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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 from technology itself but rather from 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 applications 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 interpret 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 PERSPECTIVES
By

Rear Admiral Robert K. Geiger, USN
Summary

Chief of Naval Research Admiral Robert K. Gelger discusses the U.S. Navy's mission
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, "Application
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 surveilllance 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
and photographic sensitivity, and to encompass the observation process from remote plat-
forms.

Two aspects of ocean survelllance are of vital importance to the Navy. First is
the detection, location and classification of targets or false alarms; the second
encompasses the ability to measure and predict the environmental parameters 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 faillure 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 requirements 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 1s quite complex,
and in many respects it 1s analogous to the atmosphere: 1t contains the oceanic
counterpart of atmospheric weather. This oceanic "weather" consists 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 detection. These conditions may be exploited by the fleet, i1f 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.

S T——




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 success 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
precision, resolution, density and the geographical area covered by the measurements of
the environmental parameters.

Current and projected conventional oceanographic measurements--point source
observation from ship and aircraft--are by necessity limited. The ratio of observed 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
1ts 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 nonexlstent 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 1ncorporates an
advanced atmospheric sampler of temperature and humidity profile and total ozone.
LANDSAT-C inaugurated the use of a multispectral scanner providing 240-m spacial
resolution infrared imagery in 10.%-12.6 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 G, STORMSAT-A, DMSP, and SEOS each represent a step forward in sensing
capabilities.

Let's look at illustrations of the capabilities 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.h4)

Smoke produced by the fire 1is clearly visible in this image. (Fig. 5)

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

And a sandstorm over the Arabian Sea. (Fig 7)

The next few 1llustrations 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 Mediterranean Sea south of Sicily. (Fig.9)
This shows warm eddies in Baja, California. (Fig 10)

This IR enhanced image deplcts 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 14), typhoons
(Fig 15), or sea 1ice (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 imperative that the contribu-
tions of the disciplinary sclentists 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 questionable use to the commander unless
he can interpret accurately the phenomena, and eliminate every possibility of being
misled--"aliasing."

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

e

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.




LAUNCH
DATE
April 1, 1960

Aug. 28, 1964
July 1, 1965

Feb. 28, 1966

Jan. 17, 1970

Oct. 15, 1972

May 17, 1974

Mar. 10, 1975

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

TABLE |

ACHIEVEMENTS

Daytime cloud cover photography
from space

Nightime cloud cover imagery
First operational satellite

World's first operational satellite
system

Operational satellite with scanning
radiometer(day & night)

Very high resolution and vertical
temperature profile radiometers.

First geosynchronous satellite with
visual and infrared spin-scan

radiometer

Two-satellite system for near-

continuous viewing of United States

and adjacent waters

SATELLITE

TIROS |

NIMBUS |

TIROS X

ESSA 1
and 2
ITOS 1

NOAA 2

SMS-1

SMS-2
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OPERATIONAL REQUIREMENTS AND PROBLEMS

by
Dr R.N.Keeler
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 power. Sea
control involves establishing an acceptable level of risk for all naval forces operating within the area “controlled”. Having
established 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 projection tasks of tactical air projection and amphibious assault.

To quickly establish an acceptable 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-
tion itself will be a strong indicator that attack may be imminent.

The nature of our surveillance assets, number, type and surveillance platform employed all depend upon the level
of threat deployed against our forces.

During the past ten years, Warsaw Pact naval capability has increased substantially. An examination of out of area
cruises of Soviet and Warsaw Pact naval forces indicates that the number of hours spent out of normal operating arcas
has increased almost ten-fold. This increase is shown in Figures 1--5. Whereas 10 to 15 years ago the major threat to
NATO forces were Soviet coastal craft, surface units and diesel submarines, there is now a three dimensional threat which
exists in all the maritime areas contiguous to NATO: The Northern Sea, Norwegian Sea, the Mediterranean, the Baltic
Sea, and the Atlantic Ocean.

