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THEME

The sea covers more than three quarters of the earth and the concealment it provides
to military forces will make it the area of major activities in the next decade. The defence
of land and sea is vital to the NATO alliance. Land surveillance has been covered in several
AGARD meetings while the oceans thus far have received little attention. Techniques for
ocean surveillance from satellites and aircraft reached a high degree of sophistication as the
result of the combined efforts in space and military programs. The limitations of these
techniques come not so much fro m technology itself but rather fro m the propagation
medium , air and sea. These techniques and the interpretation of results are totally different
for land and sea.

This lecture series therefore presents the mathematical tools and their app lication s to
the problems of resolving, recognizing and identifying targets and sources of activities in
the ocean. This series should be of interest to physicists and engineers who want to learn
the mathematical methods applicable to ocean surveillance , to military users who want
to interpre t results and infer tactical and strategic implications and to industries interested
in developing future generation hardware.

The lecture topics cover two broad categories of surveillance:
— Ocean targets , for instance ships (Imaging).
— Ocean phenomena indicative of military activities , for instance changes in biology

or surface temperatures.
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REMOTE SENSING IN OCEAN SURVEILLANCE——PROMISES , PROBLEMS AND PERSPE CTIVES
By

Rear Admiral Robert K. Geiger , U SN

Summary

Chief’ of Naval Research Admiral Robert K. Geiger discusses the U.S. Navy ’s miss ion
and need for global real time information of the environmental factors that affect naval
operations . The potential of remote sensing technology for ocean surveillance needs to
be developed through a program of’ research and engineering and a coordinated exchange
of information among the disciplinary scientists , industry, and the military commanders
who must interpret remotely sensed data for tactical and strategic decisions.

I am honored to address this session of the AGARD Lecture Series 88 , ‘ Applicat ion
of Remote Sensing to Ocean Surveillance .” It is a field of great interest to me as
Chief of Naval Research.

I am aware that the distinguished lecturers who will follow me in this series are
eminently qualified to discuss the state—of—the—art of remote sensing of the environment
and its potential as a tool for surveillance of the oceans.

Remote sensing is a technological and scientific field that has undergone drastic
changes in the last three decades. From the first efforts consisting of subjective
analysis of occasional aerial photography it has advanced to automated processing of
information about the environment gathered several times a day by manned and unmanned
satellites.

The advances in remote sensing are due to several factors . Principal among these
factors are: growth of aerospace technology ; the concurrent rapid development of data
processing capability; communication technology ; and the requirements of the military
departments for early warning reconnaisance and surveillance. It was in great part
these requirements which provided the impetus behind the research and engineering for
application of remote sensing for surveillance of the ocean .

The birth and growth of modern remote sensing received a major thrust from the
Office of Naval Research. The very term “Remote Sensing” originated within the
Geography Branch of the Office of Naval Research in 1961 when a project entitled ,
“Interpretation of Aerial Photography ” was renamed “Remote Sensing of the Environment .”
The new term was coined to take into account the development of sensors able to make
observations in the regions of’ electromagnetic spectrum beyond the range of human vision
arid photographic sensitivity, and to encompass the observat ion process from remote plat-
forms.

Two aspects of’ ocean surveillance are of vital importance to the Navy . First is
the detect ion, location and classification of targets or false alarms ; the second
encompasses the ability to measure and predict the environmental parame ters to support
command decisions for improved mission effectiveness.

The Navy must be able to carry out its responsibility for national defense and In
support of our commitments to our allies. These commitments span the globe . The Navy
must operate in every part of the world and it has great need for knowledge , on a global
scale , of the factors that can influence the operation of ships and aircraft , weapons ,
and sensor systems . The success or failure of a mission can be determined by the
availability, or lack of, timely information of environmental factors such as water
temperature , sea state, winds, or sea ice. Cost effective utilization of resources is
also influenced by accurate information about existing and forecasted environmental
conditions .

The information must be timely and accurate , considering the multiplicity of
requirements for tactical and strategic plannings . These requiremerts range from a 0—6
hours forecast for tactical operations, to a 30—day forecast for ship routing and
strategic planning. The space scale requirement ranges from “battlefield” size area of
50 km , to global.

Timely requirements are all the more critical in view of the dynamic nature of the
environment in which the Navy must operate. The classic picture of the deep ocean has
been one consisting of large sluggish gyres and slowly changing structures , except for
the Gulf Stream. Recent basic research has revealed that the ocean is quite complex ,
and in many respects it is analogous to the atmosphere : It contains the oceanic
counterpart of atmospheric weather. This oceanic “weat her ” cons ists of highs , lows ,
fronts , jets, which , relative to general ocean climatology , travel quite rapidly.

The sharp temperature gradients associated with this weather are known to cause
rapid changes in sonar conditions and provide acoustic shadows that obscure an object
from detect ion. These conditions may be exploited by the fleet , if we can provide , in
real time , a mechanistic explanation on how they form and develop the tools to monitor
their formations and movement on a global scale .
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Even more dynamic than the deep ocean are the shallow waters of’ the coastal areas .
Here, wind , waves , currents , turbidity and tides and bathimetry have a major influence
on the various types of operations , particularly amphibious or mine warfare operations .
The succes s of a mission is greatly dependent upon timely and accurate information con-
cerning existing and forecast environmental conditions ; the usefulness , precision and
validity of environmental assessments forecast models are directly proportional to the
prec ision, resolut ion , density and the geographical area covered by the measurements of
the environmental parameters.

Current and projected conventional oceanographic measureiients——point source
observation from ship and aircraft——are by necessity limited. The ratio of observeçl to
unobserved is 1 to 1000 at least . This is inadequate to permit timely and accurate
assessments and forecasts of ocean environment on a global scale . Further , conventional
measurements are costly ; delays in the transmission and receipt of the data dimInishes
its usefulness; the presence of the ships and their activities in a certain location
may potentially compromise the military position and intentions . These measurements may
be nonexistent and impractical to obtain over hostile waters; many areas of’ the world ’s
oceans , polar regions and mid—latitudes as well, are remote from normal operating and
shipping lanes and measurements by conventional means . Indeed , about 50 percent of the
world ’s oceans and coastal areas are routinely unobserved and provide no data on which
to base accurate assessment or accurately forecast the ability of the Navy to provide
improved environmental support .

Can remote sensing technology provide the tools needed to solve these problems?

Before attempting to answer the question , let us review the achievements by some
of the past and current systems as well as those that are planned for the near future .

A complete chronology of these systems would be too long .

Table 1 shows some of the milestones since the launch of the first environmental
satellite.

Table 2 shows what we may call current systems. The DMSP Block 5 incorporates an
advanced atmospheric sampler of temperature and humidity profile and total ozone.
LANDSAT—C inaugurated the use of a multispectral scanner providing 2~4O—m spacial
resolution infrared imagery in lO.~l—l2.6 mincron interval scale.

Table 3 represents the systems available in the near future .

TIROS—N will start a new series of NOAA polar orbiting satellites.

SEASAT—A represents the first dedicated oceanographic satellite.

It has five sensors: Radar altimeter; Wind field Scatterometer; Synthetic Aperture
Radar; Visual and Infrared Imaging Radiometer; and Scanning Multichannel Microwave
Radiometer .

NIMBUS 0, STORMSAT—A , DMSP, and SEOS each represent a step forward in sensing
capabilities.

Let’s look at illustrations of the capabilit ies of the present systems (mainly in
the visible and infrared sections of the spectrum.)

This is an actual surface photo of’ a Japanese fishing fleet , at night . (Fig. 1)

Seen from the DMSP satellite , the fleet looks like this. (Fig. 2)

The eastern half of the U.S. at night shows the lights of the main urban centers .
(Fig. 3)

The next illustration shows an event that occured in 1975——a fire in the Los
Angeles area. (Fig.t

~)

Smoke produced by the fire is clearly visible in this image . (Fig. 5)

Also clearly visible are such phenomena as Mistra], wind over the Gulf of Lyons
(Fig. 6)

And a sandstorm over the Arab ian Sea . (Fi& 7)

The next few illustrations are images of sea surface temperature such as:

A mesoscale eddy of cold water pinched off by the Gulf Stream. (Fig. 8)

And an eddy of warm water In the Med iterranean Sea south of Sicily . (Fig.9)

This shows warm eddies in Baja, California. (Fig 10)

This IR enhanced image depicts Sea Surface Temperature in the Sea of Japan and
Korea. (Fig. 11)

• ~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~ •- -~~~~~~~~~~~~~~~~~~~ - -- --~~~~~ — -~~~~~~~~~~



Winds Influence the reflectivity of the sea surface; the black area indicates
rough sea near the Strait of Gilbraltar . (Fig. 12)

Fig. 13 on the other hand , depicts the barrier effects off the West coast of the
United States.

Among other parameters that can be detected are coastal silt (Fig 1L~) ,  typhoons
(Fig 15), or sea ice (Fig 16).

Clearly , the systems that are available now indicate that the potential exists
for remote sensing from satellites for ocean surveillance as well as for oceanographic
research. But In order to develop this potential fully for operational applications ,
a strong program of research and exploratory development must be undertaken to remove
some of the limitations in present sensors and to develop new capabilities.

Some of the limitations in present systems are unacceptable signal—to—noise ratio ,
distortion of the data transmitted and data processing constraints. Technology must
improve platforms , sensors and data links. We need greater spacial resolution , increas-
ed image repetition rates , adjustable sensor gain, narrower spectral bands for observa-
tion as well as all—weather , day/night capabilities.

In planning the direction of future remote sensing we must no lose sight of the
fact that the needs of the military are in many cases different and more stringent than
those of the civilian agencies. Within the military itself , the requirements differ .
For the Army , battlefield visibility, rainfall , and trafficablity may be the principal
parameters; for the Air Force , the conditions at air bases and possibly near space.
For the Navy , however , these important parameters include the myriad everchanging
phenomena that constitute the dynamics of’ the ocean.

It Is critical that the systems be able to match the time and spacial variability
that is required to detect the real changes In the environment——to match the right
resolution with the right frequency.

In view of the Investment that we are to make, it is inperative that the contribu-
t ions of the disc iplinary scientists be closely integrated with the technological
development community. We must communicate and exchange ideas to bring together the
synergistic efforts of the different groups Involved in the different phases of develop-
ment and utilization of this technology . There is a need for continuous dialogue among :
the scientists and engineers who need to know the state of the art of sensor technology
and the mathematical tools that can be applied to ocean surveillance problems ; the
defense agencies and the contracting industrial concern which has the ability to contrib-
ute to the direction of sensor systemdevelopment ; and finally , the ultimate user—— the
military commander who must interpret the data and use it tactical and strategic
situations.

The capabilities of remote sensing, are of quest ionab le use to the commander unless
he can interpret accurately the phenomena , and eliminate every possibility of being
misled—— ”aliaslng .”

A llow me to close with an illustration apropos of this point . (Fig. 17) How many
of us recognize the phenomenon illustrated here?

Do we see what we want to see? And once we know what the phenomenon is , can we see
anything else? (The subject is a cow).

I am pleased to be part of this lecture series and its intent to bring together
different groups for a better understanding fo the requirements) problems, and promises
fo remote sensing .

-- —. .—•--
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TABLE I

LAUNCH
DATE ACHIEVEMENTS SATELLITE

April 1, 1960 Daytime cloud cover photography TI ROS I
from space

Aug . 28, 1964 Nightime cloud cover imagery NIMBUS I

July 1, 1965 First operationa l satellite TIROS X

Feb. 28, 1966 World’ s first operat ional satellite ESSA 1
system and 2

Jan. 17. 1970 Operational satellite with scanning ITOS 1
radiomet er(day & night)

Oct. 15, 1972 Very high resolution and vertical NOAA 2
temperature profil e radiometers.

May 17, 1974 First geosynchronous satellite with SMS-1
visual and infrared sp in-scan
radiometer

Mar. 10, 1975 Two-satellite syste m for near- SMS-2
continuous view ing of United States
and adjacent waters

TABLE 2

LAUNCH DATE SATELLITE

April 1976 Block 5-D

September 1977 LANDSAT-C

TABLE 3

LAUNCH DATE SATELLITE

Early 1978 TIROS-N

May 1978 SEASAT.A

Late 1978 NIMBUS G

1981 STORMSAT.A

1981 DMSP

1985 SEOS A 
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OPERATIONAL REQUIREMENTS AND PROBLEM S

by
Dr R.N .Kee ler

Director of Navy Technology
Department of the Navy
Washington . D.C., USA

In the event of hostilities, NATO naval forces are tasked with establishing sea control and projecting powel. Sea
control involves establishing an acceptable leve l of risk for all naval forces operating within the area “con tro lied” . Hav in~t
estab lished this sea superiority, our commanders can then turn to the sea control task of maintaining open sea lines of
communication for our shipping and the power p rojection tasks of tactical air projection and amphibious assault.

To q u ick ly establish an acceptab le level of risk , we must have the earliest possible indicators of an enemy buildup.
Because of the nature of Soviet naval assets , they must initiate hostilities with a highly coordinated attack. This coordina-
tio n itself will be a strong indicator that attack may be immine nt.

The nature of our surveillance assets , number , type and surveillance plat form emp loyed all depend upon the level
of th reat dep loyed against ou r forces.

During the past ten years , Warsaw Pact naval capability has increased substantially. An examination of out of area
cru i ses of Soviet and Warsaw Pact naval forces indicates that the number of hours spent out of normal operating areas
has i ncrease d almost ten-fold. This increase is shown in Figures 1 - 5. Whereas 10 to I S years ago the major threat to
NA TO forces were Soviet coastal craft , surface units and diesel submarines , the re is now a three dimensional threat which
exists in all the maritime areas contiguous to NATO : The Northern Sea . No rwegian Sea , the Mediter ranea n , the Baltic
Sea , and the Atlant ic  Ocean.

The current three dimensional threat consists of a Soviet Ocean Surveillance System (SOSS) utilizing llF -DF . E lint
and Radar satellites , a nd tat t le tale  aircraft and ships , all operat ing u nder centralized control and direction from Moscow .
naval aircraft such as the Bear , Badger and new Backfire , wh ich  can cover the entire Mediterranean. Baltic and Norwegian
Sea area at speeds up to Mach 2.5 and a l t i tudes  in excess of 50 ,000 feet ; a bala nced surface fleet with carrier based air-
craft available for the first t ime to support amphibious  operations and a host of high speed missile firing fast attack craft
for use in littoral or i nland waters , and a submarine forc i emp loyi ng exceptionally quiet diesel units and units capable of
firing mis .siles submerged at ranges up to 30 miles , a nd surfaced at ranges up to 250 miles.

Clearly this three dimensional threat  which has evolved so rapidl y over the past ten yea rs places maximum strain
upo n our capability in ocean surveillance .

In general , surveilla nce funct ions  for naval force s. wi th  or wi thout  air support are: ( I )  are a surveillance for early
wa rning ;  ( 2 )  over-the-horizon detection . classii i ea ti ’~n and ta rgeting for launch of offensive weapons ; and (3) threat
detectio n. Each of these function s levies dis t inct  requirements for upgrading the current surveillance system. h u t all
requirements can be grouped under three ge’- ..ra l headings. The first is imp roo ’ed sensors. These would be active and
passive , and organic or remote. The second general heading is locatio n or identification technique, and the third is data
transfer anali si.’i ord:sce,ninauon or tha t  aspect of command , control and communications.

Having set out the surveillance functions and re- luirement , let us consider problem areas related to some of the more
critical elements of the threat spectrum.

Broad area surveillance for early warning is a major deficiency in submarine detection. Various techniques have
been explored , however , these techno logies all seem to be useful in very l imited sit uations. The rapid increase in numbers
a nd types of Soviet ships requires that we now not only detect and localize targets but also identify them. In the in i t ia l
stages of co mbat,  particularly when neutral i ty must he observed - I FFN (identification friend , foe or neutral )  would be
an important  aspect of the NA TO targeting problem. We do not currently have the capability of making such discrimina-
ti on in the Baltic or Mediterranean Sea which is cluttered with various merchant ships of many different nations as well
as Soviet commercial units  which can he easily disguised as naval units. It is important that the Soviet targeting and
strike aircraft he identified at long range. The requirement here is tha t  the Bear-Delta aircraft should he at a range in
excess of radar line-o f-sight to Soviet underse a or fleet units  - some 300 miles or more. Therefo re these aircraft should
he d etected and identified at ranges in excess of this. The Backfire and Bad ger bombers should also he detectable and
ide ntifiable in excess of the range of their anti-ship missiles. The targeting problem is a serious one for NA1’O forces and
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it relates to our surveillance capabi l i t y  as well. There does- r iot , at p esent , exis t  the over-the-horizon detection classifica-
tion and targeting t’or la u nch of offensive weapons that  would enable us to uti l ize missiles of very long range, such as the
submar ine-laun ched cruise missile or air launched cruise m issile (Tomahawk ) .  It  will be necessary to develop a much
more sophisticated and useful over-the-horizon surveillance targeting capability than we currently possess. It is m y  feeling
that  unt i l  a two-dimensional sensor capabi l i ty ,  which util izes the dimensional  characteristics of the ships involved , is
develop ed that  our sensors will  always he counterrneasure-vulnerable .

In undersea surveillance we still  do not have an adequate  solution to the shallow water problem. Perhaps coherent
activ e expendable acoustic sources can he developed . hut this  development will require considerable ingenu i ty .

The use of over-the-horizon rad ar should be explored further .  h igh intensi ty  radar also presents pos- ib i l i t ies ,
particularly with low radar cross-section targets. More sophisticated passive sensors would be helpful , such as the pyro-
electric virJ ico n arid the microwave radiometer which will be discussed in the following lectures. The techni ques for
locating and identifying targets are also in fairly good shape but data transfe r , analysis and dissemination still fall short.

Because of the various platforms , and the various countries involved , the communication problems of NATO are
more acute than those of any single country . There is also serious fractionation in the approach to surveillance; various
platform sponsors have had individual approaches , and the general surveillance community has operated in isolation from
the weapons control, target acquisition and tracking communi ty .

In conclusion , based on these new requirements , only a very well coordinated approach can meet the overall Navy
NATO requirements for ocean surveillance. No single platform or sensor system can do the job. It remains therefore ,
for us to emphasiz e those problem areas which I have stated previousl y and which will be discussed in the following
lectures , always keeping in mind the requirement of data transfer , analysis and dissemination which gets the info rmation
obtained by sensors into the hands of those who can use it to counter the threat.
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R AD I A T I O N  AND ENVIRONMENTAL PHYSICS

REFRESHER

Fhrh ard  R a s c h k e , Eb i n
Fed. Rep. of Germany

Summary

In this lecture are briefly outlined basic facts of radiative tror :sfer theory

and of physical and radiative transfer properties of the atmosphere arid c.~ eans.

In the oral presentation this text will be accompanied by a large variety of

bi gu r e s .

I n t r o d u c t i c n

Remote measuremen t s  of a tmosphe r i c  and s u r f a c e  s t a t e  pa ramete r s  beca m e  ar imp- or-

tant tool in the past years for a variety of purposea . They are in principle

based on measurements of radiation reflected or em itted f r om  th e  t a rge t  of in-
terest to the observer.

There are now many active and passive methods known. In active netPcds an arti-

ficial radiation source - radars , lidars or even searchlights - is used tC’ illu-

minate an area of interest and measure the characteristics of radiation reflectec

and scattered back to the receiver. Passive methods r ake use of the sun ’s radi-

ation emi tted from the targets. There have teen studied during recent years a

large variety of such ot serving methods and instrur.er.ta developed for use cm

ground , in aircraft or ever, in satellites. The spectral regior. of interest ranges

from the ultraviolet (u.2 — 0.3 tim) to the microwave (IC ~m) portions of tao

spectrum. A thorough study of such measurements requires sore knowlOdge or. tae

basic interactions between radiation fields and the materials of intereSt. ‘his

also ircludes some contaminating effects , sucn as scattering and er,issi~~r. of radi~-

tion by air and clouds between the target and the receiver.

It seems therefore quite helpful for the forthcoming discussions tc review bnief~y

t hese  i n t e r a c t i o n s  and s t a t e  paramete rs  of the  m a t e r i a l s  i n v o l v e d :  t h o  at r . c s~ he re
and the oceans.

3 Radi at ive t r a n s f e r  theory

~.l  I n t e r a c t i o n s  of r a d i a t i o n  w i t h  m a t t e r

E l e c t r o m a g n e t i c  waves travelling through cases or an:: other material s exhi b it

usually changes in their r-nases , amplitudes and directions due to absorption and

reflection (scattering) processes. Absorpt ion reduces only the amplitudes and may

~e responsible to convert the electromagnetic wave energy into heat. Reflection -

or scattering - processes as well as refraction may occur at discontinuities

where the dielectric properties of the material changes. ne may exi ress these

!-ropertien by the complex refractive index

fl 0 r 
— (1)
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w here n i,, the real part , is responsi b le for chan ges of the phase ve loci ty an d
rip the imaginary part , is responsible for absorption. All other parameters

describing the radiative transfer properties of materials mi~ mt be referred Lack

to this quantity. For instance the volume absorption coefficient O a (n
~~~

) is  re-
lated to n

~ 
by

2t 1 ni /A (2)

where A is the wavelerpth . The refractive index of’ many cases and rraterials —

also of’ water shows generally an increase with decreasing wavelength (normal dis-

persion). but inside of’ ab sorp t i on l in es and ban ds also “anomalous dispersion ’

occurs . From this result strong spectral variations of absorption and reflection

properties of various materials.

Emission and absorption of radiation by gases are connected with changes in elec-

tron ic , vibrational and rotational energy levels. They may also occur in comb ined

versions an d ca use a ra the r comp lex spec tra consi st i n g of sing le lines , line
groups or bands .

3.1.1 basic laws

The spectral radiance L ( A  ) of a beam incident into a scattering and absorb ir.g

volume of’ air or water is reduced by the amount of dL(A ) after its passage , which

is related to the extinction properties and length of this volume by the law of

bouguer:

dL (A) —o (A) • L(A ) . (3)

where A wavelength , da geometric path iength , ~ eC~ 
) spectral volume extinc-

ti’~-n coefficient (in m~~ ). If ds is very small , perhaps of the order of one wave-

length , one can a s s u m e , t ha t  the  a b s o rp t i o n  ani scattering processes along Js

occur  in dependen t l y , thus

Ce (A) = q 5 ( A )  + o a ( A )  (J i )

where o5 ( A )  sp ec tral sca tte r i n g  coef fi c i en t , and aa ( A )  spec tra l  abs orp t ion
coe f f i c i e nt 

~°a 
2~ ni /A , E q . ( 2 ) ) .  The op t i ca l  dep th  of a medium is t = 0 e~ 

da.

Functional relatians or. th e  absorption coefficients for the various atmospheric

gases , such as :-.‘ater vapour , carbon dioxide , oxygen , ozo ne , methan and other minor

constituents can now be o b t a i n e d  from s t a n d a r d  t a b l e — w o r k s  w i t h  a sufficient -degree

of accuracy and various degrees of complexi ty; also for liquid water.

The scattering and absorption coefficients for particles etc. can be calculated

with the elegant theoretical f’rnr.ewor~: developed originally by 0. ~-~IE (19o8) for

single scatter iat’ eve r.tj o f  elootr”.:’ itnet ic waves at spheres. Into formulae des-

cribi ng this process the ftllowing quantities may enter: wavelength , and the

in dex of refraction and the size distribution and concentration of particles. So—

lati ons have been elavorated now in a straight—forward manner and may be obtained
e’.’er ; i t i ~ library programs of major computer companies. fince the scattering

OCCur3 into all possible direct ion, a ,, is the integral over the phase function or

scattering indicatrix , describing this directional dependence.

a ( A )  ~~ p (u )  d~j ( 5 )
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where du angular  e l emen t  and ;.( w) is the above m e nt i o n e d  ph ase -  fu n c t i o n , wh i c o
may be interpreted as a p r o b a b i l i ty  f u n c t i o n .  o n l y  if ’  iartic les ore extremely
smal l , if compared w I th wave l  en g th , the plo se funct on is nearly i sot rcr cal

(Ray lei gh—Scattering), an d a,, is proportional to A . In moo t abner cases the for-

ward scattering may be several orders of magnitudes larger than the side— and

backward scattering and o5(A ) n a y  vary very OOO~ iex with wavelength. The single

s c a t t e r i n g  theory may also be app lied to water probes. It describes al:’ all

known polarization phenomena. The mu ltiile scattering ~henonena , o c c u ri ng  i n
real i ty , r e q u i r e  for t h e i r  e x p l a n a t i o n  t h e  a p p l i c a t ion  of the  more c c r p I c - x radia-
t i v e  t r a n s f e r  theory .

3.2 The general  e q u a t i o n  for  r a d i a t i v e  t r a n sfe r

3 .2 . 1  The d i f f e r e n t i a l  e q u a t i o n

To describe theoretically the radiaticn fields occuring in the atmosphere and

upper ocean la yers, one may make use of well-known Monte-Carlo schemes , whi ch in
principle enable a rather complete modelling of three—dimensional inhomogeneities.

But they require prohibitive long computational times.

Therefore most s tud ies  are done w i t h th e “ c lassical” d i f f e r e n tial equa t ion for
rad ia t ive  t r a n s f e r , in a h o r i z o n t a l l y  u n i f o r m  and pa ra l l e l  medium , w i t h  inhomoge-
neities only in the vertical direction. This approximation serves quite suffi-

cien tly for most applications in atmosphere—ocean systems .

In a scattering, absorbing and emitting volume of the optical thickness d’t (=G e(Z )OZ)i

where z is the vertical coordinate counted from the top of the atmosphere verti-

cal ly downwar d , the radiative transfer equation (RTE) describes the radiation bud-
get of a volume element:

dL ( i ,~~,~~) - L ~~~~~~~ + J~ (~~,ti ,A ) + J e ( T
~~

0
~~~ 

( C )

here are u (: cos ) ,  ~ the directional coordinates with respect to t he  geometry
of the  p lan parallel  me d ium
(~~ = az imuth  angle , zen i th  ang le )  and a li ght source , e .g .  the sun .
L is the radiance of a beam pass ing  -a s l ab  of’ t he  o p t i c a l  t h i c k n e s s  d T ,
‘3 5 is the rad iance  sca t te red  ins ide  t h a t  s lab in to  the  d i r e c t i o n s  3J , q~,

due to direct solar radiation and / or also to radiation incident from

all directions.

Je is the radiance  emi t ted  into the direction ~~~~~~~

This equa t ion  is v a l i d  for  each na r row spec t r a l  i n t e r v a l  d A  cen te red  at A~ The

spec t ra l  index A has been omitted here for convenience.

3.2.2 Special cases:

In the e a r t h — a t m o s p h e r e  sys tem one may cons ider  the  c o n t r ib u t i o n  of ‘3 e to the total

budget , expressed in Eq.(6), to be negligible against the solar radiation in the

wave leng th  region A < 3.5 Jm , since the amplitude of P i a rc - .’s function for t’~rro.;-

trial tempera tures (T< 320K) is then small compared with inciuer.t acia r r ad i : t i o r r .

C o n t r a r i l y , for  ) ( 3.5 am the contribution of solar ra,nia t .~~on can t e ~Cgli-~ tea.

For a cloudfree atmosphere the fields of thermal radiation can be oa1c~~1a t c d  m: i t b
high accuracy neglecting all scattering event :’.

~ 

~~~~~~~~~ ~~~~~~~~~~~~~~ ..
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3 .2 .  3 Fo mo : a I a o l  u t i o r a .  ‘ a i d  b c u n i a r ’ y  conditions P

Tue diffe rential equat ion (2) c o m i  1 a sd v’s form ,~ i ly for a:~ r~ . or  i a r .. - .

radianceu :

b — i
+ + ‘t o t  ~ . -u I wo no I. (i , p , ) L ( ‘t  , , ) e + ~ ,. ( a  , , ~ e p , ~- - st (

Jowrn ’ : a r s  ~~~~~~~~~~~ C (t,p~~)~~e 
t I ~ + f e  

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(~)

where  o p t i c a l  t h i c k n e s s  of t h e  e n t i r e  r :edi urr (e.g. t h e  a t r o o p h e r e )  and
L~ and are radiances at lower and upper I c o n d o n es , to be d e t e r m i n e d  b y  t o - a n -
dary conditions. ‘ihe second tern in each equation conto ’ r-a; also multipl ;.’ scattere :

light.

Boundary conditions are parallel solar beams incident at the top of the atmo..ip mer e ,
and the reflection and emission properties of the ground. Over oceans , solar l i n t

of the spectral range between 0.14 and P.61 pm can penetrate into layers dee~ em

than 50 meters. There ,one has to consider t he  transmission of ocean :orf~ oe O r

light incident from both sides. The transmission : ;r. 0 reflection f~r :ctic.r ,s c r .  e

highly anisotropically, containing a strong spe cular ccr-r’anor .t.

If , instead only of the unpolarized ra°iance , the pol ari s:tion doe  t o  scrt te rim

and reflection is taken into account , in the ot ov e :-e n ti. .rod c q u a t i ’ .r ,s t h e

ancea and phase functions (included in ‘3) must be mc: J - a - :et by ~ vector an
respectively. The four—dimensional vect or not tior :, ! o s O O I : t c ’ d  1:: t c 0 c~~~i” r t o o

description of the  state of polarisati an of light has torn foand n’ie’ ,.~ t ’ f ’ ..r ‘m i s

purpose.

A large variety of computational method s ho: 10cr. d e ve ’l ro od b u s  cI ye those fa r

solutions. If the radiation fields are be consi lered it’. eac h  ar.polar Iota

require long computat ion times , hut l,’~ eld to “.‘ ,ralt :; corporal In al t O Cl sor ’,’ a r i

A variety of flux approximati on ne~’l ec t i r . p ’  arT’ :mpular “ u s  is in  arc ’ f r ’  com-

putation s for up- and downward fluxes only .

l o c h  an approximation yields also s,,ffici n ob ly gOon me:: r I ta 0’ r s t a r :  so b , ’ ’. r n  0

measurements of underlight penetr ated fr-o r ~~
-,ik s-- rOn -ce n - n ter la~ .:”o taclo into ‘no

atnospoere . It has been proposed for las” ta r, n- ,,c-asurer “ n t :  foc a molt i -~~~ ect

satellite—borne imagery .

/ 4 Radiative transfer parameters of IL” a t n : o : p h c n ’ .’ a recap .

14 .1 Some basic quantities

Radiative transfer parameters desc n ite t:ose r a n e r ’,ie s of’ Inc a I r s ’s; here , r c , , a r :

an d their in te r f a c e , which affect the bran : for ’ of alec ’ r-o ragnc’tic i-ave. Tb

d ’f i n i  tiann r er,tior,ej above these pro; ert .lo.: 0 o r ’  t h e  opt i c a l  1 . 1  n O r :  1:.: or’

bouna ,ry ocr.cj tions of the PIE. h a r e  . r e f I r r i t ’  a o r e s .a r :,r-isca: I, plea

1 
-
~~~~y -  ab:;or~ tion coeffi cier .t : = 

~
‘

P r .,. i t _ ’ of a n ; I : ~ or I n -  o’ .ii on Ogn

ass n :an’I t i er , coe fficie nt (:P’- ’ la

—_ .,
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volun ’e ,‘m’r t t , e r i f lg  c o e f f i c i e n t : a ,, p k (r. 1)

1’:,, = sass scatte ring coeffi d ent

black b o d y radiance: L ( A , ’~’)  c1 A ’ e x p (  c 2 IA . l  ) - 1~ 
-l

= absolute ten-,;-er’atore (0)

A waveler : t n

c 11 c 7 universal constants

reflectance: p 
~~~~ 

(O<p ~ 1)

;:r i ~
reflected and incident flux dcr.sity,

real .

em i ss iv i t y: c = r~ — — (0<c~.l)
c= 1

ernnm itted flux density of a black body .

1’: and 0 are material characteristics and depend on the’ optical properties , as for
instance described by the refractive index n (Eq.(1)), on ly ,  while p is a measure
for the concentration of each participant.

14.2 Atmosphere

I :Iodiative transfer constituents of the  atmosphere

I r .  the  atmosphere participate various gases , the aerosols and all cloud particles
activel :-’ in the transfer of radiation. These gases are °2 ’  031 1:20, CO2 an d minor
constituents. U ,, and CO 2 o c c u r  in the atmosphere up to 10 km a l t i t u d e  w i t h  cons tan t
m ixin g ratio of 75 an d  C . c ~ per cent per ’ vo lume , r e s p e c t i v e l y , whi le  1120 and 0

3
show strong geographical variations. These gases dominate the transfer by absorp-

tion and emission of radia tion. Their major ab:cr;tlon band regions are created

in the spectral rcgion between 0.2 and 5C’~~ r~. 02 and 11 ,0 have also resonance lines

in the microwave region. L20 affects also the atmospheric refraction in, the milli-

meter wavelength region. T;pectral and ta r: -: averaged transmission functions for these

bands are available in many ztanaar .1 text t o c ~~5 . The density of all gases occurring

m ith constant m ixing rati decreases nearly exponentially with height.

All air rolecules particip ate in, too ::cattering of light may be described with

hayleigh ’s approxi naotio.-r . . It ‘Ic’r,inatea the transfer at ultravio iett wavelengths

and is alm ost completely negi i1’iL~ y at w~~’~’c or gaas l’ rgcr t n n a n  2~~ r,.

Aerosols , whose particle sin e ois tr~ i ati ’ n ru: .  be alproxim at es by a power law

(e.g. tl,e Jb ’IML— :iat rit ution) Ofl ’i r a y  r a t  gc Or’ r, radii of less than O .d’ l ,~ rr to 10 pm ,

Consist of groan ‘ , ‘, r- n i o l s , sea salt , io ns ‘i n , also volc ani c ashes. Their index of

refr acti on ran~” m l ’ s no:, - pa r t  I” ’ ween v~ rca o t 1. 3 — .5 an d in i ts imaginary
art from 0 to .2 , e

~ 
end :r , ’ or , ti c ’ water .a’ - , ‘ “ r ’en ,t and the wave length of

inter’est

‘.‘ertical an-: ,aoni: ’’r , t ’ tl di st rir A ’j cr,,: 0 ‘r - sot er ~r,t” - ’ I ’  n o  vary  ‘ ‘n a i d e r a b ly
over various ci ir .at ic 5” ’, ’ n - - 

~ r / . , r r  ‘ r e  ,;eas r :‘. : r e  ‘ tn ,e vertical missing

a c t i v l t y a’ i I n n i n tr io nitron ’; ncr ” . . “ “ ‘ : - - - r’ f~ ic: m ay range fr~, r several thousand

l’am’ tjdles ;er ct’ ‘ r ” n r ’ gr ’ o . r - i ’ o . .n i y  — t n t  , “ le s  l e n  “t’ - in u ; ~en t r o p o s p h e r i c
n itot r ’,r nt ’ :. ‘- ‘‘ ,c l:g,’erc , wi’ . s- ;ually -‘1 Sb. r r j  I n  r ”o : :t ’ f ‘ n . - :tercsa l concentration

in . ‘ ; t r: “'l v”’ t i c ’  ;~~ t r ” ar:,’ t o . ’ :ar  ,ayer l~~— I ~r’ t ’,~~i’ .r. ’ ,. l l l ’ n ’IIF and 01 1,1.

-— -~~~- ‘ - ‘  ‘ -  - ‘ 
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(1 75) compiled an extensive table work on mean vertical aero~~l profiles and also

t h e i r  s c a t t e r i n g  and abso rp t i on  c o e f f i c i e n t s  for  the entire spectrum between the

‘,‘ i s i t  le and for infrared (in the microwave regi on aerosols can be neglected) for
easy use in c o m p u t a t i o n a l  mode l s .

In water clouds the particle size distribution is usually b im odal , wit: , roe

r,axl:.u r: , near 1 .1  p m d ue to “nonactivate d ’ aerosols and another at much larger

radii (20 4am) due to water droplets. These particle size distributions vary con-

siderably within one single cloud and nevertheless between individual clouds.

Further the liquid water content may range from values of 0.05 gm 3 for tt.in

otatus to more than 0.14 grr 3 for nimn .bc-stratus . With various assur:ptions ranging

from pure water spheres to water shells around particles tire ‘scattering and ab-

sorption properties of a volume of cloud air can be calculated with single

scattering theory according U. 1110 (1908). The values obtained are as uncertain

(by 10- - 20%) as the input parameters on microphy sical cloud properties are.

Their direct measurements with particle-counters and other equipment are very

difficult and can be done only sporatically . There is not yet a method available

to derive these parameters from cloud fields observable on satellite photographs

or any other imagery , other than dedication of some mean tabular values to an

identified cloud species.

14 .0 .2 A brief survey of the general circulation patterns

A brief survey of the general circulation patterns in the troposphere and stratos-

phere may help to understand the vertical and horizontal distributions of the

atmosphere ’s radiative transfer properties.

n the troposphere , the lowest pu~tion of the atmosphere , the temperature de-

creases wi th a mea n lapse ra te of — 6. 5 0 C/km. It extends from ground to nearly
7 ( pola r region ) ,  10 (mean latitudes), 15 km (tropics) altitude. In the stratos-

phere a bove , which is usually coldest in the tropics , the temperature increases

to about 00 C at 50 km , the stratopause.

In the lowest part of the troposphere up to 1 — 2 km altitude , in the ;-lanetary

boundary layer (PPL), the frictional , convectional and radiative enforced treating

may alter considerably this genera l temperature structure. Near the ground , but

also at the top of the PEL temperature inversions may occur which affect consi-

derably the microwave transfer along quasi-horizontal paths.

‘ o the general wind systems are strongly related locations of the major cloud

system s. Low level trade winds in the subtropics cause convergence and tn:u s

co nvec t iv e c lou d fo rma tions near  t he equa tor , and divergence over the subtro-

pical high pressure cells connected with cloud dissipat irns . ln the riddle

la t i tudes , where the temperature contrast between cold polar air and warmer sul-

tropical air is greatest , westerly “rinds dorm -ate throughout the entire t r o ; c’z-
jhore transporting strong disturbances eastward which contain the major cloud

OicI:ls nd cause precipitation. These westerly winds are very stronrgar-rd near l’
z o n n l over the southern hemi sphere , where interferring continents are missing.

- ‘for bh ” polar region strong subsidence occurs due to radiatively inforced sinking

with some easterly outflow . Oaring summer tine the mean latitude disturbances

exten t ir,to the polar region transporting into them water vapor which causes tao

fonm . ’ tlon of strong stratus.

W i t h i n  the str .- ’t osp l i e r e  t l , e w i n d  regime over the poles changes s e r . i u t n r u a l l y  in

dire ’tion aiIm strong eastenlies in summer and :‘esterlies in winter. In ttn e tro—

p cal ~tratesj -t crr’ there is a strong quasi- I ian nu ri l variation of t ine wind direc—

-~~~~~~~~~~~~~ -~~~~~~—-~~~~~~~~~ -_ ~~~~~~~~~~~~~~~~~~~~ -—~~~~~~~~~~~~ —-~~~~ - -‘— - --_
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t i o n .  The annual  wave of extratropical stratosphere cm alatiur , jatterns is rauia-

tive ly enforced. Inbedded in it are wavelike Str ’o: : t  ,~reu of  steady and transi€ ’r,t

nature and turbulent elements.

All atmospheric layers between 50 an~ at-out Br km altitu ’ie belon g t o  th e  r .eccs-
phere , where the stratospheric circulation patterns prevails. [at the temn . J c r a t o r e

‘ adecreases g r a d u a l l y  f rom st r a t o p au : n e  va lues  of i t c u t  -13 C to va lues  t . e t w e e r ,
_800 C and _1500 C at the mesopause .

h i t h in  the  t roposphere an d s t r a tosphere, where besides of 11 20 and 03 
al l  gases

are wel l  m ix ed , local  thermodyn a m ic a l  equi li b r i u m  preva i ls for  a lmost a ll spec t ral
regions. This allow s remote soundings of the temperature fields and of various gas

s;mecies in the atmosphere.

14 .3 The oceans

14 .3 . 1  R a d i a t i v e  c h a r a c t e r i s t i c s  of wa te r

Li quid wate r like in its gaseous phase has typ ica l  b an ds in the in frare d an d also
ultraviolet portion of the spectrum, Only in the blue-green region of the visible

(0.148 - 0.60 IJm )~ solar r ad i a t i on  can pene t r a t e  i n t o  deeper layers  of oceans and
lakes depending on t he i r  con ten t  of other c o n t a n i m a t i ng  m a t e r i a l s .  In clear r:aters
the pene t r a t ion  depth  may reach several  t e n t h  of meters . A l l  the  r a d i a t i o n  of
longer wavelengths than O.6~ pm heats the upper most water layers . Water is also

t ransparent  for  r a d i a t i o n  in the~, c e n t i m e t e r  reg ion .

The density fluctuations in water , which are equivalent to fluctuatio n-:: of the

refractive index particulate matter suspended in it and also air bubbles scatter

the incident radiation like in a turbid atmosphere dom inantly into t i e fcmn- :ard

direction , Thus the upr’relling underli ght underneath the water surface ma:,’ reach

only values of less than 10% of the incident radiation. In the most trar,Spurer :t

pa r t  of the spectrum at about 0.147 pm the lipht which can be observed at de ;-th

of 10 m and more has been scattered several times in water layers atca ’e .

‘,he real part of the index of refraction of’ w a t e r  ranges from values  of around
1.3 in toe visible and infrared to 9 in the  m i c r o w a v e  rep io n ;  n - m i - l i e  that for air

is very close to 1.0OO~I throughout the whole spectrum. Therefore parts of the ra-

diation incident from both sides onto the air—water interface are reflected back .

For a flat ranter surface this can be described accordinp to Fresnel’ s laws , whe re
also the strong polarisation can be computed.

Ocean waves of the  w a v e l e ngt h  f rom a few m i l l i m e t e r s  to mete r s  and longer , foa m
and perhaps also particles cause a strong scattering. Reflection and transmission

functions can be calculated with a sufficient degree of accuracy for a Gaussian

distribution of wave slopes. Otherwise spatial coherence spectra of reflected

beams can be used to infer the wavepatterns .

14.~~.2 P h y s i c a l  ocean p r o p e r t i e s

About seven tenths of the earth’s surface are covered with open oceans , which

exc hange intensively energy and momentum with the atmospheric layers above. Ucear~s
are , t here f ore , consi dered to be an essential part of the total system fo r r:i n g

the climate , c .i rr,atic regions etc. on earth. Their physical properties are closely

l i n k e d to them , i.e. ghe general atmospheric circulation.

Ocean water generally contains between 30% and 140% of salt , which consists of a

mixture of haCO , lgCl an-I several other chlorides. The surface temperature patterns
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is c lose ly  l i n k e d  to cu r a t e  zones  and water currents , t in y - latter are ~- r ’ i m n n r r ’ i l y
d r iven  by s u r f a c e  winds .

‘I’he sa l t  con ten t  ( s a l i n i t y) ,  the  4 r e s au r e  and the  tem~. e rut u re  d e t e r m i n e  t h e  wate r
density, which varies only by small fractions. I-ut these  sn a i l  fraction : are

dominant  r e spons ib l e  for  the d e v e l o l nac ’n t  of ’ t u r b u l e n t  e x c h a n g e  p r o c e s s e s  of va r ious
scales in space and t i r e .

The typical vertical temperature profile at ri d d l e  latitude s shows the followir .p

general  s t r u c t u r e :  hue  to p e r m a n e n t  m i x i n g  th e  up per  layers  of severa l  to- n-, : of
meters are nearly isothermal with a strong r m . r n u a i  vz i r i :n t  l a m  . 0 e l a n :  t r , r . t  la~”i n ’ t i c ’

temperature then may sharp decrease to values a r ou n d  + 1 to +~~~ C , n- here astor ’ at’s

it s  largest density.

For con t inuous  s u r v e i l l a n c e  of i n t e r e s t  are the conter:ts of organic r.,uterim~l:

(p lanckton etc.) and anorg,anic contan ,ination in: tl.e :uI ::urface 1m ~l’ r’:,oilulica: n-so
the wavepatterns at the water surface. Several satellito teonniques [ave tee n.

found u s e f u l  for these purposes .

5 Some closing remarks

It has been tried in this paper to describe briefly cur present knowledge cl I t i e

physical properties of the earth’s atmosp here and oceans ann t n r e i r  i n t e r a c t ion ’ s
wi th elec tromagnet ic  waves used for  s u r v e i l l a n c e  and  remote  s e m . z i n L -  l u rr c :e : .  01 , 1~

-
‘ 

l ec ture  had the specia l  purpose to  recal l  many facts which are already f am i l i a r  to

the audience. In the forthcoming papers the various special problem: i n v o l v e - ,: m i t t ,
the su rve i l l ance  wi l l  be s t ressed  in much  closer d e t a i l .
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Fig. 1: The electromagnetic wavespectrum for remote sensing of’
ocean properties ranges from 0.2 pm to several meters .
However the absorption by several atmospheric gases
O , H 0, CO ) allows such observat ions  only in narrow
s~ ect~ al ranges ( fro m Thompson).  
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Fig. 2 ;  The spectrum of direct solar radiation reaching
the ocean surface ranges from 0.35 j~m to about
2 . 5  u r n .  The selective absorption by water mole-
cules allows only radiation in the blue—green
pa rt of the spectrum (0.5 jnn ) to penetrate to
greater depths ( from Neumann and Pierson),

Particle Nature Radius Number 
_

~~~

____________ ______________  

(microns) Density (cm

electron electron 1o~~

air molecule molecule 10~~ 2.7x10’9

small ‘jon ’ group of water l0~~molecules

combustion hygroscopic io 2 to 10_ i
product

sea-salt hygroscopic 0.1 to 0.3 50 to 400
mucleus and soluble

dust generally in- 0.1 to 10 highly variable
soluble

haze water droplet 0.3 to 3 50 to 400

fog water droplet 1 to 30 1 to 100

cloud water droplet 1 to 30 50 to 500

rain water droplet 3 to 3,000 highly variable

hail ice particle highly variable

snow ice particle N

Fig. 3:  Par t ic les  and molecules in the atmosphere a f fec t ing  the
tranofer of electromagnetic waves (from Thompson).
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Fig. 14 : The mean radiation budget of the land—ocean—ice-land--atmo-
sphere system. All numbers are fractions in percent of the
inc iden t  solar rad ia t ive  energy , the only heat source of the
system. Arrows in the lower right corner indicate heat
transports from the  ear th  in to  the atmosphere  due to tur-
bulent fluxes of sensible and latent heat (from National
Acad. of Science , 1975;”tJnderstanding Climate Change ’).
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Fig.  5: Mean hor izonta l  ex tens ions  and l i f e t i m es  of mot ions  in the
atmosphere and the spectrum of their eddy kinetic energy. The
upper scale indicates the range of the i r  p red ic tab i l i ty  ( from
G A SP Publicat ion Series , No.  11 , 1973 ; W M O — G e n ê v e ) .  
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Fig. 6: Zonal averages of the temperature and
wind speed (negative : easterlies) vs.
pressure (altitude ) and latitudes over
the summer and winterhemisphere (after
Murgatroyd , 1969,  in “The Global Circu-
lation of the Atmosphere ” , ed. by Corby)



Fig. 7: Sketch of the surface winds and mean vertical
circulations over one hemisphere (from Palmên
and Newton , 1969) .
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Fig. 8: Charac ter i s t ic  temperature p ro f i l e s
in the polar (left) and tropical
(right) oceans (from Neumann and
Pierson , 1966).
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MICROWAVE SCANNING RADIOMETRY

James P. Hollinger
Advanced Space Sensing Applicat ions Branch

Space Science Division
U. S. Naval Research Laboratory
Washington , D. C. 20375 USA

SUMMARY

Microwave scanning radiometry has the advantages for surveillance over active
microwave devices of being completely passive and thus emitting no radiations , using
little power and being covert and difficult to jam and , as compa red to passive sensors
at in f ra red , op tical and ultraviolet wavelengths, of allowing all-weather , day or night
operation and the detection of non—radia t ing  metal obj ects .  The basic pr inciples  of
microwave radiometry including a description of antenna properties , a definition of
antenna temperature , brightness temperature , and system temperature and a discussion of
measurement techniques and accuracies are briefly presented. Then the microwave signals
to be expected from calm and rough seas , sea ice , ships and ship wakes , oil slicks , and
terrain as well as the attenuation and radiation from the atmosphere are described.
Detailed descriptions and the specifications and performance of existing aircraft-borne
scanners including the National Aeronautics and Space Administration PMIS, the U. S.
Coast Guard AOSS—PMI , the Naval Weapons Center MICRAD , and the Naval Research Laboratory
MWIS , and the satellite systems of ESMR on NIMBUS 5 and 6 , SCAMS on NIMBUS 6 and the
SMMR being developed for NIMBUS G and SEASAT are given . Selected measurements from
these imaging systems are presented to demonstrate their application to the delineation
of the ice—ocean edge , the determination of ice type , age , and thickness , snow cover ,
the location and d is t r ibut ion of fronts , convective zones , storms and areas of precipita-
t ion , the detection and quant i f ica t ion  of marine  oil spills , and microwave images of
ships, ship wakes, beaches, field and vegetation boundaries , roads , railroads and
commercial , industrial and residential areas.

INTRODUCTION

Microwave scanning radiometry has proven to be of great value for the remote
sensing of the environment and for the remote surveillance of man-made objects against
the environmental background. It has the advantage of being completely passive and
emitting no signals , thus being covert, difficult to jam and using relatively little
power compared to active microwave devices. Further it offers several potential advan-
tages for remote surveillance over passive sensors operating at infrared , optical , and
ultraviolet wavelengths. Perhaps most important , it allows all-weather , day and night
operation . It provides the capability to detect and track objects moving on or near the
sur face below a cloud cover. Further , it is possible to detect metal objects which
appear cold , since they emit no microwave radiation and reflect principally the low
radiation from space and the atmosphere , against the relatively hot earth background .
This makes it possible to detect and track a missile even after burn out resulting in
more accurate and current  t ra jec tory  determination.

The major disadvantage , by far , of a microwave imager is that , to obtain the
necessary resolution and signal—to-noise, relatively large aperture , high—gain antennas
with narrow beams are required . The higher the altitude and the larger the areas to be
searched in short periods of time , the more severe the difficulty . Satellite-borne
systems would require nearly impossibly large multiple—beam antennas. In order to
detect objects the size o~ aircraft or Ships from Satellite altitude~ , structures with
dimensions of at least 10 or 10 wavelengths and a precision of 10 wavelengths would
be needed. However applications over tact ical  distances of tens of kilometers are
feasible with current instrumentation.

Microwave radiometry offers a broad range of applications and a wealth of informa-
tion due to the wide variation of the emission , absorption and reflection properties of
matter with the observational frequency , polarization , and viewing angle. Passive
microwave scanners aboard aircraft and satellites have been used to detect ships ,
aircraft, trucks, buildings, roads , railroads and commercial , industrial , and residen-
tial areas. They have been used to delineate the ice-ocean edge; to locate icebergs ,
polynyas and leads; to i d e n t i f y  and map ice type , age , th ickness  and coverage ; to infer
the thickness and water content of clouds; to map the location and distribution of
weather fronts , covective zones, Storms and areas of precipitation; to detect and
quantify marine oil spills; to provide information on soil moisture and locate field and
vegetation boundaries. In addition maps of agricultural , geological and geographical
features have been obtained at night through a snow cover and forest fires have been
d e f i n e d  through a heavy smoke cover.

The basic principles of microwave radiometry including a description of antenna
properties, a definition of antenna temperature , brightness temperature , and system
temperature and a discussion of measurement techniques and accuracies are b r i e f l y
presented.  Then the microwave s ignals  to be expected from calm and rough seas , sea ice ,
ships and ship wakes , oil s l icks , and t e r r a i n  as well as the a t t e n u a t i o n  and r a d i a t i o n
from the atmosphere are described . Detailed descriptions and the Specifications and
per formance  of ex i s t ing  a i r c r a f t — b o rn e  scanners  i nc lud ing  the National Aeronautics and
Space Admin i s t ra t ion  Passive Microwave Imaging System ( P M I S ) ,  The U. S. Coast Guard 
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Airborne Oil Surveillance System Passive Microwave Imager (AOSS-PMI), the Naval Weapons
Center Microwave Radiometric System (MICRAD) , and the Naval  Research Laboratory Mil l i -
meter Wave Imaging System ( M W I S ) ,  and the s a t e l l i te sy stems of Elect r ica l l y  Scann ing
Microwave Radiometer (ESM R) on NIMBUS 5 and 6 , Scanninq Microwave Spectrometer (SCAMS) on
NIMBUS 6 and the Scanning Multichannel Microwave Radiometer (SMMR) being developed for
NIMBUS G and SEASAT are given. Selected measurements from these imaging systems are
presented to demonstrate their application to the delineation of the ice-ocean edge , the
determination of ice type , age , and thickness , snow cover , the location and distribution
of tronts , convective zones , storms and areas of precipitation , the detection and quanti-
fication of marine oil spills , and microwave images of ships, ship wakes , beaches , field
and vegetation boundaries , roads , railroads and commercial , industrial and residential
areas.

MICROWAVE RADIOMETRY

The power P received , per unit frequency interval , from a source whose polarized
radiation intensity is specified by the Stokes parameters (I (6 ,~~), Q ( 0 ,~~), U (6,~~),V (e,~)], by an antenna with polarized reception properties described by the Stokes
parameters [I a (B

~~
)
~ 0a~ °’~~~’ 

Ua (O
~~

)
~ 

Va (O
~~

)] is given by

P = (A /2 )  f 
~~s’a + ~s0a + U U  + V V ]  d1~ , (1)

4ir

where the antenna Stokes parameters have been normalized such that I (0,0) = 1 and A is
the effect ive  area of the antenna [1] . The e f fec t ive  area may be found from the norms-
lized antenna response pattern and a measurement of the radiation efficiency of the
antenna or a measurement of the maximum gain of the antenna G0 where

A rtA 2
/f ‘a d~ = 

~~

2
”~a 

= ~
2 G / 4 ’i ( 2 )

41T

A is the observational wavelength and ~2 is the effective solid ang le of the antenna.
Measurement of ri is generally very diff~ cult in practice and , since i t  is us u a l l y  very
close to unity , it is often taken to be one.

The power received by the antenna is conveniently specified in terms of a ficticious
antenna temperature Ta by the use of Nyquist ’s theorem [2]. Tnis is the  t empera tu re  to
which an impedance , equal to the impedance of the antenna , would have to be raised in
order that when it is substituted for the antenna it delivers the same power to the input
of the receiver , as does the antenna. The antenna temperature is related to the power
received per unit frequency interval by

TA P/k - ( 3 )

The utility of doing this comes about because the radiation intensity of the source
may be specified in terms of its effective blackbody temperature . All objects at temper-
atures above absolute zero radiate electromagnetic waves; the amount they emit , absorb ,
and reflect depends upon the properties of the material and the character of the surface.
A perfect absorber which absorbs all the energy falling on it , reflecting none , is also a
pe r f e c t  emit ter  wi th  an esnissivity of un i ty . Such a body is called a b lackbo dy  and emits
according to Planck’s Law. Perfect blackbodies do not exist , though some approach it
very closely. In general , materials are “grey ” bodies with emissivities less than one.

The intensity emitted by a grey body is given by

‘GB = 
~ 

1BB = c ( ~~~)[e
t h J /’1<T) _ l]

where ~ is the emissivity and ~ B is Planck’s blackbody law . Define an effective black—
body or brightness temperature 

~B 
for any arbitrary source as

TB 
= 

~~~~ ‘aa =(~~)[e~~~~
’KT) 

_l] . (5)

In the case of purely thermal sources , such as grey and blackbody sources , T is the
physical temperature of the body . However this definition can also be applied to any
nonthermal source , such as man-made radiations from radio , radar or ignition noise or to
gas discharges or plasmas which are not in thermal equilibrium . In the case of a non-
thermal  source , T is a ficticious temperature chosen such that a blackbody at this
temperature would radiate , in the frequency interval ~o , the same intensity as does thenonthermal source . In this case , T is in general a function of frequency. Now when
KT > >  h~ , as is generally the case at microwave frequencies for earth environment obser-
vations, the Rayleigh—Jeans approximation to Planck ’s Law applies and T = T. Thus
I = £T and the intensity of all thermal sources is directly proportional to their
t~~~rmodynamic temperature;  the propor t iona l i ty  constant  being the emiss iv i ty  of the
source . Combining the above equations for  a thermal source
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TA = f cT 1a d12/~2 . (6 )
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I f  the source is uniform over the entire antenna reception pattern , TA 
= cT. If the

source is very small compared to the antenna beam , the antenna temperature is reduced by
the ra t io  of the solid angle of the source to 1

~a~ 
In general the antenna smooths and

averages the source brightness distribution. An accurate knowledge of the antenna
reception pattern allows a partial correction for antenna affects and restoration of the
brightness distribution [3]

Since the source radiation is specified in terms of brightness temperature and the
power received by the antenna in terms of antenna temperature , it is convenient to
define the unwanted noise power generated by the receiver in terms of a system noise
temperature by the use of Nyquists theorem as in equation (3). The RMS fluctuation ATMof the output of the receiver is given by,

ATM 
= C [T~ + T ]/[iAvI~~~

2 (7)

where C is a constant ranging from about 1 to 3 depending upon receiver design , T
~represents the unwanted noise generated by the receiver referred to the receiver input

and is the time interval over which the signal is averaged , since most sources have a
relatively flat spectrum , Av, the passband of the receiver is generally made as large as
possible; typically hundreds of megahertz. Even for a perfect receiver (Tm = 0) the
numerator of equation (7) will be between 100 to 300 K for an earth viewing system
depending upon frequency and whether the background is -land or sea. Thus , improving
receivers to have n1ise tern~ eratures below a few hundred degrees pays diminishing returns.
Values of about 10 to 10 K can be achieved for ATM for a t of one second depending
upon frequency . The output noise, then , basically depends directly upon the square root
of the number of resolution cells to be observed per second . This in turn is governed by
the field of view , the resolution desired and the speed of the platform carrying the
imager.

The radiometer is often calibrated by switching the input of the receiver from the
antenna to one or more reference terminations whose temperatures are accurately known.
A reference noise signal , with a spectrum similar to the signal spectrum , and which has
been accurately calibrated in terms of power at the antenna terminals , can also be
injected periodically for calibration. In addition the antenna or a reference antenna
may be occulted by a highly absorbing material (a blackbody) or directed away from the
earth to a position where the temperature is well known . In all of the calibration
schemes , the signal from the antenna is determined by a comparison with an accurately
known standard . With careful design , it is possible to measure the antenna temperature
to an absolute accuracy of less than 1 K.

To obtain the source brightness distribution from the measured antenna temperature
distribution , it is necessary to correct for the smoothing effects of the antenna , which
acts as a spatial filter. For carefully designed antennas with high-beam efficiencies
and low side lobe levels , it is possible to reconstruct the brightness distribution from
the an tenna  tempera ture  distribution to an absolute accuracy of 1 K or better. The
reconstruction can only be performed for those spatial frequency components passed by
the antenna. The high spatial frequency detail beyond the resolution of the antenna is
irretrievably lost (3].

SOURCE RADIATIONS

The microwave radiation received from the earth ’s surface is composed of the radia-
tion emitted by the surface , the radiation emitted by the atmosphere between the observer
and the surface and the downwelling atmospheric and cosmic background radiation reflected
or scattered from the surface to the observer. Further , the radiation emitted and
reflected from the surface is attenuated by the atmosphere between the surface and the
observer.

The emission , absorption, and scattering of the atmopshere is primarily dependent
u po n the gases , of molecular oxygen and water vapor and the hydrometeors of fog , clouds,
rain , hail , and snow. The absorption and emission of water vapor at microwave frequencies
is due to resonance lines at 22.235 and 183.3 GHz plus the far wings of higher frequency
lines [41 , [5], [6] . It is, of course , highly variable and most important at frequencies
above 10 GHz. Absorption by oxygen results from a blend of lines between 50 and 70 GHz ,
of which 40 or so are s i g n i f i c a n t  and a single l ine  at 118.8 GHz (7],~~8},(9). It is
relatively constant and does not change much with time of year or latitude . The water
droplets in fog and clouds are of the order of 0.1 mm or less in diameter so that for
frequencies below about 100 GFIz scattering is negligible and the extinction of radiation
is due primarily to absorption [10]. Further the absorption is proportional to the total
mass of water along the path of propagation and is independent of the drop size distri-
bution. The loss in ice is very much less than in water and the absorption of hail , snow
or ice clouds is generally negligible except for wet snow where the loss may be as large
or larger than for rain. However scattering can be significant , especially for hail.

The zenith attenuation of the atmosphere (1 neper = 4.343 dB) is given in Figure 1
as a function of frequency for the atmospheric constituents of molecular oxygen , water

— S ~~~~~~~~~~



vapor and two types of clouds usi :  I a ~tandard model atmosphere. The at tenuation due to
water vapor was calculated for 3 gm/cm of precipitable water. Although this is a
typica l  value , i t  may range from twice as large , under hot humid conditions , to almost
nothing for dry cold polar air. Therefore the attenuation due to water vapor varies from
neg l igible  to twice or more t~ an t ha t  shown . Seventy five percent of clouds contain less
liquid wat~ r than 0.015 gm/cm , labeled light cloud , and ninety five percent less than
0.45 gm/cm , labeled heavy cloud in Figure 1. Atmospheric windows occur below about
18 GHz and in the vicinity of 30, 90, 140, and 220 GHz.

The size distribution of rain drops depends upon the rain rate but the mean diameter
is usually near one to a few millimeters. Therefore scattering is very important at
microwave frequencies [10]. Calculations of the total extinction including both absorp-
tion and scattering losses for rain using an exponential rain drop size distribution and
Mie scattering theory is shown in Figure 2 for different rain rates for several different
microwave frequencies. The extinction due to rain is usually the predominant atmospheric
effect and can be total especially at the higher frequencies.

The brightness temperature of the sea for both vertically and horizontally polarized
radiation and for a diffusely scattering surface such as grass or vegetation as viewed
from just above the surface at 37 GHz was calculated as a function of viewing angle ,
using the standard atmosphere and light clouds of Figure 1, and is shown in Figure 3.
These calculations are for a calm , smooth sea. However the brightness temperature also
depends upon the ocean surface roughness [ll],[l2],[13],[14]. The horizontal component
is most sensitive; increasing with viewing angle to roughly 1 K per (M/sec) of wind speed
at about 50 degrees incidence angle. The vertical component is nearly independent of
surface roughness in the vicinity of 50 degrees and decreases with increasing wind speed
at viewing angles greater than this. The roughness dependence arises from two effects.
The first effect results from the increasing roughness of the compact water surface and
the second effect from the increasing coverage of white caps and sea foam streaks with
increasing wind speed. Both effects increase with wind speed and frequency and depend
upon the incidence angle and polarization . The surface roughness effect is closejy
coupled to the local wind field; rapidly responding to changes in the local wind and
hence is relatively insensitive to the energy content of low frequency gravity waves.
Evidence indicates that  it is primarily dependent upon the mean square sur face  slope and
is thus due to surface waves of dimensions comparable to and shorter than the observa-
tional wavelength . The sea foam effect results from the increase in the effective
microwave emissivity caused by the distortion of the surface by the foam bubble structure ,
and its increasing co ierage with wind speed . The determination of the wind speed depen-
dence is complicated Ly the fact that the foam coverage of the sea surface and the
roughness effect depend , not only on the local wind , but also on the air-sea temperature
difference , the duration and fetch of the wind , as well as on the history of the wave
spectrum of the sea area being observed . Note also the large reflected sky component
near tLe horizon for horizontally polarized radiation from the sea. The brightness
temperature of the diffuse land surface is very nearly equal to the physical temperature
of the surface and is nearly independent of viewing ang le and polarization . This high
emissivity is typical of grass , weeds , forests , and vegetation covered surfaces [15].

The microwave signal of the turbulent wake from a ship is similar to that from sea
foam. The greater radiation from the wake is due to che disruption of the surface and
the resulting somewhat tapered interface providing a less abrupt transition from the air
to the high dielectric constant of the sea. This provides a better “match” between the
sea and f r e e  space , i n creasing the radiation above that from the undisturbed sea.

Oil on the surface of the sea damps out the small scale wave structure and resu’ts
in a reduction in the microwave signal. The magnitude of the reduction depends upon the
marine wind speed and observational frequency , polarization , and viewing angle but
usually is less than about 5 K. Thus the oil slick will appear as a slightly colder
region unless the oil film ha~ a thickness approaching a small fraction of the observa-
tional wavelength in the oil; a few tenths of a millimeter or so. In this case the oil
film , with a dielectric constant between air and sea water , acts as a matching layer and
increases the microwave radiation from the sea by an amount depending upon the thickness
of the film and the observational wavelength. The thick regions then appear as bright
spots on the slick area and it is possible to estimate the volume of oil present by the
magnitude of the signal [161.

The microwave signal from snow fields , glaciers [17], an~i sea ice [18] is dependent
upon multiple internal scatte’ing . Snow depth , crystal sizes , degree of melting , ice
roughness and age , which is rei oted to the brine content of the ocean ice , all play a
part in determining the brightne.s temperature . However it is generally much higher than
the sea and icebergs and sea ice appear in strong contrast against the sea background and
polynyas and leads in the ice are easily located . It is possible to interpret the
microwave signals in terms of snow accumulation , ice age and type , and ice concentration
which governs the heat loss through the ice pack and is of great importance in weather
prediction.

The brightness temperature of the ocean at nadir as viewed from above the atmosphere
was calculated as a function of frequency using the standard atmosphere and light clouds
of F igure  1 and is shown in Figure 4. The contributions of the atmosphere and ocean are
also shown separa te ly .  Ocean roughness effects will increase the brightness temperature
roughly 1 K per m/sec of wind speed . Although the emissivity is different for various
t e r ra in  and man-made f ea tu res , it is usually close to unity compared to water and thus
the brightness temperature of the land is general ly more nearly equal to the physical
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temperature of the surface . There w i l l ,  of course , be inhomogeneities in both the ocean
and land backgrounds due to clouds , rain cells , whitecaps and various terrain features.

A metal object will emit no microwave radiation but will reflect the atmospheric
radiation , or if it is above the atmosphere , the galactic and extragalactic radiation
[1), incident upon it and will appear cool in con t r a s t  to the earth background. The
incremental brightness temperature of a reflecting target above the atmosphere is, except
at frequencies below a few GHZ , where the effects of the ionosphere become significant ,
the difference between the cosmic background (19), 2.8 K , and the brightness temperature
of the surface below. Thus the incremental temperature is between 100 and 300 K depe-~dingupon f requency and the background. The incremental brightness temperature for a ref le-
cting target near the surface below the atmosphere over both land and ocean was calcula-
ted using the standard atmosphere and light clouds of Figure 1 and is shown in Figure 5.
In this case the target signal decreases rapidly for frequencies above 100 GHz and is
increasingly weather dependent for frequencies above about 18 GHz. However the higher
frequencies would be very effective in the polar regions and would still provide some
measure of weather penetration below polar latitudes.

Detailed measurements of the microwave emission from rocket exhaust plumes as a
function of frequency , fuel type , thrust and altitude are not available. Transmission
measurements through the plume at 0.4, 1.6 , 2.2 , 10 and 35 GHz and emission measurements
at 0.4, 1.6 and 2.2 GHz of the plume for approximately 800 pound thrust rocket motors
have been made by Balwanz and Lee [201,121]. The absorption measurements show attenuation
of greater than 30 to 40 dB at frequencies of 10 GHz and below but no appreciable signal
loss at 35 GHz. The emission measurements indicate an equivalent blackbody temperature
of 2000 K to 3000 K; comparable to the burn temperature in the plume. Earlier measure-
ments by Balwanz indicated an equivalent blackbody temperature of 20,000 K at 10 GHz.
The lower equivalent temperature of the recent measurements may be due to a more dense
plume which becomes opaque , at the measurement frequencies , in cooler surface regione
before inner , higher temperature gas , observed pj~vious~y in a less dense plume , was
reached . Electron densities of approximately 10 (cm ) are inferred from the absorp-
tion measurements. This electron density probably persists to altitudes of 40 miles or
more for although the ionized region grows from approximately the size of the rocket at
sea level to perhaps thousands of feet in length at high altitudes the reconthination rate
decreases.

Although the burning plume is not necessarily in thermodynamic equilibrium and hence
emission and absorption may not balance at each frequency, in the absence of anything
better , we calculate the emission based on thermodynamic equilibrium . The brig htness
temperature of a uniform, ionized gas is given by

T B = T(l — e T ), ~8)

where Te is the electron temperature and t , the optical depth , is given by

3 2 T 3/2

I [19.8 + ~n ] dx. (9)

Here N is the number of electrons per cm3, v1~ s the f~~ quen~y in liz , and x is in cm. The
brightness temperature calculated for N = 10 and 10 cm by taking Te = 2500 K and
the thickness of the plume as 199 cm~~s shown as a function of frequency in Figure 6.
An electron density of 3.7 x 10 cm and the above conditions result in 40 dB or more
a t t enua t ion  at 10 GHz and lower frequencies and less than 3 dB attenuation at 35 GHz;
consistent with the absorption measurements of Balwanz and Lee. It is also consistent
with the equivalent blackbody temperature measured at the lower three frequencies.

MICROWAVE SCANNING SYSTEMS

The National Aeronautics and Space Administration (NASA) Passive Microwave Imag ing
System (PMIS) [2 2 ]  operates at 10.69 GHz and is mounted in the bomb bay of the Lockheed
Electra NP3A (NASA 927) aircraft behind a carefully designed low loss radome . The
antenna is a dual-polarized , two—dimensional , phased array antenna 1.0 m by 1.1 m in
size. The array is electronically stepped to provide a conical scan of the beam in the
forward direction, at a constant angle of incidence on the surface of 49.5 degrees , to
scan l imi ts  of 35 degrees in az imuth  on ei ther side o~ th e a long—track  d i r ec t ion .  Two
orthogonal linear polarizations , lying in , and perpendicular to , the plane of incidence
at the center scan beam position , but r o t a t i ng  wi th  scan angle , are received . The beam
varies in size from 1.8 degrees in the azimuth direction by 3.0 degrees in elevation at
the scan center position to 2.7 degrees by 3.0 degrees at the scan edges. This results
in an elliptical projection on the surface and about 22 independent beam positions or
resolution cells across the swath width. The minimum practical operational altitude for
which contiguous scans and an acceptable signal—to—noise are achieved is about 500 m at
an a i r c r a f t  speed of 100 m/sec. This requires 1.6 scans/sec and provides a swath width
of 670 m and a surface resolution of 30 m cross—track and 62 m in the along-track direc-
tion. The receiver RMS noise output , AT , integrated over each resolution cell for the
above conditions is about 1.5 K. The in~ trument undergoes a short calibration sequencea t the end of each scan . 
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The U. S. Coast Guard Airborne Oil Surveillance System Passive Microwave Imager
(AOSS-PMI) [23] operates at 37 GHz and is mounted in a U. S. Coast Guard C-130 a i r c r a f t .
The antenna is a dual-beam , phased array approximately 0.20 m by 0.43 m in size. The two
beams are identical and are opposed to each other at 44.6 degrees to the array normal.
The antenna is mounted in the aircraft with the array normal directed at nadir and the
antenna is mechanically scanned by spinning about th is  axis causing the dual beams to
rotate in a conical fashion and provide a circular  scan on the su r face .  The receiver
input is continually switched to the forward antenna beam in synchronism wi th the antenna
rotation. The beam width is 2.8 degrees in az imu th  and 2 . 0  degrees in e levat ion providing
a circular beam spot on the surface . The instrument is calibrated during the 18 degree
port ion at both ends of the hemic i rcula i  scan and measurements are made during the 144
degree central portion. There are 27 independent resolution cells across the swath
width .  The minimum altitude for which contiguous scans are achieved at an aircraft speed
of 100 rn/ sec is 500 m , which corresponds to an antenna rotation speed of 88 revolutions/
mm or 2 . 9  scans/sec. This resu l t s  in a swath width of 940 m and a surface resolution of
34 m. The RMS noise per resolution cell under these conditions is about 2.0 K.

The Naval Weapons Center Microwave Radiometric System (MICRAD ) [24], [25] opetates at
33.6 GHz and has been mounted in both an OV-l0 and a C-130 aircraft. The antenna system
is compos ed of thr ee cassegrai n pa r abolas , wi th  a 0.61 m diameter , mounted 120 degrees
apart on a rotating axis which is installed at an angle of 30 degrees to the hor izontal
in the aircraft. A switching matrix alternately connects the receiver input to each
successive antenna in turn to provide a continuous mechanical 120 degree sector scan ,
about the rotation axis , centered on the aircraft ground track. The angle of incidence
of the scanned beam on the surface varies from 30 degrees at the scan center to 64 degrees
at the ends of the scan . This 120 degree scan about the rotation axis projects to a scan
width on the surface of 148 degrees in azimuth centered on the flight direction . The
beam width is 1.1 degrees , prajecting 109 elliptically shaped resolution cells across the
swath on the surface. Because of the greater slant range and incidence angle , the surface
resolution degrades by about a factor of two along the track and by about a factor of
four in the cross-track direction as the scan edges are approached . The maximum antenna
rotation rate is 240 revolutions/mm or 12 scans/sec. At an aircraft Speed of 100 m/sec
contiguous scans can be obtained at altitudes as low as 325 m. This provides a surface
resolution of 7.2 m cross track and 8.3 m along the track in the central portion of the
scan. The RMS noise per resolution cell under these conditions is about 2.6 K.

The Naval Research Laboratory Millimeter Wave Imaging System (MWIS) [26] is very
versatile since it incorporates an oscillating mirror and interchangeable antenna/radiom-
eter units making it particularly adaptable to variations in its operational frequency,
po la r iza t ion , and resolution. It was flight—tested using the NASA/Wallops C— 54 aircraft
(NASA 4 2 7 )  and is current ly  ins ta l led in the Naval Research Laboratory P3—A aircraft
(BUNO 149670). It has been operated at 90 GHz , simultaneously at 22 and 31 GHz , u sing a
dual frequency antenna/radiometer , and will be used at 140 GHz in the near future. An
oscillating elliptically shaped mirror , mounted at an angle of 45 degrees to its rotational
ax is , is used to scan the beam of the antenna at a constant angular rate . The rotational
axis is aligned with the keel of the aircraft thus the antenna beam is scanned back and
f o r t h  pe rpend icu la r  to the f l i g h t  direction and generates a zigzag raster on the ground
with aircraft motion. The uniform rate z igzag  is preferred over the more easi ly  imple-
mented sinusoidal scan because the time required to scan each resolution cell over the
entire scan width is the same; whereas , the sinusoidal scan moves at a ir/2 greater rate
at the scan center , where optimum measurement is desired , than at the scan edge. The
mirror can be scanned at rates up to 640 degrees/sec and it reverses direct ion in less
than one millisecond. The scan width is 64 degrees centered on the ground track resulting
in a maximum of 10 scans/sec. The 90 GHz radiometer uses a horn-lens antenna wi th  a 2
deg ree beam providing 32 resolution cells across the scan . The projected beam spot
increases s l i gh t ly  in s ize  and varies from c i rcular  at center scan to slightly elliptical
at the scan edge . Both the reduction in resolution and departure from c i r c u l a r i t y  are
less than 18 percent .  In order to obtain contiguous beam spots at the edge of the z igzag
sca n , the scans must  be spaced at one—half  beam spot in te rva ls  at the center of the scan.
Thus the e f f e c t i v e  scan ra te  is 5 scans/sec. At an a i r c r a f t  speed of 100 m/sec , t h i s
corresponds to a min imum a l t i tude  of 570 m and a su r face  resolut ion of 20 m at scan
center .  The R~4S noise per resolution cell under these conditions is about 2.5 K.

Th e Elec t r ica l ly  Scanning Microwave Radiometer (ESMR) [27 ]  was launched on the
NIMBUS 5 satellite in December 1972. The system operates at 19.3  GHz and uses a p lanar
phased ar ray  an tenna  wi th  an aper ture  area of 0 . 8 3  m by 0. 86 m. The an tenna  is l inear ly
polarized in a direction parallel to the spacecraft velocity vector. It is mounted
horizontally and electrically scanned perpendicular to the spacecraft velocity vector
from 50 degrees to the l e f t  of nadi r , th rough  nadir  to 50 degrees to the r igh t  of nad i r
in 78 discrete steps every four seconds. The beam-width is 1.4 degrees by 1.4 degrees at
nadir but degrades to 2.2 degrees cross-track by 1.4 degrees in the along-track direction
at the scan edges. This results in about 57 independent resolution cells across the 100
degree swath width. At an altitude of 1100 km the swath width  is 3300 km and the s u r f a c e
resolution varies from 27 km by 27 km near nadir to about 49 km along-track by 175 km
cross-track at the scan edge. The RMS noise per resolut ion cell is a p p r o x i m a t e l y  1.5 K.

A second ESMR opera t ing at 3 7 . 0  GHz is part  of the NIMBUS 6 ( 2 8 )  s a t e l l i t e  launched
in June 1975. I t  also uses a p lanar  phased a r ray  an tenna  but both the v e r t i c a l l y  and
horizontally l i nea r ly  polar ized components are measured . The a r ray  is mounted nea r ly
v e r t i c a l l y  in the s a t e l l i t e, f a c i n g  fo rward .  The beam is e l e c t r i c a l l y  scanned ahead of
the spacecraft, along a conical surface , 

~~~~~~ 
degrees in azimuth in 71 discrete steps .

The angle of incidence on the s u r f a c e  is n o m i n a l l y  50 degrees but  va r i e s  about + 0 . 6
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degrees across the scan. The beam-width varies from 0 .95  degrees in az imuth  by 1.00
degrees in elevation at the scan center to 1.17 degrees by 0.84 degrees at the scan
edges. There are roughly 42 independent resolution cells across the scan width .  At an
a l t i tude  of 1100 km the swath width is 1200 km and the surface resolution varies f rom
about 42 km along track by 26 km cross-track at center scan to 3 km by 32 km at the scan
edge .

Also on NIMBUS 6 is the f ive—channel  Scanning Microwave Spectrometer (SCAMS) [29]
operat ing at 2 2 . 2 3 5 , 31.650 , 52. 850, 53.850 , and 55 .450  GHz . This system uses three
corrugated horn antennas; one each for the 22.235 and 31.650 GHz channels and one for the
three 50 GHz channels.  The beams are scanned mechanically by ro ta t ing  mir rors  in f ron t
of each horn. The mirrors are inclined at 45 degrees to the electrical axis of the horns
and th is  axis  is aligned with the spacecraft  veloci ty vector; thus the beams are scanned
cross—track , through nadir and around through zenith . A 360 degree scan requires 16
seconds. Thirteen earth data samples, each taking one second , are taken in 7 . 2  degree
steps between +43.2 degrees of nadir. During the remaining portion of the scan the beams
view cold outer space and an absorbing disc mounted in the spacecraft for cal ibrat ion.
All of the antenna beam widths are 7.5 degrees given 13 resolution cells over the swath
width. At an altitude of 1100 km the swath width is 2600 km and surface resolutions of
approximately 145 km at nadir and 220 km along-track and 360 km cross-track are obtained.
The RMS noise per resolution cell varies from about 0 . 2  K for the 22 and 31 GHz channels
to about 0.5 K for the three 50 GHz channels.

A Scanning Multichannel Microwave Radiometer (SMMR) [30] is scheduled to be launched
on both the SEASAT satellite in May 1978 and on NIMBUS G in October 1978. The system
will operate at 6.6, 10.69 , 18.0, 21.0, and 37.0 GHz. It will use a single multifrequency
corrugated horn to illuminate an of fset parabolic reflector . The reflector is elliptically
shaped , measuring 1.10 m by 0.79 m, and will rotate about a vertical axis resulting in a
conical scan pattern with the angle of incidence on the earth ’s surface constant at 50.3
degrees. On NIMBUS G the scan will be +25 degrees in azimuth centered on the satellite
ground track to produce a swath width of about 800 km. The scan will be offset on SEASAT.
The beam width will range from 4 degrees at 6.6 GHz to 0.7 degrees at 37 GHz producing
surface  resolutions of about 100 km cross—track by 150 km aiong-track at 6 . 6  GHz to 17 km
by 27 km at 37 GHz.
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INTR ODU CTI ON

In the previous paper the basic principles of riicr wave Ra~1iometry a~ p 1iei
ocean survellance applications have been described , together wi’ n the c ha r a c t - .- r-
istics of the imaging hardware that has been i-ve lop . - o a r -~ exorn~.~ .-s of h-  oo ’ ~.utswhich they are capable of producing .

In this paper the  c h a r a c t e r i s t i c s  of s a t e l l i t e  box- : - -- P~-~b oyst -rrn o w h i c h  h a y - -  ) - -
studied by BAC Space Systems will be described ir~ terms -~~ ‘Jeir p~- ’ en ’ia~ sersi—
t iv ity in meas uremen t of p h y s i c a l  parameters  t o g e t h e r  w i t h  t h t ~ o p a t i al r e o o i u t i o r
and global coverage achievable. The application of similar ’ t — :~b ri qu-.- -.~ to aiz- :r-aft
borne systems is also discussed.

BAC Space Systems Group has been involved on the study and api- ica ion of r ert -~-
sensing techniques to earth resources surveys for a number of years . The most
re levan t are :
— SARSAT and SARLAB Studies for ESA of (l973-7~~) fynthetic Ap-- rtu re Radar (with

Thorns on-CSF).
— SKYLARK Sounding Rocket programmes carrying visual sensors for eart.C resoox- e~-s

surveys (1972—73).
— PAMIRA SAT Stu dies of Sate l li te borne  Pas s iv e Mi c rowave  Ra diomet ers ( l~ 7’-77).
— Nimbus-G SMMR Exper iment  team , p a r t i c i p a t i o n  in Algorithm developrner t a : d  g r o u n d

tru th da ta co l l e c t i on .

It is the experience and results of the latter two t h a t  w i l l  be l a rge ly  uo -d f o r
the mater ia l  presented in th is  paper , and the au tho r s  t h a n k  ESA , NASA the  Ui ’.
Depar tment  of I ndus t ry , and BAC for  pe rmiss ion  to p u b l i s h  t h i s  m a t e r i a l .  Nev--r-
th e less , the views expressed in this paper are solely t h o s e  of the  a u t h o r s .

2 CHARACTERISTICS OF A SATELLITE BORNE PASSIVE MICROWAVE RADIOMETER SYSTEM

2.1 GENERAL

The satellite borne systems studied have been aimed at global sensirg of the
Ear th ’ s s u r f a c e  and of the atmo3phere , w i t h  p a r t i c u l a r  emphasis  on the remote
measurement of the cha r ac t e r i s t i c s  of the oceans , po l a r  ice caps and t h e  an r c s-
phere for :
— Met eoro logy
— Clima to logy
- Oceanography
— Applications (Ice Mapping , Ship R o u t i n g , Wave Data Collection and Forecasting,

e t c . ) .

Al though  the requirements  of any sy s t em desi gned for ocean survellance differ
considerab ly from those for the types of mission above , primari ly in respect of
spat ial resolution , the basic characteristics of a satellite box-ne passive micro-
wave system remain relevant.

These characteristics may be varied considerab ly to match the required rniissi.. n
objective , and in this section the way in which the system variables interao ’. will
be s t u died so that  poss ib le  opt ions  can be i d e n t i f i e d .

The sys tem essen tial ly cons i s t s  of th ree elements :
- Satel li te
- Sensor Payload
— Ground Segment (including Satellite/Ground Link.)

Although the latter is an essential part of the syste~i and in many ways has the
most immediate  impac t  on the user , the first two parts of the system are highly
i n t e r a c t i v e  and have the most s i g n i f i c a n t  e f f e c t  on the  overa l l  s y s t e m  p e r f o r m a n c e
and hence receive prime attention in this short review .

In princi ple , observa tions of the thermal emission from bodies or media in the
natural environment can be made in the ‘ra d io ’ band over an extremely wide wave-
length or frequency range . This range can extend from the VHF , through the UHF
and microwave to the fringes of the infra-red portions of the spectrum.

There are two main  f a c t o r s  w h i c h , for  spaceborne  PMR sys tems , will limi t the usable
ex tent of the above spectrum to a relatively well defined region in the microwave .
These are :-
- A tmosp heric  absorpt io n
- Ant enna d imensi ons
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Emissions from the Earth’ s surface at wave 1er~~ths smaller than 0.75 cm (i.e. it.
U -  mi - r o w o v e  band  at f r equenc i e s  above 40 GHz) axe increasing ly abs- rhed by
various atmospheric media as they pass to ou te r  space .  The m a i n  c o n t r i L - u ~ ors to
this abs n-pt ion are H20, ~ 2 and 0 3.

At wavelengths gr ater than 0.75 cm , the neutral atmosphere is rel a’i vC-l y trans -
parent arid car be utiiised for Surface obSer- v~ tiOn from space. However , due to
the long observati on ranges involved in spaceborne remote sensing t ie ant C - n r a
dimensions (see 2.2.2) beco’-e increasingly large for a given spatial r- - soiution
on the Earth’s surface. Because of this the practicable upper wavele ngth limi t
to PMR observations from space is around 30 cm (frequen cy - 1 0Hz) and in general
observation charrnels in t in - 0.75 cm to 6 cm band are utili sed.

