closed Circuit /
Television

•• LN-I21» Incrtial
Navigation System

AI'N-ISM Kailar
Allimeler'

RU-S7F ' •

.9-Inch Format RC-8 . ,

llavselblad Mulli-
band Camera Cluster (6)

9-Inch Formal Weiss'
Metric Camera
(13-inch F.l_ or
6-inch F.L.)

• ' U. OFMICH.t-47*

K-17 Camera III
* KB-8 Cameras (2)

P-2 Cameras. (2)

Uoresiglil Camera 1
(IR Spectrometer'/ - ' I •
Radiometer 1 ( 1 1 |

. ' - ' ' '

• '

RS-7 Single-Channel
Imager

IR Spectrometer

IR Kadiometer

Radar Altimeter
1

Air Mass Computer

ARN-2IC Tacan
Navigation System

Auxiliary Data
Annotation System
(ADAS)

•14 Channel Analog
Magnetic Tajx:
Recorders (21

Closed Circuit
Television

AI'N-1 59 -Radar
Allimcicr

'

Double-Ended Multi-
spectral Imagers (2)

Precision Radiation
Thermometer
(PRT-Sl

" -

9-45



(M
r-

h
IH
4>

•4->
h
ti

8
4J
in

4)

4)

U
W

h
U

fM
^H

O^

0)
h

g,

9-46



•H
4->

fi
o
U

ni

•a
oo

o
1—1
3
<u
u
w
4->
<*-!

rt
o

fM
--i
I

9
00

9-47



lists the sensors currently in use aboard aircraft participating in MSC's

Earth Observations Program. Table 9-9 lists proposed sensors for these

aircraft. Two U-2 aircraft outfitted with sensors similar to those to be

flown in ERTS A/B are based at Ames Research Center, Moffett Field

Colitorium. Four sites have been selected for U-2 remote sensing of

earth resources data:

• Los Angeles - San Francisco area

• California Feather River area

• Arizona - including Phoenix and Tucson ....

• Maryland - Chesapeake Bay

In California the remote sensing studies will be made of agriculture and

hydrology; in Arizona, arid lands will be studies; and in Maryland's

Chesapeake Bay, the emphasis will be on oceanography. The aircraft

are to make repetitive flights over the test sites, photographing each area

every 18 days at the same local time to simulate the coverage that will be

provided by the satellite. Another Ames Research Center Project is the

air sampling program which is a joint venture of NASA and the U. C. River-

side Statewide Air Pollution Research Center. Twelve times annually for

three years a twin engine Cessna will overfly the Los Angeles basin at alti-

tudes ranging to 17,000 feet. This program will be duplicated for the San Fran-

cisco area. Air collecting instruments will gather particulates, ozone,

carbon monoxide, hydrocarbons, oxides of nitrogen, and acetylene.

Cameras and other instruments will obtain information in the visible spectrum.

Satellites will be the principal benefactor of the air pollution measurement

flights.

The Navy conducts extensive oceanographic reconnaissance flights

with specially equipped aircraft for data collection and research project

support. These efforts vary from employing fleet patrol aircraft in an

ice reconnaissance role to specially equipped aircraft for data collection

and research project support. Instruments flown include IR, laser, micro-

wave and radar in addition to visible sensors.

The Coast Guard conducts regular monthly surface temperature over-

flights off the east and west coasts of the U. S. and in the Gulf of Mexico.

These flights cover the coastal regions in a zig-zag type pattern out to
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approximately 100 miles offshore. Sightings of marine bird flocks and

surf ace-swimming animals are also recorded. Resulting charts are mailed

monthly to users.

Aircraft program data is particularly valuable to EOS A/B for deter-

mination of atmospheric effects on data. Aircraft flying below cloud layers

can eliminate cloud attenuation effects and obtain valuable data for compari-

son purposes.
\

EOS A/B can benefit the aircraft programs by furnishing synoptic

data over large areas which in some cases can explain aircraft sensor

data amonalies.

9. 3 DEDICATED GROUND TRUTH PROGRAM FOR THE EOS A/B
MISSION

Despite the range of possibilities for beneficial interaction with the

relevant data programs examined in the preceding section, ground truth

requirements are only partially satisfied -- especially for concise evalua-

tion of sensor performance. Ad hoc programs in the style of project

"Little Window" would appear to be in order to best meet this objective.

The Gulf of Mexico represents a very good area for sensor evaluation in

terms of the three major applications identified in this study: ocean pol-

lution, management of living resources, and monitoring/prediction of

physical processes /phenomena. For the management of living resources

application, an alternative area -- off the West Coast of Baja California --

was considered. In addition, the components and possible scope of a

ground truth program were considered for this area.