The current three dimensional threat consists of a Soviet Ocean Surveillance System (SOSS) utilizing HF-DF, Elint
and Radar satellites, and tattletale aircraft and ships, all operating under centralized control and direction from Moscow:
naval aircraft such as the Bear, Badger and new Backfire, which can cover the entire Mediterranean, Baltic and Norwegian
Sea area at speeds up to Mach 2.5 and altitudes in excess of 50,000 feet: a balanced surface fleet with carrier based air-
craft available for the first time to support amphibious operations and a host of high speed missile firing fast attack craft
for use in littoral or inland waters: and a submarine force employing exceptionally quiet diesel units and units capable of
firing missiles submerged at ranges up to 30 miles, and surfaced at ranges up to 250 miles.

Clearly this three dimensional threat which has evolved so rapidly over the past ten years places maximum strain
upon our capability in ocean surveillance.

In general, surveillance functions for naval forces, with or without air support are: (1) area surveillance for early
warning; (2) over-the-horizon detection, classification and targeting for launch of offensive weapons; and (3) threat
detection. Each of these functions levies distinct requirements for upgrading the current surveillance system, but all
requirements can be grouped under three gerncral headings. The first is improved sensors. These would be active and
passive, and organic or remote. The second general heading is location or identification technique, and the third is data
transfer analysis or dissemination or that aspect of command, control and communications.

Having set out the surveillance functions and requirement, 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 technologies all seem to be useful in very limited situations. The rapid increase in numbers
and types of Soviet ships requires that we now not only detect and localize targets but also identify them. In the initial
stages of combat, particularly when neutrality must be observed, IFFN (identification — friend, foe or neutral) would be
an important aspect of the NATO targeting problem. We do not currently have the capability of making such discrimina-
tion 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 be easily disguised as naval units. It is important that the Soviet targeting and
strike aircraft be identified at long range. The requirement here is that the Bear-Delta aircraft should be at a range in
excess of radar line-of-sight to Soviet undersea or fleet units — some 300 miles or more. Therefore these aircraft should
be detected and identified at ranges in excess of this. The Backfire and Badger bombers should also be detectable and
identifiable in excess of the range of their anti-ship missiles. The targeting problem is a serious one for NATO forces and
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it relates to our surveillance capability as well. There does not, at present, exist the over-the-horizon detection classifica-
tion and targeting for launch of offensive weapons that would enable us to utilize missiles of very long range, such as the
submarine-launched cruise missile or air launched cruise missile (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 my feeling
that until a two-dimensional sensor capability, which utilizes the dimensional characteristics of the ships involved, is
developed that our sensors will always be countermeasure-vulnerable.

In undersea surveillance we still do not have an adequate solution to the shallow water problem. Perhaps coherent
active expendable acoustic sources can be developed, but this development will require considerable ingenuity.

The use of over-the-horizon radar should be explored further. High intensity radar also presents pos-ibilities,
particularly with low radar cross-section targets. More sophisticated passive sensors would be helpful, such as the pyro-
electric vidicon and the microwave radiometer which will be discussed in the following lectures. The techniques for
locating and identifying targets are also in fairly good shape but data transfer, 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 community.

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 emphasize those problem areas which I have stated previously and which will be discussed in the following
lectures, always keeping in mind the requirement of data transfer, analysis and dissemination which gets the information
obtained by sensors into the hands of those who can use it to counter the threat.

<
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RADIATION AND ENVIRONMENTAL PHYSICS

REFRESHER

Ehrhard Raschke, K&ln
Fed. Rep. of Germany

Summary

In this lecture are briefly outlined basic facts of radiative transfer theory

and of physical and radiative transfer properties of the atmosphere and oceans.
In the oral presentation this text will be accompanied by a large variety of ;
figures.

Introducticn

Remote measurements of atmospheric and surface state parameters became an impor-
tant tool in the past years for a variety of purposes. They are in principle
based on measurements of radiation reflected or emitted from the target of in-
terest to the observer.