Wavelengths shorter than 0.75 cm can , of course , t-e used for atmospheri c , rather
than surface , observations — there being many gaseous spectral line emission
features below t h i s  wavelength which are of interest to practical meteorology and
the atmospheric sciences .

An essential characteristics of the -satellite/payload system to be studied is the
use os a multispectral technique t obtain quantitative measurements of the physi-
cal parameters of interest to the user.

The basic system variables considered are :
— Brightness Temperature Sensitivity
- Spatial Resolution
- Scanning Geometry (Swath Width , ‘look’ Angle , type)
— Satellite Altitude/Speed
— Orbit/Coverage/Repetition Rate
- Time of Day

The fundamental way in which these variables interact are discussed in the
fol lowing secti ons .

2.2 BASIC VARIABLES OF THE SATELLITE/PMR

2.2.1 Brightness Temperature Resolution

A radiometer antenna orientated towards a remote body which is emitting thermal
ra dia t ion wi ll , as far as the input signal to the radiometer - receiver is concern ed ,
appear to have assumed a radiation temperature Ta whose value directly corresponds
to the level of radiation intercepted by the antenna. Measurement of Ta b~ an
appropriately calibrated receiver will then allow the remote ‘emitter ’ to be
assi gned a ‘bri ghtness temperature ’ this being the temperature at which a perfect ,
black-body within the IFOV (Instantaneous Field of View ) would  have to e x i s t  to
give the same level of intercepted radiation. Knowing the emission characteristics
of the remote body it should then be possible to invert the measurement and
associate the measured brightness temperature with particular aspects of the body ’s
phy s ica l  s ta te.

The maximum achievable thermal reSolution (AT) of the radiometer is generally de-
fined as that change in Ta which produces a corresponding dc— signal change in the
radiometer output equal to the latter ’s rms noise voltage . This resolution can
be shown to  be given by:

AT = K (Ts + Ta) 2.1

/ B r

where  Ts = recei ver sys tem noise  temp erat ure
B = receiver RF bandwidth (Hz)

in tegra t ion ti me (secs )
K = a constant whose value depends on radiometer type

As is obvious , the smaller the value of AT then the more sensitive is the radio-
meter.  Thus , highly sensitive radT~meters will be designed to have low values ofTs , wide predetecti on ban d wi dths (B) and/or long integration times (c) over which
the  IFOV d w e l l s  on a p a r t i c u l a r  e m i t t i n g  regi o n .

Curren t space-flyable technology using non-cooled solid state techniques may allow
the achievement of receiver system noise temperatures in the F~ H band of bet we - n. a
f0w hundred to a thousand or so degrees K. Appreciably better (i.e. I w o  r)
values of Ts could be obtained by use of cooled or non-cooled parametric amplifiers .

The value f t i e  selected predetection bandwidth (B) will be both a function -~f
e l e c t r o n i c  des ign c o n s t r a i n t s  and the  need to avoid those busy regions of the 0Hz
spectrum in which unwanted reception of man-made signals (e.g. from ground-based
radars ) may occu r . Gene ra l ly  the  l a t t e r  is the  most dominan t  i n f l u e n c e  w i n h  the  -

~~~ --- ~~~~~~~~ ~~—



~
- -

~
------ ---

~ ~~~~~~~~~~~~~~~~~~~

- - -

most suitable channels for spaceborne PMR being those ‘quiet’ but narrow bands
reserved for the exclusive use of the radio astronomy service. There are approxi-
mately 10 or so su ch  bands in the 5 to Ia 3Hz region , their main disadvantag .- b - -i n g
simply their narrowness (generally a few lu ’s of MHz).

The integration time -t is a function of the mode of ~boervation emplo y~- d (e.g.
scanning or non—scanning) and the dimensions of t i e  IFO V.  The co - ro t~snt K -usual~ yassumes a value of 2 for most suitable receiver designs.

Given the above , achievable values of AT within th- - PMR band generally range from
a few tenths of a degree K to several degrees K.

2.2.2 Spatiai Resolution

The spatial resolution of a radiometer is generally defined as the dia~~ ter of theground ‘footprint ’ generated by the radiometer ’s instantaneous field of view
(IFOV). This is obviously determined by the beamwidth of the antenna used on the
radiometer with the ‘footprint ’ contours usually taken as being those at the half-
power (—3db ) limits of the antenna ’s reception beam-pattern .

At the above limits , we have , very approximately :

F l.2Xd . . . . 2.2

D

where F = footprint diameter (kin )

D an tenna diame ter (m et res )
d = observation range (k m )

A observation wavelength (metres)

Examination of the implications of this very basic relationship clearly indicate
that PMR ca n onl y realise reso lut ion leve ls- wh ich are meas ureabl e in ki lomet res .
This contrasts strongly with the metre-level resolutions which are obtainable by
current spaceborne surveillance sensors which either operate in the visible region
of the spectrum or u t i l i s e  active microwave techniques which are able to synthe-
size extra large apertures through coherent processing.

Range 800 km.
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Wh i le , in p r in c i p l e , i t  wou ld  be p o s s i b l e  to u t i l i s e  very l a rg- -  a n t e n n a s
improve PMR resolution a limitation is set by the need to emp y a n t e n n a  sun-l aces
or a reflectivity high enough to ensure good radiometric performance within the
‘ r a d i o m e t r y ’ b a r d  (5 — 40 3Hz). This means that solid surface , rather ti an mesh
( a r i d  thus deployable), antennas must be used . Wi th this constraint a strong
limitation to usable antenna diameter- will be imposed by the shroud dimensions of
the launch vehi cle used in the missi n . The effects of t h i s  i m p o s i t i o n  are
c l e a r l y  Sn ewn i nn Figure 2.2—1 w hi ci rOla t O a typ ical launch vehicles with p ra cti-
cable ani te nirn a diameters and thence to aci.i ~vOL ~ ground resol u t i o n i s  at an tOO ~ne.observation range , typical of an in-orbit situation .

2.2.3 Scanniin. ~ Geometry

In order to generate an image with a PMR i n s t r u me n t , it is necesSary ‘o  pni yi u a li y
scSn  the  a r i t  enna over the angle s u b t e nd e d  by the swath desired on tb- E a r - h ’ s sur-
face. Th -re are nw o principal ways of effecting this scan with -dish r- -flecto r
ant -nnas * (see Figure 2 . 2 — 2 ) :
— 3600 r o t a r y  sc-in
- Sector reciprocation

Given these scanning options , the scan—related parameters which must be consiuer~ -o
are :
— Scan characteristics (continuous/reciprocating).
- Ob s e r v a t i o n  and i n c i den ce ang le
- Scan rate
- Swath width .

These parameters  are shown d i a g r a m m a t i c a l l y  in Figure  2 . 2 — 3  for  the  case -f  a
reciprocating conical scan. Their importance stems from the way that they impact
upon :
— The radiometer integration time (-r ) and hence systen sensitivity .
— The global coverage rate and thus the obzervation repetition rate.
- The engineering implications -of incorporating the scanning antenna on the

spacecraft .

Let  us investigate the above in more detail:

Linear vs Conical Scan

Since the radiometric ‘appea rance ’ of emitting surfaces can be shown to be st r o ng iy
dependent on the angle of observation , it is usual to employ only conically
scanning systems . This ensures that the observation angle (O j )  is a c o n s t a n t ,
the reby  removing  the  i n f l u e n c e  of one va r i ab l e  f rom the  o b s e r v a t i o n  p roce s s .  The
p r o b l e m  remain ing  is , of course , r e l a t ed  to the  s e l e c t i o n  of that  conical  angle
which is an acceptable compromise between the optimum observational needs of a
range of potential observables and the achievement of a usefully wide swath w i d t h .

Observation and Incidence Angle — A n t e n n a  F oot p r i n l

Given the conical scan geometry , the antenna IFOV footprint will , for an antenna
pattern of circular cross-section , be very nearly elli ptical in shape. The major
and minor axes of this footprint will be:

f minor  = ~~~~- . . . . 2.3

I’ maj or = sec G~ . . . . 2.4

where D antenna diameter

d ,0~ are as show n in Fi gure 2.2-3.

Given an orbit altitude of h , then the observation angle a determines the values
of all the factors mentioned above . Consequently, the selected value , m u s t
necessarily be a compromise between the observational characteristics of all
observables and the requirement for a certain footprint dimension. Generally , a
value for a of around 400 has been taken. This is , in fact , the value selected
for the I4I~ BUS-G Scanning iiultifrequency Microwave Radiometer (fII!KR).

Values of d and 0~ f o r  a range of altitude and observation angles are Shown in
figures 2.2—4 and 2.2—5.

It should be noted here that phased array antennas would be able to effect the
scanning function electronically thereby pote n~tial ly easing some of the ~ro h Lems
i n v o l v e d  in i n c o r p o r a t i n g  s c a n n i n g  PMN systems on satlelite platforms . s -- -.- :- ,
arrays possess certain other features features which , in comparison with reflector
a nt ennas , make them unattractive for the purposes of spaceborne FI~R. These fe-~tur esare , among others , hi gh internal complexity, limited multi-frequency capabili~ y,
relatively high system noise levels and r e l a t i v e ly low r e l i a b i l i t y .
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Scan Rate

To gene ra t e  a c o m p l e t e  image , ‘h e  ru ’ - - o f  sca n ou st  be O n  n o  . y n c n r - r. i s - -  w i t h
t h e  s a t e l l i t e  ground v e l o c i t y  such  t h a r  c o n n s e c u t i v - -  scar . pr  ~~~id e  a c~~n . t i g o 4 s scovera ge p u t t - m n .  The l i m i  ing  c o r n ’ i g u i t y  - - I nn  i i  t i  eric i : - ~t t i e r- .i ~~-~ i n t  f -an ,
along the satelli ’ e v - l o c i t y  vector.
We have , fer-  n - c r o n y  a n d  r e - i p i- I o a t i n g  scan :

— Rota ry  S c o r n :
Here t i n e  a n t e n n a  r tar -s t l r- ugh 360 0

Vss 0Scan Rate  R . . . .Ad secO~
where R = scan rate (revs/second )

Vs s S a t e l l i t e  g r o u n d  v e l - ) c i ty

Hence , the i n t e g r a t i o n  t ime  -r f o r  each IFOV is g iven  b y :

A 2 ii s- -

D’ . ‘- I00 sin • 
( secs ) 2 . h

- Reciprocating Scan :

In the  con ica l  case above , the s wf  h w i  st i .  W is ve ry near -  y :

2d s in.. . . . . 2 . 7

Let us assume a reciprocating scan ~ - re ’ ir.g 00-n - ‘t i e  same swath wi- i  r w i t h
an o b s e r v a t i o n  angle a and the  associa~ - -d J , ~~~~~ D .

W e have a > a ( o t h e r w i s e  we w~~u ld not  reach t h e  l i m i t s  of the d e s i r - - d
swath).

and thus  d > d

0 1> 0~
V > D ( t o  ensure  the  same foo l-p r i n t  dirt- nsi.~roo at the  l_ ng --r

range).

It can be shown t ha t :
Vs sD 4 s in 1 P 1 r a d / s -  c )R (mean value ) A d  se VC 211 t ana~

2.8

A 2 d 2 secV 1and t ( s e C s )
D 2 4H Vss tancV sin 1- ( 

W
211 tarn

R and -r for r e c i p r o c a t i n g  and r l t a r y  s y s t e m s , can , inn f a c t , be sh wr - be equal
for the  same swath  w i d t h  and f o . o tp r i n t  d imensi  n o  i r r e s p e c t i v e  of the  v a i s - -  C

iL~~o io r, the value of the mean scan rate  R for the r e c i p r o c a t i n g  sys t ems  is i n . -
ve rse ly  dependent  on the  ma jo r  axis  d i m e n s i o n  of the  f o o t p r i n t . Thus , as s p a ti a l
resolution increases , R , from the engineering desi gn point of view , may reach
acceptably high values . This is so since the scan direc ion must l e rever-ced at
each limit of scan. With a high R , large inertial loadings may be imp s-- d on-n the
antenna structure and bearing assemb ly and significant perturbations i n ec ei  i n -C O
the satellite platform. Therefore , as the proposed level of si a ’ia l reso ..tionn
for a PMR syrr fem is increased a p i n ’ w i l l  be reached  where  the  o n l y  p r a - t i c a t l e
s c a n n i n g  so lu t ion  w i l l  be a ro ta ry  one s i n c e  a s y s t e m  based on pure  r a’i n will
ir n ly  p r o d u c t  a c o n s t a n t  l eve l  of a n g u l a r  momentum w i th  no a c c e l e r a t i o n s  or p - - n ’-
terbing forces . For exampi- - , examinations conducted within the PAPIPASAT u dy
(see  Sec t ion  3) i n d i c a t e d  t h a t  for  a PMR s y s t e m  intended fo r  g r o u n i l  s p a t i - o .
r e s o lu t i o n s  of the order  of 10 Km a ro ta ry  s o l u t i o n  was s t r ong ly  ~.r e f - - r r - l .

O b v i o u s l y , the va lues  des i red  for  -r and W , the  r e s u l t a n t  va lue  f o r  R and the
s e l e c t i o n  of o p t i m u m  s c a n n i n g  S o l u t i o n  are a l l  c l o s e l y  i n t e r — r e l a t e d .  i~ , C r
bo th  ro ta ry  and r e c i p r o c a t i n g  s o l u t i o n s  the valu--  of is s t r o n g l y ,  b~~ i n v C r s e ly ,
dependent  on P t h e n  the  r e q - n i  red Ea r th  c v - -rag ..- c n a r - i - t e r i st i c s , w h i c h  an - -- l e t -  r-
mined by the va lue  of W and the  j n b i n ~ r e p e l i i n  r-a ’ e (see 2. .5 , ro~.o also be
brough t into consideration. Generally spe aki-C , ana lysis has in . r a t- .d C ha
v a l u e s  f o r  W s h o u l d  not  si g n i f i c a n t l y  e x c e e d  1, km fo r -  r e a l i s a t io r  u f  u s a t l e
performance. 
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Fi gnn — - s 2.l— ’~L..) a n d  (b) are included to illustrate the footprint scan p att --r n
n - n - ‘ti. - scanning I t-l b on N 1 M B U S — G .  S in c e  the  i n s t r u m e n t  is a m u l t i — f r e q u . - n ~~y O n - C
u s i n g  a s i n g l e  -jet -n in a (a) - m d  (b) sinow the scans for the hi ghest (37  3 H z )  a n d
1 w i - -n ’  ( o . 6 G l i z )  fn - .~ j u e r - y  r espee.t ve ly . As w i l l  be f u r t h , - r  d i S c u s s e d  in

O c t i O n  3, i n n  S u c h  m u l t i — f r e q u e n c y  i n s t r u m e n t s , the scan ra te  m a l t  be selectei on
n h -  b a s i s  Q~

’ ‘ t i e  oni a i l - -st . f o o t p r i n t  d i m e n s i o n  tt  - - n .  u re  ‘ i a t  a c- nnnple’ ~- image is
o b ta ined  a n  a l l  • L s e r v - .mt i o n  frequencies . This  does mean , h o w e v e r - , th an t i n e  n - a t - -
of so- a n n is ‘ t~.o h i g i n  ‘ j r  n o n — o p t i m u m  for  a l l  b u t  the h i  g n o ~;t  f r e q o - r o y  c - h a r n .--l  and
t h a ’. the i n t e g r a t i o n  t ime on a n y  lower  f r e q u e n c y  cb~~n nnnel is not as high as i’
c o u l  n be i f  n n i ,  n - a t e  w. - mn- s e l e ct - - d  on t he  b a s I s  of the  f~1 n.pr i  no d i m e n s i o n  o b t a i n —

-- 1 o n m a t  c h a nn e l .

C 
~~ or~ i t  Pa ra m e t e r-s

Tin,.- orbit selected for a particu lar Ear-t n -jL-ser - io ti cnn m i s s i o n  will be the result
ot~ careful Cenns id - -na’ ion of u :n .-n- requirements a r id  the  need to avo id  e x - - ssive
air- drag ,-ffe - to . - n - h fringes of 4 -- atnn o.npi ’.- r-I .

c o n ~ m i s s i o n s  in . ’ -nd - 4 f o r  r e l a t i v e l y  l - - r g t h y  life times (several years ) tt.e air
i r a ~ c o n s i d e ra t i o n  w i l l  impose a lower altitude limi t to orbit selection , of a round
500 .ant and for ~~~~~ genera l  c lass  of m i s s i o n  to  w h i c h  spacebo rne  PMR is l i k e l y  ‘c
apply urn  upp- -r- a l t i t u d e  l imi t w o u l d  be e x p e c t e d  to- be around 1,000 km.  This up-p -r
limi t is particularly si gnificant since achievable spatial resolution decreases
dir--ct y wI th inur--asing alti ’ u lon .

The precise orbit characteristics will depend on the mission requisites of pot--n. -
tial system us- -ro who will express their requirement in the following terms :

- Geographical Coverage :

This is dete rmin ed by the inclination selected for the orbit. Highly inclined
( i %  ~u °)  rUt s  will allow global or near global coverage .

- - --m ximurn Time Interval (I) Between Observations :

This is the maximum time acceptable between consecutive observations of a given
Ea r t h  s u r f o c - l o c a t i o n .

- Rate of Area Coverage :

This is a factor closely related to I and is the rate at which coverage of an
extensive geographical area is built up. If sensor swaths were very wi l with
a high degre e of day-to—day overlap it mi ght be possible (see below ) to cover
a sizable percentage of the Earth’ s surface in periods much less t h a n - . I .

- Ground  Track Pa t t e rn :
i’or low a l t i t u d e  o r b i t s  the ways in which the satellite ground track pat -~mr.envelopes the terrestrial sphere are many and varied and will o_nopl ete ly lot-or-
mine the coverage characteristics mentioned above . The two orti’ al paramet - rs
w h i c h  are of interest here are :

The o r b i t  pe r iod  P where , for a circular orbit:-

P 2mr
%/~~~ 

. . . . 2.10

i n w h ich fl = orb i t  rad ius
G gravitational constant

M = Earth’s mass

The orbit inclination i
G i v e n  an o r b i t  w i t h  p a r t i c u l a r  va lues  of P and i two i m p o r t an t  c - n d i ’  I one
can arise. These are :

( i ) Sy n c h r o n i s m  be tween  the d e v e l o p i n g  s a t e l l i t e  ground t r a - k  ca l  ‘ he
t e r r e s t r i a l  r o t a t i o n  rate r ( 2mn /T where T is the length -f  a
Sidereal day).

As one varies P a n d / o r  i then i t  is found that tb- orbi ’ al gr u n l
track goes ‘ in  and ut ’ of synchronous relationship with ~he per-i l
of the  r e a t i n g  Ear th . At po in t s  of s y n c h r  n-, i sm t b -  - - at - I 1i e
t r a c k  w i l l  be r e p e t i t i v e , or r c u r r i n g ,  o ver the i n C - - o v a l  of Un - . -.- I
(see above). When there is no Su~ ln s y n c h r o n o u s  re la ’i  n - s h i p  t h e n
‘-r ack  w i l l  be i i s o n - i - - r e d  in  t ime  and w i l l  n - n - t be repetitive wi th fixed
ground I nna ti -D n s being overflown at widely variable int - .n-v- i ls .

4 1 )  . n y n . c h r o n i s m  b c-tw - -- n the precession ‘U cr4 it. l ane in  space and ‘ 4 . --
r o t e  1 ’ E a r t h ’ s r e v o lu  ion n n r o u n , d  the Sun : .

S ince  I .e  E a r t h  is n ’ pe r f e c t ly  .n p h e r i c -a l  in n  shape , O l n e  Si  i~~4 y
d i s t o r t -d t e r r e s t r i al  g r a v i ta  i . n n a l  f i e l d  c a n a s - - s  ‘.he p l a n. - -  4’ a n y

I

- ~~~~~~~~~ ~~~~~~~~~~~~ --- —--rn ~~~~~~ -- ~~~~~ , - ~~~~~~
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sa n e l l i t ’ -  - n - b i t  t o  r - t a t . .- ( i . e - . c e n n o )  i n  I n .  i I p ace w i ’ t .  the
rate of  t h i s  pr o cess iona l  r- - ‘ a ’ I n. u - ;  , n i  - n It pr- I nn. i n . a ~~ t j i_ n  P arnd i
For l~~w a l t i t o - l i -  o - n b i t s  (. - i y ,  b - - i  w l , i_ ,  .unn ) a m n .  : n . - 1 n a t i i _ n s or
to 900 i t  is n u r n i  C k n o t  t t n - ~ p m t - c e n o s i  n m  1 r i m , -  c an ,  n. - n t ,  1’ -  - - i n .
magni  C u de 11 - in -  i _ p p  - sit - inn S i gn ‘. - t he  I-.on’ 4 ’ s nn. ‘ I a or - a n -i n - n ’ -  . 

-

- ri I ts  are t I SUN — ~~YIi 1i l  ‘ II - - , I i  ‘_ - I - t i e  n. y r n e r r-
i c n n  is t~ cause the solar ii c -  - ‘ I a w I t h  n - - c l - - - ’ n - s  t i 1 - u r n  i t  p - i O n ’-
n - i  r- ,-m -m i nn constant - i n -  n~~t mt  ‘ C - . n  l i - n - - ’. - n . . .nn n . g  t n ( t  ‘ 4  s o  —

satellite times— - f —  say ex e i .- nn - - i  I n - r i g  a s i n g - -  I L  I’ or- -- fix ’- a f
a l l  Urn -v and fo r  a l l  s - m n  : - .iu- n.t crbi ’c , tu s , i n -  e r - i n n - l i ’ - , i t  I :
p ssible to  stabilise the - r b i n  so n m hat in -..cw-m ys passes acr- ~ co ‘he
e~~u a to r  at roo .~n in one d i n - e ct i e n ( s ay , 0 1 0 - t i —go i n g )  a o l  m i d n i ght  i n .
the other ( n o r t h - g o i n g ) .  Apar t  f rom • - n . n  u n - i  n g  a c i n s t a n t 5- -t  of
illumination ci nndit ions for- any r ’onn t n  sen ~- .r s  w h i c h  r e .~ airI. s o l a r
illumination (not PMR ), the solar aspect variations wi th reapec ’ t o -
t h e  satellite platform itself are minimis o- d , thereby making satellite
desi gn an easier proposition compared to the non-n fun— s yrcknn- n uc case
in which , over a period of time , the solar aspect vector as seen f r o m
the satellite can s w i n g  about  in 3 axes .

If w -  make the justifiable assumption that mission ‘ users ’ will require a r - -
currin g , circular orbit with a repetition period of a specified II days , t I - -n i w-
may wn-i l - e:

2aM r I + 6-y . . . . 2.11

where ‘ -iN total Earth rotation in time interval I

6 = precessional rate (radians per orbit)

y = t o t a l  i n t ege r  number of orbits in interval I (i.~~. I = Py)
N r integer 1, 2, etc.

Thus , the total effective terrestrial rotation under the orbit is i .- In ’ ly  a
f u n c t i o n  of P arid the rate of orbit precession. To achieve recurren n — -- this
r o t a t i o n  mus t  be equa l  to 2aM radians exactly, where N is integer valu -i.

Prom 2 . ’o and 2.7 i t  is pos s ib l e  to derive an expression for orbit inclination 1;
t h u s :

i = cos ’1 R ~/2 — A . . . . 2.12

B R e
2

where  A N / GM
yr

B 3 J 2 1GM

2 r R 2

Re = E a r t h ’ s radius

‘~2 = c o e f f i c i e n t  in spher ica l  h a r m o n i c  e x p a n s i o n  of Ear th ’s gravity
field - value  depends on I and R .

Given values for N and y and having specified a preferred range of orbit attitudes
then the corresponding range of values for i can be determined. The recurrence
interval I, as stated above , represents N integer multiples of effective terres-
trial revolution , the precise value of I being dependent on the precessional rate
of the orbit plane . For sun-synchronous orbits , for example , I is N mu l tipi o -s of
a ‘d ay ’ of e x a c t l y  24 .00  hours  d u r a t i o n  ( i . e .  a solar  d a y ) .  For o the r  t h a n  sun-
s y n c h r o n o u s  c o n d i t i o n s , the day w i l l  not  equa l  24 . 0 0  hours , a l t hough  i t  w i l l  have
a du ra t io n c lose to  t h i s  f i g u r e .

When N = 1, then the orbit ground track pattern repeats itself within thc minimum
possible interval (approximately equal - 24 hours). This is known as the zer.-
drift state , the values of y correnop nn l inn g to this stage being integer—valued
( 1- -40U to 15, 14 , 13, et c . )  and d i - n - . - t ’ - d  by y r , ’ in ‘ h i  d i sc u s s i o n  b e l ow . For an
Ea r th  o - b O o - r v a t i o n  s a t e l l i t e  such  an ar t  i t  w i l l  give  the  hi ghest  coverage  f r e q - n - - n .  -y
for  any l o c a t i o n  in  the  ground p a t t e r n  w i t  Un  the Sensor swath. H w- . - -r , because
th’- described track pattern is relatively sparse in coverage terms -see Fi g. ..2—7)
t hen  the  t o t a l  ex - nil of Earth coy- -ra g-- may be incomplete if the sensor swath can-
not span the gap between -id ,ja- -nt subsatellite tracks. In fact , sensor s w a t h
widths of app riximat e ly 2,50. km would be required to do this , whereas i t  is no t
c o n t e m p l a t - -  I t h a t  the swa ths  ol’ spacebo rne  PM R Sys t ems  w i l l  be much more ‘h a ’ .
1 ,000 km m a x i m u m . Obv iou s ly , zer o , drift orbits will not be suitable C r PMR
n- ssi Ins which demand comple - -  g 4 - coverage .

mus t  be less ‘ han 16 for ‘sensi ble rhi’ ‘ — i . e .  above E a r t h ’ s atmo aph ’ r’- .

- ~~— - .~~~ —~~~~~~~~ - -~~~~~~~~~~~~~- - -~~~~ -~~~~- - . -- - ~~~~~-~~~~~~~~~~-— - ~~~~~~~- —~~~~~~~ -—— -- -  ~~~~~~~~~ _-- - —~~~~~~~
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When N is g r e at e r -  thann u n i t y ,  ( i . e. the  ox - L i t  exhib i ’,no and recurring pattern
every  N ‘ day s ’ )  two  significant states caIn arise ~‘npending on whether or not the
condition:

Y _ Y Z X N ± l . . . . 2 . 1 3

is satisfied by the orbits parameters . Once againi , y is tr i, number of orbits
execut ,-d within the recurrent interval I and y t i e  number  of o n - b i t s  co r r e sp - -. r iding
to a car -u  drift condition (i.e. Y~ = 15, 14 , 13 ,  e t c .  d e p e n d i n g  on - n a l t i t u d e ) ,

The orbits fo r  w h i c h  the  above conditio n holds true are , from equations 2 . 6  to
2.0 , obvious ly distributed in altitude around that altitude at which has a
particular integer value . Their- principal characteristic it that the subsatellite
tracks are adjacent on a dai ly basis the pattern of these tracks being built up
in an orderny fashion to pattern completion every N days. Such orbits are termed
minimum drift and are used extensively in Earth observation missions to allow
Earth coverage to be obtained in an orderly and progressive way . If the orbit and
sensor swath width are correctly adjusted then one can , in fact , make t h e  d a i l y
adjacent swaths associated with the subsatellite tracks contiguous or overlapping
thereby allowing unbroken and complete Earth coverage . Figure 2.2—8 illustrates
the distribution of low altitude zero-drift and minimum-drift orbits which are
also sun-synchronous. Figure 2.2-9 gives the values of swath width W necessary
to provide conti guous Earth coverage for several selected recurrence periods. Note
the sligh t difference in swath width for different values of the associated
(14 and 15).

If the condition in 2.9 does not hold then the above minimum drift pattern does
not develop . Given  any ground loca t ion , then the satellite ground track (and
sensor  s w a t h s )  w i l l  appear to ‘ jump ’ easterly or westerly on a ‘daily ’ basis and
the N ‘ day ’ r e cu r r ence  p a t t e r n  w i l l  not be b u i l t  up in  a p rogress ive , da i ly
ad j acen t  p a t t e r n .  There are many such o rb i t s  for  sun-synchronism conditions or
o t h e r w i s e .  So far , studies have not revealed any particular demand for  t h i s  t y p e
of r e c u r r i n g  o r b i t .  The p o s s i b i l i t y  of t he i r  use is not  ruled out , however .

Given  tha t  for the PAMIRASAT s y s t e m  a s u n — s y n c h r o n o u s , minimum d r i f t  o rb i t  has
been  se lec ted , then the cho ice  of repetition period mus t be a compromise between
the dynamic behaviour of the intended obse rvab les  and the spatial and radio-
metric resolution required from the spaceborne PMR instrument. For example , a
very bri ef rep eti t ion p eri od of say, two day s wou ld demand wide  sensor swa th s
(1300 — 1500 km). Since a PMR scanner would have to operate (i.e. scan ) very
rapidly to cover this swath width in a continuous fashion as the spacecraft moved
over the Earth’s surface then the integration timesp -- r resolution cell may be un-
acceptably low (see 2.2.3). Relaxation of achieved spatial resolution may then
be the only way of retaining usable radiometric performance. In the PAMIRASAT
case an N = four days or bit was sel e c t e d .

This o rb i t  has i ts  ground  track crossing the equator at a distance of 2,650 km
apart , with the pattern advancing by 660 km each day . This g i v i n g  t o t a l  g lobal
coverage after four days with a sensor swath width of 660 km. However , due to
the overlapping of swaths at non—equatorial latitudes much of the Earth is seen
at more frequent intervals , particularly if both ascending and descending tracks
are used (day and night). This effect becomes even more pronounced if a swath
w i d e r  t h a n  660 km is used , and t h i s  e f f e c t  is shown in F i g u r e  2 .2 - 1: , From this
it can be seen , for  i n s t a n c e , tha t  for  a 900 km swath width , using ascending and
descending passes , 97% of the Earth surface will be seen approximately in 1.5 days.

It should be noted , of course , that there is no way , without going to geosynchron-
ous altitude , whereby one part of the Earth’s surface can be given increased
coverage at the expense of other parts. The only way , therefore , to get very
frequent surveillance of a particular area is by the use of repeated imaging
using a multi—satellite system.

3 DESCRIPTION OF A POSSIBLE SATELLITE BORNE PMR SYSTEM

3.1 B A C K G R O U N D

E n 1974 BAC , in  association with the Technical University of Denmark (TlID), was
awarded a c o n t r a c t  by ESA (European Space Agency) f- ir a preliminary study of a
p-n-ssible operational spaceborne PMR s y s t e m  (PAMIRASAT — P A s s i v e  M I c r o w a v e  ~~ dio-
metry SATellite). A further study contract was awarded on completion of the above
with work finally being completed on b e e enr it-r 1976.

The principle aim of these activities was to assess nhe fut-ar’o pot o - nn t ia l for space-
born ’ PMR systems and to assess the mission , instr-.rnno- -nt design , technolegy arm -i
deve lopn nnn nta l n nsequences of system which r ep r e s ’nn l ed a s i g n - i n  f i c a n o t  p e r f o r m a n c e
advance  - n  t he  SMM R i n s t r u m e n t  to be ca r r i ed  or NASA ’s HIM Pt C-G (launch 1978) and
SEASA7- A (L a u n c h  19 7 9 ) .

‘Ibis pap’-r utilises some of the  r e s u l t s  of t h e  above P/H -I l R A AT S t u d i e s  to
i m i n s t r a t ’  the  f o l l o w i n g : —
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(a) The ways in whic h the system variables described in the previous section have
been reconciled to une’-t a p a r t i c u l a r  n n . i s s i o - n  a im and t -  b r i e f l y  i l l u st  rate
conn i e 01’ t he  L- L i n . n m i d ” r a t i o n s  w h l  uh i -si gns at .yctem level mus t t O e ’, ’- I n - t O
O c e l i  n o t

(b ) To S h i  - w r n ’  p o - t  -n ’ i a l  pe r f  n - m n - m i c e f 5 a - 4 . a Syotem.

It :. .iu be s n - m e s s e d  t h a t  the  a i m  on ’ t he  s y s t e m  woo m e a s -Jr ’e n rner n t  of ocean , ice  and
a t m o s p h e r i c  p : t r - a n ’ i e t  -r S w i t h  h ’  ob j ec t i_ f  p r o v i  li n g  l o t  a C n.r -  g l o L a l  w e a t h — r  and
c l i m a te  m o d e i s  t o  i r n n l r- _- v , - s h o m - ~ a o l  l c n . g  t e r m  w- n n - - n ’  f o r e c a s t in g .  W h i l e  this
.1 - -s no t  s t r i c t l y  i ’ l l  w i t h i n  the  scop e on ’ ‘su:’v’- ii lo n c’e’ , i t  serves  as an e x a n n , p l n
u I  the  p t e n t i al  and l i m i t a t i o n s 1’ -‘p a  L roe P YIn . M o r e . v e r , b e c a u s e  of th~
S t r i c t  ly limi ’ - I si.. i t  I a l  n o - s a l - i t I nn ~v~~I 1- mI le , ‘h i s  is p r o b a b l y  the  n - _ S t  r e a l i s t i c
app  i ca tU n  of i WI -,; ~h ’ -  ch - mn - - a c t ’ - r i - i t i c s  i_ f  s u c h  a s y s t e m  u s i n g  an a i r c r a f t  p l a t —
U I n n  a re i i ,n c u s s e d  b r i  i j  i n .  t i e  f i r -il s e c t i .n  ~f t h i s  p a p e r .

3 .2  .IY..I’iEM DESIGN AIM :

As indicate I ab~ ve t h e  aim was to derive a system having a performance sig n -ific an- .t0y
bette r ’ than those plOnnel , - m e l  which would provide data for world meteorology not

- 
- t i r w i c e  obtainable on an all w a ’ tie r basis. Quarn t ified , these aims could be

stated as:

1. A c h i e v e m e n t  of hi gh area c o v e r n g - r a tes  .- - m p u t i b l e  with useful observation c-f
Ear th ’ s o c e a n i c  and a t m a S p h - - n - -- , say e v e r y  1—2 days.

2. Incorporation of multi-channel recep ’ ion necessary for the recognition of the
compl ex mi crowave si gnatures associated with ocean and atmospheric media and
to make measureme nts of their physical state. ’

3 .  Ach ievemen t  of high spatial resolution to permit a wide range of potentially
useful Earth observation missions , e .g .

- of the  order of lOs of kilometers for measurements of sea surface temper-
ature and wind speed.

- to make measurements of sea ice boundary to an accuracy of 10 km.
— to make measurements of atmospheric water vapour , liquid water and temper-

ature profile at a resolution of some hundreds of kilometers (200-300).

4. Achievement of high radiometric sensitivity to allow a usefully wide measure-
ment capability within the range of potential missions : e.g.
- Measurement of sea surface temperature to an accuracy better than l°K over

a wi de range of weather co nditi ons .
- To measure wind speeds (not direction) with an accuracy of 1—2 m/sec (over

ocean surfaces).

01’ the above aims it is considered that 1 and 2 are basic to any useful ocears/
atmosphere survellance PMR and thus must generally be met , irrespective of the
precise system design. Although aims 3 and 4 should also be met simultaneously,
it is not easy to achieve this ideal in the real world since they tend to imply
conflicting engineering demands . The reasons for this conflict have been outlined
in Sec t ion  2 , but specifically :

AIM 3: The achievement of high spatial resolution requires narrow antenna beam
widths and thus large antennas . To preserve conti gui ty of scans for re-
tention of complete imaging performance , a high scan rate would be necess-
ary and this implies a lower dwell or integration time per resolution cell.
Thus , increasing spatial resolution will tend to degrade achievable radio—
me tr ic  s e n s i t i v ity .

AII’i Li: Exami nation of the fundamental radiometer equation (Eq.2.l.) Will Show
that improved radiometric sensitivity (a numerical decrease in ST) can be
achieved by m c i  ase in bandwidth B i m p r o v e m e n t  in r ece ive r  no i se  f i g u r e
TS or increase  i n int egrat ion ~ime i. Now , the upper value to B may be
constraineO by limitations to usable channel width (to the quiet bu ’
narrow radio—as tronomy bands ) and reduction in TS limited ty available ,
space-qualified technology . Improvement in  integration time is thus ‘he
most readily available strategem open to designers. It is clear there-
fore that this can be achieved by reduction in antenna scan or r_ t a’ i .n ,
rate.

Analysis has indicated that up to five frequency channels are necessary in th’o- 5
to 40 GHZ band for satisfactory measurement of ocean and atmospheric observables .
A provisional selection has indicated channels centred about the following fre—
q-.n-oncies — 4.,15, 10.69, 15.375, 23.8 aol 31.4 3tl ,n - . These channels wer’- s e l e c t -d
both on their mi t  ni t app li -ab i lity to measurements C the li-sired observables
and the fact that they coincide with the quiet radi i-as’ ronomy bands (see Sec’o i n
2.2.2). Dual polarisation reception is generally required on each channel. 

—— - —— — - - —~~ — -—. — . . ——-*- —-. —~~ - -
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Sinnee we have elected to adhere t o  the overali requirements f- n- go - i_d
Earth surface coverage rates at full imaging performance then w~- can o- n-m~ y
meet the need by relaxing achievable spatial resolution demands — con ,-
trary to the 3rd desi gn aim.

By virtue of the incompatible requirements implicit in 3 and L~, w e -  will tend to
produce n-we- categories of radiometer design for achievement of enhanced spatial
resolution on the one hand and enhanced radiometric performance on -n t Ime other.
The engineering problem is , on th e lace of it , to produce designs Whir -h r e p  n- - ooe n t
acceptable compromises.

3.3 b A S I C  u E S l : I I  A I ’ I ’ E F U A T I V E S

3.3.1 Introduction

The conclusion -i in 3.2 can best be illustrated by attempting to evolve desi gn-i
options which are biased n- wards either the achievement of high spatial resolu-
tion or the retention of hi gh radiometric sensitivity with the  overall constraints
being the need to achieve each of these with practical , spaceflable systems . Let
us take the most persuasive constraint to practicality as being a limitatiorn as
far as is possible to the number of separate antennas incorporated in the space-
borne PMR instrument . This is reasonable from the point of view of easing space-
craft confi guration design. In addition , the system must be multi—channel in
nature with swath widths in the region of 1000 km.

Consequently , Section 3.3.2 examines the capabilities of systems based or, a
single rctary or reciprocating scan antenna configured to achieve either high
spatial resolution or hi gh radiometric sensitivity .

3.3.2 ~ i n n g l - -  Antenna Systems

The extremes of possible variation are displayed on Figure 3.3-1 and assume
restricti ono n. -c~ the available radioastronomy bandwidth and the use of receiver
noise figures estimated as likely in the early l980s .

The instrument designs are conditioned by either one of two factors :

- Achievement of high spatial resolutions of the order of 10 km (see ection 3.2).
This is at least a factor of 2 better than the maximum resolution obtainable
from the SMMR device on NIMBUS-G and SEASAT-A.

— Achievement of near O.l°k radiometric sensitivity (AT) non as n-any of the fre-
quency channels as possible. Modelling Work has indicated that such senosi-
tivities are especially important for the lower frequencies in the band
(particularly Li.996 0Hz for sea-surface temperature measurement).

The radiometers conceived are necessarily multi—frequency in desi gn and c c v e r  a
6 : 1 fr--quency range . Since a single antenna aperture is being utilised it is
inevitable that there will be a similarly wide variation in antenna ‘C~ ctprint ’
size (with frequency ) on the sea—surface. This presents us with the problem of
selecting the frequency at which the desired 10 km resolution leve l is to he
achieved. It Should be noted that the off—axis performance of antennas is
limited and ideally the antenna feed should be a multi-frequency design cap able
of simultaneous ly generating a pattern of concentric , on—axis reception - beams .

Exami nin g Fi gure 3.3— 1 we can state:—

OPTION A - High Spatial Resolution

From the point of vi ew of practicality the 10 km spatial resolution is only
achievable at the high end of the frequency band. Even so , this results in
antenna diameters of the order of 2 metres - the antenna requiring solid not
mesh construction to ensure adequate radiometric performance. Thus , achievement
of 10 km resolution at 30 GHz implies only 60 km resolution at 5 GHz. The
relatively poor radiometric performance , particularly at the hi gher frequencies ,
should be noted and an important additional point is that the antenna scan rate
is based on achieving contiguity of scan lines at the highes frequency . This
means that integration times at lower frequencies are less than optimum since in
relative terms , the antenna is scanning ‘too rapidly ’ for these frequencies (see
Section 2.2.3).

OPTI ON B - High Ra d iometr i c Sensi tiv~~~
The aim is to ach ieve ra d iome tr i c  sens it iv i ties of , or near , O .l°K through.-ut the
band and yet retain contiguity of scan lines at the highest frequency . h ”se
requirements result in the given design . Since the spatial resolution must be
degraded to give slow scan rates then the antenna diameter is small (30 cm). The
poor spatial resolution performance , particularly at the lower fr ’aqu -ni o - i - s should
be noted.

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S~~~~~ -, ,, _a~~_ 
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OPTiON A OPTION B
HIGH SPATIAL RE SOLUTI ON HI GH RAD IOMETRI C RESOL UTI ON

REQUIREMENT - 10Km REQUIREMENT - 0.10

FREQUENCY RANGE 5 — 30GHz FREQUENCY RANGE 5 — 300Hz

NO. OF FREQUENCY NO. OF FREQUENCY
CHANNELS — 5 CHANNELS — 5

SWATH - 1000Km SWATH - 1000Km

FOOTPRINT DIMENSIONS :— FOOT PRINT DIMENSIONS
420km60km

5GHz_~,~~~ ~“~1 
04 ~

“ 5GHz .~~ 0.1

1 
~~ TcI~~ c)

,,~ lOkm ~~ _.._ip,.i ôOkm’.4—

AN TENNA DIMENSIONS — 2 METRE S ANTENNA DIMENSIONS — 30cm

FOR 650km ALTIT UDE FOR 650Km ALTITUDE

COMMENTS :— Solution typified COMMENTS:— Poor Spatial
by NIMSUS—G design performance

FIGURE 3.3- 1: D E S I G N  EXTREMES FOR SINGLE A NTENNA :Y :TEMS

Each of th e  t.w - Schemes above put emphasis on one aspect of p’:rf-no rmance ra’ h- r
~han the other, ln order b-no simultaneously realise acceptable cpa ’ :al ~ n , : :- - -i s I  -

metric levels it would be necessary to adopt Option A and to reduce anten na scor n
rates by incorporating multiple beams at each frequency . The effe- - lvo f 0 ’

size used for deriving scan rates Would not now be that of a single beam at ‘ i n- ’
highest frequency but rather that of the larger footprint ‘cluster ’ . f
niumb- or of beams p e r f r e q u e n c y  c h a n t - - i was chosen correct ii’ arid a pp r i_ pr i a t-i - a :-:
orientations were used then the scan rate could in fact hr b - n gr ’ t o , o r  n e :
optim,sn for each frequen-oy . The penalty paid is , of sour’s- - , gr e -a ’ - n - C c i  c n p - c -
i t y  and th e  need to  i n c o r p o r a t e  a great deal more roc- -- - - v r chan o- is It - n . : yc t  ‘cm.

llhor ’. of adopting the above tac t ic - m d/or signLicantly re laxin ,g :,o ~~. ‘4 . co n . —
s ’ r e a i n i t s  i t  must Li’ accepted that desi gns which bridge the gap L- - ‘s--c nn ti n - - c ’ n-- n- -s
ILocu ssel above will be based non -n the use of n-ore than one ar o tenn a .

3. ’ . 3  N u ini- Antenna Systems

There are several possible app r-oa ci ’-no - y p i n n a l  - 1f which ‘C r -- I-a - -i C r : :

(i) ‘patching np n _ li -- n - n m l i - - rn- i - ‘ nc  p- ’nlI n ’ nn na r ner- le - fic ien c ies in -r ’ i o n ,  A ( e l e n a . - )
whilst n- ‘n i n in ig ‘h i gh’ spa’ 1 o i l  r e s o le ’ i In .

- —-a- - - ~~~~~~~~~~~~~~ -.---- - ~~~~ ---~~~~ — -— -
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( i i )  ‘ i n i ~’ i-si gns whi le i n t l  u s e  nr5 r’ - - t O m  n O t ’ ’ - n n i o  i n ,  On e ’’-nt , 1. ‘ t

- i us h O e  t o  1 n - i  ri I i  m m - r i ; ;  I - in n t t in’ ,ch Ut ‘ l i i  n n - - - 4 m’ n i - y m a n . - I ’ m - I - - -  n y r -  . 1 -  r—
i t n g  a n n n o . m r-  i n  - c m - - i ’ 1 0 . - i ron- i ‘- - ‘ - n  i i - - I . - - - , t ’ r -  ‘ n .  Sp a ’ i 0,1 n- . -n i - I n  1ev- I s  c - i _ l e t ~ . It 13 p e s s i L l ’ -’ ( . 0 c c  U ’  l w , ‘ ta m e n’ e O I  r n - ‘r~ c
O’ Im.O ~~~1 jv jt i e-,m s i r n , j  1. - in- j o  i - ~ ‘ i n n  B (ah  v - ) m l  o c ,  -h  i n :,pm- V C V- n - ag - no ’ - a.1 , - S O  1 - n t  I -on

As n O ’  e t .~ I in C C .2 , m o d e i l  i n i g  w n o  has  i o . l i  Ca’  - - I  ha t 1 n Inn- -az r - - tn - c -no ’ ~f
I rnep rt uni t a to m — s  ur l a o ’ - pa  r - - , m nn ’ - n - - n , r-a - I i  m c ’ - ’ n - i c  .n ,.- nn : ;  i ‘ I -ci - I -  .- , on’ n- ~r 0. - a:- - -

n i g h . y  e l i - s I  n- - in le n o  t li t ’ 1 4 . i m h  c h n : m m i r , - i .  ‘ 0 - 4  ~- - r n t  I~’ , in -n ( I )  ab 7 , ‘ I —  04f n - a - n ,
i : to n- v- tri o Li. 0 ) 1 ) 0Hz -hm , n i n i e-i from n in - 1 m g .  ( ,  n ’ . ‘ n - i - )  S - a n n . i ~ a m ’ - n . n ~~ ‘on
i n n n ’ o m ’ p  l t n , ’i e  i n  i n n  a on ’ - i n n ’ n , - , - an- a n ’  er na .;y.; t --m rn She 3 ’ -  ‘;b s e m - ’ca ’ I O ni ’,i  tn - - s i --
n i n - - o t ly g i v - .c ~

- - ~
,‘ go I n - a l l  n o ; - ’ n m -  . - - - n i : - i t i v i ’ y .  11.0 , c-n --  . -

~~ ,
- - :

i l l  I, 12 : n - n  i c_ N A + I - n ’  f i l i n g  ( r i - n . — ;; ‘ i n n i n g )  r e - - -p ’. i on  a’ )4~~~~i ,’ i I i ~~. /_, :.  I g n
h - m a  l - - t . pZ’

~~ 
c c i  ‘e d I c t ,  ~ ‘.i i 1 s e s  3 U s - S U - -ftc n-n i - .- : r . g  c~~c ~~~~

n I : t r i b u t - - 1  a - n - - c,; t h -  ,:W o t l g--r. - -n - - ~’ -- i - y ’ n , - s- - a n t i -  , - , P n- ’ n - - , sich.
t h a t  ‘ i n i i m m a g . - w - i n n  ‘- - n  - Ci n i ’  I Of -i . , — h  SIt . : . 4: ~- ‘.‘-- n - , ‘ n

e xt r a  hi gh n o e L - i r o n -  ‘ n - I c  s e n n s i t i v i ’ ii b ’  n i n e - i  C m i  - h -  Li .~~ ‘I Sit .- c n , o n m n , - - l
s - e n - S a l l o w  i n : . p n ’ .iv -m n n c - m i t s  ri s e a — c  un f ac e  p or no - - ’ c- n- - n-~ i C r - ’ -  n o- .‘ 5 1”- .C ’ i Ve
t o  t he o r i g i n a i Opt  i n  A .

OPT in - -N Dr OPTION A + C e -b e  an- - , I ,‘ a ]  w a ‘ a n n  arn n ‘ - n o n i a  e p - 1 01 ’ o~ a’ 1~ - o i - ‘ o g i c
an image  c v e - n ’ i n g  ‘ I i ’ -  1000 e ’r -. sw a t h  at high m a i l  n o - n - - Ic s e n d  t i  vi - -

ih i s image w o u l d  be s u p - - n - i m p o s e d  u r n  n - i, ’ - mm, u l t i—f r- -- ~~o- n . -y i r n agn -- h ’ - ,i n e - a
by t he  r e m a i n i n g  c h a r n n e l s  on ,  ‘h -  c ’i rgo s c a n n i n g  d i s h .

OPTION E: ‘lt nic opt i- cnn d rives f rom a L p  r ~~~ or ( i i )  s’ a t - - s  oh y e .  I ’hro -ogt ,  1 - ’ 1
m o d e l l i n g  work  i t  became  ‘-vi I n ’ th y ’ ~ n- on --al le n- -ac  Cremer ,’ of
p r i n c i p a l  s e a — s u r f a c e  par ’a no~- ’ en-c the e f f e c t l y e  ‘ pa t i a l  re ro i l - o ti r .
a c h i e v e d  was w e i g h t e d  ‘ wards  t h a t  r e s o la ’ I mo o bto in. i - i n l’r- - q o - - n i c y
c h a n n e l  c o n t r i b u tin g  most  e f f e ct i v - - ly  to t O e  n o - a s u r  no 

F o r  p a n ’-.i ro - - ter s  S u c h as s e a — s o r - f - 1ce tc- n t p e n - ”st u r e  an -i w i n d — .o p-  -i l o i n
ri°000 - t oo t tn-i c 10 km s p a t i a l  r e s o l uc  i on  a c h i e v e d  a~ ‘ n C  h i gi-. ’-r f n - - eq ~~- n~ ‘I.’
was r e l a t i v e l y  i n e f f e c t i v e  s i r , o - the - w e  n- t ’ r- - - q o ’ - m , o i -  5 W ’ - r -  - 

inopo . r t a n t  to  t n . e  q u a l i t y  of t h e  n e ao ’ , n - - ~ . hon to. ’ h I gh -  n , I h i - s
i m p l i e d  that even In - Op ’ jun A , sea—cur io - -- ‘ em0.~ ’-r’ a’ n - -- ni :’ r- Ito ’ I

1-i on ly  be m a p p e d  w i t h  s p a t i a l  r e s o l - o ’ I no n , - - a r i r n g ~ Cs Cr SO k L -  n-n- no ers
since ‘tilS wa s the  spat i al  r e s o l u t I o n  ~f ’  a i m - - I  a m ,  t e .  , -

~~ 3 H z  - h o -  1 -

I’hio r e s u l t  sugges’  ‘-ii ‘ h a t  a ra d i o m e t e r  C O O .  1 1 e os — c i gn - i ’- w h i c h  ‘ i l l s — a
more n - i n c - n  one ant - nr.a and gave  a n-~ an r- z u l u t  I n C 1 sot on o a c h
f r e qu e n c y  c h a n n e l .  The s c a n n i n g  r a t e  a m . d ’ t ,  no  - .e l ot-- c r- no’ ior , - I On--i’
w u l l  then be near ..p i n o u n  f o r  a l l  cho,  I s .  A f ’ , n o c i l i e  0 . 1-f l :, has
been shown - co ns i s t  I’ t W o  an ’ e n r ia :  of r o ~~

. .tj;,. y 1 .o on- ‘~~
- - ( u , -

and 10 .6°  S i t s )  and ~.5 metre ’s (1- . 3 7 ,  23 . - -o .s 31. 14 00 -4 . - )  s l a n t - - en a n n
w h i c h  g iv - - s  V n-’ ., h i gh  r-ad iun n -- t n c  s en s it i ’c i - y on - ,  a I c o i , O n i n , ’- is
eacn antenna wi l t conti .- i -o - - to I ‘ 0 v - n-- c - V  r a n  1 1 -  0 0 1’
t h e  f o o t p r i n t  . u i m e n si o n c  w i l l  s t i l l  be i i f f e r e r: ’ . . ii  —-n n-- -.- n- n- ‘ : ‘ -  n I :’f-
i n  S i n e - n , ;  i e  n -n : w i l l  be m u c h  less  t o o t .  i n n  - - i c r ,  A I n  - ,  ‘ - f r -  ,- :. -

~~
b a n d  w i l l  b -  d i v i d e d  : - I ’ S - ’  n t he  t c -~ an ’ - o n e s , Thn - n - - c  , , n- .  I n  a
i nnmpr cc,, I rnneas o r -  — - n O p - - t O ’ r ’ r : a n i n -  f’ -~ r r i m ,  ‘i; a - Si- ‘,~~~- ‘ o rf ac e  -ar aro -- ’ - - m c
( -  -- nc --r e - 5~~’ and  wi n , i f l - - i d )  r e l a t i v e  t i _  ‘ i _ n -i A 1;, ‘ - rmS of r- - ~ sI  —

me t r i c ’ n - c  1-S c !  ri) and ir ~~ i n n B ( i n  ‘ - rots -of s pY  I a  I r - - :c i o  I ‘ . )  -

a- n n i t i o n  t h o r ,  are ‘, O e i a n i - og- S 1~r- or t h e  - - n g ;  r . - n’ i no  p I n , ’ o:~ v i ’  S C 10cc
un l i k e  t h e -  ) t  h ’-r 0121 - io n s  tt, n-’ h i gh Vn - - -- 4 n - - n - c i e s  p c  n-a ’ - o f f  i r e
snnoal  I ’ r a n t e n n a  . in i t t ~~~ 1 C n ’ r- c- q u -  rio i - n - o f f  ‘ h e  i n n  g- n - . Th i n  roa~~— s
a n t e n n a  and C’ -d desi gn relative .y ~~~ n’ . 12.’ p e n a l t y  ~ n o I d  is ‘ h e
poor spatial performance f-n nnnso -o r --no--r. n- a C hi gt,1~’ vi: 1 : 1 - -  cc:- n - i c - i
so ‘t .  as sea—ice which for n - n a c~ . ig p ,n - p n -c O i n .  p t O n i  A I a s - . les gns
I not  n ’ - q u i r c -  f t ’  p r e d o n n m i n a m i - e - I ~ 

- 4.e 1 ;‘:er fr.eq a- - ’ . ‘ ctn~~n- .:,ej i n -  ‘ l i e
m o a su r e r n u n - , t s  an-i d nj, -55 c m l  I c~~o ‘ess fo o l t ,’ -r i l i a c  ‘1 ~0 ,onno spa ’ i no]
r e s clu t i o n  on ‘, he 31 GHz c h a n m n e l .

I t  is s- -r i- h n o n - l e g  h - - n ’  - , 1 w-  v - n , l a ’ i t  he 0110 e m o o ’  I t c i t e d  ‘ in ’ o f a
sp a c e b o r n e  ocean  s- ,r-c - I l a n - c -  park’nge - ’e’r i n S  h - , l so  co : . ’ ’ i i n .  - 

* C :- --xonoq . I -

a I y r n t h - t i c  A p i - n - t o m - ’ -  b a  I on  ( , ‘ I , l o ) ,  ‘ i i ’  l a o s  00  ‘ 4 -  1 )  km s p a t i a l  ren I - —

io n c a p a b i li ’ y f - n ’  o ’- ’i — i - ’e ‘ ‘ i f ’ ’ ~ O l l ~~~f by t h e  I l- IF ’. m a y  no’ b e  no i i;’ —
a d v a n t  r i fe  S i r o m - -  th i :  f o m i c ’ i n n C O f  : e a n ’  n-~~ ’,is h e - 1 4 y - h’ . A B  ‘ o a
n - - s o l u t i o n  m - n o o ;~ m -Y le i n  me t res m i m i o n .  -F on n o L p l i c O I le t o  ‘ :o a
V t - i l  i ar,cc n , - ’ -  I n  of n a v i g- n ’ i m m ‘c-n i n e  1- , - I ‘ cnn . The I :-:t- c’ on, i ‘ : °n
as in  t he  0] t i o n  E , be op inn- i :- I l ’ r e ’ h ’ - r  t a n k s  C r  ;- - i c h ’ n , -- 10 kno
n- - c t )  l o t i o n - n  5- Ic: no t  so imn .] n ’ a n t .

l b ’s  - nh CV’ n - i l l  omi t ‘-r ,p t . i ens ‘, r - i i  loin ; ’ n’’ n ’ - S I n c  t i g e r ’ -  C i _~~~ w i  ‘ h - ions m ar. I B
n oro ’, l , ’ -  I ’-: i g n i  no ’ ;n n ’ f  i ng p 1 nt s .  t r o t en n a  t o t ’  r ot I n-_ s ‘e n i ’ e n - n f i g i n ’ a ’

shown a l o n g  w i t h  Ce—t o i ’ -v-O 1 ’ -  r e - h i -rn- - b r - i c  c ’ ’ n O ’ n — - m ci - - .

II  s i t  s h o u l d  be o n n i h m--r . ;t o o d  - n~~ 4 , ‘ m l ’  h igt i ‘ i l l  ‘ h e z e  ] t  i o m i t - in ’ t a n -  n or: :11 -n - .
pr . .S - n i ] U i  ns f o r  o b s ’ - n ’v o ’ I n n-n 1 ’ - , r m w n ’ I wid ’ in , b a n n l w i I~~I ar ch r- ~t I gnm ‘I lI n - ‘

n o t f n ’ ’ r  p , s s i b m ’ i it j e s  do e x i s t , i- f’ s n i n e -  I - n - - I - in ’ ’ m ‘ - r’’nax ’ n . ‘ ,‘ n a ’  n i l m i ’ s. Fat-
‘ ‘ x m i m p l - - , a t  o r t  r i g  ‘ n on p ’  i - i n  F - . ,  c r o d  ‘ - n a t  1 ’-  in -q n - -c - n - -n i ’ - i n  - l i i ’ - ‘ ‘ ,:, a c h l e - v ’ ~i I”

—— ~~~~~~-~~~~~~~~ ——~~--- - ~~~~~~——- —_  -,. — -- .
~~~~~~ 
- ——.- -.-
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2 :~:~: :ntenna , rnu iti Irequen cy :~:: :ntenna , mult i -fre q.
I instrument covering 5 channe ls I i n s t r u m e n t ;  5 channels,

~~~ ,/~
‘ 

eiectro ni cs in 4.9 - 31GHz ban d , RECIPROCATIN G

Spat ial Resi n—iOkm at 31154z, Spatial ResIn .~ poor

Rad iometr ic Re slni — modeat Radiome tric Res ln - hi gh

dish (see FIG . 3,3’-l ) (see  PIG. 3 ,3 -i)

re fl ector I ‘-
NB. mu l ti- beam varian .:. )< 30cm

~ poss i b l e  - “i f’ “

axi s “s. axis
- - — no,. ,~

— —~~~~~~~~~ 
‘-

—

spac ecraf t p latform

OPT ION C

I Option A with 4.9GHZ channe l
in 3 f i x e d  (n on~ scanni ,ng) antennas

~~~~~~~~~~~~4OTARY ~~~

metre. 0 

~~~~~~~~~~~~~~~~~~~~~TA RY ~~~~~~~~~~~~~~~~~~~~~~
I ) ,,

A ’mn~~
”
~~
Y 

Spatial Res In” 10km at 31Gh z

3 FIXED AN T INNAS ‘ .r ’ ‘- Radiometric Resin as A Saceot

~~~~~~

Gbne

~~~~~~~~~

ItP

R

~~
ATIN :

~~

met res o

hig h fr
~
qs.r / ~~~~~~~~ freq a

0,5 metre

gang ed
axis OPTION E r ,cnl e ct o cs

Two antennas on gan ged reci procating ,.~\mounting with relati vel y si m i l a r
footprint dimen sioni at al l frequenc ies
(eg 60km) /
Sp atial Res ln — 60km overall ,,,,,.,.,~—’”

Radi omet ric Resin very h ,gh

NB . further variants possible

Fl-S ON 3 . 4 - 1 :  T Y P I C A L  010 0 OPTIONS

spatial resniution at similar n ” ; - I i - o n c ’ t r i c  s e n s i t i v i t i e s  ca -n - c - I d  r e sol t  fn- .ro
a p p l i c a t i o n  of t h e  f o l l o w i n g :

- I n c re a s e  in  a n t e n n a  c i z e  - t o  o n i l o w  mr nn ’n -o w n --’r antenna beam wid ’ inS.
— Incorp orati- o r ,  of m - c - l t i p l e  beam s  ( s e e  3 . 3 . 2 )  — t -  m i n i m i s e  i nc r ea se s  in n - c 4 u i r e i

scan rate.

— Increase in receiv”r b a r r - l w  I ith — r e t a i n  go--n -I AT 5
— n a n r - ~w m r , g  - .f c w a t l n  w i d t h  — t o  m i n i n o i a e  i nc r ea se s  in re,~u i r - i  s c an  r a t e .

If  we t a k e , i ’~~r ‘ - x o m m p l e , a ‘ w - - — C  . 1  i n o ’ n ’ - ’m : e  i n  ~, noc - n ’r ’s ’ l . e  swa ’h  f n o t  122-1 to
say Il~~ e , c o  , and  n i - - n p n -- n ’ - - -s n ’ce cc-lv’ b oil— s per ‘h’ m n i n e l , n i - , ’ ia l r e s o l u t i o n -
p ’ - r f - i r n n o n m n c ~ c - n i - I  I rn -pn ’- n ’, ’ -  fr ont ‘ ‘ , - -  II- km ( n o -  i n . )  ,,. t , - .-1 at- ov e  t o  o m r : - ’ o m , I  25 sn- n-o-: :In,).
Jo, hi gh (‘ o . l  i t )  r a d :  on - ‘ n c  s’ ’ n i c - i ’ i v i ’ y w e l l  lee r -  ‘~~ i n. c’ .l W i t h  n - t o - c  - .n

h i gi m - - ’m. : u r e - n . ; ’ - n t  p - n - f n ’r ; n~- ’ - -  17 r s o n —  . 0-I ’ - n -~, p a n -  en - , ’ ‘ ‘ - n ’s . i f  t h e  son -. - - cb ser va’i :n,

- ~~ ‘~~~-‘- ‘ - - -~~~~
_— 

_____________ ________________
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Temperature °C 5 20

Wind rn / s 0 10 20 30 0 In  20 30
Foam Z 0 3.56 15.23 4 -i. 89 0 3.56 15.23 4 4 , 8 9

OPTION A A .587 .615 .6 92 .955 1.039 1.066 1.132 1.326
5 .834 .881 .985 1.273 1.480 1.531 1.616 1.779
C 1 . 561 1.640 1.806 2 . 2 1 2  2 . 7 7 5  2.839 2 .943  3.111
D 4.590 4.669 4.787 5.016 8.710 8.671 8 .528  8 . 2 2 3

OPTIONS A .363 .374 .406 . 513 . 875  .875 .866 . 828
C & 0 B .528 .547 .590 .706 l.l75 1.176 1.152 1.070

C .934 .988 1.098 1.363 1.908 1.929 1.954 1.992
D 2.539 2.689 2 .964  3.546 5 .775 5.828 5.875 6. 063

OPTIONS A .161 .170 .195 .302 .305 .319 .361 .482
B & E B .297 .315 .351 .447 .591 .628 .628 .722

C .462 .477 .516 .632 1.033 1.038 1.038 1.063
D 1.541 1.612 1.751 2.030 3.280 3.283 3.240 3.105

TABLE ‘ 1,2 - i :  S T A N D A R D  D E V I A T I O N  ON SEA- U R F A C E  T E M P E R A T U R E  E STIMATI . - N .

Temperature °C 5 20

Wind rn/s 0 10 20 30 0 10 20 30
Foam Z 0 3.56 15.23 44.89 0 3.56 15.23 44.89

Atmos :

OPTION A A 1.144 1.179 1.410 2.741 1.982 1.992 2.263 3.787
B 1.562 1.623 1.950 3 .662  2.905 2 . 9 3 5  3 .299 5 . 16 7
C 3 .061 3 . 156 3 .734  6.642 5.838 5.807 6.361 9.41,1
D 9.575 9.518 10.407 15.547 19.387 18.705 19.309 25.789

OPTIONS A .623 .636 .738 1.318 1.531 1.494 1.574 2.151
C & D B .843 .868 1.025 1.845 2.114 2.064 2.156 2.883

C 1.580 1.655 2.020 3.814 3.731 3.677 3.963 5.784
D 5.166 5.348 6.302 10.900 12 .758 12 .470  13.185 18.892

OPTIONS A .303 .308 .351 .652 .507 .518 .612 1.120
B & E B .342 .358 .438 .888 .860 .896 1.053 1.652

C .684 .699 .811 1.476 1.805 1.759 1.850 2.662
0 2.969 3.052 3.577 6.079 7.014 6.826 7.113 9.562

TABLE 3. ‘ —2 : , I T AO ] DA R D DEVIA’ I ’ION ull O E A — ,’ I t m T R F A CE W I - C F  EED E O T I ~~A 1. 

~~~~~~~~ m O O  ‘ 0- - ic: 1 n: iI ‘0 J .~ i . . . :m O I  S. c - - n, . -,,
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“

:1m g 10 ( 14u° ) in s - n - h i ’  c- I t  I t  ud o ’ (650  k m )  w - n ’ - r e n O i r -  1 ar ’ ‘ - m n ,  c - i  ann , - ‘ - - n ’ s
n - - - ~~-n - n i n ’ e  ir n cl’ - ’,mr ’ n t y j u n t cv-- n ’~~~~I’ i. ’’ r f 2  n - n  ‘1, ’ mo .- ’ n’ - -: (-- . 3  ‘m e l  I , ‘ , 411. :
an ,  I I r m n , ’n . r ’ ,.- ( 1  ‘7’ , 2 3 . 8  - m m c l  ‘11, -i -h I z )  n- i - op  - - o r  - , - - y  -

L r n o - n - - - o a - - i n ,  n i - ,m :- - i  n o  n t  I , c ~~non ’ l c - , n i  t h i s  c u l d  t o  ~ch ,c ’i’.- i  i n ’ S n - c O O i on  no n 5- n s a ’ i ~r.
a n n g l e s  0-,’ are i d m155 ib h-c , For - - x - m n: ,p - - , n o  I - - - I n , t c  Of 0 - - - 5 - / 0 ’  on a n a  - - ‘  “ F ’ say
2 7 -  -n 1 n n - - n - Is ,.’ - ’ m l ,  n eo mo g n-  L i ’  a r ’ .’li c n t 0 r n ’ 1. ’ -e n s ’  i ll  , i i  en nc- n o - - o m e n ’  ‘ . ‘ .~~ <m m,
S W  ‘,h w i l t  n c  w i th ‘ l t l n n - r  n t nn ’y r ’ r’ - - c i p n ’~~c ’ n r  i - m g  y : ’ --n n o a , A r , ’ - -nn oi  Iiot’- n, .: ‘ , .n
a o l d  t h o r n  o n l y  i m c c n ’ ’ase l.y a I ’ C n o t  ~n ’ o f  1 . 2  s O - , ’ I ‘,‘ - - tn -s 00 onno n--n O ) ut 1
a nn - I t o o l s no - ,cl s - - c u  n- inn ‘ rn- -a ’ m i ’ ‘ -momm a u rn -’.’’ o n - O n  o r ’ 2 mm . - ’ n - a n  on: .  . 2  nn, -e- ’.r” S
r ’ ’ c np , . n- - ’ i - , - i y .

i n ,  c noo n n - i r i s ,’ n c w i t h  - n-Jon A , de n ,  - I op t  I o n - iS a n n - n ‘~~~c~ I F _ I - N C —  I .lIt. -IR ‘ n , ’ ~ an c v ’ -  a - - s I g n ,
n- - i l l  n - - s u i t  i n n  a .sy no w : , l  cli s i r n n u l -  ar ‘ n - o U S l Y  c l ’ - ’ - co ns i l - - n - a t  . i ’ n - - ‘n- ’. r c~ o ’

n ” - O u i u t t o n i  a m ,  n meas o r - - n o n - - m i t .  a c c - m n ’ - ,cy

,lec ti  mo 3 . 5  S i:cu s s e s  ‘ l i e  ‘ a l l  w- -o, ’OO , - - n - ’ nm . ” :onu r- -m i o - - n n t  n - r n ’ -n’n io am , i ’- of ‘ - ,‘ ‘ an ., ,,  s o u l  —

mete r s  O’er , n - - - ,— :  o n - n ’ace  t e m per a t  in’ - ‘,rJ  si n  I sp -- - -

3. 14 Asito.:2 :- :F-:N l’ C R I T E R I A

In order  I p s v i d o  .1- i ’ s w h i c h  st u d i e s  ~,f t he  1 A - I I O A N A T  i Ntl ~o., 1 , :on ’ I n ,  ~- -n l g n .
o p t i r o l i s  n f i on  t h e  T e c h n i c a l  J n b e - - r - o i t y  n - I ’  Denmar’s ru n s ’- , ) ’  I ‘ i - -  s ,rn 4 c - - ’ --  s - , a / ’ , ’ n-. .5—

p h en i c / r  i s u n - - r oos t s y s t e m  so t h a t  t i , - - r t o  rn : , ,: n - o f  ~ l i n ’ - n - - n ,  - co n n i b in . ’, ’ I ,m, s n :
r a d i o m e t e r  o n , a r a c t e r i o n - ’ i s a  c o u l d  toe as ses s e d , p a m - ’  i. o , o m e r n o y  as n - - f a n ’ s :  p m -  -

~

u s e s -u i  n o - as en’ - m - -n t s  i n  ‘ ho p r - ’ o ’ - m o c e  of in t e r v e m  l o g  ‘ n-n - ath’::- ’ - t n  0 : - a -
th i s  - n n mo, i St e  n i y  c mat lox situat i o r ,  t i  s o m e t h i n , g  a~, -h  co . I-- - t o  ‘ a l ’  s i ’  l . l ~ ,
iln’ oioation s on ’ ‘o c t  s’ unly , four cases a’ no s el e c ’, ’- an n ’ ~ n- --s-:n , ’ im. g Sn, ‘r’ -- a.: ,of ,1
n-n : - : n - -r , ir o g w n - c a t 1 , - n  c o n d i t i o n s . Cli , s~ cases  ar e s p -  c i  n’ i eu  i n n  T’o L - l r -  . -- — I .

‘so .i C]:u.i N a ’ ’-r F a n - n i
-o ’ Ot c O  loa m ’,  .h i c k n e s o n  ,. ‘ -,‘

km km g m / n -  On- c! :  As ce -n d - n ,  Is

mc - ,  ‘1- on  Joy — — 11 11 90

B .  A l ’  - : m  n- m t ott 2500 11100 .1. it o

C. F in n : — 2 1 - r a t u n o  50) 3oC ,C 0 . 3  2 i i

D.  C u n n su i u r , l m n i us 1000 5000 0 .6  10 3 . 11

OAb L , 5  ‘ . 4 - ] :  W E A T H E F I  F I t T E d

The p m ~r f o rm a n ’ : - - s  of the  v a r i ou s  r a d i o m e t e r  p a c k a g e s , represe t . : - .- I F r  ‘to e p c- ,’ :- -

of n- nit paper by Option A to c - , were assessed in ten-ms of measurn-’noar.’ ca p on ‘ i t — s
fo r : -

(a) Sea—surface i O r n p e r a t n i n ’ .-’
( b )  2- - a — s u r f a c e  w h c I  s peed .

The ‘,ypoth r-n ica l asse:sn’m- nts were made assuming the presence of t h n  ab o v e  ‘ n-n - ‘ n — n ’
states along the line-of-si ght and were expressed as m -oaa un’ no’o rit s t a n d a r d
lev i at i o n S .

In order to place the derived measurement accuracies into a weather con, ’ ext . the
annual rainfall statistics 0 Ascension Island ( r e p r e s e r n t at i v e  of a r n - i a -

l a t i t u d e, m a n i t i r m ’— location) were available and were -used tu or,v- ,nl th- abov e- f i  on
w-,na ther states into excess annual PMR measurement statistics. Obvi .~~s 1 y th i s
appr ’nch has its limitations . There is no clear , quant ificable correla ’ i n - n O  ben -wa--n
rai n—n - n t  ‘- , ci - c - h wate-r content and atmospheric water ‘a 

~ 
-or’ , N o v  n - ’ t icol ess , ‘hi -n”-

is a strong correlative tendency between these factors .

The followin g were t - nI ’, ”n (see Table 3.11—1 ) :

- Clear Sky Corodit ions (A):-

‘~h ‘ n - o n . ” -  so l’-va 1 0 r this lies - mr oc . wt n ere - between 100% and tie r n - - a n: d c  ,n—coven’
v a l u e .  Condition (A) verges on l i e  ‘idyllic ’ , in ‘ erms F su bjective we- m t . - r
a s s e s s m e n t , aol will then-- On -r e l .i~~ v-n y near t I-n e- 100% ex- :’ s: level (say ~~~~~

— 1, 1 C t ’  C)  - .ini) (B):

‘Ph’, o c e an .  are a i n  the  . ‘ 0 ’ C e n t r a l  A t l a n t i c  near A s c e n s i o n  i s o  an i has cln -~ud
c o v e r  in - on -ass of c c i  annually .

— Rain Corndit iorn s (C) an) (D):

The - - c c  - “ 5 5  n’’a.;’c-remer ,O. ‘a ’ i , m ti cs for 2 an i 10 mm/hr ‘inn’ equa te--i in terms 0
‘ccurr’onc” tc- the excess na in i-ill ont .’c- tIn ’lc s for the- Ascension Island locat ion n
(1% and 0.1% lev e ls respectively).

6-li

Subst mt n n t i n q  Eqs. ( 60 a )  and ( l O b )  m c l i ( 5 7 )  and so lv i n j  fo r th e minimum d e t e c t a b l e  f l u x
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- -—~~~
.m. - ’~~~

’. 
~~~~~~

.- .
~~~~ 

— á ~~~~~ ~~~~~~~~ .,-, —— .. ~~~~~~~~~~~~~~~~~ —
‘ —— 

—— - -— —~~~ -‘



- —~~-~~
--—---—- -- -— ‘

~~ -.~~~
‘ - —

~~~~
- - . - - --- - — 

- ‘ — ~~~~~~~~~~~~~~ - ‘ ‘T

i t  s h o u l d  n - ’ - - n n o l ’ t o ’ ; s i s e d  t i e - it ‘ ( n o  1 - -n i t a t i v e  a n a l y s i s  is l i k e l y  to be ‘-op t  I rr. i n n l I c  i n
i t s  n - n - cn n , :) us i c o n n o ’ a o l  I- n i ’S  Si , t ’ r - ex u m p  i ’  , - m c i  i i ’  t E - ’  I r , f 1 o t ’n ~ce of il nil ‘ -- an-sal a ’.
a C :u n ’ o n  ‘loS . It. u5en ’,~ ne ’ 005 11,-s i tm ShoW n.g ti m e -  r’ - ’lat 1 ye ~, -‘n -l ts ~t’ t h n - ’  various PEt-
options .

I n  5 - - V t’ , in al lit i me to an , asstcszmen,’ of -~nO r ’nn- a r, i i n  t - - r m n n s  of mr ,eason- ,,rr,- n. t s-’r,s l —
t i v i ~ y ,  the va l .c - ’ -  - n ’ sp a t  i a l  n - ’ -~o o l  u n - i e, n - - . - ‘ iti n , nato, and imag in.g versus pr- n- —
n i l  m g  an i i i’]  ‘ a be a. ’sess ’nd . 11. --  re l a n  i - n - -  ,“i l u , -  1’ t I e -os ”  ( n c - v .  not n - c - o n ,
~~~i-u:,

’ 1 0 1  e d , a :, l  I t i e n ’ , - f o n ’ - t”,~ r i - on -’’ t a c - u i ’  i nsa 1 t ’ ’ , In ’ nor’s In assessir,g the os ‘ -n- me l 1
:‘i n; in’ - on ’ m m - n - i ’ ‘ F u n ’  a g i v i ’ m ,  pos  ‘“.‘,,:- -

3.5 i’-o NIi A R I . l n J h OF F l - h i ’  F-’ I - IAN IN’:

C u e  n - -s ,l ts  obt a ined  fn ’  n - m m :  ‘ t o - -  s i m p le p~~r f n - n ’ r n . a n , c e  assessment discussed in , 3. 14 ar--
i i sp l a y - ’I e n F i g u r e  3 .5- I’ , r -  p 1. n , s  A t o  E .  Tt i , -  v a l u e s  t a k e n  for  sea— s ,m r ’f ’n ct
ioo.p ’ormc - t n - one os n.n - l  s e a — s  n-in ’ c - s e a in. : spe - ,d an’ - - , V n ‘r , i a f i g ’ire • 15°C ar, I 15 no, - ’ I”- / see .
Table.; 3. ’ -i -a r ,J  3. ‘-‘2 list derived s:.,l u’-- .i of ‘In - mea sun onnero ’ je-viati n - n . :  i n - n
1FF n - p t i . o n n n . n  A t o  E ov e n ’  a 5° t o  200 :‘-‘- ,— .n-u r’h ’a:e- n m’ .~ “r’a t ure s’an ,g o an n-c- a 0 t O  3j
rn-o n- n- -,/sec wi n o ,) spees n - o r g .  I I ’ - ’ ‘ t o ’ -  i n c l u s L n - rm of ’ ‘ foa m ’ as a p e r c er m t a g e  cov -or ’ag .- .
‘l’he m cc l u - n - c e  of foam is n . o n ’ - - I n- n- wind - ‘p’-- - d onc i has the effect n- f’ i n , n - n - ’ - a u i n g
sea-s ur f ’ nc- cs ,’ r adi  -c. .- ’ n -ic ‘on’cI.i S i v it y  en I ’ i , -u: apparen.’ ’ --mp— rature . As wn -~~lo  be
e xpe ‘s-  I , B a r i d  E g ive  ounm: o i len’- ,: n-y Lett . ’n’ pen ’ s n - n m - sm s t h a n  A , C a r m - I  I I .  I n . ’ . ’ .
s~’s— sun’n

’ace ‘ “ nnn l erature ‘ ‘ n .  ‘
~ 

i t  i s  con s iden ’ - -d n a t  n n . , . ’a mmos r e -m ent  witn . star, land
:- ‘v i a t i  moo J’ g r e a ter  ‘ ~,a :. - I i-: s- - op  I 1 y  i nc r e a s e  in  p e o t e n r ial u s e a b i l i l  y as
ac-us- so y furth ’-’n ’ diminishes . The I n - K  level is the re f ’ - re ’ riarm ”d as a ‘thr’-’ohold ’
level. Lik.,wise • t l i ” 2 ma- ‘ n - ’ / Sec  le vel  is t a k e n o  as ‘ the- ’ t hn ’-st ,oid’ in tI,e a lr,d
up - - n- m m ’ - s -s un- .- nno- ’m ot case.

lh - - on - °ar division of the van -us r- a l i n - nroct t’ ccr opt~~ons i n t o  t h r e e  g r0 up s  sh ,n - o l d  a l s O
b-  n - - - a .  In some senses  t l , i s  d i v i s i o n  is less r e al  t h a n  a p p a re -n t  s i r - C e  o n - r e  Inns : ’
bear  in n mo i m , d  t he  mode - of observation of each particular .cpt ln ,c n s .  For exanop l ’,,

p ’ in - c r; D will give a be ’ ten resul t than C s i n c e  d i r ec t  s e a — s u r f a c e  temp-n -star-c-
imagery is possible through tt n -o U S- of t h e  14.995 0Hz. slow-scan an n t ’n-’r m r i a .  Th i s  is
not  a v a i l a b l e  on C w i t h  i t s  f i x - - I  pr-filing l i st s ’ s .  In ad d it i  n - nc , h c t t w e ’arm B a n , o  E ,
E is clearly the be tter Since spa ’ Jn- , res cl ’u t Le n c a p a b i l i t i e s  are noaximised inn
relation to the achieved radioroe nn -ric performance- levels.

0, POSSIBLE CHARACTERII:l:-I OF All AIRBORNE F l-I F OYSTE-I FOR SIJRVELLANCE

14 .1 G E N E R A L

As st a t e - i  inn Section 3, the  n e - s o L it i  n a c h i - - v a b l e  from spaceborne  PER sytemo s w i l l ,
c e r t a i r c ly  w i t h i n  the  m e d i u n  i c n - r -m , be measureable in terms of lOs of kilometer s

ra ’ - t ie r  t h a n  in  n - i n c ‘ m e t r o : ’ a p p l i n c a i- i -- to ‘surve i ll ance ’ in the strict military
is-—n se. Cons —’quently , ‘O ctre appears no ro le  f,r  sp a n - e b o rn e  PER in  th e  pas s ive-
j e t - - c t - i o n  of military targets on the sea—sunfan ’e on an all  w e a t h e r  basis.

How ever , the situation may significarn t y cr -so ft if  wo c on si i ’— r F l I P  s y s t e m s  ope ra ted
On’ n-rn aircraft flying at altitude f’ 10 km or so.

In t h i s  s e c t i o n  i t  is r o ot  i n t e n d e d  to look in any — s - t a i l  at an a i r b o r n e  PIth sys ’’n -mn..
R a t h e r  it is to ‘sca le ’ the satellite s y s t e m  d e s c r i b e d  Li the  p r e v i o u s  s e e n - i - n - n o  and
to t ry  to  i nd i ca t e  ‘0-’ pn1n~ ’iple resulting -sharact ”nis’- ics. Aircraft n-.srr .- - FlIt-.
sy on ’ ems have in f a c t  been  opes-’i ’ ed fo r  s eve ra l y e a r s , p r i n c i p a l l y  fo r  scientific
purposes. n-ion s-- of t he se  have , in n - w ’-ver , been desi g:,ed as an integrated sys- -n o  f,r
an operational role , and few nc ’,’; ea rn - a r a d i n r , ,- - ’.er at more t h a n  2 f r n - -q ,e-r .s ies .

1 4 . 2  AN A I R B O R N E  ‘SATELLITE ’ PMR

In th’o brief analysis which foli ws , ‘ is’ ro ’h ’-n- s n - p h i s t ic a ’ ’ - -I p a - s a g - -s d e v e lop - - I
for ‘he sate ll i ’e borne sys’ i’nnn , will be e-xami r,~ ,c- ‘a assess the eff”n- -sts of prn-a ’i ng
ins ’ ’,’a I  f rom an a i r c r a f t  p l a n  fo rm.  The c in ”  ~.1’ ‘t , e se p a o s a g ’ -s is ‘he  iang’o scannin.g
an t e n n a  wi’ to m u l t i p l e  f e e d s  a’ mr ’- - ~~’o - o d es of 5 — 31 O lIn - . Jo’- e f f e  - ‘5 0 ’ :i s i n . g  an ,
a i rb n - n - n - n ’n- p1-a ‘ n - f  snn n I’ n - t hese  p a n - k a g e s  are gi ven be l  w .

As : un”.ptioris

S c a n n i r n g geome’ ry and f r e q u t . r . cy  c o v e r a g e  an ’  ass i n n - - i  ‘ o b e f o r  the pa ‘k o agos  1”: -
c ri b — n --I i n L ” c t i - n  3. The a i r - ’ n ’ a f t . speed and a t t i t u d e  or ’ -’ asno ur,,.-I to be api n’ X i

nn-’,i’.’ly 500 I-’ TAIl and 30 .000 ’ r e s p e c t i v e l y . T h e s e  are c ’mp ared  w i ’ :, ‘F 0  so ’ “ l i i’ ’-
val a - s  b e l o w :

‘ - c ’ e l l i t e  A i r c r a f t

L i - - I  V 7 sm /o n - n -  0.26 km/sec

A l t i t i- h t I 5 ‘co . 13 sn
L.___________________
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~~ o~, imm l Ro -sol u t i o r n ,  Swath  W i d t h

i to ese  s i ’oc - l ’ : ’  as the  r a t i o  of o p e r a t i n g  a l t i t u d 0 s . Ty p i c a l  VO m l Oe s of the  p - n ’ i r i d l p a~antenna un,n-i s o a n o r n i n g  geometries considered are- gi ven  below . (Scan cone angle LI
-

‘ N c o t e  t i n a t  Option A based PMR packages are considered roe -r i- ,

Sateil ite A i r , ’n ’a I ’ t

A l t i t u d e  (knro ) i n - L 5  10

T o t a l  Swath W i d t h  ( k m )
(a) Full cn- rnica l scan ln -cOCo 18.6
(b) 300 Reciprocati ng 000 9.3

Spatial Resolution (km)

2m dia. Antenna , 5 0Hz 51 0.8
37 0Hz 6.3 0.1

O.8m dia .Antenna , 5 0Hz 12 8 2 .0
27 0Hz 15.8 0.214

R a d i o m e tn i c  Tempera tu re  Resolution

From Equation 2.1 , the radiometric bri ghtness temperature resolution varies as:

lIT

where T Is the integration time for one IFOV.

For complete conical scan of rotation rate H, t is given  by E q u a t i o n  2 . 6 .

From the  l a t t e r  i t  can be seen that:

ca da vs
cs ds va

where  s u f f i x  ‘ a ’ r e fe rs  to aircraft and suffix ‘ s ’ to  s a t e l l i t e .

= 0 . 1 4 2 , us ing the va lues assum ed above , i.e. approximately half.

The values of t~Ts for the  a i r b o r n e  s y s t e m  will , therefore , be increased by a
f a c t o r  of approximately ,/~~. That is , the  s y s t e m  s e n s i t i v i t y  w i l l  decrease due to
the disproportionate changes in altitude and footprint dimension (and thus scan
r a t e ) .

1 4 . 3  CONCLUSIONS

It  can be seen that the spatial resolution achievable from an aircraft operating
at t y p i c a l  a l t i t u d e s  of 10 km are much more likely to represent some possibility
for  use of PMR for  ocean s u r v e i l l a n c e .  For in s t a n c e  us ing  the r a d i o m e t e r  package
(E) of Section 3 standard deviations of 0.50 and 1.00 sea-surface temperature
measurements could be achieved under weather conditions (b) and 20 rn/sec. surface
wind speed , for water temperatures of 5 C and 20°C respectively. These measure-
ments could be associated with a 1 kilometer footprint size. This type of per-
formance mi ght be capable of detecting local ‘h-s t spots ’ generated by submerged
submarines. Similarly, at the higher resolutions possible with larger antennae ,
it migh t be possible to detect the presence of ships as temperature anomalies , in
spite of the rather poorer temperature s e n s i t i v i t y . For instance , a Ship of
200 mm x 10 m appear ing  in the f o ot p r i n t  of a 5 0Hz antenna of 2 m dia. and having
temperature difference of 50°K from the surrounding sea , would be indicated as a
temperature anomaly of 0.250 relative to the footprints immediately adjacent to it.
This would appear to indicate that a fairly large ship Would be on the limits of
detectability .

The l a t t e r  w — , -sld be improved by using a reciprocating scan of reduced swath width
to increase integration time , possibly associated With an increased bandwidth. It
is also probable with such targets tn - h a t  the  mix  of f r e q u e n c i e s  for  b e s t  per form-
ance will be different to those developed for collecting basic ocean/weather data.

There- is insufficient data to predict the detectability of such targets usin og F I-I P
b u t  the  ‘ f i r s t order ’ assessment  i n d i c a t e s  t h a t  the s y s t e m  s e n s i t i v i t y  is s o o t ,  as
to warrant a more detailed study .

A final -:hn,racteristic of such a system is the time required to sweep a given area
U s i n g  the  Fi g are s g i v e n  e a r l i”r  for  spm” - ’-i  and a l t i t u d e , and  a s w a t h  w i d t h  of
18.6 k m ( im p ~ y i n g  f u l l  c o n i c a l  s c an )  an a i r c r a f t  borne  s y s tem  c o u l d  cover an area
of 17,1400 sm in an hour. This would be reduced in the ratio of t h e -  swath w i d t h s
i f  the  r e c i p r o c a t i n g  scan  is use-ni to increase i n t e g r a t i o n  t ime .

- —~~~ -, .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- ______ ___________



~~~~

‘

~~~~~~~~~~~
‘r-~~~~~~ . 

——‘ - - — ‘ n - ’ ’

~~~~~~~~

INFRA RE D RADIOMETRY AND VISIBLE SPECTROMETRY

Henri Hodara and Willard H. Wells

Tetra Tech , Inc., 630 North Rosemead Boulevard , Pasadena , California 91107

ABSTRACT

Measurements of very small temperature changes in the top millimeter
of the sea surface by infrared radiometers are capable of ind ica t ing
natural or man—made disturbances at some depth. We derive an equation
that describes radiometric temperature fluctuations and identifies
two major sources of error that mask the true sea temperature changes :
humidity fluctuation in the air column between the sea surface and
the radiometer , and ref lected sky radiance from the rough sea surface.
These masking effects are minimized by suitable design of the
radiometer. Typical power spectra calculated from radiometric
measurements are presented .

