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COVER MOTIF

The illustrations on the cover highlight significant
developments and lssues affecting current interest and
understanding of near-millimeter wave propagation
phenomena,

Gaut and Reifenstein empirical correction term to ac-
count for the discrepancy between calculated and
measured H,O absorption for fiequencies below 1000
GHz,

First published spectrum of atmospheric transmission at
near-millimeter wavelengths—H, Alastair Gebbie, Phys.
Rev,, 1987,

Weather chart station symbol indicating meteorological
conditions which motivate consideration of near-
millimeter remote sensing for military applications,

H,O phase diagram descriptive of the atmospheric
sataration conditions occurring in weather scenarios of
interest.

Equation for the combustion of white phosphorus. The
pentoxide formed is extremely hygroscopic, generating
dense clouds of smoke capable of screening military
targets from wcapon systems operating In the visible
and infrared,
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PREFACE

The desire to “see” through limited visibility
environments such as fogs, clouds, and smokes
has recently motivated substantial interest in that
portion of the electromagnetic spectrum having
wavelengths near 1 mm. This region appears to
offer an attractive compromise between the high
resolution capabilities of infrared radiation and
the low loss propagation characteristics of micro-
waves, The technology base for such millimeter/
submillimeter wavelengths is, however, extreme-
ly limited.

In early 1977, the U.S. Army Materiel
Development and Readiness Command
(DARCOM) and the Defense Advanced
Research Projects Agency (DARPA) provided
support to the Harry Diamond Laboratories for a
comprehensive study of the status and projected
future of millimeter/submillimeter technology.
With this goal in mind, the editors organized a
study panel consisting of 50 scientists and
engineers, from government, industry, and
academia. Each of these individuals was carefui-
ly chosen on the basis of his recognized contribu-
tions to the technology.

The full panel and. several subpanels met
numerous times over a nine month period. Their
first task, of course, was to define and bound the
assigned investigation, In this regard, it was clear
from the outset that two, historically distinct
camps of individuals existed—those working in
millimeter wave technology, and those working
in submillimeter wave technology. Those with
millimeter wave experience were approaching
the 1 mm region technology mainly from an
electronics viewpoint, whereas those with sub-
millimeter wave experience were approaching
from an optics viewpoint. Obviously, it was im-
portant to clearly define the spectral region of in-
terest for the panel. Since the panel was re-
quested to examine specifically that portion of
the millimeter/submillimeter region wherein the
technology was in its very early stages, those
areas having had more significant past funding,

and thus closer to the stage of engineering
development, were deemphasized. Thus, it was
decided that the panel's efforts would be focused
on that region bounded by the atimospheric “win-
dows” at 100 arid 1600 GHz (3 t0 0.3 mm), This
portion of the spectrumn excluded, for example,
the more deveioped 37 GHz region and was felt
to represent thu “emnromise between optics and
microwaves menti--::.-d earlier,

The editors, by analogy to the designation of
various infrared bands, coined the nime “near-
millimeter” to designate that portion «f the spec-
trum of interest. Several advantages accrued
from the use of this new terminology. First, it
formalized the acceptability of a common
meeting ground for optics and electronics, thus
encouraging a constructive interchange between
millimeter and submillimeter proponents.

Second, it eliminated the dual “millimeter/

submillimeter” designation so frequently used to
describe that region around 300 GHz, Third, it
constituted a fundamental frequency band desig-
nation in powers of 10 which blended nicely with
similar designations of other portions of the spec-
trum,

Having bounded thelr assigned task in terms of
frequency, the “Near-Millimeter Wave Technol-
ogy Base Study Panel” organized into three sub-
panels: -

I. Propagation and Target/Background
Characteristics

Il. Components
Ill. App'ications

Reports were prepared in each of these areas by
members of the panel. These in turn have been
supplemented by considerable additional
material compiled from visits, conversations,
and further review of current literature by the
editors,
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The final output of this study effort is
presented in a four-volume set, plus an executive
summary, This first volume (I) deals primarily
with propagation effects and target/background
signatures, A Selected Bibliography, following
Chapter VIII, complements the literature
references found at the end of each chapter.
Volume II deals with components, and Volume
Il deals with specific applications of the
technology. A fourth volume containe classified

information relevant to the preceding three
volumes. It is hoped that these volumes will be
found to be uteful as a general reference for re-
searchers, system designers, and program
managers whose interests extend into that por-
tion of the spectrum wherein standard electronic
and optical techniques truly overlap.

Stanley M. Kulpa
' Edward A. Brown
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“The interest of the Navy and other services in this field is so great that the genera-
tion, propagation, and detection of such waves are the subject of an expanding
résearch program in the Department of Defense today.”

Rear Admiral R. Bennett, ONK
Symposium on Millimeter Waves
Polytechnic Institute of Brooklyn
31 March 1959

“Now is the time for you workers in the field to come out of hiding and be
counted! All is forgiven!”

Leonard R. Weisbers, OUSDRE
Proceedings of the Sixth DARPA/Tri-Service

Millimeter Wave Conference
29 November 1977
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It is the intent of this chapter to provide
material which complements and somewhat ex-
pands the areas discussed in the following
chapters, Since the various other chapters were
completed, the editors have had the opportunity
to discuss and review considerable additional
material, Important highlights of this material
are presented in this chapter, with numerous re-
cent references otherwise not found in the text.
By presenting the additional material, the editors
hope to provide an up-to-date volume which will
be interesting, informative, and valuable for the
newcomers to near-millimeter wave technology
as wrell as for those whose expertise in NMMW
propagation and signature effects exceeds that of
the editors.

I-1. CLEAR ATMOSPHERE EFFECTS

The near-millimeter portion of the elec-
tromagnetic spectrum, as originally defined by
the editors, spans the region bounded by the at-
mospheric “windows” at 100 and 1000 GHz.
Near sea level, the principal molecular absorbers
in this region are H,O and O,. The oxygen lines
centered at 60 and 118 GHz add to the water ab-
sorption spectrum which is composed of
numerous lines extenditg into the infrared.
When one attempts to compare the limited ex-
perimental data for atmospheric H;O with ex-
isting theories, it is found that, invariably,
measured absorption in the window regions ex-
ceeds theory. In an excellent review article,
Waters' discusses this situation in detail. Figure
I-1 shows, for example, the predicted and
measured values in the region near the 22- and
183-GHz lines. Both the Van Vleck-Weisskopf
and the Gross line shapes fail to give adequate
absorption, except near line center. A similar
situation is found for other windows, for exam-
ple, 345 and 415 GHz, etc, in the water absorp-
tion spectrum. The discrepancy between the
Gross line-shape predictions and measurements
appears, within 10 percent, to be describable by
a correction term which is proportional to the

‘1. W. Waters, Absorption and Emission by Atmospheric Gases,
Methods of Experimental Physics, vol. 12, Part B, Ch 2.3, M. L.
Mesks, Ed., Academic Press (1976).

- square of the frequency. Gaut and Reifenstein’

proposed an empirical correction term, Aay, of
the form

200\ P
Aay = 4,69 X 10 o|— —
ay Q(T) (1000)\, (dB/km) . (1

102

WATER VAPOR ABSOAPTION COEFFICIENT (48/km)

FREQUENCY (QHz)

Figure I-1. Comparison aof calculated and measured
water-vapor absorption; oy, = 7.5 g/m’, T =
300K, and P = 1013 mbar. Van Vieck-Weisskopf
line shape (---), Gross line shape (—-—), Gross line
shape with added empirical correction (——), mea-
sured values (@),

As shown in figure 1-1, this added term, for
300 K and 1000 mbar pressure, yields close agree-
ment with measured values, In fact, as shown in
figure 1-2, the discrepancy between rneasured
points and calculated absorption closely follows
the empirical correction term (solid line in the
figure) throughout the near-millimeter region.
The validity of this term at other temperatures
and pressures has, however, not been tested ex-
perimentally.

The “excess” absorption, sometimes refer-
red to as anomalous absorption, bears a striking
similarity to the IR continuum absorption as
discussed by Carlon,** Its origin is not currently
understood. A possible source' of discrepancy

’N. E. Gaut and E. C, Reifensteins, Ill, Environmantal Research and
Technology Report 13, Lexington, MA (1971),

*H. R Carlon, Phase Transition Changes in the Molecular Absorp-
tion Coefficlent of Water in the Infrared: Evidence for Clusters, Ap-
pliedt Optics, vol. 17, no. 20 (15 October 1978), 3192-3193.

“H. R. Carlon, Molecular Interpretation of the IR Water Vapour
Continuum: Comments, Applied Optics, vol. 17, no. 20 (15 Octaber
1978), 3193-3195,
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Figure I-2. Discrepancy betwsen measured and
calculated (Gross line shape) atmospheric water
vapor absorption, Solid line is the empirical correc.
tion term for a water vapor density of 1 g/, T =
300 K, P = 1000 mbar.

between the measured and calculated absorption
values may depend upon the impact assumption
used in deriving the collision line shapes. Instan-
taneous collisions are assumed, thus neglecting
any effects that occur within the duration of the
time of the collision. Figure I-2, however, suy-
gests that this assumption may be responsible For
the excess absorption that is observed. This may
be seen through the following arguments. Ben-
Reuven® has shown that the absorption should be
proportional to v* multiplied by the Fourier
transform of the autocorrelation function of the
dipole moments. Figure I-2 therefore implies that

'A. Ben-Reuven, Advances in Atormic and Molscular Physics, vol,
5 (1969), 201,

6

this transform is constant over a frequency range
of at least 10'* Hz, Thus, an excess dipole mo-
ment may exist for a time shorter than typical
collision times of 107" s,

Figure I-3 shows the results of chamber ab-
sorption measurements by Llewellyn-Jones,
Knight, and Gebbie at 213 GHz.* An excess com-
ponent with quadratic water vapor pressure
dependence is clearly evident, which strongly
suggests an interaction involving more than one
water molecule, The temperature dependence of
this quadratic factor (fig, I-4) is considerably
larger than that predicted for equilibrium
dimers.* An explanation for this is being sought
in terms of non-equilibrium species. In general,
as discussed by Carlon,* the temperature and
pressure dependence of water vapor absorption
may be considered more complex than that
predicted for monomer species, It seems that
aside from line shape changes for explaining the
excess absorption, polymolecular or cluster-
type phenomena may be important, especially
for low-temperature, high humidity conditions.

Field measurements in the near-millimeter
region are extremely few in number, Of the data
shown in figures I-1 to -4, only those points in
figure 1-1 near 183 GHz are field data, whereas
the remainder are results from laboratory
measurements, Those points near 183 GHz are
the results of numerous workers, with attempts
to reduce the data to common meteorological
conditions, Other field studies which highlight
some of the important propagation issues are
best discussed in terms of either horizontal- or:
vertical-looking measurements,

Hogg's and Westwater's recent horizontal
studies at 70 and 80 GHz"* the results of which

‘H, R. Carlon, Molecular Interpretation of the IR Water Vapour
Continuum:  Comments, Applied Optics, vol. 17, no, 20 (15 October
1978), 3193-3195

‘D, T. Llewellyn-Jones, R. ], Knight, and H. A. Gebbis, Absorption
by Water Vapour at 7.1 emi™* and its Temparature Dapendence,
Naturs, vol, 274 (August 1978), 876-878,

'E, R. Wastwater and D. C. Hogg, Evidence for the Quadratic
Dependence on Water Vapor of the Microwave Absorption Coaffi-
cient of Molst Air, presented a; the URSI-Nationa! Radio Science
Mueting, Boulder, CO (Janvary 1978).

D, C. Hogg, Measurements of 70- and B0-GHz Attenuation by
Water Vapor on a Terrestrial Path, presented at the URS!-National
Radio Science Meeting, Boulder, Co (January 1978),
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Figure 1.3, Meusured 213-GHz water vapor absorp-
tion depandance on the partial pressure of water
vapor plus 700 torr of nitrogen, The dashed line cor-
responds to monomer predictions,

are shown in figure 1.5, strongly support the
evidence of a square-law dependence on water
vapor content. If, in fact, one attempts to
describe the data with a linear fit, the resultant
absorption for zero humidity is not consistent

with the remaining oxygen absorption.
*.

Gebbix et al*'*-* have reported horizontal
path measurements which indicate considerable
structure in the absorption windows (fig. 1-6).
They have concluded that their field measure-

*R. ]. Emery, P. Moffat, R. A. Bohlander, and H.A, Gebbie,
Measurements of Anomalous Absorption in the Wavenumber Rarge
4em* — 18cm™, Journal of Atmospheric and Terrestrial Physics, vol,
37 (1975), 587-3M.

R, ], Emery, A, Zavody, and H, A, Gebbie, Further Measurements
of Anomalous Atmospheric Absorption in the Range 4 e — 15
em™', Journal of Atmospheric and Terrestrial Physics (submitted for
publication),

*H. A, Gebbie, private communication (February 1978).
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n:ents indicate an absorption, in excess of the
monomer contribution, which

(1) Is variable in both strength and spectral
distribution,

{2) Does not appear to depend in any sim-
ple way on the standard meteorological variables
of temperature or water vapor density,

(3) Is strongest at high levels of saturation
and appears to be particularly so when liquid
water or ice is present along with vapor in or
near the absorbing path,

(4) For a given amount of water, increases
rapidly with decreasing temperature, and

(8) Generaily shows greater anomalous
absorption than laboratory measurements.
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Figure 1-4. Measured temperature dependence of
quadratic water-vapor absorption components at
213 GHz. The dashed line refers to predicted absorp-
tion of equilibrium dimers having a binding energy of
0.16 V.
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ABBOLUTE HUMIDITY {g/m®)

Figure 1-5, Maasured dependence of terrestrial path
(1.5 km) abgsorption on absolute humidity.

Some of these phenomena may be at-
tributable to the difficulty of absolute calibration
and to the fact that extremely long integration
times were used in performing the Fourler
transform spectroscopy. It is generally agreed
that during these times (of about 20 to 30 min),
local meteorological conditions can change con-
siderably and thus account for the lack of
reproducibility. What are important, however,
are the strong absorption increases which con-
sistently become more apparent at low temper-
atures and near saturation. After all, it is thesc
very conditions which will prevail in a foggy
European environment wherein near-millimeter
waves are postulated to be useful for remote sen-

sing.

When investigating the different results
reported for vertical propagation effects, one
finds a situation quite similar to that of the
horizontal studies. Figure I-7 shows the results of

100 ¢

N (a)

TRANSMISSION (%)

(b)

TRANSMISSION (%)

ollllll¢|ﬂ‘lt
150 300 450

FREQUENCY (GHa)

Figure 1-6. Atmospheric transmission over a 216-m
path; (a) mean temperature of 9 C, relative humidity
= 95 percent, 1,85-mm precipitable water, (b) mean
temperature of 2 C, relative humidity = 82 percent,
1.0-mm precipitable water, (—-—) indicates calcu-
lated monomer spectrum in both cases.
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zenith opacity calculations reported in Waters
review,! For comparison, Gebbie's et al transmis-
sion measurement above Mauna Kea'! is shown
in figure I-8, together with predicted values.
Again, one may note the “excess,” structured ab-
sorption in the atmospheric windows. As for the
horizontal experiments, controversy over these
results centers about the absolute calibration
techniques used and the long integration times
(30 min) required for adequate signal recovery.

02 % Hz0
el
10}y
Rdomaﬂzo
1 f= H20 ‘
10~y i
= no H,0
0-2h
0 ] 100 "W 200 0 00
FREQUENCY {GHE)

Figure I-7. Atmospheric zenith opacity from sea level
calculated with water vapor, oxygen, and ozone ab-
sorption contributions. Model utilizes 1962 Standard
Atmosphere, Gross line shapes, and empirical correc-
tion term. Curve including water effects assumes a
10-g/m? surface density with 2-km scale height. The
narrow lines most apparent for the case of no water
are attributable to ozone,

1}, W. Watsrs, Absorption and Emission by Atmospheric Gases,
Methods of Experimental Physics, vol. 12, Part B, Ch 2.3, M. L.
Meeks, Ed., Academic Press (1976),

up, H, Moffat, R, A, Bohlander, W. R. Macras, and H, A, Gebbie,
Atmosphere Absorption between & and 30 cm™ Measured Above
Mauna Kea, Nature, vol, 269 (October 1977), 676-677.

TRANSMISSION (%}

FREQUENGY (QH2)

Figure 18, Atmospheric transmisslon measured at
Mauna Kea, zenith angle, 55 deg. Solid curve repre-
senls nine-day average with mean water vapor con-
tent of 1.9-mm precipitable water in path, Dashed
curve is theoretically predicted absorption, Displaced
error bars represent a standard deviation of noise on
the spectra.

Recently, Hills et al'? have begun to report
on their Fourier transform measurements of ab-
solute absorption and emission in the range of
100 to 1000 GHz. Using liquid helium-cooled
detectors and very careful calibration pro-
cedures, they have obtained typical vertical
measurements, such as that shown in figure [-9.*
The absence of structured absorption in these ex-
periments is striking. Hills feels that his

WR, E. Hills, A, 5, Webster, D, A, Alston, P. L. R, Morse, C. C.
Zammit, D. H, Martin, D. P. Rice, and E. 1. Robson, Absolute
Maeasurements of Atmospheric Emission and Absorption in the Range
100 ~ 1000 GHz. reported at the Third Intermational Conference on
SMM Waves (April 1978); published in Infrared Physics, vol. 18, no.
5/6 (1978), 819-828,

*R. E. Hills, Mullard Radio Astronomy Observatory, Cambridge,
tion (December 1978),

England, private cc i




measurements ure generally consistent (see fig.
[-10) with the predictions as discussed in Waters’
article. These calculations, it should be
remembered, utilize the Gross line shape and the
empirical v* correction term discussed earlier. It
should also be mentioned that relatively short in-
tegration times ("6 min) were possible in these
experiments, thus reducing the effects of
meteorological variabllity,

TRANSMIBEION (%)
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100 200 300 400 600 700 800 90C 1000
FREQUENCY (GH2)

Figure 19, Zenith trensmission spectrum measured by
Hills ¢t al at Tenerife (3-GHz resolution, linear apodi-
zation, 6-min integration time),
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Figure [-10. Zenith transmission spectrum at Tenerife
as calculated by Hills et al. Calculations include the
effects of Oy, HiO, and O; with Gross line shapes
and the empirical correction ierm. Altitude 2.4 km,
water content 1 mm, scale height 2 km, and results
smoothed to 5 -GHz resolution,
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Only a few single-frequency measurements
have been reported on zenith opacity in the near-
millimeter wave region.'?-*¢ In an attempt to cor-
relate measured absorption with the total
precipitable water content along the vertical
path, the assumption is often made that the con-
tent is linearly proportional to the surface
humidity, As discussed in Waters' and Wrixon, 4
such an assumption can be of limited validity.
Since, however, real-time simultaneous
measurements of condensed water have not yet
been made, the surface density correlation is
often used. ldeally, the method of choice would
be to use dual-channel radiometry for real-time
measurement of vapor and condensed water
along the observation path.

Plambeck's** 225-GHz measurements from
a 1-km site elevation are shown in figure I-11,
From that height, theory predicts zenith absorp-
tion, A, whose dependence on the surface water
vapor density, g, varies as

A(dB) = 0500 . b}

Figure I-11 shows a reasonably good corrclation
with this prediction if the observations through
cloud and rain cover are excluded.

For observations from sea level, the theory
predicts

A(dB) = 0.84 ¢ . {3)

1. W. Waters Absorption and Emission by Atmospheric Gasss,
Methods of Experimental Physics, vol. 12, Part B, Ch 2.3, M. L.
Meeks, Ed., Academic Press (1976). .

VR, L, Plamback, Messurements of Aimospheric Athenuation near
225 GHz:  Correlation with Surface Water Vapor Density, 1EEE
Transactions on Antennas and Propagation, vol, AP-26 (September
1978), 737-738.

"G, T. Wrixon and R. W, McMillan, Measuremants of Earth-Space
Attenuation at 230 GHzx, IEEE Transactions on Microwsve Theory
and Techniques, vol. MTT-26, no. ¢ (June 1978}, 43¢-439,

WE, |, Shimabukuro and E. E. Epstein, Attenuation and Emission of
the Atmosphere at 3.3 mm, IEEE Transactions on Antennas and Prop-
agation, vol. AP-18 (1970), 485,

WA, V. Sokolov, E, V., Sukhonin, und |, A, Iskhakov, Attenuation of
Radio Waves at Wavelengths from 0,45 to 4.0 mmt in the Earth's At-
mosphere through the Slant Paths, pressnted at the Second Interna-
Honal Confererice on SMM Waves, San Juan (December 1976),

T

i aTSar




e, = e o

e e L e

W n and McMillan* have, however, found
th. :30-GHz clear sky attenuation measure-
ments from Holmdel, NJ, yield

A(dB) = 0.35¢ . 4)
The source of this discrepancy is not clear,

though it may be relsted to the surface water
vapor correlation as discussed earlier,

»
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Figure 1-11. Zenith opacity measured near 225 GHz
versus surface water density, Much of the scatter is
due to fluctuations tn the distribution of water vapor
within the atmosphere, but most points lying more
than 1 dB above the thearetical curve were obtained
when looking through heavy cumulus clouds or rain
showers, The theoretical curve was calculated as de-
scribed by Waters, using a 1-km site elevation and a
2-km scale height for the water distribution in the at-
mosphere,

4G, T. Wrixon and R, W, McMillan, Measurements of Earth-Space
*Attenuation at 230 GHz, IEEE Transactions on Microwave Theory
and Technigues, vol. MTT-26, no. 6 (June 1978), 434-439,

ZENITH ATTENUATION (4B}
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It is interesting!? that, at 225 GHz, the con-
tribution from the empirical v correction term
required to match theory and experiment is ap-
proximately 85 percent of the total absorption.
The importance of understanding the physical
origin of this term should, therefore, be clear,

Figures 1-12'* and -13'* show additional.
zenith absorption measurements near the
100- and 1000-GHz boundaries of the near-
millimeter region, In both figures, the best
straight-line fit to the data is indicated.

[y Y [
Lt b e by b el
[} 10 ® 20

BURFACE WATER VAPOR DENSITY (g/m?)

Figure I-12. Zenith opacity measured at 90 GHz versus
surface water vapor density, Straight line is a(dB) =
0.17 4+ 0.06 g(g/m?*).

I-2. HYDROMETEOR EFFECTS

As discussed earlier, near-millimeter wave
technology is of interest primarily since near-
millimeter waves seem to offer the potential of
being able to “see” through fogs, clouds, and

WR, L. Plambeck, Measurements of Atmospheric Attenuation near
225 GHz: Correlation with Surface Water Vapor Density, IEEE
Transactions on Antennas and Propagation, vol, AP-26 (Seplembor
1978), 737-738,

“E, |, Shimabukuro and E. E, Epstein, Attenuation and Emission of
the Atmosphere at 3.3 mm, [EEE Transactions on Antennas and Prop-
agation, vol, AP-18 (1970), 485

WA, V. Sokolov, E. V. Sukhonin, and 1, A, Iskhakov, Attenuation of
Radlo Waves at Wavelengths from 0.45 to 4.0 mm In the Earth's A¢-
mosphere through the Slant Paths, presented at the Second Interna-
tional Conferanice on SMM Waves, San Juan (Decernber 1978),
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smoke. Basically, fogs and clouds coraist of con-
deneed water droplets or ice crystals suspended
in a medium of high relative humidity and, fre-
quently, low temperatures. It should be recalled
that these conditions ars similar to those under
which our understanding of clear alr propagation
is probably the poorest. Thus, for properly inter-
preting measurements in a given meteorological
environment one is left with the important prob-
lem of separating the attenuation effects of water
vapor near aaturation conditions and those of

precipitating water liquid or ice.
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Figure [-13. Zenith opacity measured at 240, 411, and
667 GHx varsus surface water density. Dotted points
measured by solar transmission und triangle points
measured by atmospharic emission.
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Experimental fog and cloud data in the
NMMW portion of the spectrum are almost
nonexistent, Richard et al'’ at the Ballistic
Research Laboratories (BRL) have performed fog
measurements over a 725-m land path and com-
pared thcse (fig. 1-14) with Robinson's
measurements at 35 GHz.' In both cases, ap-
paratus was not available to properly
characterize the fog by particle density and size
distributions. Instead, the fogs were described by
trarsmissometer measurements of viaibility ac-
curate to +10 percent, As can be seen from the
figure, there is a considerable scatter of data
points when characterizing the fog by its visibili~
ty. This is not surprising since, at near-millimeter
wavelength, when drop sizes are small compared
with the wavelength, the attenuation is not very
sensitive to the drop size whereas, at optical
wavelength, it is very sensitive to drop size. In
both the 35- and the 140-GHz cases, the attenua-
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Figure 1-14, Measured and calculsted fog attenuation
at 35 and 140 GHz.