There are now many active and passive methods known. In active methods an arti-
ficial radiation source - radars, lidars or even searchlights - is used to illu-
minate an area of interest and measure the characteristics of radiation reflected
and scattered back to the receiver. Passive methods make use of the sun's radi-
ation emitted from the targets. There have been studied during recent years a
large variety of such obtserving methods and instruments developed for use on
ground, in aircraft or even in satellites. The spectral region of interest ranges
from the ultraviolet (3.2 - 0.3 um) to the microwave (10 um) portions of the
spectrum., A thorough study of such measurements requires some knowledge on the
basic interactions between radiation fields and the materials of interest. This
also includes some contaminating effects, such as scattering and emission of radia-

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

It seems therefore quite helpful for the forthcoming discussions to review briefly
these interactions and state parameters of the materials involved: the atmosphere
and the oceans.

Radiative transfer theory

Interactions of radiation with matter

Electromagnetic waves travelling through gases or any other materials exhibit
usually changes in their phases, amplitudes and directions due to absorption and
reflection (scattering) processes. Absorption reduces only the amplitudes and may
be 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. One may express these
properties by the complex refractive index

nen. =~ in, (1)




where NpLs the real part, is responsible for changes of the phase velocity and
n;, the imaginary part, is responsible for absorption. All other parameters
describing the radiative transfer properties of materials migit be referred back
to this quantity. For instance the volume absorption coefficient oa(mhl) is re-
lated to nj by

g = an n; /A (2)
where A is the wavelergth. The refractive index of many gases and materials -
also of water shows generally an increase with decreasing wavelength (normal dis-
persion). Eut inside of absorption lines and bands also "anomalous dispersicn"
occurs. From this result strong spectral variations of absorption and reflection
properties of various materials.

Emission and atsorption of radiation by gases are connected with changes in elec-
tronic, vibrational and rotational energy levels. They may also occur in combined
versions and cause a rather complex spectra consisting of single lines, line
groups or tands.

Basic laws

The spectral radiance L(A) of a beam incident into a scattering and absorbing
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(}) = -oe(x) « L(X) + ds (%)
where A = wavelength, ds = geometric path length, ge(A) = spectral volume extinc-
tion coefficient (in m_l). If ds is very small, perhaps of the order of one wave-

length, one can assume, that the absorption and scattering processes along ds
occur independently, thus

ce(x) = os(x) + oa(A) (4)

where cs(A) = spectral scattering coefficient, and °a(A) = spectral absorption ;
coefficient (oa = 2l n;/x, Eq.(2). The optical depth of a medium is T = o, ds.

Functional relations on the absorption coefficients for the various atmospheric
gases, such as water vapour, carbon dioxide, oxygen, ozone, methan and other minor
constituents can now be obtained from standard table-works with a sufficient degree
of accuracy and various degrees of complexity; also for liquid water.

The scattering and absorption coefficients for particles etc. can be calculated
with the elegant theoretical framework developed originally by G. MIE (1%08) for
single scattering events ¢f electromagnetic waves at spheres. Into formulae des-
cribing this process the following quantities may enter: wavelength, and the
index of refraction and the size distribution and concentration of particles. So-
lutions have been elavorated now in a straight-forward manner and may te obtained
even with library programs of major computer companies. Since the scattering

occurs into all possitle direction, o _ is the integral over the phase function or

S

scattering indicatrix, describing this directional dependence.

0, () = {-ﬁ[p(m) du (5)
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where dw = angular element and p(w) is the above mentioned phase function, which
may be interpreted as a probability function. Only if particles are extremely
small, if compared with wavelength, the phase function is nearly isotropical
(Rayleigh-Scattering), and o is proportional to A'“. In most other cases the for-
ward scattering may be several orders of magnitudes larger than the side- and
backward scattering and oS(A) may vary very complex with wavelength. The single
scattering theory may also be applied to water probes. It describes also all

known polarization phenomena. The multiple scattering phenomena, occuring in
reality, require for their explanation the application of the more complex radia-
tive transfer theory.

: Fe The general equation for radiative transfer

3.2.1 The differential equation

To describe theoretically the radiation fields occuring in the atmosphere and

upper ocean layers, one may make use of well-known Monte-Carlo schemes, which in
principle enable a rather complete modelling of three-dimensional inhomogeneities. |
But they require prohibitive long computational times.