Visible spectrometry measures spectral changes in ocean upwelling
radiance that take place on the sea surface and at some depth
below it. We derive a general remote sensing equation and show
how the two major sources of interference , sky reflection and
atmospheric scattering are reduced by judicious selection of
altitude and viewing angles. The results are applied to measure
changes in upwelling radiance caused by man-made disturbances.
Comparison and agreement with theoretical predictions are presented.

In this lecture we discuss the underlying principles and techniques of radiometric

detection of man-made disturbances on the ocean surface . The disburbances , of a

complicated nature , affect the upper layers of the ocean in various manners: changing

the temperature of the top millimeter of the sea surface , altering the spectral

transmissivity of sea water , hence its color . The physical mechanisms responsible

for their generation are not the subject of these lectures; instead we concentrate

on the principle of detecting them remotely and describe the implementation of the
measurements.

Minute temperature changes of the order of millikelvins are detected with a sensitive

infrared radiometer spec i f ica l ly  designed for  th i s  purpose . A description of i t s
operation , limitations and results of sea tests are given in Part I of this lecture .

The color changes are measured with a conventional narrow-band spectrometer that scans

the v is ib le  spectrum continuously. Although the technique is more weather-limited

than in f r a red , it does have the advantage  of sensing at greater depths.  The p e r t i n e n t
analyses and results of at-sea measurements form Part II of this lecture .

Part In INFRARE D RADIOMETRY

In what follows , we first discuss our approach to measurements at a distance of very

small radiometric temperature fluctuations on the ocean surface . We proceed to analyze

the source and magnitude of the errors introduced by the sea state and the atmosphere ;

f i n a l l y  we ca lcula te  the theoretical performance and fundamental limitations of an
infrared radiometer capable of sensing temperature fluctuations of the order of

rnillikelvins.

1.0 Sea Surface Radiometry

Let us describe first the type of instrument and mode of operat ion best suited for
sensing small variat ions in sea surf a ce radiometric temperature. The radiometer

operates from a low altitude (as low as lOOms ) aircraft , at two wavelength bands centered
at 10.6 cm and 3.8 m n it has a temperature resolution of l0 3K. At each w a v e l e n m m t h
the relat ive opt ica l  bandwidth is approximately 10 ’ . The 1 0 . 6  uc- m band extends from
10.0 nc - rn to 11.1 om ; the 3.8 c -rn f rom 3 .6  non to 4.1 nm. The bands are in those portions

of the spectrum least a f f e c t e d  by atmospheric absorption in the air column along the line

— -n- ~-0 . —— — - - -
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of si ght  of the ins t rument . As shown in Fi g. 1, the 10.6 c-rn is chosen because it is
least a f fec ted  by atmospheric absorption; however , it is sensitive to f luc tua t ions  in
water vapor and to compensate for it , the addit ional  3.8 pm band is used . Note
tha t  t h i s  ba nd is a lso l i t t l e  a f f e c t e d  by atmospheric absorption . Since an absorber

is also a radiant  emitter , the low absorption prevents the air temperature from masking

that of the sea.

The tempera ture is measured by comparing the radiant f lux received from the sea against
a stable reference blackbody in the instrument. When the instrument looks at the sea ,

it cannot distinguish the various components of radiant flux collected by its aperture ;

in particular it cannot separate the flux emitted by the water and indicative of its
surface temperature , from the sky f lux reflect ing of f the water into the radiometer. As
a result the radiometric estimate of the sea surface temperature is in error. To reduce
the error , the radiometer looks sequentially at sea , sky and reference blackbody . The
difference between sea and sky readings yields the net flux emitted by the ocean ,

provided one knows the sea ref lect ivi ty  as a function of angle . The net f lux is then
converted to the equivalent blackbody temperature of the sea surface. We shall see in

the next section that there are additional errors caused by fluctuation of water vapor

and temperature along the line of sight, but they are negligible because the instrument

optical bandwidth is sufficiently narrow to avoid the skirts of the atmospheric

absorption bands. Narrow bandwidths are usually accompanied by decreased sensitivity;

the latter is avoided by cooling not only the detector but also the instrument housing

and optics. This is discussed further on.

We mentioned above that the sea surface temperature can be obtained from measurements of
sea and sky f l u x  provided that  the water r e f l ec t iv i ty  is known . Other sensors such as

lasers measure re f lec t iv i ty  and its dependence on angle and sea state . We shall see
further on how the effects of sea state are taken into account; on the other hand the
angular dependence of the sea reflectivity p(X ) is well established , it is shown in

Fig. 2 .  Note that the water elmni ssivity , e is simply
c = 1—p ( 1 )

We shall use Fig .  2 and Eq. 1 in our future calculations .

2.0 Sources of Radiometric Temperature Errors

The e f for t  reported here concentrates on two sources of error: fluctuation in sky

radiance reflected from the sea surface , and temperature and humidity fluctuations in

the air column between the radiometer and the sea. Errors due to water emissity or

r e f l e c t i v i t y  changes caused by sea state and other factors can be accounted for by
measuring the reflection coefficient as a function of angle with a laser reflectometer

located in the airplane carrying the radiometer.

2 . 1  Fundamental Radiometric Equation

To derive the sources of error , we apply the fundamental radiometric equation to the

geometry of the problem. The s impl i f i ed  geometry is shown in F ig .  3 , wi th  the th ree

components of f l u x  seen by the radiometer
,Y=~~( +N

’ +~f ( 2 )

The script ~Ydenotes respect ively water , sky and a i r  radiance measured at the r a d i o m eu e r .
Er ro rs  caused by f l u c t u a t i o n s  in sky and a i r  radiance lead to the error equat ion :

+ “~
‘a ( 3 )

In the following we derive estimates of the magnitude of these errors ; we shall see that

the residual sky error is due to changes in cloud aspect angle , 0
c

e’.,Pf = 
~~~~~~ 

~~~~~~~~

- 
_~~p, p 
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and air  column errors are caused by air blobs of s l ight ly  d i f f e r en t  temperature Tb and
attenuation that are responsible for temperature and humidity fluctuations :

14, cA’~ nM J)~~ dO J ,
(5)

w stands for  the water  vapor content  of the a i r  column .

2.2 Air Column Errors

They are caused by fluctuations along the radiometer line of sight , between the aircraft

and the sea surface . These fluctuations are primarily due to random variations in

humidity and temperature . Humidity fluctuations induce a change on  the path attenuation ,

The situation is depicted in Fig. 4; a blob of warmer air and higher absorptivity

described by temperature Tb and attenuation ~
‘b crosses the radiometer line of sight.

The radiometer senses a total radiance ,

W~~p N T 1T 2 T 3+c B ( T ) T ~~~~ 1 + B ( T ) T T + - B ( T ) I + . B ( T ) ( 6 )

Jv’~ Jv~
The i~~ s and ~ , ‘ s are path t ran smi t tances  and emittances , below the blob , through the
blob and above it , respectively, and their derivation is given in Appendix A; p is the

average water reflectivity that takes into account sea roughness. B is the blackbody

function defined in Appendix B.

We recognize in the equation above the three components of flux of Eq. (2). The first

term is the reflected sky radiance , measured by the radiometer. The second term ,

is the sensed water radiance , and the last three terms make up the air radiance , .N”.

Since ~ .Ol <r , and sky radiance N5 ~ 
B(T

~
), (the water radiance given by the blackbody

function at the water temperature T
~
) , is neglig ible compared to ,1~~ Although sky

reflections , as we shall see in the next section , contribute a large error when the sea is

rough , their contribution to the air path error is swamped by the water signal , B (T).

Thus we can safely drop the first bracketed term in Eq. (6).

The pal~h transmittances Tl~ 
12 and 13 can be written from inspection of Fig. 4:

—a [R—(r+Z)11 = e

12 = e’°b~ ( 7 )

1
3 

= e

and the emittance of each path , as shcwn in Appendix A , is simply the total absorption

for that path or one minus the corresponding transmittance :

t
1 

= ~~~~~~~~~~~~~~

6 2 
= 1—e ’b2’ ( 8 )

63 = l—e

The radiometric  error due to air path fluctuations coming from changes in attenuation
and temperature introduced by air blobs can be expressed as

IA” ,
minK = min~ b + ‘

~
‘
~~

—‘ Tba ‘b b

Applying (9) to ( 6 )  after dropping the term TN
5 
we get

(Tv) (~ 1) 111213
+1 
1B (Ta) ~ ~ T

2 T 3+c 2B (Tb) ~ 3} ‘b~ 2 B’ (T b ) I 
~ 

Tb (10) 
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We now introduce several simplifications into the preceding expression after expanding
terms to f i r s t  order.

1 1 = 1
2 

1
3 

1

L
i 

=

‘ 2

£ 3 = — m r  (11)

B(T ) = B ( T a ) + B • ( T a ) ( T w
_ T

a ) = B(Ta)+B ’(Tw)(Tw
_T

a)

B (Tb
) = B(T )

c~~

After dropping second order products , a E R— (r+~ (1 A l ‘b~~ 
small compared to A (m

~~ 
) , and

using the definitions

Acz
b 

=

ATb = Tb
_ T

a 
( 12)

we ha ve

AK = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
( 13) -,

Express ini g the fractional change in a as an equivalent humidity change

= nntI~i (14)

yields

tX = B~~(TW )O/~ ATb
_ (T

w
_T

a
)n~
W } (15)

We shall express each change in radiance ,IX’by an equivalent temperature change AT that

would produce the same radiance change in a blackbody . This is convenient because the

sea is almost black , and so we evaluate this conversion using the thermodynamic temperature

of the first few feet of sea. Thus ,

IB (A, T) 
~T = B ’ AT; (16)

The equivalent radiometric temperature fluctuation , /,T, thus equals the change in

radiance measured by the radiometer , divided by temperature derivative of the blackbody

f u n c t i o n , i. e.

AT = A,N’/B’ (17)

Inserting (17) in (15), we obtain an expression for the radiometric temperature error

caused by air path fluctuations

AT = x c
~~~

’T
b

” ( T
w

_ T
a

) ‘-~~~ (18)

Numerous experiments give the following typical values for the various parameters of

Eq. (18)

a = 1.6 10~~ ft 1
3 . 8  c- ms
= 60 ft

T - T  = 6K 
(19)

‘T b 
= 1.5K

= .08

From (18)  and (19)  we get the fo l l owing  e s t i m a t e  of the error caused by a i r  path
f l uct ua t i on ,

ATa = lmK (20)

We shall see in the next section that  the above error is neg l ig ib le  compared to that
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due to sky reflections.

2.3 Sky Reflection Error

In o rder to c a l c u l a t e  the error , we i n t r o d uce several  s i m p l i f i c a t i o n s  in the remote
sensing Eq. (6), repeated below for convenience

~
,4”= N O l T t J + L B T~~

) l J,~~~~3+ lB ( T ) t 2 1 3 + 2 B ( T b ) t 3+ 3B(Ta)

We note t h a t  a i r  emis s iv i t i e s  are much smaller than water emissivity
C
l~~ 

£
2~~ ~3 

< ( 2 1)

w h i l e  b lackbody radiances

B (T
~
) B(T ) B(Tb) (22)

a re a l l  of the same order of magn i tude ; f u r t h e r m o re , si nce we are i n t e r e s t e d  i n
t r a n s m i t t a n c e  f l u c t u a t i o n  errors , ca l l

T
1

T
2

1
3 

= 1 (23)

and neglect the small differences in the I ’S which are all close to unity .

We ca n s i m p l i f y  ( 6 )  w i th  the help of ( 2 1 ) ,  ( 2 2 )  and ( 2 3 )  fo r  the purpose of e s t i m a t i n g
the er ror  :,,~Y’ ca used by sk y r e f l e c t i on.  Thus Eq. ( 6 )  reduces to

N’= IV +~~ 4” = TN + 6 I B ( T  ) (24)
5 w 5 w

— —

i%/~ A~,

In the following analysis we distinguish several cases , most of which have a removable

error , as we shal l  see shor t ly .  
-

Case 1: Glassy calm sea (specular reflection)

The er ror  is to t a l ly  removable . Refe r  to the geometry of F ig .  5a.  When the radiometer
looks down at the sea , i t  senses

~~~= X ( o  ) + (25)
S r w

When it looks up at the sky, it senses the sky radiance , Ns(Or)• If we multiply this

r eading  by n o (
~~r

) T
~ we obta in  iV in (24); subtracting it from the sea reading lVyields

the water radiance X, with no error. Naturally we assume that p is measured

indepen de n t l y , and at the low a l t i t u d e s  of concern , 300 m , c is close enou gh to un i ty

to neglect the difference .

Case 2:  Rough sea , u n i f o r m  sky

If the sky temperature is uniform , cloudless or totally Overcast , the error is again

totally removable.

Refer to the geometry of Fig. 5b. Because of rough sea , the radiometer sees more than

the sky r ad ian ce in the di r ection ° r ’ re f lec ted  from a h o r i z o n t a l  facet  of w a t e r ;  it
receives flux from different portions of the sky, over incremental solid angles , I,.

and reflected from water facets having random orientations.

Thus for every sky direction , ~~ the radiance ~‘V’( O ~~~ i ) d~~ is reflected according

to a distribution of reflectivities which follow the slope distribution of the water

facets. If this random function of reflectivity is multiplied by the air path

attenuation ~, we obtain a r e f l e c t i v i t y  blur d i s t r ibu t ion
- , 

~ ; A ,.
~ )r r s 5 - 
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The reflected sky radiance seen by the radiometer and averaged over its angular

resolution 0r is therefore

s Or Lky 
G ( n n r , l c ; 6 5 , I - 5 ) N 5 ( u 5 ,~~5 ) d ~~5 ( 2 6 )

The reflectivity blur distribution is the sky image blurring function and tells the

extent to which each sky direction , (05,q 5) reflects into the radiometer. Note that the

G function is integrated over the angular resolution of the radiometer , thus depends

on 0r • Eq. (26) takes now the place of the first term in Eq. (24); the error again is

totally removable provided that the sky reading is modified , according to (26) before

it is subtracted from the sea reading .

Before we proceed with the next case , a few words about the blurring function are in

order.  This func t ion  G is measured wi th  a laser ref lectometer  mounted on the same
airplane as the radiometer. It can also be calculated from sea slope statistics , and

its derivation is given elsewhere ;*it is a function of the radiometer look angle ,

and its angular resolution , wind speed and direct ion.

In the calculations that follow we now avail ourselves of a useful analytical

approximation . Refer to Fi g. 6 which shows the radiometer look angle , 8 r wi th  respect
to zenith , z and asimuth ~ measured with respect to the wind direction , x. If the

blur function is expressed in terms of the angles u and p shown in the figure , in

elevation and traverse planes respectively, it takes on the gaussian form given by

G = ~~~~~~~~~~~~~~~~~~~ 
( 2 7 )

Note that u and ~ are measured with respect to the direction 0r ’ the specular

reflection direction seen by the radiometer when the sea is flat. The variances ,

depend on wind speed and radiometer look angle and are graphed in Fig. 7. Graphs

of the calculated b lur  func t ion  given in Fig .  8 conform to the gaussian approx imat ion .

Case 3; Non-uniform sky

If there are clouds and the sea is not glassy calm , we are faced with errors that are

no longer removable. The geometry is depicted in Fig. 9. At position A , the radiometer

picks up a cloud located at an aspect angle , O,~ different from the direction of

specular ref lect ion from the sea patch under  inspection . The sk y radiance measured by
the radiometer is still given by Eq. (26). In order to facilitate calculations , assume

that the solid angle subtended by the cloud is smaller than the blur variance , 0;

the blur function is essentially constant over the cloud area and (26) reduces to

‘

~~~~
“ 

~r
lG r c s 0

~~~~~~) 
(28a)

For simplicity we assume the cloud to be in the plane of Fig. 9, ~~~0, and the cloud

radiance to be uniform , Ns (O c) (lambertian emitter). These simplifying assumptions

do not affect the order of magnitude of the error we seek. The cloud radiance can now

be replaced by an equivalent blackbody function , B(L ,T )  at the cloud temperature T n

= 
~r~

0(6 B
~~~

b 0 c c ~~ 
(28b)

When the aircraft reaches posit io  B , the cloud falls within the angular resolution of

the radiometer as it looks up at the sky. However , the aspect angle is now ‘S r instead

of In order to remove as much of the error as possible , we blur the measured Sky

radiance , as the radiom eter looks ep to the sky according to (28) with one exception ;

since varies as the plane flies toward the cloud , the only known reference angle is

when the radiometer is looking up, and we can only blur the sky radiance measurement

*A. Ashley and W. We l ls , ” o m n 1 u n m n r o n s  in  S ix ;  port  o f  - - - ,~ s m m n fac , -  Radiom- ‘ r y ,  Appl ied  Phymmos Laboratori,-,-
John Hopkins University $60 04 , N e - v .  i- - n
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according to

= 
~r

{ o r ; 0 B
~~~~

Tc r ~~ 
( 2 9 )

The error is the difference between measured4~~(O )  from (28b) and estimated ,,~y (m o )
from (29)

o,,q =4 ~~
( i1 r ) — /V’(O c) (30)

which no longer can cels beca u se , ( j ) 
~ ~

0 c~~~r
)
~ si n ce 8c ~ 0r~ 

The error is then due

to differences in aspect angle. In the foregoing we have neglected the path difference

when the radiometer looks up and looks down since the cloud altitude greately exceeds

the aircraft altitude.

Note that :,,4’ fo l low s from taking par t ia l  der iva t ive  of ( 2 8 )  or ( 2 9 )  w ith  0~ as var iable
aspect angle ,

3)/
= c i O S  = GB Ad (31)

The radiometeric temperature error follows from (17)
I to

‘T G 8 c
-- s — B’ iT (32)

where

= 0 (6 ) — c~ °c~ 
( 3 3 )

An estimate of the temperature error can be obtained from the value of A c~ 
An upper

bound to the error  is calculated as fol lows : R e f e r r i n g  to Fig .  9 , ass ume the radiometer
is looking straight down at the sea surface , = 0, then

V = O~~~

Furthermore , in order to simplify calculations choose

p = 0 (35 )

in Eq.  27. Going back to Fi g. 9 , suppose the radiometer  sees a f l a t  c loud of area , a
at altitude H imaged by reflection at range R from the sea patch under inspection; the

cloud presents a solid aspect angle

a coso a
- c C c 3
a ( 0  = 2 = —~ n cos v ( 3 6 )c c  R H

Because of ( 3 4 )  when the radiometer  looks up at the cloud it sees a solid angle

= _~~S = _
~~ 00S

2 j (37)

In principle , this error is removable since we can deduce from the airp lane position and

the co llected da ta  w h a t  va lue to as sign to the  va r i a b l e  a n gle  6 c v ,  a t  a l l  t i m e s .
However , if the cloud shape is unknown , the error is no longer removable because we do

not know the value of cos e needed to corrc-ct the error. This is well illustrated in the

case where we e r roneous ly  assumed the  cloud to be spher ica l , wh i c h  y i e l d s a so l i d  aspec t

ang le  in Eq. ( 3 6 )

R
C

(0
C
) = a~ /R 2 ( sph e r ica l  cloud) ( 3 6 a )

wh i le it is act ua l l y f l a t  f or wh ich  the aspec t an gle  i s
= a cos0

~
/R2 (flat cloud) (36b) 

—- —~~~~~-- - - -— --~~~~~~
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The error in aspect ang le is the re fo re  the d i f f e r e n c e  between ( 3 6 a )  and ( 3 6 b )  or
(36 and ( 3 7 )

ItO = ~~~~~ cos 2 v ( l — c o s v )  ( 38 )

and the corresponding temperature error

A T = G - ~~ u1~~
[e

_v 2/2~~ cos 2o (l_cosv)] (39)

The largest error occurs when the bracketed expression of Eq. (39) is maximum. Assuming

a f a i r ly typ ical  wi nd speed , we get the blur  f u n c t i o n  variance from F ig .  7

W = 10 m/sec , = .13

The ang le v tha t  maximizes  the bracketed expression in Eq. ( 3 9 )  y ie lds  the value

= .04 , v = 27° (40)

We must now inser t  numbers for  the other  q u a n t i t i e s  in ( 3 9 ) .  Select A = 3.8 ,m for

ca lcu la t ion .  From Appendix B

B/B = c2/AT
2 (41)

Fo r an ambient  temperature , T = 295K we get

B/B ’ = 23 x l0~ mK (42)

To estimate O / ’Or~ 
refer to Fig. 10. The blur function , G , is sketched in polar

coordinates and is shown to have an angu la r  width , o , equal to the angle subtended by

the cl oud . Note tha t  o is the s tandard deviat ion of the blur  f u n c t i o n  in polar
coordinates , i .e. 0 no ~~~, so we have

V

= a = no /~ = .51 (43)c V

If the cloud subtends  an angle ~ > > ~~~‘ the sky will approach overcast and the error is

removable. If dr <<0 ~ the error is negl ig ib le .  Hence , Eq.  ( 4 3 )  leads to a maximum error
estimate . As we shal l  see in the section on radiometer  design , the angular  reso lu t ion
of the ins t rument  is

- n -  = .03 sr (44)

From (43) and (44) we obtain

= ---
~

-?
~ 

= 17 (45)

Measurements as well as calculations (see Fig. 8) of blur functions give peak value

G0 = lO~~ (46)

Inserting (40) , (42) , (45) and (46) in (39) yields the following non—removable temperature

er ror  caused by sky r e f l ec t ion

AT 5 = 23 l0~ = 17 .04 = 15 mE ( 4 7 )

Note th at the e s t ima ted  sky r of l e c t i o n  error , Eq. ( 4 7 )  , is more than an order of

magnitude larger than the air column error of Eq. (20)

3.0 Measurements At Sea

Fig. 11 shows typ ica l  sky and sea s igna l s  at  3 .8  um and l O . 6 o m  obta in ed from a sh ipborne
radiometer. The sky measurement shows unmistakably cloud images w h i l e  the sea
measurements exhibit the expected blurred reflection of the former. Let us try to

remove the sky error by subtract i n oc j the sky measurement properly Yeighted by the blur

—--— - - -- - -~~~- n--- -n---n-_ -~ -- -  -- n-- n -- -- _- -- —‘ --—-
_ ‘

~~~
--r=rn_
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function from the sea signal. We choose for this exercise , the 3.8 pm data of Fig. 11

displayed on a di fferent scale in t h -  two bottom traces of Fig. 12. At the time of the

sea m e a s u r e m e n t s , no d i r ec t  measurements  of t b. blur function were made; instead we

c a l c u l a t e d  it from the available data as follows:

The blur  distribution function is described by v , the angu la r pos i t i on  of the cloud .
The geometry for the one-dimensional case is shown in Fig . 9 and redrawn in Fig. 13

for the p u rpose of this calculation. However , we only have time records for the

radiometer  measurements  as i t  f l i e s  over the sea. To convert f rom t ime  to a n g u l a r
position we need the relative velocity between clouds and aircraft and the cloud

altitude. When the radiometer looks at the water at time t (Fig. 13) , it senses an

increment  of b lu r red  cloud r e f l e c t i o n  tha t  come s from the sky radiance obta ined when
the radiometer looks up at some later time I. Thus call the increment of sky si gnal
received at time

s(t ) di (48)

The time difference t-t is related to the angular coordinates by

tan ( +-~~ — tan(9 ) = v(T—t) (49)

v being the relative velocity between clouds and radiometer. The incremental sky

radiance m o d i f i eJ  by t O m ’  b l u r  f u n c t i o n  and summed over all time in te rva ls  y ie lds  the
sea signal ,

s
~~
(t) = h n - —t) 5 ( r )  di (50)

Since the blur t un- -t ion is symmetrical

h( i— t = h (t— ) , (51)

Eq. (50) is rL’c l c - J n i z ed  as a convolution whose Fourier transform is

S
~~
(f) = H(f) S(f) (52)

The q u a n t i t i e s  S
~~

( f )  and S ( f )  are calculated from the reflected sky radiance iS and

di rect r adi ance N
~ 

seen by the radiometer in the down and uplooking mode respectively.

However , the downlooking measurement —t”~includes the sea emission ,4’,, (Eq. (2) , after

neglecting.4’) /a 
JV(t) =1% ” + J v’ (53)

To extract we note that it only exhibits low frequencies (large clouds) , so we take a

long-term average (low pass filtering) or ensemble average of many records

<A’~t) = (1%”> + = ,V (54)
5 w S

and the Fourier  transform of is identical to S(f) , the transform of ~ 1%~
’ 

. Thus ,
H(f) can be calculated from (52)

H ( f )  = S (f)/S(f) (55)

The inverse t r ans fo rm of H (f) yields the blur function h(t) in the time domain , shown in

Fig. 14; it displays gaussian form like G(v), although the relation between v and t given

by (49) is not linear . Using this function to blur the sky signal of Fig. 12 and

subtracting the resultant curve from the sea yields the radiometric temperature of t !t m - sea ,

top trace of Fig. 12. Note that the temperature trace is consistent with our  estimate of

15 mK, Eq. (47) . If we now take the Fourier transform of )V~t) in (53) without any

filtering, we obtain the sea spectrum shown in Fig. 15. The low frequency hump is

identified with the sky reflection. The high frequency roll-off can be shown to he t he

resolut ion l i m i t  of the i n s t r u m e n t .  The near  flat portion of the spectrum is the trcn ,

sc-a spect rum , the Four i e r  t r a n s f o r m  o fA t ; any disturbance on the ocean s u r f a c e , in  o r , l c - r
to be i d e n t i f i a b l e , must  have a spect rum tha t  f a l l s  in th i s  in t e rmed ia t e  reg ion  and
exceeds the r a d i o m e t r i c  spectral  back ground of the sea.
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4.0 Temperature Resolution of a Cryogenic IR Radiometer

The heart  of the radiometer  is the de tec tor .  The detectors  used at 3 .8  ,,m and 10.6  ,,m
are respect ively  InSb ( i n d i u m  a n t i mon i d e )  and Ge:Hg  (mercury doped germanium) .

To facilitate detector selection , manufacturers have established a fi gure of merit , the

detectivity 0. I t  is a measurable quantity , defined as the signal-to—noise ratio , S/N

per incident flux ,

I /1 1
= F 

n (wa tt 1 
A w ) ( ; 6 )

where I~ and ‘n a r e r espectivel y sign al a nd noise  cur r en ts at the detector output. The

m i n i m u m  detectable flux , Fmin corresponds to unity signal—to-noise ratio and equals

th e inverse of the de t ec t iv i ty. (The reason for the choice of D ra ther  than F - is tomm
ha ve a f i g u r e  of mer i t  tha t  gets larger as detector  s ens i t i v i ty  improves , i . e .  is capable
of de tec t ing  less f l u x . )  The problem w i t h  t h i s  d e f i n i t i o n  is that  it depends on the
detector area Ad and the radiometer system electronic bandwidth , Af. This is readily

seen by noting from the preceding equation that 0 varies inversely with noise , ‘n which

for shot—noise  corresponds to r .m . s .  noise cur ren t

= ~~~~~)
\

/ 2 e I ’ f  ( 5 7 )

where e is the e lec t ronic  charge and I~ the average signal  c u r r e n t .  Thus D var ies  as
l/~ A f ;  f u r the rmore , average s ignal  cu r ren t  I~ and incident flux are both proportional to

the detector area , while the noise varies as ~~~~~~~~ it follows that the detectivity

D’i (58)

is inverse ly  proport ional  to the square root of the detectors area and the e lect ronic
bandwidth. In order to compare detectors of different area and systems of different

elec tronic bandwidth , the speci f ic  detectivity D* (Dee-star) has been introduced , which

eliminates the above dependence

0* = D~~Ad f= 5
F

n
~~~~~F w 1cm Hz~~

2

Note again that D* is simply the inverse of the minimum det ectable flux Fmjn normalized

with respect to the square root of area-bandwidth product , AdA f.

Typ ical D* for  a cooled Ge :Hg is 10~’1~ w~~ cm Hz~~
’2 at 10 ur n .

4.1 System 0* of Cold Radiometer in the Background Limit

The D* concept can be applied to optical systems . Cooling the op~~ic s as wel l  as the
housing resu l t s  in a system D~~ greater  than the detector D* . The system D~ is f i rst
de r ived , from which  fo l lows the achievable  temperature  resolut ion of the rad iomete r .

R e f e r  now to F ig .  16 which  shows the f r o n t  of the radiometer wi th  cooled detector , f i e l d

stop and housing . To ca lcu la te  D~~, we need to know Fmin the minimum detectable f l u x .
We proceed as fol lows ; the de tec tor  cu r ren t  and incident  f l u x  are re la ted th rough  the
quantum efficiency, r~ and the photon energy hu by

I~~~ g~~ — F (60 a)
V = C/i

‘n 
= ‘n- 

~~‘
n- F~~ ( 6 D b )

- n- 
- - - 
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Su b s t i t u t i n g  Eqs.  ( b O a )  and ( 6 0 b )  in to  ( 5 7 )  and so lv ing f o r  the min imum detectable  f l u x
gives

F .  -- h~-F , f (61)

The f l ux F seen by the rad iometer  is sh ~~ - -  in Fig. 16; the i n s t rumen t  has solid ang le

resolut ion 0 r an d co l lect in ~ ~n - e - L ture  A .  I f  the scene is 300K and the w a l l s  are
coo led to cr yogen ic tempe r a t u re , none of the wall radiation imping ing on the detector ,

which by itself subtends a 2mi solid angle , has any appreciable effect compared with the

radiation received from the scene. Assuming the latter to be a blackbody function ,

wa have from Appendix B

F = C1 ~~
5e

c2/ ‘

~~

‘ 

rAr,~ watts (62)

where Ak is the optical bandwidth  of the rad iometer .  Recall that  A A / ~ = .10 for both

radiometer wavelengths; substituting (62) into (61) yields

= C
l 
~ 

kT~~~~~~~~~ (63)

fractional relative
su bt en se opt ical
of hot bandwidth
backqround

C = 1.19 x l0 12w—cm 2 -1 ( e 4 )
c2 = hc/k = 14 , 388 p m—K
k = 1.38 x 10 23  .

,
,.
~

Note that improvement in systermi 0* comes about from the fact that while the detector
accepts hot radiation over a 2nt hemisphere , the cooled walls and stop of the radiometer

limit ho t”  rad ia t ion  to 0r subtense .

From the definition of D* in terms of minimum detectable flux , F -mm

D* =~~~~~~~~~~~.f
mm

we obtain the theoretical system D* ,

= 4.1 106 

~~~~~ r~~~~~~
s/t) A n ( m)eC2RT w 1Hz~~

2cm 
(65)

Put t ing  in some numbers :
A = 10 pm

T = 300K

Al/A = .10

= io
_2

Ad/Ar = .Scm/2Ocm = 2 . 5  10 2

= .05 (includes all efficiencies)

We get for a cold radiometer

10 —l 1/2D*~~,3 = 1 0  w cm Hz

We are now in a position to calculate the temperature resolution of the cold radiometer.

4.2 Temperature Resolution

tm - ’ing calculated the system D~ under background limited conditions , we turn to the

rablem of converting the corresponding minimum flux , Fmin to an equivalent I m ’T’t - l -xatur e ,

1, - This is the minimum detectable temperature set by noise and it is the t e m ic e r a t u r e

t”aol ut ion 1 the cryogenic radiometer. The minimum detectable flux , F .  is the

— - _~~~~,___ - - ‘ - —
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smallest change in flux , AF that can be detected since it is equal to the photon noise
caused by this flux. We simply write

F - - - AF -~-~- - ‘~T ( 6 6 )mm ‘1 n

From (62) we have

F - hc ~T (67)
n-I T  l i lT  T 

F

It is useful to express the preceding equation in terms of the wavelength 
T at which

a b lackbod y of tempe r a tu r e T radiates maximum flux. It is readily done by differentiating

the blackbody function with respect to T, setting it  equal  to zero and solving for 1~~T.
We get the Wie n ’ s displacement law ,

ITT = 2897 pm—K (68)

Note that for T = 300K , peak wavelength is 1
T 

= 10 pm. The preceding expressior. can

also be written in the convenient fornn

hc
= 5 (69)

T

which substituted in (66) yields

F - = AF = SF n-n-i 
_ _a (70)mm - P

From ( 65 ) , (66) and (70) we get for the minimum resolvable oemperature

ATm 
= 

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
( 7 1 )

The radiometer described in the text has the following parameters:

= 5%

A = 10 om

A f  = 800 Hz

A = 20c m 2
r

o = 3 l0 2sr

‘t A / A  = .10

If the scene temperature T = O”lK , the radiometer resolves according to (71)

AT - - 6 m lO 5K at 10 n m

A plot  of min imum resolvable  t e m p e r a t u r e  vs.  wave l eng th  is shown in Fi g.  17. On the  same
graphs are shown temperature resolutions achieved in practice with this radiometer and

indicated by triang les:

= 10 pm to 11.1 .m :.p = ~
1 = 3 . 6 ,m t o 4 . l  ,m AT = 1 0  K

We see th- - =‘osolvable temperatures achieved in practice are less than an or~~c = ’ of

magnitude above theoretical limits. Figs. 18 and 19 show photographs of the radiometer

and its operation on board ship .

Pa r t  I I ;  V I S I B L E  SPECTRO ME TRY

Radiometry usually implies collecting flux over a relatively wide but fixed spectral band.

The infrared radiometer described earlier measures flux at two fixed wavelengths , 3.8 ..m

and 10.6 n-rn w ith spectral bands of the order of 400 nm and 1000 nm. Each fixed wave1- -n -~th

scans a wide field of view with narrow angular resolution , 30 millisteradians; detection

relies mostly on the spatial and temporal radio me tric t e r 1 ; c m ~r c 1t u r e  of the sea surface ,

n- - n- --p-’__---~ _a_ 
~~~~~~~~~~~ - ~~~aa ,n- - —- -‘-—--~~-—- n--.’- - .--—-
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Spectrometers , as opposed to radiometers , collect flux in narrow spectral bands over a

wide spectral  range . This  is achieved by scanning the v i s i b le  por tion  of the spec t rum
and slightly beyond it , from 300 nni to 700 nm in narrow bands of the order of 4 mm , with

- an angular resolution of the order of 20 millisteradians that coincides with its field-

of—v iew, Information is mostly based on the - r e l a t i v e  s p e c t r a l  content  of each band , i . e .
OCm ’n-iil color. The instrument used for the measurements described further on is a

commercially available , standard piece of equipment.

We now proceed to derive a remote sensing equation , illustrate some at-sea measurements

and compare them with our theoretical prediction.

1.0 Remote Sensing Equation

The ocean color changes sensed by the spectrometer result from skylight penetrating the

water , undergoing multiple scattering and re-emerging upwards wi th  i ts spectral  content
modified by the spectral transmission characteristics of the water. The sky flux that

travels downward in the water is called the downwelling flux , and the one that travels

back up after scattering is the upwelling iSlux.

Sky light and water have markedly different spectral distributions and scattering

functions; they are well known and shown in Figs. 20 , 21 and 22.

To set up the remote sensing equation , refer to Fig. 23. At the ocean surface , two

components of light flux travel towards the sensor , namely reflected sky radiance

(sunglint avoided)

N 1~0 )  = 
~~~ 

N 5 ( o )  (7 2 )

and transmitted upwelling radiance

N ( 8 ) = i ( 0 ) N ( 0 ) / n 2 (73)

Note t ha t  I c in Eq. (72) is an average r e f l e c t i v i t y  t h a t  takes in to  account  the b l u r r i n g
caused by sea state as described by the blur function G of Part I.

1sk~~r~ 
and N are measured at the sea surface; do not confuse them with the,41’s of

Part I measured at the radiometer. t ( 6 ) is the water surface transmissivity

as a f u n c t i o n  of the r e f r ac t ed  angle ; i t  relates  to the spectrometer look angle 0r ’ by

sin 0 = n sin 0r W (74)

n 1.34 is the refractive index of sea water and the factor n2 in Eq. (73) f ollows from
the fact that across two lossles s media of d i f f eren t ref r ac t ive  index , radiances  N are
not preserved but rather N/n 2

No te from Eq. ( 7 3 )  t h a t  N0(e~~
) is the i n f o r m a t i o n — b e a r i n g  s i gna l .  At a r b i t r a r y  a l t i t ude

H above the ocean , the atmospheric transmittance , T0 reduces the above fluxes and the

scattered sunlight introduces a masking flux , N *  known as path radiance . By inspection

of Fig. 23 we can write for the radiance received at the spectrometer

,J V~ = N 
- - 
* + 

~~çc [ c ~~ i - ) N  ( 0 )  + N ( c ~~)T
0

( 3~~) / n 2]

~sk ~~

We have dropped the  subscr ip t  r f r o m  f o r  s i m p l i c i t y .
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2.0 Approach and Measurements At Sea

Measurements* we re performed w i t h  the spectrometer mounted on a hel icopter , look i n g

at the nadir (Or = 0). The geometry is shown in Fig. 24. From this geometry, two

simplifications in the remote sensing Eq. (75) follow :

1) The low altitude H = 500 f ee t  to 2000  f eet yi e lds a t r a nsmi t t ance P 0 1 to .84 ,
essentially unity, for practical purposes.

2) The path radiance N *  at these low altitudes is negligible compared to NSk (i). This

assumption was carefully verified

(a) by calculating the equivalent photometric brightness** (footlamberts) over the

entire visible range and comparing it to the classical Scripps measurements of

atmospheric path radiance

(b) by varying the helicopter altitude from 500 feet to 2000 feet and observing no

change in spectral radiance as shown in the measurements of Fig. 26.

Taking these two simplifications into ac eunt , and the fact that 0r = 0, Eq. (75)

reduces to

A”=N
k

( O )  + N (O) (76)

Furthermore , as shown in Fig. 25 , measurements of Nsk and N~ 
over a variety of

waters in coastal zones indicate

N sk ( O )  < <  Nw (0~ 
(77)

over most of the visible spectrum . The simplification (76) and (77) when introduced

in (75) yield the useable remote sensing equation

,,/V’
~= N~ = tuNu/n

2 (78)

In the water , the upwelling radiance , N is related to the downwelling radiance Nd by a
reflection coefficient R so that

Nu = RNd (79)

The downwelling radiance in water is related to the sky radiance , Nsk, according to the
preservation of the quantity N/n2 ; as in Eq. (73), we have

Nd = 
~d
Nekn ; (80)

is the downward transmissivity across the sea surface . After proper substitution , we

end up with

4=  N = Ri t N (81)w u d s k

This is the basic remote sensing equation in the absence of surface di~.turoance. If a

disturbance of spectral transmissivity , ~~
‘ appears on or n e -m r the m a n f ace  of the  w a t e r ,

becomes id! (one way trip)

becomes t u i ’ (return trip)

as indicated in the sketch of Fig. 27. The spectral radiance from the disttnrbed area is

the re fo re

= Rt ’ T T ’ T
d
N
Sk 

( 8 2 )

so t ha t  the ra t io  of the radiances in the presence and absence of d i s t u r b a n c e

1V’ , 2
= (83)

equals the square of the spectral transmissivity of the disturbing material .

°M- - ,isurelnents !c c r f o r m d by NA SA under Mr. Warren Hypes
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Our approach based on Eq. (83) requires building up a catalog of spectral transmissivity

measurements , r ’ for expected disturbances such as oil slicks as a function of sea water

concentration. Such measurements can be made at any time , independentl y of the remote

observation , and stored as part of a data base . They are retrieved after the remote

measurements of spectral radiance N ’  and N are performed over the disturbed and

undisturbed areas respectively.

Supporting laboratory measurements of the transmissivity of an acid contaminant  for
various sea water concentrations is shown in Fig. 28; when combined with the observed
spectral radjance 4’jn the undisturbed area , it yields the predicted radiance A’~
according to Eq. (82). The results shown in Fig. 29 are compared with the observed

radiance in the same figure . The agreement is excellent and concentrations across

the plume can be tracked as shown in Fig . 30.
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Appendix A

EMITTANCE AND TRANSMITTANCE OF AIR COLUMN

Emiss iv i ty  and t r ansmiss iv i ty  usual ly  re fe r  to radia t ive  propert ies  of surfaces  where

dealing with volumes we use the concepts of transmittance and emittance as defined below.

Consider , for simplicity , an air path made up of two different columns, each having

absorption coefficients m 1(m~~
’) and a2 (m

’
~~) and temperatures T1, T2 

as illustrated in

the sketch below; let us calculate the flux emitted by the lower air column but received

at the top of the upper column

~~1~ ~ 

R I  I

r d ,, T, X

_~~::di~

The radiances at the respective interfaces are due to emission of the bottom column

andIY . For homogeneous columns ,

j  =JV~e~~~2
r2 A-l

To calculate Aç
’ we must relate it to a blackbody function and effective emissivity of

the air column considered as an equivalent surface . Thus , an element dx in the lower

column , contributes a fraction of the total radiance

d/V~ = 0l~~
( B(X ,T1)e

OlX A-2

where ~1dx is the effective emissivity of the infintesimal volume of thickness , dx , and

B(A ,T) is the blackbody function. The total radiance

= B(A ,T1) 011

r1 
e ClXdX A-3

The resul t  is
= (l_e mlrl) B(A ,T1) 

A— 4

- The quantity i-a m5
1
C
1 is recognized as the emissivity of the -thole column .

Front’ A-4 and A—]. we have

= (l_e O lCl)B(A ,T1)e
_0

2C2 
A—S

We call

l_,e m lrl = C l 
A—6

emit tance of the bottom column , and

e m 2 r 2 = T
2 

A—7

transmittance of the upper column which reduces A-5 to

= t
1 

B (A ,T1)L 2 
A—8

Eq. ( 6 )  in the text  is made up of terms bu i l t  up in the same manner  as A - B .

- ~~~~~~~~~~~~~~~~~~~~~~~ -—~~~~~~~~~~ .-—~~~~ --~~~~-~~ ‘-- - -—.—~~~~ ~~~~~
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Appendix B

RADIOMETRIC TEMPERATURE EQUIVALENT OF RADIANCE

Radian ce changes , ~j Vcan be converted in to  e q u i v a l e n t  tempera ture  f l u c t u a t i o n  of a
blackbody function B(A ,T) by the following expression

L 
:~~~= n-3B

;

~~~~~~T) 
‘tT = B ’AT B-l

In calculating the changes , we often encounter the expression B / B  for which the
approximation derived below is pe r f ec t ly  adequate .

— 
The blackbody expression for radiance , B = ~~~~~~~~ or flux F for unit wavelength , area and
solid angle is r r

C /A 5 (pm) 2
B(A ,T) = w/cm —sr—pm B-2

ec2/AT_i

whe re

C1 = 2hc
2 = 1.19 lO 2 w—cm 2/sr = 1.19 lo~ w/cm

2— sr—pm

c = 3 mm 10 rn/ sec = light speed

h = 6.6 mm 10 34j—s = Planck ’s instant

c2 = 14 ,390 pm—K

we find that for temperature T around 300K we can approximate the denominator of the

preceding expression by eC 2~~
XT wi th an err or of the orde r o f 1% i f  we de man d

>

which corresponds to a wavelength

~ 14,388 pml(
- 4 .61  mm 300K = 10.4 pm

With the preceding approximation , exp ression B-2 become s

B(A ,T) = C1A 5 e
_c

2/AT w/m2—sr— pm 8—3

and

B ’ /B = c 2 / A T 2 B-4
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VISIBLE AND INFRARED IMAGING RADIOMETERS
FOR OCEAN OBSERVATIONS

By

W. L. Barnes
Goddard Space Flight Cente r

Greenbelt, Maryland

ABSTRACT

This pape r deals with the current status of visible and infrared imaging sensors designed for the rem ote
monitoring of the ocea is. Emphasis is placed on multichanne l scanning radiometers that are either ope rational or
under development. Present design practices and parameter constraints are discus sed. Airbo rne sensor systems
examined include the Ocean Color Scanner (OCS) and the Ocean Tempe rature Scanner (OTS). The Coastal Zone Color
Scanner (CZCS) and Advanced Very High Resolution Radiometer (AVHRR),  upcoming spaceborne sensors for oceanic
applications , are reviewed with emphasis on design specifications , expected completion , and anticipated performance.
Finatly, recent technological advances and their probable impact on sensor design are examined.

I. INTR ODUCTION

The development of imagi ng radiometers for the purpose of observing a wide variety of surface and atmospheric
parameters from airborne or spaceborne platforms has been a rather recent phenomena , occurring almost completely
withi n the last twenty—five years. The application of this technology to oceanography is even more recent with the
first imaging visible and infrared radiometer dedicated to oceanography scheduled for launch during the upcoming
year (1978).

Imaging the earth’s surface was Limited to airborne photography until the availability of infrared detectors with
short time constants led to the development of thermal strip mappers in the early 1950’ s. These sensors used a single
detector and a scanning mirror with the motion of the aircraft relative to the ground supplying the vertical scan motion.
This technology developed rapidly and in November , 1960 , the Medium Resolution Infrared Radiometer (MR IH) aboard
TIROS II provided the first thermal images of the earth from a space platform. The primary interest in this data was
meteorological. Applications to oceanography were minimal due to the 20 n. ml. spatial resolution . It was not until
the data f rom the High Resolution Infrared Radiometer (HR IR) on NI MBUS I became available in 1964 that any meaning-
ful study of the oceans was possible using data from space.

In the interim there has been a considerable research effort to determine which parameters of interest to the
oceanographic community are discernable from aircraft or space platforms using visible and infrared radiometers.
The two most important ocean parameters that lend themselves to remote sensing are surface temperature and ocean
color. Sea surface temperature has received much more attention from the remote sensing community , d ue to its
impo r tance in the energetics of meteoro logy, than has been given to the study of ocean color. ft has only been within
the last few years that the study of ocean color from high altitude aircraft has sufficiently demonstrated the potentiali-
ties of this parameter to lead to a spacecraft sensor. This sensor , the Coastal Zone Color Scanner (CZCS) will  be
discussed Later on.

The remote sensing of reflected solar and/or emitted thermal energy f rom the ocean has boon used in a widc
variety of studies with varying degrees of success. Topics that have been studied include:

1. Sea—surface temperature
2. Oceanic fronts
3, Currents
4 . Coastal upwellings
5. Poll utants Including oil slicks , acid dumps , thermal  effluents , and industr ial  discharge
6. Sediment transport
7. AquatIc vegetation mapping
8. Shallow-water bathymetry
9, Fish location

10. Sea—state via glitter pattern
E L . Chlorophyll and yellow substance (or geibstoffe) concentration

Rathe r than becoming Involved in a survey of the work done in each of these areas and the types of sensors used , this
paper will first  discuss the common elements of airborne and spaceborne systems , includi ng the sensor , on—board
data handling equi pment , ground support systems, and ground data reduction . Secondl y , eq uati ons for the design of
visible and infrared Imag ing radiometers will  be examined with emphasis  on present practices and l imitat ions . The n ,
two operationa l high—altitude airborne sensor systems and two spaceborne systems presently under development w i l l
be examined as examples of typical ocean survei l lance designs . Fi nal ly,  there wi l l  Is a brief d iscuss ion of a few of
the recent technological developments and their anticipated eft ect  on the design ant) performance of v i s ib l e  and infrared
rad(ometers through the mid—1 98 0’ s.
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Additional material on remote sensing of the ocean and the design and use of visible and thermal radiometers
can be found in the literature and in severa l recently published books that surv ey the entire field of remote sensing.
Outstanding among the latter is the Manual of Remote Sensing ( I ) ,  a two volume 2100 page set of papers that address
nearly every facet of remote sensing. The wo rk was published in [975 by the American Society of Photogrammetry
and contains many references through 1973 . Anothe r excellent survey is Remote Sensing of the Environment (2) pub-
lished in 1976 with over 1, 000 references from the open li tera ture , some as recent as 1975. Both the latte r works
and Re mote Sensing of the Troposphere (3) published in 1972 contain excellent chapters on the remote sensing of the
ocea n that describe both recent research results and microwave , inf rared , and visible sensors presently being used
to conduct this research. Books specializing i n infrared systems include Thermal Imaging Systems (4) by Lloyd and
Infra red Sys tem Engineering (5) by Hudson . The former was publishe d in 1975 and contains a very good discussion of
all aspects of thermal image r design including detector arrays. The latter volum e is more general in its approach
and in addition , contains over 2 100 references that are a comprehensive survey of the infrared l i tera ture  prior to
1964 . There are , of course , many additional books and articles concerned with remote sensors and their applica-
tions to oceanography , but these few references should provide sufficient background for someone new to the field to
establish thei r bearings prior to moving on to the more specialized problem with which they may be concerned . Em—
phasis has been placed on publication dates in the abov e discussion due to the rapid pace with which the field is devel—
oping. In the short tw o—three years since some of these books were published , mi nor discrepancies have already
appeared between discussed designs and current practices.

II. VISIBLE AND INFRARED IMAGIN G SYSTEMS

1. The Scanning Radiometer

The infrared scanning radiometer was developed principally because of the inability of film or image tubes to
detect radiation of wavelengths greater than 0.7—0. ~ micrometer and , as the need fo r visible and infrared radiometers
arose , this type of senso r has been broadened to include visible channels thereby for ming the class of multichannel
visible and infrared scann ing radiometers . Alth ough these sensors ordinarily includ e both visible and infrared chan-
nels they may be designed to detect solely reflected solar or the rmal ly  emi t t ed  infrared energy, the most notable exam-
ple of the former being the Multi—Spectral Scanner (MSS) of LANDSAT 1 and 2 . This discussion w i l l  l imit itself to
those mult ichannel scanners In which the motion uf the platform relative to the earth’ s surface provides one scan axis ,
thereby eliminating the tw o— axis scanners used with geostationary satellites.

Although , as a group, visible and infrared scanning radiometers consist of many varied designs , they, for the

most part , do have certain common elements. The refore it is possible to discuss in a general way the subsystems of
a typical sensor . Such a collection of subsystems is show n in F igure 1. The f ollowing paragraphs are brief discus-
sions of each of these subsystems.

TARGET ] ~ 
A TT ENu A T ING

]
~~~~~~~~~~

T0
~~~

ECHANICAi

COLLECTING
OPTICS

SPECTRAL
CF~ANNELIZING

OPTICS

DETECTOR 1 DETECTORS 1 SCAN

COOLER _________________ J SYNCHRONIZER

r DETECTOR BIAS
AND

PREAMPLIF IERS

IN FLIGHT
CAL I8RATI ON

VIDEO
PROCESSOR

T E L E M E T R Y

V IDEO
OUTPUT

l- igu re I . Scanning Radiomete r Su l isv slems

-4 -~~~~~~~~~ .~~~~~~ ~~~~. 
— .



The f i rs t two ite ms shown, the target and attenuating atmosphere , are obviously external to the sensor . They
are inc luded because they are two of the dominant Iactors that govern the design of the radiometer. The ta rget and
the multi channe l algorithm tha t wi l l  be used to sepal-ate out the parameters of interest in that target determine the
req uired spectral position and width of the channel s , the instanta neou s—fi eld—of—view (Il- I IV) and the required sensitiv-
it y of the sensor . h oweve r , the sensor design must also consider the contributions that the ir ’u i-vening atmosphere
will  hav e on the signal . In the the rmal infrared portion of the spectrum the principa l effect of the atmosphere on the
upwell ing radiation is molecular absorption. Therefore , i n order to observ e the su r f ace , infrared cha nnels are l in i —

— ited to window ” regions of the spectrum where there is very little wate r vapo r (or trace constituent) absorption . The
two major window regions are from 3. 5—4 .0 micrometers and 10 .5—12 .5 mIcrometers. 1-or the visible portion of the
spectrum , scattering of incide nt and reflected solar photons into the Il -0\’ of the sensor by both aerosols and molecules
is the prim ary at mospheric effect. Therefore , when observing the color of the ocean as many as 98~ of the photons
reachi ng the sensor conic from the atmosphere in~-~ead of the ocean . However , since this sky radia nce is essentially
consta nt for a given solar zenith and viewing angle , it  can be subtracted from the sensor signal in order to expa nd the
dyna mic range of the desired ocean color signal .

Ordinarily the first element of the imager is the opto— n~ech anical scanner. This is typically an object plane
scan mir ror located in front of the collecting optics , there are i mage plane scanners that scan in ihe focal plane of
the collecting optics , but all of the examples discussed late r use object plane scanners. The optical element(s)  of the
scanner can be passive (flat mirrors)  or active (lenses or curved mirrors).  Mos t of tod ay s scanners use flat  mirrors
the majority either inclined at 45 1 

to the axis of rotation or in the form of a polygon perpendicular to the axis of rota-
ti on. Examples of both will be shown later, The major difference in these two systems is that with the inclined mir-
ror system the projected image of the detector (or footprint) rotates as a funct ion of twice the scan angle (measured
f rom nadir). This is not very important unless the focal plane contains an array of detectors , then the relati ve
orientation of their images on the surface will rotate with scan ang le. Thus the footpeint of a linear array with its
long axis lying p arallel  to the direction of flight at nadir would be perpendicular to the flight direction at a scan angle
of ± 45 0~ This does not occur with the polygon scanner. It should , however , be recognized that both scan systems
have geometrical distortions. Since the sensor is located at the center of a circle that is projected onto a flat  or con-
vex ear th , the image will appear compressed near the edges. This effort can be compensated for by using a variable
digital sampli ng rate , a va riable speed scan mirror , or by correcting the data during processing on the ground . The
lat ter is the usua l solution . A second type of distortion is the increasing size of the footprint with scan angle. This
is commonly referred to as the bowtie effect and can only be corrected by changing the IFOV with scan angle. This is
not common but has been done. The scan mirror ’s speed of rotation is usually adjusted so that the along—track dis-
tance th e surface nadir point moves is very nearly one IFOV per scan line period . Therefore , the lines are contiguous
at nadir . However , due to the increasing size of the footprint with scan angle , the scan lines overlap at all other
points.

The collecting optics generally consist of a reflecti ng cassegrain—type telescope . This se rves as the entrance
aperture to the sensor and , as shall be shown later , the area of the collecting optics plays a fundamental role in the
sensitivity of the complete system.

There are two generally used methods to separate out that part of the spectrum desired for each channel; spec-
tral reflectance or transmission filters and spatial dispersing elements such as prisms or interference gratings.
Sensors having several channels in both the visible and infrared portion of the spectrum may use a combination of both
methods. The sensors described later  use both techni ques. In addition to the~o spect ral elements , the channe l izing
Optics include the transfer optics used to direct the photons from the focal plane of .~e collecting optics to the spectral
separation elements , and the condensing optics that focus the spectrally delineated energy onto the detectors. The
former , due to their broad spectral requirements are commonly all reflective elementa , whe reas the latter can be
spectrally tailored transmissive optics.

The detectors for the type of sensor under consideration are point or discrete detectors as contrasted to imaging
detectors such as the vidicon . The two most commonly used visible detectors (actually visible and near infrared) are
the pho tomultip l ier tube and the silicon photod iode. The latter with usable spectral response from 0.4 to 1.0 micro-
meters has gradually replaced the photomultiplier for most remote sensing applications . Infrared quantum detectors
have been the subject of an intense research effort over the last 20 years which has resulted in a technology that is
capable of producing very nearly background limited (blip) detectors over much of the infrared spectrum from 3-30
micrometers. As stated earlier , the growth of this technology is directly responsible for the rapid development of the
scanning infrared radiometer.

Infrared detectors operating at wavelengths greater than 1.5 micrometer must be cryogenically cooled. Typical
temperatures required for infrared detectors operating in the atmospheric windows at 3.5 and 11 micrometers are
77—110K. The three moat commonly used methods for detector cooling are open cycle coolers in which the heat from
the detector evaporates a liquid cryogen which is stored in a thermally insulated dewar , closed cycle refrigerators
which ty pically use a two-stage compressor and an expansion valve near the detector , and radiative coolers which use
the 3K space bac kground as a heatsink . The first two of these are most often used with a i rc ra f t  sensors where cryo-
gen supplies or the power to drive a compressor are no problem. The radiative coolers have proven to he qui lt effe c—
live with spacecraf t sensors. Other methods that have occasionally been used includ e solid cryogens and thermoelec-
tric coolers.

The detect or preamplifiers are one of the most important elements in a vi sible and infr ared radiometer . Their
noise figure must he kept low enough for the l imit ing noise source of the system to be that of the detector , and this
noise figure must  he preserved through careful system design . Monolithic silicon detector arrays in which the’ pre-
ampl i f ie r  a nd the detector are part  of the same silicon chip have very low noise f igure s .  S imi l a r  infrared dete ctor
systems are under development .
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The video processor amplifies the output from the detectors and preamplifiers , shapes the scan synchronizer
pulse, blanks the signal from the preamplifiers during portions of the scan when it is not used , multiplexes the van —

ous ancillary signals Onto the video , and outputs the analog video signal .

The sca n synchronizer is a magnetic or optical encoder that is mechanically attached to the scan mi r ro r  shaft
and serve-s as an indicator of the mirror ’s positi on. This is important both for internal timing in the video processor
and for data reduction.

The rediometric accuracy of the imaging radiometer is limited by the accuracy of its calibr ation. It is espe-
cially important in the east’ of thermal channels that this calibration be updated periodically. This is accomplished
by including the output of two or more blackbodie s of known but different temperature in the video output. For an
accurate calibration of the entire system these blackbodies should be viewed by the scan mirror  and should f i l l  the
entrant- c aperture. Aircraf t  sensors ordinarily use two temperature controlled blackbodies that are viewed once each
scan line. Spacec raft  sensors typically use a sing le blackbody that is a portion of the base of the sensor and view
space as a second calibration point. Since it is difficult  to fabricate a uniformly diffuse visible source- that w i l l  f i l l
the entrance aper ture  of any sizable radiometer , the visible calibration is often performed by inserting the source at
the focal pla ne of the collecting optics or by using laboratory calibration data .

Telemetry inserted into the video data stream is usually limited to that necessary for data reduction . Engineer-
ing tele metry is outputted via a separate data line. Typical video telemetry voltages include blackbody thermistor
outpu ts, and staircase voltages to ascertain system linearity.

2. The Remote System 
-

The scanning radiometer system , as mounted on the aircraft  or spacecraft, includes important elements in
addition to the sensor. These elements and their interrelation are shown in Figure 2 . The niultichannel scanning

radiometer shown as the f irst  element in this illustration includes the subsystems described in the previous section
and diagramed in Figure 1. The f ollowing discussion will consider each of the subsystems of Figure 2 .

The digitizer may be included as part of the radiomete r or as a separate subsystem. The re is usually a separate
data line for each cha nnel with all inputs to the digitizer being sampled simultaneously, at a predetermined rate con-
verted by one or more A/D circuits , read into a buffer , and r ead out of the buffer serially,  with a sepa rate serial bit
s tream for each cha nnel. The inputs to the buffers may be turned off during those portions of the scan in which there
is no useful video data , thereby reducing the system data rate considerably. The possible reduction in data rate wi l l
be dependent on the scan efficiency of the mechanism used and the field of view . Thus for a rotating inclined mi r ro r
sys t em that scans ± 4 5 0 about nadir , the data rate can conceivably be reduced to nearly one—fourth  the rate resulting
from digi t iz ing at a constant rate during the complete revolution of the mi r ro r .

The digitizer/buffer serial data streams enter the multiplexer where the data is interleaved and divided into
convenient sized frames each of which has a header consisting of several data words reserved for identification, t ime
code , platform location and attitud e , and any othe r information that will aid in data reduction and analysis . The
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loca tion and atti tude data can Ce supplied by an ine r t i a l  navigation system for airborne systems on calculated from
ep hem ei-is data for spacecraft systems .

The in—fl ight  chats ptocessor can either be a microprocessor  system designed to perform certain pred etermined
tasks such as ratioing or i l i f f e renc ing  of channels ui it ni :i3- be’ a m inicomputer that  can be used to perform a wide
var ie ty  of in—fl ight  calibration and analysis tasks with the additional capabil i ty of being re-programmed via  ground
commands.

The output f rom the processor can go eithe r to a wideband tape recorder for  storage- or to a t r a n s m i t t e r  for
relay to a ground station . Airborne data t ransmission can be used for r e - a l — t i m e  sensor performance checks and to
aid in intel-ac-lion with surface vessels .

3. Ground Equipment and Data Reduction

Ih e  typical scanning radiometer system described in the preceding two sections and d iagrammed in Figures 1
and 2 requi res a considerable amount of ground support equipment and a sophisticated data facil i ty in order for the
sys tem to be maintained at the peak of its capability and to generate a useful end—product . The types of eq uipment
requi reci and the steps of a typical data calibration and analysis scheme are shown in Figum -e 3 and discussed in the
following pai-agraphs.

The sensor cal ibrat ion system includes second a ry visibl e and infrared standard sources of a size to over f i l l  the
entrance aperture of the sensor. The most accurate visible source for this purpose is a large aperture integrating
sphe i-c suitably coated with a diffuse reflecting material and containing several quartz—iodide lamps that are shielded
from a direct view of the sensor ’s entrance aper ture  (6). The spectral irradianee from the sphere is measured by
comparison wi th a National Bureau of Standards calibrated qua rtz—iodide lamp using a spectrometer with a smal l  in—
u-gra t ing  sphere and a thermopile detector . The infrared calibration source is a controlled , va riable—temp erature
blackbody in a blackened cavity maintained at a temperature  much less th an the viewed surface . This source , whic h
must  also overfill the entrance aperture , is used to calibrate the in—flig ht blackbodie s of the sensor whit-ti arc , in
turn , used to calibrate the data . Great care must  be taken to make the surface a near—p erfect emitter, to maintain
a uniform tempc i-atune across the surface , and to measure the surface temperature with  the required accuracy .

The ther mal vacuum chambe r serves to simulate the environment that the sensor will be subjected to including
atmos pheric pressure , temperat ur e, and , i n some cases, radiant sources. The chamber must be capable of holding
both visible and infrared sources in order to ascertain the effects of environmental extremes on the sensor ’s perform-
ance. Thi s is especially true for infrared sensors since a change in instrument temperature will result in a change
in the radiant ene rgy emitted to and reflected by the in-flig ht bl ackbodies , thereby changing their calibration.

Cryogenic equipment that may be required includes liquid cryogen storage and transfer gear for sensors With
dewars and for cooling of vacuum chamber walls , closed—cycle li quid heli um refrigerators with blackbody panels to 
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simulate space for bringing radiative coolers to their operating point during vacuum chamber testing and to give a
si mulated space view which is used as one of the in—flight infrared calibration points, dewa rs to align anti check
infrared optics and detectors prior to mounting in the sensor , and clamp—on bench coolers for operating radiative
coolers outside the vacuum chamber.

In addition to the normal electroni c test equipment contained in any well—equipp ed laboratory , a remote sensing
l aboratory should also Include a detector test console, digital test gear, time code- generator/translator, and a
computer—controlled test console for use during sensor testing and calibration .

The major piece of optical test equipment needed is an all—reflective optical collimator with an entrance aper—
ture wide enough to fill all anticipated radiometers and a set of visible and infrared foe -al plane target s for
measuring the modulation transfer function (MTF’) of the sensor . A spect rally scanning source of nearly monochro—
rustic radiation is also required in order to measure the spectral response of each channel. In most cases a grating
spectrometer is adequate.

The first step in reducing the scanning radiometer data to a useful product is to reformat the muitiple\ud serial
data into computer compatible tapes (CCT’s). In the case of some aircraft sensors this step is performed by the in—
fligh t data processor. The CCT’ s c-a n be used to generate an image tape which in conjunction with an electronic image
processor can be used to generate images on a television screen , fil m , or photosensitive- pape r , in order to c-heck
the quality of the data.

Since the da ta rate of this type of sensor is often quite high, the data may have been recorded on several serial
tracks of an in—fligh t or ground tape recorder. It is, therefore, necessary tha t these data sets be merged to form a
single time—series of CCT’s. This can be done as an integral part of the reformatting process or as a separate step.
Also, at this point, other data sets such as surface—truth , calib ration data , orbit information , and data f rom other
sensors can be merged into the data set.

Data calibration consists of using the calibration information obtained during preflight calibration , fro m if light
calibration, and, in the case of airborne sensors, post—flight value s to convert the digital counts to values of radiant
int ensity .

Geometric corrections are used to remov e the distortions C f  the image caused by the inherent performance of
the scan mechanism. As stated previously, these distortions can be eliminated by various modifications of the basic
sensor design. However, these modifications complicate the sensor design to such an extent as to imperi l  reliabili ty
and are therefore not justified in most cases. Corrections performed by the ground data syste m can range from sim-
ple pixel averaging schemes to multi—dimensional interpolation.

The major reason for geometric fidelity is to allow the sensor data to be registe red with  othe r data sets such as
that from other Imagers , surface sensor data , anti various parameter and leature maps . This process ty pically in-
volves matching the sensor data to a digital base map.

Multichannel analysis is essentially converting a series of radiances measured at the sensor to a smaller set
of surface parameters. This analysis is performed by algorithms developed via modeling and laboratory and field
experiments. Several current schemes will be mentioned in the discussions of specific scanning radiometers .

After the data analysis has converted the sensor output to the req uired surface parameters , they, in turn , m ust
be put into the form most conveneint for the ultimate user. Types of output include visual display s , radiance images ,
thematic Images , maps, computer compa tible tapes, and catalogs.

III. SCANNING RADIOMETER DESIGN

The application of remote sensing to the detection of oceanographic parameters that are of interest to the scien-
tific , commercial , and/or military communities consists of four major phases; ( 1) problem delineation , (2) multi—
channel algorithm development , (3) sensor design and construction , and (4) data collection and reduction. This sec—
tion, concerned with the first part of (3), assumes that (1) and (2) hav e taken place and hav e resulted in a set of spec-
tral channel positions and half—widths , desired footprint and swath width , required se nsit ivi ty,  and probable platfo r m.
This Information, as shall be show n, is sufficient to enable the development of a preliminary system design. The
following paragraphs will develop the sensitivity equations for both visible and infrared channels and thereby demon-
strate which elements of the scanning radiometer govern Its design and what tradeoffs can be made.

A commonly used performance criteria is the peak—signal to rms—noi se ratio ( SNR) which can be defined by

(‘12

~~ -.~-i-~ ( I )
N

whe re X~ a nd 12 a re the wavelength limits of the parti cular channel under considerat ion , P~ is the spectral i rradiant
power received by the detecto r , and (NE P)1 is the spectral noise equivalent power. P 1 is given by

P1 aAf 2i ( 1IN 1 (2 )
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where a is the albedo for reflected solar channels and the emisslvlty for thermal channels. The emissivity is as-
sumed to be unity for thermal channels viewing water surfaces. A is the area of the entrance aperture of the sensor
includi ng losses due to obscuration of the primary mirror by the secondary. f~ is the solid angle subtended by the
Instantaneous :(eld of view (IFOV). r (1) Is the wavelength dependent transmission of both the atmosphe re and the
sensor oplics , and N1 is the spectral radiance from the I FOV.

if the spectral bandwidth of the channel does not include strong atmospheric absorption lines and the spectral
response of the sensor is constant over the bandwidth , a valid assumption is that:

r (X) r0 foi l1 �1�~~
and

r (X) = 0 for X~ > 1> 12

Thus,

(x 2
N

(3)

Equation (3) is true for both reflected solar and thermal channels. It is only when calculations are made for the noise
equivalent power for channels in the different wavelength regions, which consequently necessitates different types of
detectors, that the sensitivity equations begin to diviate from one another.

A sensitivity criteria used primarily with infrared detectors, the specifi c detectivity or D* is defined as

(A d~~f ) ½
D~(X ) 

(NEP) 1 
(4)

Where Ad is the area of the detector and ~ f, the output bandwidth , is given by

(5)

where t d is the IFOV dwell time which , for scan lines contiguous at nadi r , is given by

hfl 
6t d~~~~~~~ ( )

where h is the altitude of the sensor platform , 12 is the solid angle subtended by the IFOV , and v is the surface speed
of the sensor platform.

Equations (3) and (4) can be combined to give

(12
s Al2r
— =  ° \ D~(A)N~dX (7)N (A d~~f ) ”~ 

)

where the emissivity, a, is assumed as unity.

For the thermal infrared channels , the most commonly used sensitivity criteria , instead of the signal to noise ,
is the noise equivalent temperature diffe rence (NETD), This quantity is usually defined as being that small change in
temperature of a blackbody target which will result in a peak—signal to rms noise ratio of unity as measured at the
output of the sensor. Since a small change In temperature Is equivalent to a small change in radiance , N 1 of equation
(7) becomes dN 1 and

dN 1(T) dN1(T)
dN 1=dT 

dT dl - (8)

Combining equations (7) and (8) and the definition of NE TD results in

(A d~f ) ~r (  2 
dN 1(T) 1

NETI) = 
A12 [ ) D~(X ) 

dl dXj (9)
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For XT < 4000 pm °K , Pt anck’ s law may be approximated by WIen ’s radiation law and

dN 1(l) c1 N1(l)
= (10)

dl 112

where

I 4388 X I0~ Mlii K

Therefore

(~
A2 -I

(A d AI)
½ 121 d11

NITD = 
Al2r0 c~ L..~ 

N1( T) D*(A)~~
] 

(Ii)

X I

For the case of photodetectors having theoretical performance such that

D*(X ~ ) for X~~l~

and

for 1>

equation (11) can be simplified to

—Ir( 2
(A 8, A f ) 5l2 X~NETD = 
Af2rO cI D*(X~)[~ 

N1(T)dX (12)

x i

This form of the NETD equation is quite convenient, The integral is evalu~.tod numerically. It should be kept
in mind that the NETD is a function of T and that any specification of the NETD of a sensor without quoting the target
temperature at which it was calculated or measured is meaningless. Typically the NETD is given for a 300K scene.

In the case of visible or near—infrared channels using silicon photodiodes , the noise—equivalent—p ower can be
expressed as

NEP ~~~~~~ + + (13)

where

S = diode responsivity in ampere/watt

I , = shot noise current due to signal flux on the detector

= photodiod e leakage current noise when not illuminated

= load resisto r Johnson noise current.

The noise currents are given by:

2 = eI ~ f

= 2cI,~ -~~~ 
(14)

i ,2 = 4 K T~~f It

whe re

I , signal current

dark current

R = load resistor

~ f — outpu t bandwidth (see equations )~i) and (6) ) .
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Since in Eq. (14) only the signa l current is a function of wavelength and It is calculated using the minimum detector
illumination, equations (3) and (13) give

(12
S aAS2r0 S I

— =  N 1d A (15)
N (i 2 + i ,~~+ i 2 )½)

where N1 is now the solar spectral radiance and the integral can be extracted from various solar constant tables such
as Thekaekara (6), Johnson (7) or Labs and Neckel (8). Strictly speaking, a and S are also functions of 1, but an
average value can be readily determined for a given spectral bandwidth with no appreciable loss in accuracy.

Equations (12) and (15) can be used to calculate the performance of the various channels of a visible and infrared
scanning radiometer design and to adj ust the parameters of that design If It fails to meet the sensitivity required for
the desired sensor application. These equations however, assume certain ideal conditions that are modified by reality
and neglect certain effects that tend to degrade the performance of the sensor. These effects can be put in the form of
a degradation factor , ci , which, when multiplied with the NEP, results In a decrease in the sensor sensitivity. Gold-
berg (7) has identifi ed six multiplicative factors which may contribute to ci. These include:

a1 — detector operating conditions other than those under which Dt (Or S) was measured.

a2 - effective noise bandwidth including 4 noise

a3 — radiation or electronic chopping

04 — electronic fi l ter response

05 
— system noise (primarily amplifier noise)

0
6 — diffraction effects.

Obviously, some of these factors are not applicable to the type of sensor being considered. For instance , the Ad-
vanced Very High Resolution Radiometer (AVHRR) design (8), which will be examined in a later section , found that
only 02 and a~ were significant and that these resulted In ci = 1. 6. Goldberg (7) has demonstrated that in some cases ,
ci may be as large as 13.9. For the type of sensor under discussion the value of ci for the AVHRR Is more typical.

Thus, equations (12) and (15) when modified by a should give a reasonably accurate estimate of sensitivity that
can be expected for a particular sensor design. The sensor itself as was discussed in the preceding section, is only
a portion of the complete sensor system and, therefore, the sensor design must be compatible with the total system.
With the advent of multichannel scanning radiometers having more channels , smaller IFOV’s and wider scan swaths,
the factor that impacts system design the most is data output. In fact , in most cases the ability to store, transmit
to the ground , and analyze the data from the sensor determines the system design limits rather than the design being
governed by state—of—the -art sensor technology.

The data rate, d , from a scanning radiometer is given in bits/second by

d = !~~ (16)

where n is the number of channels, c is the number of samples/IFOV, b is the number of binary bits used to represent
each analog sample , and t d is the dwell time per LFOV.

Combining equations (6) and (16) gives

d = ~~!~~~ (17)

Since the Nyquist criteria calls for a minim um of 2. 5 samples/cycle and since at least two IFOV are req ui red for a
complete cycle (black to white or hot to cold), a commonly used value for c Is 1.4. The value of b is determined by
the sensitivIty and range of the sensor and Is typically 8 or tO.

An example of the data rates resulting from today’s scanners can be had by examining the Coastal Zone Color
Scanner (9) slated for a 1978 launch aboard Nimbus—G. The parameters used with equation (17) are

n = 6
c = I . 4
h = 8
v = 645 km/sec.

1 2 = 7 .48 X I0 ’ it.
h = 925 km

—‘-
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which results In

d = 394 X I0 6 bits / second

or 2. 4 x LO~~ bits/ orbit which is an order of magnitude larger than available space—qualified tape recorders . Thus ,
the data must be reduced by onboard processing or the on-time of the sensor limited to those periods that the space-
craf t is in contact with a ground station.

l\. OCEAN TEMPERATURE SCANNER

The Ocean Temperature Scanner (OTS) is a 5—channel scanning radiometer designed for use aboard medium and
high altitude airc raft . The sensor was designed , fabricated , and tested by personnel of the National Aer~mnautics and
Space Administration’s Goddard Space Flight Center (10) and has been flow aboard a CV—990 and a U—2 aircraft at
altitudes of 11 km and 19. 8 km, respectively. This sensor is , in many aspects, a si mulator of the Advanced Very
High Resol ution Radiometer Mod 2 (AVHRR/2) that will be discussed later and is presented here both because it is
typical of airborne sensors used to develop spacecraft systems and because of several unique design characteristics.

Table 1 lists soni c of the design parameters of the OTS. The 3. 5 or 7.0 mill iradian field of view is determined
by the appropriate transfer optics between the focal plane of the 12 . 5 cm diameter Dall—Kirkha ni telescope and the de-
tect or chips which serv e as the limiting aperture for both the infrared and visible channels . Two IVOI-” s are used in
order to achieve approximately the same 70—meter footprint from both medium and high altitude . The difference in
scan speed and mirror speed in Table 1 is due to the use of the double—sided scan mirror  show n in Figure 1. The sca n
mirror has its axis of rotation parallel to the direction of flig ht. As seen in Figure 4 , the optical path is from the
scan mirror , off a large folding mirror , into the telescope , through the transfer optics , and into the LN 2 dewar
where the 4 infrared detector chips are located , each with a band bass fi l ter  immediately in front of it. A tw o—
di mensional view of the optics is shown in Figure 5, which also illustrates the location of the visible detector and its
bandpass filter. The visible light is focused on the detector by using the first  uncoated germanium relay lens as a
concave mirror. The array of infrared detectors is arranged such that its long axis is along the scan line. Thus,
the IFOV of the first detector is viewed by the following detectors a few milliseconds later.

Table 2 lists the spectral channels of the OTS and their function. Of principal interest are Channels 3 and 4 ,
the two atmospheric windows in the thermal infrared. Although both of these channels are relatively free of wate r
vapor absorption , the small amounts remaining are sufficient to cause errors in the range of 2—8 K in determining the
sea surface temperature. Prabhakara et al. (11) have shown that the difference in absorption in Channels 3 and 4 can
be used to linearly extrapolate the temperatures measured by these channels to zero absorption which is equivalent to
the true surface temperature . Thus, these channels are included in the OTS in an effort to ascertain the accuracy of
this correction and to support the AVHRR/2, which includes these same channels . It may well be that Channel 1 (3. 5—
4.0 micrometers), which is an atmospheric window with even less water vapor absorption than Channels 3 or 4 , can
serve as a third point for this extrapolation. Unfortunately, there is enough reflected solar ene rgy in Channel I that
it would probably be limited to nighttime use.

TABLE 1

OTS Design Parameters

Number of Channels —— 5 (4 IR , 1 Vis)

Instantaneous Field of View (IFOV ) —— 7.07 or 3, 53 mr .

Field of View — —  ± 30

Scan Speed -— 3. 12 Lines/sec

Mir ror Speed — — 1 .56 Hz

Range (adjustable) —— 230 — 3300 K (IR)

—- O—20 ~ Albed o (Vis)

Sensitivity —— NETD (7 mr) - 0. 2K l~ 300K
NETD (3. 5 mr) = 0. 4K ~~ 300K
(Ch annel — 4 measured)

In—Flight Calibration (III ) —— (a) 3 5 C  Regulated blackbody (Clamp)

-— (b) Unregulated hlackhody (variable temperature)

In—Flight Calibration ~Vis) -— Zero-level clamp on blackbody

- --~~~~~~ -~~~---—- —- __ _  ~~~ --= - -— - - - -- -~~~~- - -~~ - -—“—=----—.
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FIgure 4. OTS Optical System Schematic
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TABLE 2

OTS Cha nnels

- - N E TD (K)Cha nne l Detector Material  1 emperature Range (Calc ulated) Pur pose

1 3. 6—4 . 1 pm llgcdTe 280—330 0. 33 0 .72 at mospheric window

2 6. 5—7.0 p m l1g(~dTe 280—330 0. 09 0.20 11 2 0 vapo r detection

3 10.2—11 .2 p m HgCdTe 280—330 0. 05 0. 11 at mospheric window

4 11 .9—12 .9 pfl 1 llg CdTe 280—3 30 0. 07 0. 15 atmospheric window

5 0. 5—0 .9 p ns Silicon S/N 1000 7 mr 3.5 mr discern cloud contaminated
optics optics dat a

V. OCEAN COLOR SCANNER

The Ocean Color Scanner (OCS)( 12) is a 10—channel airborne scanning radiometer designed to image ref lected
solar energy in the range 0. 4— 1 .0 pm. As was the case with the OTS, this sensor was designed , fab ricated , and
tested by personnel of NASA ’s Godda rd Space Flight Center. Three duplicate models of the OCS have been assembled
to date; they have flown on an F—lO G , Lea r jet , U—2 , and Myste re—20 Falcon. The lat ter  a i rc raf t  was used to support
ocean color experiments by the Joi nt Research Center , Eur opean Communities , off the coast of Holla nd in the Summer
of 1977. Problems that have been studied using data from the OCS include bioproduct ivity, acid waste dumps , sedi-
ment trans port , oil spills , and red tide bloo ms. The sensor ’s maj or function is to support algorithm development for
the Coas tal Zone Color Scanner (CZCS)(9) slated for launch aboard N imbu s—G in 1978 .

Tabl es 3 and 4 list some of the OCS design and performance parameters. The aircraft  parameti -rs are from the
U-2 , this bei ng the platfo rm used for the majority of the flights due to its ability to fly above most of the atmosphere
and the sy n optic cov erage f rom these altitudes . Figure 6 is a schematic of the OCS optics . The 45 ° inclined scan
mi rror is not show n. F rom the focal plane of the 12 . 5 cm diameter Da ll—K irkham telescope , the light enters a
gratin g spectrometer which has 2-I bundles of glass fibers in its focal plane. Ten of these bundles , positioned so as
to cover the spectral intervals  shown in Table 4 , go to order—isolating fi l ters , optical relays , and silico n photod iodes .
The 14 remaining spec t ral channels can be interchanged with any of the ten output channels as needed.

A phot ograph of the oc~ i~ show n in Figure 7 , wi th  the various components labeled. Nadir is towards the top of
the photograph . l)u r -ing f l ig ht ope rations , the scanner is enclosed in a semi—cy li ndrical cover approximately 75 cm
long a nd 25 cm diameter . The scanner mass is appr oximate ly 3-1 kg.

TABLE 3

Radiometer Data

Airc raft Speed 201 mete r/sec (390 knots/hour nominal)

Ai rcraft  Altitud e 19. 8 kil ometers (nominal)

A ngular Resolution (IFOV) 3.5 rnr

Footp rint 70 m X 70 m

FOV ±45 °, f rom nadir

Scan R ate (mirror  speed) 2 .727 revolutions/sec

Swath Width 39 . 6 kilo meters

Output Voltage 0 volts to +5 volts

Sca nner Informat ion Output 0 volts to +4 volts

Output Bandwidth 0 to 2500 lk - r t z

Output RMS Nois e Level 10 mi l l ivo l t s  

— - - - — -  ---—----~~~~~~~ - ~~~~~~~~~~~~~ -- -



TABLE 4

Optical Parameters of the Ocean Color Scanner Channels

Center Full Width at Half— Radiance
Channel Wavelength Height Bandwid th (Gain X 1)

(nan ) (nan ) mw/cm 2 p

431 22.5 80.25
2 472 21 .5 65.80
3 506 275 42.37
4 548 24.5 26.00
5 586 25. 8 19 .90
6 625 26 .0 15.73
7 667 25.8 12 .20
8 707 23. 2 9.95
9 738 22 .5 126. 7

10 778 23. 0 6.74
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VI. ADVAN CED VERY HIG H RESOLUTION RADIO METER - MOD 2

The Advanced Very High Resolution Radiometer (AVHRR) (13) Is a 4—cha nnel visible and infrared scanning
radiometer slated for launch aboard the first of the TIROS— N spacecraft in 1978 (which shall be designated NOAA-A
when tu rned over to the National Oceanographic and Atmospheric Administration as part of the operationa l meteoro-
logical system). The AVHRR/2 (8) is a 5—channel version of the AVHRR that will be aboard NOAA— C in 1979 and is
expected to be the NOAA operational polar-orbiting visible and infrared imager through the iisid- 1980’ s. The AVH R R
or AVHRR/2 will replace the VHR R and SR of the present NOAA series. The AVl -IIIR/2 and the Coasta l Zone Color
Scanner (CZCS) (9), which will be discussed next, a re state—of—the—art designs for spaceborne v is ib le  and infra red
scanning radiometers and are presented here as solutions to specific problems and as examples of present technology.
Different objectives may require radically different designs from these , but the discussion of Sections II and UI will
apply in most Instances.

All of the pertinent details of the AVHRR/2 are given in Table 5 (14). The 450 nan orbit and 1.3 mr IFOV result
in a 1 km footprint with, as noted in Table 5, all channels co-registered to withth 0. 1 mr in each axis. The f i r s t
flig ht model of the AVHR R has completed all testing and has met the requirements (where applicable) listed in Table 5;

TABLE 5
Sum mary

Advanced Very Hi gh Resolution Radiometer — Mod 2
AVH RR/2

MISSION PARAMETERS
• ORBIT ALTITUDE - 450 N M.
• ORBIT INCL — 98.8°
• ORBIT PERIOD I O2 MIN.
• ASCEND. NODE - 3:30 PM
• EARTH ORIENTED - ±1 DEG
• GROUND SPEED - 3.5 NM PER SEC
• FIRST LAUNCH - NOAA-C 1979
• SUN ANGLE — 0°-68° FROM PITC H AXIS

AVHRR /2 SYSTEM CHARACTERISTICS

GENERAL
• 5 CHANNEL SCANNING RADIOMETER , 8’ OPTICAL SYSTEM , VIS AND IR CAPABI lITY
• PHYSICAL: 3075 X 14.5 X 11.5 INCHES , 65 POUNDS PER INSTRUMENT
• ELECTRICAL: 28.5 WATTS (d 28 VDC , + 10 VDC + 5 VDC (SCAN MOTOR IN HIGH POWER MODE)
• DATA OUTPUT: 10 BIT DIGITAL; S - BAND: 600 kb ps DAY, 300 kbps NITE , REAL TIME AND STORED

VHF: AJ°T TRANSMISSION
• THERMAL OPERATING RANGE: lO °-30°C; LOUVER CONTROLLED AT + I 5°C
• STATUS: FLYABLE PROTOFLIGHT AVAILABLE 2nd QCY 1978 MANUFACTURER - ITT A/OD FT . WAYN E . IND

SCANNER

• 360 RPM . 80 POLE HYSTERESIS SYNCHRONOUS , <17 psec JIT TER 1 -Vz 1FOVI
• ELLIPTICAL BERYLLIUM SCAN MIRROR

ELECTRICAL
• 10 BIT A/D CONVERTER , SIMULTANEOUS SAMPLE AND HOLD . SEQU ENTIAL CONVERSION AND READOUT
• 28 COMMANDS
• 22 ANALOG HOUSEKEEPING PARAMET ERS
• 14 DIGITAL TELEMETRY

COOLE R
• 2 STAGE PASSIVE RADIANT COOLER FOR 3 IR DETECTORS
• DESIGN TEMP . 98° K; OPERATING TEMP . I O5 °K/1 08 °K SELECTABLE
• DEPLOYABLE COVER /EARTH SHIELD - - SIN GLE ACTION
• BENCH CHECK CAJ ’ABIL ITY (°- I08°K

QEI1~~~~

• 6 INCH AFOCAL. ALL REFLECTIVE. CASSEGRAINIAN TELESCOPE
• PRIMARY: PARABOLOI D . 8 IN APERTURE.CERVIT. F1 ° 10 IN CII I  S
• SECONDARY: PARABOLOID, I IN APERTURE, CERVIT . 8 X MAG. OBSC. 6°3
• INTERVERTEX DISTANCE 8.75 IN.
• POLARIZATION <7%

PERFORM ANCE
SPECTRAL RANGE O.58-0.68p 0.725 -I Op 10.3- ’ I .3p 3 .55-3 93p I I  .S-12.Sp
DETECTOR TYPE SILICON SILICON II g(’dTe lnSb HgCdTe
RESOLUTION 4 0.59 NM
IFOV 4 l. 3MAX I. 3 MR
REGISTRATION WITHIN 0.1 M R  IN EACH AXI S
S N  3 :1 3: 1 ( 0p ° O . 5 ’ ~ )
NETD N/A N A  4—<0.12 ° K (  300°K ~MTF( 8 I IF OV) 030
I)YNAMIC RANGI- ‘4—O.5% to IOOTT ALBL - DO-—-—ø. -~~~ 4°K t o  320 K
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Figure  s . AVIIIIII

l-’igure 10 shows all of the optical elements of the AVI  11111 - 2  except the scan m i r r o r . I- k - n o - n t -  lab eled M :11- C
m i r r o r s , I-’ l i e  f i l t e r s , \V are windows , L are l e n s e s , and 0 are  dichro ic  l ih .e i -s . The box lahelet  ,(elIUItl is the
hack of the passive cooler which is operable in the laboratory by placing an evacuahle LX , c’ooler over i t s  f r on t
surface.

The A V I I I I I 1 .  2 is destined to supply data fot’ a wide v a r i e ty  of meteorological , hydrological , and o c e an o g r ap h i c
pa rameters , hut the major  reason for  adding the- f i f th  channel was to insure  the . \ \ ‘ I l l t I t s c - a p : t l i i l i t y  of n i ’ - a s l I i - t n g
global sea surface tempera ture  to an absolute accul ’ac-y of less than 1.0 K using the techni que tIi~ eu~ s i-r1  in  Sec t ion  IV .

VII. C OASTAL ZONE COLOII SCANNEII

‘I’he Coastal Zone Color Scanner (CZCS) (9) is a six channel scanning radiometer  slated for launch  aboard
N imhu s— G in Octobe r , 11)7 ~ and is expected to makc- measurements  in both coastal and 015-n ocean for  the pu r pose- 111

ohsei~’ing chlorop hy ll concent rat ions , yellow stuff , surface v L - g . - t a t i o n , and sur fac e’ t e m p er a t u r e - . The ( 1 ( 5  is the ’
f i r s t  s I : I c - l - - r : 1 f 1  sensor I I L ’ (h i e a t e d  to the s Iud ~- of b iological oceanogr ap hy. It d i f f e r s  f rom the .- \V I I l l l l  in t h a t  i t  i s  an
exper imen ta l  se n s o r  and wi l l  therefore  be used to elevc ’lop new app 1 b - a t  [Oils  i’iithe ’, ’ than  as an o j s ’r a t i on ah  d~ita  col lector
as is the ease w i t h  the ’ .-\V 1111 II.

.-\ s u m m a ry  of the C ‘/C-S is give n in the same’ fo rma t  IS was 05 , - I l  w i t h  the A’. 111111 2 in Tabl e ’ c . .‘. e -on lp ar i s on
of 1 , 1 1 3 / - s  i and 6 r ’v l - : I l s  many s i t n i l : I t ’ I t i e s  be t w e e n  the (‘‘/t ’S an d the- AV IIIIII 2. It : sie:ilIv , howev e’t’ , Ia- t o -  °I t1

— O C S  l i e  quite ’ d i f f e r en t , the’ ( ‘/ t’S is p re ’ ( Io mi n : I t ( - l v  a 5 - I S i l I k -  c -ne r gv  k - t e c -I o- u s i n g  a g r a t i n g  ~~~ ( 1 ( 1 . .  I i  I t O  ° I I I- i —

t ra l ly  1 1 1 1 1  f l / - a l l -  mo st  of i t s  c h a n n e l s  where.n-. the ’ Al, ’ 111111 2 hues ma in !  i n f r a red  ch a n n e l s  and use ’s t o o  c l i  - e n .  I - t i l l e rs -

to separa te ’  the channels . A uni que- fe -a t t i re -  of t he  ( 1( 5  k - s I g n  t s  the a b i l i t y  ol the ’  se-al l  m i r r o r  10 t i l t  ‘ 11 I - .
thereby shifting the s c o tt  l ine s  lot - . - or a f t  ot the sp a,- , - e - r a f t  n ad i r  point . This  I S  (lone ’ in o r d e r  to avoid t b -  — j s - c - o I : I t
r e f l e c t i o n  of the’ sun f r on  the ’ wat e r ’s s u r t : n - , -  e ’ornmon l~

- known as s u n — g h h O . The’ a m o u n t  and ctti- ee - tmn I I I  I t ! -  t i l t  is
e’omman llal ( le ’  irom the ground .
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TABLE 6

SUMMAR Y - COASTAL ZONE COLOR S C A N N ER
CZCS

MISSION PARAMETERS
ORBIT ALTITUDE 955 KM
ORBIT INCL INATION 99°
ORBIT PE RIOD 103.5 MIN.
SURFAC E SPEED 6.6 KM/S Et ’
SPACECRAFT NIMBUS-C
LAUNCH OCTOBER 1978

CZCS SYSTEM CHARACTERISTICS

GENERAL
6 CHANNEL SCANNING RADIOMETER , VIS AND IR CAPABILITY
PHYSICAL: 69 x 43 x 26 CM . 25.8 KG
ELECTRICAL: 24.3 WATTS AVG., <40 WA TTS PEAK
DATA OUTPUT: 8 BIT DIGITAL , 3 ,94 X 106 BITS/SEC (MAX ), 8 X l0~ BITS/SEC I AVG.)
MANUFACTURER: BALL BROTHERS RESEARCH CORP . , BOULDER , COW.

SCANNER
8.0 HZ , 80 POLE HYSTERESIS SYNCHRONOUS MOTOR
ELLIPTICAL BERYLLIUM SCAN MIRRO R
±350 MR TILT IN PITCH IN 540 STEPS

ELECTRICAL
8 BIT A/D CONVERTER , SIMULTANEOUS SAMPLE AND HOLD
22 ANALO G TELEMETRY POINTS
30 DIGITAL TELEMETRY POINTS
38 COMMANDS

COOLER

2 STAGE PASSIVE RADIANT COOLER FOR I CHANNEL
113K DESIGN TEMP. , 120K OPERATING TEMP.
COVER/EARTH SHIELD DEPLOYS OR CLOSES ON COMMAND
BENCH OPERABLE

OPTICS
17.8 CM DIAMETER CASSEGRAIN F/4 TELESCOPE
WADSWORTH TYPE GRATING SPECTROMETER (CHAN. 1-5)
POLARIZATION SENSITIVI’ri < ‘1,5 PERCENT
0,865 MR IFOV , 0.83 x 0.83 KM FOOTPRINT
SPATIAL RESOLUTION (MTF) > 0,4 FOR I IFOV
CHANN E LS REGISTERED WITHIN 0 .15 MR ALL DIRECTIONS
SCANNING FIELD OF VIEW ±700 MR

PERFORM ANCE
SPECTRAL DETECTOR

CHANNEL RANGE TYPE S/N NETD
I .433-.453 pm Si 217 NA
2 .SI0- .530 pm Si 2 18 NA
3 .540- 560 pm Si 201 NA
4 .660- .680pm Si 114 NA
5 .700-800 pm Si 308 NA
6 I 0 ,5-1 2 .S pnt HgCdTe 303 0 .2K(270K)

A li ne drawing of the CZCS pointing out the major fe atures is given in Figure 11, and a photog raph of the scanner
mounted on a laboratory test stand is shown in Figure 12. As discussed in Section III , the data rate of the C7CS is too
large for a complete orbit’s out put to be stored using present tape recorders. Consequently, only a few minutes of
data per orbit will be stored, using stored commands for preselection of target areas. The majority of the data will
be obtained via direct transmissions while in view of ground stations . The location of these stati ons, however , does
give extensive coverage of coastal areas in both North America and Europe.

FIgure 13 Is a diagram of the CZCS optical elements. A unique feature  of thi s design is the pseudopoharizer con-
sisting of two birefringent wedges that are located just prior to the concav e 600 line/mm grating which is highly polor-
izing. Usi ng these wedges and careful optical design , the polarization of the radiomete r is kept at less than 2 ’ for
channels 1—4 , thereby, preserv i ng the radlometric accuracy of the sensor while viewing polorized see ’n, ’t s .

- . - ‘ ~~—-- —p-— ~~~~~~ ~~~~~‘- ---  - —--—- ‘— —- - - - -
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VIII. NEW TECHNOLOGY

‘The preceding sections have examined the present status of scanning radiometer system design and have pre-
sented several existing spacecraft and aircraft sensors as examples of implementation of these design practices. Al-
though the example sensors have either been in use for only a brief time or are still being fabricated and tested , thei r
designs were finalized some 1—3 years back and, consequently, do not include some of the latest innovations. There-
fore , this section will briefly examine present trends in visible and infrared imaging radiometer design and develop-
ments in various types of system hardware. This dIscussion Is not intended to be comprehensive but is meant to
sketch out probable trends in the development of thi s type of sensor over the next few years. The reader is urged to
examine the current literature for detailed descriptions of individua l topics.

From the discussion of Section 111, it Is apparent that among the major difficulties of scanning radiometry are
the brief dwell time on each IFOV and the inherent complexity of mechanical scanners. Both of these problems are
being add ressed through the development of large detector arrays. For example , a linear array of a few hundred to
several thousand detector elements can be used to form a single scan line whose image is swept along the surface by
the motion of the sensor platform . Consequently, the need for a scan mirror is eliminated and the dwell time on each
IFOV is increased by the number of elements in the array divided by the efficiency of the mechanical scanner and ,
using equatIons (5) and (7), the signal—to—noise increases by the square root of this factor . This inc rease in signal—
to— noise can be traded for Increased spatial or spectral resolution If so desired. One and two dimensional array s of
silicon detectors with integrated CCD readouts have been available for some time. The so— called “pushbroom” sca n-
ners using linear silicon array s have been proposed for spaceborne applications and are presently under construction
(15) for airborne use. Unfortunately, the development of Integrated infrared detector arrays has proven to be a diffi-
cult task. The most promising results to date appear to be the hybrid arrays in which the multi—element detector chip
and the integrated read—out electronics chip are hardwlred together. This technology Is available today but is rather
cumbersome to Implement for large numbers of detector elements .

The use of two-dimensional array s can further Increase the signal—to-noise and/or resolution of a radlometc’ r .
The usual mode of implementation for movIng platforms Is for the array to view a given scene on the surface for as
long a period as necessary via image motion compensation. Preselected targets can be acqui red by stored commands.

Another major problem of scanning radiometers , touched on briefly in the last part of Section III , Is th eir enorm— —

ous data output. For many applications , It is possible to redure thi s flood of data by digita l processing prior to trans —
mIssion or storage. This processing can take the form of a simple averaging of several pixels as will  be done with the
AV 1I H R data or It may involve complex analysis. The means of carrying out this on—board processing can be a hard -
wired system or It can be a remoteLy programmable computer. The tatte r has the advantage that changes in the per-
formance of spacecraft sensors can be adjusted for by repr ogramming after  launch . Such systems exi s t  today, and
there wi l l  probably be a marked increase In their data processing capabilities over the next few years.

-- ——-‘ - ——.—--~~~ — --~~~ - .- ‘- —~~~~~-- - . . - ---- -~~~~~~~~ 
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Problems in data storage and transmissions are being attacked on two f r onts . Solid—state mass storage devices
have’ unde rgone inte nse development with the aim of using the m to replace the present taj~ ’ recorders and they appear
to be nearing this goal . In additio n , synch ronous satellite systems such as the Tracking and Data Relay Satellite Sys—
k m  (Tl)l(SS) are being di’v e’l opeel so that data from a i rcraf t  or orbiting satellite’ sensors can be relayed directly
to a ground station fro m any spot on the globe.

I)ue to increasingly sophisticated radiometry require ments , the de’ve’lopment of large arrays of infrared detec-
tors , and the need to locate’ spectral cha n nels in the far  inl ’rat’ed , there is an eve - v—inc reas ing  need for larger capacity ,
lower temperature  cryogeni c coolers . These will t a - c’ the form of large passive ’ coolers , large capacity LIle dewars ,
and hig h thermal capacity and/or low temperature closed—cycle systems .

Fina l ly ,  one of the greatest impacts on sensor design technology wi l l  probably arise’ from the advent of the
Shuttle/Spacelab e’ra. Not only will this provide a large spaceborn e platform with direct scientist/operator control for
the development of new remote sensing techniques, but , due primarily to Its low orbit , it will make possible combi ned
passive, and active visible and infrared sensors through the use of laser ranging and radiometry.
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- RADAR A FAISCEAU LATERAL UTILISANT UNE

ANTENNE SYNTHETIQIJE

J.Genuis t
Thomson—CSF

Malakoff ,France

RE SUME

Le radar a faisceau lateral , a antenne synthétique , permet d’obtenir une image

de très grande resolution des terrains survolés par un avion .

La resolution en distance radar , suivant la direction perpendiculaire a la route

de l’avion, est obtenue avec une émission—réception a impulsions très fines ,

réalisée avec la technique de compression d ’impulsion.

La resolution longitudinale , suivant Ia route de l’avion est obtenue par

traitement du signal Doppler.

Deux categories de traitement ont éte expérimentées

— Traitement par simple filtrage qui conduit a une resolution théorique de la

forme

A : Longueur d ’onde

d Distance de la c ib le .
0

et a la notion d’antenne synthéti que non focalisée.

— Traitement par correlation qui conduit a une resolution théorique de Ia
Lforme

L Dimension de l ’aérien.

et a la notion d’ antenne synthéti que focalisée.

Différents résultats expérimentaux sont présentés pour chacun des procédés en

analysant les avantages et ineonvénients.

- ~~ — - ‘~~~—~ ‘-‘~~~~~~~~~~ ~~~~~~~~ - -- - - —-5~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~ - —-~~~—~~~~~~ - --~~~~~~ --. -‘~~~~~ ‘-~~~~~~~~~~ -~~~~ 
— —



pr~’ 
‘~~ ~.g . _ ‘~~ ~~~~~~~~~ - -- -—- -— ~ --- -- -----“—— .— ---- -----.-——~~—- ----~--- - - ~~~~~~~~~~ — ---------- -- ~~~~~~~~~~~ - dII~~~

-
‘ I — INTRODUCT ION

Le radar aeroporte a faisceau lateral a an tenne  s y n t h é t ique permet d ’ o b t e n i r ,

par tous temps , une carte de definition suffisante pour identifier les details

topographiques naturels ou artificiels de la region survolée , e t pou r f a i r e

appa ra l t r e , en t r e  deux vols  s u c c e s s i f s , les m o d i f i c a t i o n s  év e n t ’t e l le s  de la

c o n f i g u r a t i o n  de Ia zone su rve i l l é e .

La resolution transversale , suivant la distance radar perpendicu laire ~i Ia

route  avion , de pend du spect re  émis .

La r e so lu t ion  long i t u d i n ale , suivant  la route avion , obtenue par t r a i t e m e n t  du

signal Dopp ler est bien meilleure que la resolution naturelle due au faisceau

de l ’antenne , d é f i n i e  par

L o

A Longueur d’ onde

L : Dimension de l ’aér ien

d : Dis tance  de la cible
0

D i f f é r e n t s  t ra i tements  du signal peuvent ~ tre envisages que l’ on peut c l a s se r  en

deux categories

— Tra i tements  par f i l t r a g e  simp le du si gna l qui condui t  a une r e so lu t ion

1 / A d

~~et a la no t ion  d ’antenne synthét ique  non focali sée ,

— Trai tement  par f i l t r e  adapté  ou par cor re la t ion  qui condu i t  a une r e so lu t i on

L
2

indépendante de la distance et ~ Ia notion d ’antenne syn thét i que f o c al i sée .

La planche I donne , pour une dimension d ’antenne , les resolutions théori ques

comparées pour que lques exemples de distance.

THOMSON—CSF a experimente différents types de traiteinent , mais seuls les

r é sult a t s  obtenus avec le t r a i t e m e n t  par f i l t r e s  é le c t r i ques  ou par c o r r e l a t i o n

opti que r e t i e n d r o n t  n o tr e  a t t e n t i o n  au cours de c e t t e  c o n fe r e n c e .

Les ca r t e s  radar ne f i guren t  pas dans  les p lanches  de ce document , e l les  seront

pro je tées  en cours de c o n f e r e n c e .
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2 - RAPPEL DE LA GEOMETRIE DU SYSTEME

La representation de la géométrie du radar a faisceau lateral est donnée planche 2.

Le faisceau d’antenne est orienté perpendiculairement a la route avion . Pendant

la traversée du faisceau , la distance avion—cible van e et passe par un minimum d0
quand la cible est vue par le travers de l ’avion.

A cette variation de distance est liée une variation de phase , mise en evidence

par l’utilisation d’un radar coherent qui conserve la référence de la phase de

l’onde éinise.

En prenant connie origine, l ’instant oil l’avion passe par le travers de la cible ,

on peut écrire

v 2 
t
2

d~~~d +
0 2 d

0

car le déplacement de l’avion est lie I sa vitesse par la relation x = Vt.

La phase du signal réfléchi comparée a la phase du signal émis , conservée en

mémoire s’écrit :

4r1 - - d 411 2 1 1  2 2 2
V t ~~~~~+ kt

A la variation quadratique de la phase est liée une variation linéaire de la

fréquence Doppler définie par la relation

f = — K td 2 1 1  dt

La detection synchrone met en evidence un signal radar de la forme :

SR (t) S cos = S cos (~ + kt2)

La durée de ce signal est limitée au temps de traversée de la cible dans le faisceau

2 8  d
T = ~

0 V

avec 2 0 : ouverture angulaire du faisceau d ’antenne .
0

Les equations précédentes définissent le signal radar d ’une cible ponctuelle ,

en supposant que le système global (radar et traitement) est linéaire , on peut

par superposition appliquer les résultats I une cible réelle coinpiexe .

- 5-’- 
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3 — TRAITEMENT PAR FILTRAGE PASSE BAS

Avec cc type de traitement , seule est conservée la partie du signal contenant

les fréquences Doppler trè s basses (planche 3). Dans ces conditions , Ia

cible n’est visualisée qu ’un court instant quand elle se présente par le

travers de l’avion.

L’affinage obtenu est limité a une valeur telle que l ’enveloppe du signal se

rCduit I un spectre dont la largeur égale celle du filtre passe bas.

La valeur optimum de la constante de temps du filtre qui donne le meilleur

contraste du signal après traitement est égale a

A d
0

2flV

Par rapport a Ia resolution naturelle ~ d due a l’ouverture du faisceau
d’ antenne , le taux d ’affinage du traitement par filtre passe bas est

/~
-
~
-

t l  0

V 2  
_L

/A d
La largeur  de l ’écho a f f i n é  é t an t  : 

V T~
Le radar u t il is e  un émetteur a magnetron dont la durée d ’impulsion conduit I une

reso lu t ion  t ransversale  homogéne avec la reso lu t ion  long i tud ina le .

La phase du si gnal émis est misc en mémoire dans un o s c il l a t e u r  coherent Fl ,

synchronisé par l’impulsion magnetron après transposition en Fl.

Après detection cohérente , les signaux reçus sont inscrits dans un banc de

filtres permettant de traiter autant de signaux SR (t) qu
’il y a de quanta

de distance a obtenir pour la resolution transversale recherchée dans le

domaine de terrain a visualiser .

A chaque recurrence radar , un commutateur adresse , successivement dans le temps ,

les signaux vers le filtre correspondant au quatum de distance a traiter.

Après filtrage , un commutateur de lecture permet d ’envoyer Ia “video affinée ” vers

un système de representation constitué d’un indicateur et d’un système photograp hi que

associé.

Résul tats

P r e s e n t a t i o n  de quel ques ca r t e s  r a d a r .
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4 — TRAITE MENT PAR CORRELATION OPTIQUE

Le signal SR 
(t) est m acn t en transparence sur un film. On a pris soin de

superposer ~ S~ (t) une composante moyenne S telle que l ’on puisse inscrire

SR 
(t) avec son signe (planche 5) .

Cette inscription obtenue au moyen d ’un tube cathodique devant leque l se déplace

un film ~ vitesse constante transforme Ia fonction temporelle 5R 
(t) en fonction

spatiale SR 
(X) avec X = Vt (au facteur d’échelle près).

Plaçons cc film sur le chemin optique d ’une onde plane (Planche 6).

Si E cos et est Ic champ incident tombant sur le film , le champ transmis aura une

repartition suivant X telle que

S (X) = ~~~ + cos [k 1 x 2 
+ 0

cJ] 
cos et

est la pulsation de la lumière incidente = 211 
~L 

= ~~~
k1 est égal I

2 1 1
Ad

0

La fonction S (X) est équivalente a trois ondes

E
— Une onde plane ci : —~~ cos et

2
E

— Une onde sphérique convergente , de centre 02, B : —~~ cos 1wt + k
1
X
2 

+ 0

4 L 0

E
— Une onde sphér~que divergente , de centre 01 , y : .—~~ cos 1wt — k

1
X
2 

—

L
Le facteur  d ’échelle p étant connu , on trouve alors pour 00 1 et 002 la va leur

commune : 
d2 A  oF = 001 = 002 = r •y-

L

La decomposition optique ainsi obtenue est liée I l ’axe de symétrie de la fonction

(X) inscrite , donc I la position du film le long de X.

Une fente très fine F fixe , placée en 02, recevra un flux lumineux important.

Un film de sortie place derriere cette fente inscrira un signal comprimé quand

l’axe de symétrie de la fonction passera par la fente F.

Pour obtenir une representation conforme des echos enreg istrés , il suff it de

faire defiler le film de sortie en synchronisme avec le film sur lequel la fonction

(X) est inscrite.
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Ce signal comprimé a une dimension égale I la d imension de l’antenne portéc par

l’avjon au facteur d ’échelle p près.

La fonction ainsi obtenue est la fonction de correlation de SR (X) lp
lanche 7]

Pour obtenir une bonne dynainique , il faut éliminer la composante divergente

parasite (onde y). Ccci est réalisé en ajoutant une porteuse au signal Dopp ler

enregistré.

Connie on le montre planche 8, cette porteuse confère au système en effet pris—

matique et permet ainsi de recueillir la composante utilise (onde B) derriere une

fente disposCe en dehors des faisceaux des ondes parasites.

Tous les résultats précédents peuvent se retrouver en utilisant les phénoménes

de diffraction qui font appel aux transformations de FOURIER.