"V, W. Richard, ], E. Kammerer, and R, G, Ruitz, 140-GHz Attenua-
tion und Optical Visibility Measuremants of Fog, Rain, and Snow,
U. S. Amy Ballistic Laboratoriss Memorandum Report ARBRL-
MR-2800 (December 1977).

N, P, Robinson, Measuremants of the Effect of Rain, Snow, and
Fogs on 8.6-mm Radar Echoes, Proc, lEE, London, vol. 203B
(September 1955), 709-714.
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tions measured are larger than that predicted for

radiation fogs which more commonly occur over
land paths,

It is Important to recognize that
throughout this discussion of reported
measurements of attenuation by hydrometcors
(fogs, clouds, rain, snow, and hail), no
meteorological measurements have been made to
allow separation of absorption effects due to
water vapor, liquid, and ice along the propaga-
tion path. What is normally reported is the “ad-
ditional” attenuation apparently due to the
hydrometeors, thus neglecting vapor absorption
effects which, as discussed earlier, become par-
ticularly confusing near saturation, Another
problem discussed briefly in Chapter 1II centers
about the dielectric constant data of water and
ice for use in theoretical predictions of attenua-
tion, There is significant variability!” in these
data, particularly for temperatures lower than
20 C and for the higher frequencies.

Emery, Zavody, and Gebble'® have recent-
ly performed broadband fog attenuation
measurements using the Fourier transform
systern  discussed earller, Results of these
measurements are shown in figures [-15 and -16.
As for the clear air spectra, structured spectral
features which do not match predictions are seen
in the window regions. The level of structure was
observed to correlate with fog density on a
number of occasions, an example of which is
shown in figure 1-16. Three consecutive

measured spectra are shown in conditions where

the fog density was slowly increasing. Structure
in the window region is clearly seen to be
building up with the fog density. Aside fromn
these features, the overall attenuation levels at
230, 345, and 415 GHz appear to be very
substantial,

WR, ], Emery, A, Zavody, and H, A. Gebbie, Further Measurements
of Anomalous Atmospheric Absorption in the Range 4 cm™ ~ 13
cm*, Journal of Atmospheric and Tervestrial Physics (submitied for
publicution),

Y, W, Richard, ]. E. Kammerer, and R, G. Reitz, 140-GHz Altenua-
tion and Optival Visibility Measurements of Fog, Rain, and Srow,
U.S. Army Balllstic Ressarch Laborntories Memorandum Report,
ARBRL-MR-2300 (Dacember 1977),
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Figure 1-15. Broadband Fourier transform measure-
ments of fog transmission, Visibility approximately
50 m, 216-m path, Temp = 283 K, relative humidity
w 95 percent, (Data obtained from H. A, Gebbie, pri-
vate communication, 1978),
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Figure 1-16, Broadband Fourler transform measure-
ments through an evolving fog. (Data obtained from
H. A. Gebble, private communication, May 1978).
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The data are very limited for characterizing
NMMW attenuation effects in clouds. The
Soviets'*!* have reported on a number of zenith
cloud attenuation measurements using atmos-
pheric emission and solar absorption techniques.
The results of measurements of the average
attenuation values at 75 GHz are given in figure
117 as dots, for six days with continuous
cloudiness from April to June 1976, The crosses
relate to molecular zenith absorption values
calculated for a cloudisss standard atmosphere,
The cloud attenaation is therefore taken to be the
difference between the dot and cross on a par-
ticular day. On 11 and 12 May 1976, in the
pressnce of high stratus and undeveloped
cumulus clouds, the attenuation at 78 GHz is
negligible. On 10 May, in the presence of low
continuous cloudiness with fractus stratus and
cumulue clouds, the attenuation reached 4 dB,
On 29 April and 2 and 7 June, in the presence of
stratus-cumulus and stratus clouds, the attenua-
tion was approximately 1.5 dB,
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Figure 1-17. Zenith cloud attenuation measurements at
78 GHx. Dols are the measured total zenitih atmos-
pheric attenuation values for six days with contin-
uous cloudiness in April-June 1976, The crosses repre-
sent the calculated contribution from a cloudless at-
mosphere,

WA, V, Sokolav, E. V, Sukhonin, and 1. A, Iskhakov, Atteituation of
Radio Waves at Wuvelengths from 0.45 tn 4.0 mm in the Earth's At
mosphere Through the Slant Paths, presenied at the second Intersia-
tional Conference on SMM Waves, San Juan (Decembar 1976).

L, 1 Fid , SMM A pheric Research in the USSR, presented
at the Third International Conference on SMM Waves, Guildford,
England (April 1978),
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Correlation of the singlecloud type of at-
tenuation with frequency is a difficult task. In the
same reports referenced above,'*!* the Soviets
have attempted to analyze their messurements so
as to provide some feeling for this correlation.
Table 1-1 lists their results for 78, 238, 411, and
667 GHz.

TABLE I-1, MEASURED ZENITH Ab'ITB'IUATlON T'(dB)

IN CLOUDS*:
Frequency (GHz)
Cloud type

75 M 411 87
Altocumulus -~ 016 06 19
Stratus — 016 — 15
Cumulus 1.2 178 101 178
Cumulus congestus 3 87 27 810
" #5ok04 and skhakon, Socond Intaationa Confuronce on SMM

W:m, San [uart (Decomber 1976),
L. I Fidossev, SMM Attmosphare Ressurch in the USSR, Third International
Conference on SMM Waves, Guildford, England (April 1978).

The reliability of such data is difficult to
estimate because of the complexity of unfolding
the varying meteorological conditions as dis-
cussed earlier. The significant thing to notice is
the increasing attenuation with frequency and
that the largest attenuations for NMMW occur
for cumulus clouds.

A number of theoretical and experimental
efforts have gone into the study of rain attenua-
tion in the NMMW portion of the spectrum.
Such studies are extremely important since rain
may very likely be the principal limiting factor to
obtaining “all-weather’ NMMW systems. Unlike
the situation at lower frequencies, it is not possi-
ble to accurately predict the attenuation from
knowledge of rain rates alone because, at
NMMW frequencies, the drop size distribution is
far more important in the calculation,?® Perspec-
tive on this situation may be gained by referring
to Figure 1-18, which shows expected attenuation
as a function of frequency as calculated by

WR, L. Olsen and D. V. Rogers, The aR? Relation in the Calculati
of Rain Att tion, 1EEE T tion on Ant and Propagation,

vol. AP-26, no. 2 (March 1978), 318-329.
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Llewellyn-Jones and Zavo&y." They performed
comparison measurements at 110 and 890 GHz
and found an attenuation ratio of

S0 y128 1002 . s
LT

In figure 1-18," only the Joss distribution for
drizzle (very small drops) would predict an at-
tenuation of 890 GHz significantly greater than
at 110 GHz, Since the experiment was performed
in summer thundershowers of about 5 to
30 mm/hr, it is unlikely that this distribution
predominated, thus indicating the importance of
measurement of actual drop size distribution for
comparison of experiment and theory.

/‘\_..

Figure 118, Calculated raln attenuation for various
drop size distributions at a rainfall rate of 5 mm/hr.
(@) Laws and Parsons, (b) Joss thunderstorm, (c) Joss
widespread, and (d) Joss drizzle,

Additional attenuation comparison studies
performed at 36 and 110 GHz by Zavody and
Harden?®? again clearly indicate the sensitivity to
drop size distribution as well as drop shape. In
both the above experiments, it should be men-
tioned that the path lengths were relatively short
(200 m), thus, it is hoped, circumventing any
question as to uniformity of rain rate along the

"D, T, Llewsllyn-Jores and A. M. Zavody, Rainfall Attenuation at
110 and 890 GHz, Electronics Letters, vol, 7, no. 12 (1971), 321-322,
MA, M, Zavody and B. N, Hardan, Attertuation/ Rain Rate Relati

path. Ho, Mavrokoukoulakis, and Cole,* on the
other hand, have recently made 36- and 110-GHz
comparison measurements along a 4-km path
with rain rate measured near the receiver end,
They find that the measured ratio for attenua-
tions at these two frequencies is consistent with
calculations based on the Laws-Parsons distribu-
tion. This is particularly true for attenuations ex-
ceeding about 3 dB/km at 116 GHz and 1.5
dB/km at 56 GHz. In this range,

L 2.8 (6)

e

In a recent report from the Netherlands,
Keizer, Sneider, and de Haan** have made de-
tailed studies (vertical polarization) of rain at-
tenuation at 94 GHz on 4 1000-m terrestrial path,
Simultaneously, the rain drop size distribution
was measured with a distrometer, and the rain-
fall intensity was recorded with three rapid-
response rain gauges spaced 500 1n apart. Using
the actually measured rain drop size distribution
and assuming spherical raindrops, the aitenua-
tion caused by the rain was calculated with the
aid of Mie's scattering theory for water spheres.
Figure 1-19 shows the measured and calculated
attenuations along with predictions based upon
various drop size distributions. Figure 1-20 ex-
presses, in detail, the agreement between the
measured attenuation and that calculated from
the actually measured drop size distribution. It
can be seen that the agreement between the
theory and experiment is very satisfactory.

In a closely related Canadian study at 74
GHz, Kharadly, McNichol, and Peters®* also
demonstrate the importance of proper rain
characterization. They conclude that without
measured drop size distributions and rapid, path-
average rain rates, it is not possible to make con-
sistently accurate studies of rain effects, This is

3K, L. Ho, N, D. Mavrokoukoulakis, and R, S, Cole, Rain Induced
Attenuation at 36 GHz and 110 GHz, [EEE Transactions ox Antennas
and Propagation, vol. Ap-26 (November 1978), 873-875,

MW, P. M. N. Keizer, |, Sniader, and C. D, de Haan, Rain Atenua-
tion Measurements at M Ghz:  Comparison of Theory and Experi-
ment, NATO AGARD (Confersnce Procesdings No. 245 (February
1979),

“M M. Kharudly, ]. D, McNichol, and ], B, Peters, Measurement of

ships at 36 and 110 GHz, Electronics Lettars, vol, 12 (1976), 422-424.

tion Due to Rain at 74 GHz, NATO AGARD Conference Pro-
cmﬂnn No. 245 (February 1979),
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particularly evident from figure I-21 where their
attenuation measurements during the time inter-
val T, are seen to dip to significantly lower yal-
ues than during the interval T;, the correspon-
ding peak rain rates being comparable. The ver-
tical component of wind velocity measured at the
transmitter/teceiver site, during T;, was genera)-
ly upward with peak values up to 2 m/s; during
T,, it was generally downward with peak values
of 1 m/s. This affects the instantaneous concen-
tration of smaller drops in the signal path and
thus the attenuation.
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Figure 1-19, Measured (A) and calculated (+) 94-CGHy
attenuation versus rainfall rate. Calculated values
derived from measured rain drop size distribution.
Path length, 1 km.
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Figure 1-20. Diffsezence between measured and cal-
culated rain attenuation at 94 GHz.

. “o
BTN 4478
wer EEY]
wol 4.6

§ ol .

3 l'r- -uog

i

~-mel i""“"' N »__.‘ ‘.._t,..‘ 4 "o

~Ra -4 15,0
-6 - e
- .0 l 1 — - 'Y
0.0 [2] 10 14 20
TIME (HOUNS)

Figure [-21, Relative 74-GHz transinitted signal level
and path-average rain rate vorsus ime. Path length,
1 km,

Richard et al'” have measured rain attenua-
tion at 140 GHz together with rainfall rate and
optical visibility. Interestingly, even over their
relatively short path length (700 m), the three
distributed rain gauges often showed differences
of up to four to one. Their attenuation
measurements were performed when all three
gauges gave close agreement, thus somewhat
assuring a uniform rain rate, Figure [-22 shows
their measurements correlated with rate, The
scatter observed is roughly consistent with
values spanning the various tvpes of distribu-
tions, as shown in figure 1-19. Figure [-23 shows
the correlation of the 140-GHz attenuation and
rain visibility measurements. The large scatter of
the data indicates a weak relationship. As
discussed earlier, this stems from the fact that the

V. W. Richard, |, E, Kammerer, and R. G. Reitz, 140-GHz Attenua.
ton and Opticnl Visibility Measurements of Fog, Rain, and Snow.
U.5. Army Ballistic Research Laboratories Memorandum Report,
ARBRI.-MR-2800 (December 1977),
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140-GHz attenuation strongly depends on the
total water, whereas the optical visibility is more
affected by the small droplets.
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Figure 1-22, Measured attenuation at 140-GMz versus
rainfail rate.
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S far, the discussion of rain effects has
centered on near-horizontal propagation paths.
Except for some widely varying measurements at
75 GHz reported by Sokolov et al,** no zenith or
slant path rain measurements have been found.
Such measurements are obviously necessary to
assess the “all-weather’ penetration capabilities,
{In such an evaluation, attention must zlso be
given to the often neglected fact that cloud at-
tenuation will also be present with that of the
rain,)

Richard and Kammerer of BRL have per-
formed?* rain backscatter amplitude and fluciua-
tion measurements simultanecusly at 10, 35, 70,
and 95 GHz with pulse radars for bath linear and
circular polarization, This ruther comprehensive
rzport discusses, among other things, a par-
ticularly significant experimental verification of
the expected decrease in rair backscatter above
70 GHz. The experiment verifies the long-
standing theoretically predicted capability of
radar tc "see” a target of given size above rain
clutter better at 95 GHz than at 70 or 35 GHz
when the same antenna size i3 used, No further
backscatter measurements were found for fre-
quencies higher in the NMMW band.

Finally, in the discussion of hydrometeor
effects on NMMW propagation, it is important
that some attention be given to the condensation
and precipitation effects on antennas, No
published data have been found for condensation
effects, which one would expect to become in-
creasingly serious with increasing fr-quercy. The
BRL 140-GHz tests'” have shown, however, that
rain falling on the lucite window in front of the
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Figure 1-23, Measured attenuation at 140 GHz versus
vistbility.

*A. V. Sokalov, E, V. Sukhonin, and |, A. lskhakov. Attenuation of
kadio Waues at Wavelengths from 0,45 to 4.0 mm v the Earth's At-
moasphere through the Slant Paths, presented at the Second Interna.
tonal Confareitce on SMM Waves, Son Juun (December 1976),

V. W. Richard and |, £ Kammerer, Rain Backscattor Measurements
and Theory at Millimeter Wavelengths, U.S, Avmy Ballistic Ressurch
Laboratorivs Report No. 1838 (October 1975),
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receiving antenna can cause large and variable
attenuation, Measured attenuation of this wetted
window versus rainfall rate is shown in figure
-4,
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Figure -24, Attenuation effects due to rainfall on a
lucite window in front of recelving antenna used In
140-GHz measurements of figure 1-22.

Keizer et al* realized from the beginning of
their 94-GHz experiment that rain or the antenna
or its cover represented a serious problem,
Therefore, tunnel honsings were used to shield
their antennas, However, in order to see to what
extent water on antennas and radomes can
degrade the accuracy of measurements, a series
of artificial wetting tests were carried out on one
of the 1.2-m Cassegrain antennas. Tabie I-2 sum-
marizes these measurements,

TABLE [-2. WETTING TESTS ON 1.2-m CASSEGRAIN

ANTENNA AT 94 GHz
Condition Decrease in antenna gain
{dB)
V-hole antenna wet 3.0to 5.8
Only radome on feed horn wet 1.8t03.8
Only subreflector wet 1.4 t0 2.1
Only main reflector wet 0.3 to 0.9
Only Teflon sheet in front of 0.61t01.0
antenna wet

V'V, W. Richard, |, E. Kammerer, and R. G. Rvitz, 140-GHz Attenua-
tion and Optical Visibility Memsurements of Yog, Rain, and Snow.
U.S. Army Ballistic Resvarch Laboratories Memorandum Report,
ARBRL-MR-2800 (December 1577).

MW. P, M. N. Kelzer, |. Snieder, and C. D. de Haan, Rain Attenua-
tion Measurements at 94 GHz:  Comparison of Theory and Experi-
ment, NATO AGARD Confererce Proceedings No. 245 (February
1979),
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Clearly, water on reflector antennas and
radonies can cause considerable losses. A wet
Teflon radome is seen to introduce much less
degradation than complete wetting of the anten-
na and, therefore, radomes can be a useful solu-
tion for long propagation links where high rain
attenuations will be encountered. However, for
short links, even the use of a radome may leave
the losses unacceptably high, thus requiring com-
plete shielding of the antenna,

Richard et al'” have performed 140-GHz at-
tenuation measurements in wet snows and com-
parud these with other frequency mieasurements
as shown in figure 1-25 (rate equivalent of
1 mm/hr liquid). Shown also on this figure are
1 mm/hr rain attenuation estimates obtained by
averaging a aumber of calculations by different
authors,” Snow attenuatiori is between 2,5 and §
times greater than rain attenuation for all the fre-
quencies measured, In general, this is due to the
large, more irregular shapes of the snow
precipitation and the fact that higher concentra-
tions exist for the snow due to the low fall
velocities, The attenuz ion of snow very strongly
depends on the moisture state of the snowflakes.
Lammers?” reports that the measured attenuation
of very dry sniow at 53 GHz is only one-sixth the
attenuation of rain, It can be expected that when
it is very cold and the snow is dry, the attenua-
tion will be very low, less than an equivalent rain
attenuation,

Hail is encountered much less frequently
than rain or snow and its duration is relatively
short, Aganbekyan et al® have reported single
scattering calculations for hails of wvarying

BV W, Richard and |. E. Kammerer, Ratn Backsc.itter Measurements
and Theory at Millimeter Wavelengths U.S. Army Ballistic Research
Laboratories Report No. 1838 (Ociober 1975).

'U. Lammiors, Investigations of the Effects of Precipitation on MM-
Wave  Propagation, Doctoral-Engineering Dissertation, Technik
Universitat tderlin, D 83 (1963), Translation by U.8. Avriy FSTC-
g;‘;;s-um-n. Defense Intelligence Agency Task No. T741801

"K. A, Aganbokyai, V. P. Biryarin, A Yu, Zrathevky A, O.
lryuniov, A, V. Sokolov, aind B, V. Sukhanin, The Propagation of
Submillimeter, Infrared, and Visible Waves in the Earth's Atmosphere,
Rasprostraneniye Radiovoln, Inwritut Radicteckhniki i Electroniki,
published by Nauka (1773), 187-227,
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diameters and intensities, taking the complex in-
dex of refraction of ice to be m = 1,78 - 0,00241.
An example of these calculations is given in table
I-3,
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Figure 1-25. Measured snow attenuations as a function
of frequency. Snowfall rate of 1 mm (liquid)/hr.
(1) Robinson (1955}, (2) Lammers (1967), (3) BRL,
(4) Babkin et al (1970), and (5) Sokolov (1970). Com-
parison curve shown for equivalent rainfall.

TABLE I-3. ATTENUATION IN HAIL W{TH INTENSITY
OF HAIL ] = 10 mm/hr (equivalent water)

From Aganbakyan ot al, Institut Radiotekhniki i Electroniki, published by
Neuks (1975),

- Attenuation (dB,/km)
Hail particle diarmeter
(mam) A = 1.0 mm 0.1 mm
2.5 2.7 2,0
5.0 0.9 0.8
10.0 0.4 0.4

No experimental data have been found in the
literature, and therefore relatively little can
definitively be said about hail. Obviously, hail
attenuation will not depend strongly on
wavelength, since the sizes of hailstones often
significantly exceed A in the near-millimeter
region,

I3, TURBULENCE EFFECTS

The effects of atmospheric turbulence on
NMMW propagation have only recently begun
to receive attention. Frequently, one finds that
such effects have been minimized because of sim-
ple extrapolation from optical studies. Such sim-
ple extensions of very complex theoretical results
which are based on numerous assumptions are of
questionable validity and are therefore worthy of
more detailed analysis and experiment,

Articles by Fante,® Davis,® Lawrence,
and Yura®® provide very nice reviews of the

- physical basis for various effects of atiospheric

turbulence, The effects ran include beam steer-
ing, image dancing, beam spreading, image blur-
ring, intensity fluctuations, and phase fluctua-
tions., Basically, the effects of turbulence on
propagation are determined by the rcfractive in-
index fluctuations along the atmospheric path,
These fluctuations are, in general, functions of
the position, T, and time, t, so that the index of
refraction, n, can be written as

nht)=1+4+n@¢ 6, )

where n, is the fluctuation in the index of refrac-
tion, It is possible to assume that the temporal
dependence of n, is due mainly to a net transport
of the inhomogeneities of the medium as a whole
past the line of sight (winds) so that

n(Et) = ny (- v(ht) , (8

R, L. Fante, Electromagnetic Beam Propagation in a Turbulent
Media, Proc. IEEE, vol. 63, no. 12 (1975), 166%-1082,

*]. 1. Davis, Consideration cf Atmospherie Turbulence in Laser
Systems Design, Applied Optics. vol, 8, no, 1 (January 1966), 139-147.
IR, 8. Lawrence, A Review of the Optical Effacts of Clear Turbulent
Atmosphere, SPIE, vol, 75 (1976}, 2-8.

BH. T. Yura, An Elemantary Darivation of Phase Fluctuations of an
Optical Wave in the Atmosphere, SPIE, vol, 75 (1976), 15,
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where v(t) is the local "wind” velocity, This
assumption, known as the Taylor's frozen-flow
hypathesis,” appears to hold in most practical
cases of interest, Assuming homogeneous and
isotropic conditions, the Kolmogorov model*
has been used to describe the index variations,
Within a particular range of separation, r, and r,,
the model yields

<lm) - ﬂGa)l') = Cifh ~ |23 ®

where the brackets denote an ensemble average
and Cy, is called the index structure constant. The
separation range for validity of this model (often
referred to as the inertial subrange) is
1p << I = T, << Ly, where Lg and 1, are called
the outer and inner scales of turbulence, respec-
tively. L, and |, may be thought of as the ap-
proximate maximum and minimum of the eddy
gizos, In the atmosphere, 1, ranges from a
millimeter to a centimeter and Ly, for horizontal
propagation in the lower atmosphere is about
one-third the height above the ground. For
separations larger than L, the mean square in-
dex fluctuation levals off to a value of the order
CiL4* whereas, for separation less than g,
viscosity effects cause a very rapid decrease in in-
dex fluctuations. Given this basic model, one can
g0 on to quantify the various effects mentioned
above,

Some of the important aspects of such
calculations for NMM wavelengths are best
discussed first in terms of intensity fluctuaticns,
A theoretical description®® requires consideration
of the problem in two separate domains depend-
ent upon the size of the outer scale of the tur-
bulence compared to the first Fresnel zone along
the propagation path of length R. These two
cases are when L, < VAR or Ly >VTR. Most
rough assesyments of turbulence effects in NMM
waves are based on Tatarski's calculations, valid
for the case Ly > VK, If, however, one has a
propagation range, say f 2 km withA = 1 mm,
VAR & 1.4 m. With a vehicle-mounted antenna

®R, L. Fante, Elictromagnetic Beam Propagation in a Turbulent
Madia, Proc, IEEE, vol. 63, no, 12 (1975), 1669-1692.

1M, T. Yura, An Elomantary Derivation of Phase Fluctuations of an
Optical Wave in the Atmosphere, SPIE, val. 75 (1976), 9-15,
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at a height, h, of 2 m, one expects* L, to be of
the order of h/3 or 0.7 m, and thus in the domain
where L, < VAR. In addition, except for some
aperture averaging estimates,® most simple
calculations (plane waves) have ignored the fact
‘hat the transmitting and receiving apertures
contemplated for use in tactical NMM systems
have diameters of the order of 0.5 to 1 m, Thus,
antenna near-field effects may be important at
wavelengths of 1 mm.