9. 3. 1 Gulf of Mexico Sensor Evaluation Area

The Gulf of Mexico is well suited as a sensor evaluation area by

virtue of the anticipated concentration of surface data platforms --

especially those of the National Data Buoy System, the accessibility of the

region to vessels from marine labs and to aircraft, and the relatively small

percent of cloud cover (roughly 20 percent on a yearly average). The region

is oceanographically complex, permiting observations to be made on all

aspects of phenomena of interest. The circulation is dominated by inflow

through the Yucatan Channel, and outflow through the Straits of Florida,

between Cuba and Florida. The surface current entering the Channel loops
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through the eastern Gulf, entraining waters in the central and western re-

gions in the circulation, thereby setting the rest of the Gulf in motion".

Two major clockwise gyres exist, one in the northeast Gulf and the other

off the western tip of Cuba. A highly variable deep water exchange also

occurs at the Yucatan Channel. The deep underflow seems to loop in a

counterclockwise direction throughout the entire Gulf and may actually be

the primary driving force in the Western Gulf. Additionally, the influx of

Mississippi River water has a significant influence in the northern Gulf

region, many miles from its mouth.

9.3.2 Baja California Sensor Evaluation Area

Several factors make the area off Baja California, shown in

Fig. 9-13. ideal for measurements related to management of living marine

resources.

• Since 1951 data on physical, chemical and biological properties
of the water column have been collected through the California
Cooperative Oceanic Fisheries Investigations (Cal COFI) . In
addition, numerous vessels from Scripps Institution of Oceano-
graphy and other research institutions have collected data in this
area on other than Cal COFI Stations.

• Considerable research on the distribution of chlorophyll, and its
relationship to the standing crop of tuna food, such as red crab,
has been carried out by the Scripps Tuna Oceanography Research
(STOR) group, and others, in the area shown.

• Information on project "Little Window" which took place off the
eastern coast of the Baja Peninsula will be available prior to the
EOS A/B mission. The data and results of this experiment will
provide excellent planning information since project "Little
Window" was in effect carried out to calibrate the IR sensors
aboard Nimbus and NOAA satellites.

• There apparently will be a continuing number of ground truth plat-
forms available in this area through the EOS A/B time period.

• The continental shelf is very narrow and precipitation in the area
is minimal; consequently, the terrestrial influence on ocean color
is nearly insignificant relative to the effect of biological factors.
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Oceanic Fisheries Investigation (CalCOFI), and
Suggested Experiment Area
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The recommended ground truth exercise would be a high-intensity,

short duration effort specifically directed toward documentation of at-

mospheric and oceanic properties simultaneously with overflight of the

EOS A/B satellite. The basic experiment, which would be of two or three

days' duration, might be performed more than once - before and after the

upwelling season, for example. This would permit analysis of sensor

performance under a variety of environmental conditions.

Assuming that an area approximately 300 miles square is selected as the

study area, reasonably good oceanographic sampling density could be

achieved in one day with three or four oceanographic vessels (or in two days

with half as many vessels) occupying stations every 6 hours along parallel

cruise tracks. Grid spacing would be approximately 60 nmi. Complete

aerial coverage could be provided daily by two instrumented aircraft,

assuming transects separated by about 60 nmi, and a 5 hour period of

optimal sun angle conditions for visible observations. Ideally, the

following kinds of measurements would be included in a comprehensive

ground truth program:

• Atmospheric constituents
- infrared-active molecules (H2O, CO2, O N?O, CH.)
- atmospheric haze
- water clouds

• Ocean surface temperature (by aircraft and surface vessels,
continuously along tracks) and surface salinity (by vessels,
continuously along tracks)

• Ocean temperature and salinity profiles (expendable bathy-
thermograph every 10 nmi, salinity-temperature-depth recorder
every 30 nmi)

• Biological data
- standard oceanographic sections for nutrients and dissolved

oxygen every 60 nmi.
- primary productivity measurements (one or two per vessel

per day)
- phytoplankton standing crop (chlorophyll a) - (continuous

surface measurements along vessel cruise tracks, vertical
profiles every 30 nmi)

- catch and effort data from fishing vessels in the area.
- aircraft observations of fish schools, and ocean color

data from multispectral sensors
- zooplankton and midwater trawl tows (every 60 nmi.)

• Standard weather observations - every 6 hours,
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9.4 SUMMARY

The preceding review of existing and anticipated EOS A/B-compatible

data programs indicates that a irmlti-faceted and comprehensive simultan-

eous ocean surface data coverage will be available from which ground truth

information in support of EOS A/B may be drawn. Ground truth support of

the following nature will enhance the utility of the EOS mission:

• Data of value for direct point-to-point calibration - particularly
for atmospheric effects - of EOS sensors

• Detailed documentation of phenomena (horizontal and vertical
spatial patterns and intensity) to facilitate interpretation of
what was seen by the satellite's sensors

• ' Information on related phenomena and driving forces to permit
analysis of satellite measurements in the broad context of
cause and effect.