~~~~~~~~~~~~~~~~
Pour obtenir une resolution transversale homogéne I la resolution longitudinale ,

le radar utilise une émission—réception d’impulsion très fine avec la technique

de compression d’impulsions .

Après detection cohérente, les signaux Doppler sont envoyés I un système

d’enregistrement photographique comprenant

— un indicateur , équipé d’un tube cathodique flying—spot , module en lumière et

balayé suivant une seule dimension en distance radar ,

— un objectif ,

— une camera qui fait defiler un film darts le plan image de la face avant de

l’indicateur , perpendiculairement I la trace et I uric vitesse proportionnelle

I celle de l’avion.
La qualité du traitement par correlation nécessite que la loi Doppler des signaux

- -  2
enregistres soit aussi proche que possible de la loi de reference cos 

~~~~ 
+ kt ).

Cette loi idéale est obtenue en considérant que l’avion portet’r, décrit une

trajectoire rectiligne horizontale d’un Inouvement uniforme .

Tout écart par rapport a cette trajectoire idéale , introduit sur les signaux reçus

des variations de phase parasites qui doivent ~tre compensées en reception . Ccci

est réalisé en effectuant , sur l’onde de référence du détecteur coherent , des cor-

rections de phase proportionnelles aux écarts de l’avion par rapport a la trajectoire
idéale.

Le film des informations Doppler, enregistré en vol , est développé au sol , puis

analyse dams Ic corrélateur optique .

Le film de sortie du corrélateur donne la carte radar exploitable.

Des photographies des différents éléments du radar sont presentees au cours de

Ia conference.

Re su 1 tat a

Presentation de quelques cartes radar .
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Conclusion

Les experimentations effectuées avec l’aff image par filtre ou par correlation ont

permis de st approcher des limites théoriques des resolutions.

D’autres types de traiteinent ont également été essayés mais présentent des incon—

vénients divers , tels que l’affinage par spot et le filtre adapté associé I une

mise en mémoire des informations Doppler sur un tube I mémoire .

Grace aux progrès technologiques, d’autres orientations sont désormais possibles ,

comme la correlation électronique numérique qui permet l’obtention des cartes

radar en vol, pratiquement en temps reel.

Nous terininons en remerciant le Service Technique des Téléconinunications de l’Air

qui a finance ces différentes etudes et autorisé cette presentation de résultats.

Nous remercions également le Centre d ’Essais en Vol de Brétigny qui a réalisé

l’experimentation de nos matériels.
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SIDEWAYS-LOOKING RADAR (SLR~ USING A SYNTHETIC AERIAL

b y

J.Ge n u ist
Thomson-CSF, Malakoff, France

SUMMARY

The sideways-looking radar (SLR > with synthet ic  aerial enables a se r y  high re so lut ion
image to he obtained of the terrain overflown by an aircraft .

The radar range resolution along the direction perpendicular  to the  path of t h e  a i r ~ r a ft
is obtained with a very fine pulse transmission-reception , using pulse compre ssion techn ique

The long itudinal resolution , along the path of the aircraft  is obtained by processing the
Doppler signal.

Two’ categories of processing have been tried:

Processing by simple liltering which leads to a theoret ic al  resolution of the form :

J
~~o

X : wavelength
d 0 : range of the target .

and to the idea of an unfocussed synthet ic  aerial.

Processing by correlation , which leads to a theoretical resolution of the  fo rm :

L/2

L: dimension of the aerial

and to the idea of the focussed synthet ic  aerial ,

Different experimenta l  results are presented for each of the processes. analysing the
advantages and disadvantages ,

INTRODUCTION

The airborne SLR with synthet ic  aerial enables a map to be obtained in all weather wi th  suff ic ie nt  de f in i t i on  for
ident i fy ing  natural  or artificial  details of the region overflown and to rev eal,  between two successive f l ights , a , l~ changes
in configuration of the zone surveyed.

The transverse resolution , along the radar range perpendicular  to the aircraft  path,  depends on the spectrum e m i t t e d .

The longi tud ina l  resolution , along the aircraft path , obtained by processing the Dopp ler signal , is much  be t t e r  than
the na tu ral resolu tion , due to the aerial beam , defined by:

A
— d0L

: wavelength
dimens ion  of the aerial

d0 : range of the target ,  

5- -- - ——-~~~~~~~~~ —~~~~~ -~~~~~ -- ~~~~~ —- —-- —~~~~~ -~~~~~ - -
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Different  processings of the signal can be considered which can be classified in two categories:

Processing by simple f i l ter ing of the signal , which  leads to a resolution

and to the idea of the unfocussed syn the t i c  aerial.

Processin g by matched filter or by correlation , whic h  leads to a resolut ion

L/2

indep endent of the range, and to the idea of the focussed synthetic aerial . Figure I gives , for one dimension of
the aerial , comparat ive  theoret ical  resolutions for some range values.

Thornson-CSF h a s  tried d i f fe rent  types of processing , but only the results obtained wi th  processing wi th  el ectn c a l
filters or by optical correlation will receive our  a t t en t ion  durin g this paper ,

The rad~ir maps do not appear in this  document :  they will  be projected dur ing  the lecture ,

2. RECAPITULATION OF THE GEOMETRY OF THE SYSTEM

The geometry of the SLR is represented in Figure 2. The aerial beam is directed perpendicularl y to the aircraft
path. During the traversal of the beam , the aircraft-target distance varies and passes through a min imum d 0 when the
target is seen abeam of the aircraft.

With this range variat ion is associated a phase variation , revealed by the use of a coherent radar which preserves the
reference of the t ransmit ted wave phase ,

Taking as origin the moment when the aircraft is abeam of the target , one can wri te:

v 2 t 2
d = d0 -4- —

— O

since the movement  of the aircraft  is associated with  its speed by the formula X Vt -

The phase of the reflected signal compare d wi th  the phase of the t ransmit ted  sign al , re ta ined in a memory . is
writ ten :

4 i r — d  4rd0 ir
= = + — v 2 t 2 = ~I o ~ k t 2 

-
A A Ad0

W I th  the quadra t ic  var ia t ion  of the phase is associated a l inear  var ia t ion of the Doppler f requency .  defined h~ -

I d~
= — —  K t .

ir dt

The synchronous det ei :t ion brings forth a radar signal of the  form:

SR ( t )  = S cos~~ = S cos (~~0 + k t 2 ) ,

The d u r a t i o n  of this signal is limited to the t ime of traverse of the target in the beam:

T 
20 0 d 0

0 v

w i t h  2O~ the angu l a r  aper ture  of the  aerial  b eam.

F l ie  above equat ions  del ’inc the radar signal  from .i poin t  ( , l r 4 -~- t .Issllnllng t h a t  th e  o v e ra l l  s\ s t t ~m ( i , i~la r and
p roc~’ss ng ) is l inear , by s l lpe r ln l p o s i t i on  the  results call he applied to a re a l  comp le\  tar ge t .

3. PROCESSING BY LOW PASS FILTERING

Princi ple

Wi th  t i l l s  type of processing only  t h a t  part  of the s i g r t , t l  is retalne (l cont.IIrlIli( ~ th e  S ~‘r~ kI SS I )  pp lc -r I r eq liens Is ’s

I Fi~.3 In t h ese L- I I n , h l t I c ) l l s  the  target is d isplayed oni~ I i  i brie ) moment  when it  ; ‘ p u i r s  abeam ‘I t h e  J i l s  j i l t

- - - - - - -- -w  - ‘- — - -—-~~~~ ~~- * -my. -— -— — - -~~~~~ - - — 
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The in iprove nlel i t  of display obtained is l i t i t i ted to a value such that  the envelope of the signal is reduced to a
spectrum whose width equal s tha t  of the low pass fi l ter .

The op t imum value of the time constant of the f i l t e r . wh ich gives the be st contrast of the signal after processing is
equal to:

‘~/ 
2ir V 

-

Compared with  the  natura l  resolution (A/ L)  d 0 due to the aerial beam aperture , the improvement ratio of the low
pass fil ter processing is:

~
/

~~Cd o

The width of the improved echo being :

Synopsis (Figure 4)

The radar uses a magnetro n transmitter  whose pulse durat ion leads to a transverse reso lution uniform with the
longitudinal resolution. The phase of the transmitted signal is stored in a memory in an IF coherent oscillator , synchro-
nised by the magnetron pulse after transposition into IF.  After coherent detection , the received signals are written into
a fi l ter  bank enabling as many signals , SR ( t ) ,  to be processed as there are range quanta  to be obtained for the transverse
resolution sought in the terrain zone to be displayed.

At each radar recurrence a switching system applies in time succession the signals to the fi lter corresponding to the
quantum of range to be processed .

After the filtering a read-out switch enables the “improved video ” to be sent to a representation system formed of
a display and an associated photographic system.

Results

Presentation of some radar maps.

4. PROCESSING BY OPTICAL CORRELATION

Principle

The SR (t)  signal is written transparently on a fi lm. Care is taken to superimpose on SR ( t )  a mean component  S0
so that SR (t) can be written with its sign. (Fig S)

The inscription , obtained by means of a cathode tube , in front of which a film moves at constant speed , transforms
the time function SR (t)  into a space function SR (X) with X = Vt (to within  scale factor).

This film is placed on the optical path of a plane wave (Fig,6).

It ’ E0 cos ~ t is the incident field falling on the film , the t ransmi t ted  field will have a distr ibution along X such

tha t :

S(X) = -~~~[l + cos(k i X2 + ~o i ] cos lu, t

I 2irC
o., : is the pulsation of the incident  light = —~~~L =

k 1 is equal  to: ir /A d 0 -

The function S(X ) is equivalent to three waves:

F0
a pl ane wave a: —— cos wt -

-l -,onvergcnt spherical wave, of centre 02. ~: cos (wt + k1 X2 + Ø~
j

— - -~~~~ -~~~~~~~~~~ - -.~~~- - —U—-,- - ~~~~~~ -- ~~~ -
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a dive rgen t spherical wave , of cen tre 01 , ~ : -
~~~

- cosj wt k 1 X2 ~~J -

The scale factor ~a bein g k n o w n ,  then for 00~ and 002 is found  the common value:

F = O0~ = 00~ =

The optical break-down t h us obtained is associated with the axis  of symmet ry  of t h e  wr i t t en  S( X I  f u n c t i o n .  t h u s
with  the position of the tl lm along X -

A fix cd very fine slit F . placed at 02 wil l  receive considerable light f l u x ,

An o u t p u t  film placed behi nd this  slit will wr i t e  a compressed signal when the axis of syns n lc try  of the func t ion
passes the slit F -

To ob ta in  a representa t ion  corresponding to the echos recorded it is suff ic ient  to pass the  o u t p u t  film along,
synchronised wi th  the film car ry ing  the funct ion  S(X) -

This compressed signal has a di i i ie nsion equat ion to the d imens ion  of the  aerial carried by the aircraft , to wi th in  the
scale factor ~ -

The function so obtained is the S(X) correlation func t ion  (Fig .7) .

To obta in  good dynamics  it is necessary to e l im ina t e  the in ter fer ing  di s-ergent component (7 wave). This is done
by adding a carrier to the recorded Dopp ler signal .

As Figure 8 shows . th is  carrier confers on the sy steili a p r i sma t i c  effect and so enables the comp onent  used t~3 ss ay e)
to be collected behind  a slit arranged outside the beams of the  i n t e r f e r i n g  waves.

All the preceding resul t s can be obtained by using the d i f f rac t ion  phenomena which requires the use of Fourier
t r ans fo rms .

Synopsis (Fi gure 9)

To obtain a longitudinal resolution consistent with the (ran— .erse resolution , the radar uses a very fine pulse trans-
mission-reception wi th  pulse compression techni que.

After  coherent detect ion the Doppler s igna L~ are sent to a photographic recording sy- - tem compris ing:

a disp lay, fitted with  a fl ying spot CRT , modulated in l ight  and scanned along a single dimension:  in radar range.

a len s.

a cine camera. in which the fi lm passes in the image plane of (lie front face of the  disp lay u n i t , perpendicularly
to the trace and at a speed proportional to that of the aircraft . -

The q u a l i t y  of the processing by correlation requires tha t  the Dopp ler effect law of the recorded signals he as near as
possible to the reference law cos(~ 0 + kt 2 ).

This ideal law is obtained by considering that  the carrier aircraft  describes a horizontal  straight line with un i fo rm
motion.

Any deviat ion from this ideal path introduces on the received signals in te r fe r ing  phase variations , which have to be
compensated in reception. This is done by applying corrections to the reference wave of (lie coherent detector , of phase
proportional to the  aircraft  deviations from the ideal path.

The fi lm of the Doppler signals , recorded in flight, is developed on the ground. (lien analysed in the optica l  corr e lator .
The output  film from the correlator gives the usable radar map. Photographs of the different  elements of t i l e  radar  are
presented dur ing  the lecture.

Results

Presentation of some radar maps.

Conclusion

The trials made of improvement  by f i l t e r  or by correlation have enabled the theoret ical  l imi t s  n t  resolution to he
approach ed.
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Other types of processing have also been tested but  present various disadvantages , such as enhancem ent by spot
and matched filter associated with memory storage of the Doppler signals on a memory tub e.

By means of technological advances other possibilities arc henceforth offered , such as dig ital electronic correlation ,
which enables radar maps to be obtained in flight , practicall y in real time.

We conclude by thanking the Service Technique des Telecommunications de l’Air which financed these various
studies and allowed this presentation of the results. We also thank the Centre d’Essais en Vol . Bretigny which carried out
the trial of our equipment.

THEORETICAL WIDTH OF ECHOES IN AIRCRAFT PATH

RADAR RANGE WITHOU1PROCESSING FILTERING 
PROCESSING

L
dD

____________  ________  
2

1km 3 5m  4 m  0 5 W

5km l T h m  S m  O.5 m

10 km 36C m i S m  0.5 555

L Aer,.I Isngth = i ntEr .

S - Wivsiingth = 3.3 cm

Figure 1

_ _ _ _ _  - - .



- - -— ~~=---~~~~ - -=-~~~~~~~ - 

DOPPLER E F F E C T

INSTANT I INSTANT 2 INSTANT 3

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-rn •• o  • 5 5~~~~
,51

~~~~~

__- ~~~~~~~~- 

,

~~~~~~ 

_ _ _In.tant.n.ou. DopçI., Ir.qoi..cy — -

d,fimm’tIal ci - = ~~~~ - ~ I —

~~~

- —u— ~~ I
t4•_

\J /\ fi .rns ..n(~~.IiI
2 )

For., cI .ha ,~~~ 55an~ 
f,o,c a t. i.t 

~~ ~
j 
~
,j ~~ ~ ~

Figure 2

IMPRO V E M E N T  BY FILTER

~R tI S~ )t ) ,u~~aI af~~ fiimnng

IlL--1III~ll1~f~ 
~~~~--~~-~~ f - -

~~~~

-- - --

~~~~

.1111111111 ~1~.SR )t ) function before and aft .,
filt er ing in a low paw fil te r

of time c001tant

Figure 3



— .-
~ --—~

-5 --_ —=,.—---—

P R O C E S S I N G

—[II~I]—— —~i~z~i~i::

Photo

Slaving

IF Duplex., A.,iai

LO

COHO

Em.tt.~,

Figure 4

-~~~ - -. - - - ~~~~~~~~~~~ , ~~~ - ~~ - — -_‘= -- =
~~~~~~~~~~

-
~~~~~

== -- —.-



-‘~ ‘~~~~~~~~ - - ~~~~~~~~‘~~~ ~~~~~~~~~ - - - =--— - ==---~~~,---,.-,-=

RAW DATA WRITTEN ON BOARD THE AIRCRAFT

£~~~~isO d1::xLTi
~=

I d e  da+#
S

Buda 4 1.
3 .~~ ,0’cx~
4 C,  A OR, P *A on. ) f  ~e lit

2 )
a. A ens I + o’k~

2 t~ I

Y = cmV + COflttaflt

RadarRang. 
____ 

H I , 
_______.J_ 11L

rcraft Speed

Figure 5

-— -~ -~~~~ -~~ ~~~~—- —



~
-

~
---. .-, — - - -

~
-

~ 
— - -  - -—

OPTICAL PROCESSING OF THE FUNCTION S~ ix)

Geometrical optical ~sewpoint

Inc~~ent plan. wee. Thme sme~~nt w~~~

—

~~~~~

-

~~~~~~

- - ---- - ----
°

~~~~~~~~~~~~

- --- --“

~~~

-- — ‘ 
~~~~~~~~~ txi

Virtual focus Real foe..

Incident plane wave Emergent wOes

E = E0 one .t SIX) — ~~~~ [i + cue tk 1X° + ~
)] cue out

Doppler echo written tranapamnedy one film

+ 5R IX) = ,i,. * co. ik iXe 4 o)]

Piao. Wave 0 .-~~ dOS 1.05

Focal length P = F2 -~- k S IX) Convergent wave ~ dOS lootekX 2..l

Divergent w.v. ‘( : .~Q COt t oo t -litt •~
)

Figure 6

COMPRESSED SIGNAL 5RC AFTER OPTICAL PROCESSING

I1~~~~~~~I T~ 1I~~lie da Ad h ULl! - 80 d0

~
- -J1~.~ ~: ~~~~~~

L- - -
-

J Compression ratio:

.rn c .io e0 x ~c

4~~~i

Figure 7

- ~~~~~~~~~~~~ ~~~~~~~~~ - --- -
~~~~~~~~~ -~~~~~—~~~~~~~~~~~

-
~~~ 

— -—  - - -- - ~~~~~~
. ‘~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- —~=-- - - ----- -- - — ~~— —--- -- - - - - ~ w~~-~—-~~~~—= - - - 
~~
- - -

8-2 2 
‘ “‘  MI.yaa~ 

-

PROCESSING OF THE FUNCTION Sa (X)

-INTRODUCTION OF A CAR RIER

TIT1~~,<1i’I1 
te

~~ H±
Inci.ivnt plan. wave Emergent waen

F E 0 COi !f [l * coe ikiX 1 + k 2X~~~~D)] coe _ et

Doppl,r echo writtnn on fi lw

S0 ‘ 5R IX) 1 1 to. (k 1X° ‘ k~X +

Plane wavn a : ~O cot , t

S IX )  Converg ent w .v. p :~~~! cm I ..~t + k 1 X’ * k2 X ‘

Focal length e F - p1 A ~o
~t 2 Diverg ent wave : !° ~~e I ~ t — k1 X° — k2 X —

4

Figure 8

AERIAL [AERIAL I
SERVO ______ ______

1 AXIS
(Yaw) -

1~

Ira

LO

COMPRESSION DISPERSION

CORRECTIONS PAD

p

Figure 9

—- - -- - .= -- - —_ - -~~~~~ . ~~~~~~~~~~ - - - ~~~~~~~~ - -~~~~~~ . -— =~~~~~~~~~~-—----~~~~~~



- r~~~~~’-’--- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

FUNDAMENTALS OF ELF COMMUN L CATION ANt) DETECTION

Giotq io Tacconi

C.N.R.* and University Id Geno .i

fo r m e r l y  II

SACLANTCEN , La S) , I ’ , i , I , i t a l y

ABSTRA cT

The propagation of waves in layered media and the inhe rent po .ssibi l iti e’~ I I I

transferring information from one layer t o another or within a layer’, can be u s o - d  i I I r

communicat ions, detection , or evaluation of structural anoresal ies u t  ( I I  t~~~ (~(llogical  zones

in which the propagation phenoln enor l takes place . ELF elect romagnetic waves clearl y ab l y

the Maxwell equations but , because of tie t- order of magnitude of t he’ir wave lenr~ths ,

namely the relative skin depth, can al s o  be used for p1-act ical applications in di -~ i p a —

tive media , like sea water, where high frequency signals vanish too s-apidl y for . lesy

practical use. The paper , after a conceptual physical—mathematical introduct ion , t a kirtr t

into account the environmental s t ructure  of the natural man—made noise and t i le ’  bou ndar ’ie ’s

conditions, shows sonic practical applications in communications, detection and l-nviron —

men tal st udies n Features and properties for different scena rios of propagation a t e ’

considered, t ogether with limitations and the dependence on technology of the achie ’v ,’—

resent of certain operational performances . The paper does not represent a comp lete or

exhaustive compendium of the subject , but shows some experimental approaches in tended  t e e

draw attention to problems that may, after appropriate changes, be solved by means ot

other inst rument at ion and methods .

1. INTRODUCTION

In general radio telecomm unications have been effected by means  of )s ig l i — f i ’ equencv

electromagnetic waves , with the lowest limit beinr~ about 10 kF{z. A~ a conse’quence , f o r

the most part , e’le ’ctrical engineers are not familiar with t h e ’  techniques app lied to

extra low frequency (ELF) telecominun icat ions • Even  thoug h t h e  fundament al p l lvs  ica l

mathematical model is the same, there are some implications that riive rise t a d i s o i e’n t  a—

tion: for inst ance, the antenna sizes that e- I ’ su l t  are r’l-lat ivl’ls- e n o r m o u s .

ELF ‘ i c- c t r omagne t ic  phenomena we e- c f i t -s t  cons idered  by N i c o l a  T e s l a  [R e f .  1 at

the beg inning of t h i s  century when tes ts  were  mad e t o  t ran sr ll  it I ’ t l ( ’ t ’ t ~v at. t . LF I - mcI ’ s .

Ov e r  the past f i f t y  years the in teres t  in ( h e - s e ’  f r e q u e n cy  b an d s  has considerably

increased .  For the most part t h i s  increas ing i ci t  c - r e st  i s  re’ la  , ‘el t a ( lie impi ’oven ’Ie ’ n t  in

ana ly t  i c a l  and t echno ioq ical t o o ls.  For in st  ance , b e ’ l o l I  I I l ,  asse’~~~ m e ’ e I t  e e l  l o w — n e e i - -. e - ,

scm i — c o n d u c t o r  amp i j f j e r s  it was iniposs i b l e  cc del  ‘ci t i l l ’  ‘echern i , en n ni l e ’  l ’ e - ~~ona r i ce - ’~ e)f ( le e’

earth , ionosphere c a v i l  v , ti er  range’s of ’ which , in l I e - i , ‘.1 i t t  I e ccitt  . I ) I e e I I  1)7 - Re - I . 2 .

* Pa.k.t o
~ ~~ 4c is.t~~ .c  mM~M.a2 u4Qd -ôs ~h’~L4 p ap vt ha4 betp i developed undej t CWR C c I : r , a -  t ~I c ,  1 2/ C T / 7 6
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Also t i l e ’ L i v e ilabil it y  of analyt ical tools .slSc il as t i l e -  i 0 1 5 1 ’ C  ~~1 > , ’ r t  1,1 1 , i i I , I I V S i ’ ,, t I e . -  Fa- ,l

F o u r i e r -  i t ’a f l S tO [ ’ f ll  (FFT), ar i d l i i . ’  Max i lnose l  h i t  r e l I c t  ~‘ i . - t  I l od ( M i  ‘I ) ,  t c c g ’ l 1 1 . - i -  w i l l i  t i l e -  J ) e I s Si i ) i —

lit Y ( I I  h i gh — s t  ,ib i I I I  y f r e q u e n c y  st  ~u i e i : i i ’ .t ~ f e e t -  p ) I l ~~e - uu k— i l l  d . - l  - ( f  c c i i , 101% I ’  C o l I . ~~j dI l a b i  
~

cant  t ’ i b i t t e~d ( c c  c i i )  o i g  in g  ( lie  SC j e l l )  I l i t  i n S  e ’ I i ’ ,,t i i i  t l I e  I I I ) i i l e ’ r l I N f l I ’ r i . l . i i i  , e i ) e l  i t  l u l l , I h e ’

( i ( ’ % e ’ t e ) I)llIt’lit U t  h i g h  p t ’ t - c c l I ’ a h T I  i f y eel l g l i e ’ t  jC 11, 11 ‘ r i  ii l i c e  1 1 1 1  I’~ ~~( I e l  jal m, t (  c - i ’ i , c l s  l e e r ’

e ’le ’c t l e e c h e s , arid )I ~I l ’ l i i l e ’ (  I ’  i C — r c , e c l i , t l i c l  m a g n e t  emi t c - c -  —, ) t I I — . e p l I — c c c , c  c - I  l e d  ) 1 , 1 %  L 4 1 I , I t  I y

C aflt  r ’ l b U )  e : )  I I l l e , I l I i ’ -, t i le ’ d e ’ c, c ’ lopment (I I  In ( l i e ’  —, e - e l — ~ i (  i e - au th r- i ’lia b l c ’ ~~ I l c - , I I I s . l l e i s  i -s  t o

mmmc i i i  ion s  j o i s t  a I I ’ S  a)  I l l , ’  5 1 1 1 1 1’  if l ipon ’( a i r )  SI  I l - I l l  I i . I l i d  I e ’ C I I I I  I I  c i  di s t e c l e l  j e ’ ~~~~ ~i o r I ’

p l e ’ c 1 — ~e’1 v , L I  ShiOtll(l be’ s,~ i t h  I h i t  t i le  g l e i c ~ i l  p r - e l g r ’ l ’ s’~ I I I  en a t i r e m , i f  i t s  .111(1 I e - c i i n o l l l g v  Itas

conf , r ib ut  ed 1 o t h e  p i e - sent  St , I t  e’  I I I  I l i e  Sc i c-n t i i  I c  k m l c e s  I e~~ i gc’ and e e ’c ) ino iog  i ca l  )-~n u w — ) l o w

of  h LF app] icat-tons .

ELF cofliflh l i f lj c ,I t i (115.5 and detection i, a subject t i a )  cove r ’s ,i  v e r y  lar e ~e number ’  e e l

t opics and i t  is not possible t o g iv e  a comp lete and exhatist ive’ cuinpendiuses in th is

pa per’ . t i l e ’  a im 1 1 ( 1 1 ’  is to  ve  the fun d a m e n t a l s  of t e ’ II ’c om in un i c at  ions itt such t l c - c ( i I i eiC~

I le i g e’ s , and I c i  p r e s e nt  t h e  ph ysical phenomena from an operational point 0)  v i eec , t a k i ng

i n t o  accoun t p r - I - s e - m i t  —day t heory  anti tech nology,  and probable  f u t u r e  ( l e v i - ]  o p m e n t s .

For those  w h o s e  i r i t  I ’r ’e s t  h a s  been St  insulated by t he  top ics t h a t  can nec-el y be ’  ou t l ined

in t h i s  p r ’ e ’ -, e ’r l (  a t  iOfl , a b i b l i o g r a p hy i inc luded of t i l e  l i t e r - a t  oe’~: in w h i c h  dee ’pej -

t r e , i l c n e ’n t  will be found .

2. SOME BASIC THEORIES

The t h e o r y  at ’ e lec t roenagnet ic  propagat i on a t  ELF l a n g e - -, h a s  been ex h aus t  i v e ’ l v

developed by enany au tho r s  R e f - + .  5 , 4 and 5 ] .  ) ) o w l ’ v e ’r , w i t hou t  d w e l l i ng  t o o  m u c h  (11)00

fundamentals I t i- s  w a i t ( l v  1 0 I i  i - s t  outline I hi ’ Maxec I l 1 c -q l la t  ions for an c - i  c - c t  r - e c m a g r i c - t  ic

f i eld:

-
— x E — ‘

~T (la)

= (ib)

B 0 (ic)

V • = — (11 )

5 1 1 1 1 1 ’  ~ I re.’ c h a r - g e ’  i i c ’n s  i t v

= ‘ I c - c l n c  c t s x ’r ’ e’n t dens it ~
-

‘1 c - c t  m - i c  f i  1 1(1 in )  ens I y

= I c - c l  i - i c  c i i  sp i ac een c ’n t

i i I , I i ~ t i e l i c  I l l - i d  m t  c ’n s e l  ~

B r : e , I g e l c - I  I C  l l i l X  i l l I l s i t  V

c l i  c ’ l g e . e i e : e -  I ) ) e ’ t a )  01 ’

_ _ __ _ __ _ __ _ __ _ _ __ _ _
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l h i c ’  so l t i t  i o ns  of ’ 511db .‘Ih uat  i i e r i — ’ c e c l i v c - r l r ’ ’ r l t  ly r- c- h i r -. ’ sI’ r i t the  f i e l d  onl y icr v I ’ r - y  s i m p l e

c a s e s . Coi l-sequ e n t  l y ,  it i _ s n i c ’ c e ’ s s a r ’  t I c  i r s I  e -od uce  s O i l O ’  sex il i a i - ~- l I l t  c - i l l  isis arid I h

f i e l d ’ -, c v i i i  be 1 1 ) 1 1  l i n e d  l i ~~~mt I h l I ’ s l ’  p o t  ‘ n I  i ,cls by d i  t I c - I c ’  l i t  iat  i c e n i s . I h c c -  I I c e - a n y , w h i c h

hia~c bc e - r i  deve loped in a v clear’ cv iv b s- K m - ,I ic hirna n , Wail uric! i i )  b I l l s  
- 

R I - I s. 3~ 4 , 5 , I c

a n d  7 ] ,  ci emno u st  1 , 1 )  c ’ s  t h a t  it i s  possible to d l - )  m c -  l E e  i - i l - c t  l - e c c e l l g r i l ’ t  ic field n t e n n i s

01 a -~i m cgle y e - c l  on’  l o u d ion , na m el y t h u  H e r t z  vector- p o t c - m i t  ial

Tu e  g i - r i e n ’ a i  f o n ’m n u l a t i  on of I i l l ’  M a x w e l l  e(j uat i e l l I S  t o e  an harmonic variat i on i- s

g l \ ( - I l  by:

~ 
= — j i - ~ ( 2 a )

V ~ H = J0 +( P + ,I~~-)E (2b)

V = 0 (2c)

v • D = P , (2d)

in wh ich  i h e  d e r i v a t i v e  of’ ~ with respect to time is represented by the harmonic

factor j-i , and the electric current density J is represented by a constant t e rm

and a term s~~ representing an induced conduction current . The Eq. (2b) can be

written as follows:

V x = 
~~ 

~~~~~~~~ (
~~)

€ * represents here t he  comp lex p e r m i t t i v i t y ,  in the case of a general conduct ing media,

d e f i ned as

= € (1+ -- )

evidentl y, when ‘ = 0 the medium is non—conduc t ing.

The electromagnetic field in a conducting medium , generated by one activated

e t c ’c t n i c  dipole moment can be expressed in te rms of an e lec t r ic  I-h ert z v e c t o r  as :

E = V V . ~~~~~ — y ’ r1 ( 5 a )

B = ‘T~” V ( S b )

= ~~ + (Sc)

w h e t - c -  1 ( 1 1 -  1 - 1 - 1 , 1 1  i O f l  1) 1- I I c c - n  ~ and is :
0

— ‘~~~ ~ 
- 

“T ( t e )

in I I I I ’  same way i) can he ’ demonst r a t e’d t ( 1 ,1 1

= — j~c , .  v x  ( T a )

= VV • — 
~ 

( 7 b )

= - - ( ~~~÷~~~~) , (Tc)

—~~~~~~~  - _



I c h  i c ’ i ’ e ’ = tire .’ i i l , u g r i l ’ t  ic lb n t  i. vec tor

= t I l l ’  act ivat ed l i I a g n I l ’ t  ic dipoi c- mmr oment

a = I I I I ’  e e m a g r i c ’ t  ic per ’meab e. I ot y

and I t I e ’  r’elat ions bet i e e e - r i  q arid ~~~ is
0

— v~ ~~~~ = — . (~~ )

t h e  fo rma l  i d c ’ n i t  i t  y of Equat i Oi ls  ( S a )  arid (7b ) i s  c v  c e l e ’ r e l  , and S h i s  s h c e i w s  t h a t  ii both

el c - c t  n-ic and ccs l gn c ’ t  i c , e c t - i va t ed d ipo les  a n - c 1 I 1 ’ e ’ — , c - n i t  I I I I ’  c l  c - C t  r ’omu gnet ic f 1c - i d  can be

o b t a i n e d  ii~ me an s ol  a s ing le  s u p e r p o s i t i o n  of’ t ( ic  si ,l ut  i on-s I c i i -  c - a c - h t y p e -  of di p o i c -

~ R c ’ t s . ~~, 0 arid! 7

In t h e  concept of pt’op a ga t  ion , t l i e  t i - a n si  c - i c - r i c e  of  ‘‘ sor e e c t h i ng tt — w h e t h e r -  t h i s

he matter, or e n e c - gy , or in f ’ orrn at  ion , or all ( h i l l - I ’  I e e g c ’ t  b i e r  — I corn one point in space

t o  ,i r ic cl ieee is implicit . The basic  for mal  ln a t h l en t a t l c a l  a p pr o a ch  l’or c’ lec t r - e , c n a g n e t  ic and

a co o st  ic (elastic ) leave p i - o p ag a t  ion is (Ice’ sa i cu- , and in both cases  m he b e h a v i o u r-  un<i

t u e  s t n ’u c tu r e  of i n t er la c e s  a f f e c t  t h e  propagation or , more  p r e c i s e ly ,  1111 ’  S I gn a l  t h a t

has to be t r ansmi t t ed  and c - e ce i v c i . In p r i n c i ple , it is impossible to  omit telecomm u n i—

cat  i0~~ p r o h i  c- ms  from any ph ys i ca l  Tel ea su re lnen t  , since any I v p e  of m f l e a s i l r e f l i c ’ n t  can be

considered a sort of “non— or quas i—sc enant  ic c ommunica t ion ” , i .e .  p a s s i v e  detect ion is

a communication of t h e  i s  t s’p I ’ .

In a ph ysical measurement , t h e e  i n f o rm a t i o n  at t i l e  c ’ i c e i v e r  is p roduced  by m a k i n g

a c o m p a r i s o n  b e tween  t l i e  r e c e i v e d  signal  and t u e  o r ig ina l  ph ys ica l  ph c - n o m en o n ;  ~ h iec - c - ,i,

in t I - l e c o mm u nic a tl ons a c o m p al - i s o n  is  m a d e  b e t w e e n  t h e e  m - c - c e i ~ I s igna l  and I c e  t r a n s m i t —

c~~ i one. In b o t hl  c ases , ( e o w l - v i ’ r ’ , a c e r - t  L l in  a p r i o r ’ L  knowledge of t lIe c’xpc ’c I e d  s i g n a l  i -

r e q u i r e d  • i t  i s  well y’st 11) 1 is h lc-d t heat e l m - c t  l- oe i c a g r i c ’t  ic p e r t u n’b a t i o n s  in t h c ’  ELF l i l e g e

p ropaga te  in t h a t  p a r t  i c ula r  l ea v e  g lmide  which is t i c ’  e a c ’t  hi  ionosp l ler e  gap ,  e v e n  at

circont t c - n r c - s t  r i  all d i s t  and - s • From I I c e ’  v er y  gene ra l  ina themat  ical Inodel  I l I e  fo r - r e t u l  ii or  t i r e

skin depth is dedt l ced :

5 , ( U )

wh e ’ z ’ c ’  - i~s t h e  i c ’ h , l )  j y e  p e r m e a b i l i ty  of t I l e ’  Imle d i l i f l i

I j ,s I ( i i -  a n g e l  I a r  f r ’e q uen c y

- t i l l  c ’ l c ’c t r - i c a l  conduc t i v  i t ~ of t i l e  m e d i um .

Elect I - c c i i l , l g m i c ’ (  ic 1fF pr’opagat i o n  i c  I c - s e ll 5 1 l m - u p c ’ m t  v of h i g h  pc-ne t r’at i Ve  powe l-

( I - c - h  .11 y e  (c c man—s i t c -  opera t ional  5 C i l l , I l i - e ~ , I m l e h  st -a t  c - - ~~i l ’ s )  whIldI l , fr-nm I ho’  p o i n t  of

v i e - S  c c l  d l l e n e nu n i c a t  ions t h im - ic u g h d i  s l I c e - s i  V I ’  m e - e l i a r e ’ p l c ’ —~c ’n t  5 ,i n- e m ai - k a h]  c ’  . I c iv a nt I g c - ;

j Of lO Sp h f i l c , ea r t hl l s C r - u s) , and o d c - a m i s  a m - c ’  c ’ x , i c c e h l h c - S  c c l  —an chi m e ’d i l .

- - - ~~~~~~~~~~~~~~~~~~~~~ _~~___&._ _ .  -
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ti lE ELF TRANSMISSION CHANNEL

h i l l -  g l-ni c’n-a i t hicili’ % ’ ol  cOmlUfl (ti i i C d t  L o r i s  ( , l m i  be l i — e el i i  s e e  i n  t b ’  ca—u - o f  c - i t - c t  r - o—

rn l l g n i e ’ t  I C  El F i i n k - , A t n ’a n s r n i s - s i c l i I  ch annel can be’ c o n s i d e i - i - e l , i n  t t I c ’  m ain , is a s y se  I’m

c i t ’ (hi l I c e l.’ e c l c ’ri t s t h e  ( r ’an smit  I c r ’ , th i c’ rn e ’ d i u m , arid t h e  i-c-c -i \ c l  • 1 1 1 1 -  m e d i u m  is t t ie

e’i e’ mm it ’n i t  I I I  t u e  sy st  c-i l l  ( h a t  i s  noi’cnallv c c l i  s i t u ’ t i l l ’  com lt r e) l o h  meiit r~ ; ,is  a C l l l i s , - i ( i c I l i C c ,

Ii.’ r n I l s t  i r n l l l l i t  t i l t  pr ’ l I b l e ’I t l  el I a l l ,  I v j c l ’  of c o l e t l nun i iC , ct  ion i s  r ’ I ’ p i - c ’ s l - r r t  c - c t  I~v I i i i ’  k-nc ceele ’dg.-

e c f  t h l l ’  I ec c ’ lh i eU rt , naine ’lv t h l c c s c ’  par’alne’tl-r-s of’ t I l l ’  m e d i u m  w h l i d i l , w i t i i  t b i e ’ i i ’  t iuctua tion s in

i l o n l — I d n i  i f ’oi’mmi it i c ’ s  i c )  (. icfle 01 s pac e , a l t  c - n ’  t Ii.- transmit ( c - e l  s ignal  . By t h e  m e d i u m  i s

n t - a n t  f E c ’ space sur’rotrndimig f l u -  t i - J r l su i l  I I  I c - i -  and ( I I I -  r - e c e i v c - m - , als cc inci udimi g , c i  co u r s e - ,

he boun dan ’i  I s  t h a l . n o r m a l l y  are ni ct s imp l e -  b i — d i e c c e - r i s i o n a l  iumicn ob i l e  m t  e ’ r - t ece ’ s , but me d - c ’

f r - c - e h u e r i t  11  r I - a l , n’andoenly i luctuat i r i g  1 d V 1 ’  I s  c c i  t I c  non—un i n oren sp a t  ial ~ t c- O c t  U i c ’ s .

One of t I l l ’  mos t  5 unp ie ’  t i - ,i m i sm i s s  i c e l l  ch an n c ’ l s  i s  t h l a t  in w h i ch i  (lit’ r- c -ceiven - and

t h e  t r’ansmitter’ a l l ’  I , l a c I - 1 h  in I he  same i cc-el i um , botu ided b y I so p a r a l l el  i n f i n i t  e in ter -

faces. If t i l l ’  gc ’omet  e’y of t he  in( ( ‘ r t a c l ’ s  and I Ice p r - c p e r t  ic’s of t h e  m e d i um am- c c h a n g i ng

in time and Space , t h e ’  (ramisenission channel can be chcaractenizm- d by nicanis of  t h e

sc a t t  c - r i n g  f u n c t i o n  conc ept , pi ov ided ( h i a t  t i l e’ s tat  i.s t ical di st e ’ibu t ions  of t ime-

h i s t o r i e s  and space ar no mmi a l ie ’s a r e  kn o e cr i .  Tue knowledge of t h i s  s c a t t e r i n g  fi ’nc t  ion

assoc ia tc ’d  w i t h  t h e  f i l t  c r , i c ’ p r - e’sI ’rit ing t h e  medium , can be used ev il h I r e m a r k a b l e

advant  c~~e to build—up t h e  opt ilna l s i g n a l  ( in  te rms cc  f r e q uc -n c v , bandwidths , i - c ’ p c ’ t it ion

ra te, e ’t c.) to obtain I lI e’ highest value of s igna l—to—noise  r a t i o ,  ( i c c ’  c a l c u l a t i o n  of’

th i. ’ scat ) e n ’ L r I g  l Ic ri c -) ion unde r particular statistical condil ions, i , e . Wide  Se nse

St a( i l cn i i r ’ y  L n l d c e l i ’ c ’ I I i t c ’d S c a t t e r’ir l g  ( W S SU S ) ,  is based on t ill ’ solution of w a ve  e q u a t  ions

in such a way t h l a t  t i l l ’  s c a t t el - i r i g  fu n c t  ion becomes a f u n c t i o n  of t hee (- 0111 ’ s J i r l - a d i n g,

h i i ’  f r equency  smear , and the  pos i t ion  in space I k e t s . “ , 9 and 101, namely:

Rs ( T ,g ,

w bie’ m c ’ - = time spreading

= f r e ql l l ’n cv  smear

ab = spatial parametee-s.

The wav e equa t ions  ca n be’ solved by means of the r a y — t  rac ing approach or normal

modes. In the example given in Fig. 1(a) the ray—tracing approach has been (e s e d .  In

order to give ,i simple example of experimentally computed scattering function, Fig. 1(b)

shows the scattering func( ion of an underwater acoustic channel, in t h is ca s c’  n e d  c - c t  ing

th e spati I I  p a r ametex -s  L R e f .  11]. This examp le may at fir-st appear  i n a p p r o p r i a te ;  on

t I re  contn ’ary a coust .  ic propagation in t h e  ocean represent  a a v e r y  g c ’ m i c ’ r ’ a i  model I o n

corrunein ic at  ion studie s, mainly w i l  h r e s p e c t  t e e  I I c ’  medium , cs- h i i c i t  is  b c cund e ’d  by I m e —

and spacc- — ele-pend~ ng i n t l ’r f a c c ’ s and , ccc- layc ’n ’s and , in addi I ion , t I l l -  p h eu emie ’n on  of ’

of volume: scatt I ’  r i rig d i i c ’  t i  t h e e  non—un i fo e ’mit  y of t i l l ’  flie di lilit is sit oWn • i l l  t l i c ’

I i c - c f  r om ageic ’ l .  Ic ELF ca-u ’, with pa rt i c u la r S i t c : s  l c f  layers , I I c c ’  l a y — )  I I I  r i g  U p p m c c a ( l c

-‘ 
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usi ng the eikonal approx imations is not s u f f i c i e n t  to sa t i s fac tor i ly describe the

propagat ion  phenomena ; the approach  inn terms of normal modes is required [Ref . 1 2  ami d 13].

In n the ELF ranges the sca t ter ing  e f f e c t  of i n t e r fa c e.s  i s  not onl y due t o  ( - i i i ’  g eo m e t  rica ]

st ruc tu re  and f luc tua t ions  of b o u n d a i - i e s , but also to the d i s t r i but i o n  o f  c e n t  d in

ph ysical parameters of the m e d i um  in s t i l e  bounda ry  l a y e r  where t u e  pen-tu r-bat I c m i

penetra tes .  The most important of t l c c ’ s c -  p a r - a u u c ’t  e r - s  for  e , 1 I - C t  l o l n a g n i l - t  ic p c- op a g a t  i on  is

the electr ical c o n d u c t i v i ty  “ , which I c*~ e ti i er  w i t h  th e f r equ en c y  d e t er m i r ic- s t u e

skin d e p t h .  Using t h e  f o r m u la

= ~~~~~~~~~~~ [ (~~~~ + 1 )2  - ~~~~~~ ]2 (11)

the  skin depth ca n be computed as a t’unct ion of f r equency  f o r  v a r i o u s  conduc t iv i t  i 1 ’~,

[Re f .  3].

1 , THE ELF BOUNDARIES

The ea r th/ ionosphere gap, in which ELF p ropaga t ion  phenomena t a k e  place , should

be considered global ly as a unique ph ysical  system. However , in order-  to s i m p l i f y  the

problem the system shall be divided here in to  two pa r ts :

( i )  The upper boundary : ionosphere and magnetosphere .

( i i )  The lower boundary : oceans and ea r th’ s c rust .

This division is made purel y for  convenience , in reality t I -m ere are many phenc snena

a f f e c t in g  the upper bo undary that  i n t e r f e re  wi th  those of the lower boundary and v i c e —

versa.

Because of t e wave lengths, the distances involn ed in ELF communica t ions  r ange

up to thousands of kilometres . The i n t e r f a c e s  of interest are , in the  m a i n , t h i o c ’

shown in Fig. 2 , where the pr inc ipa l  boundaries involved , the  upper boundary  ( ionosphere )

and the lower- boundary (ear th i s surface ), are qui te  evident .

4.1 The Upper Boundary (Ionosphere)

The upper bo undary is that  region of the  upper atmosphe re sit oat  c d  bet  I - e l - m i  50 km

and 300 b e t  abov e the earth ’ s surface .  The ionosphere conduc t iv i t y v a i - i e s  between 1 and

20 mhos/nms and , as calculated and reported in Ref’s. 3 and 14, tIle- skin depth - i of an - ] I - d ) ro —

magne t ic wave in a medium of such conduct iv i ty can bc of I l i e  order  of s e ’ vc ’r ’a l  Iiun d r—c ’rls of

m e)  r - c s . A signal propagat  ing through the  ionosphere to n— each the e ar t h ’ s s c c m I a c e  i s

evidentl y influenced by the behavio t e r of conduct iv i I y in I irene and space .  ( (by iousl y,  t h e

model of a layered medium in regular layers  wi th  a we l l—known conduct  ( v i )  y b c ’ l t a v i c e i c r ’  i s ,

in I b u s  c ,e s c ’ , qu i t e  fa r  frecn s r e a l i ty .  The behaviour of cond u c t iv  i t y  in t I l e  i onos pt le m -c ’

is  summarized i n  I l i e  f o r m u l a e  g i v e r s  ~n Table  1 , fr-nm wh (cli it n ay  be n c c t  c d  S l it

conduct  i v  i t  y i s  a I ensor - depending on I inc and m c i  ~c l  c e I  t o I I l l ’  p h ys ics  c c f  p lasma and

hydrodynamics 1 R c ’ f .  11 j .
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TABLE 1

IONOSPHERIC CONDUCTIVITIES

- ci 0 -I’ U Cur’n ’ent Densrt y :
— 3 =
— — U

O 0
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= [ ~~~~~~~~~~~~~~~ 

+ ~~~~~~~~~~~~~~ } !-ft~’ ( P E D E R 5 I - N )

- -

= - 
t - e - 
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i - i  c’ N e  ( H A L L )

H v + - e .~ v- . + c ~- 
- Bc-n cc nfl ci

- = 
1 

+ 
1 

e Ne (PARALLEL)
I I  m V rn v .e en i in

= - + — ~~- ( COWLING)
c P -

~~~~

v 1 = col l i s ion  f r eq .

~
te = gyro f r e q .

i = ion

e = electron

If the ionosp here is considered a transmission medium , and since the nlost important

parameter  of such a medium is the conductivit y, it is evident from previous considera-

tions on transmissions ( i . e . ,  WSSUS hypoethes i s )  that a s tat is t ical  evaluation of the

fluctuations in time must be made . Some evaluations on the background noise and its

distribution in the ELF ranges have been made by Bernstein et al [Ref. 151, and Fig. 3

gives an examp le of a typical  ELF noise distr ibution compared with an assumed Gaussian

noise. More specif ical ly,  in  h ydrod ynamic turbulent v e l o c i t y  fields it is inadequate

to assume a certain process as random , it must be statisticall y determined; Ref. in

underlines the inadequacy of assuming randomness in many cases.

Plasma physics and ionosphere hydrodynamic s can supply (Ice needed information on

the f l u c t u a t i ons and space d i s t r i bu t i ons of conduct iv  i l  y th at are u se fu l  in corn ~e d 1a t  m e g
the non—Gaussian distribution of noise with a physical predictable phenomenon.

Telecommunica t ion  theor ies  and techniques can also suppl y useful d iagnos t ic  tools  as

show n in F i g .  4 , which represents an ELF signal propagating thro ugh t I l e  c ’ a m ’ t ( l  i o n osp h e i ’ c ’

gap anch r e c e i v e d  a t  a distanc e of about 5 n a n o m e t r - l - s ;  t I c c ’  r ipp les m ’ e ’p n ’ e s c ’ n m t  an omal it ’s

related I is nn agnetosp her ic  phenomena.

( I i i  c h a r a c t e r i s t i c s  of na tura l  ELF background noise have also been used as

di agn cc -st  ic tools in magnetosp heric invest igat  ions R l ’ f s  • 17 , i ~ lee c h I i( J . T h i c ’  m o o t -

evident a r u e i  important ch aracte ~r ’ i st ics of natural background noise’ I t  such a m - l m i g e  are 1 ( 1 1 ’

— ‘-— —‘i” - ‘—I--’—’ - —‘ ~~~ —‘_~~ ‘-- ‘-—-- ‘~ —‘——‘ --— _ -.‘—-- — ——.‘~~~~~ —I’—— ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘-“ ~-
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Schumann modes • t h e s e ’  w e - n - c  t heore t i ca l ly  envisaged b y Schumann [Ref .  2],  and e ’ x p e i ’ i —

emsentally de t e c t e d  by B~~1sen ’ and Wagner ’  [Ref. 2o ] in c lee’  a i r ’  and b y ci t b i e r ’ s  R e t s . 17 , 1 ~~,

2 2  drill 2 J inn t i l l ’  sea . These modes p re sen t  a typical power’  s 1u’ct  n ’ a l , dc -mis i f  y d i s t r i b u -

t i o n  [ F i g .  5]. (lie’ centre frequen cy of cacti mode is given by t i l l -  f o r m u l a

k Jn(n+l) lIz (12)

k depends f rom th e’ condit ion of the ionosphere.

Fn-oen a proper’ ,mnal ys is of their fluctuations in time and space, it is possible to

ex t ract an evaluation of certain ionosph eric and earth—surface parameters . Subsequently,

with the SANGUINE—SEAFARER Pn’oject [Ref’s. lo , 24 arid 25] the earth/ionosphere cavity has

been artificially excited from 45 Hz up to 75 Il,, and as a consequence a variety of

inv e s t i g a t i o n s  h c , e v c ’  been ca r r ied  out by many s c i e n t i s t s  in d i f f e r e n t  pa r t s  of the wor ld .

Antenna design, statistical background—noise evaluation, sensor imp lementation ,

environmental hazards , signal codif ica t ion and many other relevant arguments have been

ca re fu l l y inves t igated  [Re f .  24 and 26]. The princ iple of a r t i f i c a l  ELF excitation of

time ear ’t hi , ionosphere cavi ty  is shown in Fig. 6 [Ref. 27].

ELF electromagn. tic phenomena in the upper boundary are of great importance for

l o n g — m a n g e  c ommunicat ion systems [ R e f .  1 5] .  Fr om I I c e ’  ma rn ~ i n v e s t i gat  ions  m a d e  in co n—

n iec t  ion w r t b s  I h e  S - ~N G t J I N E — S E A F A R F R  p i ’o j ect  on t I l l ’  iof lu e n c i -  c, f  ionosp her ic  phenom ena

on ( l i e ’  ELF p m ’o p a g i h  ion , i t  a , c s  possible to est imate the s t ruc tu re  in t ime and space of

the  no i sc-  and , consequent ly,  to design an opt imal signal processing system so as to

maximize t h e  signal—to—noise ratio [Ret . 24 and 27

A n t e n n a s  of t h i s  t y p e  of commun ica t ion  must , of necess i ty ,  be very  small in

comparison w i t h  I he ’  wave length ; at 100 Hz tine wave length is 3 Mm. Under suc h circ Unil —

s t a n c e s , t r a n s m i t t i n g  systems are extremel y i n e f f i c i e n t  [ R e f .  2 7 ] ,  consisting of a

si  rig i i ’  large l i - n a y  t r a n s m i t  t ing t o  a number of r ece ive r s  bur ied  or submerged . The

1c r c s c m i i  s i t u a t i o n  w i t h  r e s p e c t  ( c c  power requirements and the reliability of c onsm unica—

I ions l - v c ’ n l  at le)w data ra tes , is iniproving not only because of its importance, but also

becausc’  t he  t echn ica l  advances  in signal—processing coding and antenna design have

c o n s i d e r a b l y  n c - c h e m c e - e l  I I l l ’  power requirements.

T I l l ’  bas ic  c a l c u l a t i o n s  of a t r a n s m i t t i n g  system at a given data  rate R ( b i t s  s )

have been formulated by Burroughs [Ref. 2 7  ] as follows:

(i) Coding m o d l r l  at i d o  s c h e m e -

(ii) Required message reliability/error n- at e’ (missed m e s s a g e  rate).

T h e se’ two quant i h .  i c - S  dr’t ermine l i i i ’  I l l ’ c c ’ s s d l r y  r a t i o

(14)

________ “ h ~~’.’~~’ ~~~~~~~~~~~~~~~~~ “~~~~~~“~~~~~~
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w he r e  Eb = required received s ignal  energy (Joules)/per  in fo rmat ion  bit .

N e, = e f f e c t ive Gaussian noise power densi ty  ( W/ H z )  at the receiver .

Consequen t ly ,  f rom the knowledge of N , the  r equ i red  s igna l  power P (w a t t s )  is

deduced from time ’ relation

- (14)

Subsequently, by means of the propagation equations it i s  possible to relate the Current

moment of the t ransmit ter  with the needed signal power P , and f i n a l ly,  provided the

particular configuration and size of the antenna an-c known, to determine the required

input power.

Figure 7 shows a radio—signal system transmitted at ELF c VLF ram ges from a

satellite. These a ignals are propagated through the ionosphere to receiv ing antennas

on the earth’s surface [Ref. 2~~]. In this particular case for calculating a signal—to—

noise power budget it is necessary to calculate the geometric spreading factor of the

waves as they  propagate  through the ionosphere . This procedure is f u n d a m e n t a l ly bas ed

on geometrical optics and used in order to evaluate the scattering properties of the

“layered  boundary ” which , according to the considerations made on the scattering

function R
5 

of a transmission channel, is the ionosphere. Many works have been made

in order to evaluate the ELF signal and noise variability on partic ular paths [Ref’s. 17

29, 39 and 31]. The SANGUINE—SEAFARER project has improved the possibilities of investi—

gating the properties of the electromagnetic ELF transmission channel .

4 . 2 The Lower Boundary ( E a r t h’s Sur face)

The lower boundary of’ the waveguide is the earth’s surface. This consists of 7l~

in oceans and seas and the remainder in land. For the oceans similar com ,-,iderat ions as

made for the ionosphere can be applied . In thi s case , however , the behaviour of t h e

conduct iv i ty is simpler  and easily corre la ted  to other  ph ysical  p a r a m e t c ’ m- s  of thee sea

water ( i . e . ,  salinity, t empera ture, p re s su re ) .  The con du c t i v i t y  of sea w a t e r -  r ’ , lmng e s

from 2 .5  to 5 mhos/m and the skin depth can reach several hundred s of metres .  Table 2

shows m t  synthesis the implications of interfaces in ELF ranges. The f i e l d  components,

represented in t his Table by points, are different to each other and depend not only on

the conditions of the boundaries, but- also on the type of  dipole ( v e r t i c a l  e lec t r ic,

vertical nlagnc’ t ic, horizontal electric , horizontal magnetic), and on the r’ , t m i g e -  that

imp l ies  t h e  f r equency  (wave  l e n g t h ) .  For p r ac t i ca l  a p p l i c a t i o n  in E L F  tc lc ’ c om u c n u n i c a—

(ions , the part icular ca-sc ’ s  summarized  in Table  2 must  be taken c a r e f u l ly i n t o  account .

The calculation of the vai I l e ’S  of I l i e ’  v ar i o u s  f i e l d  componen t s  a n - c’ r eported in Ref. 3.
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TABLE 2

SYNOPTIC F I E L D  COMPONENTS IN ELF l(ANt LS

RANGE PROPAGATION DIPOLE FIELD aJMP ONI N I ~

Far Field S u b— s u r f a c e/ F r - c e ’  Space VED E , L~ , L1, Ii , I i , H z
V~w . • . .

(ic >> x 0 ) t I ED . . . .
i{MD . . . .

Sub—surface/Sub—surface VED . • . .
- VMD . . . .(U.O.A.D. propagation) HED . . . .

HMD . . . .
Near Field Sub—surface/Free Space VED . . . .

+ + VMD . . . .p
~ x h � O  z � O  HED . . • .

HMD . . . .
Free Space/Sub—surface VED . . • •
h � O ~ z � O  : : : : :

HMD . . . .
Sub—surface/Sub—surface VED . . . .
h � 0  z~~~0 :

HMD . . . .
Quasi—Static Field A. Surface/Surface

x (i~ General VED
I y p ~~.ce l  VMD . • . •

HED . . . .
HMD

(ii) I y o p I ~~~ lc51~I Y e P I  VED . . . .
(quasi—near range) ~ : : :

END . . .

(iii) Iy o F I ~~1; I v1 p I~~i VED
VMD . . .
LIED
UMD •

B. Free Space/Sub—Surf. VED . . .

(i) y R l I . u m e : j  VMD . . .

(ii) Iy 1 Rl
~~
>>l HED • •

( i i i)  RtnIu. !zj HMD . . .
C. Sub—Surf./Free Space VED . . .

(i) I y o Rj o e l VMD . . .
(ii) ~1 R~

n
~ l HED

(iii) R )ed.IhI HMD . . •

0. Sub—Surf./Sub-Surf. VED . . .
VMD . . .
f lED . . .
END . . .

~‘ec = wave lengths in free space

p = horizonta l  d is tance

z = depth  of tI le field point

ii = depths of the dipole source
= propagation constant  in free space

‘Yr = propagation con s tan t  it s a hon ingen eous conduct ing  ha l f  space’

~~ c y f
p

2~~~~~ .2

R’ = ,Jp 2 + h 2
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The lower boundary can be separated into two parts: t h e ,  oceans and t h e  emerg ed

land. In b oth cases man has mobility and various interests , inc l uding c ommunicat ions

and geological prospecting. The theory of wave pr ’opagation in l a y e r e d  me- h is h a - , b e e n

treated by many authors [Ref. 17, 29 , 39 and 31], and f m’om the p receding consider a ti cern s

it is intuitive to conceive the earth’ s crust as a system e if  layer’s with diffei -e-ns t

e l e c t r i c a l  c ond u c t i v i t i e s. Thee oceans represent a very interesting scenario with n’espc-c-f

to both ope rative ranges and propagation conditions. In fac t , the elect ric al conductiv-

ity (~ 
) distribution in the oceans at Operative man—size ranges is far mon-c uniform

than in equal volumes of solid earth crust and , mainly for this n’eason, long distance

ELF communications can be assessed with sat isfactory reliability. Figure S shows the

mos t important parameters in sea water: wave length , skim depth and attenuation [Ref. 3].

The operational implications of such param eters are evident .

4.2.1 ELF Underwater Links

After an appropriate choice of the theoretical implications related to the

scenarios in which the link is to be established [Table 2], the f ol lowing practical

considerations must be taken into account .

(i) Far—field propagation conditions are very seldom actuated and can only

be used for long—distanc e c ommunications [Re f. 32].

(ii) Short—distance communications can be effected in the near field or in

quas i—sta t i c  propagation conditions. The re fo re, communicat ion system des ign mus t

take into account the particula r formulation of the various electromagnetic field

components.

(iii) At operational man—size ranges ii. is impossible to localize the

direction of an ELF source.

(iv ) Provided the geometrics and ph ysics of the essential parameters are’

known, the propagation conditions are practically independent from sea and mete’oro—

logical states.

(v) Due to th e attenuation factor of sea water , far—off natural and man-

made noise is not received in the zone of interest .

(vi ) The structure and the depth of the bottom , and t Im e morp ho logy  and

struc ture of the coast — line- influence the values of elect romagnetic field

c omponents. Consequently, the spa tial dist n ’ [bution of the field mnn mst  be’ known .

The above considerations represent the basis for a reliable underwat er’ radio link.

If considered as a c u r r e n t  element , the e ’le c t r i c  dipole  can be r - e ’p i ’ e s enmt ed

by a c onductor of length dl , isolated in respect I o the seiri-ounding s p a c e ’ , t h roug h

which flows a curren t I fed by means of two electrodes that are the terminals of time

conductor and which are both immersed in tu e  medium — t lie sea wate’r . I t  dle< w h i r r - c ’

= wave length, the dipole can be considered as an elemental antenna and will produce

~
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a Hert z potential as shown in the formula .

r
— I d i  ,
IT — 

4 I T ( ’  • )  ( 1 5)

wheere I = dipole current

dl dipole lengths

= medium conductivit y mieos/m

r = distance from time dipole in spheric coordinates.

V = propagat ion const ant

w = angular’ velocit y

€ = dielectric constant .

Assuming the time variation to be harmonic

I = I e
+ J d t  

. (16)

The electric and magnetic field component s, ~ and ri in a point P of the space ar e

deduced from ~ by means of the following relations:

= y ’~~~+grad div~~ (17)

ii = ( 3  ÷je ) rot~~ (18)

The development of Eqs . (17) and (18) leads to the determination of non—null components

of the field in spherical coordinat es;

= 
4 I T( c e + jW € )  

s1n c
( l ÷ Y r

÷~~~~ a ) _ Y r  ( 198)

H = 
I d l  5in~~ (l÷ r

) e ’
~
’ 

(l9b)

Idl cos O r _ y r
E
r = 2 i’r (~ + j w e ) ~~~~~~~~~~ (1 + y )e (19c )

where the propagation constant y is given by

y = ( —  t t ’ + j - J - i ~~ ’ )i . ( 2 0 )

In Eq. (20), fo r  w = 0 on e has also y = 0 , in which case ~ and ii are defined

for a d.c. operated dipole.

The energy propagation between a tran smitter and a receiver , both immersed in

sea wa te r, is outlined for the following tinree cases:

(i) Throug h a dispersiv e infinite space (only sea wat er; no interface).

(ii) Through a semi—infinit e spac e (sea wat c~n ’ - aim’; one interface).

(iii) Through a duct (sea bo t t o m ,- s e-a water lay er’ aie’ ; two m l  erfaces).

The schemat ic representati on of the propagation h )hl c’m mecenc-mledl e d g y  in Fig . 9 sh ows h ow t I c e ’

transmitt ed energy can reach the n - c - c l - i c , c~ r by means of I i i  n - c - c  cont ribut ions: th roug h sea

-— -~~~~~~~~
- 
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wate r  only ,  through the a i r, and through the bottom. Figure 10 demonstrate s, for

propagation in infinit e space with o = 4 nmihos/m , the “no interface dl case (i)

computed in function of frequency for a distanc e of 1000 m in all directions

[line (a)], and the horizontal range (p) betw een the transmitter and the receiver-

for the sante distance of 1000 m and the total sea water path (z+h ) = lO O m

[line (h i) ] .

Assuming the t ransmi t ted  quant i ty  of in format ion  to be equal to the number of

binary imnipulses/s , which is twic e the bandwidth of the transmission channel , the

horizontal range has been computed in function of the quantity of information bits/s

for a power of 1 Watt , a frequency of 2 Hz, and for sea paths (h+z) 0, 10, 100, and

500 m [see Fig. 11]. Figure 12 shows the behaviour of the attenuation relative to a 10%

increase of bits/s for a power of 1 kW .

The abov e mentioned computation s have been carried out on the basis of theories

developed by various authors (Banos, Wesley, von Aulok [Refs . 6, 7 and 33]) apply ing

the following relations:

Ii ~~~~~~~~~~E = ‘r— ~ cos cp (21a)

L I  ~ 
y (z+h)

E = 
.
, 

e 
-
~~ s i n~~ ( Z lb )

where:

E = horizontal electric field component at the receiver [Fig. 9] in
a position (x, y, z) with the transmitter in the point (0,0,h)
of the system .

I c u r r e n t  in t he t r ansmi t t ing  dipol e

1 = dipole length

= (x
3 
+ y )2 , horizontal range

z = receiver depth

is = t r a n s m i t t e r  depths

V 4.0 x 10 ~~j 1 , propagat ion constant

1 4 mhos/m , conductivit y of sea water

= ar”ctang y/x

Figure 13 (a) shows the geometry of a system based on the assumption of using an

activat ed electric dipe ile of unitary length as a transmitt er t owed b y a sh i p  passing

over a receiving dipole placed on the bottom in relatively shallow wate,’; Fig. l~~(b)

shows the top view . Imp l i c a t i o n s  fo r  m o d i f i c  st- ions on an ELF signal are su m m a r i z e d in

Fig . 14.

The transmitted sig n al (possibl y a squar e wave) is seib ,j ect to at t enuation and

deformation that arc due part -ly I C e t h e -  propagation condit ions in the’ se’a (e’ le c t r-i c,el

ccen duc t - iv it y and the presence of boeu-ie la r i e s ) ,  and p a r t ly t o  g e o m e t r y  anti the n ’e’lat i~ e

— - - ~~~- - - ~~~~~ ~~~~-- -‘~~~~~~~ --- —-——~~~ 
~~~~~~~~~~~~~~~~~~~~~
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no t ion,  of ( b c e  transmitter’ in respect to the receiver. Calculat i c c i ’s  on perpendicular- and

pa rallel courses are shown in Fig- . 15 arid the  con - r e spond ing  e’xpe~r ’m nn en t a l  q u a l i t a t

resul ts in Fig. 16 [Ref. 34

4 . 2 . 2  I nl ’ l c , e - r i c i , . -, of B o u n d a r i e s

In t h es e ’  I he ce ri ,t ical arid expel ’imcnt  al e xamp les t h i c ’  influ ence of’ ut h i e ’ r  p e r ’ t i nc ’ n , t

local condit ions , such as na tu r’al  and m a r c — m a d e  background  no ise ’ , b o t t o m  p r o f i le ’ , and

c o a s t — l i n e  presence , has  bc,e’n mieg lected. However , for the design of a reliable oper~

ational tr’ansmitt ing/r’eceiv i na g s y s t em , partic ular’ care must be devoted to such

paramete r ’s . Since it is p r a c t i c a l ly impossible fo r  these conditions to be I h e e l r ’ l ’ t i c c c l l v

computed , it is first , necessary for appropriate experimental measurement .s to be made irs

tine zone- in order’ to obtain the needed data for system des ign .