Therefore most studies are done with the "classical" differential equation for
radiative transfer, in a horizontally uniform and parallel medium, with inhomoge-
neities only in the vertical direction. This approximation serves quite suffi-
ciently for most applications in atmosphere-ocean systems.

In a scattering, absorbing and emitting volume of the optical thickness dr(=ce(z)uz),
where z is the vertical coordinate counted from the top of the atmosphere verti-
cally downward, the radiative transfer equation (RTE) describes the radiation bud-
get of a volume element:

l
p L) oL (g6 ¢ Ty () ¢ T (T, 9 (6) |
Here are u (= cos ), ¢ the directional coordinates with respect to the geometry
of the planparallel medium
3 (¢ = azimuth angle, = zenith angle) and a light source, e.g. the sun.
L is the radiance of a beam passing a slab of the optical thickness drt, |
Js is the radiance scattered inside that slab into the directions wu,¢, i
due to direct solar radiation and / or also to radiation incident from
all directions.

Je is the radiance emitted into the direction u,¢.

This equation is valid for each narrow spectral interval d) centered at A. The

spectral index X has been omitted here for convenience.

3.2.2 Special cases:

In the earth-atmosphere system one may consider the contribution of Je to the total
budget, expressed in Eq.(6), to be negligible against the solar radiation in the

2 wavelength region A < 3.5 um, since the amplitude of Flanck's function for terres-
trial temperatures (T« 320K) is then small compared with incident solar radiation.

Contrarily, for X < 3.5 um the contribution of solar radiation can be neglected.
For a cloudfree atmosphere the fields of thermal radiation can be calculated with

high accuracy neglecting all scattering events.




Formal solutions and boundary conditions ’

The differential equation (2) can be solved formally for downward and upward

radiances:
={em1) t-1

oY + _U— To=% _ll . K .

upward L Cosisd) = Lo(r,u,¢)-e + J e (Js(t,p,¢;+te(t,p,¢;j;t (T2
o

= = -t/y , Yo -t/u,, . o

downward L (t,u,¢)= L (t,up)-e TEH g re /u(us(t,u,¢)+ue(t,u,¢))Ut (8)
)

where T, = optical thickness of the entire medium (e.g. the atmosphere) and

o

+ - 3 s . =
Lo and Lo are radiances at lower and upper boundaries, to be determined by boun-
dary conditions. The second term in each equation contains also multiply scattered

light.

Boundary conditions are parallel solar beams incident at the top of the atmosphere,
and the reflection and emission properties of the ground. Over oceans, solar light
of the spectral range between 0.4 and 0.€7 um can penetrate into layers deeper
than 50 meters. There,one has to consider the transmission of ocean surface for
light incident from both sides. The transmission and reflection functions can be

highly anisotropically, containing a strong specular component.

If, instead only of the unpolarized radiance, the polarisation

and reflection is taken into account, in the above mentioned cqus

ances and phase functions (included in J) must be replaced by a

tor
respectively. The four-dimensional vector notation, postulated by Stokes for the
description of the state of polarisation of light has been found ade

purpose.

A large variety of computational methods has been developed to s
solutions. If the radiation fields are be considered in each an

o |
(g}

require long computation times, but yield to results comparatle wi
A variety of flux approximation neglecting any angular details is in use for com-
putations for up- and downward fluxes only.

Such an approximation yields also sufficiently good results for inte
measurements of underlight penetrated from subsurface water layers back into the
atmosphere. It has been proposed for planclton measurements from nmulti-spectral

satellite-borne imagery.