Where gaps exist in the surface truth coverage, special aircraft or surface

vessel experiments in the style of project "Little Window" are appropriate.

The EOS A/B mission configured in this study, while relying upon

existing data programs for surface truth data, will in return afford an

important and unique contribution to the data resources of many of the data

programs examined. In particular, the synopticity and frequency aspects

of the satellite data will be valuable.
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10. DATA MANAGEMENT

The general problems of data acquisition and management have been

discussed in Section 8 of the Final Report on Coastal Zone Requirements

for EOS A/B (NASA document CR-111816, dated 4 February 1971. pre-

pared by TRW Systems under NASA Contract NAS 1-10280). The present

discussion is concerned with the specific problems associated with the

suggested global oceanographic satellite payloads. Moreover, the subject

is treated primarily within the context of taking ;che currently planned

ERTS A/B data handling capabilities as a baseline. The emphasis is thus

on a comparison of global oceanographic satellite data acquisition, trans-

mission and processing requirements with those of ERTS A/B and the

impact that these requirements would have on the data handling system

to be established for ERTS A/B. Most of the estimates of ERTS A/B

ground station capabilities, data link capacities and, in particular, NASA

Data Processing Facility (NDPF) characteristics are based on the ERTS

A/B Study performed by TRW Systems under Contract NAS 5-11260

(especially Volume 14, "Ground Data Handling System Design," of the

final report).

The ground data handling capabilities estimated for ERTS A/B are

assumed to be available for receiving and preprocessing the data from

the sensors considered in the present study. (The terms "processing"

and "preprocessing" are used throughout almost interchangeably; the

introduction of the latter term is intended to emphasize the fact that

processing of the data involving analysis or interpretation is generally

performed by the users and not by the NDPF. ) The discussion of data

management to follow will indicate that the space-to-ground data link capa-

bilities intended for ERTS A/B will be adequate for the proposed global

oceanographic payload configuration and usage, but that some additional

communications capabilities between the ground stations and the NDPF

would be desirable. The NDPF has adequate capabilities for handling the

global oceanographic data preprocessing requirements in general except

for the SAR data, which will require modest hardware additions. Of

course, specialized software must be provided for treating the oceano-

graphic data.
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1 0. i DATA ACQUISITION

For the purpose of estimating the amount of data which will be

acquired, the total payload is taken to consist of six sensor assemblies.

In the order of the volume of data to be handled they are:

• Side Looking Radar

• Multispectral Mechanical Scanner

• Visible Imaging Spectrometer

• Glitter Pattern Sensor

• Microwave Radiometer

• Radar Altimeter

10 1.1 Synthetic Aperture Radar

The synthetic aperture radar (SAR), configured to give a 600 km swath

width and 1 Km crosstrack resolution, has a bandwidth of 0. 5 MHz. This

provides a potential of about 6-meter resolution along track; the normal

processing to give image-type data for square (1 Km x 1 Km) resolution

elements will reduce the data rate by more than two orders of magnitude,

but this cannot be accomplished in the vehicle, so the raw data will have

to be transmitted to the ground. On-board digitization of the data is not

absolutely necessary, but it will probably be useful, and for comparison

with other payload outputs it is assumed here that sampling twice per

cycle and digitizing to an 8-bit level will be done. Thus the data rate is

8 M bits/sec, much larger than that of any other sensor.

The most important use for the SAR information is for the mapping

of ice in the polar regions, and daily coverage is desirable. Since the

sensor looks only to one side of the spacecraft, an orientation designed

to obtain measurements up to one pole will miss the other by a substantial

distance. A reasonable compromise is to have the SAR swath begin at

20 from the spacecraft nadir (about 3 in earth central angle) and pointed

so that the region near the north pole is covered. Measurements can then

be obtained to within 63 Km of the north pole, or to about latitude 89- 5 N8

and to within about 1340 Km of the south pole, or to about latitude 78 S.

Typical swaths showing these coverage characteristics are shown in

Figure 10-1. The region never seen near the south pole is entirely over
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land except for a small portion of the Weddell Sea, so the loss of coverage

of this area is not as significant as would be that of the corresponding

region near the north pole.