Figur e ’s  17 and 1~ g i v e’  some experimental results supported by theoretical

considerations based on the following two factors :

( i ) ELF background noise detected by two elect n c  dipoles near  the  coast

l ine , one parallel and the other perpendicular’ [Fig . 17].

(ii) Infl uence of the bo t tom on ELF signal propagation L F i ~~. l~

A method for  the the oret i c a l  ca lcu lat ion of ELF e lectromagne t ic propagat ion  in sha l low

wate r  has been developed. The fo rmulae  of Van Aulock ~ R c ’ F .  7 , in connect  ion w i t  is

propagation in a semi—infinite medium, sugges ted a simp le phys ica l  i n tc ’r p r e t a t i o n  of

the contributions to the f i e ld  strength at a point  and , c o n n s e ’ q e m e n t  ly ,  a sim p le mmme thod

(‘or d e s c r i b i n g  sha l low water  propagation taking into account  both b o u n d a r i e , s  by t h e e  i l l - I  hod

cf images , wi th the addition of a c ontribution from clmang e s induced dt the air sea

in t e r f a c e  by the incident field from the source [Ref. 3 5 ] .

Banos and Wesley [Ref. 33] derived single expressions for the eiectric field

sI r-e ~ngth c in both media in t h e  geometrical conditions - >> 6,  
~ 

+ h j- ~< p ,  and Wai t [Ref. 41

in the case of z = h = 0. The following c c l  ations ar’e valid in the conduct inm g medium :

Banos a n d  Wesley

ee ’~~~~~p e c x
0 , z + h < <~~

Idi ,—Y 1 (z + h )
E = 

~~~~~~ 
. cos t ( 2 ~~~, e )

f e l l  c , ”
~ ’d (z + Is)

E ‘i— 2 s i n i ,~ ( 2 2 h )

I , I )  (22c ) 

~~ - -‘~~~~~-
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water onl y, through the air , and through the bottom . Figure 10 dem onstrates , for

pr’opagation in infinite space withm C C  = 4 mhos/m , the “no interface” case (i)

comput ed in function of frequency for a dis tance of 1000 m in all directions

[line (a)], and th e horizontal range (p) between the transmitter- and the receiver

for the sane distance of 1000 m and the total sea water path (z+h) = lOO m

[line (b)].

Assuming the transmitted quantity of information to be equal to the number of

binary impulses/s, which is twice the bandwidth of the transmission channel, the

horizontal range has been c omputed in function of the quantit y of information b i t s/ s

for a power of 1 Watt , a frequency of 2 Hz, and for sea paths (h+z) 0, 10, 100, and

500 m [see Fig. 11]. Figure 12 shows the behaviour of the attenuation relative to a 10%

increase of bits/s for a power of 1 kW .

The above mentioned computations have been carri ed out on the basis of theories

developed by various authors (Banos , Wesley , v on &u,lok [Refs . 6, 7 and 33]) apply ing

the following relations :

Il ~~~~~~~~~~
E = ‘i— , cos p (21a)

11 2
E = 

e 
s i n c ~ (21b )

where:

( z+ h )  ~~~~ p

E = horizontal electric field component at the’  n - e ’c c - i v e n ’  F i g .  9]  in
a position (x, y, z) with the transmitter in t ime point (O,O,h)
of the system.

I = current in the transmitting dipole

1 dipole length

p = (x’ + y~ )~, horizontal range
z = receiver depth

h t ransmi t te r  depth

y 4.0 x l0~~,J7 , propagat ion cons tan t

= 4 rnhos/m , conductivity of sea water

p = arctang y/x

Figure 13 (a) shows the geometry of a system based on the assumption of using an

ac tivated electric dipole of unitary length as a t ransmitte r towed by a sh ip  passing

over a receiving dip ole placed on the- bottom in rela tively shallow water; Fig. 13(b )

shows t he  top view . Implication s for modifica tions on an ELF signal are suninsar’ized in

Fig . 14.

ih e  t r a n s m i t  I-cd s igna l  ( p o s s i b ly a squar’ l ’  wave) is subject to attenuation and

def ormation that are due pa r t ly t e e  t h e  p r o p a g a t i o n  c o n d i t  ions in l i i i ’  sea ( e l e c t r i c a l

c onductivi t y and the presenc e’ e c f  b o u n d a r i e s ) ,  and partly to ge’ome’t m y  and t h e  relative

- -- -~~~~- --— ~ --~~~ -- - —~~~~~~~~~~~~~~~~~~~~~~ -- =—-‘--
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mn ot ion of I t i c ’  t r’ansm jttei’ in , i - c - s p e c - I  to time r e-c e ’ iven’ . Calculat i crc, 0cc perpendic u lar’ and

pa r’alle ’l course’s are shown in Fig , 15 and t h e  c o r ’ rc s p o n dt n i g  e x p e r i m e nt a l  qua l  e t a t i v e r

r e - su i t s  in Fc g .  16 [Ref. 14].

4.2 • 2 i n s f l e c e i s c e - —, cc f  B o un d a r i e s

Ins t I c c - s e -  t h l e d ) r ’ d r I  i c al  annd e x p e r i m en t a l  e - e a n p l e - s th e’ ini ’luencc- of’ dc l  h e r  p c - m t  r nee nt

C l oc , i l  cons d i t  ions , such e a.s ce,i t u r a l  and m a n n — m a d e  background n o i s e, b u t t  nec p r o f i le ’ , and

C o a s t  —li ne p n- c’s ence , ha s been m m c ’ g  l e d  ed. Hoc , e v e r - , for t h e e  d e s i g n,  c c l  a c - c - I  m a b l e  oper—

at ional t r a n s m m t i t t  j og r e c e i v i n g s y s t e m, t e , l m t  i c ul , er  c a r - c ’ must  he devoted to such

parameters . Since i t  is p r a c t  ically impossible f c e m  t b i e se  condi t  ions I o be I heoretical ly

c o m p u t e d, it  is l ir -s t necessary for appropri ld e ’  e x p e r i m e n t a l  m e , a s u r e ,m m s e mn t s  t o  be made in

I ! m c ’  zone in order to obtain t ime needed da ta  fo r ’  sy- ,t em e l i - --’ i g m .

F i g u r e - s  17 and I ~ give som e e x p e r i m e n t a l  i - e-,e i lt  5 u p p e l r ’ t  ed by t h e e - m e n - c t  i c a l

cecr i s id e ’ r a t  i ons  based on the followi n g two fac t o r - s:

i ) ELF backgroun d noise ’  detect  e r d  by  t S e e  c - I c - e l m c c  di p h e s  m m e ’ ,, m -  t I m e r  r e c a s t

l i n e - , orn e -  pa r ’a l le ’l  and time ccl Im er perpend icu la r’  Fig . 17

( i i )  Influence of the bottom on ELF sig ni ti e m - e e ~ l , i g , m t  (d i n  [Fig. l~ - .

A method for tine theoretical calculatiorn of ELF c l e c t r e c n i , c g m c e ’ t  Ic pr o p a g a t  ion in sha l l ow

water has been developed. The formulae of Van Aulock [Ref. 71 , in connection wit h

propagation in a semni—infinit er medium , s u g g e s t e d  a simp le p h ys i ca l  i n t e r p m- e ’ t a t i e c m n  of

I lee c o n t r i b u t i o n s  to  the  f i e ld  s t c e r i g t h  at a point  and , consequen t ly , a s incp le met hod

d c c c d e s c r i b i n g  sha l low w a t e r  p r o p a g a t i o n  t a k i n g  i n t o  accoun t  both boundar-ies by the e met hod

of i l m m a g d ’ s , w i th  the addi t ion  of a c on t r ibu t ion  f ro m changes induced ~mt  t h e  a i r  s c - a

interface by the incident field from the source [Ref. 35].

Banos and Wesley [Ref. 33 d e r i v e d  si m n g l c -  expressions for the  e l e c t m i c  f i e l d

st r ength  inn baths  nc,dia in t t c e  g e ’ c c e m m c ’ t  rical condit ions e- >> ~, i + h 1e< ;, and W ait - Re- I . 4

in t h e e ’  c a se ’  of / bn = 0. [l i i -  [‘o l lecc e  i r m g  r -e l c i t  j  e n s  a r e  a l i d  in t i n e  conduct Lm n g medium :

Banos and W e s l e y

5 ~ cc ‘ ‘ + is cc 3

h e l l  1, ’~~ m ( z  + I m )
= cees~~ l, 22a)

Idl ~,— v 
(c’ + h e )

I- - 
~~~~~~ 

2 s i n  ~ ( 2 2 b )

E 0 ( 2 2 c ) 
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‘ cos t (?,a)
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e l I  2 — ( I  + y C ) e ~~~~~~~~ 

~~~~~~~~ (2m)

L U ( 2 ~~c )

In t t i e ’ r em m c a in m i n g  a r e a , thee  I o n ’m i c l , c e ’ e c f  ~ ant Au lock are used:

h e l l  I ~ ~~1 I c~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~ + ( z ÷ i e )

- 

~~~~~~ L ~~ 
- i L ~~~~~~~~~~ hny 

~~~~~~~~~~~~~~~~~
+

~~~~~

_ 
-

( 2 4 a )

2 -

— 
~~~

— — — ~~~ ( p 5 ( i+ I c )  - cos 5-

I- = - ~~ ~~ ~~~~ - ~~1 F e~~~~r~~~~~~~~ + 
-y~~~~~~~~~~~~~~~~ h i )  

-

~l~’e’ ~~~ H L f l i~
7’

____________  
i - 

( 2 4 b)

I

: 

~~~~ 

e~~ ~~l c )  - — 

~~~~~~~~~~ 
j
~ 

s1n~~

I d i  ~ 2 — V ~ ( z  — h )~ 
e~~~ 
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I arid I are t Ice ’  m o d i f i  ‘ m l  B e ss e l  f i m n c t  i e e n - c  u i  t I ’ e ’  first kind , and
0

K anti K a c e ’  h h t c -  m o d i f ie d  Be sse l f u n c t i o n s  of I I c e ’  s ec on d  k i n d ,
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h t dc to ta l  t c e ’l ~I ~i e ~~m m / i j I  ,ci t hee me ’~ c m c e ’r in s a ~I e _ e I l e e s - s a i c r  sea

= ( I  + cI) k0~ - 
;~~! 

1
B
)

who i - c ’ :

C h _
C C - I s  t h e  total li e -Id s t r ength  at r e a R e r  in shall ow-water

C is I to ta l  field s d r e e i c r h l m  at r ec e i ver  in se mni i - i n f i nmi te  sea

e l e s t t i c - m a e  to o I I lie - c e c n i t  n’ i hu t  i ceo of I l i e  - l i  ci el m n - c - r i g  I I c  I t i c  e c i g  Ii
t h e e ’  beet tonme to t eat t h r o u g h  I lie’ a i r - , , i c i e l  e - , , c i g e - ~~ l i e e r r m  iue i e
a 1 e e - i ’ d  - ct  d i — e ’ l  e - c t n ’ i c  bot t orn , t o  i c - m o  to e - h i g h l y  conduct i~~~e-

h e e l  t om I h e a t  s t  n - e e n i g  I v  at  t e - n i e c i t  e ’ s I l ee - s i c

t ;  t 5  , i  I e cc ic i  j eers I l c , e i  d e ’p e ’n c c h s  ec n i  i l e e ’  n - a t  ios ci 0 and ‘Ii ~~ and
i n d i c a t e ’ s  b -  i t  .s n u m e r i c a l  s - i  I e e e -  t i d e -  imps- - o s - e - e m m e ’ c m t  of p c - d ) 1 , a g a t  b e e
in she all ee c,- cc at or comic p a r e d  cc i t  he t i c  at irs dee’  p ic a t  e ‘ i -

d i s  ~ hi e sat c-c- dept hm (m) . -

5 is t h e e  sk in  d c - p t b m  ( in ) .

is t h e e  elect re imm iag n e t  ic immip edance of thee ,  b o t t o m .

es t i me c - I c - c t  i - e e c d m a g n i e ’ t  Ic imnpe darmce of I I c e -  sea w a t e r .

Itie , e p 1 d i c e \  ima te  m e ] , at ion

( 2 C c )

is  known to t sold , where and 
B ~°~~ -‘ r e sp e-c t i v el y t i e - c onnduc t  iv i t v of l i c e  s c - a

w a t e r  and the b ottonn , measured in nnho s , cmm.

By t h ee t r an s m n i  ss ion line I I m e ’ e n ’ ~~, w e -  also ha v e

/ I a n h + i )  +
— S — ]  ii - C —G — — - c, — ’w l+ ~~~ I a n h  ~~( l + i ) j

w h e r e  is the chn a r - a c t e r i s t i c  impedance  cef  t h e  medium regarded as t r ’an snission l i ne .

t :s i ng - t h e e ,  f o l l c e e ’e n g  p r o c e d u n  a :

C i ) Ca lcu la t e  G for  a g i v e n  g e - c ~ n - a 1, l c j c  1 0 m m - ;

( i i )  r -ie asun -e j E~~ in f l e e ’  sane zo n e ’ ;

( i i i )  c a l c u lat e  assuming  q I

i t  is pme s s ible to deduc e t I c e ’  r a t io ?~ ~~ 
from L e 1 .  ( 2 7 )  and sl m e c c e  t h , e t  t h e e ’  r e s u l t  b r i e

v alue of 
B 

i s  c o n s i s t  ‘ c i t  w i t h  t I m e ’  a s sumpt ion  t hat q 1.

f l e e ,  s o l i d — l i n e ’  c e e n - v e - s  e e f  I - i g .  1-s t’ c - p m e r s e ’ n d t  t i d e -  e l e c t  n c  fiel d s t  d e m i g t  Ic in

r y l  indr ical  coord m eet e r s  E ,
~ 

o f th e r ad i a l  com pon ent  ,eI I l ee ’  r e ce ive - n  , and n’e’l e r- to

p n - c c p i e m e t  i o n  in a s e m i — i n f i n i t e  — c c - a  e , i  t h e  t hic n - d ’ c d - i v c ’ n —  at 1 1 c c ’  s u i t e ’  e l m - l e t  I c  as t h e e -  u p p e r

sh t a l l e w — w a t  c - c  cu n - s c -  s , but w i t h  I e e e ’  b e e t  t o r n  den th  as i n t ’ i n i t  • Time: ’ u n i t  a n - v — s t  m e ’ n m g t hn

s m d m d n C c ’  i s  ;eI l e e ’  sure ace’ , t h e e  el,, s le e ’d — l m m d’ cer r y e ’ s  r - e ’ p r e s c - m m t  t h e e  most. opt in mn i s d ic

—, I e a I h cew—wat e r  j)i -’o~ e e g et  ion condi I n ess , I h iat .  is a s s u m i n g  I h e m ’  bee t I om impedance ,is i r e  f i n e  i t

i r ” ;c e e S S  ib li ’ condition). T h e e ’  doLt  ‘ e l — I  inc c m i r ’v e s  m - e ’ l e m ’ c ’ s c ’ c m t  e xpe r imental m e a s e c r - e m c c e - n , h  s h e m -

a r e - i l  ~~~~ ‘ nario in s h i ce l I cew cccii c - n — ;  i t  i— c n eh , e h i e ’  how t h e e - s c ’  l i e -  l i e - I  e e c - c - n m  l i c e ’  I hie’ cen ’ c ’t ic — e l  

e i c e  — t  Ic and m e e s h  — p e s s i m i s t  ic d e e m ’ s - c ’s . 

— — —‘ —‘ ----‘-- ‘-- — —— _t_ - ‘  -- “— -A- --,~~~~~~ -~ —
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S. DETECTION

ELF der t c-c t i one cane  be -  misade by m eans  of a co i est  ic a n d/ o r  e le c t r - nems a gn e- t  ic p r i n c i pl e - s .

A l t  leoug h C t ee ’  ph ys ic-a l  nnec b can  ismns , i r ’ c ’  quite d i  i h e ’ r - c e i t  , I t e e ’  t i n i , e l  signal process I n i g  is

e ’ s s e - n i t  i al ly  roach t i n e -  sam e ’ • ‘ L h i e -  e t c - c - I r ’o enm a gni c ’t  ic ELF  p a s s iv e ’  cict m , c- I i ons I ‘ike - s  acts ant age

ot ’ , il l  I t i e  concept s r e l e v a n t  i c e  ci r - c - c - iv i re~ - c y s t  em — c e , e t  u i ’al  arid m a n — m a d e  back g r o u n d

n o i se , s ign m ,i l s (iret ’ormatioce), unwante -d mnare—mt sade noise ( e l e c t  e e s m m c e g n i e r t  ic LLF sh i p  s e l l —

m i c e  i s e’) .  A c o n s e q u ent i a l  h ie ’c i r ’ i s t  ic cons i decal  t o r i  i s  t h a t  I l e e  We,r ’d ‘ d e t e c t  ion tm w i l l  be

u sed rncere in th e’ sense’ of ch i a r ’a c ter i , , ut i o n  or identification of a source , and the

i r i s  e ’ s t  i g a t  iorn of thee gen ~~- r - a t  ion m ech anism of the c-ela ted  pe r tu rba t ions  1ev me ans of

a n a ly si s of thee  s i g m i e t  ure . Time ,  above ,  ment ioned  r e c e i v i n g  c oncepts must , of c o u c - se , be

r ex- i e ’ we ’ d  t o r  o p e r a t i o n a l  peer-poses .

Any m e t a l l i c  ship  wi l l  produc e a v a r y ing e lec t romagnet ic  f ie ld  in th ee ,  sea ,

not men-e l y b c cee t cc e of i ts  act  ual phy sical pre sd~nc c’ but , p r’imaril y, b ccaeese r of its

rotating on—board machinery . Due t o  t h e  strong a t t e n u a t i o n  m e f  sea water , th e hi igis

frequency perturbations — as seen in the theory — an -c not irradiated very far from

the ship, wher eas thee low frequency component s become more significant with the

r e l a t i v e l y  leer igs- r detection ranges.  The main phenomena  ge ’nc ’r ’at ing ELF pe r tu rb eut  ion

from aboard -ch ip are t he  ga lvan ic  c u r r e n t s  caused by t he  iron of the  h u l l  and t he  b c -a s s

of t he pr ’opellers , both of whnich , when irnimsersed in-I sea water’, represent an c i  e’c t. r o l y t  ic

cell produc irm g d. c • current  • Corrosion currents of this type are well known to shi je

buildet’s and designers . From d e r t  e c t i o n  experiments made w i t h  a sh ip pass in g ove r’ a

submerged dipole , it was noted t lsat  tim e fundamentaL signature f requenc ies  w e r e  st r i c tly

related to the number of revolu t ions  and the number of blades of the propel lc ’c- . Thu s

d e t e r m i n a t i o n  imp l ies a m o d u l a t i o n  of t he  d .c. galvanic curr e nt . Alt h ough various

i n v e s t  i ga t ions  on t h e ’  v a r y ing electromagnetic f i e ld  around a sheip  have  been ca r-r in d  out ,

the  mechanisms of such modulation are not yet comp letely known .

Experiments bsave been inade in order t o  eva lua te  the  m t  e n s i ty  of the  e l ec t  r o ly t i c

c u r r e n t  produced by the  cm p rope l le r_hci l l  g a l v a n i c  cell) m by using a c u r r e n t  t i- are s f or nn em ’

[Fig. 19~~. The propeller shaft represented the primary, con sist ing o a s i n g l e — t u r n

~~ei1.  -‘ Hall—effect cell gau s ’sm lme’t er was placed in a perpendicular slot on t h e  trans-

former co re in order to measure ’ t i re  magnetic  f i e ld  produced b y tine c e c n - r - e - n t  f l o w i n g

th r ough t h e ’  -e l i a I ’ t ;  c al ib r a t  l e n  and residual n c m gmn c -I izat ion 01 ’ t h e  mnagn c’t ic core i .e- re-

t a k e n  in to accoun t • A c u r r e n t  of t h e e ’  o rder ’  of m a x i m u m  10 amps was measured whilst

floading a dry—dock wit he -c e r a w a tem - . 11 is seeslee ’dh c d  I hea t  t h i s  c u r m - e - m m l  mno d ul a t i on  I s

ge nerated by a sort of ‘1 short  r i  i-c u it ” I t cat  occc ir - s  so m e wb i e ’r -e - b e t - w e - c -nm t i m e  p r e e l s e l l c t -

sinc e h i  and t h e e ’  ie er ] . l ( m a y b e ’  in t in e  p a s — e l g c -  e)f the s h a f t  t ls m ’ c ei i g t c t h e e ’  b i n ]  I ) .  Th e’

r e - p d - h  i t  l i en m e t e -  of  s u c h  cr s hime r t ci r ’ c e c i t  e e i s sI  r’ict 1%- correl at c - c l  w i t  in I t ic r.p .m . of tine’

prop el 1cr s h i c ift
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F i g e c n - c ’  20 shows  ,e I y p i c al  p d ) w e n -  spectrum of no i se  pr o d u c e d  b y a sh ip  acid dc ,t e - c t e d

by ci sci hm ei e ’r -g  e’d d i po le . Th e ’ c ’ x p e u i i m e e - n e t  s ee m s  r e p e a t e d  at d h i h n e - r ’ e r i t  i . 1 c . m .  c c c e i c h i I i c c n u s  t h a t

p r o v e -c l t h e e  u - - h  ~i I_ i e ur e sbn jp C o t ine t ’iunda lnn er nta l  t n e - e 1 e u c - n u c - ~~ . Fi g e n r e -  2 1 ( a )  s l e c e s s  s irrsult ,mc i d ’ou s

r-c,c or’d i r i g s  0 1 1 h u e  c c i  g r u a l  d c te ’ ct e , d  b y t h i e ’  e r ’ e d p e - l l e r _ s i i u t t  I r - a m u s t ’cer r u e n ’  m e r i t  i e m n e , d  a b o v e - ,

and I, i i . e t  d c l  c’ct.ed l~~ ,i n-c-cc- is - trig (Ii p e e l e r  I c e c c i - e l  b y l I c e ’  sin i je; I lee c e r n -c - I  i t  iOfl 01 l I c e -  two

s i g c i , e l is q u i te ’  c v iden t- . F i g e u m ’ e -  2 1( b )  s h u c e s s  an c - n i l  ~u uge’ emme ’nt 01 l i e n  p n ’ o i s e l l e - n - — s l u , a u t

r’ ,eci sf e irit i e ’n’ signe t cur- c’ aced h u g .  22 arc c’xam nn p ie ’ oh th e e’ s h i p  signal d u n - i ’ , l i ce s i r e u s e e i d aI

s i g n n a t  d u n e ’  is dice’  t o I h u e  s c- i  l — r l i , e i n i e - t  iz at ion of t h e a t  se ,ctj  urn of t i n e  s h a f t  w h e n c e -  t bne

tc-emu sf or cner was locate’ci , azcd I hu e ’ spike itr ust be deue - to t h e-  modtrlaticeg ‘ s hed , l ’ t  c ir ~cu i t mt

p l e encemen ce no r i . A l t  bu u ughe q u al i t  a t i v e ly t h e - s c ’  r’esult s proved r epel i t i v e  C on-  about e e t e ’ of

i l i e ’  e-xpc’ r ’ime’ net s nadir ( t h e e -  l a i l i n g  iU~ c c e ’ r -e  p robabl y due to impe r fect per ’for -mmi ance r of

e ’ q ec ip n n cn t ) ,  it cc,us impossible to di-aw any quantitatuic’ conclusions . Figure 23 sh ows the

s i gnn c n t dun e’ of a s in ip  pass tr ig  ccver  a submerged di po le on a p e r p e n d i c u l a r -  c o u r s e ’ .

From t h u er point of view of p r o p a g a t i o n, ( l e r t ec t ion of nearby nan—made noise is an

o p e r a t i on I m a t  is typ i c a l  of t h e  near-—field or quasi—stat ic condit ions [see’ Table’ 2

Thie pa s s i v e  d e t e c t i o n  of the  ship electn-omagnetic noise and its analysis does rnot  d i f f e r

v e r y  much from the de tec t ion  and anal ysis of the n a t u r a l  background noise . In order to

in c r e a s e  t h e  s i g n a l — t o — n o i s e  ratio , namel y

signature of the ship

natural background noise

a set of at least two senson’s appropriately spaced and aligned should be used.

One pac-arneter that can characterize the ELF signature of a sisip is the ban dwidth,

Assuming a r i gorously constant revolution rate (r.p.m.), thse bandwidth) of thie signal

detected by a dipole can be derived from terms ttuat contribute to tIme enlargement of time

bandwidtbe , namely t h i n  t o ta l  v a r i a t i o n  in fr - e q e i e n n c s -  can be expr essed as f oll ows:

= -
‘ ÷ ~~~~

‘ + if + ~~l \ (2”)

where  ‘
~~D 

is the fr’equency spread due to l I ce amplit ude variation (damping )
and propagation condit-ions.

t , f is the frequency spread due t o  t h e  n o n— u n i f or m i t y  of t i n e  revolut ion
m a t e’ of the sluaft

i t’ , is the  fr ’ e , i 1c u e n c y  spr -ead cor ’n -esponding  t o  t I m e ,  phase  m o d u l a t i o n
- introduce-el by t h e e ’  mov ement  of t u e  modu la t i ng  point of time sh aft

si ‘m I d .

i-s time n o i s e - .
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On anal ysing th e signal detected by C hi c - internal sensor we may neg lect from

Eq. (2~~) the e ’ term 
~

t’D’ which  is due to propagation conditions in the med ium , the

formula then becomes

= ~ f + A f~ ( 2 9 )

and if we assume the sh aft r e v  ee l  ut  ion rate to be’ constant we have

i
~
t- i

t 
= i~f~ (30)

In Fig. 22 we can observe a basic sinosoidal signal with a frequency of 2f
0 

and a

sp iky signal superimposed at the sinosid with a frequency f
0 which is the shaft

revolution per second. The sinosoidal signal is a result of the imperfect geometry

of the toroidal t r ans fonnner, combined with the local magnetic non—uniformity.

Recalling the formulae of the frequency and phase modulation for a sinosoidal

signal:

Frequency mod.

a A sin[211f t + cp — -
~~

— cos 2 e f m t ]  (31)

Phase mod.

a = A s in[2 1-y f ~ ÷ + ~‘ s in  2rm f t 3 ( 3 2)
where 5 = frequency deviation

= modulating frequency

f
0 

= c a r r i e r  f requency

phase

= phase angle deviation

we may say t ha t

= (~ he) radians . ( 3 _ ~)

As an example, assuming y = 0.1 radians and = f = 3 Hz

= 

~m y = 3. 01 = 0.3 Hz . ( 3 4 )

The bandwidth is then 0.6 Hz

= = 0.6 Hz . (~~~~5) 

- ~~~~~‘ -- -— - — —  -—— -‘ --—S -
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de~ ARRAYS OF ELF DETECTION DIPOLES

1 ,ele i r u g  in - ito  accoucet th e, I h e - i c e d  i c e  h approach and C t e e ’  e ’ x p d - r ’ i e r e i c d ’  g c u i e u u - c l  u s  j u g  a

s in ng h e - —el i id le- sc ’ n e c c o n ’ , urn a n - r ev c c f  t’ouc - d i p o l e ’s ( H
1 , 

D , D • , D4 ) Sees bce lt  and p lac ed i i i

sh a l low sea c e c I l  d i ’  L F i g .  24  . Inc t Id  S e ’x p e r i m n cn t  I l i e ’  d i pole’s n . e - c c  c ocnbine ’d t o  u b t  c u r s

f e e t - — o f f  nnois , - c e u n u c  e l i c i t  i e e n u  b~ nne’ arm s el i  t h e r e ’  m u c u s , j , e . D
1 

— D2 arid D , — 0
4 1

U t  h n e r  c onn sbini at ior ss cou l d  obv iousl y he e mb t  ainie,d . Careccilat i c u r u  e e l  b ac k g r o u e n c h r i o t s ’ -  c i i  a

s e - r i s e r  s i t e ,  iumn pli e’s ci s( cut isi ical k n c e e e . l c - c h g e ’  ot’ ELF backg r ound n o i s e  
- 
Ref. 40 , in

eit h e r ’  wou’ ct s, t h e ’  s p a t  i al did n-ibcct ion of n-noise in I I c e  a n - e c u  of m t  -i-c- s t

F i g e c i - - 2 5 ( a )  s h c e e e c s  thee s i g i u , e l s  s i en u l t  an - e e u —,I  ~ c - c - c - c - i s  c - e l  a r id  i- c - r e c e d e d Cl th e e

ai m av , i n c l u ci i n eg  t h i n  d i f f e r e n c e’ s l e m u  t hee p a r a l l e l  c o u e - s d - . F i g u e n - c ’  2 5 ( b )  s t u c c u e -. t h i n .’

c o m m n n m d u t  c -c l  b a ck gr - e c t n d — n o i s u ’ , sp ace c o c ’ u - c - l  c u t  j oin h el ca s  m e n d -  in  i c inc t  ion 01 n u - c - d h i l d - n i c \ -  l’on-

d i p c e l e — . 0 , D
4 

and D , — 0
4

6.1  A n i c i l y s  is

Time ’ a na l y s i s  of s igna l s  must be made b y means of t h e n  digital t e r c h m n i que , using

such m n c ’ ih o d s  as t h e- power  spectral  anal ys is , fa s t  F o u r i e r -  I m- ,icmsfornms (FF1), or ’ t I n e ’

more r e - c e - n i t  M ax i m i si u n t n t  copy M e t h u m e c l  ( s IE ~’l ) [Ref. 3~~ and 4 1) • In th s i s  e-xa cnple t h e e  1e e w e - r

s p e c t r a l  a n a l y s  i— c e,,es e e s m ~~t . A l t  en— ap p r - o pn i a t e  t i m e— c o m p r e ss i o n  and samp l i n g,  t Ine

n a n - n - e w e - s t  b a n d w i d t h  o b t a i n e d  was found  to be of t h e ’  order  ~~f = 0.05 1 H z .  W i t h  I h u e

s a m p l e ’  l e - n i g i  I c of T = 1 m m  s , t h e e -  num ber -  of d e g r e e s  of freedom resul ted:

N 2 . 2 1 . 1  = 2 ( 6 )

The pn’ogr-anm gave the facility of vary ing . f in order to  increase N ; two val cnes of

f have been used: -

= 0,061 and 2, f = O. e~ l0

A f t e r  hav ing selected ten indepe ndent samp les , tbse r e l a t  i ve  power spect n-a d e e r e -

computed for each , and tb se energy level, re levant t o a single baredwidthi , was aver-aged

over the ten power s p e c t r a  (16 s samples ) .  Thecs , a new mean power s l e d - c t  rum was obtainer! .

This  means t h a t  N has to be multipl ied by a factor of 100 to reach the value of thee ’

number of degrees of freedom 200.

As said before, the syst enu can be used to evaluate t h u c ’  spatial distribution oh ’

the background noise. Tine -power spectra of two simulm. aneous samples and tha t  of I h m e ’ i r

differences wem ’e- comput i’d, and a cancellcs t ion e f f e c t  of 12 dB wa s e’ s t  ,ebi  isised . If

man—mad e f l e e  i s e’  sneer-des are far—off in relation tee thee’ dipole—spac inng and , if the d i i e c e i e ’s

are acc u cr - a t . e r l v  pa ral lel  to cad s o ther , I l e e ’  C e e n m c e ’ i l a t i on c - f t c - c t  can be i m p r o v e d  still

fu r - I  I n c - n - .

— .- - ~~--~~~~ - --~~ — -~~~- ~~~~~~~ _
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Nar row bandwidth an alysis could also be’ u ,cced in estimat ing ship s i g n e d  ban d w i d t h .

The bandwjd tin of the received signal is r-c ,lated with the’ s-eloCity oh the soue-ee , namely

the level incr ease (or decrease) at th e receiv e r. In or’der to formulate -some expect c d

features of the filter out put during a passage of a sb u i p ov er t h e  arr ay, I he pr ob lernn

has been divided into two parts :

(i) Signal Filte r Output

(ii) Background Noise F il t ee ’ Output

For par t (i) it is assumed that tise , propagat ion follows the inverse  cccbe  l aw . For -

part (ii) it is known [Ref. 41] that if the noise has a normal distrib u tion , t h e ’  r . m .s ,

val ue of tise filter output le ’ve ,l is proportional to the square coot of t h e  f i l t e r -

b andwidths , as follows :

= ~~~~ ( 3~
)

when- c’ G is the power spectral density and B is the noise bandwidthn .

The t’luc tuatjon of the noise level in the filter will Isave a unitary tim e bandwidth

p roduct:

B . T  = 1 (3k)

In fac t , the normalized standard error expression of the amplitude out put is

E = 
s.d. [ r ]  (3~~~ )

2/~~~

which , in other words , represents t u e  f luc tua t ions of the noise in the  f i l t e r  t h a t  has

a number of degrees of freedom

n = 2 B • T = 2 . (4 0 )

On t he  basis of such a f luc tua t ion  it is possible to def ine thee  threshold  leyc’ l

in accordance with the false—alarm rate required. If a very narrow—band filter fails

to at tenu5te th e signal more t han  it reduces th e noise, and considering that the nunnbe r

of degrees of freedom of the filter out put cannot be N < 2, the fluctuation of C hic’

noise is limited. In addition , in a ve ry narrow filter there is no delay of the signal

but simply an attenuation of no mo re than the noise reduction . As a result it has been

argued that the filter output should not be investigated more often than each 1/Le t’ s •

This argument is pr obably not st rictl y correct since the output signal can cross t I m e

threshold level at any instant within the time m t  e’rval of 1/Lit’ s and , consequen t l v ,

it would be worthless to wait minutes for detection . If the above speculat ions are

t rue t he  ve ry  na r row f i l t e r  I c ’chnique  could  be use fu l  but , of course, t h e  needed numbe r-

of filter’s increases with the decreasing bandwidth,

Bearing in mind the preceding considerations, a part icular analysis of backgn-ound

noise was marie . The charact er of the n o i s e,  d e t e c t e d  d id  n e d  a p p e c im -  stat ionar -y , it

fl uctuated more th an would he’ expe cted for normally di s h  ribut ed noise Re f. 22

- —~~~~~ ~~~~‘
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A c? 15 k -v  samm np i e  w as  ci ippe r ci ire l I e  e ’  co mns pn i t  e n ’  [Fi~~. 2cm ] arid the  n - c - i  ee l  i v e ,  clipped arid

cocci i ppe ’d e c d i c e -  e’ spe c I e - , e coue n pec  i nch [h -  ug . 27 • Th u  s n - u - p r - u - s e - c i t  s i i i  e r t  I 1 r u -  I c ur appr’o,ec I c c  r u g

I l i e ’ I ‘d in i c l e i e ’  c d i  ci i p p i i i g  i c ’ s  u - I s  c m l  I c ighu—a cnp l i t u de , atcn i o s p i c c n ’ uc  e l o i s e ,  sp i t -  c ’ s , een d n e d  ci i—

i’ i l t  c - r i n g  e t n e n r e — u n i e c c h e ’  i r e t  en’  f e r n -  m u g  s i  g n u , e l  5 , w i t  hi the, pur - 1 eucsd - ed i cnnpe -uv  m e g  t e e n  s e  g n u , c h  — I  u e —

r s o e sc -  n ’ ,i t cc) u t  I l .F i , i d d ’ e s . R e c en t is 15 .11. 5h e - ~ c- c- s arid J R .  D a v is  L R e , t ’s. 30 m i d  1

— dc’s c’ l eu p ed  arm Ic ~ -b r ’i ci c r u e l  e u g e n e - — d i g i t  e e l  s i g r u c e l  p r ’ c e c e - ss ire g met h o d  t o  c e u c , c - s t  i g ~ et  c -  t l ee

p e d h  c- n u t  i ee l  c e f  e~cm i~ c l c e \  i m u g  n o n — h  i r i c a n ’  i e e e  i se p r o c e s s  m u g  • h e  g l u t - c r  2~ s h e e m c c .s t h e -  mean c - c u e -  n - g v

c , u t  e e c - s  i r e  l u r i d  ic)nn oh  b a n i c h w i d l  h i , c c i i  h i  sI  e ’ l e s  c u t ’ 11.6  h i , t o m -  a ci  i ppe’d atnmse, .s p h l e - m - i c

backgr’o cune l  r i c e  i Sc’ e e l  E L F  u - e e m u g e

em . 2 C u e n i c lu s  is _
c’ C e e n i s i dc n ’~ e t  i u r n s  on A m naiy s i  -s

It thee fluc t d i c e d i cer ss  cec -e ~- I c i g l u e - r  t -h e a n  e - ’ s 1 e e - d t  c - el , t h e e ’  ,ec i e u , e l  f l e u c t  n e a t  n o n  m l d e d s t  be_i

comfl ndn oru I h n i - c c e u g l e e e c u l  I h u e ’  I e e l  al f r - u r q u c n c y  band , ar ed c o r e s u ’ c 1 e u e n u t  l v , a c o r -n - e ’ i a t  ion bet d . c-c-ru

t h e e ’  p e u c s e r ’  aunn p l i t cn d i _ ’s in I hem ’ d i  1 f e - r - e m m l  bands should c ’ ~~ i st  • I I  I h e  i s  c o r n - u - I  at m o r e  i s

e e f l i t o r 7 d i  in a l l  t h u e -  n - li  l ’ h e ’ u ’ e ’ e u l  I r ’ c ’u lU e n c y  bands, t ime’ p u - c - s e -  n i c e ’  of an e x t  n ’ane ’ m e c u s  s m  gr e_ u i

l en l ice n u e m i s u ’  sh o u ld  b e ’  p e r cep t i b le -  as ci d c ,c r ’c ’a s e -  irs t h e  c e e r - c - u - l a t i o n  f a c t  o n -  t i c - I  u s c - u - m i  I hue-

- s ig n a l  f n - e c j e u e - n n c y  band  arid I h u e ’  ed  I c e - u ’  band - , F i g ur e  2 c c  sb e o c s s t i m e -  b a c k g c - o un d n o i se-

f l cr c t  u at  i ons inn t i m i n c ’  f o r  I h i  r e m ’  coni t i g c u c c u u s  l i m c 1 u m c n c y  bands  of 0. m c  h h z  w i d th  . F e g c u n ’ e  ~~

s l u u u nss I b c e -  c o rr c l a t- i o c s  l ,u ct  or - con un putu -c i  l i e - i  d s d r c ’ t i  t ine power in t h e e :  I)  • cc  l Iz  b a n u d w i d th u s  in t i e d -

c o nt  i g c u c e c u s  b a n d s .  F i g u u m ’ c’ U i i l e i s t  d ,u l  c _ _s t I m e ’  C c )  m u m  1 e e l  ion b e t c m m ’ c r c u  t i m e  d i f f e ren t  b a n d —

is- m i t  Ims  ar id t i n a t  d e no mi n a t e d  A (12 ,em h l z  — I • 2 h i z  ) . Th u c ’  c e e n - r - e , l a t  ion c o e’f f  ic i c - n i t

f l u c t e e , e t  c - s  cs- i l l s  a nscann y a lu , r  of’ 0 . 5 .

Inn o n - d c - i ’  t o  oht. a in n e - i  i e e~~ 1 c ’  u e p e e - ~ u d i e e m c a i  indic cet  ion s on t Ine c r i t  u - c - i  a fon-

chit c -ct m u g  em 
~~~~~~~~~ irs n e l i s c me at s e u d h c  r a c c g c - s , t h e e ’  e i b e m s c ,  out l inc’d l e n e m c m - s s  om ’ c ’e hs an

e ,xt e-n sivc-lv e ’ l abe m neet e st  e e l  i st i ca l  b a s is .

c l ) N c I l D r N G  REMARKS

T h e e -  i e - e r h n o l c e c i v  ce l s c ’u us c em ’s i_ s  coot  inuouslv  immn p i -c e v  ing  • Manm~ I \ p m s e e l  I I i , c g n e e - t  omet c - n ’ s

h a y - b e - - m m  bce i I I  f e u n -  d e l _ m e t  irs g di I ’ I c - d c ’  n u t  C ~- i ~es ee l c - i  c c l  m - od m d d u gi ee - t ic I L .F e u n u c h  1 c m e , c ’ n ’ —

f u - e - c j m u e - m i c v  s ignal .s  [Ret’. ~~~~~ Ir s p a r t  i cul ar , t l u c  Sd,3I L D  (S u ep em -eccui m le e c e m u g  Quane t  cnn

h i n t  c ’ n ’ I e ’ i ’ e-ncc Device ’ )  bias pr oved c - x t  n - c - r e ly  c u s c f e u l  i n  d i r t  c - C l  i n r ~ man—n e_ ache ’  s i g n a l s  ire t i n e

d u’ c ’ 1 e se -ce m s l u m - u - c -  I lee’ atimsos ph i e n - i c  bceckgr ’oetn d fb i — e r  ~~5 sI  u - mr_i  I c ,  1 1 1  c - i m c e e e t  cci Rd • 44  ~.

A n ’ n ’ c i v - c  t c c w e ’ c I  by seubumncnr ’imuc ’ s for tLF d m 1  c - c l  ion I m e e s  c ’  b e - c - m m  st  t m d i c ’ e I  and c h c - ~ c - l o p e d [R e - I .  4~~].

‘ l e m m u v  pro b l e m s  d e l  I m e d  in the i — c  - c - c ,  i c - c s - cinch m e l  Ice-n-s n e d  me n d u me reed h u e d ’ , s tuchi  I s  I h u e -

c om m i t nl _ er x ti e l e c t  d i e  c u e d — I  i c e d  of 5 , e d - i c e d e s  t 
~~~~ 

e e l  ~s e t  e n ’  R et ’. 4 c m  , c r - c ’  , _ t  i l l  e q e c - m u  t o

cmlv ,e mm ce- e I r-e - —c e-a c’ chn , m e  i u i l c ,  jun I hue’ s i _ i n I , i  h p r - m i c e - —c s  i rig cenu ch dat a - c- d uct ions t i e l  c l — c ;

c c e mmmmmm U n m i c c l  i c u n m  cen ci i t t  - c d  jo i n  j u n ’ o h i e ’m s  b e e t  h i  e v e ’ n ’ I  e l m  i e n t  e e  s i r _ i n c e l  e n - I e e e ’ s - c in i g . l c , c e  01 t i n e ’
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APPENDIX

to

FUNDAMENTALS OF ELF COMMIJNICATION AND DETECTION

Giorgio Taccon i

In the main text it was emphasized t hat any type of physical measurement could be

considered a sort of non— or quasi—semantic communication and, in effect, a number of

applications on ELF perturbation propagation relat ive to electromagnetic and acoustic or

elastic phenomena are already under study . These applications, which were not treated

in the main text, should at least be mentioned in order to give a wider view of ELF

phemoniema relevant to communications.

ELF methodology as used in electromagnetic prospecting systems could be similarly

applied to lithospheric communications [Ref. A.1]. Elastic phenomena in the ULF fre-

quency range (el Hz) are used by geophysicists in investigating the earth ’s crust, and

for prospecting purposes at infrasonic and sonic frequencies from 1 Hz to 100 Hz.

Communications through a very general multistructured medium as, for instance, the

system ocean coastline land, could be effected by means of ELF acoustic—refracted

arrivals, e.g. compressional and shear waves [Ref. A .2 and A.3], or interface waves,

e.g Stoneley, Scholte, Rayleigh waves [Ref. A.4].

Other subjects that are also open to consideration (probably some are already

under investigation), are:

(i) Non—linear conductivity effects in earth, rocks, water and interfaces.

(ii) Ions generation and flow at earth/sea interfaces.

(iii) Electromagnetic fields associated with rock stresses and releases
(earthquakes, volcanos).

(iv) Generation of LF acoustic and electromagnetic perturbations by high
altitude aircraft .

( v )  Telluric electric fields — Tsumani e f f ec t s .

(vi) Electrochemical noise for electrodes, chemical migr~.tions .

(v i i )  Influence of man—made noise contributing to the total .

All types of communication involving spatial parameters  require an estimate of

the st atistical characteristics in t ime and in space [Ref. A. 5~~. Although , at pr esent ,

the Gaussian assumpt ions are conveniently usefu l, day—by—day they a re proving more

inadequate. Mathematicians, physicists and scientists investigating communication

theories and systems are engaged in ..dvanced tentatives to operationally apply new

algorithms to treat random non—Gaussian processes. Algorithms such as “non st at ionary

and non—Gaussian signal/noise analysis” [Ref. A.6 and A.7], stochastic calculus and

Martingales [Ref. A.6 and A.8], which may at present appear to resemble abstract mathe-

mat ical exercises, in fact, repreaent two important features: to confirm and improv e
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the actual analysis systems and to open new and, may be, more reliable systems to

signal processing.
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ELECTRIC AND MAGNETIC SENSING SYSTEMS : APPLICATIONS

Frank Chilton
Science App lica tions , In c .,  Palo Alto , Ca l i fo rnia

Lowell Wood
Lawrence Livermore Laboratory , Livermore , Ca l i fo rn ia

Rod Buntzen
Naval Ocean Systems Center , San Diego, California

0. INTRODUCTION

The objective of this lecture is to review the underlying pr inciples of electric and
magnetic sensing , to discuss some of the more recent advances in the associated technologies

and to provide some insight  into the use of such syste ns in ocean surveillance.

Primary applications of electric and magnetic sensors are found in the surveillance
activities of the U .S .  Navy . This application suite f i r s t  became possible because of
extensive pre-World War II development work by the Gulf Oil Company, in search of new
oil fields. Magnetic detection became a Navy capability in 1941 as the result of this

industrial development work .

Detection activity support remains the primary thrust of electric and magnetic technology

development within the U.S. Navy today. Extremely sensitive devices such as superconducting
quantum interference devices (SQUIDS) represent the single most important new basic physical

principle involved . Such technology plus signal processing and systems engineering gains

have expanded and refined the detection application parameter space . For example , magnetic

gradient measurements of the saline (and therefore electrically conducting) flow associated

with surface and internal ocean waves are being considered . Such measurements are important

to development of technologies for both acoustic and non—acoustic ASW . In many system

concepts , signal-to-noise ratios and false-alarm rates depend on both temporal and spatial
distributions of the ocean natural wave background . If magnetic measurements of acceptable

quality can be made by aircraft, high-sweep-rate mapping of the surface and internal wave

spectra of an entire ocean basic could be seriously contemplated .

We will briefly discuss these applications below. We will not discuss the performance of

specific systems or possible military tactics related to various sensing systems . It is

intended that these topics will be developed as appropriate during the scheduled discussion

periods.

1.0 BACKGROUND

1.1 Magnetic Field Sources

Although the source of the earth ’s magnetic field remains unproven , the more fashionable
theories suggest that the main field originates from electric currents in the earth ’s

liquid core , which are associated with slow convective movements. Large scale eddies in

such convective motions apparently engender local variations in the field , which bear no

apparent relation to crustal features. Mathematically represented , the ear th’ s magnetic
f ie ld  or iginates from a dipole source (with a length ‘I~l/3 its diameter) at the earth ’s

center , skewed at approximately 15 degrees from the earth ’s rotational ax is (as shown
in Fig. 1), to a good approximation .

This dipole source establishes a field at the earth’s surface with intensity between 0 2 5

to 0.7 Gauss (1 Gauss = 10~ gamma), as indicated in Fig . 2. Changes occur continually in

the spatial and temporal fine structure of this field distribution due to solar and lunar

cycles , solar activity variations , magnetospheric and ionospheric activity , and ocean
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storms. Any spatial variation from this dipole field is termed an anomaly. Anomalies

are commonly caused by waves , ore deposits and ferromagnetic objects (including surface
and subsurface ships). The incremental field levels associated with these anomalies can

be quite large , as indicated in Fig. 3.

Figure 4 illustrates the basic effect of a local dipole source on the total magnetic

field , in two dimensions. A stronger total magnetic intensity (+) will be measured where

the magnetic lines of force happen to be aligned with those of the earth; the net intensity

drops (—) where their vector quantities oppose. Thus the anomaly contributes positive

and negative components to the total field . If the unperturbed ambient field is somehow

measured and subtracted out , only that signal caused by the presence of the anomaly (e.g.

a ship) remains. In or over a calm , deep sea , the ambient magnetic field is relatively
constant, because of the relatively homogeneous magnetic character of sea water and the

substantial separation from possible underlying crustal anomalies. In such circumstances ,

a steel ship interposes itself as a discernable magnetic anomaly. This is not surprising

since there is a relatively large amount of energy associated with the magnetization of

a multi-thousand ton steel vessel.

Measurement of magnetic field intensity and direction for the purpose of detecting

anomalies requires a large scale description of the unperturbed field. The earth ’s

total magnetic field can be represented as the vector sum of horizontal (surface tangent

plane) and vertical components . The horizontal component may itself be represented as

the sum of true north and east components in the local tangent plane . The magnetic dip

(inclination) is defined as the angle formed by the horizontal and total field vectors.

The declination is the angle made by the true north and local magnetic north vectors. A

total field magnetometer measures the absolute value of the local field intensity , but

without an associated direction . One method of measuring the field direction with a

total field magnetometer is to use biasing coils in the planes of mean declination and

inclination to generate reference angles .

Another property of the magnetic field is its gradient , or rate of change with distance

for each directional component described . Measurement of the gradient associated with a

magnetic anomaly has certain detection advantages , as will be discussed subsequently.

1.2 Target Strengths

The magnetic moments associated with a field anomaly comprise the target strength term

when considering the range at which the anomaly may be detected . These moments are both

Static and non—static. The static moments are related to the constituitive equation(s)

between and for the material(s) comprising the anomaly generator , and in the case of

a ship, are influenced by such characteristics as structure , size , weight , heading and

inclination . Non-static moments of such a source are those which are related to

distributions of galvanic currents and rotating machinery .

As with the local terrestrial magnetic field , the total moment (MT) of an anomaly may be

represented by a vector directed along some coordinate system axes. Permanent moments

for ocean-going vessels are widely variable , because of the widely varying magnetic

histories of the components of such vessels. Maximum values for the permanent moments

of interest are of the order of 3 ~< 106 gamma-rn3. Real-world values can be less than

this , and depend on the amount of effort expended to reduce such effects during vessel

construction or by subsequent degaussing procedures. Induced moments are caused by the

earth’ s field , and not as easily reduced. Although many different estimates of the

magnitude of such moments exist , the maximum induced moments of present multi-thousand

ton steel vessels may be of the order of 108 gamm a-rn3.
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1.3 Noise

Since electric and magnetic surveillance applications will require consideration of the

detection of static and non—static dipole moments and internal wave—associated water flow ,

the characterization of noise must extend from about 1 kHz down to nearly DC. Typically

the noise competing with signal consists of contributions from the sources described in

Table 1. The frequency and amplitude of these sources is shown in Fig. 5. Lower frequency

noise (<1 Hz) associated with ocean internal wave spectra is discussed in Section 4.

Noise is treated by a number of approaches including instrument design , signal processing

and operational procedures. Many previously limiting thermal noise and stability problems

are being overcome with cryogenically cooled or superconducting systems . Sensor rotation

and servo noise effects are highly dependent on magnetometer type ; noise levels of the

order of 10 2 gamma (y = lO 5G) represent the state—of-the-art of currently used systems .

Outboard (probe) and towed—bird systems are used to isolate sensitive magnetometers from

platform power—related and structure noise. Operationally, sensor altitude can be

adjusted to reduce wave/swell MHD noise contributions , and magnetic compensation systems

are used tu discriminate against maneuver noise. One of the most recent operational

systems is the Canadian Aviation Electronics Company one with semi-automatic compensation ,

which uses servo motors to adjust compensator coils driven by error signals from aircraft

maneuver amplitude and rate sensors. Newer systems will depend on processed analog signals

from field measurement inputted to directly cancel the disturbance .

Geomagnetic anomaly and gradient noise is the most difficult to process against. Variable

filters offer the largest single improvement , but at the sacrifice of some detection

range. Matched filters that conform to the expected signal shape are also being

investigated and are discussed in a later section .

2.0 MAGNETOMETER ANt) GRADIOMETER SYSTEMS

2.1 Magnetometer Concepts and Operating Principles

The total magnetic field may be measured by a number of component—measuring devices, or
by one device which is sensitive to the magnitude of the total field , independent of its

orientation . These devices typically operate via elementary interactions between nuclei

(or atomic electrons) and the local magnetic field . Although many physical mechanisms

have been considered for potential magnetometer design , only a few have enjoyed operational

success in the US and European communities. Table 2 summarizes the more successful

approaches , and indicates the sensitivities of the order of l0~~ gamma are possible.
However , the real—world noise environment circumscribes the utility of such sensitivities.
Gradiometez approaches are an attempt to use devices with greater inherent sensitivity ,

and are discussed in the next section .

To appreciate the basic physical pr inciples o’ presently deployed magnetometers , consider

nuclear protons and orbital electrons spinning about their relative axes. This motion gives

rise to corresponding magnetic dipole moments . In an external magnetic field , the

particles ’ axes will tend to loosely align with the field by precessing about the field

vector. The frequency of precession is directly proportional to the external magnetic

field intensity and hence provides a means to accurately monitor its value . In addition

to spin , the orbital electron motiOn yields another magnetic dipole moment. The total

magnetic momen t of the atom is the vector sum of the magnet ic  moments of the nucleus
and electrons. Thus , certain orientations of an atom ’s magnetic moment can be attained

relative to the direction of an external magnetic field. Finally , the external field

splits a particular electron energy level into several sub-levels (Zeeman effect) .

Populations in the various orientations (states) can be pumped and observed by a variety

of means (Table 2).
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Table 1 Magnetic Detection System Noise Sources

Coherent (C)
Noise~Type ~ canples Random (R) Typ ical Approaches

Instriz~ nt Noise Thermal Noise R Cryogenic technology (Josephsen sensors)
Gyroscopic Ma neuver C Effec t is inverse with LariTor frequency
Noise Utilize light gas such as Heliun

Aircraft/Ship Noise Vehicle Maneuvering C Aircraf t  conpensation coils
‘ltzrbulence R Rm cva l of dc loops, shielding
Electromagnetic
Ca~patibility

Geomagnetic Pulsations of the C—time Correlation with second magnetomater
micropulsations Magnetosphere & remove coherent noise

and resulting E,4~

Gec*Mgnetic Anonialy/ Earth crust C—space ~~st d i f f i cu l t
Gradient Noise anomalous noise

Magnetohydrodynamic Wind wave noise C Flying higher
Wave Noise Internal waves

~~ean swells

High Frequency Lighthing R-but Suppression by clippers
Noise Contribution non-Gaussian NarrcM filters

Man—made 50, 60 , 400 Hz C Phase lock techn iques
Power—related p~~~r sources
Noise

Table 2 Sursnary of Major Magnetomater Designs

Type Theoretical Sensitivity Limit Operating Pr inciple

Flux gate 0.001 gasmta AC excitation of a magnetically saturable core material.
Har monic of drive frequency distorted proportional to
field along core axis. Bucking fields insure maxi.niirn
sensitivity at low drive fields.

Pulse Proton 0.1 gamma Prealigned spins in proton—rich material relaxed . Pre—
Precess ion (NMR ) cession occurs and the frequency of the corresponding

voltage in pickup coils gives ambient magnetic field.

Overhouser 0.001 gamma Similar to above, except uses material doped with
paramagnet Ic salts with higher momants and sp in a 1 lgnn~nt-. by RF , instead of strong local magnetic field.

Cs, Rb Vapor 0.001 gamma Optically pumped alkali vapor exhibits Zeeman effect;
RE absorption by vapor causes resonant absorption of
optical energy. RE frequency producing peak optical
absorption gauges the ambient magnetic f ield.

Metastable He 0.001 gamma Same as above, but temperature—independent and surple
resonance line structure.

Josephson io—~ gamma Imrpedance of a super~~ndix~ting circuit is a periodicfunction of the numbe r of magnetic flux quanta threading
it. Extreme sensitivity, as fractional f lux quanta
detection is attained by time averaging.
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A good example of cur ren t ly  deployed magnetometer operat ion is based on the use of
metastable He.  The basic layout of th i s  magnetometer is shown in Fig. 6. A helium

lamp i l l u m i n a t e s  a hel ium cell wnere resonance absorption occurs and electrons are
pumped to higher  energy levels and then fluoresce to lower- ly ing , occas ional ly  metastable
ones. An RE f i e ld  which  is swept in f requency to a t t a i n  resonance wi th  a sub-level
pair , thus r e d i s t r i b u t i n g  populat ion between these levels , is u sed to dete rmin e the

ambient magnetic field strength. Energy state redistribution is monitored by a

differential signal as seen by the IR detector .

A d i f f i c u l t  systems problem encountered in f i e l d - q u a l i f y i n g  metastable He magnetometers
was a t t a i n i n g  the required frequency s t ab i l i ty  of the RF generator  over the f requency
range required . Minor changes in the lamp ’s output intensity , coefficient of

amplification , angular errors between the optical axis and magnetic field vector , etc .

all af f ect the signal accuracy.

2.2 Gradiometers

The only practical means of detection of ex t raord inar i ly  low magnetic f i e ld  i n t e n s i t i e s
of l0~~ Ga uss (which is coincidental ly  the order of magni tude of magnet ic  f i e l d
intensi t ies  generated at the su r face  of the skull  by the l iv ing  bra in , or the f i e ld
in tens i ty  per turbat ion  of a compact car at the distance of roughly a k i lomete r  or
two) is via the Josephson e f f e c t .

The Josephson effect is an example of the interferometry that is possible from

manipulation of macroscopic quantum phenomena which are responsible for superconductivity ,

superf lu id  helium , ferromagnetism , ferroelectricity , lasers and other large scale ,

coherent quantum manifestations . Fig. 7 shows a typical design for a superconducting

SQUID (Superconducting Quantum In te r fe rence  D e v i c e ) .  The essential  point  is that  a
SQUID has a “weak” ( in  the superconducting sense)  l ink  which allows the pene t ra t ion  of
magnetic f i e ld  lines through a mostly superconducting volume from which it would otherwise
be excluded due to the Meissner effect. Fig. 7 also shows the interferometric pattern

that  results  from increasing the magnetic f ie ld intensity externally imposed on a SQUID ,
which then intrudes into the area between the two oxide junctions . The essential point

is that each oscillation in the macroscopic current flowing through the electron

interferometer  def ined by the two Josephson junc t iono  connected in paral lel  represents
the entry of another flux quantum (which is approximately equal to 2 x lO~~ Gauss-cm 2 )
into the area enclosed by the two Josephson ~vnctions . With time-averaginr over a

period of some seconds , the oscillatory current ~;ignal is sufficiently stable that it

is possible to easily read the area integral of the magnetic field intensity to 0.1%

of a flux quantum. If the background noise of all types is sufficiently reduced , it is

presently possible to read the areal magnetic field intensity integral to l0~~ of a flux

quantum , with an averaging time of about 1 second. Since the magnetic loop or pickup

coil can be on the erder of 1 cm 2 (or larger) in area , being able to stably define the

imposed magnetic field intensity to l0~~ % of a flux quantum leads to absolute sensitivities

of the order of 10 12 gauss , such sensitivities have indeed been demonstrated in laboratory
environments.

Na tura l ly , the possibility of such sensitivity in field magnetic measurements has

revolu t ionized  low magnetic field , or equivalently low current , or low voltage measurement

techniques .  Josephson was recent ly  awarded the Nobel Prize for his theoretical and

conceptual work on electron tunneling in superconductors .

3.0 SYSTEMS PERFORMANCE ESTIMATES

Some basic comparisons between magnetometers and gradiometers illustrate their relative

advantages and disadvantages for magnetic (or electric ) detection . Such comparisons

p - -  —— g_~~~~~~~~ ~~~~~~~~~~ —~~~- -- -. — —-- - —---  —--.



w i l l  not consider spec i f i c  signal processing techniques and do not reflect any particular
sensor system performance. Much of the real-world data of target moments, noise

compensation capability, inherent system noise , filter design , etc . is beyond the

unclassified nature of this lecture , but must be considered to make actual performance

estimates m e a n i n g f u l .

Instead , the general trends of system performance are discussed . The t o t a l - f i e l d  signal

level H at any point from a dipole of s t rength  M nay be w r i t t e n  as

H = -
~~~ ~~~~~ ~~~( 0 ’ ) ,  (1)

where R0 is the closest point of detector approach to the anomaly source , and A~ 
and 

~~~
.

are Anderson function coefficients and the functions , respectively; 
~~ 

are generally

expressed in terms of a dimensionless parameter , 0 ,  describing the detector ’ s range
along the track from thec loses t point of approach (CPA) . Taking the Anderson func t ion
mu ltiplie r s as un ity for  the purpose of i l lus t ra t ion, a magnetometer maximum detection
range R0 for a dipole of s t rength M in the absence of noise as a func t ion  of i ts
sen s i t i v i t y  f i e ld  in tens i ty  H can be expressed as

~ M 1/3
‘

~ 
(~~) 

(2)

A s imilar  expression for  a gradionleter performance is/

~~ 3M \ l/4
R 0 ~~ grad H / (3)

Figure  8 brackets  the possible parameter  space of interest  for  magnet ic  anomaly detect ion.
Notice that  gradiometer minimum sens i tiv i t ies  should be less than about l0~~ gamma to be
competitive wi th  magnetometer systems that achieve sens i t iv i t i e s  w i t h i n  a factor of 10 of
the i r  theoretical maximum (see Table 2 ) .  Real systems must contend wi th  noise , however ,
and some form of signal processing is generally required .

Although various forms of signal processing are being studied in order to upgrade present
magnetometer  performance , only matched f i l t e r  processing is discussed here . Such signal

processing techniques are applicable to signals from both magnetometer and gradiometer
sensors . In such cases, a detection circuit mixes the signal , S(t), with the combined
noise components , (N(t)), discussed earlier , which are assumed to be white Gaussian

random in nature. This signal—plus-noise forms the input to a matched filter which in

turn  inputs  to a voltage threshold detection c i r c u i t .  Hig h qua l i ty  knowledge of the
signal shape expected allows the necessary filter to be constructed to maximize the

instantaneous signal power Output ~~fl the presence of any level of noise. This

spec i f i ca t ion  is easy to make but somewhat more difficult to put into e f f e c t , though less
so as high per formance  d ig i t a l  microprocessors cont inue  to develop. Of course the anomaly
f i e ld  s trength is a f u n c t i o n  of its aspect angle at the detector , if  the anomaly is other
than magne t ica l ly  isotropic.

Operat ion of the matched f i l t e r  in the presence of wh i t e  Gaussian random noise leading
to a detect ion event is i l l u s t r a t e d  in F ig .  9 .  The ho r i zon t a l  ax is  represents the f i l t e r
output  vol tage , whi le  the ve r t i ca l  axis represents  the d i f f e r e n t i a l  p robab i l i t y  of
observing that particular voltage . The noise-only and noise—plus-signal distribution

generally overlap , so that some signals are missed and some noise triggers the detector

circuit by being higher than threshold (thus generating a finite false alarm rate) . A

desired p r o b a b i l i t y  of detect ion P ( D )  and corr ’2sponding false alarm rate are chosen to
meet opera t ional  requi rements , as cons t ra ined  by the d e t e c t o r - p l u s — f i l t e r  q u a l i t y .

The q u a n t i t y  of i n t e res t  is the detect ion range which  corresponds to a given 
~D 

and
false alarm rate , and is determined by the detectivity (or ratio of signal energy to

---— - - .~~- ----~ -
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noise energy . N) in the band of in teres t .  The signal energy is obtained by squaring the
signal level and time-integrating it over the period of observation . For example ,

de tec tab i l i ty  may be w r i t t e n  for a magnetometer as
2

dM 
= —

~~
— C (A.; v,k) (4)

R0N

where C(A.; v, k) is a constant dependent on the Anderson function coefficients , detector

platform speed , and units conversion factors. The probability of ~etection relates to
the detectability for the case of white Gaussian random noise as

-ad
PD = l _ e  M (5)

where a is a constant, approximately 0.282. A similar equation for a gradiometer would

use a corresponding de t ec t ab i l i t y  wi th  a R 0
7 dependence . These relationships suggest how

insensi t ive magnetic anomaly detection range is to the pa r t i cu la r  parameters (and
technologies) involved.

As mentioned earl ier , corrosion currents give ships a static electric DC moment. If a
typical source of sacrificial zinc and a bronze screw is represented as a horizontal

electric dipole , its signal strength at a distance R0 can be given as

S(r) a —
~~~ ( 6 )
R0

where P is the electr ic  moment (Amp—f t ) .  DC e lectr ic  f i e ld  detection ranges are shorter
than magnetic detect ion ranges because the electric moments are so much smaller. AC f i e l d s
associated wi th  va r iab le  resistance in the DC cur rent  path given rise to alternating
electr ic f ie lds  which , however , are rapidly attenuated by propagation through sea water .

4 . 0  SURFACE AND INTERNAL WAVE SENSING

Detection of such extraordinar i ly  small magnetic f ie lds  (10 12 G) as described in the
foregoing has led to the prospect of remotely measuring ocean internal wave spectra . If

present ly explored approaches to such measurements proves successful , an airborne magnetic

gradiometer could be employed to make high sweep-rate surveys of internal wave backgrounds

over large ocean areas. Such estimates of ocean surface and internal wave spectra might

play an important role in ocean surveillance , as suggested earlier.

The basis for generation of magnetic f ie lds  by internal  waves is simply the Faraday e f f e c t .
The Faraday effect for conductors moving in a magnetic field has been known for about 150

years and is the basis for such diverse applications as homopolar generators and motors ,

VxB velocity meters (used for ship speed and for determining currents in oceanography) ,

measurement of blood flow rates; etc .

To appreciate the basic na ture  of Faraday induction in the case of ocean waves , we cons ider
the Maxwell equations for a magnetized , conducting medium moving with a velocity small

compared to tha t  of l i gh t :

V x ~ p ovx~~, V .~ = 0 (7)

The Fourier transform applied to these equations yields a negative exponential dependence

on height  above the surface for each spectral component , as noted by Podney , some of whose
normal ized resul t s  are indicated in Figs. 10 to 13. In these Figures , K denotes wave

number of a progressive wave , D the ocean depth , and the wavelength .

From these results , it is apparent that the order of maglitude of the magnetic field

gradients generated above the ocean surface by both surface waves (which would act as a

“projection screen ’ for detecting internal waves) and for internal waves are of the

order of l0 8 Gauss/ n, unless there are unusually hiqh surface wave speeds. Such small

-

~ 

—-- —-



pr - 
~~~