Radiative transfer parameters of the atmosphere and ocean

Some basic quantities

Radiative transfer parameters describe those properties of the atmosphere, ocean
o

and their interface, which affect the transfer of electromagnetic wave. Via the

definitions mentioned above these properties enter the optical thickness
r

boundary conditions of the RTE. Some definitcns are summarized below:

volume absorption coefficient: G = p K

P = dernsity of an absorbing medium (gr




k. = mass scattering coefficient

- -
black body radiance: E(X,T) = CqA < exp( c,/AeT) - 1! :
[
T = absolute temperature (K) 4

A = wvavelength

Cys€y = universal constants
Hr
reflectance: S (O<pgl)
i
“r i=ref1ected and incident flux density, J
3
resp.
emissivity: € = Fg-— (O<eg1) )
‘e=1
Hc=1 = emmitted flux density of a black body.

kq and k_ are material characteristics and depend on the optical properties, as for
(s -~

instance cdescrited by the refractive index m (Eq.(1)), only, while p is a measure

for the concentration of each participant.

Atmosphere

Radiative transfer constituents of the atmosphere

In the atmosphere participate various gases, the aerosols and all cloud particles
actively in the transfer of radiation. These gases are 02, 03, EZO, 002 and minor
constituents. 0, and CO2 occur in the atmosphere up to 1o km altitude with constant

mixing ratio of 79 and 0.03 per cent per volume, respectively, while HZO and 03

show strong geographical variations. These gases dominate the transfer by absorp-
tion and emission of radiation. Their major absorption band regions are created

in the spectral region tetween 0.2 and 50 mri. O2 and H20 have also resonance lines
in the microwave region. £,0 affects also the atmospheric refraction in the milli-
meter wavelength region. Spectral and bancd averaged transmission functions for these
tands are available in many standard text books. The density of all gases occurring
with constant mixing ratio decreases nearly exporentially with height.

All air molecules participate in the scattering of light may be described with
Rayleigh's approximation. It domirates the transfer at ultraviolett wavelengths
and is almost completely negligibly at wavelengths larger than Z,um.

Aerosols, whose particle size distribution may be approximated by a power law

(e.g. the JUNGE-distribution) and may range from radii of less than 0.0llum to 10/nm,
consist of ground materials, sea salt, ions and also volcanic ashes. Their index of
refraction ranges in its real part between values of 1.3 to 1.5 and in its imaginary

part from O to 0.2, depending on the water vapour content and the wave length of

interest.
Vertical and horizontal distributions of .’rosol concentrations vary considerably
over various climatic regions and during the seasons due to the vertical missing

activity within the atmosphere. Vertical profiles may range from several thousand
2 7

particles per cm”’ near ground to only 1 = 10 particles per ecm” in upper tropospheric

and stratospheric layers, with usually a sharp decrease of the aerosol concentration

in layers atove the planetary boundary layer (1-2 km altitude). SHETTLE and FENN




(1975) compiled an extensive table work on mean vertical aeroml profiles and also I

their scattering and absorption coefficients for the entire spectrum between the
visible and for infrared (in the microwave region aerosocls can be neglected) for

easy use in computational models.

In water clouds the particle size distribution is wusually bimodal, with one
raxinum near 0.1 um due to "nonactivated" aerosols and another at much larger
radii (20 pum) 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 thin
status to more than 0.4 gm-3 for nimbo-stratus. With various assumptions ranging
from pure water spheres to water shells around particles the scattering and ab-
sorption properties of a volume of cloud air can be calculated with single
scattering theory according G. MIE (1908). The values obtained are as uncertain
(by 10 - 20%) as the input parameters on microphysical 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.

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.

In the troposphere, the lowest partion of the atmosphere, the temperature de-
creases with a mean lapse rate of - 6.5° C/km. It extends from ground to nearly
7 (polar region), 10 (mean latitudes), 15 km (tropics) altitude. In the stratos-
phere above, which is usually coldest in the tropics, the temperature increases
to about 0° C at 50 km, the stratopause.

In the lowest part of the troposphere up to 1 - 2 km altitude, in the planetary
boundary layer (PRL), the frictional, convectional and radiative enforced heating
may alter considerably this general temperature structure. Near the ground, but
also at the top of the PRL temperature inversions may occur which affect consi-
derably the microwave transfer along quasi-horizontal paths.