No simple guantitative models of
amplitude fluctuations have been found for
either the case of Ly < VK or for antenna near-
field operations. However, the Tatarski calcula-
tions, for a plane wave with L, > v/ AR shows the
variance of the log-intensity fluctuations, o?, to
be

]
o' = <(10 logis ll) >- 23.39 C} K74RWE (4B (10)
0.

where k = 2n/A, Worst-case estimates™ for Cp,
are usually made on the basis of optical
measurements wherein C}, & 6 X 10"'? m~%/* for
sirong turbulence. For this situation, equation
(10) predicts minimal intensity variations for the
wavelengths and ranges of interest for tactical
operations wherein L, > VIR, With, for exam-
ple, A = 1 mm and a range of 2 km, o* ¥ 0.4
(dB%). Under similar limitations, it {s also found?®®
that calculated phase fluctuation effects across
‘ne receiver aperture are negligible for antennas
of reasonable size for tactical applications,

In utilizing optical constants for obtaining
estimates of near-millimeter wave turbulence vf-
fects, one must realize that optical turbulence is

] L. Duvis, Conslderation of Atmospheric Turbulance in Laser
Systems Dosign, Applied Optics, vol. 5, no. 1 (January 1966), 139-147,
WY, I Tatarski, Wave Propagation it a Turbulet Medium
(Translated from the Russian by R. A, Sifverntan), McGraw-Hilf Book
Co., Inc., New York (1961),

MR, S, Lawrence and |. W, Strohbehn, A Survey of Clear-Alr Prop
agation Effects Relevant to Qptical Cominunicaiions, Proceedings of
1EEE, vol. 38, no. 10 (October 1970}, 1523-1545.

SSE F, Hall, Jr., Index of Refraction Structure Parameter int the Real
Atmosphere—An Querview, OSA Topical Meeting on Propagation
Through Turbulence, Rain and Fog, Paper TuCl (9 tv 11 Angust 1977),

41, 1. Gallagher ¢t al, Application of Submillimetsr Wave Gigawat!
Sources, Georgia Institute of Technology, Final Report GT/FESS, Pro.
ject No. A-1717 (1975),




principally dependent upon atmospheric
temperature fluctuations and that varying water
vapor effects are negligible. For near-millimeter
wavelengths, however, water vapor contribu-
tions to the index of refraction become impor-
tant. Brown" has shown, figurc 1-26, that for
microwaves (V10 GHz), statistical variations in
water vapor below 8 km can produce values of
C}, that are more than two orders of magnitude
larger than for the corresponding optical case
(Cho). Thus, estimaies, for example, of o* based
on optical constants may be in serious error,
Armand et al** have looked at fluctuation effects
near the 920-um water line and found that, on
the absorption center, the amplitude fluctuations
(dB) were approximately fives times lower than
in the 980-um window. Kanevskii* however, has
done theoretical analyses which indicate that
under certain conditions, dependent upon the
range and outer scale turbulence condition, op-
posite and more intense effects are possible.

From the brief discussion thus far it should
be clear that an understanding of the effects of
turbulence on NMMW propagation will require
considerable theoretical and experimental effort.
Aside from the Soviet work discussed above, it is
only recently that other workers have begun the
experiments 8o necessary in this area, Ho, Cole,
and Mavrokoukoulakis have recently published

"W, D. Brown, A Model for the Refractive Index Structure Constant
at Microwave Frequencies, Sandia Laboratories Report SAND 76-0593
(February 1977),

®#N, A Armand, A, O, lzyumov, and A, V, Sokolov, Fluctuations of
Submillimeter Waves in a Turbulant Atmosphere, Radio Engineering
and Elsctronic Physics, vol. 14, no. 10 (1971), 1259-1286.

®M, D, Kanevskii, The Problem of the Influence of Absarption on
Amplitude Fluctuations of Submillimeter Radio Waves in the At-
mosphere, Izvestiya Vysshikh Uchebrykh Zav. Radiofirika, vol. 18,
no, 12 (December 1972), 19301940,

a series of papers** discussing their work on
amplitude fluctuations at 36 and 110 GHz along
a terrestrial path. They have compared the two

regions L, > VIR and L, < VAR and the ap-
plicability of Tatarski’s theoretical predictions to
millimeter wavelengths,

The comparison study was conducted over
a 4-km path using 0.5-m antennas approximately
50 m above ground, Figures 1-27 and 1-28 sum-
marize their results for Ly > VAR and Ly < VIR,
respectively, One-dimensional temperatare spec-
tra, measured by a fast response.sensor, were
taken for two purposes. First, to obtain an
estimate of the outer scale of turbulence and se-
cond, to ascertain whether or not the
Kolmogorov 2/3 spatial power law model
discussed earlier was valid, It should be recalled
that the temperature fluctuations of the sensor
are caused by wind flow of the turbulence eddy
packets. For a given wind speed, the temperature
spectrum* gives a good estimate of the refractive

“K, L, Ho, N. D, Mavrokoukoulakis, and R. 5, Cole, Wavelength
Dapendence of Scintillation Fading at 110 and 36 GHz, Electronics Let-
ters, vol, 13, no. 7 (31 March 1977), 181-182,

4K, L. Ho, R, 8, Cole, and N. D, Mavrokoukoulakis, The Effect of
Wind Velocity on the Amplitude Scintillations of Millimetre Radio
Waves, Journal of Atmospheric and Terrestrial Physics, vol, 40 (1978),
44448,

“R, 8. Cole, K. L. Ho, and N, D. Mavrokoukoulakis, The Effect of
the Outer Scalv Turbulence and Wavelength on Scintillation Fading at
Millimeter Wavelengths, IEEE Trunsactions on Antensias and Pro-
pagation, vol. AP-26 (September 1978), 712-715.

uK, L Ho, N, D, Mavrokoukoulakis, and R, S, Cole, Determination
of the Atmospheric Refractive Index Structure Parameter from Refrac-
tuity Measurements and Amplitude Scintillation Measurements at 36
GRz, Jourttal of Atmospheric and Terrestrial Physics, vol, 40 (1978),
745-747,

4N, D, Mavrokoukoulakls, K. L. Ho, and R, 5. Cole, Temporal
Spectra of Atmospheric Amplitude Scintitlations at 110 GHz and 36
GHz, IEEE Transactions on Antennas and Propagation, vol. AP-26
(November 1978), 875-877,

“D, T. Gjessing, A, G, Kjelass, and E. Golton, Small Scale At-
mospheric Structure Deduced from M ts of Temperature,
Humidity, and Refractive Index, Boundary-Layer Meterol. (1972),
478,
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index spectrum and size of the outer scals,
Figures [-27(a) and 1-28(a) show the results of the
measurements. Given a measured wind speed
and frequency of the slope chaage in the spectra,
one derives the outer scale of the turbulence, 1t is
interesting that even at the 50-m height of the
measurement, L, was found on occasion to
average as low as 2 m, The measured -5/3 fre-
quency dependence of the fluctuations is consis-
tent with what is predicted by Tatarski** on the
basis of the Kolmogorov spatial model.

1} ~r

ALTITUDE (km}

Figure 1-26, Theoretical ratio of refractive index struc-
ture constants at radar (~10 GHz) and optical fre-
quencies versus altitude with sea-level water vapor
pressure as & parameter.

Figures I-27(b) and 1-28(b) show a com-
parison of the measured varlances of log-
amplitude fluctuations at 36 and 110 GHz as a
function of time. It is clear that fluctuations at
the different frequencies were very well cor-
related. Assume for the moment that, on the
9V, |, Tatarski, Wave Propagation in a Turbulent Medium

(Translted from the Ruseian by R. A. Silverman), McGraw-Hill Book
Co., Inc., New York (1961).
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average, figure 1-28(b) indicates oo ~ 3 X
10" dB?, This implies intensity fluctuations of
the order of 0.2 dB. In recent battlefield, near-
ground propagation studies, Snider et al* have
observed significantly greater power fluctuations
of the order of 2 dB and attributed these to
clear air turbulence.” It may be, however, that
the wide antenna beamwidths in these
measurements result in the inclusion of some
multipath effects.

Figures 1-27(c) and I-28(c) plot the
measured 110- and 36-GHz fluctuation ratios,
The mean vaiue for Lo > VR is approximately
3.83, whereas for Ly < VAR the mean is 9.81. As
discussed earlier, the theory for the fluctustions
in the L, > VAR domain should vary as k7%, This
is consistent with the measured ratio. For L,
<VIR, Tatarski predicts a k dependence which is
quadratic. Again this is consistent with figure
I-28(c).

For Ly > VAR, the closed form expression
for the fluctuations as discussed earlier allows
one to calculate C}, from the measured data. Ho
et al* performed simultaneous millimeter wave
fluctuation measurements and X-band refractivi-
ty measurements of (3. These two techniques
yielded—over a one-hour period—respective
average values of C% of 0.25 X 10" m** and
0.32 X 10"** m?3, Thus, it appears that whenL,
> VAR, millimeter fluctuation measurements can
provide a rather good measurement of C},.

The question of the spectral content of the
amplitude fluctuations is important since the
fluctuations generally might be expected to occur
in the low audio range and thus could con-
ceivably intefere with such things as ser-
vomechanism tracking loops which --rate in
the audio region, Mavrokoukoulakis - have

4K, L, Ho, N, D. Mavrokoukoulakis, and R, S, Cole, Determination
of the Atmospheric Refractive Index Structure Parameter from Refrac-
tivity Measuremiunts and Amplitude Scintillation Measuvements at 36
;.?‘lsl.x,‘l;uml of Atmospheric and Terrestrial Physics, vol, 40 (1978),

747.

“D. E. Snider, ], C, Wiltse, and R. W, McMillan, The Effects of At-
mospheric Turbulence and Adverss Wenther on Near Ground 94- and
140-GHz Syatents, MIRADCOM Workshop on Millimeter and Sub-
millimeter Atmiospheric Propagation Applicable to Radar and Missile
Systems (March 1979),

*Editor's Note: also see 1979 Wiltse et al referente in Selected
Bibliography (Ch IX).
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found spectral dependencies at 36 and 110 GHz,
as shown in figure 1-29.4 The -8/3 power law
roll-off is consistent with Tatarski's theory, as
discussed by Ishimaru*’ and Fante,?
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Figure 1-29. Frequency spectra of the amplitude fluctu-
atins at 110 and 36 GHz,

I-4. ANTENNA EFFECTS

A word is appropriate as to the perform-
ance of accurate, absolute propagation
measurements, Such measurements, of course,

L RN s WU NS TR

are very difficult and thus one very frequently
finds that data presented and discussed in an ab-
solute fashion are, in reality, quite dependent on
a host of experimental conditions, In this regard,
there particularly appears to be little concern
given to the area of antenna effects—pattern
shapes, near-field phenomena, etc. For example,
at wavelengths of about 1 mm and antenna aper-
tures of 0.5 m, the near-field region extends out
to approximately R = 2D?/A = 500 m. McGee
at BRL (1978 data, private communication) has
noticed that the fluctuation amplitudes observed
in his measurements near 100 GHz seem to be
dependent on near-field phenomena. There have
been some recent theoretical efforts by Haworth
¢t al** and vW, Welsbeck* to study such effects.
However, no conclusive results have yet been
reached, except that it is clear that some atten-
tion must be given to antenna effects,

R, L. Fante, Electro tlc Beart Propagation in a Turbulent
Media, Proc. IEEE, vol. 63, no, 12 (1975), 1669-1692,

“N, D, Mawakaukouhkls, K. L. Ho, and R, 8 Cole, Temporal
Spectra of Atmopheric Amplitude Scintillations at 110 GHz and 36
GHr, IEEE Transactions on Antennas and Propagation, vol, AP-26
(November 1978), 875-877,

A, Ishimaru, Temporal anumcy Specira of Mum anuancy
Waves in a Turbulent At re Tr H Anl
and Propagation, vol, AP-20 (1972), 10-19.

@D, P Haworth, N, J. McEwan, and P. A, Watson, Effect of Rain in
the Nuar Field of an Antenna, Electronics Letters, vol. 14, no, 4 (16
February 1978), 94-96,

‘oW, Wiesback, Regenwchos bei Nahbereichsimpulsradaranlagen,
A.E U, band 30, heft Il (1976), 429.
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CHAPTER I1.—PROPAGATION THROUGH THE CLEAR ATMOSPHERE

by Darrell E. Burch and S. Anthony Clough
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1. INTRODUCTION
11-1.1 Background and Summary

Most of the attenuation of NMM
wavelengthy radiation by the clear atmosphere
near sa level is due to the aosorption lines of
H,O and O,. Additional very weak absorption
reaults from the rotational lines of CO, N,O, ano
Q;. In the lower atmosphere, the abrorption by
these gases at any wavelsngth is usually much
less than the absorption by HyO. In the upper al-
mospliere, where the H,O density is very low
and collisional bror.dening of the lines is slight,
one of these minar ennstituents may produce
mosti of the atteriuution at a given wav~length,

The speciral curves of H,O atte.u-
ation versus wavenumber given in sectiors [i-2,
-3, and -4 of this chap: er are based un a cornbina-
tion of theory and experimental results obtained
by many workerns, Air Force Geophysical
Laboratory (AFGL) scientists!  have compiled
and stored on magnetic tape the essential
parameters of all the significant atmospheric ab-
sorption lines at all frequencles up through the
infrared. These line parameters served as ihe
basis for calculated wvalues of attenuation,
Following a procedure similar to that employed
by Burch,? we have added an “empirical con-
tinuum” to the theoretical values to bring about
agreement with experimental results in the at-
mospheric windows. Although this procedure
lacks a r’gorous theoretical basis, the results
probably represent all the accumaulated H,0
attenuation data in as simple and as accuzate a
fozm as is possible at this time, Data un the other
gases (O;, CO, N,O, and O,) that absorb ir. the
NMMW region are based strictly on the line-by-
line calculations,

‘R, A. McClatchey, V. S, Benedict, 3. A, Clough, D. E. Burch, R, F.
Calfes, K. Fox, L, A, Rothman, and |, §. Garing, AFCRL Atmospheric
Alsorption Line Prra:rrters Compilation, Air Force Cambridge
Research Laboratory AFCRL-TR-73-0096 (January 1973),

D, E. Burch, AL.iorption of Mfrared Radion: Energy by CO) and
HO. Il Absorption by HyO bet+-sen 0.5 avd 36 em™ (278 e to 2
cm), Journal of Opticul Saclety of America, vol. S8 (19358), 1382-13%4,

e s W O ST NI TR

The methods nsed in the calculation
are deszribed and most of the absorption
parameters are defined later in this section,
Because of the donmunance of the H,O absorp-
tion, this gas is treated separately. Contributions
by the other gaces are then included. Horizontal
atienuation at low altirudes is cliscussed in sec-
tion II-2. The effects of decreased pressure and
H.O density at high zaltitudes are illustrated in
the distussioni of section 1I-3. Five NMM win-
dows hauve been livvestigated {urther in order to
determine the attenuation as & Function of
altitude from the top of the aimosphere duwn to
various altitudes, Results of these calculations
are presented in section II-4.

Section 11-5 deals briefly with possi-
ble anomalous absorption by H.O, particularly
when the vapor Is near saturation. Uncertainties
in the results ar¢ discusrsed in section I1-6.

1I-1,.2 Gaseous Composition of the
Atmosphere

Approximately 99.97 percent of the
dry (no HyJ vapor) air in the lower atmcsphere
consists of Ny, 78.09 percent; O,, 20,95 percent;
and Ar, 0.93 percent. Several permanent consti-
tuents make up the remaining 0.03 percent, The
ganes that contribute significantly to attenuation
In the NMMW region are listed in table II-1,
along with their average concentrations and den-
sities, The \-alues given in the table are pased on
the 1962 U. S. Standard Atmosphere™* and have
been used in the calculations that are discussed
below. For the present purposes, O,, N;O, and
CO can be considered uniformly mixed
throughout the atmosphere. The concentration
of O, is highly variable in the iower atmosphere
and {s always much lower than it is at altitudes
between approximately 10 and 30 km.

18, L. Valizy, Handbook of Geophysics und Space Environments
AFCRL (1965).

‘R, A McClatchey, R, W. Fenn, |, E. A, Selby, F E. Vol und ], 8.
Guring, Optical Properties of the Atwonpiere (Revised),
AFCRL-71-0279  Environmental Research Papers, No. 354 (10 Muy
1971).
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| ; TABLE 1l-1, ABUNIANCES OF ATMOSPHERIC GASES THAT ABSORB IN

4 THE NEAR-MILLIMETER REGION

!

,’ Gaz  Alttude Total pressure Concentration cm:::tur ::lon

n';: : species (km)  (atm) (molecules/cm?) by volume?

b i -

\ 3 o} 0 100 5.34 x 10" 20.95 percent

: ‘ 4 061 3.87 3% 10%

; 16 0102 7,25 % 107

-

Lo

! N;O 0 100 7,12 % 10 0.28 ppm

4’ 4 061 4.76 % 101

Lod 16 0.102 9.67 X 10"

3 e co 0 1,00 1.91 % 101 0.075 ppm

4 061 1.28 x 102

. 16 0.102 2.59 % 101

7

oL O, 0 1.00 6.78 % 10" 0.027 ppm

ot ¢« oo 5.77 % 101

i1 16 0.102 3.01 x 104

T
B § H.Ol’ {See figure 11-2, relating H,O concestration to altitude) ;
F g
= 0 100 1.98 X 107 = 5.91 g/m? S
S i 0.6 3.69 % 10 = 1,10 g/m? : :
(I 16 0.102 2,04 X 10 = 6.1 % 10" g/m? :
™ ﬁ;

AConcentrations for all guses except H,O correspond to H,O-free air.
I Concentrations given for HyO correspond to the 1962 U.S. Standard ) ‘
SN Atmosphere, Other H;O concentrations employed in the calculations are indicated .
in the text. 1 gm H,0/m?* corresponds to 3.35 ¥ 10" molecules/ em?, .

Cmen

Figure II-1 provides a convenient Tabulated data have been plotted for altitudes

[, & means of determining H,O vapor density from  separated by 1km, and the points have been con- 3
9 b data on temperature and relative humidity. I the  nected by straight lines. b
- vapor density is required in molecules of H,O per :
4 : cmr’, it can be found by muitiplying 3.35 x 10t As originally published,® the 1962
E by the density in g/m’, U, 8, Standard Atmosphere did not invlude H,0. 3
‘ However, an H,O distribution derived by Sissen- i
3 The concentration of H,O is highly  wine® has been added to the standard and is » b
A v variable in time, altitude, and geographical loca- given in an Air Force Cambridge Research ]
§ i tion, Several different madel atmospheres have Laboratory (AFCRL) report, Tabulated data on ,
' been derived and used by various groups. Figure  the Tropical and Subarciic Winter Models also ‘ J

II-2 shows plots of H,O vapor density versus appear in this same report, ; 3
altitude for three such atmospheric models, Of ‘ ‘ :
the three models, the most representative single mymaok of Geophysics and Space Envirouments, &
model is the 1962 U, S, Standard. The other two ~ AFCRL (1965). ; i

!N, Sissenwine, 1, D, Granthum, and H. A. Salemin, Humidity Up
Are more representative of extreme conditions, o the Mescypmuse, AFCRL-68-0550 (1968),
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Figure II-1, Plots of H,O concentration versus temper-
ature for various percentages of relntive humidity,
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Figure 1.2, Plots of water vapor density versus
altitude for three atmospheric models.

1I-1.3 Absorption Parametcrs and
Line-by-Line Calculations

The transmittance of a gas sample
at a single frequency is given by an exponential
equation of the form

to 1/1, w expl—uK) = exp (—NLK), (1)

I is the radiant power level transmitted through
the medium of interest, and [ is the power level
that would be observed with no attenuation.
Workers in different areas define the quantities
corresponding to u and K in different ways, but
they must be defined insuch away that the
product ukK is dimensionless, The AFGL line
parameters' are based on a system of units com-
monly used in the infrared which defines u as the
number of absorbing molecules in a square cm
cross section of the optical path. The quantity u
{s, therefors, equal to the density N,
molecules/cm? times the path length L in cm. It
follows that the absorption coefficient (cross sec-
tion per molecule) K has the units of
cm? molecules™!,

Workers in the millimeter region
traditionally have not characterized atmospheric
propagation in terms of transmittance;. instead,
they express it in terms of attenuation measured
in decibels (dB). The attenuation A in dB is defin-
ed by

A{dB) = 10 log (Iy/1) = ~ 10log + . @
Combining equations (1) and (2) gives
A(dB) = ~10log 7= —4.34In v = 434 NLK, (3)

It is frequently convenient to express
the density of the absorking gas in mass per unit
volume rather than number of molecules per unit
volume. If K is to be retained with units of
cin® molecules™, N must be replaced by ¢/m,
where @ is the density in g/cm?® and m is the mass
of each molecule, found by dividing the
molecular weight by Avogadro's Number (6,02 %
10 molecules per grain molecular weight). In
many of the calculations discussed below, g is ex-
pressed in g/m?, L is in km, and the attenuation
coefficient is in dB/km,

Equation (3) can then be rewritten as

AL{GB/km) = A(dB)/Lkn) @
- 4,34 % 10" (em/km)g(g/m*)104(m*/ cm*)K{cm*/ nolecule)
m(g/molecule)

TR A MeClatchey, W. 5. Banedict, 8. A. Clough, D, E. Lurch, R,
F. Calfee, K. Fox, L. A, Rothman, and |. 5. Garing, AFCRL At-
mospheric Absorption Line Parameters Compilation, Alr Force Cam-

bridge Ressarch Laboratory AFCRL-TR-73-0096 (fanuary 1973).
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With the units as defined, this equa-
tion reduces to the foliowing when the absorbing
gas is H;O (molecular wt = 18.0 and m = 2,99
10" g/molecule).

Ay (dB/km) = 145 % 109K (for H,Q) (8)

The absorption coefficient K as
defined is unambiguous and has the important
advantage of being independent of the density of
the absorbing gas. On the other hand, it involves
the use of numbers with large exponents and is
somewhat difficult to relate to lengths and den-
sities normally used. Use of the quantity A[ has
the dicadvantage that it is necessary to specify
the density for which it is defined. This quantity
has the advantage, however, that the total at-
tenuation by a path of known length can be
calculated from it quite easily,

For convesience in comparing dif-
ferent vulues of attenuation by H,O, we define
an additional quantity Af as the value of A for
an H,O density of 1 g/m’.

Af = Aj{dB/km)/o(g/m’) | (6}

A path length of 1 km (10* cm)
through an atmosphere with an H,O density of
1 g/m? corresponds to an absorber ‘hickness of
0.1 g/cm?, or to 0.1 precipitable cm of liquid
H,;0. The units of g/cm? and precipitable cm of
liquid H;O are commonly used by infrared
workeis,

The AFGL line-parameters tape in-
cludes the intensity So,i (sometimes called
strength), center position v;, and half-width a, ;
of each absorption line of significance for at-
mospheric attenuation from the infrared to the
microwave region. Also included is other infor-
mation that is required to calculate the strengths
and half-widths at temperatures other than the
reference temperatires, Data are included for the
permarzit atmospheric gases: N,, O, CO,,
H,0, N,O, CO, CH,, and O,. Only five of these,
H,0, O,, CO, N.O, and O, absorb significantly
in the NMMW region and are considered below.
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In a calculation typical of those
discussed below, the theoretical absorption coef-
ficient (K = 2k; cm*molecules™) is computed by
summing the’ calculated portion of the absorp-
tion coefficient due to each individual absorption
line centered in the microwave, near-milfimeter
and infrared regions of the spectrum below 6000
GHz. Similar calculations are made for many
wavelengths, with the intervals between adjacent
wavelengths small enough to retain all of the
spectral structure. This requires that the spacing
be no more than about 1/4 the half-width of the
narrowest lines, Values of the attenuation coeffi-
clent, Ay, for a particular H,O density g are com-
puted from the calculated values of K by the use
of equation (5), Values of Ay for CO, N;,O, O,,
and O, are calculated similarly by using standard
densities of these gases.