- - - - - .-
~~~~~~~

---- - - --
~~- - - - — - - - -—~~~---

magnetic tields would be detectable with superconducting magnetic gradiometers; however ,

ac t u a l l y  making the measurement is non-trivial. In fact , it is extremely difficult ,

because the E a r t h ’ s magnet ic  f i e l d  g rad ien t  is of order of Gauss/M, so tha t  the
measurement  can be made meaningful only if one measures a gradient of the component of
the anomaly field along the direction of the E a r t h ’ s f i e l d .

Measurements  have been made of the internal wave amplitude , direction and phase speed .
by Phys ica l  Dynamics  I n c . ,  at a s t a t ion  o f f  San Diego , Californ ia , i n a water  depth of
17 m. The temporal power spectral densities (PSD) are shown in Fig. 14. Considerable
variability in the PSD level is shown , which also represents variations in the gradient

signals expected . Adequate signal—to—noise ratio requires a resolution of 10~~ ,/m in

the internal wave frequency band . To observe surface waves requires about the same

resolut ion at f requenc ies  up to -~0 .l  H z .  Such resolut ion over a f requency  range of
5~~lo~~~— l o~~ H z is d i f f i c u l t  to achieve w i t h  p resen t  day grad iometers , e spec ia l ly  at the
low f requency end .

4.1 System Design

In order to attain system sensitivity comparable to the sensitivity of which superconducting

i n s t r u m e n t a t i o n  is capable , a number of design features unique to superconducting
instrumentation are required . First , the SQUID is usually used as a detector in the

io 10 .3 Hz regime , because that is a low noise portion of the ambient electromagnetic

spectrum . Physically, the “pumping ” of the SQUID means that a flux quantum is moved

in and out of the Josephson junction pair at rates as high as 10 gigahertz. The SQLID

is either a thin film on a glass substrate (which has been etched or scribed to have a

weak link) or a toroidal point contact structure (where a screw or wire makes mechanical

contact with the other part of the superconducting toroid to provide the weak link).

The parts of the superconducting gradiometer circuit , which will be employed by Physical

Dynamics Inc., are illustrated in Fig. 15 , which indicates the tank circuit employed for

the purpose of resonantly pumping the SQUID. On the far side , the two pickup loops that

are characteristic of a superconducting gradiometer are shown. (A magnetometer would

have only one pickup loop.) In such a superconducting gradiometer , the pickup 1oops are

counterwound and thus provide an intrinsic gradiometer , rather than a gradiometer from

magnetometer subtraction : the two loops are counterwound in order to provide a net

cancellation of the homogeneous portion of the magnetic field separated by a distance , so
that the gradient is measured directly . This technique reduces noise enormously.

Further consideration of Fig. 15 indicates some of the design innovations that have been

recently introduced . In order to obtain low noise performance from the pickup coils ,

the leads proceed through a superconducting shield which keeps the basic detection circuit

entirely shielded from stray magnetic fields of local origin , as well as those produced

in the instrumentation by vibration or temperature fluctuation . A transformer is

introduced between the pickup loops and the SQUID in order to attenuate radio frequency

interference . This radio frequency interference attenuation is particularly important

for low frequency detection situations , such as the fields associated with internal waves

(for which there is little interest above about 0.1 Hertz , in any event). The radio

frequency interference originating from radio and radar antennae in the vicinity is

frequently quite capable of swamping such sensitive instrumentation without such a shield.

A particular superconducting gradiometer system is shown in cutaway in Fig. 16. The

superconducting circuit (indicated in Fig. 15) is shown at the bottom of the system .

Because this is a cryogenic system , it must be operated at liquid helium temperatures ,

at 4°K. A number of design features are relatively unique to the system ’s cryogenics.

For example , there is an interior vessel , an outer vessel and an intervening vacuum

- —— ~~~~~~~~~~ - A~~~~~~~~~~~~~~~
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layer. The insulation is not shown ; superinsulation (thin aluminum mylar sheets) is

wrapped around the inner vessel , space—f illing the vacuum layer.

Because vibrat ing metal parts or paramagnetic impuri t ies  would swamp the very weak
magnetic signals of interest, the inner and outer vessels are made of epoxy-fiberglass.
The liquid helium ‘hold time ’ of such systems can be as long as 30 days , which indicates
the phenomenal thermal performance of the superinsulat ion and the f iberg lass  vessels. A

socket made of Kevlar (which also has good nonparamagnetic and thermal properties , as wel l
as remarkable strength at low temperatures) is provided for the superconducting circuitry ,

and a long neck tube comes up from the inner vessel in order to provide a long therma l
path. The long rise also permits the boiled-off liquid hel ium gas to cool the long tubes
of the probe structure. This is effective because at lower temperatures the thermal
conductivity of the probe s t ructure  is great ly  decreased , so tha t  the cooling decreases
the heat leak into the interior vessel by two independent mechanisms : direct cooling of

the heat leaking along the probe structure, and also reducing the thermal conductivity
of the probe structure .

The support tubes labeled ‘probe structure ” are designed to be long and have circular

bands which provide thermal contact between the support rods, at a given height , in

order to prevent any bending due to slightly different temperatures along the support

rod s , as well as acting as stiffening rings. A socket spacer is put over the probe

socket in order to prevent the probe socket from vibra ting inside the interior cryogenic
vessel and generating sources of system noise . Since this is a cryogenic system , the

top plate of the probe has liquid He fill ports.

The required sensitivity level of the internal  ocean wave experiment mentioned earlier
is so low that practically all sources of system and background noise must be examined .

System noise includes the intr insic noise limit of the SQUID itself , noise from the
detector electronics , temperature fluctuations in the detector metal structure and helium
bath , mechanical vibration of metal parts, trapped flux~ paramagnetic impurities , and
vibrations about any component misalignment or imbalance .

Examples of background noise include the f ield from the surface waves , motion of the

ferromagnetic parts of any support structure , and fluctuations in the ambient total

magnetic f ield gradient, of both terrestrial and extraterrestrial origins .

Diagnostic measurements characterizing the background against which internal-wave

associated fields are studied typically include direct measurements on the internal

waves to determine the depth , ampl itude , phase velocity , and direction , using thermistors

in vertical arrays through the thermocline. Other desirable diagnostic measurements

include the sub—surface current, wind speed and direction , wave height , tide height ,

barome tric pressure , sea sur face tempera ture , salinity profile , and time lapse photographs

every few seconds of the sea surface during daylight hours.

4.2 System Noise

Dif f e r en t  types of SQUIDs have been examined for the purpose of finding those with lowest
system noise. The interesting feature of a typical SQUID noise spectrum (Fig. 17) is the
white  noise region above approximately 1 Hz and the approximately f~~ noise below that

frequency. (The low frequency noise is not exactly f~~ no ise , but it has approximately

that  empirical value for the exponent.) Of course , the SQUID noise is not really the

most important source of noise , nor was it expected to be. It happens though , to be the

noise source which may be most read ily measured , and because it is intrinsic to the system ,

it constitutes the design limit which one would like the rest of the system to meet.
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A recent low noise experiment at the La Pos ta Astrophysical Observatory (about 70 miles
east of San Diego) serves to demonstrate the effects of the local environment on ultra—

high sensi t ivi ty  SQUIDs . In th is  experiment , e f f e c t s  of f l u c t u a t i n g  ambient temperature
and pressure and terrestrial magnetic field fluctuation-induced magnetization currents

in the paramagnetic materials and eddy currents in superinsulation and metal parts were

examined. In the frequency region below 0.1 Hz, SQUID noise appeared to dominate the
system , as Shown in Fig.  18. Also investigated were the effects of radio frequency
interference at the transformer.

The effect of temperature changes is primarily important in the way that the temperature

fluctuations or drift can affect the paramagnetic susceptibility of the fiberglass in

the cryogenic enclosure . Estimates show that a temperature change of the order of 0.l°K

is equivalent to a l0~~ Gauss/rn change in gradiometer output. The temperature/pressure

relationship in liquid helium means that pressure fluctuations can cause temperature

fluctuations which can then change the paramagnetic susceptability. Estimates show that

these are about an order of magnitude lower than the direct temperature fluctuations .

Similarly, any fluctuations in the earth ’s magnetic field would affect the paramagnetic

susceptability of the cryogenic enclosure; estimates indicate that these were more than

an order of magnitude less than the effect of the temperature fluctuation .

Induced eddy currents in the conducting materials of the gradiometer were also estimated

from the fluctuation values expected for the earth’s magnetic field. The most important

conducting material is the 50 layers of aluminized mylar used as superinsulation . Changes

of the order of 10% of the ear th’ s f i e ld  could cause gradient  changes of the order of l0~~
Gauss/rn in the frequency band of interest below 1.0 H z .  Care in geometric layout of the

metal on the mylar f i l m  can sign i f i c an t l y  alleviate this noise problem.

5. 0 ISSUES AND COMMENTS

5.1 Total Field MAD in Practice

Total f i e ld  MAD gear was developed originally to reduce the sensitivity to maneuver
noise , which engendered false alarms . In practice , it is often operated at a S/N > 3

to further reduce false alarms . This results in a short range for detection , in exchange

for the benefit of positive identification . One then knows that the magnetic anomaly is

nearby , but the one data point of a total field anomaly tells little about where it is ,

even with signal processing .

Further , since detector-deploying platforms are easily detected , self-propelled anomaly

generators will maneuver away.

5.2 The Ideal Magnetic Anomaly Detector

The signal is a magnetic dipole field ,

R R

where (.1 is the magnetic moment vector , and is the range vector. What one would really

like to do is measure enough data points , either instantaneously or over time , to determine

~ and M. Clearly, taking six independent data points at different points of space would
be a minimum . Obtaining such a data set imp lies either taking measurements with several

magnetometers and gradiometers in one system , or making six or more total field

magnetometer measurements at different times and places , and using signal processing to

extrapolate back to different points at the same t ime . (One total field magnetometer with

points in a straight line does not work well because the rotational symmetry yields an

ambiguity in the solution , leading to the use of at least two parallel MAD systems in
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geophysical prospec ting (and , when important to be timely and efficient , two or more

aircraf t have been used ).

It is clearly preferable to use combinations of superconducting magnetometer-gradiometer

systems to sample the local field at more than the minimal six data points , and

then to do signal processing (e.g. using a least squares fit) on the resulting

overdetermined data set , so as to effectively reduce measurement error to as great an

extent as desired,  whi le  determining the direction , range and lower order magnetic polar

moments of the anomaly.

The sensitivity of superconducting instrumentation promises a bright future for the

making of field measurements with sensitivities not hitherto attainable on real-world

systems such as sur face waves , internal wave s , and other low strength ELF signals , as
well as on marine magnetic anomalies directly.
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and Gradiometers without Noise Considerations .
Sensitivities are given in gammas (= l0~~ Gauss).
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FIGURE 10 - Magnitudes of magnetic fields and horizontal gradients
in the direction of wave propagation generated at the
surface of a 1—km deep ocean by a 1-n hi gh su r face  wave
propagating in polar regions (~ ‘ = 90°) and along magnetic
meridians at intermediate and equatorial latitudes (~ - 45°
and 0°) shown as functions of kD (k = 2 i r / A )  along the lower
abscissa and as functions of D/A along the upper abscissa.
Solid curves delineate magnetic field strengths per unit
wave height and correspond to the left-hand coordinate
scale marked in units  of y/m. Dashed curves de l inea te
magnitudes of horizontal gradients alon g the direction of
wave propagation per unit wave height and correspond to
the right—hand coordinate scale marked in units of
(y/ m ) / m .
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FIGURE 11 — Profiles of polarization and magnitude of the magnetic
fie ld generated in a deep ocean (kD >> 1) by a 1-rn hi gh
s u r f a c e  wave hav ing  a wave leng th  of 10 m and p r op a g at in g
in oolar regions. A l t i t u de  and depth are measured in
units of an ocean wavelength.
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FIGURE 12 - Magnitudes of magnetic fields and corresponding horizontaa
in the direction of wave propagation generated at the surface
of a 1—km deep ocean in polar regions by internal wave modes
1 and 2 , each having surface speeds of 1 cm/s, shown as
function os kD along the lower abscissa and as function of
D/A along the upper abscissa. Solid curves delineate
magnetic field strengths per unit surface speed and corre-
spond to the left—hand coordinate Scale marked in units of
‘y/(cm/s). Dashed curves delineate magnitudes of horizonta .
gradients in the direction of wave propagation and correspond
to the right-hand coordinate scale marked in units of
(y/m)/(cm/s).
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FIGURE 13 — Profiles of polarization and magnitude of the magnetic
field generated in a 1—km deep ocean by a fundamental
mode internal wave (n 1) propagating in polar regions
and along magnetic meridians in equatorial regions and
having a surface speed of 1 cm/s and a wavelength
corresponding to kD = 1. Altitude and depth are
measured in units of an ocean depth.
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FIGURE 14 - Power spectra of measured internal wave displacement
and predicted corresponding magnetic gradient signal
levels.
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FIGURE 16 - Superconducting Gradiometer Schematic
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TYPICAL CITATION AND ABSTRACT FROM STAR

NASA SPONSORED AVA ILA SL! ON
DOCUMENT

~ 

MICROFICHE

ACC E SSION N U MB ER —-.‘-N77-10399 # Jet Propulsion Lab - Calif Inst of Tech - Pasaden a ‘a CORPORATE
wA SEASAT-A SYNTHETIC APERTURE I M A G I N G  RADAR SOURCE

TITLE ____i SYSTEM
Rolando I Jordan and David H Rodgers I19751 ..,j 0 P PUBUCATION

Ava l NIIS.,5HC A02/MF AOl CSCL ill DATEThe SEASA T . a sy nthetic aperture ~rnaging radar system is
the first radar sys t em of IS kind designed for the stu~~ of~~~~~~~~~~~~~~~~~~~~

AUTHORS

ocean wave patterns fr o m orbit The basic requirement of this COSATI
CO DEREPORT system is to generate Continuous radar imagery with a 100 km

swath with 25m resolution from an orbital altitude of 800 kmNUMBER
These requirements impose unique syste m design problems The — -—AVAILABILITY
end to end data system described including interactions of the SOURCE
sp acecra ft . antenna , sensor , telemet ry link , and data proce ssor
The synthetic aperture radar system generates a large quantity 

____________________‘a ABSTRACTof data requiring the use of an analog link with S. - ble local
oscillator encoding The problems associated in telemet.rirsg the
radar information with sufficient fidelity to synthesize an image
on the ground is described as well as the selected solutions to
the problems Author

TYPICAL CITATION AND ABSTRACT FROM IAA

NASA SPONSORED AVAILABLE ON
DOCU MENT

i I MICROFICHE

ACCESSION NUMBER ~~A78-12650 • # Geophysical studies of floating ice by remote ‘a TITLE
tensing. W. J. Campbell (U.S eological Survey, Tacoma, Wash,l,

AUT HORS—
1 ”

~
’ Weekt (U S Army,

Laboratory , Hanover , N.H.). P. 0. Ramseier (Department of
Environment . Ottawa, Canada), and P. Gloersen (NA SA , Goddard AFFILIATIO N
Space Flight Center , Greenbel t , Md.). (International Glaciolog.’cal
Society. Symposium on Remote Sensing in Glaciology Cambrid

PUBLICATION England, Sep t. 16-20 , 1974.) Journal o Is iology, vol 15, no. 
J_________ I1dAME OF

ATI ON
DATE w 1975 . p. 305 327; Discussion , p. 327, 328.

supported research .
This peper prese nts an overview of recant remote -sensing a ABSTRACT

techniques as applied to geophys ical studies of floating ice. The
current increase in scientific interest in floating ice has occurred
during a time of rapid evolution of both remote-sensing platforms
and sensors . Mesoscale and macrosca le studies of floating ice are
discussed under three sensor categories: visual , patsive microwave .
and active microwave. The specific studies that are reviewed
primarily investigate ice drift and deformation, and ice type and ice
roughness identification and distribution . (Author I
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01 Images f rom the Sky lab S 193 radar  a l t ime te r  w e r e
selected from data obtained on appropriate passe s made by
Skylabs 2 . 3. and 4 missions for the following three obj ectives

SENSORS, INSTRUMENTS, RESEARCH Ill to serv e as a precursor to air investigat ion for the planned
GEOS C mission , in which radar altimeter data will be anal yzed
to reveal oce eri current related to surface topography , (2 1 to
determine the value of satellite infrared and visual radiometer
data as potential sources of ground truth data, the results of

N74 21979’ ii City Coil of the City of New York Univ Inst .shich be incorporated in the planning of the SEASAT prOgra m .
of Ocea n ograp hy and 3) to determine whether optimal data reduction techniques
A J O I N T  METEOROLOGICAL . OCEANOGRAPHIC AND are useful for revealing clues on Gulf Stream topographic sign ature
SENSOR EVALUATION PROGRAM FOR EXPERIMENT S193 characteristics The results Obtained which apply to the stated
ON SKYLAB Monthly Plans and Progress Report , period oblectives are discussed Author
ending 18 Apr 1974
Willard J Pie son. R K Moore and £ P McClain Princ ipa l
Investigators 18 Apr 19/4  2 p ER EP N7S-14214 # ECON , Inc., Princeton. NJIContr ~c t  NAS9-1 3642 1 THE ECONOMIC VALUE OF REMOTE SENSING OF EARTHE74  10454 NASA CR 137443) Avail NTIS HC $4 00 CSCL RESOURCES FROM SPACE ’ AN ERTS OVERVIEW AND148 THE VALUE OF CONTINUITY OF SERVICE. VOLUME 9:

OCEANS
Keith R Lietzke 20 Dec 1974 134 p
Contract NASw’258Ol

N74-25888 y National Aeronautics and Space Admin is t ra t ion I NA S A - C R - 1 4 12 7 0 . Rept ’74 ’2002 .1O-Vo I-91 Avail NTIS
Goddard Space Flight Center Greenbelt. Md NC $575 CSCL OSC
ESTIMATION OF SEA SURFACE TEMPERATURE FROM The impact of remote sensing upon marine activities and
R E M O T E  SENSING IN THE 11-13 MICRON WINDOW oceanography is presented The present capabilities of the current
REGION Earth Resources Technology Satellite (EA T S- i ) ,  as demonstrated
C Prabhakara. G Dalu. and V G Kunde Feb 1974 30 p by the principal invest igators are discussed Cost saving s
refs Submitted for publication benefits are quantified in the area of nautical and hygrographic
NASA TM X 70649 X - 91 1 74- 60 )  Avail NTIS NC $4 50 mapping arid charting. Benefits are found in aiding coastal zone

CSCL 08J management and in the fields of weather Imarinel prediction,
The Nimbus 3 and 4 IRIS spectra ) data in the 1 1 - 1 3  micron fishery harvesting and management, and potential uses for

wale’ vapor window region are analyzed to determine the sea ocean vegetation Difficulties in quantification are explained, the
so lace temperature ISS II  The high spectral resolution data of primary factor being that remotely sensed information will be of
IRI S are averaged over approx imatel y 1 micron wide intervals greater benefit as input to forecasting models which have not
to simulate channel s of a radiometer to measure the SST Three yet been constructed Author
channels are utilized to measure SST over cloud-free Oceans
However two of th ese channels are suff icient in routine SST
lere’ irii,ration The differential absorption properties of water vapor

.he two channels enable one to determine the water vapor N75- 17052# National Environmental Satellite Service , Washing
absorpt ion correction without detailed knowledge of the vertical ton , 0 C
profiles of temperat ure and w a t e r  vapor  The feasibi l i ty of POTENTIAL VALUE OF EARTH SATELLITE MEASURE-
.lete’rnining the SST is err’ronst’ated globally with Nimbus 3 MENTS TO O C E A N O G R A P H I C  R E S E A R C H  IN THE
data where cloud free are as can be selected with the help of SOUTHERN OCEAN
a)bedo data from the MFI R experiment on board the same E Paul McClain Jan 1975 23 p refs
‘~iri’ i’ ite Author INOAA TM - NESS - 61 I Avail NTIS NC $325

Methods to improve the mapping and monitoring of rcepack
N74-2UI9~~ Ohio State Univ Research Foundation , Columbus concentration , character , and condition from satellite observations
Dept of Geodesic Science in the visible , near infrared, and thermal infrared part s of the
B A S I C  R E S E A R C H  A N D  DATA ANA LYSIS FOR THE spectrum are reviewed along with techniques developed to map
NATIONAL GEODETIC SATELLITE PROGRAM AND FOR sea surface temperatures and t emperature gradients on regional
THE E A R T H  A N D  O C E A N  P H Y S I C S  AP PL ICAT ION and hemisp heric scales from space Exa m ples of NOAA arid

PROGRAM Semiannua l Statue R.por t. Jul - Dec. 1973 ERT S measurements higher in spectral and spatial resolution
Jan 1974 117 p refs than those previously available, and of measurements from the
Grants NGI.36-008-09 3 NGL-36-008-204 , OSURF Proi passive microwave imager aboard Nimbus 5 and their applications

25 14 OSURF Pro1 3820-Al ) are presented A brief discussion of fu ture sensor sys tems
(NASA CR.1386 71 SASR .13) Avail NTI S HC $9.00 CSCL expected to be of interest to Southern Ocean researchers is
058 given Author

Accomplishments in thi continuing programs are reported
The data  we re  obtained in support of the following broad
oblectives I i )  to provide a precise and accurate geometr ic N75-25494# Naval Research Lab Washington D C
description of the earth s surface. (2) to provide a precise and WIND WAVE STUDIES. PART 2: THE PARABOLI C
accurate mathematical description of the earth’s gravitational field . ANTENNA AS A WAVE PROBE
and 131 to determine lime variations of the geometry of the T yrone A Larson and John W Wright 31 Dec 1974 24 p
ocean s ur fs ce ,  the solid earth , the gr avity field . and other refs
geophysical parameters Author INRL Pros R07-17 . WR02101002l

IAD-A006554 . NRL-7850l Avail NTIS CSCL 08/3
N74.327B9 H A pr ed Science Associates Inc A pex N C Coherent microwave backscatter is the basis of a probe
ENGINEERING ST ,JD I ES  R E L A T E D  TO THE S K Y L A B technique useful for studying surface water waves in a laboratory
PROGRAM TASK H MICROWAVE/ OPTICA L / IN FRARED tank A parabolic antenna is focussed to give a plane wave at
IMAGE PROCESSING FOR OCEAN CURRF’ II T RECOGNI . short range , typically 1 2 m, and an illuminated area of controllable
TION Final Report size The technique strongly discriminates against all waler waves
A G Smith Jul 1974 49 p refs except those which have a particular Bragg resonant wavelength
Contract NAS6 23011 ranging between 0 2 5  cm and 10 cm and propagate parallel to

INASA CR - 137468) Avail NTIS NC $5 50 CSCL 08C the plane of incidence The resulting doppler spectra provide a
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powerful tool foi wind wave bmeaking. and spray studies A N1B-11494 National Ceiiiei tot Atmospheric Research . Boulder
unique method for directly measutimig the w at e m wavenumber Cob
resolution is described , together with a technique for absolute SATELLITE OBSERVATIONS OF WEATHER AND CLI
calibration of Ihe backscattered power in terms of wave height MATE

GRA William W Kellogg In NA SA . Washington Seasat A Sci Contrib
Jul 1974 p 74 78 refs
CSCL 04B

N75 - 27449 Joint Publ icat io n s Research Service Ai l ’ g r v n  Va The SEASAT A progmam is v iewed as a new way to obtain
OBSERVATIONS USING FRENCH ELECTRONIC EQUIP atmospheric observations for weather and climatic studies in
ME NT AND THE EO LE SATELLITE the fram ework of the Global Atmosp h eric Research Program
I V Fare nigo lts In tn. Sni~ ict Ant a r c t ic  lni forrrr Bull IJPRS 64980 IGARP I Total infor m at ion der ived f rom S E A S A T - A sensor
11 Jun 1 9/ 5  p 23 - . 7 mels l’mar msl in to l tnhu Li ii1 lni,:n : package provides a synot it ic picture of the upper part s of the
Inform Byull Sos Antark l Eksped lLer nnmr qrai l ) , no 90 1975 wOrld’ s oceai ,~ an. ~ incre i lu is i me to the development of dynamic

105 109 ocean  models and combined ocean/atmosp heric rn.ode iv lvi ,
On August 1 6 . 1 97 t a meteorological satel l i te was aunclied weather forecasting requirements G G

from Wallops Island to study the atmosp h ere ov er  t u e  Southern,
Hemlvp here to collect information on pressure and temperature
and to observe glaciolocjy geodesy, oceanography and nirtei .iction
betwee n the atmosp here and ocean Throug h cooperalioi i ~v ith N76 1 1495x Naval Research Lab Wi s l nngton 0 C
Argenti na Groa t  Br i ta in , iJ S S  P U S .  Fran . c’ A ustral ia arrd EXPLOITATION OF SEASAT-A OCEANOGRAPHIC MEASJapa in the satell i te i n k i n g  in) iceberg dri ft was acconrji l n.hinnil IJREMENTS FOR NAVY R AND 0 APPLICATIONSusing electi omni c buoys Continuous iri lorm mial ,c,n r on the Ar it a ic t ic  V Noble In NA SA Washington Seasat A Sci Contmib Julcirc ir rripolar current was Obtained lot use in polar r :upediti o m ns 1974 p 85 88Author CSCL 08,1

Basic research , exp loratory develop m ent and operatron .i i
demonstration potentials tom exp loitation of SEASAT A data are

N15 2971 7~ International Business and Research , Inc Coral discussed Som e of the interactions and tradeoffs irr sensor design
Gables Fla Ae ro Ocean ics Div amrd measurement technology. and adva m rced developme nnt of
PROJECT STORMWATER :  THE COLLECTION OF BATHY environmental analysis and prediction products for Operational
T H E R M O G R A P H I C  DATA AND AIRBORNE RADIATION fleet support are outlined G G
SEA SURFACE TEMPERATURE MEASUREMENTS IN THE
WAKE OF HURRICANE IRAN Final Report . 14 May - 14 Nov.
1973
Mark Goldstein 27 Aug 974 53 p N76-11499 Coast Guard , Washington . D C Oceanograp hyContract NOAA 03 3-022 100 NR Prol 083 - 293) Unit1A D - A005909, R1 F2O233 1 Avai l  NTIS CSCL 08/ 10 ADVANTAGES OF AN OCEANOGRAPHIC SATELLITE INSea surface temperatures collected in the wake of Hurricane THE STUDY OF OCEAN CURRENT SYSTEMSlrah indicated that no cold water upwelling was observed at R 0 Robe In NASA Washington Seasat A Sci Contrib Julthe surface This absence of upwe llnng indicates that the effects 1974 p 99 100of the speed and intensity of a St orm on the thermocline depth

CSCL 08Care not clearl y understood and need further study The failure SEASAT - A Instruments for th e study of oceanrc currentsof the telemetry system s between the AXBT and the receiver in
are a scanning radiometer with a te m perat u re resolution ot aboutthe a i r c ra f t  r esu l ted  in a considerable loss of data New or . 1 C for locating ocean fronts by thermal dif ference , amiddevelopments in these systems have been made which have
a precision altimeter for monitoring sea surface slopes that drivecorrected these def iciencies Further developments offer a wide

range of depth capabilit ies from 1 ,500 ft to 6 .000 ft Also the mator ocean currents G G

calibration for the new probes is quite stable eliminating the
necess ity for individual calibr ations G RA

N76- 11501 Florida Univ Gai ruesvi l le Coastal and Oc earno q ra
N75.29979x # Scientific Translation Service . Santa Barbara . Calif phic Engineering Lab
T R A N S F O R M A T I O N  IN THE ATMOSPHERE OF SOLAR ON THE R E M O T E  SENSING OF DIRECTIONAL WAVE
RADIATION REFLECTED FROM THE OCEAN SPECTRA AND SURFACE WINDS
M S Malkes ich . L G Istomina . and V Nordberg Washingto mr 0 H Shemdmn In NASA Washington Seas at A Scr Contnilr
NASA Jul t 975  33 p refs Trans l into ENGLISH from an Jul 1974 p 103 108 mets
unpublished Russian report
IContract NASw’279 1 l  CSCL 08C
NASA 1’T’F 1 6487) Avai l  NTIS HC $375  CSCL 03B The potential benefits of remote SEASAT - A satell i te ‘.mvi’rsinq

Data from measurements of the spectra of reflected solar of w in d directional wave spectra by act ive microwave systems
radiat ion over the Atlantic Ocean during the tropical experiment are elaborated It is shown that a combined effor’ wlni i:h uses
TROPE KS - 72 are anal yzed Th e contribution of the atmosphere supp lemental satell ite inform ation in rri ir r iemica l fo iecastrng and
to the total  brightness of the ocean a tmosp here sys tem is hindcast ing schemes upgrailrs the accuracy of existing forecasting
evaluated Authot methods of an order of magnitude G G

N76-10652 Wor ld  Me teo ro log i ca l  Organ iza t ion . Geneva
l 5witierlandl N7611505 Florida State Univ Tallahassee
R E V I E W  OF OBSERVATIONAL SYSTEMS PHYSICAL OCEANOGRAPHY FROM SATELLITES CUR
In i t S  A 4 Di m ensional Assimilation of Meteorol Observations RENTS AND THE SLOPE OF THE SEA SURFACE
Jan t975  p 3’ t6  refs W Sturges In NASA , Washington Seasat ’A Sm Contnib Jul
Copyright - 1974 p 1 28 refs

The observational un pi n rements tot the ) ‘ ,t GARP Global CSCL O8J
Experimi ’ m nt are rev i m ’~~eri armd the accuracy and e r r n n  character ist ics A global scheme using satellite altimetry nm Conlunction x’,,th
of the different data sources ais su mm,in.,ed ESA themmometry techn iques provides for more accurate  detr’ r rrrinati imnr.
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of f i rst  otder leveling networks by ove rcoming discrepancies N76-21859# Scripps Institution of Oceanograp hy San Diego
between ocean leveling and land leveling methods The high Calif Visibi l i ty Lab
noise content in altimetry signals requires filtering or correction AN INSTRUMENT FOR THE MEASUREMENT OF SPECTRAL
for tides, etc . as well as carefull y planned samp ling schemes ATTENUATI ON CGtIE F ICIE NT A N D  N A R R O W  A N G L E

G G. VOLUME SCATTER ING rI INCTION OF OCEAN WATERS
Final Report. Mar 1973 ‘ Jun 1 ta r ’ ,~
P W Austin and 7 J PetzOld Sep 1 975 13 p Presented at
the Ocean  Opt i cs  Seminar  oh the Soc oh Pho to -Op t i ca l

N76-11501’ Army Cold Regions Research and Engineering lrmstrumentat mon Eng Ann Tech Symp - 19 Aug 1978
Lab . Hanover , N H Contract N66857 73 C 0146 . ARPA Order 2 4 3 1 1
SEASAT AND FLOATING ICE IAD A017878 SlO - Ref 75 251 Avail NTIS CSCL 0 8/ t O
W F Weeks In NA SA , Washington Seasat’A Sci . Contrib A new instrument has been developed for the study of those
Jul 1974 p 134 135 optical properties of ocean water that af fect the t ra nsmis s ion of
CSCL 08L image - torming light The nnstmument lui’ i$ nn ’ m r s sim ul ta  ‘ in-in s

Data collected by SEASAT would be useful in developing rneas iu nn ’ rm ie n ts  oh the volume attenuation coefficient and the
predictive physical models for the drift and deformation of sea volume scatter ing function at three angles Any of ten wavelengthsice , for estimating the heat budget of the polar seas , for the covering the spectral  range from 400 to 670 nanometers n a yoptimum routing of shipping through pack ice areas, for the be used A depth capabil i ty of 500 meters permits the exami n at io n
design of both offshore structures and shipping capable of surviving oh wate r  below the euphotic zone and the bottom waters on
in heavy pack ice, and for the tracking of large icebergs and ice the continental shelf The considerations leading to the design
islands The instrument package for SEASAT -A is particularly Ut the ii’ist lunicii t .~~ i i  n’ i i l i t u im s and the unique featu ’es it
usef ul for studying sea ice in that the Coherent Imaging Radar incorporates are discussed Some i’va nn li ln’s of the data cmi,imain ixnd
IC IR) ,  the Scanning Mult i f reguency Microwave Radiometer with the instrument are presented GRA
ISMMRI and the Compressed Pulse Radar Altimeter ICPRAI are
not limited by the presence of clouds Author N76.24758$ Bochumn Observato ry Wi ’st  Gem many i  Inst

fuer We lt raum bonschung
REMOTE SENSING OF SEA CURRENTS.  THEIR A REA I.
DISTRIBUTION AS WtLL AS THEIR ECOLOGICAL IMPORN16 19776x lnfom i ’ ,j tii 5 Inc . Rocks il l n MrI TANCE FOR THE ITALIAN ADRIATIQUE COAST . BASED

BIBLIOGRAPHY OF SOVIET M A T E R I A L  ON I N T E R N A L  UPON I N F R A R E D  SATELLITE DATES I N O A A .V H R R )
WAVES.  NUMBER 5. JUNE - OCTOBER 1975 Heinz Kan nn insk i 1975 19 p rebs In GERMAN ENGLISH
Stuart G HiI,lien L H Boy la n n and M Ni’s- , 10 Nov 1975 sumri’m a rv Presented at the Syr’vip of the Ft i i ’ rur ’ u,m t io rm Emm ropaeischer
~~ p Ge,waessers chut z . Venic e 22 24 Or t 19 7 5
Contract MDA9O 3 76 C 0099 DA RPA Order 3097’ AvaIl NTIS NC S3 50- A D  AO l  7 55 3 u  Avai l  N m S  CSCL 08 ~ A zone w ith a distinct ten rpenature y n um n l i e m r t  inn t ime ,i ea ofml ir .  repo’ , is t I ne hilt), l iu l i l i i in 1map hy rul Sm nv net nnperr source the I t a l i a n  A d r i a t i c  coast  was bouimd fron , tIre data of thiopublications relat i n g to i n i t em mua l  w, iun- St ui l ies It covets mx ’nat emi a l  envrrot u mei r ta l  earth research satell i tes NOAA i’ 3 and 4 Thisreceived from June throug h October t~) 75 The main selection ousta l  zone obviously ul i n pe nv u on u l u c’ submarine topograp hy, t nnni a are studies oh small si j l r ’  v a r , a t i v i m n  in ocean parameters dift ere nice in density o f the w a t e r  masses  co n mst a n t  ~ m d

annil of a m nborn ,n- tis . l i mnv lv n-s fon ,l i’ i l iu ing internal wave condn streams , influence of the tides . and intlows from the Alps and
t ons GRA the Apenn mnes The zone c an be monitored perman e n t l y  tIne wh i m ’

year long and it shows a distinct maximum in the wi n ter half year
There bore the miving with the free Adr ia t ic  wa r r u ’ is obviously
very much limited so that load Id moms iv’ .ui t in,q Inom industrial

N76 ’ 20619e National Oceanic and Atmosp lne m nc Administration , s i tes  and u rban iz a t i ons  are to l e  taken into cons il i .nui l io r ’i
Boiililn~’ Cob Env m mo n in n nenta l Research Labs concerning the m qua nmu. u ( for I n s  srmnal l con stant u r .inspon’i /0m m
AN EVALUATION OF THE USE OF THE EARTH RESOURCES in the coasta l  area mr inrmnc ’u l ia ne I ‘ iii: I ii the I tal ian A u l m u a t u
TECHNOLOGY S A T E L L I T E  F O R  O B S E R V I N G  O C E A  N Tire results of environrr remital earth ‘ - ‘ r a n c h  sat e l l ,lr ’v ‘ : , n vm it
CURRENT BOUNDARIES IN THE GULF STREAM SYSTEM poss ih le to i dum b out l a r g e  a rea  plannm mi gs ,i ’ i l  large a r e a
Gemi n i.’ A Maul Jan 1975 130 p superv Isions The pmesermt result is rant of a voluminous st iu ly
PB 41n932 P NOAA TR ERL 335. AOML 18 descr ib ing  the superv is i on of the European vuaters and thu

NOAA / 5 1 0’  4C ~ A~ ,i iF NTIS HC $6 00 CSCL 08C atmosphere The o v e n m a l i u u u n m u l  stunG u’ in the i u ,ii mh. of iii’ Euro pean
R”motn’ sensn nrg of ocea n color to locate current boninda mnes Co inci l Author ESA i

na’ . ‘ “ n , ’  in 1-i- rna ’ , tn ,’ rr  G u l f oh Mevnco A 1 - year time history

fiflology ~ a~i- l ~t n ~~ 

sy rc onizationi 
N76~2487 1 # Naval Resea rch Lab Washingto n 0 C $ ‘ ln.amr ced
Space Sensors App l icatnons Branchbmiom i i t i h n  , r n’ u ’  a t iunmu ant i s i a t r m ’ r i n i g  o bsem sa t mi n nu s show that 
AN INVESTIGATION OF THE REMOTE DETERMINATIONOlOr ’, , , 1 m ’  , it i i rC n ,  m ini .. in rent is l in es n ’ nm t  whe n themmal indications 
OF SEA SURFACE TEMPE .tATURE USING MICROWAVEire .rli’,,’m,t ,nrr d thin. I’ m ’ h u m  can i n t r n n i t : , i l I y in’ monitored by

GRA RADIOMETRY Interim Reporti ’ m ,  t i n t  m n ,  vi. l ii ’  arid ii i ii ’  I i i  I m e  lues James P Ho l l ing em RoberT M Lerne m and MacMnllan M Wns ler
Nov 1975 56 p mets
INRL Pro1 001 10, W F5 2 55 1 7 02 :
AD - A 01B 77 1  NAL MR 3 t 5 9 i  Avai l  NTIS CSCL 08 3

N ?6 20194ir l rn tm nrm ’ rani ,  ‘. nm’ Ron ~vnll i ’ M’l Thns is an lnte m nnr repo rt on an ongoing program to l r ’ v n ” ui~i
B I B L I O G R A P H Y  OF SOVIET M A T E R I A L  ON INTERNAL a pass i ve  micro m ave  s y s t e m  i’ ’ the r e m o t e  all w e a t h e r
W A V E  S NUMBER 4. J A N U A R Y  MAY 1975 measurement of sn-a surface t c m m n 1 m n ”  at u i - i’ I n i m n i  a satell i te plat form

i in r i . , ,’ ’. ‘1 Bc’, I i ’  i n- I M Nr’ss 6 Jun 19/5 It l i nesent s the n e s u u l t ’ , of a limi e r ’  i i i  .iI n .v i .s t i ga t ion  of the
‘ m n t r ’ n n l r . 1 i m ’ n ,  l r ’ nmce of the me lev, in n t  environn mi’nta l arid instrun ’mr ’ ita l

I n n . ! ’ ,, n NOI i,)O 75 C, 0018 DAR PA O m ’ I r ’ r  2 /91)1 p a r a m e t i ’ m s  and th n ’ ’ ’ b f e c t  on t Ir e n m m m ’ , r s m i n e i l  miu ’n niu , mm’
Al) Al,  1 01158 “. , m l  NIbS I’ISCI 08 3 lmnig ht nur -ss tCm t m n ’ n ,m t u i ’  and the sea n.mm ’i , iu r ” temt ,eratu re to ur” )

nb I n , t n l n ’ , l ’  - sp Iny mit S o v m t ’ m  ot nr in  ‘, i m m m r ,  P fronin it TIn,’ pama n n n r ’ t r ’ ’ s  co nsn ’ lr ’ nn ’ ml ai i~~s.’ .i surface me ‘ ‘u ’ , ’ ’  and re
piihli, .iiior- - . ‘ i ,i i , ’ , n  I t ii , mn t , -mn i  ml w.iv r ’ ’ . t i u , I’.’’ it m , , v , ’ ’ ri ute r I sea s al ini ty ocean romim l hnm n i . ss  wind st reeni l a nnnurns1rhi ’ i, ’ m i n e ’
-xi  .‘mv . ” f  I’ m , .  .~, rm , , u , i ’  y m l i i , , ,, Mn ’, 97 5  ‘.‘ ‘nm ‘ - ‘ n” Ir orr , m n t , ’ n : , m  vapor c louds , and t h e  Oh~, r , nva t i O n ,n i b ’ m ’ q u e n i  y O e f a ienl
are sr , , .i.i”. of ‘ mall vu am , . i n i  .itnOfl “. i n  C a ’ ’  ba a  “‘ r’ t i - ’ ’  arrul i i )  rIm., ni lit iomi ’, mmf ‘in,’ rIm u l a t u i m n u s  i f  the erri i’ .’,ion arid reflection cit
a rbor’ ’ ,- ic hnn ’m,u~ s liii li”Iujr,, in.1 i nternnai ~s i~ e i i i  I ’ m ‘onis ~ ‘ . Iii’ ‘i’~ 

..iirf aci’ the CmissiOn annd i l i s i n l i t m i i n  of the atmos
ind ,’~ of se al soiirr e ar r l rn i rv ,a tron r s is ati lui-’ ’  ‘i i,,l’lA tiheni’ m ini ’  n, .nnm ’ .iumnio n annl ‘ u m r , i t m i ’m n ’ o~ P r  antenna l in i l . , . r t ’e . ,
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Imoni the s , it i ’ l lm tm ’ onmem ite d u1’)oi i l um m,it , ’  s y s t l ’ m n  to am i eart h or ie n ted r m ’ s u m r ’ u t uu m ’ Iy ,  I n  ~m m l i i  v i m  m l ham I’ - m l q  n ’ im lmi a rm a n l v n ’ m ‘ m i m i  mu Ol)cin ,,’
s y s remm n _ i n n m l tIn , ’ m ’o ivolution of In, ’ a ntem m nn ,r ieceptm o nn 1, att en n m drill zn -em m g  in wai mm d im , i uI ~ i ’ , ion iii c i m m , i m l ce l l - , ( A i i t l n o m  i

w m t i r  the to nj l  n ,i,li,.ition mnn.n ’r t f t e e d i t h ’. ‘.imnl , s  e arm,  given
Cal c ul a t ic mn is m b  the mncrow ave brig htness te mlme rat une and of A74 27305 • An S’band radiomete r des ign with hig h abso-
the m m m i  i ! i t , n imm t y  oh te rn- s n -_ i  s u b _ i ,  ,‘ tenmipi r ,irmiie d ermvmnm l  fmo nn ml
for a na n iq ’ i if ml m mi -s  ann u v enial nmn,mns  mm1 f i r ’  i~ nn s i n m m n mm n e nta l 

lute precision W N Hardy I British Coluni’ibia , Uni ~n’r si m m.
Vancouver , Canadal , K . W . Gray (Royal Radar Establishment ,

i or i u lit i O nnc are pm s - m i n t e d  These ca lct m lat io nrs ini fm ca tr ’ t fmat  thi’
ili um niunnr obs e rvatmonnal I’ ,  ‘gnu ‘ mn , y for t lmm ’ i l r - t r ’ nm ni r  m ,mtmon of Mal mt  n, Worcs , E ny lamid I amnd A W L us,’ I R oc I well In ,  t ,~n national

s u m ’ i ,n, m.’ ti’mn ipemanu ie Imes lnx’twi ’en ah momit 3 and 6 ( m H, T hr ’  Corp - Space Div. , Downey, Calif I IEEE Tranmsau h o/m m on Mic rowave

, Icm r n n u n am rt  s i i i m r ( e  of ,‘ nn i i n  is liii’ to un ,  en ‘ j u n 1 5  in the r ’ I t , ’ m Is rib Theory and Techniques , vol MT 1 22 , Apr 1974 , p. 382 390 12

ocea n roug h ness A mnmi lti l re i l i iennc , microwave s y ’,nn- m will be refs, Contracts No NAS1 10106, No NAS1 10691
required to c on nm ’ m t Ion the r’ Ih’cts ,u I t Ine vannol is erm ym nonmental A radiometer for the r e n , m o t e  measuno ment of sea sis rf ,mi.e
fac tors  and to obtunini tli,’ sea surface t ennn lm m ’ ra t un i ’  to arm un ce r ta in t y  temperatune is described The devebop me mn t of an instrument capable
of less than 1 C GRA not onl y of high relat ive accuracy l i e  , nesol utionl hut also of hug h

absolute precision is considered . The con cepts underl y m n ’umj Ihe design
N76-24872e Naval Postq rad~u.ite School , Monterey Cal mh of an mnstrurtien l capable of an absolute accuracy of a less tenths
A COMPARISON OF SATELLITE IMAGES CAPABLE OF degrees Kelvin in the measurement of brightness tempe rat . ini- it S
DETECTING OCEAN SURFACE FEATURES MS.  Thesis band are described . The role oh the antenna is discussed , and the
Bruce Wil liar in Platz , Jr cop 1975 91 p tefs importance of h.gh ohmic and beam e l l i s ,  ‘r u m - es us st ne ssed The
lAD AO 19380 1 As ai l  NTIS CSCL 08 3 har dware itself is full y described , along Wi th  an outline concern Ing

This study coni’ipanos the capabil i t ies uI the i m ages obta m nned the desi gn of a unique cryogenicall y coole d t in nm itm .m t m m m i i  used nil
fn onn n the archivos Ion t I c ’ satel l i tes mf NatIonal Oceanic and calibrate the whole ra diometer , inclu ding antenna . Final ly,  some test
Atniosphenic Ad mn’m i ni is t ratmom r I NOAAI De ben m ’ .n’ M e t e o m o l o g m c a l

results are presented that show that the design goals for th’ n..
Sate l l i te  P rog ram IDMSP(, and Earth Resoim .m ,,’s Technology
Satel l i t e ith ISi n.,-.~,urns tm ii .I n. lml . in.mn q .m nfo ,n n at m o nn about oceanic instrument have been closel y approached lAutho r l

currents and crncu lat ,Onn be a t u u n e s  G’i’r A
A74.37295 Target image irxqm..xcic, ~pcctr ’,nn” n- i’inrmnhir r

radart , S A. Hovanressian (Hughes A i rc ra f t  Co., Canoga Park . Calif . )
N77-1O399 v Jet Pnupui ls-o”n Lab Calif Inst of Tech Pasadena IEEE Transactions on Aerospace and Electronic Systems , vo 1
A SEASAT A SYNTHETIC APERTURE IMAGING RADAR AES~10, Jul y 1974 , p 497 503 5 rn- h iSYSTEM
Rol undo I Jonda’ . and David H Rodgprs ( 1975 ]  10 A mathematical model to study target image return freque ncy

NA SA - CR 148838 1 Ava Il  NTI S HC A 0 2 / M F  AO l CSCL ill spectrums in Doppler radars is described . The model includes the

TIne S E A S A T  m sy” nfl’ rt ., ’ a l,n’ ’ tu ’n- m i m i n g  radar system us e f fects  of eclipsing, sea su rface slope d is t n butmon , and surface
the first madam system “ ‘ts kind desng .ned fon the study of nef l ec t ms nty  character ist ics,  The procedure of calculations has beemn
ocean wave pattern s 1’~ m’n’ cm rbnt The basic requirement of this computerized and the anal y t ica l  results are compared to fl ngf ’n t test
system is no generate cont,r’,u,’i’j s ~,lai mnr.iger, with a 100 km va lues obtaI n ed from f lng ht over the ocean r . The calculated values of
swat n with 25m ‘esoluticr’ f mm nm an- onbut a l altitude of 800 km amplitude-frequency spectrums of target image returns correspond
These nequ mre mr ~nrs m n m rp e ’ .e i’ni iqn ne syn. terr n design problems The re asonabl y well wi th the respective recorded f l ight- test  data , (Author )
end to end da’a system i lesc ’ iu’ -ed mr ’ c m midrnq interactions of the
spacecraf t  antenna . senso’ , tele mem ry link and data processor A74-4 1016 Observations from Skylab of meso scale tun-
The synthetic apertuire ‘amiar ,vs t en m gen erates a large quantnty bulence in ocean currents, P E. Stevenson )U.S. Navy, . Scnupps
of data requiting the use of an analog link ‘~ ,th stable local Inst i tu t ion 0f Oceanognaph’yu , La Jolla . Cali f  i Nature , sob 250 , A.dg.
oscillator encoding The pnoblen’ s assoc ,uiteci in te lemetering the 23 . 1974 , p 638 640 7 “Isradar information with 55 f i ,5 ‘ “it f idel i t y ~o sy nthesm .’e an image
on tIne ground is descnibedf as z ue l l as the selec nnn nl sc ’ m m m i v  E smdence m l mesosca mnu turbulence mn warm - Water cu n ne m rt s

the problems Aum t f , , ’  II, wing polewannl from equatorial oceans was obta i ned by astronauts
aboar d Skylab , A 1 1 m m 1 ’ ,’ of photographs t , rk i .’ m aboard Sk y lab 2 ov en

A74-19032 x An iterative scheme for determining sea 
Ihe north west Caribbean , Sea shows that the s m ,  t ides var ied in

sur face temperatu ret . temperature profiles , and humidity profiles diameter from 3 to 20 nautical miles The associated atmospheric

from satellite-measured infrared data. M.D Chow (New York m a nm f esta nn nm ns indicated cool surface water temperatures in the

Univer s ity ~ NASA , Goddard Institute for Space Studies , New York , eddies and down curre nm t boundaries wi th waters warmer than those

N Y ,) , Journal of Geophysical Research, vol . 79, Jan , 20. 1974 . ~ 
of the open cur ren t  f t  was found that turbulent vort ices w e re

430 434 12 refs Contract No, 1400014 67 A 0467 0022 constant ’ s  embedded w mth un n the main stream of warm ocean
curre n ts G. R

A74 24257 v Observational studies of mesoscale cellular
convection, E. M. Agee arnd K. E. Oowell (Pundiie Unrv ens i t y  Wes i A74-46261 • Satellite instrumentation for ocean su rf ace

La faye t te , m d  I. Journ al if Appl ied Me ’rnn or olomny, vol.  13 II, measurements. J. Ecke r m~~ (NASA , Goddard Space Flight Center .
1974 p 46 53 12 . 1’ . NSF Gra n t No GA 24 l36A2 Greenbeht , Mdl .  In Institute oh Electrical and Electronics Engineers .

Ann observational study of mesosca l r’ ce l l u b ,u ’ convectronn oc International Convention and Ev po s m t mo n , New York N. Y . , March
( u rn  m g  over vast megnon s of thn ’ N’” tIn A t l a n tic arid Nor tIn Pac m fnc h,is 26-29 , 1974 , Technical Papers, New York ,
Ii,’,’,, done for the pn’n oil from J5,i’ 1 , 1969 . throug h June 30 , 1970 Insti tute of Electrica l and Electronics Engineers , Inc., 1974 , p. 34 2

Sate l l ’t m ’  c loud photm iqnaphy fro m the ESSA 7 , ESSA 9, and ATS 3 1 3 4  28 .  32 refs ,
‘ i jt i ’ l l i tes  amnd conms er ntr nn na l nawm irs om rde data have Iir ,nnrn anna ly te d  Ion , Sea surface observables for ocean dynamics app l mc a tnons are
total of 38 cases , consIsting of 25 opern arid 13 closed coneect ,v n’ related to topography, physical s t ructute , and the chemothertvn o
patte m ni s ,  Com putatmonrs have shown ‘‘ n i t  Ill the average mi ,ime tr i m s dynamic state, Radar sensors are required for the topography and
30 k ern for ope n cells arid 32 kni Ion closed cells , ( 2) the .in.n’rage physical structure groups of obsy rvatrons , The characterist ics of
convect .ve deltth f o r nil mn’n ‘i lls is 2 3  km . g r i ’ an i - u  t haim Inn’ 1.3 km narrow band rada r are considered , taking into account long pulse
average t on c losi ’iI cel ls , (3 )  the aven,.qi ’ , Is lmi ’ m ’t  ( dman nn en,’ , to d i -1mn ln l  rada r to measure wind speed and a long pulse radar ’ mnterferometer
ratio for otnen cells , 1 5 1 ms Ii’s, t Itan that lii, i:luc’eui cel ls , 28 t I’l l mode for wave sensing, Time domain nadar techniques of ber the
h -  aspect rat io  is m nu ver s. ’1 y proportional to mnii , r n’ ,u sm n n q co n nvr - m . tn v e alternati ve to determ mnatron of the sea surface structure by measur-

uhe~nth 15 1 sea s ’ ’ b  m m , ’  te mper dtm i ne “~~ - “n ’ nIs the m m  t n - n’m’npe na t i in i ’  Ing the magnitude of the scattering cross sect Ion , Multifrequency
Ii,’ a. erage hny 2 tC m m  open cells Lvi i  ns 0- i  C lr ’ss mu clos.’ul c e l l s , anud radiometr ic observations in the microwave visible and infrared

(hi m lm m e ct ,o m na l  annn l nrram 1mr, tud e she,ir liii the Sen tuca l l  .1 t lnn ’ ho mm ,on nta l  sp ec tral regions are required for ocean chemothermodynammc state

~ imnd mc smal l  leçs than, 7 ml ‘ ‘q r i m  k mr .im ,t h 2 m Ii’ sec pen k i n  measurements, G - R ,
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A7446262 - Precision satellite altimetry . J. T , McGoogan temperature distribution were noticeable. Measurements made fnom

(NASA , Wallops Station , Wallops Island, Va .( , In: Institute of four different alt i tudes oven the same area indicate the atmospheric

Electrical and Electronics Engineems , International Convention and effects in the 10 12 micron window region. Predawn measurements

Exposition , New York , N.Y ., March 26-29 , 1974 , Technical Papers over land seems to indicate anomalous temperature d istr ibut ions ni

New York , Institute of Electrical and Electronics areas suspected to have weak geothermal manifestations , lAuthon l

Enigiineers , Inc. . 1974 , p. 34!3 1 34/3 7 . 9 rebs.
This paper is intended to provide a gen eral background on the A75-24088 Remote sensing of the sea surface from

concept of precision alt imetry, inc luding geometry, measurement satellites (Fernerk undung dee Meeresoberflache von Satelliten aus).

technique’ and calibration. The altinneter pro)ect activities associated W. Alpets , K. Hassehrnarnn, and M. Scl’nneler (Hamburg, IJnnver si tat ,
with the NASA Earth and Ocean Physics Program are presented. The Hamburg. West Germany). Ratn,nnfahrtforschung. vol 19, Jan - Feb

present capa bilities of various alt imetry ,echniques will be discussed 1975, p. 1- 7, 21 refs , In German.
and supporting data presented . ( Author) Rrrn’iote sensing techniques for sate llite’borne measurenlenm ts of

the sea surface are reviewed briefl y Three methods for determining
A74~46263 • Satellite radar scatterometry. C, T , Swift and significant parameters of ocean wave spectra using microwaves are
W L, Jones , Jr, (NASA , Langley, Research Center , Hamptorn , Va . l, discussed in detail the nanosecond’pulse radar altimeter , the

In. Institute of Electrical arid Electronics Engineers , Internatio n al two-frequency radar mnterferometer fom rms wave height
Convenuion and Exposition , New York , N.Y ., March 26-29 , 1974 , measurement , and the off ’nadir looking two frequency radar The
Technical Papers New York , Institute of Elec last technique seems to be very promising for measuring the
trical and Electronics Engineers , Inc., 1974 , p. 34/4 1-34/4 6. 11 comp lete two,dimensmona m ocean wave spectrum from sat el l i tes .
rn - Is l A m i t l m m i m  I

Questions of air-sea interaction are consIdered along with the
theoretical results oh an analysis oh radar backscattet fronts the oce an A75-25419 8 Interpretation of radiation measurements on

and experimental measureme n ts of radar backscatter. Scatterometeu board Meteor satellites and verif icatio n of the transition from the

design specifications have been establis hed bated on user rsquire . albedo of the ocean atmosp here syste m to shortwave radiation on

menn ss ~ ( accurac y ,  ,,‘.4t1’, w’~dth , re m o i’j t .o in n-i’ll si ze an-nd a 11)0 km the ocean surface llnterpretatsina radiatsionnvkh mzmerenmm na sputni-

gri d spacing of the measurements. The in strume n t errors associated kakh ‘Meteor ’ i obosnoyanie perekhod a ot al’bedo sistenst y okean

with the fan beam mode of operation are shown in a graph , G. R , atmos fera k korotko v o l novoi radi atsii Ca poverkhnosti okeanos (. N
A, Tnmofeev (Akadem na Nauk Uknannsk o i SSR , Morskom Gmclr o f m z m

A 75-16096 Skylab radar altimeter . Short-wavelength per- cheskim l ns tmtu t . Moscow . USSRI. .4kademina Nauk SSSR , lzvestmna ,

turbatmons detected in ocean surface profiles. C. D. Le utao and .1 T Fnznka Atmos fery i Okeana , vol . 11 , Jan. 1975 , p 15-26. 20 melt In

Mc Gooqan’n (NASA , m.nlallops Flight Center , Wallops Island , Va ,I Russian .

Scmence, sol , 186 , Dec. 27 , 1974 , p. 1208 , 1209 7 n nnl ’ m A75-27 1 15 Deter minatron of oceanic geond from short arc
Short wav e lennqt h anomalies in sea s i u n l ,mc i ’ to pography. caused red uction of satellite alt imetry. D C . Brown’ IOBA Systems , Inc. ,

liy the gravitat ional e f fec ts  of major ocean botronr’I topographic Melbourne , Fla, ),  In’ The use cml a r t i f i c i a l  sa te l l i tes  for geodesy and
feat u r es , have bee mn r le tec teel by the radar a l t , u n ie te r  ,uhoardl Sky lab. geo dynram ics , Proceed mm mgs of the l n n te m natmona l  Symposmum , At h c mm s
Some features , such as deep ocean trenc hes , snua moumm r s , and G reece , May 14 21 , 1973 Athens , National
escarpments , displace the ocean t i m’  face by as much as 15 nneners ove n Technical Universi ty of Athens , 1 974 p. 509 - 522 Contract ‘ .0
tOO - ki lometer wavelengths. This exper iment  d i ’ i n i ,m ,us tua les  the poten F19628 .72-C-0085
tna l of sate l l i te  a l t imetry b r  determining the ocean qeo. d and for An m nvestmgatnonr  ,vas made to determ ine whether m’ s t n n ’mnn e l ym hig h
ma l mp m mmq maior beatures of the ocean bottom . (Author) orbital accuracies are mnhe rent l y essential to thu e f fec t i ve  ut ml iz ,n n, on

A75~17203 mu Measurement of sea surface currents using 
of satel l i te a l t ime t r y  for geo idal improuement . A shont arc approach

airborne Doppler radar and inertial navigation systems J F R us describe d in wh ich w e a k l y constrained o r b ’ ta l  s ta te  sectors

Gower (Ensnronment Canada , Marine Scnences Directorate . Victoria , 
du m b us i ng as many as several thousand short arcs Il 6 to 1 8

Brit ish Columbia , Canada). In: International Symposium on Remote 
resolution in length) are rE ” ov e red  s i m ’r’ imi l taneously y vu th  the pan ,n nr’i

Sensing of Environment , 9th , Ann Arbor , Mmch. , April 15-19 , 1974 , ete ns necessary to i l r tm ning the geordal surface Computer sm rm ’i u la tmo ns

Proceednngs. Volume 3 Ann Arbor , Mich , demonstrate the feasi b i l i t y  and accuracy of the short a rc method An

Environmen tal Research l nstu tmmte of Michigan , 1974 , ~ . 1657 1667. oceanic qeoud having a” rms accuracy 0f 1 2 m can be produced f r o m

the re duction of data from observations of the Geos C sa te l t mte The

A75.19749 The effect of pulse width on radar measure shont a rc approach does not depend on estab lishing a highly accuna te

ment of ocean wave height. T , Y , Young (Miami , University, Coral reference mm hit and , thus , places only m m nmma l req unnemen nts on

GasSes , F B I ,  International Journal of Electronic s. Firs t Series , vol . s a t e l l . t e  tr acking by m m i i i  nat systems . A T  S.

37, Dec. 1974 , p. 833.84 8 15 refs ,
This paper examines various factors that af fec t  the accuracy of A75-3045 1 The development of an L-band radiometer

radar measurement of ocean wave height from space , with par tncu lar dual~mode horn. M, C. Bailey, (NASA , Lamn q lm’ v Research Center

emphasis on the ef fect  oh pulse width , It is shown that at a given Han’npton , Va I IEEE Transactions on ,4ntennnas and Propagation
vol A P - 23 , May, 1975 , p. 439 441

signal to- noise ratio , large or small , there is a pulse w idth t hat yields Arm a ntennud was cfese bopn’d for the remote microwave nnmeasu m,’
an optimal est ir’ iat lon accuracy. Both optimal and suboptima l m l i i i  oh ocn’ ,in m sun lace temperature during a f l ig ht tm ’mi ‘n a C54
estimation schemes are c onsidered , and perbormance curves are anrc ra f t , TI m ’ basic amitenna t a  conical dual mi,.de hor n similar to the
presente d. ) Author ( dual-mode horn m lesm -,i bed by Potter ( 1963 )  The pertinent inter nal

A75 23756 Airborne radiometric measurement of land dnmensn o ns of t hu horn arm’  given. The measured E ansI H plane

and sea surface temperatures. T A. Flariharan (Indian Space patterns for the ( m u i u ’.n u l y  polarized horn for a nange ml l m i ’ u i u i r ’uu i ’mi ’S are

Research Organization , Space Applications Centre . Ahn’ic’dalnanl . s hmiu\ ’ ni in a graph G, R

lndna (, In: Remote sensing nab earth resources. Volume 3 Proceyd’
ings of the Third Conference on Earth Resources Observation arid A75 30500 Environ m ental earth satellites for oceano

Information Analysis System , Tullahoma , Tenn. . March 25 27 , 1974 graphic rrsetino rological studies of the Bering Sea. E P 1,1, , l a i m n

Tullahoma , University of Tennessee , 1914 , p. INOAA . W as h u m ug t mn rn . 0 C I Inn Ore.nmniiqn ,iI)hsi m n f the B enmm n my Sea

161 172 Wm nh nmnmnln f n , ismr on m , ’ m um ,’.’ .mb ln’ resources F , mmn h nan t ks , Un ivn ’ ms iny nit

Som e preliminary results of airborne radiometruc measurement Al ,n’.k,i Pin’s’ , tI l / t  tn 5/ 9 593 17 nets

of temperature over land and sea surfaces obtained w i th  an nb mated I’ m , ’ si’ ,i ’, ,h,iy m lii’, lii m m nr, , l ‘an tin ‘,,it,’ l l m t, ’’, ,ilri’ .iily pi mrs ml , ’ nm r ,mch

line scanner are described. Over sea , areas w ith features of anomalous m ilnur t int ‘ m mii s w - f  ~ I tin mIt,’ mm ,’ .,’ .mnu imqm .r;’iinr’i irs , I n’nr ’ t i  inn olom 1mst rn nh’
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Ben mm my Sea an n . m  Nn ’ .mu lu tn mmm ii m n ’ u in mortal ansi dn ’ v m ’ lm n p nmm ’ u m n ‘.,mte l I i nm ~ s offers the promise of measurement of large sca IC water movements
w I l  ni,ik,’ ,i m. mu i nble nnnore types ml data ansI h im g hen n,~s mmlu t mum n m and the simultaneous quant i tat ive assessment oh several important
coven ,mn~m’ Br’ m ,n ii’.’’ the B,, iu nm j Se,i is a r s’ l i t  my,’ 1 y ren m mi ,tn n anmcl water qual ity parameters, Re cent data collect mon and ana lyt is of
mm r ,ic i’m ’ s- ., I be par t mmf  the mmmi Ii I, subh m ’ u n inns, , eum vr’ n lii incur ‘ .monn s ml n’m’ul tispectra l aircraft data for two points of the tidal cycle (outgoing
polum m ice’ , i ’ umnmnl mmelneni ’ ,m vi ’ m i d  m i ’ I i n , n m t u vi ’ s unv m - y  l iv sim m lao’ vess e ls  on and incomIng tmdes ( has been completed for the New York Bight.
,smn cr ,mfn would be co’ . u L 7 , nitric’ n’ im i i sm im lmmg vr’ iy ~lif bi i :uI t du mb to s l ime Eight fines at 10,000 ft altitude each coverIng 3 miles by 24 miles
u ’s n e ,  I hassirdous, The pola r omb mt mmn m j  e u i xm ro n i m i ’m , n m m t a l  eanth satel l i te is were flown on / April 1973. Fifteen channels of multispectral data
thus inn marty ways arm deal sn,’m ’ison plat bomm Ion areas such as the were collected , Surface Temperature maps ranging Irom 6 C to 13 C
Binning Sea. Remote sensing does en ta i l  cci t a lnn l imitations , however , wer e produced which show the pattern of out flow and return over
aruj in is in such areas of weak n ess that the data collection and relay the area , Ocean fro m nts , upwelllngs , and eddies and general surface
capa bil i t ies of sun’synnc hiromnous polar sa te l l i tes  arid e a m mln circulation was delineated. Simultaneous spectral data in the visible
syntc hmonous equatorial sate ll ites are moon tann t .  (Author)  region were also collected , Techniques for delineating surface

chlorophy l l concentratio uns and Secchm disk transparency were
A75-33856 8 Preliminary analysis of Skyla b radscat results dem onstrated and regional maps produced, The use of remote
over the ocean, R , K , Moore , J, P. Claassen , J, 0. Young (University sensing in providing information vital to studies of the highly
of Kansas Center Ion Research , nc,, Lawrence , Kan .l , W , J. Pierson , complex and dynamic estua mine and coastal environment , as

Jr ., and V . J, Cardone (New York , City University, New York , N.Y .). represented by the New York Bight , is demonstrated. )Auth o r(
In: Specialist Meeting on Microwave Scattering and Emission from
the Earth , Berne , Switzerland , September 23 26 , 1974 , Pnoceedings , A75.36464 • Microwave scattering from the ocean surface ,

Berne , Unmsersitat Bern , 1974 , p. 47 - 53. W. L. Jones, W , L. Grantham , L. C, Schroeder , J. W. Johnson, and C,
Preliminary observations at 13 ,9 GHz of the radar backscattem T. Swift (NASA , Langley Research Center , Hampton. Va.).  In:

and microwave emission from the sea have been ana lyzed using data Microwaves in service to man; International Microwave Symposium,
obtained by the radiometer scalter omneter on Sk ylab. Results in- Palo Alto , Calif ., May 1214 , 1975 , Digest of Technical Papers,
dicate approximatel y a square~haw relationship between differential New York , Institute of Electrical and Electronics
scattering coeff ic ient and wmndspeed at angles of 40 deg to 50 deg, Engineers , Inc., 1975, p. 26.2B. 18 refs ,
a fter correction for dmr ec tuona l effects , oven a range from about 4 up This paper is a review of current aircraft and satellite microwave
to about 25 meters  sec. The brightness temperature response was remote tensing programs con cer n ed w’th the measurement of ocean
also observed , and considerable success was achieved in correcting it wave and surface wind conditions, These particular measurements
for atmospheric attenuation and emnssion , ( Author ) have been identified by the user community as of femmng significant

econo mic and techno logmca l hene bmts Ac tm ve mmcrowave remote
A 75-33924 Trend-surface analysis of ocean outfall plumes . sens ing technnques for these application s have been described
“I P. Psuty (Rutgers Umiisersity , New Brunswick , N J,) and J. R. theoreticall y arid verif ied experimentall y. The results oh recent
Allen ( Northeastern Unnversi ty, Boston , Mass.). Photogrammetric aircraft and satell i te experimental progra ms are presented herein
Eng uereeri mmg ann Re,rrote Sensin g, vol. 41 , June 1975, p. 721 - 730. 9 along with plans for the SeaSat’A Satellite Scatterometer , (Author)
me bs,

Measures of water quali ty associated with ocean outfal l  ef bluent A75.36835 A new technique for observing mid-latitude
plumes are approache d through the use oh standard photographs ocea n currents from space. G. A Maul and 5, R Baig )NOAA ,
which are transforme d into numerical data sets and handled by the Miami , FIa .(, In: American Society of Photogrammetry . A nnual

sta t is t ica l  technique of trenid surface analysis. The solutions b r  the Meeting, 41s t , Washington , D.C., March 9-14 , 1975, Procee dings.
trend sumface s are presented and the residuals are anal y zed to discern Falls Church, Va, , An’n’semicarn Society of Photo-
their cox ar iatmon with water-qual i ty variables , A high correlat ion is grammetry, 1975 , p. 713 716.
indicated for the measures oh dissolved oxygen and tIne values derived In f rared observations f rom the Synchronous Meteorolog ical
Irons the photographnc images. (Author (  Satel l i te are used to locate the cyclonic edge of the Gulf Stream mn

the off ing of the Middle Atlant ic Bight. Film loops are made from
A75~35454 mu Remote sensing of oceans using microwave the high resolution infrared scanner using observations every 30
sensors. K . Krishe nn (Lockheed Electronics Co., Inc. , Houston , T n- nm . ) ,  minutes, For periods oh one to three days , she stream ’s mea nders can
In: Remote sensing applied to energy related pnoblems; Proceedings be considered quasi stationary , The high velocity ob clouds makes
oh the Symposium’Course . Miami , Ha December 2 4 , 1974 , identi f ication ol the current possible because of the re lat ive mormon

Conal Gables , Fla , , Unnvers mly of Miami , 1974 , p. d i f fe re nce and is analogus to land identmficat iont , The technique
S2-25 to S2-57 57 re f s ,  requires onl y one channel of careful l y gri dded data and is free of

This paper prr,’sr,nfs a review ob the results of a study ob the at mospher ic radiat ive transfer corrections necessary in other multi-
ocean sur face phenomena The use of act ive and passive microwave channel compositing schemes, )Author (
sensors to detect ocean surface waves , temperature , salinity, stor m
cells , and oil sl icks is demonstrated , The aircraf t ’  and A75384 97 Spectral characterist ics of remote sensors
spacecra ft acr tuired microwave data are prese rs ’ ’md . The radar back (Prostransssenno ’spektra l ’ nye kharakte nistrk i  d msta ntsnonnykh datchi
scat ter Ing cr oss section data shows strong correlat ion between ocean kos). S. V . Dm .nn . ,u ” uS i~ “I N,’r 5uim ~~’,,,,’, .‘, G. P’np lac sd.m ’ .n , intl ‘v’ . A .

sur face winds/waves , stor m regions , and oil slicks. A strong Ryili. ’ m m C i m . ,4k,ar/i m, nnu ua “,‘.~ ,~ L/ / u’amm mrl ’o m SSR, t tm n ” nAie Giu*o-

dependence upon these parameters has been show n in the Ku hand at fi,’nu ’heskie l55’n- m ;mj~ .mmii i3 ‘ . . ‘ 1m) 74 p 1)32 1 73. 5 - , ‘ . tnt Ru- . ’. .u ii

a radar frequency of 139 GHz , The relatmon s hup between radmometr m c T I m ’  ,iui.,i , mm ,,m~ , .  nI spr’ rtn, i I m . ui ,m i a c n , ” . - t i c s  Of m e ’ r i rm i r -

brng ht mess temperature and ocean surface temperature , sal inity, and Sm ’ n ismnr  s iI’ ’- . mu l m iu ’ mh I mm . i’’ . . ,uin. ’ ’ n r ..u m n ~ n i  1du s ‘ m . m i ’ ’ m  I’ of “nm ’ icr  .ini

sea state ate set for th , Evndence of the c ui tabi lnty of microwave s uu l , ucm ’ Ii mi e n , m n m c m a l r ’ . .mn’u i’I nm t i f i t u ,ul ‘au th  i ’ . ’ . ‘ . “. im i m l a i n t ed  T f nu ’s e

sensors in providing data independent of sunlight under almost all dna , m m ,t i’ m i s t i cs . I n i -  .‘m , m s . ’ nf fum ’ t i , Inn, 1 0m m ) ‘ ,~m’ ,I tm ’ m n ’ .u mm and

weather conditions s provided (Author) n i , mu t i n .  m i ’ u i - ,inm S uI ,admum m’ ni . . n , ’ m . ,5’ .~~: r I  ‘ ‘ , m ’ I m f m c , ,nI s a t i ’ l l m t m ’s
‘K osutr i’s 1.1’’ , ,‘ .il ’ T . . m u s  II’ Tim, i i .uuiu l , ,ui i i’ ,’ ’ . mm ’,.i’ s’ .’’, 5 if ’V m’fl

A75-35905 ml Large area asses s ment of water temperature , l’~ ‘ ‘  m l

chlorop hy ll concentration and transparency. F. C. Polcyn and C, 1. A75-40608 • Ocean color measurement from high altitude.
We zernak IMichigan, Environmental Research Institute , Ann Arbor , W , A. Hosms , Jr (NASA , Godufand Space Fl ig h t  Cu” T i ” , Earth
M cli.), American Institu te of A eronautics and Astronam,tics , Thermo - Observation Systems Div . Gmeenhe lt , Md I In’ Ti ’ r ln u n mu ln’ mqy today 1mm ’
physics Conference, 10th , Denver , Cob , , May 2729, 1975 , Paper tomorrow . Proceedings of the Twe l l th  Spar’ Congress . Cocoa Beach .
75.686 . 4 p. NOAA-supported research , Fla,. A l ,m i l 9- 11 , 1975. Cocoa Beach , Ia -

The er a of a mcml tispectral scanner aboard satell ites and aircraft  Cam ravera l Council of Techn iral Socii~tmu ’ s , 19 7 5 , p 3 9  to 3.14 Sme l t
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I nvest l i t  1005 into the , ‘ ‘ I ’ m  Ii ill T ~ oh s e nns m nng u n  u ’  arm colon from The factors nes po nnsm hm le for the an mu sotn opy are m m l em , t m I ‘‘mi True rr’iearn
higln a l t m n u , . I u - Ion m I t  ‘ m i n i - m m  .mn m onn  m m  ch lomop lny l l anm mf s n ’ m l m n n m u ’ m u t  d ms t m , l n u ,  wave heights determined I m c m i  stereophotomj naphs a rm- compared
tn o nm s inave ben-rn r a i n  ed Out using s m ’m u s i u i  s out NASA a m rc r ab t . the m i n i m ,  hei~~nt s  of winnd waves ca lcu lat nnmb cmii the- basis rut the ,‘uund
coon d m mmate f i smt h  tun ic ’ u n m m - ,isu m m m i i  mc c , m m m , , ’u l out Ily m m m i  ‘ , i u m i m m ~m ,iphic fac to rs  md ’ s )v imusmlmln ’  for wave I. m u matmorm . V . P

cr’ssn ’lS, S l u m ’ m : n m , m u n u , ’ n m ’n m m i m r a m u i m u , n n n i - m i l s  Inn 1971 and 1972 led to
mln ’ umlcm ~uunnu ’ mn t uu t ant mnss aijmm’lst sn ’mns mil SOW f l y mmm l On a NASA Ii 2 , m m u uh A76-12003 mm Study oh the condition of cont inental covers
lii Coastal ?omtr.i Colon Sc, imnnrr ’ n t im f ly  dim N m m m , l i , m s  G un 1918. Rm” .m i ln ~ 

and water areas by mmcrowave~radiometnic methods (Issledovanie
oh tIne’ U 2 ‘ f l ou t  h is ”  shown the i m , . m u nuil , i ’ i iS,um to also lii of ‘I’ ‘ mu sottOianiia materikovykh pokrovoe i akvatorii metodami SVCIt
v alue inn s e nn smn nq m m i i  1 m m  n .u u n l s  urn thi’ ocean u A , t i m  m m  radiometrii I. A E - Bashanu nov . L F - Bonodin , A S. Guns mch , M S

Malkevmch , and A M. Shutko Uspekhm Fizmchesk ukh Nauk , vol 11 6 ,
A75-45848 Earth and ocean dynamics satellites and set Aug 1975 , p 743 746 . 13 refs . In Russian
tems F 0 Vonr lnu nu ( NASA , Gm,dm lanml Space Fl, i 1ht Cente r Factors that determine the intensity and polan izatmon of thermal
G m u m - m m  bu ’l t Mi) Ii, tm ’ r mu . i t ’ i imn .um Ast ron nau, t m m ’al F ‘u/era rui n i lmnrr ’ n n m . m radio emission from terrestrial land and ocean surbaces are hr m m - I l  y
fió,na/ ,4st ron ra urn cal Co,igi ’ess . 26th Lnsbo,t , Port ugal Sep t 21 27 . outlined Some results of measurements of this emission by satel l i tes
1975 Paper 75 - 72 1 38 p 3 / m n - I s ,  and aircra ft are presented It is shown that Ill the Intensity and

Ann ov emview us n m ’ s - m u  t u ’il il n h ’  pne sennt s ta t e  tm ~~~~ t~- ,~~~l 
polarmzas ion of emission from land surfaces depend on the elfectuve

uju oun d systems which are used I,,, studies c i m n m u , ’ m n m m i m m .f r I m ,  m l vu ma inn i cs  temperature and degree of blackness of the emmtt m ny oblect , 12 1
of t h m’ so l ’ m l  earth amnd the ,mm ’m ’ .ini, It is p u m m i m t m ’ i l  out b i n  o,- u , -~, , . m m  I emission from water a n n a ,  originates in a thin surface layer , 13) the
prmngn e ss has lv’ m - m u  made inn the area oh ‘- m m  th amui l iuu’ m ’ a u m n’ ly m namics s i m m , ’ mntensm ly and pol arm z atmon of emission brom water surfaces depends
rh, ml , ’ scn ’ l nn ’d program was m m ’ , t m ,nt i ’il in 1969. Const nu mu ’ n - . i m ’  of r h -  on temperature , the salt content of the water , the untensnty ob sea

matf re nnm at , ca l m,iml, I s m u n ’m’cbitrj for data m n n r r ’ u l m m m ’ t a t i o n n  annul anal 
~~~~ 

mu swells , white caps and oil slicks on the surface , and the presence of
earth t fv umam cs phnmnno menna amid 1mm , m I n im m ml ynnam cs are inn pnm m m l i m’s, ice fields F .G M

G R
A76- 12650 • v Geophysical st ud ies oh floating ice by remote

A75.46673 • On the use of the earth resources technology sensing. W J . Campbell (U.S. Geological Survey, Tacoma , Wash I, W

satellite / LANDSAT- 1/  in optical oceanog raphy. G. A. Maul INOAA , F Weeks )U.S. Army, Cold Regions Research and E m 9  m m m i i i ng

Physic al Oceanography Laboratory, Miami , Fla,) and H R Gordon Laboratory, Hanover , N HI , R 0 . Ramseier IDepartment of thu

(Miami , University, Cor al Gables , Fla.). Remote Sensing of Environ- Environment , Ot tawa . Canada l, and P Gloerse n (NASA . Goddard

men t, vol 4 , no 2, 1975, p. 95.128 41 rebs, NASA Order Space Flight Center , Greenbelt , Md I (International Glacrologncal
S.70246-AG Socmety , Sy rmuposnum on Rem ote Sensing in Glaciology Cambridge ,

Obse rsat ions of the Gulf Stream System mn the Gull of Mexico England. Sept. 16 - 20, 7974 ) Journal of Glacmo/ ogy . vol. 15 , no 73 .

were obtained in synchronization with LANDSAT.1. Computer 1975 , p. 305 327; Discussion , p .327 . 328 54 melt NASA - Navy NSF

enhanced images , which are necessary to extract useful oceanic su pported research ,

information , show that the current can be observed by color )duffuse This paper presents an overview of recent remote .se n ms m nq

ra diance) or sea state Ispecular radiance l ef fects associated with the techniques as applied to geophysical stu dies of f loatung mci ’ The

cyclonic boundary even in the absence of a surface thermal si gnature , current increase in scienti fic interest in f loat ing ice has occurred

The color effect relates to the spectral variat ions in the optical during a time of rapid evolution of both remote sensing platf orms

properties of the water and its suspended particles . and is studied by and sensors Mesoscale and macrosca le sr,,,l u 5 of lluiat ung ice arm

radiative transfer theory. Significant oceanic parameters identified discussed under three sensor catego ries visual passive microwa s’

are: the probability of forward scattering, and the ratio of scattering and active micr owave . Thu specific studies that are rev ii ,‘c ml

to tot al attenuation , Several spectra of upwelling diffuse light are pri maril y investigate ice dr i f t  and deformat ion , and cu type and ‘ c m ’

compute d as a function of the concentration of particles and yellow roughness identif ication and distribution ‘A ~~t h u m u

su bstance, (Author)
A76-14445 Airborne laser t~rof iIunq of swe ll in an open ice

A75~47O51 • Antenna pattern corrections to microwave Inel d, P \~ , m m l l m , u m n m . ICamlm’ il,, U u m ’ s , ’ s ’  Ii C.imhi’ ‘Im p E u ” i m ,i m l

radiometer temperature calculations. F , B. Beck (NASA , Langley Jom menmal of Gi uu i uhiv i . . m ’  !m’m’ sn ’a’ I, ummi~ 91’ Nm , 20 19?”

Research Center , Hampton , Va .( .  Radio Science, vol . 10 , Oct. 1975 , 4520 4528 2 6 .  I

p 839.84 5 9 ref s Amu l imm une I .n ’ . .’r m m m l , . , . ,~ s csi - l i  , m m n ,’, ‘ ‘ u i ’1’ ’ n hr I:

In making microwave radiometer calculations of sea surface u’oast of N’ ’ ,- , f o mmnnn l l ,mmm r l  ,s.m,’ n m - ’ n m d l - , ’ ’ . i (i. ’ml ’ , ‘ -

temperature . it is necewary to consider the errors resulting from the mni i im m t ,’ ul inn .i DC 4 m m  n u n ” ’ ’  I m , ,, r n  F’ . . ‘m~
antenna radiation pattern . This is especially true b r  antennas with mI n ing thr t ram ‘ -m m ,ihi le’mh m l ’ . .  u , , i~~~m I I. mr A

high sidelobe s that are scanned in viewing angle and for antennas I m u u u ’ ,nn iln’i . .m , m l  ~nm.isn’ r’ n n , u ’  ~
., m m . . ’ , .  b~ ’ . . ‘ ., ‘ mm ’  ‘ m i n i . . .

with high cross-polarized components. It is concluded that the plane t nm ’nte tr ,mti ’ i l  n ’ umi u t . u i l . m  ml  by m u t i r e ,,m , ,. m.m ive ’ m m . ,,,-. ‘ m i. im, i ’ f ihr ‘ n - m u ,

wave brughtness temperature is not by itsel f sufficient to describe the m m mi ’ m cmi ’ ms .  mg w i t h  ,sacmn I ‘ “ m m m i ’  ‘ u A s m - m imi n n m , .vm , r . r

true radiometer temperature of the tea surface. This discrepancy can h~si d on pmi ,m l nn .Ssm , ’ ni ’ I,-i ’ t ,f l n i  i om ‘ow, i f i m j .  ‘ m d - - l i .’

be attributed to one or more of the following: failure to use the total . u m y i . ’ men .r n- ‘5 n I m, , m lu , . ’ , . m t in rms A .n lm , . ’

radiation pattern , error in determining the sea surface due lectr uc A76 15772 Complementary roles of spacecraft and air
constant , error in sky model profule , or radiation pattern spillover craft in remote sensing of ear th ’ s resources A J m m ,,’ mt -:1 tro m n
onto water surroundungs. B.J. Systems Can ada Ltd P ‘ m c ,  ‘ -  Ontar io , Ca r l a  inch (\ I IS ‘ml ’ ,- ’

Ca,nadian Jouurnral of Rerriote Sensing vol 1 , Noc 1975 mn m,  1 6 tv
A76.11807 in Some results measuring ocean surface param~ M 18 7 u m n f s

eters from aerial photographs )Nekot ury e rez ul ’ taty iz mereniia The n e l a t m v e  moles n I  rh, ’ , u n m , i n , ’ sensing t m ,  mm , , liar’s and uf ,mr, .

para metrov morskoi poverkhnosti po aerofotosnimkam (, E K col lect ing capabi l i t ies m l  a i r c r a f t  and -: . i r . - I l m t m -  borne ‘n ’nrn i i r n ’  sensin g
Humchaqi n and R , N Semenov (Moskov s k m n Instntut  lnzheneros 5 , s t m, in the u m h , s m - n ,  , m r ’ , , ’ ’  ar m ) on mm’a sure nr me’ ’ r ~f var ious uia
Geor lezmi , Aerofotos ’emkm i Kartograbmm , Moscow . USSR). Geodeziia m n ,imenr ’ t i ’ m s i m I ea r th  nesou nn’u ’s are m m m u u s  d immed S,ut, I ht i -  s y c t n ’ ur is ame br-sn

Aerofotos ’emka , no, 6. 1(374 p. 67 - 71 7 mel ,  In Russian , suite d to ‘.y m m m m u m n m i  unn , i l i l i u m m l  of s ur ta n’e iu. ,u i , In , .S

Results oh measureme mnts of the mean height of ocean waves amid hi’ mma q m m ng if m h at ~ involving slow i fm .nru qi’s in 0 mm olus,’n c m i )

from stereophotographs processed by the straight line method are resource A i r c r a f t  lend them se lvu ’s to the ‘m t u i i l y  of u .mi i .m II

emi a rr m numed It is shown that inn the case where one of the two prof i l ing  m f n r - n m u u n n ’ n i ’ n  m n  and I,,, t in’ I’m m m l ii m m c m i i i ,  t m m m i  ci mi u ly , it  smaller my ’ uv ~n . i l i l m .. - m
directions coinci des with the direction of the crests of ripple waves in areas A m ncnabt  sy m s i m ’m n u ,  i , u u m mu’  uised to ,i’u m f y and cor er pl i -ns v - i m t u r n  t ,r. ’n
r h .  presence m l wind waves , the measurements eshibit anms otropy , types of c , m t m m l l m t m  ml , u t ,m C I.. D
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A7615884 • Appl ication of Fourier trantforms for micro obtained from nemotely sensed water color data This method uses a
wa ve radiometr ic inver s ions, 3 J. Holmes , C . A . Ba l a mn ms , and W M two flow model of the radiations f low and s o n y - c  Ion rhe aIl~~dii
Truman West Viug inia Univers i ty ,  Morgantown , W Va . ) IEEE Optnmmzatuon f i t t ing of preducted to observed reb lecmanc v ’ data is
Transaction s on Ai’rtennas and Propagatmon, vol. AP 23 . Nov 1975 performed by a quadratuc mnten po lat ioum method fo r the ch lom umph yl l
p 797 806 14 nefs , Grant No NGR49.001 056 co nce mntna lmon and scattering coeffmc ient The technique is applied to

Es ust m n ig  micuowave radiometer technology now pmo uides a airborne water colon data obtai ned from Kawantha Lakes . trw
suntab le method lou remote determination of the oceant ‘, iu n lac , ’ ’s Sargacs o Sea , and the Nova Scotia coast The modeled sum , ” :t r a l
absolute brightness te mperature To ex tuac t  the hi ightness temp e ra albedo curves ate compared with those obtained ev pen  mentall y and
tune of the w ar e m from the ante mnna temperature , an unstable the computed optimum water paran nn’tens are compared w i t h

Fredholm m i utegual  equatioun of the f i rs t  kind is solve d Fourier ground-truth values In is shown that the backscattered spectra smg na l
t ransform t m.’ch iiiques are used to m nve ,t  th i n  untegna l  a f ter  It is placed contains information that can be interpreted to give quant utatuve
int o a cross conre lat ioun form. Applications and vemmbmcatmo n oh the estimates of the chloroph y ll concentration and turb id i ty  inn the
methods to a two’dumensmona l model ing of a laboratony wave m a r k  waters studied. lAu nhor l
system ann ’ unnc lude d The instab i l i ty  of the ill posed Fredholm
equation is examined and a restorat ion procenlure us munc lude d which A 76-29267 Aircraft measurements of the earth s albedo
smooths the resulting osci l latuo nn s , With the recen t ava i lab i l i t y  and over India. A Manm l l u , m m m ann Mm’tm ’o no loq ui .nu Department . I ,.- , ,  De ll’

advannces of fast Fourier t ransform IFFT I  technnmques , the method India) , C) Cli ii 1,0 V . Dunsika nu , arid G V i~aya mn l ln nduan Mm’ t n- oiotuig .

piesente d becomes very at t ractnve in the evaluation of large cal Uepartmeu ,t , Puno u ma India) lvli’iposiu,nni on F ‘iriS s mpm~, . um .n’ r ’

quantities of data (Authon ) Em mv iriunm u mne n n t , ,‘ai ’w (i1’II mm mm , I ’ m  Fel, 78 21 19/S I luunl , ,,iu Jom u,m i

Relics m im I Su av e’ P/ m m s m ’ s so) . 4 , Dec. 1975 , tu 304 309
A76-19081 Interpreta t ion of radiation measurements on Sate l lu te  ol nsenv , nt icyu is of the ear th  allnedo cv uns ,st , m i t I ~ mm vj i i,atm-
‘meteor ’ satel l i tes , and the basis for co n version from the albedo of that the ea rthn us a warm er amid danku ’ m planet t h i n ’ ,  i’.a s I
the ocean-atmosphere system to the shortwave radiation at the ocean Iv’lieved and t b- mat mvu re so lam n-nun ’  uqy is abs,, l i m i t  I m y  t f m n ’ ,it mn,stuli,nm-
surface, N A Tm molee I Aka u.lernn ma Nauk Ukn a mn usko ,  SSR . Mon slso, t han hi then t i m acu ’ m’ u un u-i l Inn m m m i i ,  ‘r to ver i f y t I m i s c
G , dunnfmimchesk mi  lm ns t mtun  Moscow USSR) (Akade nnuia Nau,k SSSR . measure m en ts nil nIn e ,il bm-n(cr of v a n , m .uyr, s u r f a n .m ’s sc ene mm am ) 0m m .,
Izv es tuma , Fi z ika Ar nrno s fe ry m Okeana . vol 11 , Jan . 1975 . p 1526 I gn m u m i i m i l  an a muurn lmm ’ i oh ,n , inm o ns inn lnn nh,a m mm l  i i mm mi m i i i ,  rI m mu, .
Academy of Sciemii. ’es , USSR . Izves u’uya , Atmospheric ann Ocea,nnc i’ ,te nlsmve lan d annul sn ’a areas T cc i ,  T I m u - u m ” , ,u . ’ I , ’ u t n , v  I nyma nm, m ~

,..
Ph ysics , vol - it  - Aug 1975 . p 8 74 20 ‘“ Is  Tma m ns ) atmon used to mi’as iinm’ thu n qlnih ual annul r i - l i ecnn ’ nI  s im la r  n i l -a non , thin’ data

he mm ng din t m i u m m i ’iUsl y i , m n , m u r  ‘ ‘ m l  mu Ii .m t l n t  . t h i s , ’  clara c y m m i  supplr un m. - . t i mml
by o)i’ .n’ n i . it iO rns u s sr tlnm, An , i lu ma mi  si ’a fmon nn arm ocn-a nm m m qn aii m ,.  shut ,

A76-24063 Measurement of the sea wave spectrum by dur ing  1974 lIne mnuu a 5 u n e u u m i ’ n m t ’ , yh,,,’, th ur II,,- alli,’mi,, our- i la irS
aerial photography (Mesure du spectre de Ia hou le par photographic var ies  fuc u n n u 0 100 75, i m n pi’u’ il m m n ~ mm mi t In ’ ru in , , ’ , ’ ,~ i 

~~ ‘ , ~. . , im i m l
aérienne) . B. de Lagarde (Societe Berlin et  Cie,, Pt amsnn , Yve lines , tlna t muvu - n fun- sm ’ a bmonn 004 0 7:1 1 p m  l u g  ii, Ii.’ - r i m . -  of
France) and E. de Baze laire (Touhon , Centre Unuversitaire , France). The albedo of clouds varies from 0.40-0.60 for act mc n- cumulus tm ,
(Association Technnque Maritime yr Aéronnautique . Session. 75th , 0.25-0 ,35 for altostratus. lAut f nO m m
Paris , France, May 72-16 , 1975.) Associatio,m Technique Maritime et
Aëromncsutique , Rullermmn , no, 75 , 1975 , p. 239 255; Discussion , p. A76 -30747 A note on SAR imagery of the 0 c m ,  5
256.260. In French, Larson IBall Brothn’rs Reci ’a m , - l-, Comp . Bnui u in l ,- ’  C , m l ’  i

It us shown that one aer ial photograph of the sea surface Moskow itz , and J. C) Wmmqht  ( U S  N,i,, N .i,ai Research L.,l~
contains potentially all the informati on needed to determine the W as hmng’on , D.C.) IEEE Tranisai ’ tn ou us on A,r tenn.gs an,,! Prov,aq,ur.,ui.
drrectmona l energy spectrum oh the sea. This information is optical ly vol. AP 24 , May 1976 . p. 393 , 394 5 n ’1,
processed in coherent light , makin sg it possible to obtain the Fouruer An ex ample of SAR imagery nih tSr- oCu,amn s i un b ac,’ anc lud nnq n h ’
tra nslorm of hi’ bunctiori in two variables z equals I(x ,y) which us Gull Stream Boundary m i n i m u m  rid Inm Mi,. I i ,’.- ‘ ‘ 1 973 1 s c s - r h  t m u
nepresentatm um ’ oh the sea surface , In the Fourier plane . each dmscuss potent ial  m.’i - Im ,nn , .sm r u s ml SAIl mm a q m’ I,,im” .i ’ ‘in of rh mi red,’
component oh the sea waves appeams in the form oh a luminous spot It is pointed Out that image’s in adlnh mtu orm to ‘ m m , .. . clue lii nmn ixl imlat ,on,
The azimuth of the spot inducates the direction of propagation; the ob su rface scat te rer  s tu c ’ngth max result bu o n, u i m q,mui ‘/eul s i an  t u r n ”
d ,stam i cn , ol the spot brom the center is proportional to the spatua l motions such as those n),, ,  to curre n ts on wave o i lnmma , ..‘ lu ’.x’ i t m r ’ c  15’
frequency, the intensity of the spot is a function of the energy of the modulation of scat te r ing  cross s n ’ c t m m u m u  tny la n g ’ s’u,m - - - ‘ . - n - n m - i ’ mm ‘I
component. P.T . H. clep enn ui on the maq unitude dn nul I n ,  , i b m  ni l tIn ’- wun m m l ‘ m  - r mm ‘ m m .

re lat ionship between image strengths and  .‘.d sn’ ampi n.idr -s m m ’’
A76 24536 in Survey of investi gations of oceanographic complicated It is suggested t h.mn the . ) l ~ , ,  ,,r 

~~ ,,, ‘ u lnu m Nil
fields by remote sounding from spacecraft )Obzor iss ledovanii accelerat ions ut mon a z im mmn h ,iI hocus mim u l un l m n o vmm l u  mi worm ’ r u m - i t
okeanograf iche s kikh pol ei metodom di t tantsionnogo zon dir ov aniia s measure of wave ampl i t ude.  iAc thom i
kosmiche skmk b, Ietate l’ nykh apparatov l. V V. Polovun ko, Geode,i ’iua i
Aero fo tcms r’nnnla no. 3, 1975 ,p 1 71 177 9 mi ’ f s In Russian , A76-31444 mm Microwave sensing of the sea state (Ferne n-

kundung des Seegangs mit Mukrowe llen), ‘is’ Al pems m H a r ’mnlui.c rg

A76-24747 ui Radiation balance of the ocean~atmos phere Unnvemsu la t , Hamlnunq, West Germanny l .  In Symposium on Lan ”
system and its components from calculated data and satellite Survey,  Por, - Wa hn . West Germany. April 7 - i t  - 1975 , Reports
measurements (Radiatsionnyi balans sistemy okean atmosfera ego Cologne . Deuts, tmme Forschungs und Ver suchs
sostav liaiushchie po dannvm raschetov i sputnikovykh izmerenii ), N, anstalt I,,, Lull’ unni Rau mfahr t . 1975 . p. 281 - 289 13 ‘c bs In

A Tmrr i o f eev  lAkarlemima Nauk Uknau n nsk om SSR , Morskoi Gidrogizm - German .
i h im ’ s k u i  i n s t u t m u t , Moscow , USSR). Akad erniia Nai,k SSSR, Izvestn ’ia , The application oI two a d t , c e  microwave systems the ~y nm, n, i . I ,i

F i i i k .j  Atmosfer y i Qlneana, vol . 11 . Dec. 1975 . p. 1330-1333. 7 rebs , aper ture  smile lon nkmng radar and the two ’fmen hue ncy scat teno meten to
In Russia n, the remote sensm nmq oh ocean s’,,nvn’s i s discussed. A lin e1 description

tfne appl icat ion character is t ics  01 ot h er microwave systems , sun - h as
A76 26707 Subsurface water parameters - Opt imization the nanosecond ‘ islam a l t i m e t e r  - t In’  two - frequency radar “ mmcm lm ” om
approach to their determination from remotely sensed water color eten , and the micross,ive nad ,ometer us gmven also Thu . economic
data. S C. Ja m and J . R Miller l’York Universi ty,  Downsvnew , muse1 ,u ’ m ’iess of u . n  c m iii’ hon,’ ac ts  ‘s onnmnt e d omit. V P
Ontario , Canada) Applied Optics , eol , 15 , Apr. 1976 . p  886 890 18
refs . A 76 31480 World wide s ,ut i ’ l l i t e surveil lance of surface