To the general wind systems are strongly related locations of the major cloud
systems. Low level trade winds in the subtropics cause convergence and thus
convective cloud formations near the equator, and divergence over the subtro-
pical high pressure cells connected with cloud dissipations. In the middle
latitudes, where the temperature contrast between cold polar air and warmer sub-
tropical air is greatest, westerly winds dominate throughout the entire tropos-
phere transporting strong disturbances eastward which contain the major cloud
fields and cause precipitation. These westerly winds are very strongand nearly
zonal over the southern hemisphere, where interferring continents are missing.
Over the polar region strong subsidence occurs due to radiatively inforced sinking
with some easterly outflow. During summer time the mean latitude disturbances
extend into the polar region transporting into them water vapor which causes the
formation of strong stratus.

Within the stratosphere the wind regime over the poles changes semiannually in
direction with strong easterlies in summer and westerlies in winter., In the tro-

pical stratosphere there is a strong quasi-biannual variation of the wind direc-
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tion. The annual wave of extratropical stratosphere circulation patterns is radia-
tively enforced. Imbedded in it are wavelike structures of steady and transient
nature and turbulent elements.

All atmospheric layers between 50 and about 89 km altitude belong to the mesos-
phere, where the stratospheric circulation patterns prevails. but the temperature
decreases gradually from stratopause values of about -10° C to values between
-80° ¢ and -150° C at the mesopause.

Vithin the troposphere and stratosphere, where besides of HQO and O3 all gases

are well mixed, local thermodynamical equilibrium prevails for almost all spectral
regions. This allows remote soundings of the temperature fields and of various gas
species in the atmosphere.

The oceans

Radiative characteristics of water

Liquid water like in its gaseous phase has typical bands in the infrared and also
ultraviolet portion of the spectrum. Only in the blue-green region of the visible
(0.48 - 0.60 um), solar radiation can penetrate into deeper layers of oceans and
lakes depending on their content of other contanimating materials. In clear waters
the penetration depth may reach several tenth of meters. All the radiation of
longer wavelengths than 0.65 ym heats the upper most water layers. Water is also
transparent for radiation in the, centimeter region.

The density fluctuations in water, which are equivalent to fluctuations of the
refractive index particulate matter suspended in it and also air bubtles scatter
the incident radiation like in a turbid atmosphere dominantly into the forward
direction. Thus the upwelling underlight underneath the water surface may reach
only values of less than 10% of the incident radiation. In the most transparent
part of the spectrum at about 0.47 um the light which can be observed at depth
of 10 m and more has been scattered several times in water layers above.

The real part of the index of refraction of water ranges from values of around
1.3 in the visible and infrared to 8 in the microvave region; while that for air
is very close to 1.000l 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 water surface this can be described according to Fresnel's laws, where
also the strong polarisation can be computed.

Ocean waves of the wavelength from a few millimeters to meters and longer, foam
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.

Physical ocean properties

About seven tenths of the eartn's surface are covered with open oceans, which
exchange intensively energy and momentum with the atmospheric layers above. Oceans
are, therefore, considered to be an essential part of the total system forming

the climate, climatic regions etc. on earth. Their physical properties are closely
linked to them, i.e. ghe general atmospheric circulation.

Ocean water generally contains between 30% and 40% of salt, which consists of a
mixture of laCL, IigCl and several other chlorides. The surface termperature patterns




is closely lirked to climate zones and water currents, the latter are primarily

driven by surface winds.

The salt content (salinity), the pressure and the temperature determine the water
density, which varies only by small fractions. Eut these small fractions are
dominant responsible for the development of turbulent exchange processes of various
scales in space and time.

The typical vertical temperature profile at middle latitudes shows the following
general structure: Due to permanent mixing the upper layers of several tens of
meters are nearly isothermal with a strong annual variation. Eelow that layer the
temperature then may sharp decrease to values around +1 to FI9 C, where water has
its® largest density.

For continuous surveillance of interest are the contents of organic muaterials
(planckton etc.) and anorganic contamination in the subsurface layers,oilslicks au
the wavepatterns at the water surface. Several satellite techniques have beern
found useful for these purposes.