Curves of transmittance for a given
value of u can be obrained by applying equation’
(1) to the computed values of K, If two or more
gas species (such as H,O + O, + CO) contribute
to the absorption at a given wavenumber, the
combined transmittance 7 is equal to the product
of the individual transmittances,

A very important parameter in the
transmittance calculation is the shape assumed
for the absorption lines. Different shapes have
been proposed for NMM lines, particularly for
those of H;O, the major absorber. All the
calculations represented below are based on a
modified version of th¢ Van Vieck-Weisskopf
line shape that is included in the following ex-
pression for the absorption coefficient

vl = exp(—hv/KT)] {,59 d E [

| Vi1 — exp(--hvy/kT)] \T/ Soi ¢ kTo KT,

s _ + 4 )
L R " B U ) L I

The line intensity S, ; corresponds
to the reference temperature Tq (29 K). The




value of S, | at any given temperature T is essen-
tially independent of aj (the half width of the
line), and thus independent of total pressure P,
The center of the line is given by v; and the point
of calculation by v, E" is the energy of the lower
state involved in the transition. If E" is large, S, ;
increases rapidly with increasing temperature,
Planck’s constant and Boltzmann's constant are
represented by h and k, respectively. The con-
stant d = 1.5 for H;O and O, and | for the other
molecules considered here.

tion (7) has the obvious drawback that the in-
tegral [ kidv is infinite if the integration is carried
out over all wavenumbers, This rreults because
ki approaches a constant value wiica v>>4j, In
the NMMW region, this is not a problem because
v is never large and is less than the values of vj for
many of the lines that contribute to the absorp-
tion. In the calculations represented below, only
the H;O lines for which v{ & 6000 GHz were in-
cluded.

In the NMMW region, Doppler
broadenirg of absorption lines is negligible for
the present applications. Therefore, line
broadening is due solely to collisions of the
absorbing molecules with other molecules. The
half-width aj of a line when the gas is at total
pressure P(atm) is given approximately by

aj = ag,i (To/T)**(P/Py) 8

where P, = 1 atm, and a,, | is the half-width at
half maximum of the line at the reference condi-
tions. Values of a, ; listed on the AFGL tape are
based on the assumptior that all the collisions of
the absorbing molecules are with N, molecules,
Thus, self-broadening produced by collisions of
the absorbing molecules with other molecules of
the same species is excluded. This assumption
probably does not lead to significant error in the
attenuation calculations for O,, CO, and N,O
because of the very low concentrations of these
gases. Errors of several percentage points may be
introduced by this simplifying assumption in the
calculations for H,O and O,. These possible er-
rors are discussed in more detail in section II-6,

The modified Van Vieck-Weisskopf
line shape represented by equation (7) is one of
the few shapes that have been suggested for H,O
abgorption lines in the infrared and NMMW
regions. Unfortunately, none of the proposed
shapes lead to theoretical results that agree well
with experimental results. In the “windows” be-
tween the strong iH,0 lines, the experimental at-
tenuation is generally greater than the theoretical
value by as much as 25 to 150 percent. The
tnethod of accounting for this discrepancy is dis-

. cussed, along with the results in section 1I-2,
The line shape iepresented by equa- ussed, along

Although none of the theoretical
shapes is completely adequate, one feature is
common to all of them and is consistent with ex-
perimental results obtained in the infrared and
NMMW regions. In the wings of & line whe-e
[v = vol>>a, the value of k; is proportional to a,
which, in turn, is proportional to pressure (see eq
(7) and (8)). Thus, in a window region that is
well separated from any lines that contribute
significantly, the total absorption coefficient K
due to all of the lines is also proportional to
pressure, It follows from the above discussion
that A, the altenuation in dB/km, is propor-
tional to @P,the product of the density of the ab-
sorbing gas and the total pressure, At most of the
altitudes of interest, the densities of Oa, N;O and
CO are proportional to P; thus, the attenuation
by the wings of the lines of any of these gases
varies as P* and consequently decreases rapidly
with increasing altitude. In general, the attenua-
tion hy H,O decreases even more rapidly with in-
creasing altitude because of the rapid decrease in

QH]O’

II-2. HORIZONTAL ATTENUATION AT
LOW ALTITUDES

The method described in the previous sec-
tion has been used to calculate the theoretical at-
tenuation by H.Q at zero altitude for the H,O
density (3.91 g/m?) represented by figure II-2 for
the 1962 U, S. Standard Atmospherve. The
calculated values were then compared with the
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experimental results obtained by many different
workers, [n most cases, the experimental data are |
based on a different H,O density and had to be
adjusted to represent a density of 5.91 g/m*. No
adjustments were made for the differences be-
tween the gas temperatures, -

In general, there is excellent agreement in
the positions of the line centers; intensities and
line widths also appear to agree well, although
these two parameters cannot be checked as ac-
curately as the positions, Serious discrepancies
occur between the experimental and theoretical
attenuation coefficients in the windows between
the strong lines, The relatively high experimental
values imply that either (a) the theoretical line
shapes do not predict enough wing absorption or
(b) there is an additional source of absorption.
Dimers consisting of two H,©O molecules joined
together have been suggested as a possible addi-
tional source of absorption, Dimers and other
possible sources of anomalous absorption are
discussed further in section 11-6, Rather than at-
tempt the very difficult task of determining the
exact absorption mechanism, we have used a
combined theoretical-experimental approach to
obtain spectral curves of attenuation that are
realistic and adaptable to a variety of atmos-
pheric conditions.

In order to bring about agreement be-
tween calculated and experimental data, we have
added an “empirical continuum” to the values
calculated theorctically on the basis of the line
parameters. Curve A of figure 11-3 represents the
calculated values after the empirical continuum,
represented by curve B, has been added. The
rdata polnts shown in figure 1I-3 represent several
sets of workers, and in many cases a single data
point represents the average of many original
data points. Many apparently reliable data by
various other workers necessarily have been
omitted, The results of different workers are
generally in good agreement if the data were ob-
tained under well-controlled conditions. The
data illustrated by the points between 14 cm™
aund 34 cm™! are based on laboratory data of

Burch.? These data agree favorably with the
other limited data available from laboratory and
field measurements. Other data represented in
figure I1-3 are by Ryadov and Furashov,* Frenkel
and Woods,” Straiton and Tolbert,* and

Dryagin, et al.*

gi
A bibliography by Guenther et al'®
references many other papers and 1-ports on
NMMW propagation.

Most of the discrepancy between the theo-
retical and/the experimental results is probably
due to the lack of knowledge about the shapes of
the extreme wings of collision-broadened H,O
lines, Many very strong H,O lines centered at
frequencies above the NMMW region contribute
to the absorption in the NMM windows. The
shapes of these distant lines must be known if
their contributions are to be calculated accurate-

ly.

The theoretical contributions by all the
lines centered below 200 em™ (6000 GHz) were
included in the calculations, Other calculations
performed at a different time indicated that there
is a negligible contribution to NMMW absorp-
tion by the extreme wings of H,O lines centered
above 6000 GHz, In fact, most of the calculated
NMMW attenuation by H,O results from lines
centered below 1200 GHz (A > 0.25 mm). The
separate use of the empirical continuum curve is

D, E. Burch, Absorption of Infrared Rudiant Enargy by CO, and
HO. IMl, Absorpiton by H,O between 0.5 and 36 em*' (278 um to 2
cm), Journal of the Opticul Society of America, vol. 58 (1958),
1382-13M,

*Ya, V. Ryadov and R, 1 Furashov, Investigation of the Spectrum
of Radlowave Absorption by Atmospheric Water Vapor in the 1,15 to
1.5-mm Range, Radio Physics and Quantum Electronics, vol 18, no,
10 (Ontober 1974), 1124-1128,

'L. Fronkai and D, Woods, The Microwave Absorption by H,0
Vapor und Its Mixtures with Other Gases Between 100 and 300 GHz,
Proceedings of the IEEE, vol. 54 (1966}, 496-505,

*'A. W, Straiton and C. W, Tolbart, Anomalies in the Absomption of
Rudio Waves by Atmospheric Guses, Procesdings of the IRE, vol, 48
(1960) 898,

‘Yu, A. Dryagin, A. G. Kislyakov, L, M. Kukin, A, 1. Naumov,
and L, 1. Fedoseyov, Measuremants of Atmospheric Absorption of
Radiowaves i 1.36- o 3.0-mm Range, Izvestiya VUZ Radiophysica,
vol, 9, nu. 6 (1966), 624-827,

'“B. D. Guenther, ]. 5, Bennett, W, L, Gumble, and R. L, Hartman,
Submitllimeter Researcli: A Propugation Bibliography, U.S. Amiy
Missile Command, Technical Report RR-77-3 (November 1976),
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Figure [1-3, Spectral plots of the attenuation by atmospheric H,O ut sea level, Curve A represents a combination
of tiieoretical and experimental resuits for an MyO density of 5.91 g/mi*, Curve B corresponds to an empirical
continuum that is added to theoretical results to provide agreement with the experimenial resuits represented
by the data points (superscript numerals represent literature references of Chapter I). ®, Burch;* B, Ryadov
and Furashov;* O, Frenkel and Woods,” A, Straiton and Tolbert;* and ¥, Dryagin ct ul.* The tranamittance
scale on the right-hand side corvesponds to a 1 km path,

not intended to imply that such a rontinuum ex-
ists as a result of some meparate absorption
mechanism. 1t is, however, inteiesting, that
values represented by this sriooth curve do
represent the difference between experimental
and theoretical results. As indicated above, this
“sxtra” absorption may be due to unpredictably
high absorption by the wings of lines, or to
dimers, or tc other sources that are not yet
understood. If a line shape other than the
modified Van Vleck-Weisskopf shape had been
used, the values represented by the empirical
continuum would be slightly different. But a con-
tinuuin is still required to produce agreement be-
tween experimental results and theoretical results
based on any of the widely 1wed line shapes.

The H,O vapor density (5.91 g/m?*) on
which figure II-3 is based corresponds to
approximately 46-percent relative humidity at
15 C (59 F), The actual density may vary in ex-
treme cases from as low as approximately 0.2
g/m® in very celd, dry air to as high as 30 or

R T O U TR

4G g/ ot in hot, humid air, To a first approxima-
tion, the attenuation by a fixed atmospheric path
length at a fixed pressure and temperature may
be taken proportional to the H,O density. The
deviation from this simple, linear relationship for
high H,O vapor densities is discussed in section
[1-6 and Chapter 1.

Curve A of figure II-4 applies to low’

altitudes where the pressure is near | atm. This
curve is based on the same H,O density
(591 g/m® as the corresponding curve in
figure 11-3, However, the contributiors by O,,
U, CO, and N,O are also included in the curve
of figure [[-4, Of these four gases, only O; makes
a significant contribution for low-altitude atmos-
pheric paths. The O, contribution represented by
the bottom curve is also much less than that by
H,0 except over a faw narrow spectral intervals,
Thus, the two curv. s labelled A in figures 11-3
and [I-4 are quite similar. The only significant in-
fluence on curve A by the 9, in the NMMW
region is near 2.5 mm (4 em™). Very minor ef-
fects can be observed near 14 and 16 em™!,
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Figure 114, Spectral plots of the attenuation by the 1962 U.S. Standard Atmosphere at sez Jovel and 4-km
aldtude. The water vapor Aeasity is 5.91 g/m® at sea level and 1,10 g/ns* at 4-km altitude, Concentrations of
other gases are given in: tulrle lI-1, The lower curve represents O, only at sea level.
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For comparison, the attenuation for this
same model absorption is approximately 0.2
dB/km in the 10-um window'*!? and less than
0.1 dB/km near 2.8 ym."

I-3. HORIZONTAL ATTENUATION AT
HIGH ALTITUDES

Curve B of figure Il-4 corresponds to a
hotizontal path at a 4-km altitude where the
total pressure of the 1962 U.S, Standard At-
mosphere is 0.61 atm. In obtaining curve B, the
appropriate temperature (-11 C) and H,O den-
sity (1,10 g/m?®) were used to cal.ulate the line
contribution. The amount of empirical con-
tinuum added to the theoretical values was 0.11
times the value given by curve B of figure 11-3,
The constant 0,11 was based on the assumption

WD, E, Burch, Ssmi-Anwual Technical Report:  Investigation of the
Absorption of Infrared Radiation by Atmospheric Gases, Contract
No, F19628-69-C-0263. Aeronutronfc-Ford Publluﬂon U-4784
{January 1970),

"R, B, Roberts, ], E. Selby, and L, M, Biberman, Infmrcd Con-
tinuum Absorption by Atmospheric Water Vapor i 8-12.ym Win-
dow, Appllad Optics, vol, 15, no, 9 (September 1976), 20852090,

WR, Watking and K. O, White, Water-Vapor-Continuum
Abnorpﬁon Maeasurements (3.5-4.0-um) llnlng HDO-Deplated Water,
Oplics Letiars, vol.1, no. 1 (July 1977), 31-32
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that the required empirical continuum is pro-
pottional to the product of total pressure and
H;O density (0.61 (1.10/5.91) = 0,11), No ac-
counting was made for the different
temperature {n computing the continuum,

The important difference in the attenua-
tion curve for a 4-km altitude is the decrease by
more than a factor of 10 in the attenuation in
the window regions. A few very weak H,O lines
and the O, lines also make an observable, but
small, influence on the curve for the higher
altitude,

Figure I1-5 shows calculated spectral atten-
uation curves for the 1962 U.S, Standard At-
mosphere at a 16-km altitude where the total
pressure is only 0.1 atm. All the absorbing gases
have been included with the concentrations
given in table 1I-1, Comparison of figure 1I-5
with figures 11-3 and II-4 reveals two major dif-
ferences, First, the average attenuation is much
lower in the window regions between the strong
H,O lines. This, of course, is due to the
combination of lower total pressure and lower
H,O density. Second, there is much more struc-
ture in the spectrum, The lines of all of the gases




are narrower, because of the reduced collision 14, VERTICAL ATTENUATION
: broadening at the low pressure. Because of the
. , greatly reduced amount of H;O absorption, the It is necessary to calculate the vertical at-
3 lines of O,, Oy, CO, and N, can be observed.  tenuation on the basis of the assumed vertical
- FE. - ' distributions of the gasss and on the known
b WAVELINGTH (mww) dependence of attenuation on pressure and tem-
A ) I R PP PO, e oS perature,
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The most accurate calculation of the ver-
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] ! ' tical attenuation would require dividing the at-

' ! - i A mosphere into several layers, The appropriate
i r - temperature, pressure, and gas concentrations

E wt - would be applied to each layer, and the attenua-

| L tion would be calculated. Spacings between the
g hd adjacent wavenumbers where calculations are
4 ) S b L made would necessarily be very small in order to

preserve the spectral siructure, At very high

WAVENUMBER {em=Y)
altitudes, the pressures are low and the absorp-

Y =T Y Y M

: L " e "
i MHQURNOY (GHal tion lines are very narrow. Thus, the spectral in-
AVRNGTH terval between points must be much narrower ,
woo . “ 2 than is required for calculations of lower atmos- g

pheric attenuation. After the appropriate calcu-
lations have been made for each layer, the atten-
vations by successive layers are added together
to yield the combitied attenuation.

‘
W T T

Calculations of the type just described for 'V'
the entire NMMW region are very expensive and :

L]
1
»

1 : “ w-i beyond the scope of the present study. In addi-
N » tion, the accuracy of such calculations would be
[ h N e ] limited because of the lack of knowledge about

! WAVINUMMIR fom 1) line shapes, effects of temperature change, and

3 " ™ mm“:mm' e - possible anomalous absorption. However, by

making a few simplifying assumptions, it is
possible to perform some zenith attenuation cal-
culations with an accuracy that may be adequate
for many applications. Although errors of

Figure: 11-8, Spactral plot of calculated horizontal atten-
uation at 16-km altituds. No empirical continuum
for HyO has been added to theoretical values, All

e e

permarient atmospheric gases have be.n included.

The average broadband attenuation is
quite low for long atmospheric paths at high
altitudes. Only a few decibels of broadband at-
tenuation are predicted for paths of as much as
100 km. If a monochromatic source is to be used
over very long paths in the upper atmosphere,
particular attention must be paid to the possible
wavelength coincidence of the source and the ab-
sorption lines.

several percent may be introduced by making the
assumptions, the results may be as accurate as
the assumed atmospheric composition.

Figure 1I-6 shows the results of calcula-
tions of the vertical attenuation i five different
windows, The center of each window ls in-
dicated, and the interval over which each curve
applies is given in the legend. The width of each
interval is chosen so that the attenuation coeffi-
cient varies within approximately +10 percent
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Figure 11-6, Plots of calculated zanith attenuation versus altitude. Curves represent attenuation by water vapor
from top of atmosphere down to altitude indicated by abscissa, each curve'is-valid over the approximate spec-
tral interval as follows: 22.2 em™, 22.3 to 23.2 cm™, (0.471 to 0.431 mm) and 27,2 to 29.7 cm™ (0.368 to
0.337 1m); 13.8 ¢cm™, 13.5 to 14.1 cm™ (0,74 to 0,71 mm); 11.5 cm™, 11.2 to 11,9 em™ (0.89 to 0.84 mm);

7.2cm™, 6.7 to 7.8 cm™ (1.49 to 1,28 mm),

of the nominal value usad in the calcalations, As'

can be seen in figure 11-3, the attenuation is very
nearly the same in the 22.2 cm™! window as in the
28,5 cm™ window, Therefore, the 22.2 cm™
curve alsn applies to the 28.5 cm™! window,

Fach curve corresponds to a relatively
wide band at any wavenumber within the inter-
val indicated. Because of the fine structure in the
attenuation curves that results from the narrow
lines, the attenuation may be much greater at a
particular wavelength than is indicated. The
average attenuation over an interval wider than
approximately 0.1 cm™ is not affected greatly by
these narrow lines, which may produce relatively
furge attenuation coefficients at the line centers,

Three different atmospheric models have
been assumed. The Tropical Model Atmosphere
is intended to be typical of the tropics; therefore,
even higher humidity than that assumed for the
calculaticny may he encountered. The resulting
attenuation would theh be correspondingly
higher. Similarly, the Subarctic Model At-
riosphese does not represent the lowest

4

possible humidity, but it is typical of the
geographica! location and climate implied by the
nare,

From results of calculations of lower
atmospheric attenuation by O,, O, N3O, und
CO, we have shown that the combined broad-
band attenuation by these gases in the five at-
mospheric windows considered is less than 1 dB

for the entire path from ground level to thetopof

the atmosphere. For the applications of primary
interest, this small amourit of attenuation is of no
concern, Therefore, no contribution by these
four gases has been included in the resuits illus-
trated in figure I1-6, H,O is the only absorbing
gas considered. The maximum possible error in-
troduced by reglecting the other four gases is less
thin 0.5 dB for altitudes abovy 4 km and less
than 1 dB for any altitude.

Data on total pressure P and H,O vapor
density o were compiled for each of the three at-
mospheric models (see fig. II-2). The averape
values of P, ¢, and the product gP were deter-
mined for each 1.km-thick layer from 0- to
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15-km altitude, It was assumed that the attenua-
tion coefficient Ay, is proportional to the product
@P in accordance with the discussion of section
1I-1.3, For example, from figure 1I-3 we see that
the average attenuation coefficient Ay, in the 22.2
om* window is approximately 50 dB/km for g =
5.9 g/m®, The attenuation in a given window by
tach atmospheric layer was found by multiply-
ing the average value of gP by 0,169 (= 1/5.9)
times the average value of Ay, from figure 11-3.
Values of the attenuation of successive layers
were then added.

This method of caleulation ignores any in-
fluence of changing temperature in the at-
mosphere. Infrared data'* on the absorption by
the extreme wings of H,O indicate that the ab-
sorpion increases rapidly with decreasing tem-
perature. No existing theories on line shape ade-
quately predict this observed behavior, It seems
likely that the effect of temperature on the wing
absorption in the NMMW region aiso cannot as
yet be predicted reliably. Thus, a sophisticated
calculation of zenith attenuation that is based on
the theoretical line shapes could very well pro-
duce results that are no niore reliable than those
obtained in this relatively simple manner.

If the temperature dependence is the same
in the NMMW region as in the infrared, the
values indicated by figure [1-6 are more likely to
be iow than high. It seems likely that the true
values are more than 50 to 100 percent higher
than those indicated for the high altitudes where
the temperatures are lowest. The expected error
is less (25 to 50 percent) for altitudes below ap-
proximately 3 km.,

The valcuiated attenuation in the Tropical
and 1962 10.5. Standard Atmospheres from a
0-km altitude to the top of the atmosphere is ap-
proximately equal to that of a 2-km path at 0-km

“D, E, Burch, D. ;._&ryumtk, and G. H. Py er, Infrared Absorption
by HiO ang NyO AFCRL-TR-73-0530 (July 1973),

altitude.'* For the Subarctic Winter Model, the
corresponding equivalent horizontal path is
somewhat longer, approximately 2.7 km,

II-5. ANOMALOUS ABSORPTION

Workers at Appleton Laboratory in
Slough, England (see references 6, 9, 10, and 11
in Chapter 1) have published a series of letters
and papers that present experimental evidence of
anomalous H;O absorption that is not predicted
theoretically for the simple H,O monomer (single
H,O molecule). Emery et al'* discuss the ex~
perimental mathods and present spectral data in
the 4 to 15 cm™! (120 to 450 GHz) region, The
amount of this anomalous absorption is difficult
to relate quantitatively to H,O density and tem-
perature, the two parameters on which it is ex-
pected to depend most strongly. In general, the
absorption is much more prevalent when the
HiO vapor is near saturation. It has been sug-
gested that other H;O molecular complexes in
addition to the dimer are the source of this ab-
sorption, Lack of equilibrium between the dif-
ferent complexes could account for the inability
of the experimenters to obtain reproducible
results,

The strongest maximum in the anomalous
absorption occurs near 13 em™'. At this position,
the anomalous portion of the absorption coeffi-
clent was found to be more than 45 dB/ku:: for a
laboratory sample with T = 25,5 C, relative
humidity, 80 percent, and H,Q vapor density of
19 g/m®. Smaller peaks were observed near 8.5,
9.0, 10.2, and 11.2 em™!, The relative haights of
the peaks were not reproducible and were quite

UR, W, McMillan, ], ], Gallagher, and A. M. Cook, Calculations of
Anterna Temperature, Horizontal Path Attenuation, and Zenith At-
tenuation Due to Water Vapor in the Frequency Band 150-700 GHe,
IEEE Trans, Microwave Theory and Techniyues, vol, MTT-25, no, 6
(June 1977), 48¢ 488,

R, |. Emery, P. Moffat, R. A. Hohlander, and H. A. Gebbio.
Measurenients of Anomalous Atmospheric  Absorption i the
Wavenuirtber Range 4 om™ - 15 em™!, Journa! of Atmospheric and Ter-
restrial Physics, vol, 37 (1975), 587-5¢4.
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different for samples in a multi-pass celi than for
open air samples, These data point out the need
to consider the spectral structure of the
anomalous absorption as well as that of the H,O
monomer when selecting the wavelength of
operation for any near-millimeter system.

Calculated values of attenuation based on
the curves of figures [[-3 through 11-6 may be op-
timistically low under conditions that are con-
ducive to anomalous absorption, There is an ob-
vious need for additional research designed to
bring about a better understanding of this prob-
lem.

lI-6. ACCURACY AND ASSUMPTIONS
MADE IN CALCULATIONS

Several assumptions were made in
calculating the attenuation values given in
previous sections, The most important assump-
tions involve (1) the modified Van Vleck-
Welsskopf line shape, (2) the validity of an em-
pirical continuum to account for the difference
between the experimental and theoretical atteru-
ation, (3) the lack of a dependence of H,O wing
absorption on temperature, (4) neglecting self-
broadening by H,O, and (8) exclusion of
anomalous absorption in atmospheric applica-
tions, Each of these assumptions was made
because of the lack of reliable data to account
propetly for the offect involved. This sub-section
deals with these assumptions and the expected
errors that result in calculations.

Burch? has shown that experimental data
on H;) attenuation cannot be predicted ac-
curately over the entire NMMW region by a
single theoretical line shape. The disagreement
between theory and experiment is worst in the
windows wherg the nearest lines are several half-
widths away. Burch and his co-workers'* at

1D, E. Burch, Absorption of infrared Radiant Envrgy by COy ana
KO, Il Absorption by HhO betwwen 0.5 and 36 em™ (278 ym to 2
om), Journal of the Optical Society of America, vol. 58 (1958),
1343-13M,

“D, E Burch, D. A. Gryvrak, and G. H. Pipar, Infrared Absorption
by HiO und N,O, AFCRL-TR-73-0503 (july 1973).
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Ford-Aeronutronic have also found evidence
that the shapes of self-broadening infrared lines
of H,O are different from N;-broadened lines.
Workers!” in the same laboratory have also
found that the same is true for CO, absorption
lines. The major differences in the shapes of both
CO, and H,O lires occur in the extreme wings.
In view of the inability to predict infrared
abgorption by a single, relatively simple line
shape, it is not surprising that the same problem
exists in the NMMW region.