The fraction of the orbit above latitude 60 is about 0. 14 near either

pole so coverage of these regions requires operation about 0. 28 of total

orbit time. Considering, on the one hand, that the coverage, becomes quite

redundant in the high latitudes and, on the other, that selective coverage

may be desired at latitudes less than 60 , expecially in the northern hemi-
* '»

sphere, the average fractional time of operation of the SAR is estimated
4

at 0. 25, which gives a total of 1. 24 x 10 M bits of SAR data collected per

orbit.

10.1.2 Multispectral Mechanical Scanner

The multispectral mechanical scanner has three channels in the

thermal infrared region plus three or four more in the near UV, visible,

and near infrared. With all channels operating, this gives a data rate of

about 1.5 M bits/sec with a two-thirds duty cycle, for an average rate of

1 M bit/sec. It is intended for use over the ocean; the areas of interest

cover about 0.6 of the area overflown, on the average. All the wave-

lengths used are affected by cloud cover but,for sizing the data load,

only the maximum case (no cloud cover) is considered. The thermal IR

channels are equally useful night and day, but the UV, visible and near

IR channels are measuring only reflected sunlight and thus are effective

only when the sun is appreciably above the horizon. The thermal IR

channels therefore require half the data rate for 0. 6 of the time; the

others require half the data rate for 0. 3 of the time (half of the over

ocean time), for a total effective fractional time of use of 0.45, or about

2800 seconds per orbit average. Thus 2 . 8 x 1 0 M bits of multispectral

scanner data will be acquired per orbit.

10.1.3 Visible Imaging Spectrometer

The visible imaging spectrometer has a data rate during operation of

0. 3 M bits/sec. It is to be used over ocean areas at times when the sun

angle is s60 . The ocean areas comprise about 0. 6 of the total

area overflown and the fraction of the orbit with acceptable sun

angles is 0. 33, so the fractional time is 0. 2, assuming no cloud cover.
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Tnis gives about 1, 240 seconds of coverage per orbit or 3. 7 x 10 M bits

of visible spectrometer data acquired per orbit, on the average.

10.1.4 Glitter Pattern Sensor

The glitter pattern sensor is the only major payload component that

operates in a framing mode. Its instantaneous data rate thus depends on

the time used to slow-scan the vidicon after each exposure; for a choice

of a 5-second scan time, the data rate is 0. 2 M bits/sec. With about

25 seconds between frames, the average is then 0.04 M bits/sec (note that

this average is essentially independent of the scan rate, since faster scans

with higher instantaneous rates have a correspondingly shorter duty cycle).

The coverage capabilities are essentially the same as for the visible spectro-

meter, i. e., about 0. 2 of the time, 1, 240 seconds per orbit. The average

glitter pattern data acquisition is thus about 50 M bits /orbit.

10. 1. 5 Microwave Radiometer

The microwave radiometer acquires data at about 200 bits/sec, much

less than any of the previously considered sensors. It will operate at all

times while over ocean areas, thus about 0.6 of the time, for 3, 700 seconds,

or about 0. 74 M bits total per orbit.

10.1.6 Radar Altimeter

The altimeter, like the microwave radiometer, operates whenever

the spacecraft is over ocean areas. It has a. data rate less than 100 bits/

sec, for a total of 0. 37 M bits acquired per orbit.

10.1.7 Summary

The data acquisition volumes discussed in the foregoing are summa-

rized in Table 10-1. It can be seen that in terms of data which must be

sent to the ground, the SAR acquires about four times the volume of data

of all the other together. Taken as a whole, however, the data load

imposed on spacecraft and ground capabilities by the EOS sensors is

considerably less than the data load for ERTS A/B.
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Table 11-1. Data Acquisition

Sensor

SLR

Multispectral ) Day
Scanner > Might

Visible Spectrometer

Glitter Sensor

Microwave Radiometer

Radar Altimeter

Operating Data Rate (MB/S)

Instantaneous

8 MB/S

1.5
0.75

0.3

0.2

0. 0002

0.0001

Average

8 MB/S

1.0
0.5

0.3

0.04

0.0002

0.0001

Average Coverage Factor

Fraction of
orbit

0.25

0.3
0.3

0.2

0.2

0.6

0.6

Operating
time /orbit (sec

1550

1850
1850

1240

1240

3700

3700

Average Total Data
Per Orbit (MB)

1. 24 x 104 MB

} 2. 8 x 103

3. 7 x 102

50

0.74

0.37

Total 1.56 x 104MB

10. 2 DATA STORAGE AND TRANSMISSION

10. 2. 1 Space-to-Ground Considerations

The ground stations proposed to receive the global oceanographic

data are the NTTF, Goldstone. Calif., and Fairbanks, Alaska. The read-

out times available from these stations should not differ materially, on the

average, from those available from stations considered for ERTS A/B,

i.e., NTTF, Corpus Christi, and Fairbanks. A typical daily schedule

(ref. Volume 14, ERTS A/B Studies Final Report) showed a total of 223. 3

minutes of readout time, or an average of 16 minutes per orbit, for these

three stations, based on the ERTS A/B orbit (altitude 492.6 nmi and incli-

nation 99 ) and pass duration defined as the time the spacecraft is 5 above

the horizon at the station. The times for an individual orbit varied from

zero to 36. 8 minutes. Thus it is evident that on-board storage must be

provided to accumulate at least up to two orbits worth of data, and that the

data must be transmitted at a higher than real-time rate.