A method usmng an op t nm izat m on schemu’ has been rl r-velo ped for wind immi pact of a test case . V J. L.umdoni’ ,unnd ‘s ’ J P . m . ’  - , ‘

the m Ien urn , ‘n ,n r . ini of spectral at hedo (or spectral  ref lectance)  curves ‘m m , ,  I C 
~ Urn,, ’ ’  r s m m y ,  Nm ’s ’ - V inn I N ‘F I Inn I ’m  nm,,  ‘Ii mius I, in ‘‘ - . -
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ho im ,o m m , Puocee d um rgs of the Th , mtr ’,’ mm nln 5p m’ ’” Cu’nmn m t n m ’ s s , Con iii Bu’aunh , ‘v m u m ,  mi ’m’ n co i ‘kiting rad uanu n ’ ’- w m n l m  con i n ’ ’  n , r  , - j ’ , ’. of su,slu , - um m l m .,u

F la . A tn rm l 7 9 , 1976 Cocoa Beach F l . m . M’s ‘ 5,5 /u  t il iu R u  u-u s,’ m l , m m u e u m t  an ,’ mm vi ‘ m u n , ’ ,  I T I ‘ ‘ ‘ u s I t ’ . ‘if ml u n - - , i u , ’ m ,

Canaveral Coun cil ml T n ’chnn,ca l Sunm ’ met m n ’ s , 1 976 , in. 3.7 to 3 20 1 ‘1 nn me mm t a ‘ ‘ m u s e  ml I,, Inlon ‘ i s u m i - n u  ,le(l sm ’d unr m l  inn i t umu im s ,n e,i 5 lnn

m I s  IAN[) SAI , m un ,um 4 ’ s I i l m ~ Liii ‘- ‘ m m ’ .u Ifmq lnt TI u n - s , - u n u m , n , c u iu i’

— On Sky I .m ) u a m . ‘ u mmn m ) n , m m , u n m O n n  mmci n O R m ’  ur b an mau lm u )  u rn, ’ n u n  1St 93) Ii- ,,-, v,’nl t m u i t . ’ I mn ’ nimj curl tIm ,’ 5 Iii - ’ ml .um ui l  u l , m m u T t  m u m ,  I T I  i’ ,v u i u n i ,  is w i l l  us

, nm .u, I,’ nmiea suri ’nnnmm nts Irom - s / m u / i  thi’ wi m nds r i m  II,,- su’ a su m face u’cuuln l t hm r ,ufln ou um mt (ml r u sh w i n ,  u u l ism l u j r qu-d Imy thu Mi ~s us s , l m mi, R , vm ’r Ifm m

I mi’ u u u  hm ’ nni ’ n l , The . m u m ,n lysus nb thre nnn asu u - m m ’  its shown’ ,) t ln .ut thu us ‘ m m n m  I P m’s ,- m m u :r’ . oh a Cl , mm I. cc ‘ m u m ’ .m j l j t m i mmm mm T b , ,  ) , . m l l u n , s ,m l -c, , m n  it ,cuit ,’u l hu~’

51 u n ’ (I couhml I nn ’ m .’ m ,m n m l m  uitenl bmnm ni 1 ,,‘ m a i  I i i  nnm- ,nsun ‘ m u m  it , sv mth at least tI n , ’ u m , n ,  t m m u r s  (A u un hmm u I
the accuracy cub th u ,cmnul St mi . i ’ m l r I m _ in  sciu mil t l  hr, , . , - I mu ir mn’I nnn l nil  l i v  a
u,’ m ’ ,i lheu sIt ip at thin t ,m nn e an~ l local morn o I n In,’ i aulau n mrn ’a s un m’nn,’un ~ Th, A 76 3502 i Radar observations of controlled oilspills

um~nact of t l n is m m m c m ,- se nmsnn u) c c n u na lnul , n,  us,hl Ii. - nm ’ , m l m . ’,’sl inn 1978 u ’.’ , s u n  S m u m l u ’ m u lmim m q lNetl’. ’ nla n ni ls lm nten rle uiant m m i i  nta l Won ‘ - ‘ 4  Commu mnmty

the lacm nrrh ~ib SEASAT A . whum rh wu l l  darns opu ’iatmon i .ul vu -us ,ons ‘ ,i Ion tIne A li lu l i c a t m o n u  nub /l. ’ns i,nn’ Su n s , rig I ecfn numiues , h I l t , t-,’ i ’ t f m i ’ r

,um ’ tm v e and lm .Iss ,cm ’ miCnuuw,i ’su’ su’nsons th,it suc h Ii,’ a lu m ’ to m m , ,. ass uni ’ lannuls ) Inn m m m i  nm . u t m m m u i al Sy m m m l , ,  isuurn oi” lb ‘ ‘ ‘ ‘ ‘ m i t ,  Sv’nnsunr il mm1 Env uroun

luoth wind sln n’en l annnl d u n , ’ c t iOm n , Global Ovu m 0cm-arm iOU t i m e  vector unni’iit , iOtb ’m , A m n m r Au lion , Mmch Iii t ,i l im— m Ii 10 1975 , Pmon n u ‘lungs

wrnul mm nn ’ .I s m i n n,, ’ ’  m is  sfnn m ul ub s i u i n m m f u c a n m t l ’m’ m n n l i mmnv ’ -  t In , ’  s 1 im ’m - m h n c , m t m o n n  oh Volume 1 Aiim Am lx,r - M mml ,  I’ , , v m monmenta l

thin s , , m h u m ’  wind and m m m l , n n - i’t ly thu sun Iii- ,’ lm ni ’ s s sm n n ’  ove n th m ’ o c e a n s , 11n ’si un Ii l m u s t u t , , t r  ml  M,ch iiuam m 1975 , In 243 250 11 m i -I’ ,

ule tu ’mnnui nn ’ the i i n t m ’ nn s my a i i m )  s t r u c t m m m , ’ of t r o l m u m ’.ul u ’~ m ’ l o m ne s ami d A u - l o t  ,s g ive n,  oh s t u ,u lm , ’s anr,I ,nv t mi ’ nmu’n e m nts  c om n c m -n numm nq t Im, -

cou nt ri l i ur , ’ tmn mns tn rmuvu ’d acc u racy  ml mm usmnn n ’ n ca l sm.ui .ithn m bo m m - u ’a s t mn iu l  nail an ml , ’ t u - i  t , unnu of oulsl ,, I’ at the seasurf .inn, Fr ou rn .u . .n t i  u ’ m m , n ’  .

nmnon h m’ ls .il I , lm i ’ i  I to l,oth thn’ tum u l n ids  ,ind e mm tnat  rum I ’ , n ’  il atrrn os lnlnene, o b sm - m c , i nm o ns  of ou s t ’ ’  k’ . in a wau eta unk it us conncluuleut t h at Oil is

I m’c u u n i i , i i  ‘ 
al ways detecta lilim , h u t  also n l m ,,n on) t ype amud n l m , m  ness are of little
im nf l ue nce 0m m the n’ sm da uecho. I lii’ raular o l usersatmon of the mlamtuing ml

A76-32988 “ Skylab earth resources experiment package uv ,utm ’ n waxes wIn ch n avel In to Ire punlluti’i) area 5 lunOtiOsind as an

‘EREP/ - Sea surface topography experiment. F 0. Vonubm mn n , J, G m m n i f m c a t o m  of the physical oil properties. A radar openat my in the

Mams l n ( NASA , Goddard Space Flmqh t Cennt n ’ m , Gn e e u mbe ln , MsI I, .1. T VV polar izat ion mode us shown I, hi’ Olitumal lv’ , aims, ’  oh tIn,’ s t rength

McGooganr C D Lemt ao (NASA , ‘s’s’alhnp s Flight Ci’mnti,’n , Wal l ops of the nad ,urecho the observed contrast and tIne low nomsu ’ However ,

Islan d, Va I, S Vince n t Phoen ix Corp . Mc Clea m n , Va . ) , annul W . T ev permm i ’ mmts  using a SLAP operat ing in the HH - mode , showed this

Wells (Wo lf Research arn d Dev elo pr m nm ’ nmt Corp . R,ue ,u I., l n ’ , Md I. l,olanizat ion combination io perform well ernough Ion the Purpose of

Joi,’mi.iu of Spacecraft m ill Iou bets , vo l . 13 . Apr 1976 , ~ 248 25o 9 oil detection. In general the conclusion us drawn that the SLAR

ne f s penfon ms we ll hon detection amnd mapping of oi 5 pm 85 but that other

The S 193 Sky lab radar  alt imeter was operated inn a mound - the sensors are needed Ion c las s nbicatnon and quant i f icat ion of om lsp il l s
w- ,inld pass on Jan 31 . 1974 The main p u m p m n s m ’  oh mhms , - s I i , - m , u n u i - ’ m r  (Author)

cu ,is to test annd ‘measure ’ the varmatuon of the sea surface topograp hy
using the Goddard Space Flight Cent-n )GSFC( geond model as a A76-35064 u’ Defection and measurement of toe oceanic

mefr ’ n , ’nnce This model mc based upon 430 .000 sate l l i te  and 25 . 000 ther mal f ront east of Korea with the Defense Meteorological Satetbute

quounnd gravi ty  obsenvatuoums , Vanmat m ons of the sea sum lace on the System . 0. K. Huh (U.S. Naval Ocearm o~raphmc 011 mm’ ,’ , Wa rhirn uito ,,

order oh 40 to ‘60 m wemu , obsenven l alo n g this pass . The ‘comput m’d ’ DC , ) .  In International Symposium on S n - mo o t , ’  Sensing ol Environ

and ‘measu mn’ ,I ’ sea surfa ces Iris,’ ann rms agreement oun the orden 0f 7 ment , 10th , Ann Arbor , Mmch , , October 6- 10 , 1975 . Proceedings

m, this ms quite s a n i s l a c t o my ,  considering that thms was tIn ,- f i r s t  nm n ’ne Volume 1. Ann Arbor . Much , E n n c , n  onmental

the sea sis nbace has been obsunived d m ne ct l y oven a d ,sta m nce mit nn ’a ’ l y Research l nns tmtu te  of Michigan . i9~ 5, p. 653-659 . 6 refs  Navy

35 ,000 km and compared to a computed nnnonle l Thm - Sky lab o m i t  sponsored research.

for this gknhal pass was compute d us nig thi’ Goddaud Ea r th  Munu li’ I The scannnnq sensors oh the Debemnse Meteorological Sate l I , r u’

IGEM 6 1 and S band ram lan n m .i,’ k . m m , 1  data , r e s u l t i n g  in m u m  o u lu ,t a l  System have provided ex ce l lent thermal imnfnamed (8 13 micrometer I

height u u m m c , ’ n t a m u u n y ol better than S m  oven one o rbi tal  m o d  and visual range (0. 4-1 . 1 mmcn o mete n i imagery of the oceanic regions
lA cs th O m I near the Korean Peninsula, These data wi n, ’ acquired fry direct

readout from the two polar orbit ing sate l l i tes whmch lm.iscm ’d over the
A76-33355 • Radar imaging of ocean surface patterns. W. E region neat dawn , noon , earl y even m nnq anul mnrlniq ht , local sun time .
Browun , Jn . , C. El achm , and T. W. Thompson Ca l i forn i a I n i s t u t u t e  of Sea surface temperature gradient fea tu res  inclunlmnq oc ,’amr ,r 

Tech n ology , Jet Propulsuon Laboratory. Space Sciences Div. , mi ddies , frontal  waves , conse ngenci ’s and dm v m ’ mqence s are c e a m

Pasav lenra , Calif .) ,  Joim rnna/ of Geophysii ’al Research . vol . 81 , May 20. depicted on t Ire e lunc ’ m o  opticall y con t ’ m n um m ’ d  t r im disp)~ y at 1 I
1976 , p 2657 2667 23 nels Contnact No, NAS7 100. contour intervals , I’m ’ s  near real - time thermal nn f mar u ’ r l  data (at 3 7

The plu m pre sennts some esamples oh mmag inng radar ooci’anio’ km spatial resolut ,orr b u uovmded r e l a t ’ s ”  tn ’mn m l mr . na tu n m - ’ , so”, 2 0
gra phic observations and discusses ph ysical phenomena on the colder than the actual smm n l ,ncn’ measuru unents . Thermal gnadnm ’rn n s i ’,m .n n ’

sunbace that may causu ’ 1 mm ’ ra dar mmage , The d i l f e r m m m n n  ocean fa uth bul ly  reproduced , however , and could Sn’ u ’ s tmmated Ir oner hi-

scatt enm nrg theories ,unm n briefly discussed , m unclud m ung the taungent plane imagery to less than 1 K Tb,,’ technical n’ l l r ’ u ’ i .s n’ nes s m l comh m nmrn q

model , t hi, Bnagg ’Rmce model . and the Rayleugh scatte ri n g model , All real tinnre high quality, high repetition rate sate u i ,t, ’ data wills sh in or
hut on,’ oh the images presented were obtained with an L-hand anrc raft operations has again been dennonstrater l as r r n easu mn ’ rm rm ’ n u

HH’polanuzed madam . the y mnncl un he deep ocean swells , coastal swells . trave rses were deployed based on satel l i te data . l Author l
w,us u’ me l mact mo m s, inter nna l ss av n’s . ship wakes , alit upt Ii ansut ions inn

i itv ’ n m  ocea mn surface rough mn mms s , surbac e sl icks . us la nun l wm n n nl sha ml ow i l lg. A76-35625 Expe rimental results of the remote sensing of

m mm l  c u r n m ’ n m t s , A n al yses are shown to smuggest that the primary source sea’surface salinity at 21-cm wavelengt h. G . C. Thomannnn (Wichi ta

of ibm ’ L band Imagery of ocean sunlacus lu, , rten ms s us Ihe var iat io n oh State Unmven snt y, ‘s’J ,rh it a , Ka mn I IEEE ’ Trattsa, ’tio,ns on Gr ’,ms, m~’ni,

snn’naIl sca le sur face rouilhmm ” ss  annl local t i l t  any )” It is also noted tb’ at  Electronics , vol . GE 14 , July 1976 , p 198 214 12 plc

sun f ,,c u’ m m m l i ,  h u m  m I m e s  hnebnav i’ .ns ,sotm opnc sc , n m m  m r s  for  a madam The comple n dielectric consta n t of sea watn ’ r mc ,m funct ion ‘ml

wav el n ’mtg t h rub 25 r i m  F G M sal ini ty at 21-cm wavm ’) u’ mngth , and s m’u n wale r s , n I , ’ m u t 5 can Ii. d u n n

m m i i i by measuring rad iometnmc temp i . na t m uun ’ an 21 cm and thi’mmo
A76- 34935 Circulation observat ions in the Louitiana Big ht dynamrc tn’mperature. Three aircraft arid two helicopter ‘ s I x - n m  mn- , mts

using LANDSAT im mmqe ry. L J. Rouse and J. M Colemamn (Louisiana using two dnb lerent 21 cm nadiomm’tens w m - n m ’  cmnr n n i , in -tu’d umndm’m

Stat,, Univi’rs’n y, Baturn Rouge , La.). Rennno tms Sennsirrg of Entvironn c I, I lm, men t salinity and semt u’ u atu nm’ comsd itmons Gnourmd - tm n ith ,~u. asuni’
m u - m t vol . 5 , no, 1 , 1976 . p. 55-66. Contract No, N000t4 75.C-0192 . mer i ts  were mmsm , d to u ,nI , lnn ate the dana in each .‘ ,u , , - numm ’ rn t  RMS
NR Protect 388 002 n l evmatnons of hue twe e nn 2 and 3” .. wem n’ h m , , u m i  ml hmm ’ is ~ n ’ , ’ mr  m m ’  rr’m cn t i -  amid

A m,’nhorl Ion rhuantib ying thm ’ turbndmty of of bsh o re water masses groumnd truth moat measurements Part m u t  t hms dev iat ion us , n t i n ,hn ,t i ’d

m m ’ ..mng LANDSAT imagery is discussed and the results of a laborato ry In position mushocat mo m n hetwi’m’ nm thi’ ,m m mCra l t  annul hoats Accun .,m m m ’ s  of 
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‘ 
1 to 2’ ,. are possu ble wit h a sun mg le sur lace cahibratioin I~ u m u I t umecessat y I I The satel I , mm data were usu’nI mm u u t i al I y t 0 m cl ient if y arid locate thin
randy unv m nry t wo houm s if the bollowu nmq comu dut ,orn s are met - waten “ihul y ni mea l t mm nue Thm ’ location ulat a obta,,med from thu’ sa teh l mtu-
ternsperatu ies about 20 C, sa hmnu tme s a bove 10”.., level auncr a lt f l m g ht , .m ’naqunny was used t u u  plain ann O c um a m n , e bm , ’ I i l  muoquam using the Adva n ce
annul extre me can in mid ’ au land m asses , )A uthmum I I I to col hem te nrmpe r at u rn ’  am mnl c al m m , n y data m um thin pen I urInation The

a mr , ml ss ,s oh s,m tn ’ Ilit ,’ data m di, atn ’nl t lnat the coiml u - duly was m ’ lhup t m c  inn
A76~36675 • ‘- Seasat ’A - An ocean observation satellite , F . L s l n , m h u u w i th  the mal ,mr a ’ is  u ummy , mmq In 0 mm ,  180 to 120 bm m u d  a nn sm n umm m
Wuh hmann c an n S. W McCamuulles s , Jr. (NASA , Special Pnogmannn s Olb uc e m c -  van v i m u g  brow 120 to 100 k m m r T I n , -  a u , , m I y s m ’ ~ also suggi - n i l  the n
oh Apt ulmu5 ,i t muum ns W a sh m nn gto m n , D . C.) . COSPA R , Plenary Meeting. 19th tIn , ’ cmucu (anm onn oh the n’nldy i s i s  en, t , a m n n , n m , )  wau m Gull S t n - u n  i wa m n ’ n
Plmul.,delpliia , P,i . , J,mm nm’ 8- 19. 19/6 , Paper 10 p. st n n ’m im f  th inu ni mg the war rim i u mn q an our ml the -dm1 5 Thus c m ,Insur l ace

M,ss,oim ul, ’ t . msls oun luoan d equlpmn’int , and measureme n ts to be annalysms u m n d ,cat m ’d that t Im , ’  cold u’ uhdy was char ad e-u , / u ’d by a v i m
taku ’ n m am ,r ,l ’ ’ scn mI m i- n h (or the Seasat A ghmn bal ocean) momnu toning pronnounucem i dome ob relat  vu ’ ) v colnl , Ii ’ s  sa l m n u e watn ’ m hmm ’ I ow 200 m
s,m t , l  lu te.  TIne s,ute lhu tin is e f ur sugnmm ’ i l  for mapping Ibse glotmal oceanm geomul Above 200 m, the ‘mm i~uu ’ m alum - annmh sa hun nu n y wine unnibon mn , hmot In
c hanting ice hue lds and li’ .unis , pnecis uom n inn asurement of sea surfa ce vem l uc a l l y amntl honmzon ut ,m l l y lAumh mm m I
to lm mig n aphy. global mornito nung oh wave ln u- m gh t amid wave dm mect ,o nna l
slu m ’ ctra . surface winds aind wi n d di rect io n , c u m m i s m m t  pat t e nns , amnd A76-43453 Temperature deviation of the ocean surfac e as
ocean ternupu ’ uatuu e Data ln a muu J lmrnij  s uu l ns y s m, ’ mm n s , .m m . o mnu pmn-s su miJ hauls ,- measured by satellites. T. T ,,kas l,’ma COSPA R , Plenary Mee ’tinig
radar at t ime tn ’n , co hemeunt s y m n the tmc aIm -n tun e nm nu ,u q ii my i m m i i ,  . m ucu  o 79th , Philar/e lph ,’a. Pa - Ju,nne 8 19, 7976 . Paper. 7 p. 9 cbs
wave wind scan m m ’ ,  ome i’ m , sc ,uui n i 09 sus ib ) , -  ‘I P n aul mou t n etem - , c , u m  , m m m m n q  The dr y, atm omn o I the oceans surface f ro m an i’l l .,ct ‘ v im black homl
muhtmspm ’ ctna l lb hieql muci oss .us u ’ m , r n) momn m ’ in u inmounuted urn thu_- s i t e  lI t,. tu - m bm m’ natur e us m m i v m ’ s t m m ) ,mned in thus window nisguon by the aildung
arm ’ desc u iI~’ii bniell y h~ D.V nni’lhoml T I n nnr ,ulm I atnmosp hm - ne conia,ns only ai-m, ,,ols in accomm la , ,,,-

wi th thu . Juni1n’ powmnn law ci e m’ d m st n m limit an annh thin n I  r a c t m e u -  , mmdi .
A76-39035 * Tests and comparisons of satellite-derived of l,quid water , It ma, obse mvy-d that the tc’ mpu ’matun e uJu ’ uva t iomm is
geoids with Skylab altimeter data. J. G . Marsh (NASA , Goddard small at the vertnca l d m rc ’ c tm om r  am ud iu i cn m m a s es rapidl y w , th  am, u nrcr e asu ’
Space Flight Center , Greenbe lt , Md,). B C. Douglas INOAA , inn the uu a nl,m amng le oh o hnserva nio n ns The du ’ vmatmon us smallem Ion a hazy
National Ocean Survey, Rockvm lbe , Md.) , S. Vincent , and D. M. Wal l  atnnos phm - m m ’ thaum l u  a clear atmosphere mmxc r pt for thi’ subarct .c
(Wolf Research and Development Corp. , Rivendale , Md.) . Journal of w uu nten , unil ke that oh the unnt li ’ r l y ing surface oh a perfect  S Ian I liouly
Geophysical Research , vol. 81 . Ju l y 10 . 1976 . p. 3594 3598. 10 rebs lAuthom I

During the Skylab 4 missIon , the S-1 93 radar alt imeter was
operated nearl y continuousl y for a revolution around the world on A76-45962 u’ Aerial thermal surveys for mapping she fr esh
Jan, 31 , 1974 Thus direct measureme mnt to the sea surface has water Springs lowing into the sea. G, M. Lechi and A. M. Tonnelli
provi ded an mmndependent basis for the eval u ation of the precisIon of )CNF) . lst i tuto per Ia Geofis ica della Litosfera , Milan , Ital y) .  In.
global geouds computed from satell i te-derived earth gravm ly m odels . Inte rnational Scientific-Technological Conferen ce on Space. 16th .
This paper presents comparisons between the Sk y lab data amnd several Rome, Ital y, March 1820 , 1976 , Proceedmngs .
recent gravi ty models published by Goddard Space Flight Ceunten , the Rome , Rassegna Internaz ionale Elettr onuca Nucleare ed Aerospazia le,
Smuthsonman Astrop hysical Observatory, and the Natuona l Oceanmc 1976 . p. 139-141 .
and Atm osphsi nnuc Admnnistratmon . The di f ferences between the
alt i meter geomd and the sate l l i te  geouds were as large as 20 m. m i s  A76-46169 - Study of the Seasat prolect for a proposal of a
values ranging bro m 8 to 10 m. These differences also indicated a French partucipation , J .J .  Chevalier and M Piau (ONE PA , Groups’
systematic hong-wavelength var ia t io n )about 100 deg) not related to de Recherchen de GeodEsic Spa lma le , Toulouse . France), ln rmr rni atu on a/
error mn the Sky lab or bits. Truncation ni l t he models to degree and Astroutautica/ Federationr , l,n ter nmat iommal Astrc uui am.mt nca/ Congress .
or der 8 did not eliminate the hong’w ~veleingt h var iat i on , but in every  2/tin, .4nmahennn, Calif. , Oct. 10-16 , 1976, Paper ST-76-02 . 6 p.
case the rms agre ement between the satell ite geoids and the altimeter TIn, ’ t f s ree ’ avms stabilized U . S oceanograpb nuc and meinsono loqucal
geon d was slightl y improved. On buts computed with the truncated s , t e h h m t e  Seasat A us scheduled Ion launch at the end of 1978 The
models were bocund to be unberuor to those computed with the paper anal y zes the scnermtm l uc  ob bec t nses ol the Seasat mission , Inn
comp lete models, lAuthon I mann sc ien t i f i c  Instmume m ntatmon onboard tIne sate l l i te , and atmo

sphn’u mc influence on remote sensing . . Information is given on the
A76~39765 Radiative transfer - A technique for simulating French part ic ipat ion in the Seasat mission, The satel l nte wi l l  c a n n y
t he ocean in satellite remote sensing calculations , H R , Gordon out unv es lugatmons in oceanography )surface winds , gen eration of
Miami . Universi ty.  Coral Gables . NOAA , Physical Oceanography waves , sea s tate , tsunamis , storm surges , upwe llm ngs , global model of

Laboratory,  Miami , Fla I, App / ned Optics , vol . 15 , A u g  1976 . p ti des , and cartography of cunrents (, in meteorology and c lumauo logy
1974 1979. 18 refs , (clumatuc fronts , wind speeds , clouds , heat m’vchange , polar studies) .

A method is presented for computing the r achm at m xe tna m nsfer nun un glaciolonjy (ice berg detection and movement , cm - cartograph y ) , and
1 1 mm ’ ocean atmosphere sy s tu ’ mm n which don’s not require detaulem) in geodesy lundulatuo mns oh the geoud and gravi ty anomalies).
lmmnowled ije oh the opt ’c c l properties of the ocea m n , Thu calculat ion, Technmc al character ist ics ob the onnboand sensors , including v ms , bte-
scheme us basenl on n h -  observation that lhe upwe llmng radiance lust mr il rared and microwave scanning madnom etems . side hook ,nnq radar w,t ln
bem re,u th the sea surface us approximatel y unifor m, which mmp ( m e s t han synthet ic aperture , K’ band alt imeter , and naduometem , and therm
the .‘ l t ect oh the ocearn cain be simulated by a lambentuamu re f lec tor  application un the Seasat mission are discussed SN
lust hum , ’ ’ .,t h thu m u’ ,u sur face , It us hurt hem shown that for aeroSol
co mncm ’ntnat ions up nu n ten times the normal concentrat ion , thu A77- 1O1 12 Gulf Stream kinematics inferred from a saId ’
rad iative r ra m mc h n ’ r in homogeneous and verticall y urratufued ati’mm n, tile-tracked drifter. A 0. Kurwan , Jr . I Im ’s as A & M Univers i ty .
s1nhu - n, ’ s  (of hi- same optical thuck m nes s ) is mn ea rl y identical Examples College Stat ion . Tex , I, G, McNaH y, and J. Coehlo ICa l ifo r nma ,
indicating the applicabil i ty of these results to the remote slnnsung of Uniuvn rs uty, La Jolla . Calif I. ./oum’rran’ of Phy~v’caI Oceanography, ecul .
ocea mn color brow space are discussed in detail , lAuth o rl  6. Sept 1976 in 750 755 11 nm ’ l ~ Con tract No, N00014 75 C 0537.

A dr i f ter  was di’p)oyec l inn the Gulf Stream and I’ mu u.u’d Ion fm ymr
A 76 40995 An ii,’ evtmgalion of a cold eddy on the eastern months by the Nimbus 6 si i l ” l I ’ t m ’ Fr om thus e s p . ’ m m m n n S . n m i , ass ess meu ’ is
si de of the Gulf Stream using NOAA 2 and NOAA 3 satellite data are made of the technical ca t ua h ni l u ty  of the s a t l ’ l l , t m  fu n  m g  system for
and ship data, F , M , Vuko such Research Triangle Ins t itu im ’ Research measuring oceans currents , the dr, ’ren tm.n l ’c tOry as ‘ n re la tes to the
T ,, m nmg le Park , N.C I. Jom.mr,na/ of Physical Oceantography. vol . 6 . July Gulf Stream posit ion as d e tm ’ u minted by other , nm u l . ’ u  “un d e r  means ,
1976 . p. 605- 612 Comn tnact Nm , NOAA-3 35402. and the kiii en t, at ics m,, I  ,,u ’celenanu ons 1, ‘llowing rh, SInv- ,m m avis. It I

A ‘.tud y oh a cold edmly on th,- eastern side ob the Gull Stre amer shown that thi’ tta lectom y agrm’es qunt e uv m ’ l l  ‘, ‘, nh In,’ uit l’m er data oem
was mmmi l ,i,med com h innmn nq data (mom hi’ NOAA 2 and NOAA3 the location of thu Gull Stream The vehi ’n,’ mt i e c , acc u-le na lu on-r s amnd

ne ll i tn ’ s  anrl from nh ‘ Cape F,’ an Tnrchrr cal lnstm t , u t m ’  ‘s R,’V Adva nnce k mmm i ’  mc energies ( i ’ m ,, ’  urn) (mom f r ”  tn alec tony are comi,am “ml ~~i 7fs  
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previous ctu ,hu, ’ s T l mm ’ k m n m e i , c  e nneu mj y nub tIme Gulf Streammu as u n nfe mn um ul Satel l i tes of the Delc’n,s ,’ Mm’t i .’ o mi u l i mquc , m l Sa te l lut , ’  Program used
fro m the nh if mu- u  is compam ed wit h so r nm m ’ recu r m t calcu ha n o n ’ . nuarhe scaunn I i if u nn br an ‘ml ma dummmeters (8 1 3 mmmcm ouns I to pm ovude sc-n al image s
fro m ship drill (Author I hour tunmes dail y oh sn ,a sue Ia, u’ t us nu bamuatune gnad ie m nts over the Sm’a of

Japan, the Yello w S. , , ami d adlacent Pun tuo m ns ol li i- East Chunna Sea
A77-10894 Multiband space imagery . A contribut ion to The n’h, ’ c tnu ,  u.m h in m u :,, l l y comntouned uu5fu .u m i ’ m)  mas.bia n ummun te nn pe narumm -s
the study of oceanic dynamics. V h , Knavtsova IMosko usku, fai thful ly n m m p oduced thin mesoscale stmuctune of thn’ curIae ’ tump,’ m
Gos u danstv emn nym Un,xersutet , Moscow . USSR) lmitermr.,homua/ As tro ’ ature bie lil , The radm o nnm ’ tmy provided m a n  mea l  turn,- , syumo ptmc th emm nua l
‘nautical Federation , l,rt ernuatmornai As tromua utical Couugrmss.s , 2 / r h , chants of the ciii face waters for o c u ’ a m u u m m l n  a l m lnm c  uubseru at ,ons amid (on
A,naheiemm , Ca/ ut, , O~’t. 10- 16. 1976, Paper /6 060 15 Ii 1 n e l s  deploymen t of shm) m aund a’u n c m a b t  san u plm nug mnu ussuons The tin m n u c m p a

El mmcl v i -  appl m , ’a n mum n ob multi bannd photogmat uhy to the study oh adxauntag es oh tb nur sate )  hi Ii,’ s y s t ’ ’  mu,  are the In mg h mcli ’, t nuon nate u.ul
water an man  us b,u sm-,l onm the use of nh, i I m I  l m ’ m n ’ i m m .es in the ml v’, ,t ma ,  sate l l i te  ovenpasses , the I Ic vu bl u’ nnnm,u n real t ,n nm c ’ dus iulay capabm l ut ie s ,
brightness ob various coasts , sun l,v ’u ’s , annul subnuergu nni objects and oun the e lectro - optical nlata cou nto ununu g capabil. n m m ’ s  the geographic
the use ob duffen e nnces mm the depth of p u s u m u - t u a n m o n  l i m b watu ’ r I of gnu ddunug s y s n n ’ m m i , annul the hugh nm.’so l utiouu arid quality ob the dugmt a l
light rays of various s pu ’ ctua l  banuls TI , ,- us,’ iii a sI mm- i ’ m al sug n uaturm ” us data stream B
essemu tma l inn tIle nh - n  me t  at morn oh vii bninmun gird obj m m cln , such as the’
Contours of water s egetatmon. The effectiveness oh multibammd
photography us demonstrated by images obtained in the visible and All  14519 The radiation budget of the ocean atmosphere
near , b rare d bands. Some dif f icult ies involved in the unte rptet atm O n sy s tu ’ umn and its components according to calculations and satet lute
of photographs oh shallows are discussed. V.P . nmmras urements N A Tmnmof ei n v lAka rI , ’nnu,a Nanil. Ukna i m ’ ’  ‘ ‘ m m  SSb~,

Mon sko, Gu rb r n h  ‘ m mml i ,  .k mm I mini , m ’ m  r M i m e ,  us , USS RI (Akade,uu una NameS
A77-10896 ii The rules of class ification of water sur f ace sss~, leu’i’st,,a F~ ‘ ,I -i ,A rnnmoshu’ry u OIim’amua aol 11 , Dec 1975 , p
a ndit ions in remote sounding from vpace. lu. E. Sid o rov and S. V. 1330 1333 I ,4i.mmlm ’ rmny on’ Scm , ’,,, e’s USSR , /s’s’n’St u/ ,l .4tmniosp/mu’i’ ii
Solonun (Lenungradskii Gmdrometeoro logmcheskiu Institut , Le n i n g r a d, m u d  Om:e,’un n mm PIu~~s,i s vol 11 Jul y 1976 , u’ 830 832 7 nels
USSR) - International Astronautical Federation , International Astro’ Tranns la tmon ,
nautical Congress, 27th. A naheim, Calif., Oct. 70-16 . 1976. Paper
76-062 9p.

The paper deals wmth the problem of stat ist ical  synthesis of the A77-14732 mm Some results of a study of sea-surface state
rules for classif ying ocean surface conditions in the case of using a highly sensitive radiometer (Nekotorye rezul’ taty issle-
incompl ete a priori information on the parameter dnst m nbutmons in dovaniia so tto ianiia morskoi pov erkhnosti pri pomoshchi vysoko-
remote sounding measurements , at dif ferent frequencies , of the chuvstvitel’nogo radiometra), V I Andr ,anov . A. A Glotos, S. V
oulgoung micro wave radiat’on of the ocean’ atmosphere syst em. A Dotsenko , S 0. Lomadze , 0. T Matveev , V. G Mircuv~kii , V V
solut ion us obta’nned by formu latmng the c lass if icatuon problem as a Nikit in , N. (a, Nikolaev , M 0 Race , and I A T r omtskuu  lAkademnia
problem of estumatmng the parameters of a linear equatmon that relates Nauk SSSR , Instutut Kosmicheskikh Iss ledovan ii and Institut Fizi k i
the radio bi’ightness temperatures at various wavelengths for various Atmosbery, Akademmia Nauk Ukrainskoi SSR , Morskon Gidro’conditions at the ocean surface, V. P. f uz icheski i  laxtitut . Moscow, USSR). Akade mrni i a Nauk SSSR.
A77-11085 * .- A Seasat -A Synthetic Aperture Imaging Radar ~~~~~ Fizika A tnmosfery i Okeana, vol . 12 , A ug. 1976 , p. 868.874 .
System. A. L. Jordan and 0. H, Rodgers (California Institute of 1 refs . In Russian,
Technology, Jet Propulsion Laboratory, Pasadena . Calif.). A merican Results are reported for a study of statist ical sea’surface
Institu te of Aeronau tics andAstronau tics, Systems Design Driven by prope rties which employed a radnometer operating at a wavelength of
Sensors, Pasadena, Calif. , Oct. 18-20, 1976, Paper 76-966, iop, 2.08 cm with a f luctuation sensi t iv i ty oh 0,03 deg and a response

The Seasat -A Synthetic Aperture Imaging Ra dar System is the time of one second , The radiometer was installed on a cliff about 50
first radar system of its kind designed for the study of ocean wave m from the shore line at a height of about 8 m above mean sea level:
patterns from orbit, The basmc requirement of this system is to nt s parabohuc ref lector was directed toward the open sea. Spectral
ge nerate continuous radar imagery with a 100km swath with 25 m met hods of study ing f luctua hions in thermal radio emission are
resolution from an orbital altitude ob 800 km. These nequ~rements evaluated as a means of determining the stat ist ical  properties of a
impose unique system desi gn problems and their solutions will be choppy sea surface. The result s presented show that a radiometer of
stated. The end to end data system will be described mnclud ing such high sensi t iv ity may be used as a remote-sensing device for
unteract ions of the spacecraft , antenna , sensor . telem etry link , and measuring temporal statust ical  sea-surface properties from distances
data processor, The synthet ic aperture radar system generates a large of several tent or hundreds of meters, F .G, M
quantity o f data (110 megahuts per second( requiring the ute of a
dedicated data link . The data link selected for use with the synthetic A77-15024 Singular behavior of the stress field at tIne
aperture radar is an analog link with stable local oscillator encoding, wedge’shaped corners of branching cracks, V. K , Vamathara luhu
The problems associated in te lemeterung the radar information with (Cornell University, Ithaca , N Y ,), Journal of Enguneerung Mat/ mi ”
sufficient fidelity to synthesize an image on the ground will be ri ’mafics , vol . 10 , Apr . 1976 , p. 163 172 13 n m ’ f s . ARP A• NS F
described as well as the selected solutions to the problems. (Author) sponsored research .

All 11235 • Detailed grav imet n ic qeoid conturma s ion of sea
sur face top og raphy detected by the Sky lab S 193 altumeter in the A 771577 7  • Internal wave o bse rvatmon s made with an

At lantmc Ocean, J C m l , ,  sh (NASA , Go ddard Space Flight Center , air borne synthetic apenturi ’ imaging radar C I i n n  In, lC al mfo m mm ,,,

Earth Sur vey App lmcatmon s Div - Greenbelt , Md.) and E S Chang lEG l u , s n , t  m in i ’ ,, Techunology, J u t  Prolnu lsuonn La h m . . ‘ a n u i n , , . Pasadm’na Calul I

& G Washington Analytucal Servmces Center , Inc. , Rmvemda le , Md I cin nnh J P A 1rn’l )NOAA , Pac,l,n Mar, ’,,- En ,,mor m n m nn ’ mm ma ) Lab, , ,,’ ,
Bulletin G~ndE.siquiun vol 50 no, 3, 1976, p 291 299 13 refs , Seattlc . Vjash I Gm~oii hysiu’a/ Ru se- arc h Let ters , a,il 3 , Niuc’ 19/6 , u’
sSSFI, I/u ’ m ’ s t m m ,u Fizika Atnn nos fery u Oku’a,ma . vol. 11 , Dec 1975 , ça 641 650 10 m I s  NOAA DARPA coun t , , , ,  i’d  m 5 -  arc h , (.onnt nac t  No

1330 - 1333 I Ac a dennmy of Sciences . USSR . I.u ’vestuya , .4tmmunsplui ’~ m m NAS7 100

,vnrl Om . m ’,umn,, Physi m’ s , vol . 11 , July 7976 , p. 830 832 7 ref s ,  Sy m nnhm ’ n mu I n ’  t u n ’  L hand radar blown almoard tIn,’ r,ASA
CV 990 lu , us , m ) n s ’ - m  vi i) m u m ,  orl,c st ations 0mm the cii ‘ ‘ m u m  s i n  ITransla n ‘‘‘‘‘ coast of A l av k ,i ivh,chn In,,,,- hui ’i ’ nn i m n t u ’ n 1 , r , ’ t , ’d as t u n l a l l y

P’7-1 1592 Detection of oceanic thermal fronts off K orea encinanic , n m t u ’ u n n a l  w .iaes m l  less t Im ,,’’ 500 m length TIm . ’ - ., ’ madam nmag.’ s
wi th the Defense Meteorological Satellites , 0. K Huh (Louisia n a ann’ rommn t u ,u r u-,I  to t nhot m nqua t rhuc m mnnaq u’ny ml s , niu lan wasm’s ’.m S ” r m  f rom

State Unuversn ty, l3atomn Ru n u u n ~m ’ . La.), Reiniotc ’ Senasu rng of E, m vi ro nm I i n n  (s um 1 II rIm thm’ ni l.,, annul Lam nr lsat um,igi’s n m ’ veal ear mat u rns in ,

nrue n t, vol 5, rio, 3, 7916 , p 191 213 18 m m ’  Is Navy smmpportu ’d m l  led t ‘v i  ty  , u u m m m s s  - ‘ ,mrln u’,’ ,usi- mm a t uackn ’t that r a ni mp’ f r  dim loss to fnmqh
research . t i m muon nn,nl Thn’ earn mt uom ns point m m the su mul t a n ’  oc m ’ s ’ s  I . e . -  oh two
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unu echa um , su ns lia r tIn,’ sun (ace ,mq u matuues of mm i t I n  uma l macins rou gh ‘ un , , ) I ndependent es tu mates of these parameters made from in situ
dvi’ r um 55 ,Om ’ c u n u m ’ n m t  u u i l m ’ na ct iomis , and snu ocu n lnmu ng nluic’ to shuck measurements showed reasonable agreement as well , ) Authom I
1,0 unn ,Ituonn B J

A77 20767 • Radiotnetric observations of sea temperature
A77 16225 Use of enhanced infrared satel l i te imagery for at 2,65 GHz over the Chesap eake Bay. H J. C. Blume NASA ,
sea ice and oceanographic studies K 0 L F Ja~ ,m,v eeu a lA l, us ka Lang ley Reseanc h Cen ter , Hampton , Va .), P. W. Love , M J Van
Unu v m ’ m s , t y ,  F. m ,nb am nks , A laska) (/ ,uti nruratuonuaf Conuferennu’e oun Port Melle (Rockwell  Internatio n al Corp. Downey, Calif.), and W ~r ,  Hnu
and ),lu, ’,umm Eurgnunennrm,ug Under An -nc  C’oiudutuonns . 3rn/ , Unmvn ’i’~m ty  of ( Rockwell  lnnt i’ n nat ional  Science Center , Thousand Oaks , Calif
A/ mcI, .,’ Fairlnjntks , A 1,i~lm ,i Aug. 7975. ) Om:nmant Enugmmn u’imnm nng, c ud . 3 . IEEE Transactio ns on Antennas and Propagation, vol. AP 25, Jan .
(li t 1976 , ~u , 293 298 Gu , i ,nts No NOAA 5-35190 . No NOAA 04 1977 , p. 121 - 128, 18 refs ,
6158 44039

l m u b n a u m ’ m l  l IP)  iunnaihery brou mn the NOAA 2 , 3 ami d 4 s,i~i’ IIun,,s could A77-20771 An experimental study of a pulse compression
lv’ use d to i n n m ’ , us , , m , ’ accurat el y thu absolute t , -nni l neuat ur e i s )  In , ’ smma scatter ometer system. D. L. Schuler (U.S. Navy. Naval Research
ciii t .ice- annul su ’a us atm ’ n Couun ttarus uin with nneasun ‘ m l  t c ’ m n i l un , i  ,nturu’s Laboratory, Washington , D.C . ) .  IEEE Transactions on Antennas and
m nn nb, cat r that tIn,’ s a t u - I l m t , ’ uuLusc ’m ci nc l -, ., luuns are wm th im n 2 C of t lnosun Propagation , vol . AP 25 , Jan . 1977 , p. 140 145. 9 refs,
mnnu’as ,unenl Ciii tour i mmuj t , ’ n n n  I i n n  at urns annul obser vunug teunnp e u atu nu- f I uc The ideal scattenomet en , operating fro m either an aurcmaf t or a
tiuat ,onn s s ’sut lnuun 0.5 C us a l s u m luOssi lt le by ei~I i,umn cm n mJ the inmfua n,n d satel l i te p lat form , shou ld be capable of making rapid, accurate
nnn ,vje - Thrus mx ulonne by conub iu m mu ng tIn, ’ 16 s u I  us nub qi .u~ of n lii’ intau (’ ’ to estimates of t he sea backscatter cross section over as wide a raunge of

nhes ,nr nl s in a I )  t m ’uin) .nm ’ m a t c u me sca li ’ , Th in u - c  , s t m ’ m i c n -  ol opeum svaten areas gracing angles as posxubbe A hybrid estimation procedure has been
.t ln iu n the par s, ‘c i- amid tIn ,- pos mtuo un s of tIm , ’ ice m .- u h m ~es could be developed (or pulse compression radars which use s both frequency

mean lul y dus t uinnj umslm a blr by qemlun n ,i t m mrg spi ’cm .ul m un’nageny in such a uvay and spatiall y decorrelated samples of sea backscatter cross section to
that thi’ gray scale co s m ’ ns tsn,uo t un nn n )m n ’ m ,,l m,m n ,  m .u m mqes sv ,th a gray tone- provi de ann unbiased estimate of sea backscat te r cross section having
unip at thu’ f r un, ’ iu nng 5 moinn t of s, ’,I uC,mim ’ i  Inn i ( n , s  way cnn svaten minimum variance on’er the entire range of grazing angles for which

lnosim ndany .m~m~n m.u ’ as a lun ne oh n leu nnaucatuon hnu nt wee m n two ml , f f m ’ men n t  ra dar reception is not noise him uted , (Author)
m u m .u t o m m y ,  Because the I R mmu ,, u u , ’ ,  us ace , I ablu’ ,nl I ‘n ear moun d thu -si ’
tech mnuqu. ues are meadu l y aluph icablu it all tun nu’s m’spec ,a ll y d u r u m i u l  t h n ’ A77-20773 Effects of random phase chang es on the

tm ’n mcmn’it l,s wfms nn the loss su m am ’ mj li ’s mel.,’ visible nnnaijnny not formation of synthetic aperture radar imag e ry. C, Elachi and 0. D.
usebul , Author)  Evans (California Inst i tute of Technology, Jet Propulsmon Lahora

tory, Pasa dena . Cali f .), IEEE Transactio,ts on Antennas and Propaga
A77-16361 Island wind shadows observed by satellite and no n , vol. AP - 25 , Jan , 1977 . p 149153, 9 ne fs Contract No.
ra dar, J. W. Deardorfb INat uona l Cen t,,, for Atmosp heric Research , NAS7-100 ,
Bou lde r , Cob .) ,  Apierican Meteorological Society. Bulletin , vol . 57 , The elbects of Gaussian random fluctuation and linear change of
Oct 1976 . p. 1241 , 1242. 13 refs ,  t he echo phase on the response of the aimmuth matched processor of

It us propose d that the mechanism responsible for ma inn t ’u nnun g a synthetic aperture radar (airborne or spaceborne for ocean-surface
am ms lannd win d shadow is the atab hun thermal str a t i f ica t mont induced sensing) is anal yze d numerically. ~t us found that the random
‘.‘v hcu m the air f i rs t  passes over thc’ heated usland and then over the sea, f l uctuation would not alter appreciabl y t he processor response f its
The enhannced .mt nn nosphermc stabi l i ty to the l,’nn of the island is standard devuat ,on us less than pu , while its normalized correlation
associated main ly with anomalously warm , n,m ne ther  than with an time is larger than 1. If these two bounding conditions are not
anomalously cool ocua ni surface. The air us heated when t raversing satisf ied , then tIne sidelobe level becomes relativel y large and
the lan d or , s l anun h in the nlasj tume , ami d it emerges downstream of the overshadows the central peak. In the case of linear displacement it is
isl am ,) generally wammen than neighboring air that dud not traverse found that the main effe ct is the spatial displacement of the point
la nd , A f tm - r  thm ’ warm air passes out over the cooler water surface , scatterer in the image plane . B J.
st able atmospheric s t rat i f icat ion gra dnial l ,, develops from the surface
upwar d (a stable innte m unah bouunnlary layer I. B.J.

N76-70869# Texas A & M Univ . College Station
A77-20763 Models of radar imaging of the ocean surface Remote Sensing Center
waves , C, E l ach i  and W , E Brown , Jr . (Cali fornia Inst i tute of REMOTE SENSING CENTER GRA NT PROGRAM SUMMARY
Techno loqy, Jet Propulsion Laboratory. Space Sciences Div ., Pasa- Progress Report , 1 feb. — 1 Aug, 1975
dena , Ca l ib I. IEEE Transactions on Antennas and Propagation . vol . Original contains cOlor illustrations Aug 1975 27 p

Grant NGL-44-OO 1-00 1)AP - 25, Jan . 1977, p. 84.95, 30 ne ls ,  Contract No, NAS7 - 100, INASA-CR-146017 RSC-09)A lumber of models which would explain ocean wave imagery Avail NTIS
ta ken with a synthet ic apertuire imaging radar are anal yzed anahyti  Changes that have occurred in the program tehat uve to the
ca) l y and numerically . Actual radar imagery us used to support some Demonstration Protects and the preparations being made for the
conclusions. The models considered correspond to three sources of new activities to be unutuated are discussed Emphasis us placed on
radar backscattem cross section modulation t i l t  rrnodulat,on , rough  the demonstration of remot e sensing techniques in close coopera-
ness var iat ion , and the wave orbital veloci ty.  The effect of the tuon with the user community Author
te mporal chaunges of the surface structure , parametric interact ions ,
and the resulting distort ions are discussed. (Author)

A17-20766 • Miciowave radiometrrc determ inat ion of wind N76.76625# Environmental Research Inst of Michigan , A n n

speed at the surface of the ocean during BESEX. T T , Wibhe ut , Jr . Ar bor Infrared and Optics Div

(NASA . Goddard Space Flught Center , Gn m’e uu heht , Md I and M C INTERPRETATION MANUAL FOR THE AIRBORNE REMOTE
SENSOR SYSTEMFowlen lEnvironmenta l Research and Technology. Inc.. Lexington , 
Robert Horvath Jan 1974 100 p refs‘l~ y )  IEEE Transactions on Antennas and Propagation , vol. AP 25 , IContracl DOT~CG-33568-A l

Jan , 1977 . p 111 120. 14 rels, )AD-A01946 O, USCG-250 441 Avail NTIS
Microwave ra duomet nuc measurements were made at wavelengths Technical gundehunes are presented t on personnel charged with

ranging Irom 0.8 to 2 .8cm at alt i tudes Iror,’ 0. 16 to 11 km under operating and untenpretung the oulput from the airborne remote
well documented meteorological conditions over the Berung Sea, It is sensor system (A RSSI Emphasis us placed on what a particular
shown that determinations of wind s p n - m ’ m h at t Im , ’ ocean suir l a rnm anul image feature indicates about the target observed Observed
In qund water content of the clouds may 1m m’ made from such data. effects of petroleum products are qualitatively anal yzed in the
Determinations were made from two simultaneous but independennt 03  to 04  mucrometem ultraviolet region , and the 8 to 14
sets of radmometr ic  measurements , The wind speeds and huquid water micrometer thermal infrared region The effects of false targets
Contents made from these two su ns showed remarkable agreement. suc h as fish oils , ship wakes, ef fluents. and seaweed ane unclumlund
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alo ng with imager y from a series of tests involving discharges two types of orientation The calculations presented make ut
of various types of oils Instruction s are given for operating possible to construct sensors with specified spectral chanac t em ns
equipment to optun niz e results Auth o n tics Author

N77 7151 1 # Draper (Charles Stark) Lab - Inc Cambridge, Mass 77-01004 ft Louisiana State Univ Baton Rouge Coastal
INTERPRETATION OF FORCE VECTOR RECORDER DATA Studies Inst
DESCRIBING BUOY SYSTEM DYNAMICS MS.  i’t.sis - DETECTION OF OCEANIC THERMAL FRONTS OFF KOREA
MIT WITH THE D E F E N S E  METEOROLOGICAL SATELUTES
Prafu lla K Padhu Feb 1976 77 p rely Technical R.port
ICootnacts NOOO1 474 - C~O163 , N00014-75 C- 1065. NA Proj Oscar Karl Huh Jun 1976 26 p PubI un Remote Sensing of
083 318 NA Pro l 294-042) Envunon , v 5 . 1976 p 191 213
IAD A023418. T-623) Avail NTIS Contract N00014 75 C - 01921

The for ce vector recorder us a sel f -contained recording 1AD A033745 . TR-226 1 Avail NTIS
instrument which measures three components of specific force. Scanning radiometers of the Defense Meteorological Satel
Ifotce balance accelerometer sensors(, two components of earth’ s lute Program provided useful thermal infrared lB 13 mucr o n l
magnetic field flux gate magnetometer sensorsl, and water imagery of the oceanic regions near the Korean Peninsula The
pressure )straun gage dmap hram sensor) Thus instrument was  near real time thermal infrared data lat 3 7 km spatua l resolution)
mounted above the drogue in art ocean test of a drogued drifting provided temperatures some 2 - 1 0  C cooler than the actual surface
buoy syste m The theoretical background and procedures for measurements The thermal gradients were faithfully reproduced .
determining drogue dynamics and Euler attitude angles from the however . and re latuve temperature differences were successfull y
sea test data tape are described Author estimated to less than 0 1 C A combination of methods was

used to avoid possible confusion with atmospheric temperature
and humidity gradients The oceanic thermal front between the
Tsushuma Current and the Korean coastal waters was routinely

77.0100 1 ft Naval Undersea Center , San Diego . Calif detected Thermal patterns of a one - si ded divergence and a
ELECTROMAGNETIC FIELDS IN THE OCEAN AND ELEC- cyc lon ic eddy we re also detected in the coastal waters at the
TRORECEPTIVE FISH Research Report. Jul. 1975 . Jul. flow separation where the western edge of the Tsushuma Curment
1976 curves away from the coast into the Sea of Japan Author
E H Satornus Feb 1976 36 p
lProj SF34 371 1
)AD-A028927 , NUC-TP-504) Avail NTIS

The possibility of the detectuon of dipole fields by electrosen
sung fish was studied In particular , a skate IRaj a Clavata) which
is sensitive to threshold elect ruc fields of 1 mucrovolt/ meter was
exami ned, The results unducate that skates detect electric dipole
fields at short distances lapp roxumately 100 M at f 0, 1 , or
10 hz and for dipole source current moments on the order of
60 a’m) A comparison between the electric dipole sensing
capabilities of skates and artificial system is made In general . it
appears th at the Optimum sing le- element manmade sensing
syste m is supe rmor to the skate for purposes of long-range detection
of narrowband , extre mely low frequency signals Author

77-01002 ft Texas A&M Univ . College Station Dept of
Oceanography
GULF STREAM KINEMATICS INFERRED FROM A SATEL .
LITE-TRACKED DRIFTER
A 0 Kurwan , Jr . G McNally, and J Coehlo Feb 1976 7 p

PubI in J. of Phys Oceanog , v 6 , no . 5 , Sep. 1976
p 750-755
iContract N00014-75.C.0537(
)A D-A032606 , Contr i b -652) Avail, NTIS

The technical capabiluty of the Nimbus 6 satellite fixing system
for measuring ocean currents and the trajectory , kinematics . and
accehen atmons of a drifter following the Gulf Stream avis war,
assesse d The tralectory obtauned during a five-month trackin g
peruod agrees with other data on the location of the Gulf Str eam
The velocities , accelerations , and kinetic energy deruved fro m
the tralectory are compared with previous studies The kinetic
energy of the Gulf Stream as inferred from the drifter us compared
with recent calculations made from ship drift Author

77-01003 ft Naval Intelligence Support Center . Washington ,
D C Trans l Div
SPECTRAL CHARACTERISTICS OF CYLINDRICAL SEN-
SORS OF HYDROPHYSICAL INSTRUMENTS
S V Dotsenko , V N. Kuleshova , and A. N Nedovesov Oct
1976 8 p Trans l into ENGLISH from Morsk . Gudr o f m z rche s ki y
Inst IUSSR(, m~ 51 . no 1 . 1972 p 88 95
IAD - AO3304 7 , NISC-Tr ans -3869( Avail NTIS

The article discusses the transformation of the spectrum of
the measure d field into the spectrum of the Output sugnal by a
cylin drical censo r during its unif orm linear motion and for the
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O 2 detection over the oceans and to sea ice detection iwo different
but cornuplementan y approaches are taken a tfneonetuca l approach
which involved the theoretical calculations of brightness tenipena

A P P L I C A T I O N S  tune It sub bI in a prepared scenario of model atmosp heres and
surface condutmons and an empirical approach which made use
of simultaneous measurements of our parameters of interest fnom
other sensors W SR 57 radar (on precipitation , and images Inom
other satellites INOAA and LANDSATI for sea ice CPA

N75-28664ft Info rmatucs , Inc  . Rockville , Md
BIBLIOGRAPHY OF SOVIET MATERIAL ON I N T E R N A L
WAVES . APRIL - DECEMBER 1974 N76’14579 # National Aeronautics and Space Administration
Stuart C Hibben and Lee H Boylan 27 Jan 1975 30 p Lang ley Research Center Langley Station Va
refs NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
IContract N00600-75-C-0018 , DARPA Order 2790) OPERATIO NS: REMOTE SENSING EXPERIMENTS IN THE
)AD A005565) Avail NTIS CSCL 08/3 NEW YORK BIGHT , 7-17 APRIL 1975

The report us the thurd bibliography of Soviet open source J W Usry and J B Hall , Jr Nov 1975 62 p refs
publucations relating to internal wave studies It covers material INASA TM X 72802I Avail NTIS HC $4 50 CSCL 08B
received from May through December 1974 Main selection criteria Results are guven of remote sensing experiments conducted
are studies of smah l sca le varuatuon in ocean parameters and of in the New York Big ht between Apru l 7 - 1 7 , 1975. to evaluate
airborne techniques for deducing internal wave conditions An the role of remote sensing technology to aid in monitoring ocean
index of serial source abbreviations is appended GRA dum ping Remote sensors were flown on the C 5 4 , U- 2. and

C-130 aircraft while the National Oceanic and A tmospher ic
Administration obtained concurrent in situ sea truth data using
helucoplers and surface platforms The test sute , a ircraft  platforms .

N75.10674maft Naval Research Lab.. Washington . 0 C experiments, and supporting sensors are descrubed The operation
ANALYSIS OF SKYLA B 2 6193 SCATTEROMETER DATA of each aircraft are discussed and aircraft blight lines , blight
Final Report parameters . and data identification parameters are presented un
Arthur K . Jordan . Charles G Purves . and James F Duggs 2 May figures an d tables Author
1975 20 p refs
NASA Order L -79 1 3 -A . NRL Proj P02-37) N76-15762f t  D e l a w a r e  Univ . Newark CoIl of Marine

) NASA - CR -14 553 6,  AD -A O1O5 I7 , NRL-78 77 1 Ava i l  NTIS Studies
CSCL 04/2 INTERPRETATION OF S T R U C T U R E S  O V E R  O C E A N I C

SKYLA B II S193 Scatterometer data for the passes of June REGIONS IN DMSP DATA
5. 1973. oven the Gulf of Mexico and June 6. 1973. oven Pacific Karl-Heinz Szekuelda May 1975 42 p refs
Hurricane AVA were analyzed The S193 scatterometer measured Contract N6 6 3 1474-C ~1294l
the radar cross sectuon of the ocean at 139 GHz IKu’bandl as AD A014320 C M S - C - 1- 7 5 ,  EPRF -T R~5-75lUDll Avaul NTIS
a function of uncudenco ang le The f i e l ds -oh -v iew  of the CSCL 08/ 10
scatterometer were known In the absence of a lange body of Images obtained by the Defense Meteorological Satellite
Ku- band ocean radar data. the results of the NRL experiments Program IDMSP) over the Gulf of Mexico were interpreted t n
at X-band 189 GHz) were used for comparison The S193 du fferentiatun g the optuca l cha rac te r i s t i cs  of var ious  ta rge ts .
data of June 5, 1973. when a practica lly uniform wind field hydrography. and the frequency of occurrence of features . it
was present , show reasonable agreement wi th the NRL empurucal was concluded that structures recognized un the offshore region
and theoretical models GRA were not caused by chlorophy ll concentration , curre nt boundarues

Itemperalu.mne gtadiemnts l, sea st ate , on sediments It us suggested
that the atmosphere might be the sugnifucant cause for  the
structures recognized over cloud- free regions by the DMSP Thus

N76.11e83# National Environmental Satellite Service. Washing- conclusion wu ll be limited struct l y to the case stu dies presented
ton, DC CPA
A SUMMARY OF THE RADIOMETRIC  T E C H N O L O G Y
MODEL OF THE OCEAN SURFACE IN THE MICROWAVE

N76 166O7a Env mnonmenta l  Research Inst of Mm m, hnqau i A m , , ,
REGION

Arbor In f rared and Optics DivJoh n C Alis hous im Mar 1975 31 p refs 
REMOTE SENSING STUDIES IN THE NEW YORK BIGHT)COM - 7 5 - 1 0 8 4 9 - 8 , NOAA-TM -NESS-66 . NOAA -75O522O 11

Avail NTIS HC $4 00 CSCL oej Final Report
W ez e nmm ,i ln 0 R Lyzenga and F C Polcyn Jul 1975Between November 1970 a ci March 1974 , stu dies were 75 p m l ’ ,

pursu ed to determine sea-s urfac .e temp erature and roughness 
‘COM 75 1358 9 ERIM 109300 5 F , N O A A  75082 104 1fro m a satellite-borne microwave radiometer , Such factors as Avail  NTIS  HC $4 50 CSCL 08Jsalinuty . foam, wave spectra, polarization , and atmospheric 

TIn’ nes,,l ns are desc m nlued of a ner ’mnote seunsung progian mi ohattenuation were investigated to determune optimum frequencies nlata collectuo n, and analysis undertakeni in the New York R~qhn tand accuracy limitations The resultant model developed is a A i rc ra f t  mu l tm s uuectra l missions were  carried out on 7 Apri l  t 97 3two’dimensional two-sca le model that incorporates upwind and T b , mnurnmr ’ g mission on tlnat (late comnc ,ded w ith the ERTScrosswind wave spectra and considers waves that are both large s.nt rrll mt ” ir a -n .  diver the area The pnmncmpa l oblectmves of the pmu uqma mnnand small in comparuson with the radiometer ’ s wavelength .
GRA w i n .’ to provide uh,,na cc .m m ,c in w lm eum combined m c m li shnpboanu

‘,u ’,i ’ , i ,uemem nt’. would ulen, ,.m,j, e the surfa ce waters of the area
m d  t h e m  , h n ’ m remah m :uncu lat i on Specificall y the remote sensing

ruro gnan i r w ,is m)e ’ .~i y m  ,ed to provum lin the following unfonmatmon Il l
N71 13710ft Earth Satellite Corp . Washungton . D C  sea suu la i :e  temmm t un m , u tsmre  ,1,st m ub ,utnon 12 1  s u u n f a c e  ch lomoph y l l

APPLICATIONS OF THE NIMBUS 5 ESMR TO RAINFALL m nm nc e r nt matuon s 13 1 secch, disc trannspa mrn ncy . 141 document ocean
DETECTION OVER THE O C E A N S  A N D  TO S E A - I C E  i h u m m r s b u i m m n l  p r a c t i c e s  annul 151 nn,ovement of water  mas’.es as
DETECTION Final Report i ’ vm de n mi .ed by mige t race r  m u i t  ‘n ials GRA
Romeo R Sabatuni . Dennus 1, Hl avka , and Ronald Arcese Apr
1975 81 p refs N76-21860~ Naval Research Lab - Washmngton , 0 C
IContract N66314 73- C -1572 (  OCEAN SCIENCES DIVISION RECENT DEVELOPMENTS
IAD-AO 13245 , EPRF -TR - 6 - 75 IESC I I  Avail NTIS CSCL 04 /2  IN INSTRUMENTATION AND TECHNIOUES Final Report

The report explores the app h ucabm l u ty  of the Nimbus 5 Ruchard Nekrut z Nov 1975 26 p
Electrically Scanning Microwave Radiometer IESMR) to rainfall lAD AU 18133  NRL MR 3150) Av ail NTIS CSCL 0 8 - 3
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Since 1966 , when the Ocea n Scue nces Division or muam nated , K Ni Uii,,r ’ m s i t ’ i Co l l m ’q m -  ~u t . m t i m ’ . , T ry  I 1mm A ptm m ua m lnm” , mu ,‘ a m t i u
tn. s c m - n i  n is ’’ . have uleveloped a v a n me t y of inst r u m e n t ‘. a nd sum r vu’y rum m uh ul u - i ’ m ’  . 1 m i umughi u c m ’ , .  1 shiau:m’ tech u u u u ) mm ’ ’  , b’ ’ ’ mu . m - , im n i m j ’  . u I  th,-
i~ m hnuques to apply to theun stumime s of mniannne che m nunstry ,  aim sea Synmnposuum , Konstan, , lAn’st Guunmany, May 23 75 , 19/ 3 - -

interactions ,.iun mass tra lecton ues fog ct m’uieuatuon , t iol butmo m n and Be n l m nm E S t Genunmammy ,  Ak .mi (m ’u ni m i Ve n t a u l  Gmnbm H l’174
ocean tu rbu lence  Thus nepont  desu. m ubes s e v e r a l  of these cm 4 7 6 3  2 2 m i - b s  NSF Grant No GV 3l i215X
m nu ’ve lojuu ine m nts . sortie of which may be app h mc.uhu le to the sc mr-n tm1 ,,  The I. rub )  m u a val m m m l  be A u mt a m ( ‘ t i c  unman ne nm- source  - .‘,l mO mc, II  co in ir-
on tec ( r rnmca l jm rob lem nms mul o t h e r  investigators Author IGRA I  day hi,’ cu,mmemc ,,ul . m i - vp l o i n , ’ m I  iii a foom l souuce 1m m pnls’ .ii.,ii

cheminmra l , an,1 lm u o ho g mu:.m l m r u , l m eu nil lu , ’ A u m t , m m ,  t ic se as mu wlm, , ’li t hm’
N71-17554# Entv m nor r r rmeur ta l  Research must  of Muchugan i , A n n  km ill is found us mhm’sc rubr ’d g r i m ’  rall y in tm-n nr ,- . of pack m u m  , h m ’ , t m  , hi~mt mi .mu,
Arbor (mg ln t v a n ,  at m mm c , c loum ) cover , ph y m ica ) ( m m’ ’ anuoq u atmh , t rim- l i nt  m m  but mom,
BASIC REMOTE SENSING INVESTIGATION FOR BEACH of u m u t u i e u i t  s a l t s , and phytoplankton ,uuld zoop la muktomm po pu latm o nu
RECONNAISSANCE Interim Report . 1 Jun. - 31 D.c. 1975 The d ms tm i l u um t i on  ol k , , l i  us d iscussed , a u mul  the u’ m t . m n , co lon , locat ionF Thompson . P Shuchman . C We z e mn uak 0 Lyzeniga and 0 and otfu e n f u t ures ob kn II suvanms which nnnay n m ’ m , m  lu - u themLeu Jul 1976 127 p nets

suscept ible no rennonu’ sensing are indicated T in ch mn mu i u ie liii nm,IContract N00014 74- C - 02731
)A D-A02904t  ERI M 108900-5 P1 Avail NTIS mi’mot u’ se n is m ung of u’ h lo moh u h y h l aund ‘ ma te mpera tu re  a r e  a v a m l a l u l .  - l imi t

HC A07/ MF AO l CSCL 15/ 4  a t u ’ m h n m q m u u ’  I u u m u h m ’ n m ~c t m n q  k n u l l  swarms is i i ,~ n y et d ec ’ i - lm ,m lim ’d , t huu , ,u l( n

Progress u s reported on three tasks designed to develop studm i ’ s are in progress. P T H

remote sensing beach reconnaissance techniques applicable to
the benthuc, beach intertidal, and beach upland zones Task 1 A74-44646 ma Use of artificial earth satellites to measure the
us desi gned to develop remote sensung indicators of umpo nl ant twe lI of the sea (lspo l’ zov an ie itkusstvennykh sputnikov zem li d l ia
beach composition and physical parameters which will ult imatel y izmerenii a vol neniia ). A , A , Zagoro d nikov. Akademuia Nauk SSSR,
prove useful nfl models to predict beach conditions Task 2 i5 lzvest iia, Fizika Atmosfeny iOkeana , vol 10, July 1974 , p. 791 798
designed to develop remote senisung techniques for survey of 20 refs In Russian
bottom featunes in the benthuc zone Task 3 us desmgumed to
develop radar processing techniques to delineate important beach

A74-45067 Measurement of water vapor content over theintertidal and upla nd parameters and to better understand the
po j e i mtua l  of ra dar ~de nuv ed in formation when used with optical oceans by SHF radiometers aboard Cosm os ’243, L. M , Mutnik , In

se nsor data Author IGRA) Advances in satell i te meteorology. 2. New Y ork
Halste d Press; Jerusalem , tsnae l Program for Scnentmfuc Translations ,
1974 , p. 65-73. 14 refs . Translation .

A74-26007 .- ‘ Heat and moisture budget analyses using Maps are given of atmospheric water vapor content oven the
BOMEX data, T Nutta ant i S Esbensen l Ca l m b ornma , Unuversuty ,  Los tropical and subtropical latitudes of the Pacific , Atlantic , and Indian
Angeles , Calif I Monthly Weather Review , vol . 102 , Jan, 1974 , p. oceans, const ructed on the basis of the earth’ s thermal emission
17 - 28 21 refs . NSF Grauit No GA 31694 measured aboard Cosmos-243, Iso hinev of water vapor content are

Large-scale heat and moustune budgets over the tropical At lant ic drawn at 0.5 9/sq cm intervals, The maun features of the moisture
Ocean are examine d during Phase 3 June 22 to 30, 1969) of the field are discussed (time variations in water vapor content during
Barbados Oceanographic and Meteorological Experiment From the va rious synoptic situations , co mparuson with water vapor values
satell ite clou d photographs of ATS 3, the anal yzed period us derived from radmosonde data). The maps of water vapor content
Subdivided unto an undisturbed part and a disturbed part. Durung the show that the distribution indicates stable seasonal features of the
undistur bed period, downward motion predominates from the at mospheric circulation, The continents strongly af fect  the at
Sur f a c e  to about 500 mb and a large apparent heat sink and apparent mospheric distribution of water vapor. For example . in the
moisture source are found neam tIne top of the trade inversion layer . Southern Hemisphere the bc.undaru,u between dry and moist air us
The upward heat f lux due to cumulus clouds us confined below the displaced markedly northward with decreasing distance to Australia
700-mb lev e l  On the other hand , (luring the relatuvely dm st sm rhe d and, partic ularly, South America. (Author l
period, upwar d motion takes place at low levels and the heat f lux
due to cumulus convection extends to at Ie ,ust 500mb Values of the A75-10644 um The detection by ERTS-1 of wind-induced
total heat flux est mnr rat ed by large scale budgets agree well with those ocean surface features in the lee of the Antilles Islands , R Cram and
obtained independentl y by hulk aerodynamic computations . K Hanson )Muamu , Univers i ty ,  Coral Gables Fla I . Journal of

I Ammth o r l
Ph ysical Oceanography, vol . 4 , Oct 1974 , p. 594 - 600 8 rebs
Contract No, NOAA 04 30-22 1 2 NASA Order S-70246 - AG - 1

A74-33750 The cell structure of certain marine f ogs and Pfnotograp huc data received from the ERTS 1 sate l l ’ t e  over the
t he cellular vortices created in the atmo sphere by radiative Cooling Lesser Antu l les  Islands sh ow dist inct ocean features on the I i’u’ mn.and
(La structure cellu laire de certainv brou tll ards marint et les tour- si de of each island Attempts to re late these beatumes to ocean eddy
bil lons cell ulaires crée v dam I’ atmos p hère par ref roidissement rayon- hormatuons with the aid of ground tnu th  data proved unsuccessful
nant ), P Schreschewsky. ,4cadémie des Sciences (Paris), Comptes However , surface and uppe r air wmnd data indicate a good corre latm mnn
Rermdus, SErie B ‘ Sciences Physuques , vol . 278, no. 20 , May 13. with the si ze , shape , and downwind extent of the ocean beatures
1974 , p. 905907 5 ref s , In French , Studies to date undmcate strong ly that these features result Irom’nn

Analysis of the cell structure observed in two unstances of horizontal di f fereu nces in a sea surface roughness due to the
coast al fog occurring over the Pacific Ocean north oh San Francisco wund ’shadow ef fect  of tl m.’ islands The res u lts suggest that horizontal
and along the peninsula of Lower California . respectively. It us found variat ions in the ref l ectan nr m ’ of the sea s m urface Wul l  make remote
t hat in both of these examples the cell structure us such as to confirm sensmnq of the ocean mmxe d layer more d mbfmc m u l l  than previousl y
the two conditions posed by Luddy (1968) for the formation of anticipated. The sunbace ref lect ion seems to hr. large enough to mask
marine fogs - namel y, ra diative cooling for the upper sunhace of the the smaller ear matuons in backscattered energy f rom the mused layer
clou d layer , w ith the air superumposed on this layer being stable and Effor ts to limit the ef fect  of surface reflectance by photographic
not mixing with 1 This is in contrast to the mechanusm employed by duf ferencmng of two multi spectral scanner bands were unsuccessful
Bénard which involved uniform heating from below. Nevertheless , i t Author)
is recommended tha I the cells observed un these two cases be called
Bénard cells, A.B K A75-10645 - ‘ A satell it e’aircraft thermal t rudy of the up

we lled waters off Spanish Sahara, P . E La Vuo t m ’ t t r  lU.S. Department
of Defense , Naval Oceanographic O f l m e m ’ , A’ ashungton . D.C I Journal

A74-39278 Use of remote sensing in the study of of Physical Oceanography, vol . 4 , Oct 1974 , tr . 676 684 10 mels
Antarctic marine resourcet , S. Z. El Sayund anul K A , Gmm ’e nn lTi ’v.m ’, A DOD Navy-sponsored research
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Review oh the upwell inug a loung the coast of Spanish Sahara and and anal y t ica l  appmoa ches applied to t idal studies by sate l l i te  a r e

of several associated thermal features observed un a sate l l i te-a i rcraf t  bmuell y described The tmda l potential at a satel l i te causes an
oceaunographuc survey comn ducted during the period lirum the 18th additional force function that has to be accounted for when 1 m m’

thuough the 26th of August 1973. An alyses of the auncraf t  and sate l l i te ’s equations oh motion are integrated Th u potential mnt ro

sate ll ut in radiation data show that these beatures consisted of variable ‘ duces perturbations inn the motion oh close m art In sa te l l i tes Studies
cool ,imnd wun n urn eddmes which extended mone than 100 km northwe st have shown that there us an important untera c tu o n between earth and
from the c ,u. usta l upwellung zone, These f u ’ , itume s may repne s euut a ocean tides ui, observed from orbit analys e s . Neglect oh ocean t id es
lue n mo dic occurn enice. M y E .  ca in introduce u-irons mn k2 of as much as 15 per cent and of several

degrees in phuase The ocean tide models , even the compama n cel y well

A75-11255 • Satellite photography of eddies in the gulf ku uowmi M2 t ide , ire mnu a mlen j u atu ’ for nnakmng the puecis e 0cm - arm
loop current, G, A , Maul INOAA . Physical Oceanography Labara- co ri i ’cm uons , part icular l y fa n the importa n t m imurrual m m li ’ s P T , H
tory, Miami , Fla.), 0. A.  Norris (NASA , Johnson Space Cent m. n , Earth
Observatuons Div . , Houston , Tex .) , and W , P. Joh nson (Lockheed

A75-14803 • Estimation of sea surface temperature fromElectronics Co. , Inc . , Houston , Tex. ) ,  Geophysical Research Letters ,
vol 1, Oct 1974 , p 256 258 9 nefs remote sensing in the 11- to 13-micron window region. C.

Prabhakana , V. G. Kunde INASA . Goddard Space Flight Center ,Cyclonuc ocean eddies , approxumate ly 12 to 32 kilometers in
diameter , have hewn photographed in t he eastern Gulf oh Mexico by Greenbell , Md,). anmJ G. Dalu )CNR , Is tmtu t o  cli Fusmca de)l ’Atmosfera ,

SKYLAB, Apparently cause d by horizon velocity shear , these Rome . Ital y) .  Journal of Geophysical Research, vol. 79 , Nov. 20,
1974 , p. 5039 5044 26 refsIeatu, .,~ are associated wuth the Gul f Loop Current , whose posutuoun

The Nimbus 3 amid 4 Iris spectral data In the 11- to 13-micronwas known a fortnight before and af ter  the observation. The eddies
were duscovered nfl sunlight-enhanc ed patterns oh streamlines on the water vapor w mndow region are anal y zed to determine the sea surface

surface , and appear to be embedded in the f low (Author) temperature ) SSTI, The high spectral resolution data of f i r s  arm-
averaqeni over approximatel y 1 - mucron ’wm de intervals to simulate

A 75-12028 Certain problems in carryi ng out nautical channels o f a radiometer to measure the SST In the P m- mer i t

electrical prospecting with alternating current IDeiaku pitannia exploratory st udy. three such channels un the 775 to 960 per cm

stv orennia mors ’koi elektroroz v idki zmunn im s trumom l , M, I, Ka - 112 .9-10.5 micron) region are utilm ,red to measure the SST over

lashnm kov, Akade,rumua Nauk Ukrains ’koi ASP , Vuxrnuk , vol . 38 , Sept cl oud-free oceans, However , tw o of these channels are suf f ic ient  in

1974 , p 75 84 24 refs mi Ukrainian routine SST determination. The du llerentual absorption properties of
water vapor In the two channels ma ke it possuble to determ mne theConsidi’uatuon oh the poss ubm l r ty  of developing e f fec t i ve  methods
water vapor absorption correction without detailed knowledge of theof nautucal mule c tu  cal prospect i ng based on schemes whuch are sim ilar

to electrical prospect mng fro m an aircraf t  and unso lve the use ob f ield vert i cal profiles of temperature and water vapor. The feasibi l i ty of
determining the SST is demonstrated globall y with Nimbus 3 data ,sources arid un’u :r ’ mver s which allow mun f l ight  operatmorn o f data
where c loud-free areas can be selected with the help of albedo dataprocessing equipment. The technuques oh carry ing out aeroelectrucal
from the medium-resolution infrared radiometer exper iment onprospecting work are revue wed , dwelling especiall y on prospecting by
board the same sate l lu te ,  The SST derived from this technique agreesthe m nductmonn method , using harmonic and anharmonuc fields , and
with the measurements made by ships to about 1 C. (Author )

the )ong cable method, both of which generall y involve the use of a
to wed gondola to house the recemver , The types cml f ield sources that A75-23340 Geoid definitions for the study of sea surface
can be employ”,) mu aeroe lectrnca l  prospect ing wi th a lt m ’ rnatmng topography from satellite altimetry. P .S .  Mather (New South Wales .
current under open-sea condutmons are discussed , the require ments on University, Sydney, Austra l ia)  In’ Inter natuonal Symposium on
fme ld ru - c m ’ m ve rs moi ,mmt i ’  ul on moxung gondolas are note d. and certain Applications of Marune Geodes ,’, Columbus , Ohio, June 3-5 , 1974 ,
drawbacks of nau t ical  electr ical  prosp m.’ctunq are cite d, The possibi l i ty Proceedings Washington . D.C. , Marine Tech-,,l rea l iv ung a ‘ m .u mu l ica l  e lectr ical prospect ing scheme usIng the nology Society, 1974 , p. 279-289. 20 refs ,
long- cable method us - - c a l s m a t u ’u) A .B, K This paper concentrates on the development of techniques for

obtaining geoud definitions from muxed data sets consisting of
A75-12034 ‘ Sky lab and ERTS- 1 investigations of coastal oceanic ‘geoud heights ’ deduced from the altumetny, and gravmty
lan d-use and water properties in Delaware Bay, V. K lemas , 0, anomalies largely in continental areas . from so lutions of the geodetic
Bar t le t t  (Delaware , Universi ty,  Newark . Del.) , and A , Rogers lBenduv boundary value problem , It discusses how data subject to significant
Corp. , Aerospace Systems Due - Ann Arbor , Mic h.) , Ameru’can svste matmc errors with substantial wavelengths can be successfully
Institu te of Aeronautics and Astronau,tics and American Geophysical used in the quadratures evaluation of such solutions Arguments are
Union, Conference on Scmen trf uc Expermmen ts of Skylab . Huntsville , outlined for the uncorporatuon oh gravity field models with errors at
Ala. , Oct 30-Nov. 7 , 1974, AIAA Paper 74-1220 10 p. 10 m I s  the 5% leve l in the disturbing potential , in the system of geodetic
Contracts No NAS5 21837 . No, NAS1’ 12304 ; No . N00014 re ference , The adoption of such a procedure would permit a
69- A 0407 com mon model to be used both in the solutuon of the boumidary

Study oh coastal  land use and water properties of Delaware Bay value pro blem , as well as in orbit determination , on rein forcement
um s mng dug t.il and visual anal ysis o f enhanced imagery from NASA’ s with the appropriate reso nant terms. The advantage of quadnatures
Earth Resources Technology Sat i ml l ute (ERTS(  and from the Skylab methods in high-precision determinations lies in the elimination of
Earth Resources Experimental Package ) EREP) ,  EATS is shown to pr ohibitive matrix inversion problems , pr ”vided conditions for
have the advantage of repet i t ive coverage of the tm ’ sn sute which convergence can be established by appropriate modification of the
bacu l mta t es  cha nuj u- cletectuin ‘ -v permments by gatherung data under a data acquisition proce dures lAuthom l
varIety of tmda l , seasona l . and atmospheric condmtmon s, Sk y lab ’ EREP
‘la na on the other hand , are superior in both spatial and spectral A75-23343 Geojd determination from satellite altimetry
resol, ut io nu M V F using sample functions, R 0. Buown IComputer Scme mnces Corp . Los
A75-12984 mu Determination of earth and ocean tudes from Angelet , Calif I . In: International Symposium on App licatmon s i~l
t he analysis of satel l i te o rbitt , K Lambeck (Paris VI , Unuver s mt e , Marine Geodesy, Columbus . Ohio , June 3 S , 1974 , Proce m’d mm ng s
Paris , Groupe din Recherches de Géodfsme Spatmal e , Bretmgny ’sur ’O rge , Washington . D.C., Marine Technology Soc uet~ -
Esson,ie , France) ,In, Symposium on Earth’ s Gravu t ,u tmona l  Field arid 1974 , p. 315-329. 10 refs
Secular Variat ions in Pocmn uon , Sydney, Austral ia , November 26 30, For umpleme nratuon of the sample function qn’opotentma l model ,
1973 , Proceu ndmunqs . Kensungton , Austral ia , Unu. Lundqumst and Guacag l ma 119691 proposu’d an algorithm , unvolvung the
versu ry of New South Wa les , 1974 , p 522 528. 28 rebs , assu mptmon of a diagonal normal man y A m m m , t l m . .m s impler , a lgor - l’ ’

Some general m nfo rmat mor n concerning solid e , umrh tides , ocean was proposed by Gmaca gl ua and Lundq umst 11972 1 in order to reduce
ti des , and them n r m r , ’ n  actIon is duscussed , and the principal Concepts the amount of computational work re d lu m’ u’ m) in using thm ’ f i r s t  
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al q u umuth m. The procedure to be used in numerical simulations of Hm ’sm - .u mm .lu Center , Mission Arra lysus Sm-m t m ia m i , Ha n i i t m t m m m m , Va I, arid V
these usa algorithms as app lue mh to the a ltm nr re ter problem us discussed ~\‘ Wesse l IL TV Ac m us l m , mm :un Corp., Ha mu , I utm m u m , Va . l , In m u s t m t ,utm-

a lon g wi th the m m’ suu I ts  oh mnumen cal smmu lat m ini m tes ts  using both i nn  sin our mn mu ’ n mta l  Scme nucu ’s , A minuma l Tech m n cal M i ’ m-ru mug, 2 1St A ruahem ri
a lg o umthms. G A. Calif . , A pri l  14 16 , 1975 , Proceed i umm us ‘ ,m olumfl rl 1.