Equation (8) for the half-width of absorp-
tion lines is based on the assumption that all the
collisions of the absorbing molecules are either
with molecules of N,, or that the collisions with
other molecules have exactly the same broaden-
ing effect as a like number of N, molecules. This
agsumption is valid when the absorbing gas is
mixed very dilutely with N,; collisions of two
molecules of the absorbing gas species are then
negligible, When dealing with air, it would be
better to relate the half-widths to a mixture of
one fifth O, and four fifths N;, The broadening
ability of O, is approximately the same as that of
N, in the infrared. The same is probably true in
the NMMW region; therefore, only small errors
are introduced by treating N, as the only signifi-
cant non-absorbing broadening gas and using a
pressure equal to the sum of the O; and N; par-
tial pressures,

The most serious potential errors in ignor-
ing all broadening except that by N, arise from
the self-broadening of H,O lines. Partial
pressures of H,O seldom exceed 3 or 4 percent of
the total pressure in air. However, collisions of
absorbing H,O molecules with other H,O
molecules are much more effective than H,O-N;
collisions, Line broadening data on H,O lines
throughout much of the infrared indicate that the
broadening by a given number of H,O molecules
is equivalen: to approximately five times as

"many N, molecules. Liebe and Dillon" have

— \

"D, E, Burch, D. A. Gryunak, R, R, Patty, and C., E. Bartky, Ab-
sorption of Infrared Radiant Energy by CO, and H,O. IV, Shapes of
Collision-Broadensd CO, Lines, Journal of the Optical Society of
America, vol. 59 (1969), 267-280,

“H. |, Liebe and T. A. Dillon, Accurate Foreign-Gas-Broadening
Parameters of the 22-GHt Hy,O Line from Refraction Spectroscopy,
Journal of Chemical Physics, vol, 50 (1969), 727-732,
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demonstrated that this same ratio between self-
broadening and N, broadening also applies to the
0.71 cm™! (22 GHz) and 6.1 cm™ (183 GHz) H,0O
lines. Thus, it is probably safe to assume that the
same ratio applies throughout the NMMW

region,

It follows that the half-width of an H,O
line is more accurately given by the following
equation than by equation (9) for a mixture of
H;0 in N,

e

.G‘-’)“ [:-:f P+ ‘PH,O)] o

The half-width of the H,O line is equal to
oo when the H;O is mixed very dilutely (Py,0 <<
Py,) in 1 atm of N, at temperature Tq. The totai
pressure, H,O partial pressure, and N, partial
pressure are indicated by P, Py,0, and Py,
respectively. Under a quite humid condition,
Pn,0 could be as high as 0,04 atm. Thisleads toa
16-percent increase in o« for P = 1 atm over its
value if Py,0 were negligible.

Self-broadening of H,O lines also in-
fluences the absorption in atmospheric windows
by another mechanism that may be more impot-
tant than the changs in a. This results from the
apparent difference between the shape of the
wings of a self-broadened line and that of an
Nj-broadened line. The absorption by pure H,O
and by H,O + N, has been investigated exten-
sively in many narrow windows throughout the
infrared. Of apecial interest are windows in
which much of the observed absorption is due to
H;O lines cent2red more than about 10 or 20
em™! froan the peint of measurement. In all such
windows, the influence of self-broadening is
more than five times the influence on
Nj-broadening by the same number of N,

.

molecules. Burch® has found that this is also true
for the 22 cm™ and 28 cm™* windows, We con-
clude from all of these data that the proper ratio
for line widths is approximately 5:1, and that the
wings of a self-broadening H,O line absorb more
than the wings of the same H,O line if it is
broadened to the same width by N,. Note that,
by definition, the half-width relates only to the
conter portion of a line and not to the wings,.
Two lines of the same intensity are said to have a
different shape if they absorb differently in the
wings when their half-widths are equal,

The combihed influence of self-
broadening due ta changes in the half-widths and
the shapes may be much greater than would or-
dinarily be expected because of the low concen-
tration of H;Q. All the dizcussion in sections I1-2,
-3, and -4 is based on the absorption coefficient K
being independent of the H,O density ¢, and A;,
therefore being directly proportional to g (see eq
(4)). The self-broadening may increase the values
of K enough to cause the attenuation to be
considerably higher for high H,O density than
would be predicted from the equations based on
data obtained at lower densities, For example, if
¢ ™ 30g HO/m* (Py,0 % 0.04 atm) the
calculated attetuation in the 22 em™ and 28 cm™!
windows may be low by as much as 20 to 40 per-
cent. This errcr due to self-broadening could be
even greater in the lower wavenumber windows;
it is unlikely that it would be less than 20 percent.

All the calculations discussed in sections
12, -3, and -4 are also based on the assumption
that the only influence of changing temperature
on K is that due to the change in a (see eq (8)),
Again, data on infrared windows indicate that
this assumption is not completely valid; it is also
probzbly not entirely valid in the NMMW
region, In general, the wing absorption decreases

D, E, Burch, Absotption of infrared Radiant Energy Ly CO, and
H,O. lll. Absorption by H,O between 0.5 and 36 cm=* (279 um o 2
cm), Journal of Optical Soclety of America, vol, 56 (1968), 1383-1394,




T TR

T She o o

e L e e e

e

: 2

TITETE

© i - S ——

e

with increasing temperature at a faster rate than
is predicted by simple line-shape equations. This
unexplained temperature dependence is more
proriounced for self-broadening than for
Ny-broadening, High H.O densities necessarily
occur with high temperatures. Therefore, the
temperature effect may partially cancel the self-
broadening effect discussed in the previous

paragraph,

Available data in the microwave and
millimeter regions were not generally obtained
under conditions that were controlled well
enough to provide much information on the in-
fluences of temperature or self-broadening, Data
at 3.8 and 4.3 mm by Crawford and Hogg (see
description of technique in Chapter VII) do in-
dicate an increase in the attenuation per km per
unit density (At as defined in cq (6)) with in-
creasing H,O density. This could be explained in
terms of self-broadening. Unfortunately, O; ab-
~ gsorbs at these two wavelengths, and the H,O at-
tenuation was determinied by subtracting the O,
attenuation from the measured total attenuation,
Variations i\ temperature undoubtedly produced
variations in the amount of O, attenuation,
which, in turn, increased the uncertainty in the
H.O measurements,

It seems likely that the Van Vleck-
Weisskopf line shape included as a factor in
equation (7) is valid for both self-broadening and
N: broedening within a few-tenths of a cm™, or
even a few cm™, from the line centers. The in-
fluences of both self-broadening and N; broaden-
ing must, of course, be accounted for in
calculating . Most of the deviation from the
simple shape probably occurs beyond 1 cm™
from the line center; this deviation depends
strongly on temperature and is different for self-
broadening than for N, broadening. The use of
the empirical continuum discussed in section II-2
has some physical basis in that it could represent
the “extra” absorption due to the extreme wings
of very distant lines as well as that due to devia-
tions from the Van Vleck-Weisskopf shape.
Proper use of the empirical continuum requires
that the portions due to self-broadening and N,
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broadening be known, The temperature -
dependence must also be known,

The exira absorption not predicted by
theory has been attributed by some workers to
dimers. This source of absorption has also been
used to explain the large ratio between the effects
of self-broadening and N, broadening in win-
dows, Dimers may be responsible for some of
this absorption, but it is unlikely that they are
responsible for it at every wavelength where it
has been obrerved. Infrared lines of several gases
have been shown to have different shapes for
self-broadening than for N, broadening. It is
reasonable to expect that the same is true in the
NMMMW region, Absorption by the wings of self-
broadening H,O lines has the same dependence
on H,O partial pressure as does absorption by
dimers. The absorption per unit length at a fixed
temperature is proportional to (Py,0)*. This
similar dependence makes it very difficult to
determine experimentally-which type of absorp-
tion is being observed.

The anomalous absorption below 15 ¢m™!
that has been observed by the group at Appleton
Laboratory contains distinct absorption features
that are not produced by adding a continuum to
theoretical spectra of the H;O monomer. It has
not been possible to relate this anomalous ab-
sorption quantitatively to HiQ density and
temperature although it is most prominent at
high relative humidities. Ryadov and Furashov*
have studied H,O attenuation between 5.5 and
6.5 cm™', a portion of the region where the Ap-
pleton Laboratory group observed distirict
anomalous absorption minima and maxima,
Ryadov and Furashuv did not cbsesve any struc-
ture; therefore, it is difficult to determine under
what conditions the anomalous absorption is im-
portant. Under conditions of very high relative
humidity, the total attenuation including
anomalous absorption might well be much
greater in the 7.2 and 11.5 em™* windows than is
predicted by figures 11-3 through II-6,

" Ya V. Ryadov and N. 1. Furashov, Investigation of the Spectrum
of Rudiowave Absorption by Atmospheric Water Vapor in the 1,15 to
1.5-ramt Range, Radio Physics and Quantum Electronics, vol, 15, no.
10 (Qctober 1974), 1124-1128,




The cutves labelled A in figures 113 and
11-4 are based on results of many different ex-
periments carried out urder many conditions,
Therefore, the uncertainties in the attenuation
coefficients in the windows are difficult to
estimate, Those presented far the 22 and 28 em™
windows are probably accurate to 15 or 20 per-
cent. Values presented for lower waveaumbers
are more uncertain because the data were obtain-
ed under less-controlled conditions, Of course,
the application of these resulls to the real at-
monphere s subject to the additional uncertainty
in the atmospheric composition, Self<broadening
in atmospharic paths with high HyO denuity may
produce 20 to 30 percent more attenuation than

would be calculated by assuming that the at-
tenuation is directly proportional to HiO densi-

ty\

The curves of zenith attenuation by H,O
in tigure li-6 are based on the curves of figures
I1-3 and I[-4 and are subject to the same civors,
Additivnal errors undoubtedly arise because of
the differences in H,O density wnd temperature
in the upper atmosphere. These variations may
not be accounted for properly. Values of total
zenith attenuation may be in error by as much as
80 to 100 percent at high altitudms; the arrors are
probably less than 25 to 80 percent at lew
altitudes,
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CHAPTER 1II. —PROPAGATION IN THE FRESENCE OF NATUilALLY
OCCURRING PARTICULATES

by Willilam L. Gamble
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Ii-1. INTRODUCTION

The extinction of radiation by particles is
a very old and well-developed fizld of physics,
and for the purposes of radar, is very well under-
stood. The difficulties arise because of the lack of
precise data characterizing scattering media,
such as the shape of dust particles, the degree of
asphericity of rain droplets, particle size distribu-
tions and temperatures, and the refractive indices
of the particles.

The exact relationships for the extinction
of electrornagnetic radiation by small particles
were first obtained by Mie in the early 1900's and
many subsequent treatments of the subject are
available, Notable among these are Stratton! and
Van de Hulst.* An excelient treatise of the
general subject has been edited by Kerr.?

The particular effect of atmospheric par-
ticulates which is most important depends on the
kind of system under consideration. For inorio-
static radar systems, backscattering from aero~
sols limits the contrast between beam on and off
target and often the range ut which a target can
be detected and tracked. Wide-angle scattering
and absorption remove power from the beam
and will limit either range, where no contrast
problem occurs, or the signal-to-noise ratio,
where one does occur, Forward scattering ror-
mally shows up as an attenuation mechanism
where flood-illuminated targets against a non-
cluttered background are being encountered. It
attenuates by spreading the beam and hence
reducing the power density of the illuminating
beam. Forward scattering could have more
serious effects on systems where high angular
resolution is of paramount importance. Wide-
angle scattering aside from attenuation would be
most serious in designator systems, since a seeker
might not be able to track effectively,

satty, Now York (1941), 554-573,
! ‘I»A{(. C. Van de Hulst, Light Scattering by Small Particlas, John Wiley
and Sons, New York (1957), .

3D, E. Kerr, ed., Propagation of Short Radio Waves, McGraw-Hill
Hook Compatty, New York, Ch 7-d (1951).

Attenuation (often called extinction) is
normally broken down into absorption and scat-
tering. The cross sections appropriate o these
quantities are defined as follows for individual
particles,

® Scattering cros3 section

- Power scattering Into 4n steradians
Incident power density

Coca (1a)

® Absorption tross section

Cot = Powar absorbed as heat (1b)
4~ Incident power density

® Extinction or attenuation cross
section

Cext *= Cabs * Caca {1c)

'® Backscattering cross section for the

scattering region in the far field of
the antenna

Backscattered power
Incident power density

Chey ™ (1d)

These four quantities are normally complex func-
tions of the shape, size, dielectric properties of
the particle, and the frequency of the incident
radiation, Following normal practice,? the nor-
malized cross sections or efficiencies, Q, can be
expressed in the following manner for
honiogeneous spherical particles:

Cp 1| < ’
Qpey ™ —— = —~ ~1)Mzn + 1Ay — By | @
bes D4 ll[nz‘:.l( MNan n n]( a)

2 ST @n + DA + Bl (2b)
xl

Q Caca -
Ka D/ !

Cet 2 s
Qext = .;5‘._’/‘2- - Re[z @n + 1(Aq + By ](20)

n=1

Caby
Qubs = g = Qext ™ Quca (ad)
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where D is the particle diameter and X = nD/};
Ap, and By, are the coefficients of the nth electric
and magnetic modes given by

X [An®] - m[xin(x)]'ﬁlnw)
W [PIn@] = m x| Pin®)

N 00 . R 0 )
(X1l ] Bini®) = mabn(0)[Bin®]

(3b)

where m is the complex refractive itidex of the
particle, p = am, j, is the nth order spherical
Bessel function of the first kind, and hy(z) =
in(2) + 1(~1)M.q-1(z) is the nth order spherical
Beosel function of the third kind. The prime
denotes differentiation with respect to the argu-
ment. Re denctes real part of.

For particles small compared to the
wavelength, the Rayleigh approximation is valid
and only the first term in the series need be re-
tained, The cross sections then reduce to

KD
Cley ™ m (4a)
n* KD

- wDm{—K)

Cabs (4c)

where K = (m? = 1)/(m* + 2); Im means im-
aginary part of. The complex index of refraction,
m, s defined as

m= ¢~ i (3)

x is related to the bulk absorption coefficient, §,
in the medium by

xm- (6

The power in a collimated beam is reduced by
¢! after transversing a path length £ in a
medium with a bulk absorption §. The term
Im(-K) in equation (4c) is expressed in terms of v
and x as

6w
WP+ oP A~ 4 )

Im{«K) o /]

This should not be confused with the . olume-
scattering coefficient of an assemblage of such
particles suspended in air.

If radiation impir.ges on a medium of in-
dex of refraction, n, where jn — 1| is small and in
which is suspended a distribution of particles of
index of refraction, m, separated by distances
large compared to their diameters and the
wavelength, then the cross sections characteriz-
ing the medium are as follows,

The reflectivity or baskscatter cross sec-
tion per unit volume (backscatter coefficient), n,
and the attenuation coefficient, y, are evaluated
essenticlly by summing the effect over ull par-
ticles in the illuminated volume. Thus,

o .
n= I " NDICDMD (8

min

where N(D)dD is the number of particles per unit
volume with diameters between D and D + dD,
The attenuation y (dB/unit of path length) is

D
y=a36 [ ™ NOICDHD . ®)
Dmln

In the Rayleigh scattering region, where nD/A <<
1, attenuation is duz mainly to absorption, 1. e.,
Cent = Cabs: The expressions (4) appropriate to
the Rayleigh regime, can be substituted into ex-
pressions (8) and (9), yielding,




- "-'J}‘l f DNDYD (10)
y = 4343 ':-'l“z‘—"—" fD'N(D)ID an)

JD'N(D)dD is just the total volume of particles
per unit volume divided by n/6 so that (11)
reduces to

r=oes'"Ey, (12)

where Vp is the total volume of particulate mat-
ter per unit volume, y has the units of dB/(unit
for measuring A). If the particulate matter has a
density of @ (g/cm®) and if Vp is expressed in
m*/m?, one can write

Im(-K) W
A g

y = 81,66 (dB/km) (13)

for A in millimeters, W is the mass of particles in
grams per cubic meter of aerosol. Note that ¢ =
1 g/cm? for water, This is an extremely impor-
tant equation, yielding the aerosol attenuation of
near-millimeter wave in the Rayleigh limit. The
expression will be valid regardless of the shape of
dust or smoke particles as long as the condition
(A >> largest particle dimension) holds.

For particles very large compared to the
wavelength it is interesting to note another im-
portant limiting case, This is where x - oo or
where D 5> A, This is called the optical limit, as
distinguished from the Rayleigh or small particle
limit. In the optical regime, the shape of particles
is of obvipus crucial importance and it turns out
that for spherical particles

Yext = 4.343 -"‘ J D NO)MD (14a)
or ¢
/

Yext ™ 8.686n [ION(R)AR (14b)

- 8686 2 (individual particle cross- (14c)
sl particles  yactional areas)
uiit volume

This result means that large particles attenuate
beams or remove twice as much power from a
beam as would be expected from a simple sum-
ming of their geometrical cross sections. This ef-
fect is a consequence of the diffraction around
such particles,

It is also well known that particles have a
maximum extinction cross section of four times
thelr geometrical cross sections when x = 1,

For spherical homogeneous particles with
diameters comparable to the wavelength, the
Mie scattering theory is very well developed and
demonstrably correct, There is some information
available on particle-size distributions typical of
rain and fogs for making predictions as to the at-
tenuation and backscattering characteristics dur-
ing such canditions.

The current major sourte of uncertainty
about the attenuation effects due to atmospheric
condensed water is in the lemperature
dependence of the refractive index. Diermend-
jlan,* Rozenberg,® Lukes,® and Ray,’ have made
relatively recent critical surveys of this subject.
Rozenberg and Ray have tabulated the
temperature and frequency dependence based on
a modification of the Debye theory and the best
available data, but errors may be substantial ax-
cept in the long wavelength part of the near
millimeter range, Diermendjian and Tukes con-
cluded that the room temperature data of Davies
et al* are quite reliable, Diermendjian considered
the available data at other temperatures so

‘D, Divrmendjian, Far Infrared and Submillimeter Wave Attenua-
tion by Clouds and Rain, Rand Corporation Keport AD-A021-947
{April 1978),

'V, I Rotenberg, Seattering and Attenuution of Electromagnetic
Rudiation by Atmospheric Particles, Hydrometeorological Press, Lun-
Ingrad, USSR (1972).

‘G, D. Lukes, Penetrability of Haze, Fog, Clouds, and Precipitation
by Radiant Ensrgy over the Spectral Rarge 0.1 Micron to 10 Cen-
tintetars, The Center for Naval Analysss of the Untversity of
Rochester, Report No. 61 (May 1968),

™, S, Ray, Broadband Complex Refractive Indices of lce ond
Water, Applisd Optics, vol. 11 (1972), 1839,

"M, Davies, G. W. F. Purdoe, }. Chumberlain, and H, A, Gebbie,
Submillimeter- and Millimeterabave Absorption of Some Polar and
Non-polar Liquids Measured by Fourter Transforrn Spectroscopy,
Transactions of the Faraduy Society, vol. 66 (1970), 273,
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unreliable that he made his rain and fog atteniua-
tion calculations using room wmperature (24 C)
refractive indices in spite of his knowledge that
rain and cioud droplets are substantially cooler
than this. In spite of this uncertainty,
Rozenberg's tzbulation probably illustrates the

_ trends which are interesting and important,

Figure I1l-1 is a plot of v and x versus temperature
for the indicated wavelengths, The rather large
increase in v for the longer wavelength has the ef-
fect of increasing the backscattering and attenua-
tion from scattering due to small particles at high
temperatures in rain, Of more importance is the
decrease in x with decreasing temperature at
0.8 mm. This has the effect of substantially
dicreasing the losses due to absorption by small
droplets of liquid water at colder temperatures. It
should be emphasized that under most condi-
tions, absorption, not scattering, is the dominant
attenuation mechanism ai these wavelengths.
The factor Im(-K) is plotted in figure I1I-2 for A =
0.8 mm and A = 3 mm, It can be seen that for
temperatures higher than about -5 C, the
temperature dependence is opposite for these two
wavelengths, The absorption at 0.8 mm increases
with increasing temperature while that for 3 mm
increases with decreasing temperature. The scat-
tering coefficlent, however, varies only ~20 per-
cent over the same range, so that any significant
tetnperature dependence in the scattering is
buried in whatever role temperature might play
in a particle-size distribution or in the details of
‘the Mie serles. Generally, v increaces significant-
ly at the longer miilimeter and centimeter
wavelengths while remaining relatively constant
for short millimeter and submillimeter
wavelengths, It should be noted that the above
discussion pertains to supercooled water and not
to ice,

The temperature at which an ice fog
forris from a water fog depends on particie sizes®
and other fuctors, such as purity. Generally, it
appears to be in the range of -30 to -40 C for
droplets in the 1 to 10 pym range. Figure III-3
(from Dierrnendjisn) shows the optical constants

T, J. Muson, Clou?l’hy:lcs, 2ud wdition, Claredon Press (1971),
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of water and ice which he considers to be the
mos¢ reliable available. Figure IlI-4 is the same
for ice (from Ray). It can be seen that each set of
data for x (ice) tends toward negligible values in
the near-millimeter wave region, The real part, v,
is not large and, therefore, one would anticipate
negligible NMMW attenuation in an ice fog.

Figure I1I-5 is a plot from Lukes* of the
number density versui droplet radius for a
number of different meteorological conditions
ranging from haze to very heavy rain. In can be
seen from this that scattering will be a more im-
portant factor for rain than for fogs at NMM
wavelengths,

2. FOG AND HAZE
H1-2.1 Ganeral Characteristics

The meteorological conditions
referred to as fog and haze are generally different
only in intensity, Both conditions are caused by
suspended liquid water droplets near the carth’s
surface. ‘The particle-size distribution and con-
centrations are roughly as illustrated in
figure IlI-5, The condition is called a fog or a
haze, depending on whether visibility is less or
greater than a kilometer, respectively.

As is discussed by Middleton,!?
visibility is loosely defined as that distance at
which large dark objects can be discerned against
the horizon during daylight by human observers,

Fogs are roughly characterized as
being advection or radiation, depending on the
meteorological conditions causing their forma-
tion. Advection fogs generally form when satu-
rated air moves over water or terrain at a lower
temperature. This causes cooling and hence the
condensation or small water droplets. Radiation

'G. D, Lukes, Pentetrability of Hare, Fog, Clouds and Precipitation
by Radiant Energy over the Spectral Runge 0.1 Microns to 10 Cen-
timeters, The Center for Naval Analyses of the University of
Rochester, Report No. 61 (May 1968).

“W, E. K. Middleton, Vision Through the Atmosphere, University
of Toronto Press (1963},
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fogs are caused by the rapid cooling of land or
water after sunset. This cavses a fog if the surface
atmosphere was near saturation at the temper-
ature of the surface during sunshine. Other types
of fogs are identifiuble and it should be em-
phasized that, very often, several of the
established mechanisms may contribute simul-
taneously to the formation of any given fog,
Figure I11-6 is a plot visibility versus liquid water
content characteristic of the two kinds of fogs.!
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Figure 111-3. Optical constants of water as used by
Dwrmendjitan, Far Infrared and Submillimeter
Wave Attenuation by Clouds and Rain, Rand
Corporation, AD-021-947 (1975),

Predictability of fog' is an im-
portant factor. The frequency of occurrence,
severity, and duration of those meteorological
conditions causing severely restricted visibility
{such as fog, haze, and low-lying clouds) are
very sensitive functions of geographic location.
This discussion will be restricted to that of the
central North Atlantic Treaty Organization
(NATO) front or to West Germany. Figures
NI-7, -8, and -9 are reproduced froin the U.S.
m-,—l—il;lrldy, Haze and Fog Aeroso] Distribution, Journal of At
Mmospheric Science, vol, 23 71968), 608,

10, Essanwunger, On the Duration of Widespread Fog and Low Cull-

ing it Central Europe and Some Aspects of Predictability, Missile
Research and Development Command TR-RR-73-9 (1 August 1973).
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Army Field Manual FM100-5 and show in a self-
explanatory way the conditions in West Ger-
many. Generally, one in every three mornings,
visibility will be less than 1 km in the fall and
winter. Note also that fog ‘s infrequent in the
summer and relatively infrequent in the spring.
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Figure 1114, Optical constants of ice according to Kay,
Applind Optics, vol. 11 (1972), 1839.