The SAR presents by far the greatest problem and must be considered

separately. The video tape recorder being developed for ERTS A/B MSS

data provides both data rate and data capacity characteristics suitable for

handling the SAR output, and thus it can be taken to represent realizable

state-of-the-art recording and give an estimate of size, weight, and power

requirements. Pertinent estimated characteristics are:
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1. 24 data tracks which record or read out 16. 4 MB/S total
4

2. Total capacity 30 minutes of recording or 2. 95 x 10 MB

3. Weight 45 pounds

4. Transport package size 12" x 20" x 4. 5"

5. Electronic package size 20" x 8" x 6"

6. Power consumption 83 watts (record), 75 watts (playback)

This VTR could thus store about 2. 4 orbits worth of SAR data, if efficiently

packed. Although it is a single speed device, it would be possible to read

in on 12 tracks half the time, and on the other 12 tracks half the time,

while reading out all 24 tracks at once, thus effectively doubling the read-

out data rate. This mode of operation would permit reading out all the

SAR data in an average time of 13 minutes per orbit, which is below,

although not comfortably below, the available 16 minutes per orbit. The

current state-of-the-art in VTR's permits a specially developed design

which could use 30 MB/S capacity of the ground station receivers, and

reduce the average readout time to 7 minutes/orbit. However, the fore-

going shows the basic feasibility of storing and transmitting the suggested

volume of SAR data.

All the rest of the sensors could be recorded on a similar VTR, but

of perhaps a third to a half the total capacity. The data from each sensor

could be recorded on several tracks each a fraction of the time, with all

tracks read out at once, in a mode similar to that for the SAR, to achieve

an effective increase in data rates, and hence acceptable readout times.

The extremely low data rates and correspondingly small data volumes of the

microwave radiometer and the radar altimeter suggest perhaps the use of

small buffers, which would intermittently read out at a much higher rate

and be interleaved with the data from another sensor on a single track.

Even more strongly than with the SAR data, however, it appears that a

recorder design tailored specifically to the problem is both desirable and

readily attainable.

In summary, the global ocean payload data can be transmitted to the

ground stations using established technology in the spacecraft and the two

30 MB/S data link capabilities of the ground stations.
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10. 2. 2 Ground Data Links

The ERTS A/B data handling system is predicated on recording the

wideband video data at ground stations other than the NTTF, with physical

transportation of the data tapes to the NDPF at Goddard. With a data pro-

cessing cycle of several days, and with data for which there is no require-

ment for immediate dissemination, this is an economical and satisfactory

solution to the problem of getting the data from the ground stations to the

data processing center. It is evident from the preceding section that the
*

capabilities intended for ERTS are fully adequate, with respect to both

data volume and format, for the global ocean data. Also, in so far as the

primary mission for the global oceanographic data being considered is

experimental in nature, the delays incurred by the ERTS method are pro-

bably tolerable. However, from the synoptic oceanographer's point of view,

most of the data are highly perishable, becoming of marginal value typically

after about one day. It is desirable that as much operational utility as

possible should be derived from the data, not withstanding its primarily

experimental nature. Moreover, it is appropriate to include investigation

and trial of potentially expeditious and effective methods of dissemination

as part of the total experimental program. For these reasons it is appro-

priate to consider augmentations of the ground data link system which

would be useful for oceanographic data distribution. Of course, the routine

recording of all the payload data received, as a precaution against the loss

of the data in any subsequent transmission or processing, is desirable re-

gardless of what the subsequent operations may be.

As before, the SAR data present the greatest problem, both because

of the amount of raw data and because of the need for rapid dissemination.

Synoptic oceanographers would like high latitude ice mapping data at least

within a day, and this is clearly incompatible with physical shipping of data

tapes. Conventional processing of raw SAR data to produce image-type data

results in an enormous reduction in the data volume. Specifically, the
4

1. 24 x 10 M bits of data acquired per orbit, expressed in terms of picture

elements of 1 km x 1 km size, and digitized to eight bits per element, be-

come only about 27 M bits of picture data. In the present state-of-the-art,

the processing can be done by primarily optical means (the current most

common method) or by special purpose electronic data processing equipment
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of modest size, which can be readily fitted, for example, into an aircraft

but not into a spacecraft of the EOS class. This suggests that very modest

additions to the equipment at Goldstone and Fairbanks for the purpose of

doing the standard initial processing of the SAR data would greatly facilitate

its subsequent distribution for further processing and ultimate dissemination

to the users. In fact, if this initial processing is done, the SAR data volume

becomes less than that of most of the sensors.