Muuu m m t  Pmo st uu’ ct  Ill , , Im i s t m t m u t ,  of 1 m m m m r m _ii i r rment al

A75-23346 Detailed gravimetr ic geoid for the GEOS-C Sciences , 1975, 1’. 64 72 7 u r I s ,

altimeter cali bration area , J. G. Marsh INASA , Goddard Space F lmg ht The priusenl ,sm m m k  sun cm-p s sat u- n mu m m al i t y  usen nrndtuur eme nts aumul

~ eu i t e r , Green belt . tvld,l arid S. Vi n cent lCo mpmmt en Scuer mces Corp., th en, determines the gencn.i l c h a r a u : t i - m m ’ ,n m u  s ob  arm cur l i t  rug mailer the
Su iv e ,  Sprung. Md.). In’ International Symposium on App lmcatmons of A u iu ul mc j tuomis Eepl ui iu ’m , on A F)  dedicated to the meas ume in iem in of
Marine Geodesy, Col umbus , Ohio , June 35 , 1974 , Procee dm ngs. wat uni qual i ty ,  vvh m c) u could lie used as a low cost mm- a r m - . um l n i ’ s t m ng

Washi n gton , D.C. , Manmne Technology Society, adva nce d unnaq e u comn Cept s a r m )  assess im ig t I . ’ a l m m L n y cml un nuaqu ’ m

1974 . p. 371-379. 6 m m ’ Is n u’u m hmiu q ues t u - ricer the q u a  Is oh a com num e hemms mvm -  Waten goal m y

The GEOS - C spacecraft scheduled for launch in late 1974 wi l l  mo nu i tom m ui g program . The turoposed m mn maqem has four spectral h,anmls , a
canry  a ma dam alt imeter for the purpose of measuring sea sumbace spa m a l  res o lu tm om m of 25 meters , . i n i )  ,,‘,ath width of 36 m m with a
topography. In order to calibrate and evaluate the performance of p0m m rig cap a bm l uty  of 330 ki n , Silico n phmmtodet ed non an rays , pom ntunng
the a l t imete r  system , ground t nL mt h data are requured. In this respect a syst u- ins , and Sr ’ver al iii it mu mi  I. ut m ini ’ s are mm mm.lmicl ed, A n orm , n a 1  orbit u,

detailed gma e umet nuc geomd has been computed for the GEOS.C 500 lime a l t i t u d e  at an inc lu n ma ti omi of 50 uleit us recomunlu rmu l u ’ u l . P . T . H
altimeter cal ibrat io n area in the At lant ic Ocean off the East Coast of
the U.S. This geoud us based upon a combination of mean free aIr A75-36826 Recent advances in the application of data
surface gravi ty anomalies and the Goddard Space Flight Center from NOAA operational environmental satellites to oceanography. E.
GEM 6 sate l l ute derived spherical harmonic coefficients. Suu face P. McClain and A. E. Strong )NOAA , National Environmental
giac ty an omalies have been used to provide information on the short Satellite Service , Washun gton , D C I  In’ American Society of
wave length undu latuons of the geoid while the satell i te-derived PI’totogrammetry, Annual Meetmng, 41s t , Washington , D.C., Manch
coe ff ic ients have provided information on the long wave length 9-14, 1975, Proceedings. Falls Church, Va. ,
components. As part of these anal yses , GSFC, SAO and OSU American Society of Photogmammetry, 1975 , p. 577 587 . 20 refs
satellite- derived gravity models were used in the computations. Oara from the NOA.A series of polar Orbiting satellites , partucu-
Although geoid hemg hts based upon the various satell i te models lan l y t hose from its Very Hugh Resolution Radiometer )VHRR I , are
dmbfere d by as much as 30 meters in the Southern Hemisphere , the receiving rapi dly increasing and more quantitative use bath in
differences in this At lant ic Ocean area were less than 4 meters. oceanographic research and , recently, for operational marine

( Author)  purposes. The thermal m. ‘ rared observations are being used to detect ,
map, measure , and monitor ocean and Great Lakes ’ therma l Contrasts

A75.27343 e Oceanographic studies of the northern Gulf of associated with currents , upwelling, and river outflow . The visible-
California, L. K. Lepley, J, P. Hendrickso n, C. Flanagan lAruZona , band data have found their greatest use in the monitoring of sea ice
University, Tucson , A niz .( , and G , Calderon (Secretariat de Marina , features , motions and conditions, Vusuble-band data are also valuable
Mexico), In Annual Conference on Remote Sensing in Arid Lands , for fi ltering clouds from infrared scenes and mn some studies of ocean
4th . T ucson , A rmz ,, November 14 16 . 1973 . Proceedings, ro ughness. (Author)

T ucso n . University of Arizona , 1974 . p. 227 258. 12
ref s . 475 40607 • The U.S. SEASAT program. S W McCat nd less

Analysis of ERTS imagery of the northern Gulf of California (NASA . Washington , D.C.I and T , W. Thompson (Cal i forn ia Insti tute
with the au d oh surface truth sampling of physical oceanographic of Technolog’im , Jet Propulsion Laboratory. Pasadena , Calif .), In
parameters us described, Oceanographic and meteorological data Technology today for tomorrow; Proceedings of the Twel f th  Space
obtained by surface observations are discussed. and a seasonal Congress . Cocoa Beach, F Ia - Apr i l  9 - 11 , 1975.
crrcu lat m uun model is constructed for the Gulf waters. ERTS imagery Cocoa Beach . Fla, , Canaveral Council of Technical Societies . 1975 . p.
‘naI l  four MSS bamids is used to evaluate the cmrcu latuon model , and us 3-1 to 3-8,
analyze d to predict the depth of turbidity patterns , to obtain The SEASAT progr am is a space based operational oceano~
spectral models oh mixed Water bodies and g lItter pa t te rns , and t o graphic measurement system , Which wil l  be capable of providing
obsen c m’ usyre s , upwellung plumes internal waves , the ti dal current co m utunuous , all weather , wor ld-wide , t imely data on g lobal ocean
veloci ty t idal phases , fre sh water runoff , and ot her phenomena. The dynamics and ot ) nm’ u physical propertmes of practical importance t o e
curculatmon model us revised on the basis of the sate l l mte imagery data wide commun ity ui~ governmental and pr u a t u ’ sector users, This
Suggestions Ion burther studies are made , and charts and EATS paper describes user requirements , case studmes of prolected ap(’.’ mca-
photographs are appended. F.G.M , lions, the semisor systems employed . and testing programs. Author I

A75~28525 a Evolution of Gulf Stream eddies as seen in
satellite in frared imagery. H. G. Stm umpf and P. K , Rao )NOAA , A15.45776 • Satellite altimetry applied to marine geoid
National Environmental Satellite Service , Suitland, Md.). Journal of determirsa t ion. C. D. Leitao and J. T. McGoogan )NASA . Wallops
Ph ysical Oceanography, vol . 5 , Apr. 1975 , p 388 393. 9 refs, Flught Center , Wallops Island, Va , l. International Astronautical

Pronounced eddies along the western edge of the Gulf Stream Federation, International Astro n au tical Congress , 26th . Lisbon ,
were again observed by the Very High Aeso lut uon Radiometer aboard Portuga l. Sept. 2 127 , 7975, Paper 75 722 . 12 p. 8 rebs ,

the NOAA-2 satel l i te. A rare sequence of infrared images obtained The pion eering satel l i te radar al t imeter aboard Sky lab has

over a period of seven days shows for the f i r s t  time the complete provided a wealth ml m n fom matmon about ocean surface topography
evolution of meanders through the eddy stage. lAuthorl for both the oceanographic and geodetic communities, This repor t

describes typical sat e l l mtm ’  alt imetry concepts and disc m msses the
A75 29701 The use of art i f ic ia l  earth satell i tes to measure parameters m easured , geimun etry uti l i zed , and techn iques employed to
ocu’an waves A A Z .nqi um o u l n i mk o v. IAA,im/m .’ mn,um, i N,am,ln SSSA , I,vestuia generate oce an qeomul u ’ s tumat e s,  The standard deviation of the nomsu ’
Fm,.’uI a A t u r in ,  s lu r p  . ‘ii u ’.’ini ,i emi l , 10 Jmj l u P 174 . p 791 /98 I on the altitude i-measurem ents is shown to mange from one to three
Ac,u,/m ’’ ‘i v of Sm’ m m mi u USSR, I,vu’m lmy.i  A f immm,.y u lni ’ rui a,rd Oc-eanu mit ens when the aI Im ni lm’ t i ’ u  .tenna us nna du r aligned . The altimeter is
Phys ic s , curl 10, July I / I t) 48/ 491 2D m m - , Tma m us l a t u nm m n shown, to s, ’nsi’ shor t wavelength ocean surface featu n i’ s svhuch are

not included in present conventional global geou ds. An est imate of a
Ioi’,il qeoud in the Atlantic , Iicmng onl y ,iutum et e n data , s presente d.

A75 34927 Sludy of a water quality urvsaqe r for coastal Finally, results m l u - u n u m m m n s t m a t e  that the Sky lab radar alt imeter system
zone missions , IV . F ‘~t,i ,dor , F , h-4 a mmm s omn INASA . Lamnq lr’y capability us less than 10 meters RMS )Authonl
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A76-10826 Application of synchronous meteorol ogical of madam n neasunu ’ mm nm r uuts  ,mt u m m m u l l u -u se m a t ,  ml my 90 du u) ru a , un n muinh mlii ’
satellite data to the study of time dependent sea surface temp erature sun lacu wiu md s pm ’c’mI amid d u r i c  t m o u u  may I mm- mum I i - r u e  il , t l m u m m i m l n m  nips
cfs anges along the boundary of the Gulf Stream, R. Legeckus )NOAA , m m m . m u l u m m ’ ly, lii t h u s  huap ’ thin c l m auacteu oh the s ol u tm um m u ’ , I m u m ’,’au m m d soured
National Eneuronmemi ta I Satelli te Service , Washu ngtorm , D.C. I . Geo amid di r u I n , ,  in i is i I ms l ) l a v ’  ‘ml . is nu ll as I lu. u m m  n am u’ m i I t 1 mm- ambugu .t - .  ‘m oh
physical Research Letters , vol . 2, Oct. 1975 . p. 435-438. 2 1 melt ,  tI n u s e  sumlut u o m us ,  Arm m’co ui o mn nuc ,u l u u m o cu nml uun ’  liii l uar u l lm mu g ~u mIm data us

m l u ’ u m;m ul,u’il , Slums a i: m m t m ’ u m m , m m  liii ii u — m i n i -  ml  h um u;nm m m - m m  t m m i u m a l l s m m m  lacu r)

A76- 15457 • Remote sensing applied so numerical model- il,ut~i iii oudm ’ r  to r m uso l , ’ . thu amlu.ujm m m , ’ S m,l sol utm ou n s,  )Aut l mu , u I

ling. S Sin rigupta , S. S. Lee . T N Vez m rog l u IMmamu . Universi ty.  Coral
Gables , Fla . ) , amid R Bland (NASA , Kennnecb y Space Cen item , Earth A76 36209 The relation between the thermal radio

Re’ minces Bran ch , Cape Canaveral , Fla ) In Remote sen sing’ frequency radmatuon of the sea surface and ice conditions according

En m engy related studies , Pmoceedunigs of the Symposmu mnn , Miami , Fly. , to data from Kosmos-384 10 sw a r m teplosogo radunizlucheniua

December 2 4 , 1 974 Wash m ur gto ns , DC - 
pos erkh nostm okeana s ledovymu us lovuia mu P0 dannym ISZ ‘Kosmos

Hemisphere Publishing Corp . ; New York , Haiste d Press . 1975 , p 384 1. K P V , m s m l ’ nv arid D T M ,ut c m ’ m v 1 m m  S”a 1i n ul no )o g mca i

335 364 35 nefs lou i.’casts annul m mu l,mr nm. , n ion M u m ,  m m ’ qidu olog ichesk me p n m m q n m m i /  y

Progress and remaunu ng dm bfmcu ls ies  in the co nstruct mom n ob , um l omni ’u a ts u i l  L i ’ n um u m q ra i l , G udn i , mn im ’ n i ’ mum z n l .m t  lG u d uonnimr t mromul r i g im lim- ’ .k -

pre d ic t i ve  mathematncal models ob large bodies of water as eco - N .mm uchuno ls s l , ’ulov, m nm ’ l ’ sk i i  ‘t - . m ’ m u r n . T m i m u l’y No. 119 1 . 1975 , Ii 28 39

systems are reviewed Surface temperature us at puesent the on ly 1 7 m I s  In hlussua ui,

variable shams can be measured accurately and reliably by rem munu ’ T h e  uau l m ,m t onu char ac renu s tui :s of si’ u i i ’ . and th u m , r m . ,u r mm) sn ow

sensing technnques , but satell i te in frared data are of subbmcment  mu m-n Pu miscu e cha cu nc t em 5r cs , are mlisr uss u ’ , l  H.mul ornm’ Ii mc data hi

reso lutu on bom macro scale modeling of oceamns and large lal .es , and sea sunl ,ii e inn lie A n u tauc tuc  ney moun . nal u r n  by K. i mPs 38’., . m m

a i r  borne radiometers are useful in meso scale analysis (of lakes . bays - 
am cmii / .‘.‘i . ‘ i dimu i l urum cmii w ’  hi obsen u,ut onus mimI tI n. Ice conud ml mmm i  mm

and thermal plumes ) Finite ’e lement amid f i nmte ’dmfference techniques thu’ a r i a  In m sliowus that m e l m a l i l , n  - r i l m j m i n m , m n . o m u  cmi i , - m i o u i d i i m , m - - . m .

applued to the solulnOn of relevant coupled t n-me- dependent nonlinear Puilam m ’ I I m onus r u m ,  l ie m m b t a m n u m ’ul m u nm u l em s u n  t ua l l , all c m i  l u ,  ‘ conmu l i t m rum ,

part ia l  dill erent al equations are compared , arid the specif ic pm oblem hr rum sate ’ I n ,- ninu’as uu u ennui-nuts ol hi mm ) lm t r u e  us e nnu i , ,  ‘ ma t  m u m ’ ’  G pod aqmm ’ e

m l  the Buscayne Bay and environs ecosystem us tackl eul in a mem it net i’u i ’ i ’ u i  lie ur n’ conditions iim ’’ m ’ n n i iu i i  d I mo m n Kmm um’ . . .1114
bu nu ute - dmbbenenuces tneatmennt using the nugu d’ lud model and a n m gmd - l mne m,m, l m mim u m m - t i m  i , l , m n . m  a u m ul t lmuu s e mi’vi ’ ,u I . ’iI ),y cm I. m ‘moO ohotr iqmal.mhu ta ku-

gri d system R.D V by Me t m ’ m i n  1 0 was loumud iii mm -as wmth no cloud , m i m i ’ m  C K 0

A76-21 797 Remote sensing of the dynamics of sea ice and A77-20363 California Current eddy formation Ship, air ,
water temperatures with the aid of satellites (Fernerkundung von and satel l i te results. A. L. Beru ns t emn (Ca l ufornua , Umu uc i ” s r ty ,  La Jolla ,
Meereisdynamik und Wassertemperaturen mit Satelliten). H. Calm ) I. L. Breaker (NOAA . National Envurom ’ m u ’ muna l  Sat u ’ l lm tu ’  Service ,
Kamunsln i (Bochum, Sternwarte , Bochum, West Germany). Natu r - Redwood Ci ty ,  Calif .), and A , I’.’hritner IU.S. N,is,u I Weather Service ,
cru,ssenscha ften , vol . 62, 1975, p. 211-2 13. 20 rebs , In German. North Island Naval Air Stat ion , San Diego , Ca l i f .), Science, xo l, 195,

Studies of the area distribution of sea water temperatures and Jan . 28 , 1977 , p. 353 - 359, 9 refs , NSF Grant No, OCE - 75 - 23361 ,
the dyna mics of sea ice are important in connection with unvestuga Contract No, N00014-75 C-D260.
tuon s of the global energy balance and she determination of climatic A review of historical background on she mean flow and
fluctuations, Such studies can also contribute to the safety of mesoscale variat ions in the California Current mnudmcmn l u ’ s  that u m ntm l

navigation and the efficiency of fishing operations. The conduction recently q m uantmtatu u e measurements of the Circulation of t h u  Calm ’
ob such stu dies is discussed , ta king into account the results of the fonnma Current were lumuted to hydrographuc dete nmunatuons of
mrudy and the employed technique. G A  temperature and sal inity. The advent of sate l l mte bonne in1rared

scanners o f suf f ic ient  s en s i t i v i t y  I n n  made it possible to obtains
A7 631479  App lication of ra dar and microwave scattering hugh-quality imagery of sea-surface temperature gradients for ema lua-
to ocean wave research. J. W. Wrig ht U.S. Navy. Naval Research lion of meanders and eddies embedded in the Cal ifornia Curnen u t
Labora lom v, W ash in gto n , D C - I. In: Technology for the new horizon , Satel l i te scanner systems can locate major ocean frontal boundaries ml

Proceedings of the Thmrt e unnth Simace Congress , Cocoa Beach , Fla,, they are associated with even quite weak hor izontal  sea- surface
A t mmml  7 9, 1976. Cocoa Beach , Fla. , Canaveral temperature gra dients It us shown that the California Current us an
Councul mu1 Technic al Societies . 1976 , p. 3 l to 3 5. 13 rebs , unstable f low . continuously developing meanders with wa m’ e lu ’ m s q ths

The use of the Bragg and twmu scale scat te nung of madam to of several hundred kilometers . which can intensif y over sev eral
nne ,, s un m’ the s t ructure and protne rtues oh oceans waxes is discussed, In months and go to cutof f , cre ating isolated eddies, Numerous
the case of f i rs t  u unm l m ’ r  Bnaqq scattu t runq , the su:a n t i m id electromagnet ic sopogra huc maps and survey photographs supplement the test .  S.D.
field is u)r000n t I m u m  ,il to n/ u ’ surface dusp laceme nu 5 . Thus the till um’ni u;m’

ml a l l  waves u u m u t , u i l m ’  a iran row wind,,,’, at the Bragg resonanc” i5 N75-72339~ Naval Ship Researc f n and Developni’ment Center
n ron mu 1 I y 1,1 t m ’ u . td out This un,m k , m s )i(issm lnli~ tIe- mm’asum ur me n t of such Annapolis Md

wave Pni m lui ’ rt uu’ s as n m . u n m p m m u  al q row n l m and auip moach in w.nd wave tanks DISPERSION OF SANITARY WAST EWATER DISCHARGES
m u d  s n mu ’ m ,t r a l  energy t r anshen I n n  way ’ pink’, or at sea Monmu oven , the FROM NAVY SHIPS
Dotup lu’n sh i f t  mc the I n , . u u u m u . n m  iv  of the Bragg us,ic u’ in lu st order Craig S A lug Aug 1974 153 p ely
s r,m tten ny. u’u limch rn me y m i ’ . t h i t  Iml iasun snuloc t mm ’ s  m m  my 1mm ’ used to m m m i ’ ,i s m u m u ’  I Contract SF53554706 1
su m l.,c. - c unment s m m m i )  n o , mr o) um ’  the ~n m o f u l m ’  of the mean blouv on luoth lAD 785227 , NSRDC 4 194)  Avail NTIS
sides of t Im. ’ m u m  ‘w an ‘ - n u n t u m l , , m u -  Inn the m us” of two-scale m e a n t .  n mu g ,  Assessu mng the impact of Navy Shuphoand Sanitary Wa ’,ti’
thu. smalli ’n sc u m ’ s canr , ’ mens  u n ’  a n hvu ’ i : tm : u )  , , ) mnm mt by the n m m h u m l a l  mot ion s Discharges within the contiguous zone of the Unused States

thi’ .in I,’ way m ’ , r I ms t r u i n  Dosst u li ’ m ‘ Ii) It nuts .ure o h mi u n u n  , n l m ’ u I  anul the requires generatuon of data on the dispersion and fate of pollm itant s

w urbth of thn’ Dopsuler SI i i ’ m :n n ’  urn us a)mn)ut thi ’ rms num l muta l  51 m m m l  of thi’ 
from shipboar d sou rces To generate data applicable for the 3
to 12-mule coastal zone studies were conducted in the Norfolk

mu ,u c e ,V s t n . rn 8.3. Va area , and San Clemente Island , Cali fo mnic Con trolled releases
were made of sanitary waste water and t racer  dye m m m u v t m m n m ’ . .

A76.34934 The nature of multiple solutions for surface Author
wind speed over the oceans from scatterometer measurements , J C .
Price INASA , Gr mm l ,la rm l S 1m ,iu ’ u - F lu u lht C un m utu ’ u A n u n u m u  l u l l - u  uc anul
Hyi ln i u m u m l n m ’ n u  c Aç nf i l ncatuon s Div . Gum ’ , ’  un hu ” ln McI .) .  Riumuio n m ’ Srnnu.s mnuq euf N77-75886# Informatucs Inc Rocksil le Md

I m u uu ur u unm ” u ’ n uf vol 5 , rio I l’ l / l ,  u 47 ‘m l  
. B I B L I O G R A P H Y  OF SOVIET MATERIAL ON INTERNAL

WAVES Technical Report , May ‘ Aug 1976TIm.-  ,at v) tmtmn SEASAT A wil l  c a r r y  ,m m.idam - ,n ’ , u t t m - m m u n rn i - t . ’ n  ins on ) , Stuart G Hubben I, H Boy lan and M Nest. 1 Sep 1976
ti, num’ .isu .m rr n muc nimss.iv ,’ ba u:k ,c , mt n , ’ u  from the 5’’ ., uu um m u , -  F ron!) h u m  s 27 p
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F B-19

IContracts MDA9O3 76 C 0254 , MDA9O3 76-C-0099 DARPA
Order 30971
AD A029 187 , Reps 71 Avail NTIS

This us she seventh bibliography of Sov ie t  open sounce
publications related to internal wave studies It m:ovems material
receive d from May 1976 through August 1976 Main selection
criteria are stu dies of small - scale variation in ocean pam ,umesems
and of aurboune techniuques Ion deducing internal wa se com um l mtmons
An miles oh serial source abrevmasmons is appended Author

77.02001 ~ Environmental Research In st of Michigan , Ann
Ar bor
PROCEEDINGS OF THE 9TH INTERNATIONAL SYMPOS-
IUM ON REMOTE SENSING Final Report . 15.19 Apr
1974
Jerald J Cook A pr 1974 566 p Symp held at Michigan .
15- 19  Apr - 1974 Vol 3
(Contract AF- AFOSF 1 7222 - 74 , AF Pro l 9751 1
IAD - A008469 . AF O SR 7 5 - 0 5 15 T R  Vo l 3( Avai l  NTIS

A part ial listing of topic areas includes microwave hologram
techniques for app lm c at uon to earth’s nesources , the use fulness of

m magung passive microwave systemv Ion rural and urban terrain
analysis , single f lught stereo radar capabil it ies, electrical ly scanning
microwave radiometers, measunemens of sea surfa ce currents
using airborne Dopp ler radar and inertIal navigation systems , a
practical oil sensor , mulluspecsral remote Iluonimeter for detection
of oil films . passive microwave sensing of oil s l mcks Oil slick
tletectnon by X band synthetic aperture radar , air borne Oil pollutuon
surveillance system the memo se Raman spectrometer as a viable

~mstrument for remote sensing, optical data processing analysis
of~~5ream patterns exhibited on E RTS 1 imagery . remole sensing
of rock type in the visible and near infrared . remote sensing to
detect  the toxic ef fects of metals on vegetation for mineral
exp loration . the use of space photos for detecting oil and gas
fields . a sum mary of EATS data app lucatuons un Alaska Author

77-02002 # Delawane Univ Newark
RESEARCH IN THE COASTAL AND OCEANIC ENVIRON
MENT Final Report. 1 Sep. 1969 . 31 Aug. 1975
W illiam ~a . Gaither and C V Yang Jan 1977 19 p
(Contna’ ts N00014-69 .A .04O7 , N00014-75-C-0876)
(AD -A 0. ’5824( Avail NTIS

An muterduscup lunary investigation under the program Research
in the Coastal and Oceanic Envunonmenut for the period September
1 969 to August 1975 us co nsudemed A wide s pectrum of topics
including studies of energy evcha nge. sedimentary processes .
vegetative growth properties of marine soils and sediments , wave
energy concens raluonm , dmr.supatnon of waves in shone areas , wave
breaking c h a r a c t e r i s t i c s , wave defense devices , methods of
predicting wave height amid direction , ti des , winds and storm
surges , dynamic geological models . remote sensing techniques
for wave reconnaIssance mechanics of sediment movement . and
buogeochemustry of marsh gases are discussed The research
progr am was neonmented , begunnung in 1972, toward developing
pre dictive tools tam lored to the Navy ’ s needs Autho,
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O 3 A S I M U L A T I O N  OF S Y N T H ET I C  A P E R T U R E  RADAR
IMAGING OF OCEAN WAVES
Calvin T Swift 29 Oct 1974 14 p Presented at the 1 974

BACKGROUND USNC/ URSI Meeting Boulder Colorado , 14 17 Oct t 9 7 4
INASA - TM X - 7 2 6 2 9 )  Avail NTIS HC $ 3 2 5  CSCL t 7 5

A si mulation of radar imaging of ocean waves with synthetic
aperture technuques us puesented The modelling us simp listic from
the oceanograp hic and electromagnetic viewpoint in order to

N74 15038 v x City CoI l of the City of New York Umm ,u Inst minimize the comput ational problems yet reveal some of the

of Oceanoqni.umlsy physical problems associated with the imaging of moving ocean

A JOINT METEOROLOGICAL , O C E A N O G R A P H I C  A N D  
w a v e s  The model assumes ( 1 )  The radar u l lumunates  a
one dimensuonal , one hanmonuc ocean wave 121 The scatteringSENSOR EVALUATION PROGRAM FOR EXPERIMENT S193

ON SKYLA B Monthly Plans and Progress Report , period us assumed to be governed by geometric al Optics 13 1 The radar

ending 14 Jan 1974 us assumed to be down looking, with Doppler processing Irange

Wulland J Pm um usonu A K Moore and E P MeClaun Principal processing us suppressed due so the one dimensional nature of

)nvestmqators 14 Jan 1974 3 p EREP the problem) 14) The beamwudth of the antenna b r  integration

I COnt ’ ,u, ’t NAS9 13642 1 tum el us assumed to be suf lucment ) y narrow to restr ict  the specular

lE74 10233 NASA CR 1364961 Avai l  NTIS ftC $3 00 CSCL points of she peaks and troughs of the wave The results show

1411 th at conventional processing of the image gives familiar results
if the ocean waves are stationary When the ocean wave dispersion
relationship is satisfied . the image is smeared due to the motion
of the specular points over she integration tIme In effect , the
image of the oce an us transferred to the near field of the synthetic
aperture Author

N74 3O663 y Kansas Univ Center for Research . Inc . Lawrence
Remote Sensing Lab N75 12396 # National Oceanic and Atmosp heric Adniunustratmon .
PRELIMINARY S 193 RAOSCAT OCEANOGRAPHIC DATA Miami , Fly
FOR SKYLAB 2 AN ASSESSMENT OF THE POTENTIAL CONTRIBUTIONS
Willard J Pierson , Jr Richard K Moore, Principal Investigators . TO OCEANOGRAPHY FROM SKYLAB VISUAL OBSERVA
Arun Sobsm and James Young Feb 1974 31 p refs EREP TIONS AND HAND-HELD PHOTOGRAPHY Monthly Progress
IContracs NAS9 13642 l  Report , Aug. 1974
l E 7 4 - 10525 , NASA - CR - 1 3 8 2 7 4  CR ES - TM 254 3) Avai l  George A Maul , Principal Investigator arud Michael McCashmn
NTIS HC $ 4 7 5  CSCL O8C Aug 1974 18 p EREP

INA SA Order T 4 7 1 3 - B )
(E75 . 10017 , NA SA - CR - 14073 1) Avail NTIS HC $ 3 2 5  CSCL
08J

N74 - 34772 ui Virginia Inst of Marine Science , Glou cester Point
APPLICATION OF REMOTE SENSING TO STUDY NEAR N75 13371 y National Aeronautics and Space Administration
SHORE CIRCULATION Annual Report for Year 2 Lyndon B Johnson Space Centen , Houiston Tev
John Zeug ler Robert Lobecker Donald Stauble, Christopheu Welch , THE ERTS 1 INVESTIGATION ( E R - 6 0 0 ( .  V O L U M E  2 .
Laury Haas and C S Fam ng Sep 1974 96 p mel t. ERTS- 1 COASTAL-ESTUARINE ANALYSIS Report for period
Grant NGL 47 022 0051 Jut, 1972 ‘ Jun. 1973

INASA CR 140 1891 Avail NT IS HC $8 00 CSCL 80C R Bryan EnS Jul 1974 286 p refs Original contains color
The research so use remote sensing technnuques for studying il lustrations

the continental shelf us repo rted The studies reported include (NASA - TM X 58118 JSC 08457 1 Avai l  NTIS ftC $ 8 7 5  CSCL
Ill nearshone curculatuom , mn the v m ncurumty of a natural tidal inlet o8J
1 21 udensufucatuon of indicators of buo logmca l act iv i ty .  13 1 remote The Coastal Analysms Team of the Johnson Space Center
nuavugatuon system ban tracking bmee drift i n g buoys , 14 1 evpe nmmenta l  conduc ted  a 1 yea r  invest igat ion of EA TS - i MSS data to
uimusugn oh an estuarung tudal circulation , and IS) Skylab support determine its usefulness in coastal zone management Galveston
work F 0 S Bay, Texas was the study area for evaluating both conventional

image unterpre satuon and computer - aided techniques There was
Immuted success in detecting. identif ying and measuring areal exte nt
of water bodies. turbidity zones , phytop lankton blooms salt
manshes g rass la nds  swamps and low wetlands using Image

N74-34854e Envumonn r’n r’ntal Research Inst of M,ch.mu.n n Ann u n t e m p t e t a t u o n  technuques  Compute r - aided techniques mere

Arbor 
generally successful in identifying these features Aerial measure
mens of salt marshes accuracies ranged Irons 89 to 99 pencentB A S I C  I N V E S T I G A T I O N S  FOR REMOTE SENSING OF

COASTAL A R E A S  Quarterl y Repor t . 15 Apr  . 15 Jul Overall classification accuracy of all s t u d y  sites was 89 peuce m rt
for Level 1 and 75 percent for Level 2 Aut h or1974

Robert K V i nc .m m ’ n 26 JumI 1974 6 p
lC o m u n u .i u,t N00014 74 C - 2073 , NA PnO I 389 - 15 6 1 N76-1O586k Aerc ,1u’t m . m e ct mn ’uvyst e ms Co.  Azumsa Calif
mA D / 83710 ,  ERiM 108900 1 LI Ava i  NTIS CSCL 0 8 6  D E V E L O P M E N T  OF A P R O T O T Y P E  A I R B O R N E  O I L

The purpose of thus contract  us to investigate remote sens m ng SURVEILLANCE SYSTEM Final Report
m ethods for m on i tor ing cm oa sr a l areas The ebbort us dnvm d ed unto A T Edg c ’ rto rm J J Bomm umi uto , R S Scw a n mt le and D C
three t u u ’ c  . invo lv ing  ne’ ,ueanch on Conn posnt monua l mapping of Meeks May 1975 325 p rely

b e a c h e s  and n m v e r  s y m . t i n n u u u  mul tuspect m ,m I radar minut ing Ion l C o m u t r a c t  DOT CT - 22 1 70 Al
coastal mapping and enhancem iuuimm ut of oc c ur s  bottom leatm m re n. lAD AO l 1275 ‘\ ESC - l8 12Fl - l  1 USCG D 90 - 75 1 Avail NTIS
wut h himi ss uvi ’  unmul t i spec t ra l  sm . l im mnens D im nm n uq the burst quar t mn i CSCL 1 3~ 2
s u g r m u l u u  m t  pnogrm” .’. was unadum arm tasks I am n nl 3 but work onu A prototype a int roun e orl s u museul lanuce system w as  developed
task 2 has mu s t  Sequin wi th nothing retu o rt . m l m lu ’ i .  mu S t GRA for the U S Coast Gumamd my Aero 1e n Elect r o Systu - - my Company

The mult,snnnrs ,,un system p rummr ’ m mt u. nea l - t u ne day, nuglmn all weather
detectron maptumunul  amud docu m m m i  latuo ni of Oil t .pmi l s  at sea lime

N76.12172 # National Aeronautucs and Space Adm m nmstmation system w as installed aboard a Co.’ t Gum r m ul HU 16 Albatross
Langley Research Center , Langley Station . Va and flight tested olf the Ca l ufo m mmua Coast Surveillance data we re
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obta mnued fronu nat una l sernps , a s e n m u’ .. of controlled Oil spills LARGE SCALE PHENOMENA , CHAPTER 3. PART D
rout in e shipping anud ta rgets of oppor t uu umsy The air borne system In its Act ive Mucuowave Workshop Report 1975 p 192 220
consists of a suui n.’Iookmng radii a pa’ .’.m e e nimc ni mwav e unuager a
mult ispect ral low lmg lnt I i msr ’ l  IV a nu mm l tuchan uuu e l  h u m ’ sc au nmuer a CSCL 08J
positIon r e f u ’ n e r u m n ’  system r l  amid i real t m u r m u m processom /dusp lay Oceanic phenom ena with horizontal scales from approximatel y
console The systetmu uelm . it i l y detected amud n apped oil spills and 100 k in up to the widths of the oceans themselves are examined
seeps fan condition s na nuqun g fnon m r dense umn de rcast to clean wind Data include shape of geoud quas i statuon ary anomalies due to
speeds from 0 to 26 kn ots and dayti m e to total  mI,, u kuiess Test spatial variations in sea density and steady current systems,
results demo ums t na se that airborne Oil suryeu l)a iice us puactuca l and and the time dependent vamuatuon s due to tidal and meteorological
the system can be unvaluab le to other Coast Guard missions forces and to varying currents Author
Colon illustrations repnoduced in black amid white GRA N7e.13714# Army Engineer Waterways Experiment Statuoc n

N76-11506 Coastal Engineering Research Center , Fort Belvoun Vuck s burg , Miss Hydr au l ucs Lab

Va CATALOG OF TIDAL INLET AERIAL PHOTOGRAPHY Final

EXPECTED SCIENTIFIC YIELD OF SEASAT -A AND ITS
APPLICAT ION TO CORPS OF ENGINEERS PROGRAMS John H Barwis Jim 1975 180 p ref

(AD.A0 12798 . AEW ES-GI T I 75 2) Avail NTIS CSCL 08/6

P G Te leku In NASA Washungton Seasat -A Scu Contrib Jul Data on approximately 6000 aerial photographic covem ages
1974 p 129 133 of tidal inlets are presented in tabular form along wut lu information

on how any given photograph may be obtained The compm lationCSCL 05B
The Corps of Engineers interest in SEASAT-A is a natural covers inlets along the Atlantic. Gulf . and Pacific coasts of the

outgr owth of ut s mission to protect and manage the Nation ’ s contiguous U. S coastline from 1938 to 1974 and includes the

shorelines In rega rd to the expected pay load on SEASAT -A the following information Il l Inlet narnre , 12) Geognaphuc coordinates

following general study areas can be identified gravity waves , ( 3) National Ocean Survey navigation chars covering inlet 14 1
Georef grid square. (5 1 Month and year of photograp hy 6wind waves, wind-wave interaction , Storms and hurricanes . ice . Federal state , or co mmercial agency holding ImIm (7 1  Pro 1ecncoastal currents . tsunamis . and to a very small extent geoid number . 18) Pertinent exposure numbers . 191 Scale anuib 1101modelling as it applnes to determination of sea level and tides

A uthor Film type Information us also given on sources of additional
photogr aphy. an d on obtaining photograp hy o f beach areas

N76-11514 Joint Publications Research Service . Arlington. Va, between any two inlets An index , by Corps of Engineer Dmst n mct
FUTURE POSSIBILITY OF INVESTIGATING THE OCEAN is given Author iG RAl
USING ARTIFICIAL SATELLITES N76-15321# Mar , Inc - Rockvu lle Md
K N Fedoros and V Ye Sklyarov In its Exp loration of Earth A CONCEPTUAL STUDY OF THE FACTORS INVOLVED IN
Resources by Space Methods IJPRS 65858( 6 Oct 1975 INSTALLATION . OPERATION . AND RECOVERY OF MOORS
p 36-48 refs Trans l rnto ENGLISH from Issled Zemn y kh WITH ATTACHED BOTTOM-MOUNTED SENSORS Final
Resursov Kosmrch Sredstvamu (Moscow), no 2, 1975 13 p Report

Shelton M Gay, Jr Jul 1975 98 p refs
The temperature field and level changes of she ocean surface (Contract N000I4-74-C-03 i0 NA Pro) 294-032 1

were measure d by remote sensors onboard artificial satellites (AD-AO l 3603 MAI-OS 7S-OO 1I Avail NTIS CSCL 13110
Radars and lasers were found promising for measuring waves A conceptual study us repo rted of potential failure mechanns rms s
Ic e cover . coastal zones . ocean bottom, and buoys are also being associated w nth installation . operation and recovery of deep sea
studied by satellite sensors J A M buoy moors with att ached bottom-mounted sensors The study
N76~11817 National Aeronautics and Space Administration us directed to the ‘ anchom -l a ’ ,t mode of installation The effects
Lyndon 8 Johnson Space Centen Houston Tea considered include . among others, unu sual launch geometry. stability
A C T I V E  MICROWAVE REMOIE SENSING OF OCEANS, characteristics of the components luncluding torsional chanacterus
CHAPTER 3 tucs of the cables . both untennally and externall y generated l. relation
In its Active Microwave Workshop Report 1975 p 157 162 of the outlying nnst numment leads to the mooring riser , spmn - stab uluty

of ob lects suspended by multiple lines and hydmodynamic ef fects
CSCL 08J suc h as strum and component nota t ion The length of the

A natuonmale is developed fo r the use of act ive mncmowa x e instrument leads in relation to the depth us identified as an
sensing in future aerospace applications programs for the remote important parameter The utility of modeling and the status of
sensing of she world’s oceans , lake s. and polar regions Summaries al gorithms useful in the design of deep sea mooring unstal latmons
pertaining to appluca rmons , local phenomena. and l a n g e - s c a l e  are discu ssed A general installation procedume is suggested

phenomena are given along with a discussion of orbital errors GRA
Author N76 21862y Draper ICharles Stark ) Lab Inc Cambmm dge Mass

NiB-i 1818 National Aeronautics and Space Administration FINAL REPORT Final Report . 1 Sep . 1973 . 30 Sep . 1975
Lyndon B Johnson Space Center . Housto n, Te x John M Dahhu’ n Nov 1975 15 p refs
TECHNICAL BACKGROUND . CHAPTER 3. PART B lContnact N000t4 74 -C - 0163 , NA Pro1 083 3 18 1
In its Act ive Microwave Workshop Report 1975 p 1 6 2 - 1 8 1  lAD A0 t8076  0 4552 1 Avail NTIS CSCL 08 3

T h us le t ter  report summarizes the work penfonmed by CSDL
CSCL 17 1 amrd refers so technical reports papers and lournal ar tmc le s for

A description us given of the physics of electromagnetic detamled docu mnentatuon Instrumentatio n development for ur s ternal
scattering from the sea and a guude lmm ue is presented to relate wave mnun s t m gat m on and ocean dep loyments in direct engurreerung
an observable Isuch as the radar cross section) to the hydrodynam - Su pport oh M I T ocean screncu ’ programs are In’. u u ) ued This
cs or physical propertues of t he sea As specific examples of win k e n s t a m l s  act ive field pr ograms w i th  two advanced arrays

the interdisciplinary science of electromagnetucs and geophysical n m a k m nq f u n d a m e n t a l  mnu ea smi nements  of ,nterna l waves and
oceanograph y. she physics us discussed in connection with data nmi c ro st m uc t u up in the open ocean the Mucroscale Sensing Array
provided by three instruments namely. the scatterometer , fhe I MSAI and tbme Intermediate Internal Wave A u r a y  IIIWAI These
altimeler , and the imaging radar The data provided by each ‘ .ystrnm s were lrnt. uç4 ned to complement earl e ONR sponsored
instrument are discussed in contest with specular point and Braçm arrays Berm s mda Buoy 11970 7 11 and Ocean Telnscope 1967 69 m
scattering theories Finally, ~he degra ding effect of ex tr nneous t heo metuca l m m d  er pe nmmenta l  unv u- ’st mgatm o n of techniques required
sources of noise us discussed as a limiting mechanism of the for optimum m n’ i tenp ’u ’ t ution i f oceanograp huc m e a s u r e m e nt s
accuracy of the oceani surface mearimun,’ment Author obtamn ur ud from’ rs moored tsuuoy system s are also clescmnbed Thus

w o r k  has f o c u s e d  upon thi ’ basic dynamic  me asurement
N7611820 Nasmon a l Aerona u tics and Space Administration problems emncount eni ’ i l nun the above mem,omued M I T  program
Lyndon B Johnson Space Center Houston Tee and in WHO I moonu’rf a m n as i ’ u m m , unuments  GRA
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N76 2475lq Ilmu , b n umn mu Obsem ~ jt um 5 , uJ’a u s r I u . m u m u , i im i. lu st Nil 10630y Inten A u i - - m m  a - u  t : Il ium al tuna Comn urr nms suon La Joll,u
I m m  V’~,’ l tn , s m u m m m t i u u s ,  f i l m I Calub
MEASUREMENT OF W A T E R  SURFACE I N F R A R E D  HAD IA COMPUTER PROCESSING OF LA N DSAT- 1  MSS DIGITAL
T ION T E M P E R A T U R E  ALONG THE ITAL IAN A D R I A T I C  IMAGERY FOR MARINE STUDIES
COAST USING VHRR SATELLITE DATA IMESSLI NG [S EA Robert G K u m k l m ~~u n m  M m m m i  5 t ft Steven ,sonm . u u m d Fm. ur n- st II Muilem
INFRARO ISTRA I ’4 LUNGSTEMPE RA T UR DIR WAS Fuml u  1976 17 p me l’
S E R OBE R FL A EC H E  IM K U E ST E N V E R L A U F  D E R  I T A L I E  Granut  NOAA 04 6 h i S  44043 i
NISCHEN ADR IA MITTELS VHRR SA T ELL IT I IN DATEN PB 254655 4 NOAA 160429011 Avai l  NT IS
u l e m m , m  K , m m u i m n u ’ ,ki M.uu ‘ ‘his 16 p m I s  lum h u h  RMAN Lt’~I , L  J ’ .,nl f tC AO5 . MF AOl CSCL OSJ
sufli inmank P u m - ’ . m ’ m ’ t n ’ , I at r h ’  .i l m m u t  Hass Imultrm n h i m m m u i .m i i  uu a ru mu i A tmi OC m ’ m l m m i t ’  m u m  w l m m m  mm a sn ’ nm i : m. u I  1 5 m. uimputen p h I m  mmi i i ’
ed A ‘ m u  s h m , u m m .m l u ’  Rannu ~ 

m,l ,, , I 9 /5  was u l eve l mm i m e m l to puou i” , u. data fnui nim the 4 spem . tn a l  f ia m ud s of
,‘m m , u ,i Nt IS Ill 5.1 50 r m n i m l tms l u u ’ m tn , uJ  Sc , u m m u m m u m s y ’  ‘ u - r u m s ai ,oanut LAN DSAT 1 l u ’  the i u_- i - n r a m

A zon e i s u t n u  .i mhus t im uct se m u m m u e m  , u t m ,  i m ’ m 1 m  m l  m , m ’ I urn : an e a m m )  part m l t i me Gull of l.mml mf o u nu u a  a i m  descumhied Mmst luods to u, l u ’’ . ,fmcaIl 1
m u ’  I l a l m a u r  A i l n u ,i mm m i’ .t .sas l , m i m u u m l h ou r,  ‘ me 1,1m m u I  1 1mm ’  puodmmce m l m m i m t , m l  a m. v m l m an~ tu l le’ . of full scenes f nu, m r ’ t h u  L A O S

m ’ n m u m  n o u m n m e m m t a l  eant l  u n ”  ,i i i , ln ‘u a t e l l m t u ’ s  N( IAA 2 3 a l l  ‘I I h u m ’. Compuimen Compatuhile Id s un ’. IC CT s I  amid - 0 m m  t l m n ” .n u m~uIur -s to
m ’oasta l  zoum ir obsuousl y ti lls’ ml ’, inn s l u m -  burn . m m m i i -  1 , 1 1mm m , , 1 m m m ’  

~ 
ccu nrsmuuct  dm g u ma l nnmages using a hum1h . u -i- . u b line pnmr m tn ’ I a mm -

If m m m i  ice mm ut i.um n - .m ty uml s h e  ms_ i t em nvm ,,’ .su’ ’, m. o n n s t a m u s  w m n u m h  s tu n m u m  s discussed Compa muson nub pron munenu t suuf ,u u ,u’ leam ures In the gulf
m u ll u m m ’ m i m  e if t Im ’ -  m I s s  m um) m ml l , . mm ~ s I m m , m m m  t h e  A I I m- . m m i i i  I m l , , -  A I m m ’ u m m i , u i m ’’  . w u t l u  u , m m n u h m u t e r  r 1er ier at mn d tuenmc fu rmuaukm , ‘, l mmm wy ’ m l  th e uj mmddun mj
h u m  ionic m.asi be u n mo m nutoned  penm n a um r ’m i t l l t Ine m s h m m u l m ’  -r a m 1 - mu ig l .urOg namnI tu. be m h m u m t i h  . u u c u i a t m ’  ri ge m u m - m a  t u m u g  qu ’ u~u uu a p I ui c m m l

ut  , h i m u u i.~, u, Ius t i iu u I m m m , u v  urn um u m n un liii’ w unn t ns r Iiuul I y r - mm 11 m u - .- ire bencl iunmaiku , for the full scene mumia gemy GRA
true  m n m m u u u m u j  m s m t l m  t Ine buee A u l n u a r m u  us ahu ’ i us u u t u m m o u s l y  ve ny mum , u , , h

m i u n i u t m u i t  so th at 10,111 I,um, tOrs n e s u l t m m i m l  f rourm m n u u h m m s t m m a l  s i t um ’ ,  ,mi i ub N77-156O4~ Nasmo m ual Environmental Satellite Service Washing-
. ,m l i .uniuz at ,onns .m mu .m to be take m n into consuil r ’ m .mnmonn coni u mm m i n i m u m u  hf umnm n son , D C
i h u u a n t u t - l  I m m u  this sumu a l b  cons ta n t tm a nus 5 .uons Lam e mu mime m iai ,i.il S A T E L L I T E  D E R I V E D  SEA SURFACE TEMPERATURES
mica mum ur nu ur ne uf uate I m um mut  of t h e  l t , m l u a nm Au ln uas ,c  lIm e me ’ , , m l ls  ml FROM NOAA SPACECRAFT

e u m c m r O u i u m m u - m m  al i ma nt l n m mm m.eam( Ii ‘..mte l l ites m u m .ihi m’ it 11,1 ‘.‘.m kuh m ’ to canny Robert L Browem 1-hilda S Gohrband , Wul lmam 0 Puchel T
nui ut  lange m imi - i Ii .u mi mn mn g s anud laum le ,iu u ’a S im5 .ie rsmusuoni- , 11 mm - pues en ut Smgnoie and Charles C Walton Jun 1976 84 p rels
m e S um l t  us c a n t  oh a vo bun nimnous m.tuuly hi- s m u u h m u n r q  t Ime s u i 1 u u m u  m ’ . i mu m m IPB 258026/4  NOAA TM NESS 78 NOAA 760624011 Avai l
of t h e  Europea m u waters  aund the atmnnos p hene Ilmuu ov uunlappunnq NTIS HC AO5 ,m’ MF AOl CSCL 08J
st i lu ls mu, nun shun luanuls u I  the Eumnopoa ni Cou ncil ESA Sea surface temperature values were derived from scanning

radiometer infrared data from the NOAA series of polar orbiting
satell i tes The technique used to obtain these temperatures was

876 28628’ mi N orm al u’u i ’ n iu l u a u i t m i ’ c .in I Space A u l m n i m n m m . t ’  , m t m on the fully automated computer procedure, GOSSTCOMP IGlobal
(,odd 1mmu) Sp ,um:e Flight Cour te r  G n u m e m n h m u - l t . Md Operational Sea Surface Temperature Computation) Sur face
HYDR OGRAPHIC CHARTING FROM LANDSAT SATELLITE te mperature retrievals were derived by stat ,s t mca l analysis and
A COMPARISON WITH A I R C R A F T  IMAGERY qual ity contmoh techniques app lied to instrument measumements
[ Im m at ie th  M Mmddleton iCompm mt . ’ m Scm e nmce s C,, m u i ,  Su l c m ’ m Spm m m iq covering roughly  100-km square areas Retrieval temperatures
\ 1 m I m ,um i mh Johni L Bui m k m m m  May t 976 10 p u ’1’. P m m m h , m , s r . i l  for were corrected for the effects of atmosp heruc attenuation by
Presenta t ion ,ut Ocr ’ ,mn u 76 Co il V’m’ . u s l m . m mgto nl D C 14 16 Se1m t using tume - councrdent  measurements derived from a vertical

976 temperature profile radiometer The basic product obtamned was
‘N ASA TM - X 7 1 1 4 6  Ii 923 11, 1 ‘ I\i,ui I NT I S  f tC  S3 so a dail y set of 5 .000 to 7 ,000 obser v atuons of sea s o l ace
CSCL 08H temperature over the oceans of both hemispheres GRA

TIm e r m n l a t m s m ’  capabil i t ies of tw o  mcmi me s emnisunim l ‘-y ’ . tems in
mn’ieasun mng depth mmmd , u u u m m ’,m - m  m u - m m t h y I u m m t 1 m ~u i m m  , m m u  m u m , ’’, in s a rum ly  N77-23587e E u m .  m m ont r r u e m i t a l  Rese.i’ m ii Inst ~.m ’,t u m i m  h arm A m
luottonu rmd anurl seul u ’ u m m ’ n m  t laden r m m , u s  ii waters  were det e nn cim mm ub Amb o m
m m i u . i n m t . t , i t m y m ’ J y The m m ml m I m i - i  ‘ m l  sc m u i i u u u ’ m  ,M5SI. u u u ) u m t u n d  on 11 mm - ’ B A S I C  I N V E S T I G A T I O N S  FOR REMOTE SENSING OF
LANDSAT 2 Sa s el l u te ,u i m i l  ho’ o i:m iani color scan ri m” 1OCSI Ilowum COASTAL A R E A S  Quarterly Report. 1 6 Jul - 15 Oc t
on U 2 aumcnab t  we r n mms n m u I A m i , u l y ’ sm u, of m ni uagc ’ ny ak i n s innu ultan 1976
n~oimSI mm m I m i  . m t m ’ s  ,i p l u t i m u  t . i I ‘on hydnoq u ap him, chart ing oh near inc A A Shm uc lu miami P A Lyzenqa am id F J Tm mu. im m iso n 1 9 mu

ua s t a l  anrl ., m m ,illow shelf d rum ,,’, even wlm e m m w a t e u  turbidity is a 6 p cbs
l,um , t ,um Su ’v u -  u . m l  of t Ire r mum l lst o t u tmca l  m .Im ,uu i m u I ’ . i v  ,i m i n ed on 1 mm -  m Cant mac I  N000 1 4 74 C 0273
OCS were h uu m, n d to lie s u m u i s m t m v n ’  50 m l m m p l h m  or t l u i p 5 h . m n lat ~~ul ‘AD  A 032447 ERIM 108900 8 LI Ai,j i l NTIS
un fon nnatuon The gnnates l  s e n m s m l i v m r ’ i c’ . is In OCS .110 544 or ftC 401 ML AOl  CSCL 17 8

0012  nm ucronn s b fr o nym sslumc h u m u m m t u u m u m  co mn e sp onmdumm g to ‘ ) i m pt hi ’ . Diur m rug tIn,’ p r i m e ly period 16 July 15 Octobeu 1976
m m 5 m  h I  12w m’ ,n ’ mi ’ 1 , - m u - u  mr’mu mme d T Ire shamp mre ss ml bum- c u ’  c O ’ m h m .u m m m ’ . t hu ne e pn u ncmp le a m : t u v u t l e s  took place The sn mu, om ’  I s e a ’  ‘ m t  i - - i n n - ,

mm ml th um u m spu  al s h. mbu h, t  t i m  usiuu l l’n t Ime smuqu I u ’ s lu.  tha t  ulius mm I lung repo r t  w a s  puintemi a i d  m l sIn l imited Work w a s  conup letech 0 mm
mac t ranc e us a measu re of m o t h  m u m  me l l€mu mt ance 1m m) not of vs , i t u ’ u  u m l u la .  m m ’ m m 1  c r i t ica l  ops mca l pm o pe ’ tu m ’ s  of beach num ne na ls t m  l m m  used
t um u lsidit - The S w i m  v i s u h u h m u  chau m nue ls  on LANDSAT mm MSS we re as - m u m ~ m m .1 ,. ‘ t i m  t Ire Beac ln and m sv i r on mm i m mul  \ l m imli” ’  In tlne i’m m t . ’ ’

u- cs ‘ , u ’ m m - . m t uve  in tIn ’ duscn un m m n m , n tm o n  of c o u m t o l m m s  wm ln u  depths um lu - m m 0 u h u u l m t i g  a rea  the w a men Iutm(m . m m m i  nnode’l was tes ted  m im I mc i - m I
rum 8mm un t h e  h u m 1 h m ‘ 1 m m r ’mno du m ‘ 3 v ’ d m ’ te rm i n om u l  In MSS 4 .11 5 to ni a s t u d y  f u n  the Naval Coastal  Sss tems Lab and analysis m m ’
0 6  r u m .  ,ronsi A . m t h m , u :  m r u .u di’I mesu m ltm, mi t h u  c a r t - v t  of MRA m h i . s i . ’ m m ’ ,u m ’  emit has t mi’ q . . u .

Ii, co nm m us ’ I.t m on w it h  t I m , ’ . task a i’ll mm ’ w a s ’,,’ ’ mt r u m  th e Editor
tspplu eri O ptum s on t I me  ‘ “ h im,  t a m m . . e of a f la t  ocean in the limit .1

N76-31879~ l u m l u u m m m m  it,, ’. Inc., Fiockyille , Md
S O V I E T  M A T E R I A L  ON I N T E R N A L  WAVE EFFECTS, zero wa te r  dept lm GR4

NUMBER 5. MARCH 1976 A74 37395 • Microwave radiometer measurements of the
Stuart G Hubbon , John Kourulo , B L Shres la , and M Ness Cape Cod Canal . C. T . Swi f t  (NASA . Lanig ley Research C e um l n -m15 Man 1976 100 p turIn,
IContuam 5 MDA9O3 76 C 0099 . DARPA Order 3097) Hampton , Va .( ,  Radio S memmu e, v ol. 9, July 1974 , p 641 653 12

lAD A022472 l  A~ , uu b NTIS CSCL 0 8 3  refs ,

T hm s collection of h m - . tm ,u u  1’. on qenr eratuon amid detection of Microwave radiometer measurements were conducted from a
in ternal waves us based on utenus listed in sIne f i f t h  Bibluoqrap hy rai lroad bridge which spaurs the Cape Cod Canal urn Massachus etts

ml Sovue t Mater ial  on I n t e r n a l  Waves t um ihi l us hi m d 10 Nov 1975 Data wenim collected as a h mm um u I b m  u I  vnewmum g amig hu’ amid polar izat ion at
which covers matermal  m rmcemve ,l Jmune Om,t 1975 The abstr acts frequencies of 1. 4 , 4 0 , auid 7.5 OH,’ The resul ts compare duf femence s
are duvmde ul unto m um nem u na l  u’b f m m m ’ t s  and ‘, m m m l u u m  u - e f fects comp mus ung in the microwave immm ,s’ - my of a smooth vs nmuuqh ms,m ne r sum lam ’
active and uu ’ m ’ su ve meas mu me mn ienut ml wave states An author Results are a lso qmve m m which show the ‘ l I d s  of moughness on the
index is apprnttded GRA bus ta tuc  scat temung of sun nhuqht. lAuthom I
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A75’l 7208 # rs~al 5s ’ f ,equ ms ncy rad ion istr ic tneasursnsenta of I h u , 1 m m - ’  .s u mjm n n’ ml u.i t miami, ui i h m ummn m u j  wu t h m , ’li m i um I ml m m I u.m s u l am mk toni t ) u m l m m- m mm

foam and a mono moløcular sl ick. B Au , J hi. u ’ u m n m i ’ .5, L U Martin m m i m m m u - m u m m  a t m u m n i  , n u m , h  w i n . ’’ n i ,mni ’ , I u . m i m - m  ii y ‘ m m m v  mr ‘ m , m u  nmiat n ’d as l u u m m ’ ,m m

(U S. Navy,  Nasal Rese arcfl Lab o rator mm Washm u iq n mu rn , D.C I . a m umi 0 l u u um m min is  m m m Iu ~ m m m i  m l u,m l m . . m n i ~um l im e  i n n s  Pm gni m , ” m  i c u u u m c u r u m t u a t m u i m m

Ross (NOAA , M ma mmi i , F I a I . In ‘ I muter  nat ma nu a l Sy urupos mumni on H emote m’s 5 unmm , utu ’ s S hims o htamm mu-u I  an - ‘ u n  i h um ’ s, ’ I hi ’ piiom I , t us at least  liii II ,

Sems s ung oh Env m ronme n ut 9th , Ann Arbor , Much , Ap m mh I 5 19 , 1 9/4  1mm , ’ to lb m i u m u  a b un , ii sit m u m , ’ , , , ,  I t im, ’  h u m ’ , m m  ,‘ u ”mia i u u u  mridi’h ammu l slim ’
Puoceedmn gs Volun’ne 3 Ann Arbor . Mich - , i mu ll ,- ct of u i h l  m m ’ m m m u u  m u m  i l l  v m m m lvii r e t  ‘, mm l is ia m m , ’ , t y u m m cal ly Ii i ’ s - n  ml  m u

Environ m enta l Research Im ustu tu te  of Michigan, 1974 , p. 1 763 1773. ‘m” .l war m ~ lAuthun I
Mncrowave n a dmom mm tmmc measurements have been wade of both a A76-28079 • Application of remote sensing to thermal

s u mu l - Zonre aund an unCe,mn region w he ne small scale uou.mghr’uess w as pollutiun analysis. ft . W. Huser , S. S. Lee , T N, Ve z m r o gl u , and S
suppressed by an ar tm l ncua l  monomolecular slick The foam measure ’ Semi pmm pna (Miami , University, Coral Gables , Fla .( . In’ Remote sensing
menss show near ud entuca l loam temperatures at 8 35 and 14 5  0Hz , oh earth resources Volume 4 Proceedings of the Fourth Annual
but lan ge vammatu o ni s at 1. 4 GHz. The n e s m u l t a n m t  maxnmum foam Conference on Earth Resources , Tuallahoma , Tenn,, March 24.26 ,
e mm ss mvut ie s at nadir range f rom 0,57 as 1 ~4 GHz to 0.84 at 14.5 0HZ . 1975. Tullahoma . Universi ty of Tennessee . 1975 ,
The p esence ob the monomolecular slick on the ocean surface had p. 48 1-497 . 20 rebs. Contract No, NAST O.8740
the same effect as a decrease in surface roughness. For horizontal A comprehensive numernca l model development program for
po lam u zatu o mi , the emission decreased below that of the surrounding near - field thermal plume duscharge arid man f ie ld general circulation in
ocean for all viewing angles, At vert ical po lar izat ion , t he emission coastal regions us being carr ied on at the Un ivensmty of Miami Clean
decreased below and mncreased above a viewing angle of approximate’ Energy Research Insti tute, The oblectuve of the peogram is to
hy 60 deg. (Author l develop a generalized , three’dumens,ona l , preduc luve mode l for

therma l pollution studies, Two regions of specif ic application of the
A75-22724 Computer enhan cement of ERTS-i images for mo del are the power plants si te s at the Bm sc ay ne Bay and Hutchunson
ocean radiance t , G. A , Mau l , R . L. Charnell , and R , H, Qua lset Island area along the Flori da coastline Remote sensing from amr cnaft
INOAA . Physical Oceanography Laboratory . Miami , Fl a ,I ,  Remote as well as satel l i tes are use d In parallel with in Situ measurements to
Sensurng of Environment , vo l .  3, no. 4 , 1974 , p. 237 - 252. 12 refv .  txovide umufo rm at mon needed for she development and veri f icat ion of
NOAA’supported research , the mathematical model, This paper desc mibes t he elf orts that have

Subtle contrasts and low radiances observed by the ERTS been made to identify problems and limitations of the presentl y
multispectral scanner over the ocean require computer enhancement available satel l i te data and to develop methods for enhancung and
for adequate analysis, Experiments designed so evaluate contrast enilargum ng thermal imubrared disp lays for mesoscale s m - a  surface tempera
stretching. rat i oing, duffenencing . smoothing, fi ltering, and false-color sure measurements lA u t h i m m u  I
enhancing , indicate that the best information can be extracted by A76-28087 • Applicat ion of ERTS- 1 and ,r , u h t i ~ai exed S LA tS
simple conTrast stretching. Spectral analysis ob she data shows that a imagery for the study of f l ooded shorelines. M L Bryan )M ic b um q a n
lo w -pass, two- dimensional bitter kernel , desi gned to be 6db down at Ennumronmm ’nta l Research lmis t u t imtm-  Anm i Anbon . Mich I, 1 m m Remr,ut im
10 scanspots , effe ctively eliminates she ox Imne banding caused by se nsmnmq oh earth resources Volumu - 4 P m mm cm i- l h m n i u l s  of the Foumt h
the multispectr al scanner design. Automatic contouring techniques A mnnui mal C u u n u l  n - m i ’ m m u ’ ,’ on Earth Rn-s i iumces , Tul lahoma , Tenre , Munch
require care ful scrutiny because data fields are created which can 24 26 , 1975 Tul lahoma , Unuvni rsuty of
lea d so false in lerpre t ations. Joint histograms of oceanic radiances Tm ’ n ’mn i’sc ,’m- , 5975 , p 601 - 619 7 n m - I s  Coum tm e n  No NASS 21783
did not prove to be useful due to the how range of energy in the NASA Task 6
sever al spectral mnterva lv . Comparisons of satel l i te data with surface The’ malon punruosu’ oh thus stud y is so d m’ term m m uu ’ t h u  m u m u r a c y  of
shup observations confirm theoretical predictions of the diff iculty P visi,- il m umt empmu ’ t a t i on s oh data from two di f lu ,’ mm ’ m i t  sensors IERTS 1 ,
interpreti ng scenes of the coastal zone, (Author ( ER M’s multup l u . m m u . u )  SLA R i  for th e st u md y ml blorndm’d s ho u i ml unne s,

Uncom plmca tm ’m I and t imum a ri l y  visual interpn uttatmo ms techniques areA75-271 29 Nume,mmtal testing oi an ittimetet ceducTion
method, W. E. Strange (Computer Sciences Corp, , Falls Church , Va, ) .  i’mt’ih m m v m - i l  T I  mm -sn ’  methcuils ame co n msmn lerm ’ ,) most neadu l y availa ble to

ofbucua ls oh lm mca l arid sm all ueqmomia l organizations who may niu’u ’ m lIn: The use of ar t i fmcna l  satel l i tes for geodesy and geodynammcs,
Proceedings of the Internatuona l Symposium, Athens , Greece , May mapm d recoui miam ss,i nce mappiung and u n u b om matuomi for 11m m ’ organization

ob dms as ser n h ’ 1  Assumptions concet nim nig the timel y mec m ’ mpt of such1421 , 1973. Athens . National Technucal Uni’
ii’ n mm umtm ’ l  y su ’ns r ’ m l uia s a by those dir ‘es m rig thu rel ief have I u r n  u made -versuty of Athens , 1974 , p. 80 1 -811 , 6 refx,
Genenal ly, mm ms detm ’rm inii d that ERTS 1 and SLAK data a n ’Tests are reported for a method ph recover in9 improved gravi ty
comp lemmmn s m m my ,  especially with respect to thu’ m ntempt e ta l ion i  obanomaly information in a local area of the ocean using al t imeter ’
ur ban on built up a r i a s  w hich are flooded , a n d  togm’thu’ i they canderive d geoid height information In the local area. The tests were
puovude the ni’cn ’ssary in lormatmon lou guiding re liu- l opu ’ natmons.conducted to investigate the accuracy with which the gravity field 

lA uu t hon I
can be recovered with alt imeter data of 1 to 2 meter accuracy, the
level of accuracy ob the GEOS-C altimeter. Computation of detailed A76-3 1482 The study of ocean circulation from space. G.
geoud heights from satel l i te data is outlined , and tests made with the A Maul INOAA , A ; l , , m m n m c  Ocrmano qmap hmc , um mml Mm’ teon o loq uca l  Laboma

GEM 4 satellite are descrmbed , It is shown that recovery of a more tonics , Miami , F l a , l ,  In Technology for the nems’ honi,’on, P mcucu mm ’ u hm m m q s

detailed gravity fi eld than that provided by satel l i te gravity data iv imb Ihum Thir lim i’nth Space Congress , Cocoa Bum am’h , Fla, , A tnn m l  7 9 ,
possible with the proposed method . F ,G. M. 1976. Cocoa Beach , Fl~ .. Canaveral Council of

Technic al Sc ucmetm m ms , 1976 , p. 3 2 7  to 3 36. 21 m m - I c
A76-20334 ‘ Ocean color spectra measured off the Oregon M,i1or oceau m c u m m u ’ n t s  have s m m m l . u m u ’  miam i , lm ’ s b , i l m omn ’  tha t  - m m .mb~
coast - Characteristic vectors, J. C. Mueller NA SA Gocfdarc l Space them observable by spacecra lt  s i -u lso ns , lJmuuhi ’ r  e r r  t a m  c u i u m m ) i t m o f l s . a n y
Flig ht ceu mt , ’ n . Hydrology anrl Oceanograph y Bram ich , Gme e mibc ’ It , m mn mu ’  or a c o m l u . m m , u t  - m m m i  mu I th~ lnl low mnq ‘nay be umseil to di m l y the
‘- t i l L Applied Op tics , vol . 15 , Feb. 1976 . p. 394 402 20 m m l i  cur n m ’ u m l ’ s boum md ,imy chimnmqes mm sea su r face  ternr l ,’’ s i t . ’ sa l unu ty ,
Con m m met No, N62306 7 0 C - 04 14 , cobo l rh I huse I - sea S r . ,  I’’ (s~ um ’culan I - s r i  sun I m u m ’ t ou uumm b n  am In ‘ ‘ave

The ocean color s n m m - d t m  um us defined as the ratio ob the spectium r e b m a i t m o r m  h m , , t l u ’ m m u s . arid mod ih m catuon ms so ‘mu ’ lous ’u’u . mt m ” ost he re
of I m u j h t ii pwmml lenI from thu sea to I hi’ specs rum of I mg hs incmchent on I m m fr m mn r ’d sensors huivi’ luu’ui n mused utm ost “mu te ncu vu ly to stui )~ oceamn
she sn ,, sum lam ’u’ , Ocr ’am m color spectra . obsemved bmom ant amnp l ane blown c umm:uil , i t imiu i , however - mm cm m m m s tm mu men ts  s um ’ui as m i a s s m v u ’  and mm ye
oven waters  uu l l  Orego n, a im  an al y z mmd The Origi n al shunmi ’ t ra are  nmi mc ml ’mw,ive sem isom s c ,, mn s i - r ise t u rn  5 m m  ato ne , s a l ’ m m m t u, sea slatr ’. and
rm’sohve il mm to I m l  ly  - l iv” wave l u - n i l l m In binunds . each 5 rim wide. The sun l,me n ’ topogn asih y aniul mumb s mspec In ab m- m~~h I i ’ scanu ni- us arid slm ec tm o
shapes ml tLiesu’ s pe c t ra  an” tu ,u namete mn ,e c l by, and shown to be nauh momet u’ ns a n ’  s s iovm n hm n q new umi bomm a s mo ni  0mm ‘mu- m a n  color a m um l sea
3( 1, m t ’ ’  l y recover ,ibml fro m - therm b u r S t  forum pm m c c i  pal components - sl u t ’ ’  Man ’s r o h ’  as ,, nm o imsimrver and I r I m uubou b m a t . hi ’ m ‘ ‘ am ‘dims Ihe
Thi’sm’ comlx,mm r’rnts are liii’ s, alan rmmo lm ’ i I ru n s ob each specs ’ am on the hmqhes t s p i t  m ml m esolu lion to dali’ Ii um du’scn ‘ 1 m m  mg visible chanr ilu’s Ii moss
f m r s t  I mu i r  char ac t e r m - t m ,  a ims, mrs  m m 1  the sample covariance mast ,  mm buuuuidan mm ’ s  as Well  as ‘ama amid swell m i t t  i - r u m s  (Auth nu I
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A76-32425 E mi trac t ion of oceanographic inform atio ns of oil I m Inn I is whu mu ll 5 1mm- su’a sun I an,, ’ is u:ouu ’m ed u u u u b m m ,  ‘nt p m i)ui’ i at um ig
separatel y from atmospheric unformateons using space-multispectral i nn I h r’ ” u mu ’ cnn al m u ’ m l m u u i i  m u I 1 0 m mu 5 3 mu le h u m  s lAutfu imn I
Imageries. K Wata mmab u’ I T , mk , mm Unmu e nsuty ,  Shimizu , Shm z uoka ,
Japaru l In Im n t u ’nn ia tuon al Symposium on Space Technology and A76-35062 Remote sensor for measurement of a tida l
Science , 11th , Tokyo , Japan , June 30 Jul y 4 , 1975 , Proceedings. current velocity. S 5 s , , r sm mmm , ~r’ It ,,b una lKyu.mso ) m u s t m t u t u .’ oh

Tokyo , A GNE Pub lm shumi g, Inc.. 1975 , p. T i -,: humolul yy ,  Mass umj asak i , Ja t uamm l . m m m l T Tahuaqi I F im b mu uu ,unisi Uuim
909 9 5 3 vu ’ , s u t y ,  Fu mk u myama , Hm moshun ma , Ja t m an m ) ,  1mm l nmtu ’ u m ra t  h u m  ii Sym nn t s u msum im

An image masking s ech mnuque has been developed to separate omi Ru ’m nmmm t e Sen usunu g oh L ‘ m m ’ ’ ” ’ ’  nu ’ ur t . 10th , A nu m A u ) u u m m  , Mmch
areas ob turbid wate r br o m cloud covers , smog layers , and sung hunt un Octo hnn’ i 6 10 , 1975 , Puoc ‘ u - u ’  l u n g s  V m m l u u m u u ’  I
Landsat 1 mu l tmspe c tma l Imagery. Due to the attenuat Ion of ref lected Ammo Am h,or , Much , Ennuur urnm mmn ut al  Ru’ su - .mu cin l n u s l ’ t m m  mc mi I Mmchu g,i mi ,
light dumumi g t ransmn ss ucm n throug h a water layer , oceanognap hmc 1975 , p 637 646
inbon ma t m o nm canm be e S t racted by image s mm btr action ol the pas te r n in Arm amp h mt ude mnmo u h mulatu ‘m I rim s cii’ I umu ul s s u,mmm , ’ Jt~ )l I’ at l i i i - , I u I
the MSS 7 bandpass (08- 1 . 1  mucrons l ho r n  the MSS 4 or MSS 5 m u ’ n n n i m t , ’  s e m u s m u u g  oh mmage ee loc ity  ‘5 I m . ’. m 

~ un ol sc’nsom wish ,i PluS
(0 .5-0 6 am md 0 6 0  7 mucnons , respectuve l y I pat ter ns by an appropnu - m h m ’ l , m c h m , n  was lm uu l t to t ,’s I tb, t n i a s u hu m l ut y  mu l  mi’asum mmg I 1m m tmmnm pou il
ate optica l or dig ita l process Results obtained Ion Osaka Bay are v ,u m ,,itiOn of a rapid tmu l a l cmi r u - m i n ce locuty mu the l u m l a m u d  Sea
discussed C, K D F eas u bu I uty has bn’euu dmmmon mst r asciI am mm I . 5 shiuuld hi’ possmbln’ t

develop a sys te m that could rn u m -a su u n m’ I I u m m u s n a n u t a u  mo o s  I cIa1 cu m m , - ’
A76’35002 u. Utilization of remote sensing techniques for vu ’ ) ocuty  A modubmed sy s m” mi i , which ‘an, nni, mku - a s mr r ’u uh5~umum ’ ous
U. S Coast Guard missions , G. F , Woo lever , L. A . Ki dd (U.S. Coast murasumu e me ,m s b u t  the ma i jummtui i tm ’ ’ ,mnul uh m ni ’ c t ,uum u m m ~ I I,. ‘ ud,m b cu n u n
Guard , Washington , D C I .  J. P. W elsh . J. A . McIntosh . and L. ~ v m ’ l u m d m t y ,  i s puoposm mul hu y  shu ’ a u t l r m , u s  h A s u m l u on I
Farmer lU.S. Coast Guard , Rese arch and Development Center ,
Groton , Conn ,I, In: Intern ational Symposium on Remote Sensing of A 76-351 17 Rensote sensing as it applies to thi n Interna
Environment , 10th, Ann Arbor , Mich. , October 6-10 , 1975. Proceed- t iona l Ice Patrol. A U Su,’mnm n m m m l  S. H l ) s ’ n m , - m h i  S Ci,,,- ’  hum m a n i l ,
ings. Volume 1. Ann Arbor, Mmch ., Environ- Govennnors Is la mrml , N. Y l .  lui Internat ional S~ ‘ m m l , m m s , i u u n i  oui Rm ’ r n m m , m .
mental Research Institute of Michigan . 1975 , p. 3-16, 8 refs, Sen isu nm q oh E cv i  ronmeni 5 , sOth , A ni nu An Imom - \t  mm h i . , Octol ui , ii 50 ,

The US, Coast Guard mx imp lementin g a variety of remote 1975 . Pr oceedings Volume 2. Am m mu Arbor , Mmi i
sensing techn iques in the performance oh several missions , such as for Enmvunoni m im nt a l Ri’seanch I m i S t i t m i t i ’  ol M uchi i m 1 ,m m ’ , 1975 , p 1731 1,1 II
pollution surveillance , ice classif ication , iceberg detection and classi- 7 refs ,
f m c a t m o r n  vessel tra lfuc system development , and search and rescue. Poor success males in detect i n g mcu ’ hv ’ rgs I,’, w in m m , ’ r auhan leaul to a
Recent act iv i t ies are briefl y descri bed. including ex amples of imagery conitinued rice d b r  i ’ l l e c t mvu ’ monmtom mng of m l mm i upumig corn unIons by thu m
and forecasts for future applications. (Author( International Ice Patio) . Several remote s r’ ns uung lu ’ I I im im i . h i i e5  have lum en

investmqa sed as possible means of umprovumu g thu suv ’ u’iI ,im’um l accuradh
A76~35O12 ‘ Automated measurement of sea surface tern- ob mceberg detection and tnack u nm q. A precision nadl atuor m t b m , . m  mo n nu’t ,’m
perature from a qeostationary environmental satellite. J , D. Tarp ley
and B A Raymond (NOAA , National Environmental Sa tel l mte 

us routinel y use d in amn hornne recom m naussanc e mussuo mis to map sea
sur face sem im pe rasune Ion use in iceberg “ m mn ’ l t  m h m ’ t m ’ n  m m natuomi s  and in

Service , Suitland . Md l ,  In: International Synmposuum on Remote delecling current pat terns EA TS-A  imagery Im o n m i Retur n  B - simm
Sensing of Environment , 10th . Ann Arbor , Much .. October 6-10 . Vudico ru bands in the 0.6 to 1. 1 micrometers band was found to lii’
1975 , Procee dings. Volume 1. A n n  A rbor . Much ,,

min imally applmcab le to iceberg detection due to frequent fog cover ,
Environmental Researc h Institute of Muchugan , 1975, p. 139-148. 5

time delay in user recemp l of data , unsuj b fucue mi t l y l u m i m ’ resolutIon , arid
yls ,

insuff iciently frequent coverage. A hmg lr degree of success in ucu ’ I uu ’ngmArt automatic technique has been developed to measure sea
detection has been obtained usmng uude-Iookinq amr l io nmue mamlan data

sur face temperature using 10 micron infrared data from a geostation-
Target discrimination is accomplished by a n a l y s i s  of hiasmc d u n ’s .any operational environmenta l satel l i te , Temperature derivatives are
mnc lu ding size , shape , shadow . tu ,’vl ure luat lu ’nn . edge . ,‘.,m k u ’ , and Si mm ’

used to discruminate between cloudy and cloud free areas . Sea C I-, P
surface temper atures are retrieved at a resolution of 25 km and
checked against a f irst guess field that us maintained and updated A76-35124 Remote sensing techniques applied to the
daily, (Author) stu dy of fresh water springs in coastal areas of Southern Italy. ,m

A76’35017 — Addressing the remote sensing ‘data. Guql iel mu ni i’ t t i , Ft B m u l I m  u I IDROTECNECO S ~n A - P,’s,im mm , It ,u lyl , , m m m n l

in fo rmafio n gap ’ - Overhead monitoring in New York’s St Lawrence C M Man limo I IDROTECNECO S p A . ,  P u - s u m  m m , MIla no, U nm a n ’ n s i ta .

River’Eattern Lake Ontario coastal zone , T , M. Lullesand (New York , Mulan , lta l y(  I mm l m i tn ’ m n m ,u nm oni a l  Symposumum inn Rn ’m ot u-  Sn ’ nsum mq ol
Env ino ummer n s , 10th , Ar m mm A il io m , Much Octobi’n 6 10 , 197S , Procu’ed

State Universmt y, Syracuse , N.Y.( and W. E . Tyson (St. Lawrence-
Eastern Ontario Commission , Watertown , N. Y .) .  In: International ungs, Volume 2 Anmn Am lu , mm Mmcln , En uma mnon

Symposium on Remote Sensing of Environment , 10th . Ann Arbor , 
mental Reseamcbr Ins t i tu t e  ob Mm chimg, un , 5975 , Ii 1297 1309 7 re In,

Much,, October 6-10 , 1975, Proceedings . Volume 1.
Ann Arbor , Mich , Environmental Research Institute A76-38128 ‘ The application of Land sat -1 digital data to a

of Michigan , 1975 , p 189-201 . 11 refs , study of coastal hydrography. A P. Bukata . J. F Brunorm , J H~
Jerome , A 0 Bobba (Can ada Centre Ion Inlanid Waters , Burlington ,
Ontario . Can ada) , annd G P H a r m s  IMcM.usri ’n Un m rv e rsuty ,  Hammbt o n ,

A76.35019 Detection and analysis for water surface On tar io , Canada) . In Canadian Symposium on Remote Sensung, 3 m m ,

covered with oil film, M Matsum , S Tsu ls s mrn i ) Kyo to  Inst i tutu ’  01 Edmonton , Alber ta , C, ummada , September 22 24 , 1975 , Pnoce i ’dn ngs
T u ’ ch m mo logy, M,ul suu i l ,ms,u ki , Japan ( , and T Takagi (Fukuyama Unu Ot tawa . Canadian Aeron aut ics and Space miss ,
v n ’ nsu sy,  Fu k u y a m a , Hu’oshuma , Japanil In - In ternat ional  Symposium lute , 1976 . p 331 348 6 ne ls,
on Rem o nm ’ S inu s,, ‘t oh Enm em monment , 10th . Ann Arh um n - Much - Dugita l apparent radiance data l uumm the Landsat - 1 spacecraft .
Oc t m u b u m ’ r  6 10, 1975 , Pm mmc ml m mmm y, Vu lumit 1 collected a louug the m m  mash Ii m m , ’  01 Nottawasaga Bay mu suu 11th ’ ‘ m c

Ann Ar lxi,, Mm cli , E m nvun o m nmm ’ m m 1,11 Res mm a m ch I mis t  m l  h u m -  ml Much 9am , Gumor qu au Bay. have ~ ‘erI usi ’mI to study shim apt lmcal ion of such data
1975 . p 223 230 So coastal ha t hymm ’ nnv These data have been compared w uth m m  s t m n i q

f I rm ’ anlmlu t v,’ h,mn I. grciunnui ‘ .1,1 ni um sin from all ma t n - m u , i h s  otf im’ m Shari hnyu Ii ogn aphid ili um ts Ion am m’as whuch havu’ beer, us,’b S u) ’’ ‘‘cml mi I ernnm s

thi’ t i n , 1 , -  ts to he i Im’  t i -n - ni ‘m l  ~~ ‘ s ’  S .  .i Wi bl ~ 1i 5 l i nmm l  ih n m mu u the passm v m’ ol depth contours  TIm , ’ result us that the Ban d 4 I 0 5 - 0 6 nm I n  din, I
nb, ui ‘ u ) ,u’ rmso rs l’f iu s rm m port i lm ’ su ’mmhi p s brumh th” sc ,un m nurn g .mumqlm ’ MSS data  c l m ’ .m n ly ,), ‘ hm n i ’ a t , ’  II,,’ bottom contours in coastal n e g m m m n ns Ion

u h,. I ,, ’ . u tbm . nu i ’m .  ob thu s patial  na nh ua m ncm ’ s l r s tn ih i,mt im ,im iuvr ’ n thi’ si ’ .u smum lac u ’  which I Ii,’ si m m l a m , ’  tumbi d i ty  i’ sil l nstannt i a l ly  li’ss than 1 F TU Ut ,), ’
m mm l nh, ne h a m . u , m m ’ ,h ‘Ii m u  I thm’ w a  s lim lam’ ’- m anhuance vu ’ ’ sum s the rIm rck r im ’ s ’ .  such cond u t ow ns , m 1  I ,,i , ‘ s c m  In ’ n t~mr I mum l  m m 5  the ma v i  mum olit meal
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b v ’ n u u ’ h i  an u m m i u  , h , ’ l u u i i u m u l  tI m , ’ 8 ,m nrm ) -I n m ’ s t n u n n m ’ . ’ ’ m l i x. 5 lii lii ’ , i l um , mu m 1 4 Snirall c ra f s  leeway is des erumu in med as a hu n r d tu o mu of t h e  w uuuul

mini m u m s  rI m m - m u m - u I  )v m i ’ t i j u I i  m I m i  ,m m m - h ull a ’  I , Ii i, m u i b , u m m m )  L ii,,’ ,‘, ‘,t mi,Cd in tIme ma n ge ob 5 2D knots so , - m m a l u l u ’  nooSe p n n ’ m u’ ,m’

(luscius s i’~I mm ’ I ’ m  m i ’ , ml s ’ , , Iu i  mi m i c ,imuu l l m , , I t m m u m m  u~lIu’i t ’ , A t t i - m n u l u t ’ . a’ ‘ 
honvca stu ng of the leeway dnu lt o f um dlss nessed surface vi m ’ .se l as

n n ma sh m ,,n c o u - m h u ,um liuu J 1 1 m m -  L,m mm d ’ .,,l 1 i l iuJ it al ilat,i sn,m m t h i  ‘ m u m  , mt uu ’ in n - ,, .5 mm ,‘ ‘ mmd Leeway ms aIm ulated by nnuea sunen me nm s of S I m m ’  sepa nat ion
ulls sim n mc e of tIme small cra bt  from a dyed patch oh samba , e w a r e ,

‘ mu - n u t s  u I  m u j ’mt m c . u I  m ,uu , ,m mi i ’ t i ’ i s  A r m  limb , itm uu’ t u m c h u i m u n l m m m ’  lii, e s s u m n m ,ihI n ruj

I I,’ I h u rn s i u’1 l u- u ’ I iv, I y m. ‘ m li  I I mu . m u ,  Is I ‘m , mlsmm mhi s c mm mu s , ’ml I A it h i m  I at sea . usi ng time sequemuced aem al pliotoyr aphy Leeway increases
luneaul y wi th wind speed ho, snm’u all crab equipped with on without
a sea anuchon mm 11mm, wunle mange studmed Leeway for small cra lt

A 7641586 m Some uses of high resolution GOES image ry ri without sea anchor can be calculated mat h emat ical l y Resu lts
the mesosc ale fo recasting of convect ion and its behavior , J. F W. sh ow that the sn m all cna ft drifted off the downwind di recsuonu mu
Pundonm INOAA . N a t m o n m a )  lm u i smn o n i menn t a l  Sa s e l l m tu ’  Service , abou t 80 perceu m s of the espenuments . and the dri ft angle is
Wash unumj tonm , D C L  In Con ul e n u’m mc s- om i Weather Forec a ssmmm q arid va nua ble arnd difficult to predict Author
Analysis , 6th , Albany. N. Y . May 1013 , 1976 , Pnc ’pn innts.

Boston , A mn un ’ mm ca n  Met u- im mo lo q i c a l  Society, 1976 . p.
N77-7616O~ lnfonmasum .s , Inc . Rockvu lhm m Md

260 267 SOVRaD A DIGEST OF RECENT S O V I E T  R A N D  D
Phenmomeuua ob i m portance mm the I ln utuatu o ur ob low l~’ m m ’ I  ARTICLES, VOLUME 2. NO 6. 1976 Interim Report

co nmv eI gen ce whuch may eventuate mu m t h understorms air scrutunmz c ’d , St uam t U Hulmben Lee Boy lan and J Kounuh o Jun 1976 19 p
wit h ast eum tu o n to features m mu b l uenc iu m g the behavuot of more masum ,’ mel’ .
thunderstorms , and u u t m l m l i n g  GOES (Geossatbo nary Opena s monua l IC o mu s mact MDA9O3 76 - C 0254 , DARPA Order 3097)
Et ium no nnmemmt al Satel l i te ) hig h’res o lm ltIoni imagery. Motuo mn pictures mAD A028838I Avail NTIS
con structe d from GOES i m m uy ’ u y  am iu also util,zed l’er ra umu ’ um i ducimd this us a co llectuon of brief abstracts on miceblaneou ’. topIi;s
convective lin es , con vective cloud merger’., and conmvective li n e f rom time current Soviet technical lm tena l urv The intent us to supp ly
unitensect iom is are among thr factors sIt ongl y in bluencung the init iat ion a quick look at Items of possible Intemesi includung topucs not
and sustenamuce ob thun derstorms. Detailed discussion is presem ited ob necessamul y named in she DARPA untenes s pnofu le as a supp lement

terram m n e btects due to land wate n interlaces , convectIve area mergers to our reportage on specified topics It is mntensed so publish
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A towed oceanograp hic data acquisition system (TODASI
consisting of a towed platform (sea sled l with current meters
and a wave gage was developed fo r collection of information
on nearshone currents and waves Data acqui red by the sensors
are telemesered to shone and digita lly recorded TODAS is used
f or real time evaluation of flow characteristics between shore
and a dept h of 9 14 meters (30 feet l , t his mobile battery operated
system can be used at remote locations The syste m was used
principally in two experimenta l desig ns - monitoring the distrnbu-
li on of lon g sh o re currents in shore -normal profiles , and a
com bination of Eulerian -Lagran gm nan experiments whe re f ixed
point metering us supported by aerial photog rap hy of diffusing
dye plumes and concentration measurements of the dye tracers
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