111-2.2 Near-Millimeter Wave
Attenuation in Fog

Figure III-10 is a plot from
Diermendjian, based on full Mie calculations of
extinction versus wavelength for three cloud
particle-distribution models and for two rain
models, The models used in the calculations for
this figure are as follows (liquid temperature =
24 Q).

Cloud C.1--fair weather cumulus,
mode radius re = 4 um, droplet density N ==
100/cm, liquid content g = 0.067 g/m*
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Figure LI-9. Seasonal cloud cover statistics in West
Germany, adapted from U.S. Army Field Manual
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Cloud C.5—stratus or nim-
bostratus, rc = 6 um, N = 100/cm?®, g, = 0.297
g/m?

Cloud C.é6—large droplet’

stratus/nimbostratus, re = 20 um, N = 0,1/cm?,
oL = 0.025 g/m?*

Rain-10—10 mm/hr rain rate
Rain-50—50 mm/hr rain rate .

Cloud C.5 is essentially equivalent to a fog of
voughly 100-m visibility.

Figure 111-11 shows experimental
data of attenuation versus visibility at 140 GHz
(A ~ 2 mm), which is in rough agreement with
Diermendjian’s calculation when corrected for
molecular absorption,

It should be remembered that the
lack of reliable data on the temperature de

e | FM100-5, Operations. pendence of the dielectric constants of liquid
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Figure IlI-10. Theoretical extinction coefficients according to three cloud models and two precipitaiion models.

during a 100-m visibility fog at 0.89 m:n has been added
AD-A021-947 (April 1975).
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water droplets as a function of temperaturet
renders data such as that from Diermendjian
uncertain by as much as a factor of 2. This is
especially true for wavelengths iess than 2 mm
where both Rozenberg and Ray agree that the
imaginary part of the refractive index drops sig
nificantly as the temperature drops. :

IR I SNt A L L LiJd)
"

S L1l
VISIBILITY (km)
Figure 1II-11, Plot of 140-GHz one-way attenuation in

fog versus visibility, D. G, Bauer et al, Ballistic
Research Laboratories, Interim Memorandum Report
538 (January 1977).

Since fog is by far the most fre-
quent condition causing severely restricted
visibility in Europe, it is worlhwhile to estimate
the total attenuation of NMMW | adiation during
fog (including absorption du- t o water vapor and
oxygen). Water vapor will be near saturation
during fog 50 that a knowledge of the tempera-
tures at which fogs oceur is sufficient for such an
estimation. Essenwanger* has determined that 80
percent of fogs in Western Europe occur with an
absolute humidity less than 7.5 g/1a’ and that
only 7 percent of such fogs occur when the rela-
tive humidity is greater than 9.4 g/m®.

Figure I1I-12 is a set of curves for
various NMM wavelengths showing estimated

SOM. Eumwan;:r, Estimation of the Temperature During Fog in
Europe, Missile Research and Development Comntand (In press).

1Editor's Note: see raference 7 in Chapter VIII for recent

measurements,

total attenuation during radiation fogs of 100-m
visibility, A few comments are necessary about
the. validity of this figure. The water/vapor con-
tribution was calculated by linear extrapolation
of absolute humidity and with no atteiapt to cor-
vect for any other temperature ef{ects. The fog
contribution was calculated in the Rayleigh limit

-. assuming the liquid water temperature to be 24

C. The values for the vapor may be low by
possibly as much as 50 percent while the liquid
water part is overestimated by possibly 50 per-
cent, Adequate data do not exist to substantially
reduce the uncertainty in such calculations.

//E’%:
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- 057 min
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VISIBILIFY = 190 m
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TEMPERATUNE (O]

Figure III-12. Estimated tota] attenuation versus tem-
perature at varlous wavelengths during a 100-m
visibility radiation fog,
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Measurerients made at BRL" of
total attenuation in fog at 140 Ghx (2,15 mm)
are shown in figure I11-11 pe seen that
there is subatantial agreeme.. with figure I1-12
at a temperature of around 13 C.

A substantial amount of data
relevant to fog and haze can be found In section
II-5 of this report.

-3, RAIN AND SNOW
111:3.1 Ceneral Characteristics

Table Ill-1 (from Lukes) illus-
trates the spectre of rain particles over a wide
range of rain rates,

The dominant NMMW attenua-
tion :aechanism ranges from absorption for mist
to scattering tor the heavier rain rates, It should
be emphatized that scattering is not negligible,
even for mist and drizzle. It should also be noted
that absorption is the most Important
mechanism for the lighter rains so that the
temperature of the liquid water is important as is
the prevailing temperature during rainfall. It is
reasonable to assume that the atmosphere will be
nearly saturated with water vapor during rains

f reasonably long duration

Seasonal precipitation as well ac
the temperature at which it occurs in Western
CGermany is shown in figuve -7, Table 111.2
shows the rumber of days annually at five loca-
tions in West Germany when rain and snow wili
be encountered.*t 't is well known that heavy
rains {rate > 4 mm/hr) are very rare and ure of
short duration,

UG Bawer, R0 AL MeGee, L B Knono, and H. B Wallaee,
140-GHe  Beamrister  Seasibility  Eaperiment,  Balhatic  Roseurch
Luboratoriss, Interim M2 smorandum Keport No. 538 (January 1977),

*H. Dudel, Missile Research tind Usvelopment ¢comand (prioate
camminivation),

thditors Note, West German climatological informtion puthend
from @ broader wnd more current date base s boing prepared for
publication; R G, Humphrey wnd W, H. Pepper, Stendards for En-
virommental Comditions, proiimiaury duia to be pablished by the
Harry Diamponid Laboratories.
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It can be concluded that staticti-
cally, heavy rain is not a major lim.ing factor
for ground-to-grotad systems, but is a serious
problem for ground-to-air and air-to-ground
aystems because of the cloud cover which usual-
ly accompanies the rain,

While the occurrance of snow is
much lese than rain, its effsct on ground-lo-
ground visibility is much more serious.

11-3.2 Attenuation in Rain and Snow

Attenuvation data in rain are very
scarce throughout the NMMW region and this is
espacially true at the shorter wavelongths, From
a look at figure I11-10 one can see that the attenu-
ation due to rain is roughly independent of
wavelength from the visible through the
NMMW range. It has been generally found that
the attenuation of millimeter waves in rain is
roughly proportional to the rain rate,
Figure I11-13 is a plot of attenuation at 140 GHz
(2.1 mm) from Bauer et al" which adequately il-
lustrates the roughly linear dependence of al-
tenuation on rain rate,

Figure 11I-14 shows Zata taken at
0.96 mm by Sokolov et al.* Note that the agree-
ment is only fair, but a lack of information as to
the temperatures and other factors precluder any
serious analysis

The attenuation of NMMW
radiation in snow will depend strongly on how
wet the snow is and hence on the ter-persture at
which it is falling. The dominant mechanism will
certainly be srattering in dry snow und perhaps
also in wet snow, Figure lII-15, taken from
Richard'® is a compendium of the rvelevant ex-
perimental data.

N

HA, V. Sohafov and Ye. V. Sukhondin. Artenwativn of Subsillimeter
Rudic wates in Rein, Radio Engineering and Electrome Physics, vol.
15, ney 12 (1920), 2107,

WY,V Richard, Low Angle Tiacking at Millimetor Wavelengths,
TTUP Ad-Hor Sty Group 102, Electns-Optical Lowe Angle Trivhing
{Decomber 1926),
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TABLE I1l-1. RAIN: NUMBER OF WATER DROPLETS PER CUBIC METER FOR SEVEN RAIN INTENSITIES

Inberval of  Mist Drimle  Lightrain  Moderate rain  Heavy rain  Excessive rain  Cloudburst

dropaizes  (0.05-mm  (0.25-mm (1-mun (4mm (16-mm (40-man (X00-mm

{r n um) per hej per hr) per hr) per he) par br) per hr) par hr)
3to10 ) 6 6 6 6 6 6
10 to 20 13 13 13 13 13 13 13
20 to 50 51 51 3] 51 s1 81 51
50 to 100 o ) 85 %0 92 92 95
100 to 200 51 8 106 U6 160 163 182
200 to 300 10 26 54 (14 110 128 160
300 to 400 2 9 24 40 75 9 138
400 to 500 0.5 3 1 27 5 69 118
500 to 600 0.1 1 L3 15 k)] 50 95
600 to 700 - 0.3 2 8 20 35 80
700 o 800 . 0.1 1 4 13 23 65
800 to 900 . . 0.4 2 8 16 52
900 to 1000 - . 0.2 1 6 11 4
1000 to 1300 . - 0.3 2 13 26 110
1500 to 2000 - . - 0.1 2 4 )
2000 to 2500 . . - - 0.1 1 10
2500 to 3000 - . - - - 0.1 3
3000 to 3500 - - - . . “ 1

3500 to 4000 . . - . . - 0.2
Toual 203 274 a9 501 651 783 1249

11I-3.3 Backscattering in Rain

Under some conditions, ** systems
operating in the NMMW region could be limited
by backscattering. There are only scant experi-
mental backscattering Jata at NMM
wavelengths, Figure 11116 shows the dependence
of measured backscattering cross section at
several millimeter wavelengths versus rain
rate.'* These data are for summer rains in the

TV, W. Richard, Millimeter Wave Rudar Applications to Waapon
System, Memorandum Report No. 2631, Ballistic Ressarch Laborato-
ries (June 1976), .

Orlando, ., area. One should note that the
backscattering coefficient is smaller at 3 mm
(95 GHz) than a¢ 4.2 mm (70 GHz),

Figure III-17, also taken from
Richard, ' represents a fit of Miescattering calcu-
lations to the BRL data us a function of frequ.n-
cy. Note the predicted slight advantage of
shorter wavelengths, It should be emphasized,
however, that this may not be true with th.
detailed particle-size distributions typical of
Western Burope.
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TABLE Ili-2. AVERAGE ANNUAL PRECIPITATION
CLIMATOLORY/WEST GERMANY

Five locatiors Total* Nﬁ,

Bitburg 26in. 159 days 25 days (1f)
Frankfurt 25 146 1 (8)
Fulda i 187 36 (19)
Stuttgart 16 187 16 (10
Berlin 2 183 12 (8)

g5 Percont

“Total. Annual total precipitation in in.
Nig:  Number of days witk precipiiation > 0,01 in,
*Nggr MNumber of days with snotrfull # 0.1 In,
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Figure 1113, 140-GHz rain attenuation versus rain
rate, D. G. Bauer et al, Ballistic Research Luborato-
Hes, Interim Memorandum Report 538 (lanuary
1977).

4. DUST

Naturally occurring dust storms are not
a problem in Burope in the sense of causing at-
tenuation of NMMW radiation. According to
Hinds and Hordale!? visibility is reduced to less
than a kilometer only once every 10 yeurs. BRL"
has shown that at 2.1 mm (140 GHz), sufficient
dust to severely attenuate near-infrared and op-
tical links caused no measurable attenuation at
NMM wavelengths, This dust was generated by
vehicular traffic,

8D, G. Bauer, R. A, McGed, | E. Know, and H. B. Wallace,
140-GHz Beamrider Feasibifity Experiment, 8ailistic Reaearch
Laboratories, Interim Memorandunt Report No. 538 (January 1977),
18, D, Hinds and G. D. Hordale Boundary Layer Dust Occurrence
1V, Atmospheric Dust Over Selected Geographic Arews, USA Elec-
tronirvs Command ECOM-DR-77-3 (June 1977),
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Figure Ill-14, Comparison of theoretical and experi-
mental dependence of attenuation on the rain inten-
sity at 0.96-mm wavelength. A, V. Sokolov and Ye,
V. Sukhonin, Radio FEngineering and Electronic
Physics, vol, 15, no. 12 (1970), 2167,
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Figure 111-15, Measured attenuaHon in snow versus
snowfall rate. V. W. Richard, TTCP Ad-Hoc Study
Group 102, Electro-Optical Low Angle Tracking
{December (976),
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Figure lil-16. Measurvd average backscatter coefficient
of rain versus rain rate. V. W. Richard, Ballistic
Research Laboratories, Memotanium Report 2631

(June 1976).
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Reasonable estimates of the size and the
dielectric properties of dusts would almost
preclude significant attenuation, except possibly
at the shortest NMM wavelengths (300 um)
where dust particles in the 50- to 100-um size
range might scatter significantly. The larger par-
ticles, present immediately following ground
bursts of munitions, might possibly break NMM
tracking linke for very short periods of time,
however, Only experiments can answer such
questions,*

*Editor's Noter Resarch tests have confirmed this asaumption;
0.3., DIRT-1, ASL-TR-0021 (January 1979), ASL-CR.79-0026-1 (June
1979), and Graf II, test results to be published.
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Figure 111-17, Calculated and measured rain backscat-
ter coefficlent versus frequency. V. W, Richard,
Ballistic Research Laboratorles, Memorundum
Report 2631 (June 1976),

m-s, CLOUDS

Clouds are composed of water and/or
ice particles with a condensed water content
ranging from 0.1 to 1 g/m? for altitudes greater
than 2 km and can range up to 10 g/m?® for low-
altitude (~0.,5 to 5 km) precipitating clouds.”**
The temperature of clouds depends on both
altitude and local conditions and is a very impor-
tant determinant of NMMW atttenuation,
Typical particle-size distributions and liquid
water content can be calculated using
figure I{I-18.!* Very high (>5 km) clouds fre-

*B. |, Mason, Cloud Physics, and edition, Claredon Press (1971).
‘E. Bauer, The Scattering of Infrared Radiation from Clouds, Ap-
plied Optics, vol, 3 (1964), 197,

L. W. Carrier, G. A, Cata, und K. J. vont Essen, The Backscattering
and Extinction of Visible and Infrared Radiation by Selected Major
Cloud Models, Applied Optics, vol. 6 (1967), 12091218,
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quently may contain larger ice crystals with
typical dimensions of 30 tc 2060 um. It will be
showit hwlow. that NMMW absorption effects
" due to thd Syater contents typical of ice clouds are
negligible cotpateri to those .of liasld water
clouds. Scattering cinll becosrie very sigdificant
for large ice. crystals, Since thee: crystals are
often preferentially aligned by acrodynarnic drag

forces, such scattering may be quite miuotropic

with respect to polarluuon.

“
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Figure 1il-18. Mode! cloud drap spectra. L. W. Carrier
et al, The Backscattering and Extinction of Visible
and Infrared Radiation by Selected Major Cloud
Models, Applied Optics, vol, 6 (1967), 1209-1216.

An assessment of the attenuation
of NMMW radiation by high-altitude large-
particie clouds would require some detailed
information on particle sizes, shapes, and
concentrations and is beyond the scope of this
report. However, for those clouds consisting
simply of particles with sizes comparable to

70

those of figure I11-18, absorption is the dominant
‘oss mechanism and may be simply calculated
from the total water content (liqud or ice) of the
aloud, Tabiz I11-3 is a tabulation of refraction in-
dices for water (from Rozerbetg). From these, the
absorption or attenuation in (dB/km)/(g/m*) has
Yeen computed in the Rayleigh limit; i.e., scatter-
ing effects neglected and attenuation propor-

_tional to Im(-K)W as in equation (13), These

data, normalized to unity precipitable water con-
tent, are plotted as a function of temperature and

wavelength in figures 1II-19 and -20, respective- -

ly. For condensed water concentrations ranging
from 0.1 to 1 g/m?, attenuations will range from
02 to 5 dB/km for water clouds with
temperatures between -20 C and -40 C. Figure
II-21 is a plot of attenuation versus wavelength
for ice at -20 C in (dB/km)/(g/m®), based on
Ray’'s data’ for the complex index of refraction of
ice. Note that absorption will be negligible for
both ice clouds and ice fogs so that scattering will
dominate, and grow in importance with increas-
ing particle size,

TABLE UlI-3, TABULATION OF ROZENBERG'S COM-
PLEX REFRACTIVE INDICES OF LIQUID WATER

Temperature (C)

A
mm -40 30 =20

0.8 2,35 — {0.08 235 — 10,13 2.35 ~ i0.20
1 238 - 0,10 2,35 ~ i0.16 2.36 —~ 10.28
2 236 ~1020 237 —i0.32 241 ~ 049
3 2371029 240 — i0.47 2.48 — {0.72

Temperature (C)
=10 0 10

0.8 2,37 — 10.30 2.39 — i0.41 2.43 ~ {0.54
1 238 — 1037 242 — 10.52 247 ~ i0.67
2 248 -—1071 2.59 —i0.95 2.73 — il.20
3 261 -i101 281 —i1.31 304 ~ i1.60

Temperature (C)
20 30 [}

0.8 247 — 0.67 253 — i0.80 2,59 — 10.93
1 253 - 1082 2.61 —10.97 2.70 — i1.11
2 290 - 1142 3.09 —i1.62 3.2 — I1.79
3 2331 ~i1.84 358 - {2.04 3.86 —i2.20

s, Ray, Broadband Coumiplex Refractive Indices of lee «nd

Woater, Applied Qptics, vol, 11 (1972), 1839.
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-6, SUMMARY

From the discussions, references, and
data presented in this chapter it is possible to
prepare a comparative summary of aerosol at-
tenuation effects from the optical/infrared
region to frequencies in the millimeter wave do-
main. Table I11-4 provides such a comparison.
It should, however, be recognized that because

of the rather limited data base for near-
millimeter wave propagation, the princlpal
utility of this table resides in the approximate
comparisons rather than the absolute accuracy
of each value, Table III.5 provides a more
detailed look at the important case of fogs for
wavelengths iri the near-millimeter wave
region, Figure 111-22 is a graphical representa~
tion of table III-5,

TABLE Ill4. COMPARATIVE SUMMARY OF AEROSOL ATTENUATION (dB/km) EFFECTS

Infrared 400GH:x 30 GH: 220 GHx 140 GHz 100 GHz 33 GHz

Asrosdl Optical 10,6 ym 730 um

880 m 13mm 21 mn Imm B.6mm

Fog ~204 ~200 ~4 ~3.6 k] 2,28 14 A1
Tew10C
VA100m

W = 0.3 g/

Vehicular Large  Significant Negligible N N N N N

dust (L) (5) N)

Rain 5.2 ~8.2 74 7.8 8.3 8.7 8,7 2.6
10 mm/hr

Snow 8,2 >>8,2 V3 7dry A39dry M ldry M diy ddry A3 dry
10 mm/hr 74 wet X7.8wet X8.3 wel 8.7 wet X8.7 wet 2.6 wet

(H;0)

TABLE 111-5, ATTENUATION (dB/km) DUE TO LIQUID WATER IN A RADIATION FOG AT 4 C

w

Wavalength

(8/m’) | 320 ym 348 um 450 um 490 um 620 ym

650 ym 720 ym 880 um 1.3 mm 2.3 mm 3.19 mm 8,57 mm

g88| E<

0.0032| 0128 0125 0109 0102 0,080
0.0038| 0152 0148 01290 0122 0.095
00045 0180 0176 0,153 0144 0.113
700 | 0.0086) 0224 0218 019 0179 0.140
0.0071| 0.284 0277 0241 0227 0178
0.0094| 0.376 0267 0320 0301 0,238
0.013 0520 0507 0442 0416 0325
0.020 0800 07680 0680 0,640 0.500
200 | 0.038 1.52 1482 1,292 1216 0.950
100 | 0.111 4.44 4329 3574 3882 2775
0.131 5.24 5109 4454 4192 3275
0.187 6.28 6123 5.4 5.02 3.92
70| 0193 7.72 7.53 6.56 6,18 4.80
0.244 7.8 9.5 8.3 7.81 6.10
0323 | 12.9 12,6 11.0 10.3 8.08
40 ] 0456 | 18.2 17.8 18.8 4.6 114
0710 | 284 27.7 24.1 2.7 17.8

22888888

z23

8

0077 0075 0062 0039 0018 0011 0.001
0,091 0,080 0074 0047 0.022 0,013 0.002
0108 0,100 0,088 0055 0.026 0.015 0.002
0134 0130 0109 0069 0.052 0020 0.002
0170 0170 0138 0090 0040 0.025 0.003
0226 0220 083 0720 0054 0033 0.0M4
0312 0300 0250 0160 0074 0046 0,008
0480 0470 02390 0.246 0.1 0.070  0.008
0912 0893 0.741 0.467 0.22 0,13 0.018
2660 261 216 136 0.63 0.39 0.047
3140 3.08 255 161 0.75 0.46 0.056
3770 369 306 193 0.89 0.95 0,067
4.60 4.54 37 237 1.10 0.68 0.082
5.80 573 476 300 1.39 0.85 0,14
7.75 7.60 630 397 1.84 1.3 0.137
10.9 10.70 8.80  5.61 2.59 1.60 0.194
17.0 1670 138 8.73 4.05 2.49 0.302
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From the previous chapters it should be clear
that the utility of near-millimeter technology
depends very strongly on the various weather
parameters, Though a significant amount of
meteorological data is provided in Chapters 1
through III, it is appropriate to provide some ad-
ditional information. The following tables
should prove useful to the reader in discussions
and calculations of NMMW propagation char-
acteristics, In addition, for those who wish to ex-
plore more thoroughly the meteorological/
climatological aspects, a Selected Bibliography is
included for Chapter 1V (p.81).

TABLE IV-4. REPRESENTATIVE ABSOLUTE

HUMIDITY LEVELS
Environment Absolute humidity (g/m?)
Tropical 19
Midlatitude summer 14
Midlatitude winter LR
Subarctic summier 9.1
Subarctic winter 1.2

R. A, McClatchey, Optical Properties of the Atmosphere
(Revised), U.S, Air Force Cambridge Research Laboratories,
AFCRL-71-0279 (May 1971).

TABLE IV-2. SEA-LEVEL TEMPERATURE DEPENDENCE OF WATER VAPOR

CONCENTRATION
> Water vapor concentration (g/m?)
Temperature (C)
30 percent relative humidity 100 percent relative humidity

-20 0.51 1.0
-15 0.79 1.5
-10 1.1 2,1
-5 1.6 3.0
0 23 4.3
5 3.2 6.2
10 44 8.9

15 6.0 12,

20 8.0 16.

25 17, 22,

KV 16. 30.
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TABLE IV.3. HAZE AND FOG CHARACTERISTICS

t , Parameter Haze Radiation fog Advection fog

1
S Drop diameter
] ringe, um 0.01-3 5-35 7 - 65

; Typical drop
' concentration, 10%10* 200 10° 40 X 10°

f'. per m?

Typical maximum
water content, - 1
g/m?

0.4

for 200 m - 0.04 0,18

[
! : Water content
| visibility, g/m’

! Visibility at - 110 280

01g/m', m

V. W, Richard, ]. E. Kammerer, and R, G, Reitz, 140 GHz Attenuation and Optical Visihility

Measurements of Fog, Rain and Snow, Ballistic Research Laboratories, ARBRI-MR-2800 (December
1977).
TABLE IV-4, STANDARD VISIBILITY
CONDITIONS (Internationai Visibility Code)
Conditions Visibility

Dense fog <50 m i

|4
Thick fog 50 - 200 '
Moderate fog 200 - 500 AJ
Light fog _ 500 - 1000 m i
Thin fog 1-2km @
Haze 2-4 A
Light haze 4-10 i
Clear 10 - 20 Y
Very clear 20-50 k
Exceptionally clear 550 km ‘ﬁ

]
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TABLE IV-§. DROPLET SIZES AND DENSITIES FOR RAIN

Light Moderate Heavy Cloudburst
(r=1mm/hr) (r=4mm/hr) (r=25mm/hr) (r=~= 100 mm/hr)
Size range (um) 7 - 100 10 - 300 10 - 500 50 - 700
Droplet density (m™?) as0 500 700 1,25¢
Water density (g/m?) 0.04 0.17 1.0 4.

R. G. Shackleford and |. ]. Gallagher, Millimeter Wave Beamrider System, U.S. Army Missile
Research and Development Command, TE-CR-77-7 (August 1977).