Some closing remarks

It has been tried in this paper to describe briefly cur present knowledge of the
physical properties of the earth's atmosphere and oceans and their interactions
with electromagnetic waves used for surveillance anc rerote sensing purposes. This
lecture had the special purpose to recall many facts which are already familiar to
the audience. In the forthcoming papers the various special problerms involved with
the surveillance will be stressed in much closer detail.
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Fig. 1: The electromagnetic wavespectrum for remote sensing of
ocean properties ranges from 0.2 um to several meters.
However the absorption by several atmospheric gases (O

w B30 CO ) allows such observations only in narrow
ect8al raf ges (from Thompson).
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: The spectrum of direct solar radiation reaching
the ocean surface ranges from 0.35 um to about
2.5 uym. The selective absorption by water mole-
cules allows only radiation in the blue-green
part of the spectrum (0.5 um) to penetrate to
greater depths (from Neumann and Pierson).

i
22 23 24,

Particle Nature Radius Number _,
(microns) Density (cm 7)
electron electron 1072
air molecule | molecule 1074 2.7x10%2
small 'ion' | group of water 1073
molecules
combustion hygroscopic 10~2 ¢o 1071 104
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 i
snow ice particle . =
Fig. 3: Particles and molecules in the atmosphere affecting the

transfer of electromagnetic waves (from Thompson).
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Fig. 4: The mean radiation budget of the land-ocean-ice-land-atmo-
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incident solar radiative energy, the oniy heat source of the
system. Arrows in the lower right corner indicate heat
transports from the earth into the atmosphere due to tur-
bulent fluxes of sensible and latent heat (from National
Acad. of Science, 1975;"Understanding Climate Change").
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Fig. 5: Mean horizontal extensions and lifetimes of motions in the
atmosphere and the spectrum of their eddy kinetic energy. The
upper scale indicates the range of their predictability (from
GARP Publication Series, No. 11, 1973;WMO-Genéve).
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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)
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Fig. 7: Sketch of the surface winds and mean vertical
circulations over one hemisphere (from Palmén

and Newton,

1969).
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MICROWAVE SCANNING RADIOMETRY

James P. Hollinger
Advanced Space Sensing Applications Branch
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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 compared to passive sensors
at infrared, optical and ultraviolet wavelengths, of allowing all-weather, day or night
operation and the detection of non-radiating metal objects. 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 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 distribution of fronts, convective zones, storms and areas of precipita-
tion, the detection and quantification 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
surface 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 trajectory 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§ aircrift or ships from satellite altitudgi, structures with
dimensions of at least 10~ or 10 wavelengths and a precision of 10 wavelengths would
be needed. However applications over tactical 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 identify and map ice type, age, thickness 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
defined 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 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 Passive Microwave Imaging System (PMIS), The U. S. Coast Guard
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Airborne 0il Surveillance System Passive Microwave Imager (AOSS-PMI), the Naval Weapons
Center Microwave Radiometric System (MICRAD), and the Naval Research Laboratory Milli-
meter Wave Imaging System (MWIS), and the satellite systems of Electrically Scanning
Microwave Radiometer (ESMR) on NIMBUS 5 and 6, Scanninag 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 fronts, 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_(6,¢), U_(6,9),
V_(6,¢)], by an antenna with polarized reception properties aescribedsby the stokes
pdrameters [I_(6,9), Q,(8,¢), U (6,0), V,(6,¢)] is given by

P = (A/2) {#sta +Q.Q +UU, + V] de, (1)

where the antenna Stokes parameters have been normalized such that I_(0,0) = 1 and A_ is
the effective area of the antenna [l1]. The effective area may be fouﬁd from the norma-
lized antenna response pattern and a measurement of the radiation efficiency n of the
antenna or a measurement of the maximum gain of the antenna Go where

o 2 o 2 .

A, = nX Vil 1 aQ = nA%/Q, = X°G_/4n (2)
4T

X is the observational wavelength and Q_ is the effective solid angle of the antenna.