If we look at the total data acquired per orbit with the SAR output

partially processed, as indicated, the average amount becomes 3. 25 x 10

M bits. This total is of course shared by the receiving stations, but not in

equal amounts. As would be expected, the total readout time available at

Fairbanks is much larger than at the other stations; in fact, for the typical

day quoted earlier it amounted to 119. 9 minutes, or slightly over half the

total of 223. 3 minutes. Thus we may take Fairbanks as the worst case,

with 1.67 x 10 M bits acquired per orbit. A data link dedicated to trans-

mitting the payload information to the NDPF would have to transmit this

amount in about 6000 seconds, at a data rate of 280 K bits/sec. It can thus

be roughly estimated that communication links capable of transmitting at

least 300 K bits/sec from Fairbanks to Goddard, and about 150 Kbits/sec

from Goldstone to Goddard, will eventually be needed to transmit global

oceanographic data from an EOS satellite if these data are to be useful to

synoptic oceanographers and meteorologists. The earlier these links are

achieved, the greater the operational benefit that will be derived, in addi-

tion to the experimental value of information obtained from satellite oceano-

graphic data.

10. 3 DATA HANDLING AT NDPF

The data acquired by the global oceanographic EOS satellite will all

come to the NDPF for appropriate processing, storage, and distribution,

Because of the experimental nature of the data obtained, the NDPF may

have a larger role than with later, more operationally oriented satellites.

The basic philosophy, however, should be applicable to the handling of data

from any satellite. Thus the processing done will be that associated with

spacecraft and instrumentation effects, rather than analysis or interpreta-

tion requiring expertise within the disciplines of the ultimate users. This

includes adjustment of data values for calibration, correction of spacecraft
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or sensor induced distortions in image data, and correlation of payload

data with time and spacecraft position and attitude to provide position or

other pertinent annotation.

In addition, the information must be put into a format or formats

which are convenient for the users. This includes for imagery the size

of the pictures, whether negative or positive or false-color,, roll film or

individual frames, additions of sensitometric control data, choice of pro-

jection, annotation, and many other factors. Numeric data can be in the
* t

form of magnetic tape, electron beam recorder or laser beam recorder

film, computer printouts, etc. , and may be organized in a variety of ways.

However, there are options of a more fundamental nature as well as the

above important but rather straight forward considerations. Each kind of

information suggests a natural method for its presentation; for example,

visible imagery is basically analog in nature and continuous in spatial co-

ordinates, while altimeter data seems most appropriately given in numeric

form for discrete locations. The natural presentation is generally to be

preferred, but frequently it is not compatible with the merging of the data

with that from other sources, or with some important uses of the data, A

good illustration is given by satellite cloud data, which are very convenient

for synoptic meteorologists to use in the mosaics or other pictorial formats

employed, but they are very difficult for climatologists to merge with data

based on point observations; indeed, up to the present climatologists have

generally felt that the effort required to put these data into the forms they

need is not justified by the results to be achieved. The transformation of

image-type data to numeric values on a standard grid is usually most effi-

ciently and economically done during preprocessing. Similarly, basically

point-type data is usually obtained for locations dictated by spacecraft and

sensor operating conditions, and may need to be transformed to a standard

grid. Thus all the oceanographic data need to be studied to determine the

most useful output formats, and the accomplishment of the required trans-

formations will usually be a function of the NDPFo

10. 3. 1 Processing

The output of the oceanographic satellite sensors represents a data

volume about one order of magnitude less than that of ERTS A/B, but the

types of data are more diversified, and in addition, the desired throughput
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time is much shorter (less than a day versus six days for ERTS A/B). The

data management philosophy therefore is shifted from batch methods for

efficient use of main frame computer time and reproduction facilities in

order to handle large volumes of data to methods providing much faster

reaction to smaller amounts of data. This will probably result in some-

what lower efficiency, for example, incomplete utilization of computational

capabilities because of a relatively greater amount of set-up time and use

of peripheral equipment. There still remains, however, a large excess of

basic capability. Some modest additions of special purpose equipment will

be needed, and, of course, software specific to the individual sensor data

processing requirements must be provided.