TABLE IV-6. PROPERTIES OF STANDARD CLOUD MODELS

Base Top Density Mode radius

Name () (m (/) (urn) Comp.
Cirrostratus, arctic, 12-18 kit 4000, 6000, 0.10 40.0 Ice
Clrrostiatus, mid-lat., 15-21 kft 5000, 7000, 0.10 40.0 Ice
Cirrostratus, tropical, 18-24 kft 6000, 8000, ¢.1c 40.0 Iee
Altocumulus 8000-9650 ft 2400, 2900. 0.15 10.0 Water
Altostratus 8000-9650 ft 2400, 2900, 0.15 10.0 Water
Low-iying stratus 500-2000 ft 150. 650. 0.25 10,0 Water
Low-lying stratus 1500-3000 ft 500. 1000, 0.25 10.0 Water
Fog layer, ground to 150 ft 0. 50, 0.15 20.0 Water
Haze, heavy 0. 1500, 10~ 0.05 Water
Drizzl», 0.2 mm/h 0. §00. 1.00 20.0 Rain

500, 1000, 3.9 10,0 Water
10, 1500. 1.00 10.0 Water
Steady rain, 3 mm/hr 0. 150, 0.20 200.0 Rain
150. 500, 1.00 10.0 Water
500, 1000. 2.00 10.0 Water
1000. 1500, 1.00 10.0 Water
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TABLE IV-6. PROPERTIES OF STANDARD CLOUD MODELS (Cont'd) 'i-;,‘
o :
p 3I, Base Top Density Mode radius
Name (m) (m)  (g/m) (um) Comp.
E Steady rain, 15 mm/hr 0. 300, 1.00 200, Rain -
1 300. 1000, 2.90 10.0 Water
‘o 1000. 2000. 3.00 10.0 Water ‘
: 2000, 4000, 2,00 10.0 Water
N Stratocumulus 1000-2000 ft 330. 660, 0.25 10.0 Water
Stratocumulus 2000-4000 ft 660, 1320, 0.25 10.0 Water
Fair weather cu, 1500-6000 {t 500, 1000, 0,50 10.0 Water
i 1000, 1500, 1.00 10,0 Water
. 1500, 2000, 0.50 10.0 Water
4 Cumulus with rain 2.4 mm/hr 0. £00. 010 400, Rain
3 500, 1000, 1.00 20.0 Water
__ 1000, 3000. 2.00 10.0 Water
g ¥ Cumulus with rain 12 mm/hr 0. 400. 0.50 400, Rain
-89 400, 1000. 2.00 20.0 Water
X 1000, 4000. 4.00 10.0 Water
'i‘p '. Cumnius congestus, 3000 1000, 1200, 0.30 10.0 Water
. 9000 ft 1200, 1600, 0.50 15.0 Water
B 1600, 4000, 0.80 20.0 Water
. § 1 ; 2000, 2500, 1.00 20,0 Water
b | 2500, 3000, 0.50 20,0 Water
: H’ Cumulonimbus with rain 0. 300. 6.30 400, Rain
l7 150 mm/hr 300, 1600, 7.00 20,0 Water
: B 1000, 4000, 8.00 10.0 V/ater
oS 4000, 6000. 4,00 10,0 Water
K 6000, £000. 3.00 10.0 Water
R 8000, 10,000, 0.20 40.0 Ice )
- ' 1 N. E. Gaut and E. C. Reifenstain, I, Interaction Model of Microwave Energy and Atmospheric
. } Variubles, NASA Report CR-61348 (20 April 1971), AD N71-25079,
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CHAPTER V.—PROPAGATION IN SMOKE AND CHAFF

by Dominick A, Giglio

Since this chapter contains classified information, it will be published as part of volume IV of this
report,
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VI-1, INTRODUCTION

The NMMW radiative properties of tar-
gets and of the backgrounds with which they
may be associated are fundamental data required
to begin the assessment of the probable perform-
ance of a large number of applications of
NMMW systems. In the following sections, the
definitions and nomenclature used as data de-
scriptors are explained and the available data for
discrete targets and extended backgrounds are
tabulated and described. Where data are insuffi-
cient, the trends of data as a function of frequen-
cy from adjacent bands are described. In all cases
for this spectral regiou, it has been necessary to
draw conclusions by extrapolation from other
frequency regions or by modeling,

A large part of this chapter contains
information and extensive excerpts from a report
of the Environmental Research Institute of
Michigan.

VI-2. DEFINITIONS, NOMENCLATURE,
AND BASIC RELATIONS

VI-2,1 Definition of Inzident and
Scattering Angles

The incident and scattering angles
are shown schematically in figure VI-1. The
radar transmitter is located at P above the XY
plane representing the plane of local terrain, The
angle of incidence, 8}, is the polar angle from ver-
tical at the illuminated area to the line of propa-
gation of transmitted power. The grazing angle is
the angle of elevation, g, of the radar from the
horizontal plane with apex at the illuminated
area. The deptression angle, 84, is equal to the
grazing angle for a flat earth approximation and
is the angle from the horizontal plane to the line

_TI‘ R, Maxwsll, Environmental Research Institute of Michigan,

ERIM 123800-2-L (18 Nousmber 1976), (CONFIDENTIAL)

of propagation, with apex at the transmitter. The
polar angle of scattering, 85, is the angle between
vertical at the illuminated area to the line of
propagation to the receiver with apex at the il-
luminated area.

6, = angle of Incidence

6, = polar angle of scattering

¢, = aximuthal angle of scattering
9. = graxing angle

64 = depresslon angle

P = transmitter position

Q = recelver position
Figure VI-1, Definition of angles.

The azimuth of scattering, $g, is
the angle in the XY plane betweena the specu'ar
reflection direction and the direction to the
receiver with apex at the illuminated area, The
monostatic condition is obtained when 8; = 65,
and ¢g = 180 deg.

VI-2.2 Defining Relations for Radar
Cross Sections

The radar cross section, a, of a
target fully illuminated by 2 radar operating in
the monostatic mode is defined by the relation

P(GoA +'(1) "

r (4n)irt




where

P, = received power,
Py = transmitted powe,

G = transmitter antenna gain relative to
an isotropic source,

Ap = effective receiver antenna aperture
area,

r = range from radar to target, and

t(r) = transmittance of the separating
medium over a range, r.

If n is the attenuation of the at-
mosphere in decibels/kilometer, then the trans-
mittance is given by

tr) = 1()_(-1"TJ ) ’—;‘5) , (2)

with r in meters.

The cross section of a fully illumi-
nated, perfectly reflecting sphere, whose radius,
tg, is much greater than a wavelength, 4, is nr.
Such spheres can be used for field experiment
calibration standards. The radar cross section for
more complex shapes can be expressed as

0= oG'A, (3)

where @ = reflectivity of target surface material,
A = the projected area of the target, and

(' = the gain of the target relative to an
isotropic scatterer.

" The three factors in relation (3)
separate the influence of material properties,
geometrica! shape, and size. The target gain, G,
may be approximated by

A

, C
Cmw ®

where A Is the target area of coherent reflection.
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A target which is smooth relative
to the wavelength will exhibit an increasing gain
for decreasing wavelength, For most targets, 4
wavelength limit will be found for which the
target appears rough and scatters incoherently so
that target gain will not increase with further
decreasing wavelength.

Two radar cross sections—oq, the
cross section per unit illuminated area, and vy,
the cross section per unit projected illuminated
area—are defined for {errain. These cross sec-
tlons are defined by the relations

PGogAATi(r)
Pe= "amw (5)
ana
PGy cos 8,A A Y1)
P, = -—————-———( ymow ' &)

where Aj is the area of terrain illuminated by the
radar pulse, Both o5 and y are cross sections per
unit area and are dimensionless quantities. The
area, Aj, increases as the square of the range,,
resulting Ih an inverse square law for received
power,

VI-2.3 Cross-Section Statistics

Terrestrial cros; sections, 6o and
v, are often specified by average values. The scat-
tering of coherent radiation from random scat-
tering centers adds vectorially at random at the
receiver Jc that a statistica! variation in received
signals may be expected. According to Long,?
one may assuine that land and sea scattering is
Rayleigh distributed as a first approximation;
hoveaver, field experiments in the microwave
range vesult in a distribution between Rayleigh
and log normal. The Rayleigh distribution densi-

ty. p(0o). is given by

"M, W, Tong, Radar Reflectivity of Land and 3ea, Lexitigton Books,
Lexington, MA (1975)
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ploy) = -a‘.o—e oo

L (;')

where g, is the mean value of the point-by-point
meusured og values. One may deduce that 50
percent of 0, values v.ill fall in a range from
5.4 dB below o to 1.43 dB above @, for the
Rayleigh distribution.

In the case of NMM wavelengths,
one may anticipate conditions where a target,
such as a vehicle, will not be fully illuminated by
the radar beam, The illuminated area, Aj, of the
tazget may not be known so that neither o nor og
is a convenient cross-section descriptor.
However, y is the cross section per unit projected
illuminated area, Aj cos 6. The projected il-
luminated area should be approximately the area
of the radar beam normal to the direction of
propagation within the half-power contour of
the range of the target. Consequently, the radar
cross section of illeminated regions of a partly il-
luminated target can be described conveniently
by y. Reports of the statistical distribution of y
for NMM waves for artifacts have not been
found.

VI-2.4 Polarization Nomenclature

Radar cross section also depends
upon the polarization of transmitted and re-
ceived radiation. The commonly used designa-
tions, H and V for polz:ization, are used in this
report. Horizontally polarized radiation, H, is
that portion of the radiation for which the elec-
tric field vector is parallel to the horizontal
reference plane (the XY plane in fig. VI-1), Ver-
tically polarized radiation, V, is that portion of
the radiation for which the electric field vector is
orthogonal to the horizontally polarized field
and orthogona! to the direction of propagation,
Circularly polarized radiation is designated by
the letter C, Cross-section values are qualified by
letter pairs—such as HH, VH, HV, or
VV-whete the first letter specifies the polariza-
tior of the transmitted radiation and the second
letter specifivs the polarization of received radia-
tion, The thermal emission of radiation is often

randomly polarized. Randomly polarized radia-
tion will be specified by the letter R,

VI-2.5 Bistatic Radar Cross Se.ctlons

NMMW cw designators used in
guidance systems may operate in the bistatic
mode. The extension of the defining relations for
o and og for the bistatic mode is straightforward.
For the fully illuminated target, relation (1)
becomes

PGoApr(re)r(rr)

8
= e ®

where ry = range from transmitter to target, and
ry = range from receiver to target.

Relation (5) becomes

Y - PGo AjAT(rOT(ry) ©)

‘ (nrie,

The cross sections 0 and 0, must
be qualified by the specification of the angles 6j,
6, and ¢g as well as by the transmitted and re-
ceived polarizations,

VI-2.6 Relationship between Radar and
Electro-Optical Descriptors

The paucity of published data on
the electromagnetic properties of materials in the
NMMW spectral range may require interpola-
tion between infrared and microwave properties,
The nomenclature used in the infrared spectral
range implies that measurements are done on
plane sections of material, the dimensions of
which are large compared to a wavelength, and
that ew random polarization and bistatic condi-
aons are used unless otherwise specified.

Bidirectional reflectance, ¢', is
defined by

p P(Gg'costicos AjA x(ry)r(rr)
' e} '

(10)

%1




Equations (9) and (10) yield the relationship be-
tween bistatic 0o and @' as

ag = 4nQ’ cos 6 con 6y (11)

Data may be specified as reflectance relative to
the reflectance of the ideal diffusely reflecting
Lambertian panel; that is, the equivalent reflec-
tance of a Lambertian panel which would result
in the same received power, so that,

Grel = ™0’ (12)
and

0o  4Qre} cos B cos Uy (13)

where gpel is the relative bidirectional seflectance
or equivalent Lambertian reflectance.

A related reflectance is nusst often
reported in the literature for diffusely reflecting
materials. This reflectance--the directional
hemispherical reflectance, or more commonly
diffuse reflectance, and sometimes just reflec-
tance (without modifiers)—is velated to the bi-
directional reflectance by integration over all
scattering angles,

2 /2
Qgh = Io " f;‘ Q' (61, Oy $4)c0r8,8in0,d0 d¢, , (14)

where 4j is tacitly some angle about 5 to 15 deg
from sample normal and gdh is the directional
hemispherical reflectance.

If ¢' varies only slightly with 6
and ¢g, then

Gdh = ' (%) (1s)

where Q(G) is the mean value of @’ for all
angles of scatterins for incident angle 6;.

Specular reflectance for smocth
material, Qspec, is defined as the ratio of flux
reflecting at the specular angle to the flux inci-
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dent. Rayleigh's criterion for specularity of a sur-
face is

Ohympcos 81 < A8, (16)

wher? Ay, i the root mean square random
deviation of a surface from a plane section.

For a perfectly smooth reflecting surfare,

Qpec ™ @dh . Qa7

VI-2.7 Radiometric Relations

The rate of conversion of heat
energy into radiant energy in the NMMW range
is proportional to the absolute temperature of the
emitter. A blackbody surface is an ideal thermal

emitter, which converts heat energy into radiant .

energy at the maximum rate allowed by thermo-
dynamic laws, The radiated flux per unit fre-
quency interval emitted from a blackbody is

MV - M , (18)
A2

where My = the spectral flux density emitted,
T = absolute surface temperature, and
A = wavelength at the band center.

Any real material sinite with less efficiency than
the ideal blackbody. The ratio of real body emis-
sion tc blackbody emission at a specitied wave-
length is the spectral emissivity e(d) of the real
material, The emissivity in a specified dizection,
8¢, from surface normal for opaque material {s
given by Kirchoff's law:

Cot(hBe) =1 = an (6 = 8 . (19}

If odh(V) ¥ @dh(H), then umission will not be
completely randomly poiarized.
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For a nonscattering gas, the emis-
sivity of a layer of gas depends upon the trans-
mittance through the layer,

gd) =1~ 7}) . (20)

Since the thermal emission of a
material in the NMMW range is proportional to
the absolute temperature of the material, a com-
mon practice is to use the temperature as a
descriptor of flux density. In addition, the mean-
square noise current fluctuation in electrical cir-
cuits is also proportional to the absolute
temperature of the circuit components, so that
the temperature is a substitute descriptor for cir-
cuit noise power. In this way, an antenna
temperature of T*iC means that the feed line at
the antenna is receiving noise power equivalent
to that of a purely resistive load at temperature
T°K. Such noise power may come from a com-
bination of received flux and from local antenna
circuit elements.

VI-3, DISCRETE TARGETS DATA
Vi-3.1 Tactical Targets

In gencral, the data base for
discrete tactical targets is not extensive, for
NMMW frequencies. Until the last few years,
there have been few systems operating near
95 GHz; consequently, therc have been few
measurements. Recently, there has been in-
creased emphasis on the 95-GHz window, and
more¢ measurements are being made. Hughes Air-
craft Company and the Environmental Research
Institute of Michigan (ERIM)' have been making
95-GHz measurements from the ground and
from the air.*

1, R Maxwell, Environmantal Rescarch Institute of Michigar,
ERIM 123800-2-L (18 November 1976), (CONFIDENTIAL)

‘Editor's Note; see Selected Bibliography (Ch IX) for additic aal
referenices on targel measurements, Note particularly the work of
Currie «! al at the Geargia Imstitute of Technology,

In a recent paper, Johnston® inves-
tigated the availability of radar data in the
NMMW region. He found no full-scale radar
measurements between 140 GHz and 10 um.

The inillimeter wave data which
have been found in the present literature search
are all for the monostatic mode and primarily for
frequencies of 94 GHz ond below. These data
allow estimation of NMMW cross sections by ex-
trapolation. The polarization for most available
data is either horizonta! or vertical, although
some of the measurements by Hughes were made
with circular polarization,

Hughes* reported measurements
at 94 GHz with three military vehicles as targets.
The measurements are summarized in tabie VI-1,
The three target vehicles presented simifat in-
tercept areas to the illuminating radar beam. As
is usual for metallic objects, their effective radar
scattering areas are larger than their intercept
areas, Both the truck and the personnel car.ier
have some flat surfaces and some parpendicular
intersections of surfaces that retlect strorgly
toward the illuminating radar. The tank surfaces
are nearly all curved, so that reflection from the
tank is more nearly isotropic, This probably ac-
counts for the lower peak and lower mean valuey
for the tank.

The measured peak scattering
areas at 94 GHz are not significantly larger ihan
is coramonly found at X-band. Specularly
reflecting plane surfaces, dihedrals, and corners
would be expected to exhibit gains of about 100
times larger af 94 GHz than ut 9.4 GHz, if they
remained fully specular and diffraction limited at
the higher frequency. Since the measurements
show no appreciable increase of target gains with
frequency, the reflecting surfaces can be assumed
to be too rough and too inaccurately aligned to

3G, L. Johnson, Submillimeter Wave Radar Technology (U), 22nd
Annual Tri-Service Radar Symposium, Colorado Springs, CO (6-8
July 1976). (CONFIDENTIAL)

‘M. E. Beebe, |, Salzman et al, W GHr Sensor Tower Test
Program:  Final Report, Report NO, MSG 6507K, Missile Systeins
Group, Hughes Alrcraft Company (February 1976),
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remain specilar and diffraction limited at the
higher frequency. Measuremesnts made by the
Balllatic Research Laboratories (BRL)® at 94 GHz
show effective scattering areas as a function of
target aspect angle. Large effective areas were
found at broadside aspects. Measurements that
avolded aspects associated with these large
values show scattering areas about equal to the
projected areas of these targets, or slightly less,
This characteristic variation with aspect angle
should be present at higher frenuencies,

Mear-monostati. measurements
by Redstone Arsenal® at 95 GHz were mdde on
several types of military vehicles. The natrow il-
Juminating beam was scanned across the vehicle
and background terrain, Histograins of signal
values from an M-48 tank are shown in figures
Vi-2(a) and (b). A 2-in. diameter geld-plated
sphere was used as a refereénce. The large narrow

'K. A, Richer, D. G, Bauerle, and ]. E. Knox, 94 GHz Radar Cross
Swection of Vehicles (U), Ballistic Reseurch Laboratories BRL-MR-2491
(lune 1975}, AD Coo2 505L. (COMNFIDENTIAL)

B, D, Guenthar, Submillimeter Wave Researcl:  Index of 3.2 mm
and 10.6 ym Image Data Tapes, U.S. Army Missile Research and
Development Command TR-77-2 (1 February 1977),

peak at about -50 @B is due to distant terrain,
The wider and lower peak i2 due to the tank and
foreground terrain.
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Figure VI-2(a). Histogram of M-48 tank and surround-
ing terrain, HH polarization.

TABLE VI-1. OVERALL SUMMARY OF TARGET CROS5 SECTIONS—m’ at 94 GHz

Measurement by Beebe, Salzman . ot al, Hughes Aircraft Company, Missile Systems Group Report MSG 65075R
(February 197s).

Extreme values Cross-section distribution
Target Comments
Min Max | Mean Median 80th Standard
: (509%) percentile deviation
2% ton truck 15.2 1229, | 130. 80. 120. 116. 25 Data points;
Dep angles:
3to 9 Jeg
Relative humidity: 70 to 81%
Armored personnel 18.9 1546, | 130, 40. 115, 113, 45 Data points;
, carrler Dep angles:
3to 6.5 deg
Relative humidity: 58 to 95%
M-41 ’ank 16, 116. 64, 30. 60. 48. 48 Data points;
Dep. angles
3 to 6.5 dey

Relative humidity: 48 to 81%
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Figare Vi«2(b). Histogram of M-48 tank and surround-
ing terrain, HV polirization.

The scanned data were level sliced
and reconstituted in image form. Figures VI-3(a)
and (b) show the locations of the scattering
regions at signal levels relative to the signal level
of a fully illuminated 1-m? cross section at a
14.6-m range—the approximate range of the
tank.

There are additional small
amounts of classified data on high-frequency
measurements of military targets Such informa-
tion will be found in Volume 1V of this study.

VI-3.2 Strategic Targets

No report of NMMW radar cross
sections of strategic targets was found. Cali-
brated scanned images of reentry vehicles were
made by Hughes Research Laboratories” at
94 GHz. Analysis of the data has not been
reported. Strategic targets—such as military
ships, supply ships, military aircraft, intercon-

]. M. Bair, Millimeter and Infrared Image Scans of Reentry Vehicle
Targets, Tochnicu! Report Calspan 23933, Hughes Research
Labaratories (September 1976),

tinental ballistic missiles, storage tanks, motor
pools, airports, and ammunition dumps—may
be large compared to radar spatial resolution.
Some strategic targets are composites of many
smaller components placed in some character-
istics spatial arrangement so that the geometrical
shape of the composite is often the key to their
detection rather than the radar cross section of
the composite.

Calibrated high spatiai resolution
images of thexe composites are suitable for esti-
mating system performance in the detection and
identification of strategic targets for systems hav-
ing less spatial resolution than that of the image
data, Without such images, one must estimate
the target characteristics by mathematical model-
ing of the radiative properties of the com-
ponents,

Expected Radiometric Contrast be-
tween Large Military Ships and the Sea.—The fol-
lowing reasoning is illustrative of the mathemati-
cal modeling approach for estimating the
radiometric contrasts between large ships and the
sea for a nadir view., One may expect that the
emissivity, €, of sea water viewed at normal in-
cidence is 1 ~ @ (sea), where the reflectance is

given by
‘ n. — 1§
Qloea) gy (21)
1 4

where ny is the real part of the index of refraction
of the water.

According to P. S. Ray,® ny varies as shown in
table VI-2. The reflectance and normal emissivity
are calculated.

According to the Manual of
Remote Sensing® (166, fig. 4-134), the emissivity
for normal incidence changes only very slightly
for different sen states (see fig. V1-4), The emis-
sivity for microwaves (X- and K-bands} is about
0.47.
—:ﬁmmpurs, vol. 11, no. 8 (August 197.2), 1836-1844.

*Munual Femdte Sensing, vol. 1, Amerfcan Soclety of PHotogram-
metry (1975),
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TABLE VI-2, PROPERTIES OF SEA WATER

Raal part of
Wavelength  index of  Reflectance Emissivity
A (mm)  of refraction Q €
nr
0.3 2.3 0.15 0.88
1.0 2,7 0.21 0.79
20 39 0.35 0.65
10.0 5.9 0.50 0.5
30,0 8.6 0.63 0.7
100.0 9.0 0.64 0.36
T w0
X St
g 0
L 38
200
w
g 180
140
1”F
'O winossxto — oknoTs
t 13 -w~- 28 KNOYTS
i i
& 1 [} L i 4 1 O 4
0 10 20 N & 0 & 70 W W

NADIR VIEWING ANGLE, 0 ides)

Figure VI-4, Theoretical antenna temperatures for sea
state as functions of nadir viewing angles and wind
velocity.

The temperature of large ships at
sea results from the natural heat exchange be-
tween solar radiation, sky radiation, and convec-
tive heat transfer with the air. The effect of water
contact is only secondary, except at the water
line. The internal heat generated and exhaust
stacks are insignificant contributors. Stacks are
small compared to the entire projected deck area,
and contributions of such hot parts are only in
proportion to absolute temperature and the frac-
tion of beam fill,

Naturally, the temperature of
deck material will change from above water tem-
perature during clear days to below water tem-
perature at night. Under overcast conditions, the
day to night temperature variation will be signifi-

o8

cantly less. Under high winds, the temperature of
the ship will approach air temperature, becoming
slightly greater than air temperature during the
day and slightly lower than air temperature at

night.

During clear sunlit days with little
wind, the deck temperature can rise as much as
20 to 30 C above air temperature, On clear calm
nights, the deck temperature could each the dew
point.

The large heat capacity of deck
materials will make the surface temperature lag
behind the maxinum thermal income by 2 to 3
hours. A corresponding delay in cooling off can
be expected after sundown. The lowest
temperature should be reached just before dawn.
One may normally expect ship deck temperature
and sea temperature to be equal twice equal day.

The emissivity of painted deck
material is not known for the NMMW region, At
25 pm, €~ 0,90 and at X-band, ¢ v 0.01. Ob-
viously, the contrast between ship and sea will
depend upon this value, If the emissivity at 1 mm
is still very small, then ship temperature will be
inconsequential in the signature, One should
assume that € is very small for wavelengths as
short as 1 mm until proven otherwise. The reflec-
tance can be greatly affected by paint cover when
the “optical” thickness of the paint approaches
A/4, Assuming ny of paint of 1.5 and paint
thickness of 0.2 mm (thick coating), one could
achieve A/4 conditions at 1.2 mm. Absorption
bands in the paint could appear, however.,

One can see from table VI-2 that
the emissivity of the sea will increase with de-
creasing wavelengths, If the emissivity of the
ship is much smaller, as assumed, then the con-
trast will be due entirely to metallic reflection of
sky rediation from the ship and the combined
thermal emission and sky reflectance from the
sea, Contrast should increase substantially, On
the other hand, an estimation of the reflectance
of painted steel is made in section VI-5.2. It is
evident that significant spectral variation in the
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emissivity of painted steel could occur in the
NMMW range due only to the Debye relaxation
effect in dielectrics. Such variations could make
the difference betwsen a successful application
and an unsuccessful one.