Measurement of n is generally very difficult in practice and, since it is usually 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 T_ by the use of Nyquist's theorem [2]. This is the temperature 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

T 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
perfect emitter with an emissivity of unity. Such a body is called a blackbody and emits
according to Planck's Law. Perfect blackbodies do not exist, though some approach it
very closely. 1In general, materials are "grey" bodies with emissivities less than one.

The intensity emitted by a grey body is given by

=1
o - 2hv (hv/KT) _
IGB = IBB = E(——)‘?>[e 1] ' (4)

=5

where ¢ is the emissivity and I B is Planck's blackbody law. Define an effective black-
body or brightness temperature ¥B for any arbitrary source as

2 -1
— _(hv (hv/KT)
TB = K IBB —(7> [e -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 Av, the same intensity as does the
nonthermal source. In this case, T is in general a function of frequency. Now when

KT >> hv, 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

p = ¢T and the intensity of all thermal sources is directly proportiogal to their
tﬁgrmodynamic temperature; the proportionality constant being the emissivity of the
source. Combining the above equations for a thermal source

>
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T, = [ eT I, a/q, . (6)
4n
If the source is uniform over the entire antenna reception pattern, T, = e€T. If the
source is very small compared to the antenna beam, the antenna temperature is reduced by
the ratio of the solid angle of the source to Q@_. 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 AT

of the output of the receiver is given by, "

ATy = C [Ty + T, 1/[tav]/2

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 t 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 (T, = 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 g?ise teg@eratures below a few hundred degrees pays diminishing returns.
Values of about 10 to 10 K can be achieved for AT, for a 1 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.

(7

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 g
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 antenna temperature 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
upon 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 [4],([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 significant and a single line 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 GHz 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




vapor and two types of clouds using a itandard model atmosphere. The attenuation due to
water vapor was calculated for 3 gm/cm” of precipitable water. Although this is a
typical value, it 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
negligible to twice or more tEan that shown. Seventy five percent of clouds contain less
liquid watgr 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 [11],(12],(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 close.y
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 surface 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 coverage 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 the 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 angle and polarization. This high
emissivity is typical of grass, weeds, forests, and veaetation 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 free space, increasing the radiation above that from the undisturbed sea.

0il on the surface of the sea damps out the small scale wave structure and results
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 has a thickness approaching a small fraction of the observa-
tional wavelength in the o0il; 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 (16].

The microwave signal from snow fields, glaciers [17], and sea ice (18] is dependent
upon multiple internal scattering. Snow depth, crystal sizes, degree of melting, ice
roughness and age, which is reiated to the brine content of the ocean ice, all play a
part in determining the brightness 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 Figure 1 and is shown in Figure 4. The contributions of the atmosphere and ocean are
also shown separately. Ocean roughness effects will increase the brightness temperature
roughly 1 K per m/sec of wind speed. Although the emissivity is different for various
terrain and man-made features, it is usually close to unity compared to water and thus
the brightness temperature of the land is generally more nearly equal to the physical




i 4cead

temperature of the surface. There will, 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 contrast 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 depending
upon frequency and the background. The incremental brightness temperature for a refle-
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 freguencies 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 [20],[21]. 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 regions
before inner, higher temperature gas, observed pfgviou§§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 recombination 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 brightness
temperature of a uniform, ionized gas is given by

T
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where Te is the electron temperature and 1, the optical depth, is given by
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Here N is the number of electrons per cm~, vlis the ffﬁquegiy in Hz, and x is in cwm. The
brightness temperature calculated for N = 10 and 10 cm by taking T_ = 2500 K and
the thickness of the plume as 199 cm_&s shown as a function of frequencyein Figure 6.

An electron density of 3.7 x 10 cm and the above conditions result in 40 dB or more
attenuation 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 Imaging
System (PMIS) [22] 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 limits of 35 degrees in azimuth on either side of the along-track direction. Two
orthogonal linear polarizations, lying in, and perpendicular to, the plane of incidence
at the center scan beam position, but rotating with 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 aircraft 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-tr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>