10,3.1 .1 SAR

It has already been shown that special processing equipment is needed

for the initial processing of SAR data at Goldstone and Fairbanks. The

same requirement applies to the NTTF/NDPF, where it is assumed that

because of the existing wideband link between these two neighboring facilities,

the SAR processing equipment would be located at the NDPF. The required

processing will utilize the equipment no more than 3 to 4 hours a day, so

that if it were decided to send all the raw SAR data to the NDPF one set of

equipment would still be adequate for that mode of operation. The equip-

ment can be either essentially optical or wholly electronic. - The optical

equipment would occupy on the order of 150 square feet of space in the con-

trolled photographic area; the electronic version, a few racks of equipment.

If electronic processing is selected, it could no doubt be accomplished by

the central computer facility, but this would almost certainly be much less

efficient than to provide special purpose equipment.

The output of the initial processing of SAR data is in the form of

imagery of the swaths covered, uncorrected for geometric factors and

spacecraft body rates. This imagery, whether generated at the NDPF or

received from the other ground stations, should therefore be given further

preprocessing before it is transmitted to the users. The techniques devel-

oped for producing mosaics of satellite cloud pictures on specified projec =

tions are probably easily adaptable to SAR imagery, and the polar stereo-

graphic projection seems the obvious one to select. In view of the exper-

ience of the Weather Service in this area, it might be advisable to provide
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them only the swath imagery corrected for satellite motions along with

ephemeris data, and have them make the desired mosaics. It would be

quite feasible, however, to carry the processing through to the production

of mosaics at the NDPF.

10. 3. 1. 2 Multispectral Mechanical Scanner

The data from the multispectral mechanical scanner are very similar

in nature to ERTS A/B MSS imagery. Although the area covered is much

greater, each pixel covers about 200 times as much area, so the pixel
%

volume is about an order of magnitude less. There are other significant

differences also. The larger resolution elements and the conical scan

pattern make corrections for geometric errors very much simpler, while

on the other hand, the conical scan makes the picture reconstruction

algorithms quite different and probably more complicated than for MSS.

The output formats will also be different. False color composites of sev-

eral channels do not have any particular utility, so the image output should

consist only of separate pictures for each of the channels, and possibly

only of the UV, visible, and near IR channels. The selection of the three

thermal IR channels at 4. 9, 9. 1, and 11. Ojji provides a method to remove

atmospheric effects from the determination of sea surface temperatures

by using measurements from all three channels for each location. There-

fore, the output from these channels should be a single thematic map of sea

surface temperatures, a tabulation of temperatures at selected grid points,

or most likely, both. The NDPF computing capability, with the addition of

specific software, and the photographic production capability, with little

or no modification, should be adequate. The analog or hybrid equipment

designed specifically for geometric correction of ERTS A/B imagery may

not, however, be adaptable to multispectral mechanical scanner data.

10. 3. 1. 3 Visible Spectrometer

Pictorial representation of the data from the twenty spectral channels

of the visible spectrometer in a single or a small number of false color

composites is impossible without seriously compromising the original

information. A few selected channels may be used to produce false color

composites for screening purposes, but serious ocean color analyses must

use the basic spectral data in some explicit form. This will probably take

the form of digital data tapes in which the information is organized by
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spectral data per location, after suitable preprocessing to introduce cali-

bration adjustments and correct geometric errors. Such an organization

is easy to obtain from the sensor data output format. The number of data

points, while over two orders of magnitude less than that anticipated for

the ERTS MSS, is still formidable, and each point represents 20 channels

as compared with 4 or 5 for the MSS. Thus the screening function, per-

formed by the user on false color composites, or from indications from

other information sources, is mandatory. For a small number of locations

of interest, the spectral data can be examined in detail, either from a

table of reflectance values per channel, or a graphically presented spectrum

for each point. From the point of view of the NDPF, however, the problems

of analysis and interpretation affect the required preprocessing only in so

far as they dictate output formats. The likely output products suggested

above are well within NDPF hardware capabilities, and development of the

required software does not present a major problem.

10.3.1.4 Glitter Pattern Sensor

The glitter pattern sensor generates a modest amount of raw data,

and the output requirements are correspondingly small. The wind velocity

information consists of discrete values for no more than 70 locations per

orbit, easily amenable to distribution as data tapes or even computer print-

outs. The data reduction is expected to be entirely automatic, requiring

very little computer time and a modest software development effort. It

may turn out that operator screening for cloud cover, with subsequent

direction of the data reduction, is desirable; this could require up to 30

minutes operator time per orbit, at a console communicating with the com-

puter. The second objective of the sun glitter information, the location of

areas of reduced sea state, definitely requires operator examination of

glitter pattern imagery. Thus the two functions, assuming that operator

guidance is used in the data reduction, could be efficiently combined. The

operator would probably examine CRT presentations of the glitter imagery,

and select only those frames of interest for rectification and hard copy

output, but even routine production of images of all glitter pattern sensor

frames received would not entail a serious photographic production problem.
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10.3.1.5 Microwave Radiometer

The theory of the dual channel, dual angle microwave radiometer

requires very straight forward computer processing, and the volume is

so small that the computer utilization is almost negligible. The output

could be either in the form of thematic maps or as data tapes giving sea

surface temperature and roughness at each location. It should be noted

that the same physical parameters are measured by several sensors; both

the IR scanner and the microwave radiometer give surface temperatures,

and both the glitter pattern sensor and the microwave radiometer give

indications of sea state. Simply following the natural order of the data

will in general not give the data for the same geographic locations, so

consideration should be given to transforming the data for the above three

sensors to a standard grid network common to them all. This procedure

would, at least in theory, slightly degrade the accuracy of the original

information, but in these cases, the effect will be very small, and repre-

sents nothing essentially different from what the user would have to do to

correlate the data himself. It would represent no great problem, either in

data processing or in the volume of output products, to present both the

glitter sensor and microwave radiometer outputs in both the original and

standard grid formats, and the IR data, being of much higher resolution,

will probably provide data close enough to the standard locations without

further manipulation. However, the calculation of interpolated IR data

at points on a standard grid of density consistent with the glitter sensor

and microwave radiometer coverage, would also represent a very small

effort.

10. 3. 1. 6 Radar Altimeter

The radar altimeter information needs very little processing, other

than correlation with spacecraft data to get accurate locations, and the

total volume is small. Transformation to a standard grid would also be

advisable and easily accomplished.

10.3.2 Data Storage

Many of the questions associated with data storage design philosophy

are fully answered, or the options greatly restricted, when the output data

formats have been established, since they define the data some or all of
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which must be stored, and go a long way toward indicating the organization

of the files. The questions remain, however, of how much of the data should

be stored, how long it should be kept, and whether or not multiple copies of

some data should be kept on hand.

In an experimental program, it is advisable that all the raw, or nearly

raw, data be kept throughout the length of the program, or at least as long

as physical limitations permit, since originally unanticipated uses may be

identified, or improved methods of data reduction may be developed, which

require reprocessing of the original data. Most.of the fully preprocessed

outputs should probably also be kept, since users will not always identify

their complete requirements at the beginning of the program, and it is very

convenient to have a central repository for the program-generated data.

These guidelines must be tempered by practical considerations, but it is

not anticipated that the volume of experimental global oceanographic data

generated will grow to unmanageable proportions.

The nature of expected user requests has considerable bearing on

exactly what is stored and in what quantities. In an area in which very few

requests are anticipated after the initial distribution, it is most efficient

to keep only the bare minimum of processed data necessary to generate

outputs on special requests. Thus for computer-generated thematic maps

which are not likely to be called for again, only the digital data, and no

hard copies need be kept. Certainly where imagery has been distributed as

negative and positive transparencies, and as paper prints, there is no need

to keep all these forms. Even when requests are expected, the philosophy

of regenerating specific output formats from more basic data on request

results in a workable system, and is almost mandatory when the volume of

data which must be stored is very large. On the other hand, in areas where

frequent user requests occur, the regeneration of output formats may

disrupt the orderly operation of the facility and the delays attendant on

getting data out of the system can be annoying, at least, to the users. Thus,

where it is possible, it is advisable to have copies of much used material

physically on hand. In the absence of specific knowledge of program details

and user participation, answers to most of the foregoing questions must

be deferred.
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10.3.3 Distribution From NDPF

The details of the initial distribution of the global oceanographic data

and of the handling of later requests are difficult to anticipate at this time.

Two general observations can be made, however. First, the rapid decrease

in the value of the data for many users, along with the low volume and the

digital or alphanumeric form in which it can be cast, make routine distri-

bution over electronic data links a. significant characteristic of the program.

This will be true, in particular, of the data supplied to synoptic meteorolo-

gists and oceanographers, to users within the fisheries, and to agencies
" »

concerned with hazards. In this respect, the requirements placed on the

NDPF, both with regard to methods of operation and availability of commu-

nication channels, are markedly different from those of ERTS A/B.

Planning for distribution of ERTS A/B products involved exclusively the

physical shipment of either hardcopy imagery or data tapes. On the other

hand, later requests, i.e., those for previous data, will come largely from

a different set of users, and, obviously, will be far less time-constrained.

Thus the data distribution will follow two distinct patterns, one well defined

and predictable, using mostly communications links, and the other more

sporadic and nearly always involving physical products, much as the non-

routine requests for ERTS A/B are expected to be.
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