Large Aircraft and Ballistic
Missiles .-~In Heu of measured data on large
aircrait and ballistic missiles in the NMMW
range, one must resort to simple mathematical
modeling of compenents for estimating
radiomettic properties. Just as for ships at sea,
the emissivity of the exposed materials of aircraft
and missiles is the central issue in radiometry.
The expected metal coating is either paint or an
anodization of the metal. The spectral properties
of ancdization coatings are completely unknown
in the NMMW range, One may surmise that the
effects might be negligible until proven other-
wise, However, a2 trend towards the use of
nonmetallic substrates--such as graphite-
epoxy—adds further comiplications to estima-
tions, since the electromagnetic properties of
graphite-epoxy materials are alsc unknown in
this spectral range. If the coating is transparent,
then'the properties of the substrate will govern
the radiativc properties of the vehicle.

Atmospheric emissions caused by
high-altitude vehicles may occur in two ways.

(1) The exhaust plume may emit
thermally or absorb radiation due ic transient
chemical species.

(2) Exhaust products may cause
catalytic reactions with in situ photochemically
excited gases, yielding larger emissions than
would be expected from the same concentration
of simple Planckian thermal radiators, The re-
cent concern with Preon gas catalytic reactions
with ozone indicates that the understanding of
such processes in the upper atmosphere is far
from complete. For such a complex environment,
neither mathematical modeling nor laboratory
experiments are likely to lead to convincing
results, There appears to be no other recourse
than to make high-altitude measurements to ac-
quire data.

. . - . [ .
e e T

VI4. DATA ON BACKGROUNDS
VI-4.1 Terrain

Two basic types of measurements
have been used to determine the radar scattering
properties of terrain, One type consists of mea-
surements from an airborne platform where data
from a wide variety of different terrains are
recorded; the frequencies for most of these data
are less than 10 GHz. The other type consists of
grourd and laboratory measurements where a
significant amount of data have been collected at
35 GHz, with some data at 94 and 140 GHz.*
Modeling is employing to estimate terrain oo up
to 300 GHz, The interpolation of low-frequency
data to higher frequencies can be seriously in er-
ror if the electromagnetic properties of vegetative
materials change significantly in the WMMW
range, Such a possibility is described in section
VI-5.

The polarizations for 0, measute-
ments are usually VV, HH, and HV. The cross-
polarized o, (HV) is usually 6 to 8 dB lower than
the parallel-polarized o, In the monostatic case,
the return from the ground is highest at depres-
sion angles near 90 deg because of specular
reflectance from the ground.

Mouostatic Cross Sections of Ter-
rain .—Aerospace Corporation'® measurements
of a number of horizontal surfaces show a nor-
malized radar cross section, o, essentially inde-
pendent of frequency from 40 to 90 GHz at
depression angles from 90 to 45 deg. Reflections
from concrete, asphalt, and wood all appear to
be nearly specular. Surfaces of gravel, sod, and
weeds appear to reflect more nearly isotropicai-
ly. Measured values are shown in figures VI-5
through VI-11, The large 0o values at normal
incidence are typical of specular reflectors. The
three nonspecular surfaces exhibit backscatter
nearly independent of depression angle. These
measurements indicate a little larger backscatter

®H, E, Xing and C. . Zamites, Tervain Backscatier Measurements at
40 and 90 GHz, Aetospace Corvoration, SAMSO-TR-70-220 and
TR-0066 (5816-41)-1 (June 1970},

*Editor's Note: see Selecied Bibliography (Ch 1X) for additional
refaresices on terrain measurements. Note particularly the work of
Cutrie ol al at the Georgin Institute of Technology.
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at these frequencies than has been found at X-
and K-band frequencies, in agreement with
theoretical considerations regarding surface
backscatter,

A oy
™ O way
- N W L J
» » [ ] L] »
ANGLE OF INCIDENOE (deg)

Figure VI-5. Mean o,, for wet and dry gravel, 40 to

90 GHz.

-4

ANGLE OF INCIDENCE (deg)

Figure VI-6. Mean a,, for wet and dry tall weeds, 40 to
90 GHz.

Values of og at 94 GHz, published
by Hughes Aircraft Company, are shown in
figure VI-12 and are in general agreement with
the Aerospace data. The data arc for low-
depression angles rather than the high-depression
angles of the Aerospace data. Radar 0y measure-
ments published by the System Planning Cor-
poration*! are shown in figures VI-13 through
VI-17. The oq of concrete and asphalt is shown
rising with frequency from 10 to 120 GHz in
figure VI-17. Plowed fields show some increase
of ap with radar frequency. Crop and tree o,

UL, D, Strom, Applications for Millimeter Radars (U), Report No.
108, System Planning Corporation (December 1973), AD 529 566.
(CONFIDENTIAL)
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values appear to be nearly independent of fre-
quency.
Measurements by BRL!? at
140 GHz indicate that the o, of vegetation is
10 dB greater with leaves than without leaves.
BRL measurements at 94 GHz indicate that o
from “dirt and weeds” at 64 less than 1 deg is
-22 dB. This small value of 8, correspond to a y
of -5 dB. The y for dirt and weeds is similar to the
y found by Ohio State University'? for tall oats in
head.
»
-
WATER
40 Y0 90 GHa)

A mirrLED
O smooTH

~-28 i ) ] 1
) 10 ) 2 ™ ™)
ANGLE OF INGIDENGE (deg)

Figure VI-7, Mean o, for smooth and rippled water, 40 °

to 90 GHz,

1], E. Kammerer and K. A, Richer, Cross Sectlon Measurerments of

U.S. Army Targets by 140 GHz Radur (U), Ballistic Research

Laboratories BRL-MK-1785 (August 1966), AD 378 097, (CONFIDEN-
TIAL)

BW. H. Peake and T. L. Oliver, The Response of Terrestrial Sutfuces
at Microwave Frequencies, Ohio State University AFAL-TR-70-301
and ESL.2440-7 (May 1971), AD 884 106.
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Figure VI-8, Mean oq for wet and dry wood, 40 to
90 GHz.

A publication by the Norden
Division of United Aircraft'* contains 70-GHz
data, The g from a macadam surface is given as
-40 dB at 64 = 9.2 deg.

To investigate the signal-to-noise
ratio in the Overland Radar Technology Pro-
gram, the Illinois Institute of Technology
Research Institute (IITRI) developed models of
the behavior of 0y with depression angle; the
models developed were for broad terrain classes,

WL, Chanzit, L. Kosowsky, K. Koester, and 1. Goldmacher, Study of
Airborne Millimeter Radar Techniques, United Aircraft Corporation
ECOM-02125-F (June 1970), AD 373 641,
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Figure VI-9, Mean o0, for wet and dry asphalt, 40 to
90 GHz.

lake/sea, farmland, woodland, and desert.'® The
dashed lines in figure VI-18 show the median
value of oo and the median + the standard
deviation for farmland clutter. The models for
the other terrain types are similar.

During their examination of ex-
perimental data, IITRI found that the difference
between horizontal (HH) and vertical (VV) po-
larizations was less than variations in the meas-

WL, . Greenstein of al, A Comprehensive Ground Clutter Model for
Alrborne Radars, IIT Research Institute, Chicago, IL (September
1969), AD 861 913L.
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Figure VI-12, Clutter characteristics at 94 GHz.
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Figure VI-13, Radar cross section of natural ground
targets at X-band.
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B M, W. Long, Radn)r Reflectivity of Land and Sea, Lexington Books,
Lexington, MA (1973).

H’““ Vl-16.‘ Radar cross section of natural ground ".'E a;;umom Rasiar Desigrt Principles, McGraw-Hill Book Cam-

a3 targets at 40 to 90 GHz. pany, New York (1948), 26¢
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The conclusions in these
references are based on airborne data taken at
frequencies of 10 GHz or less and ground data
taken at 35 GHz or less. To determine how o4
behaves at higher frequencies, millimeter back-
ground measurements from three sources'®!"'s
were plotted on figure VI-18. The two vertical
lines near 4- and 25-deg depression angles repre-
sent data from the Georgia Institute of Technol-
ogy (GIT) at 94 GHz. The cross-hatched areas
are Hughes data, also taken at 94 GHz. The solid
lines from 45 to 90 are Aerospace data from
averaged measurements in the 40- to 90-GHz
band. The figure lists the backgrounds measured.,
The dashed lines in the figure represent the [ITRI
farmland model,

The millimeter measurements
agree with the IITRI model; hence, this model
appears to be a reasonable estimate of terrain
reflectivity at 300 GHz, Figure VI-19 is an esti-
mate of o for typical terrain with horizontal and
vertical polarizations at frequencies of 10- to
350-GHz. The solid line in the center is the esti-
mated median value of 0o, and the dashed lines

- )| 1 ) L L 1 1 1

DEPRESSION ANGLE, # (d9)

Figure VI-19, Estimated 0, values, 10 to 350 GHz, for
H and V polarizations, monostatic operation (IITR1)
farmland model extended to 5-deg depression angle.

“H. E. King and C. I. Zamites, Terrain Buckscutier Meusurements at
40 to 90 GHa, Azrospace Corporation SAMSO-TR-70-220 and
TR-0066 (5816-41)-1 (June 1970),

N, C. Currie et al, Radar Land Clutter Measurement at Frequiencies
(;[ 9.)5. 16, 35, and 94 GHz, Georgla Institute of Technology (April
975).

‘M. E. Boebe ot ul, 94 GHz Sensor Tower Tust Program, Hughes
Report No, M5G 65075R (February 1976).
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represent the upper and lower extremes within
which g is expected to lie for a monostatic
radar. This figure is the IITRI farmland model
extended to a 5-deg depression angle.

Images of snow-covered terrain
have been made at 35 GHz with the use of the
airborne AN/APQ-97 radar.' Measurements of
y for various snow-covered terrains were also
measured by OSU.?® The influence of nominal
depths of new snow is reported to be negligible
compared to the influence of the underlying ter-
rain.'* However, the old snow mixed with ice
may result in significantly higher values of y, A
2-in, (50 mm) snow and ice layer covering con-
crete is shown by OSU to yield 10 to 15 dB
greater y than for bare concrete. Also, images of
regions of old snow display an anomalously high
return.'” The cav<z for the higher returns is not
known, but a possible mechanism is intimated to
be the retroreflecting power of ice crystals in old
snow with dimensions of the order of a
wavelength.'” If that is the cause, then these
“anomalous” returns may be expected to become
more frequent in the NMMW range, due to the
increasing frequency of occurrence of smal} ice
crystals.

Bistatic _Cross Sections of Ter-
rain ,—The amount of available bistatic terrain
oo data is evidently quite small; only six
references were located and only four of these
provide independent data, No data have been

- located for the 0.3 to 3.2-mm wavelength region,

In fact, the shortest wavelength for bistatic 0o
data appears to be v3 cm. BRL has published
bistatic scattering measurements.?* These data
indicated that forward scattering decreases as the
lluminating frequency increases and as the graz-
ing angle increases, not entirely consistent with
data presented below.

"Marnual of Rertote Sensing, vol. 11, American Society of
Photogramimetry (1975),

MR, L, Cosgriff et al, Tervain Scattering Propertivs for Sensor System
Design, Engineering Experiment Station Bulletin, Qhio State Universi-
ty, Coluntbus, OH (May 1960),

UK, A Richer, 4.4 mm Wavelength Near Earth Propugation
Measurements, Ballistic Research Laboratories BRL-MR-1403 (May
1962), AD 331 098,
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Figure VI-20 shows the envelope
of data points measured by the Royal Canadian
Air Force’ using a two-aircraft measurement
system. For all these measurements, the trans-
mitting antenna radiated straight down (6; =
0 deg). The receiver aircraft flew abreast of the
transmitter aircraft at various distances in order
to receive at different values of 83 between 21
and 83 deg. Since the results for flat farmland

and hilly terrain are quite similar, they are §

.0

lumped together in the figure. Note that oo
ranges between -20.5 and -6.5 dB.

4, [3eg)

Figure VI-20. o, versus 6, for HH polarization, 6; =
0 deg and ¢, = 0 deg, A = 3 cm (flat farmland and
hilly terrain).

The next four figures show the
results of measurements made by QSU!*23.34.* on
small controlled terrain patches using ground in-
strumentation, Figure VI-21 shows o, versus g
for 8; = 20 deg and ¢g = 0 deg. Observe how o,
for smooth sand peaks at the specular angle (85
= 20 deg). Note also that o, for smooth sand ex-
hibits the widest variation; its oy values range

WW, H. Peuke and T, L, Oliver, The Reaponse of Tenestrial Surfaces
at Microwave Frequencies, Ohlo State Univensity, AFAL-TR-70-301
and ESL-2440-7 (May 1971), AD 884 106,

118, ). Starkey, Bi-Static Ground Scatter Meusurements in X-Bund
artd the Ground Scatter Jammer Paramieters (U), Directorate of Elec-
tronie Warfare 5957-104-3 (DEW), Alr Force Headquarters, Ottaw;,
Canada (September 1963), (SECRLT)

145, T, Cost, Measuremenis of the Bistatlc Echo Area of Terrain ut
X-Band, Ohio State University Repart No. 1822-2 (May 1965),

M], A. Rupke and G. S, Rasweiller, Investigation of Ground II-
lumination at Radar Frequencies (U), AFAL-TR-65-204 and 6148-17-F,
The University of Michigan, Willow Run Laboratories (September
1985), AD 366 232, (SECRET)

*Referances 23 and 24 each provide a complete set of the datu.
Reference 13 presents much, but not all, of the sume data,

from -37 to +12 dB. The o, for rough sand and
dry grass terrain patches exhibits much less
variation.

-

- - -

Figure VI-21, o, versus 6, for HH polarization, 6; =
20 deg and ¢, = 0 dug, * = 3 em,

Pigures VI-22 and -23 show QSU
plots of o versus 44 for relatively large incidence
and scattering angles (6] = 95 = 70 deg and 6; =
05 = 80 deg, respectively). Note that, in most
cases, there is a significant peaking for specular
reflection (65 = 0), Note also that o values for
the smooth sand vary more widely than those for
the loam or soybean foliage, although the differ-
ences are not as pronounced for 8] = 80 deg as
for 8{ = 70 dug, For 6] = 70 deg, o4 for smooth
sand ranges from —43 to +21 dB,

O————0 $AND (BMOOTH)
A--— -8 Loaw
@ — «—@ OYBIAN FOLIAUE

~,
A, /..-.‘
\___’_’.— ”A
Sw -
"—-—-*——

Figure VI-22. o, versus ¢, for HH poiarization, 8; = 8,
= 70 deg, A = I cm.
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Figure VI-23, 0, versus ¢, for HH polarization, 6; = 6,
=80 deg, A = 3 cm.

All the previously discussed oo
data were for HH polarization. Figure VI1-24
compares OSU data taken at HH, VV, and
crossed HV polarizations for smooth sand and at
6 = 85 deg. Note that HH polarization gives the
strongest response for most values of ¢g. Also,
HV values are the smallest much of the time,
especially in the near-specular (0 deg € ¢5 €
10 demrectlom and the backscattering (¢ > 90
deg) tions.

»
BAND HMD0TH)

b \ OO WV POLARIZATION
Or = = = O WA FOLARIZATION
. \ @ = =@ WV POLANIZATION

Figure VI-24. o, versus ¢, for 6 = 6, = 85 deg for
various polarizations, A = 3 cm.
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Recent bistatic 0, measurements
have been made by ERIM.* The next two figures
show typical results, Like most of the previously
discussed data, a 3-cm wavelength and HH
polarization were used; the incidence and scatter-
ing angles are relatively large, ranging between
~67 and 85 deg,

Figure VI-25 shows 0, verius ¢4 (0
to 55 deg) for flat terrain (grass and a cement
ramp). Note that the dria pointe ra-ge between
<17 and -7 dB. N ‘e also thac ihere is no signifi-
cant variation in 0q - a function of ¢4. This is
believed to be due to considerably less homoge-
neity in the terrain area as compared to that

measured in the OSU program,

°
[ +
+ t
-to}- + +
P+t i + +*
T * * + % 4
-20 b
‘.an-
|
40 |
80 i | N Lo u| "
0 1 % - ®©
@ Ww)

Figure VI-25. o, versus ¢, for HH polarization, 6;~ 79
deg and 6 = 85 deg, A = 3 cm (grass and cement
ramp).

Pigure V1-26 provides the enve-
lope of the ERIM data points collected for an
area of tall weeds and scrub trees, Here again,
there does not appear to be any clear trend with
¢s. The abrupt level change in the vicinity of ¢g
= 85 deg is believed to be due to experimental er-
rors related to the fact that the first and second

WR.W. Larsort« al, Measturements of Bistatic Scattering Coefficients
Using Air-Gror | Coherent Instrumentation, Envionmental Research
Institute of Micliigan Report 118200-14-F (April 1977),
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halves of the data curves were measured on
separate passes. It is shown that og values range
from -27 to -0.5 dB.

-
4, (dog)

Figure VI-26, o, versus $, for HH polarization, 6, ~ 67
to 78 deg, 6, = 80 deg, A = 3 cm (tall weeds and
scrub trees),

Target-Backg‘round Contrast
Data . —Target-background contrast meas-
urements have been made at 35 and 70, as well
as a few measurements at 94 GHz in support of
the terminal homing data bank at the U.S. Army
Missile Research and Development Command.
Some of the types of measurements are described
in table VI-3,

It seems clear from the data
discussed in the previous paragraphs that bistatic
0o values can vary widely, depending on the par-
ticular measurement parameters. In the absence
of other information, we shall assume that the
bistatic return—like the monostatic—1is constant
with frequency above 10 GHz so that
measurements made from 9 to 10 GHz will in-
dicate the order of magnitude of bistatic op for
radars operating from 10 to 350 GHz. With
smooth surfaces at angles near specular, g is
likely to be -5 to 5 dB; the values for rough sur-
faces are likely to be -10 dB near specular. Away
from the specular point, 0g values tor terrain will
be -15 to -10 dB. 0, can drop to -30 dB or less far
from the plane of the incident field. The data

curves should be helpful in making cstimates for
particular situations,

Radiometric Obscuration by Fore-
_ground Foﬁrge ,—According to McGee,*
the obscuration by foliage of a target thermally
emitting 35-GHz radiation is related to the visual
obscuration. He offers the empirical relation

B %0.103 + 1.508' — 0.700(8')* , (22)

where B is the apparent radiometric blockage;
i.e.,

T = BT(foliage) + (1 —~ B) T(target) , and

B’ is the visual blockage, i.e., the {raction of the
target covered by foliage as viewed from the
receiver and T is the radiometric temperature.

McGee's relation will probably hold true for
shorter wavelengths as long as y for vegetation is
approximately constant, It may fail for wave-
lengths near 1 mm due to possible changes in the
electromagnetic properties of vegetation (see
sect. V1-5.1) and painted steel (see sect. V1-5.2),

VI-4.2 Atmospheric Emission Data

NMMW background radiation at
high altitude (144 km) for space-ward viewing
radiometers is reported by J. R, Houck et al,*’ as
1.5 uW/m?sr in the band from 0.4 to 1.3 mm and
about 0.3 uW/m?r in the band from 1.2 to
1.8 mm. The anticipated radiation from a 2.7 K
blackbody residual radiation from space due to
an expanding universe would be about
0.4 uW/m?r in the 0.4 to 1,3 mm band.

For further discussion of at-
mospheric emission measurements the reader is
referred to Chapter 1 and numerous references in
the Selected Bibliography (Ch IX) (Gibbins,
Sokolov, Kiinzi, Staelin, and Aganbekeyan).
"R, A. McGee, Millimeter Wave Radiometric Detection of Targets
Obscured by Foliage, Ballistic Research Luboratories BR1-MR-1901
(lanuary 1968), AD 667 962.

11 R, Houck et wl, The Far Infrared and Submiilimeter Buckground,
Cornell University (1 September 1972), Al) 763 139,
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i TABLE V13 MILLIMETER TARGET AND BACKGROUND MEASUREMENTS " L
g i %
‘.‘ Froquency Target Rackground Contract support Remarks Location
' : 35-GHe, pamive  M60, M4S, M4, tanks, Dense brush, Sperry Mictowave Joint MICOM-Eglin AFB effort;®  Eglin AFB, FL 4
! i and fm/cw mortars, howitzer, woods tower-mwunted rensors b
L rocket launcher, i
¥ trucks, convoys 1
i
38 GHy, fm/cw MdS, MAL, tanks Gram, brush, - Joint MICOM-BRL effort,” Redstone Arvenal, AL i ;
: woods helicopter-mounted sersor 1
; 38 GHz, puled M1 tank, truck,  Dense brush,  General Dynamics Joint MICOM-Eglin AFB efforti®  Eglin AFS, FL .
¥ M113 APC woods tower seeker ¥
4 38 GHy, f/cw  M4S tank, M113 APC  Grass, trees Sperry Microwave Helicopter-mounied sensor” Redatone Arsenal, AL
n wet soll, primarily wet backgrounds
\ v alrport runway,
; : roads
; 33 GHz, pulsed  M4# tank, M113 APC  Grass, brush, Martin-Marietta  Towsr and helicopier mounted®  Redstone Arsenal, AL
' ) woods B
: 70 GHz, publed  M48 tank, M113 APC  Grase, woods Norden/United Joint MICOM-ECOM effort/ Redstone Arsenal, AL a
, Technology towe! ted sensor; polani-
; : zation diversity; variable pulse
width
S 98 GH: M60 tank - Honeywell - TARADCOM, Watren, B
e ! Ml ]
P i
‘ 38~ and 94-GHz, Foreign armored Grass Georgla Inst. of  Joint Army-AF effort; tower. Aberdeen PG, MD i
i, : pulsed targets Technology mounted sensors; Mmultaneous N
! Sperty Microwsve 35 and 94-GHz meaurements
; 3% and M4-GHz, Md8 tank, M113 APC  Gram Sperry Mictowave Joint Army-DARPA tower; Redatone Arsenal, AL
pulsed helicopter-mounted sensors; q
’ simultaneous 35- and 94-GHz; ;
, monostatic and bistatic data on 4
' ) targets and backgrounds a
! 17, 38, and M48 tank, M113 APC  Grass, brush, Georgla Inst, of Investigate polarization and Redstone Arsenal, AL k
. X 94 GHz cargo trucks woods Technrology frequency agility; target/ ! i
' . background characteristics; H
i tower-mounted sensors; 3
i : initintad May 77 i
[,'} ) A
L l L
®Air Force Ar i Lal Y, Kq Band Rudiometer Tower Test (U), Eglin AFB, FL (June 1972) AFATL-TR.72-123, RE-TR-72-8, (CONFIDENTIAL) K J
Army Terminal Homing Symposium Proceedings, Millimeter Wave Measurements for Terminal Homing (L), U.S. Army Mussile Command (24-25 April 1973). . i
{CONFIDENTIAL) . | J
€115, Amiy Missile Commmiand, Millimeter Target Measuremenis and Seeker Effort (U), Technical Neport RE-76-23 (Junuary 1976). (CONFIDENTIAL) : i
‘Spnry Microwave Electronics, fmscw Millimeter Sensor Target-Background *feasurements (U}, 5] 242-7914-1, Final Report, Contract DAAHO1-74-C-0682 (Augst | J
1975), (CONFIDENTIAL) . i
*Martin Marieita, D* Range Processor Test Program, MICOM Test Program (U), Report No. OR 14,147 (Fina) Report from 26 January to 26 March 1976), :
(CONFIDENTIAL) ‘ :
INarden Division of Linited Technologies Corporation, Millimeter Radar Test Program, Raport No. TE-CR-77-6 (Final Report from May 1976 to February 1977), N »
.t
..T,;| ;
by
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VI-5. MATERIAL PROPERTIES AND
TRENDS INDICATED BY SIMPLE
MODELING

Even though target and background scat-
tering and emission may not be measured at the
desired wavelengths, it may be possible to
estimate what reasonably could be expected from
a knowledge of the constituent material proper-
ties and from applying simple modeling con-
cepts. If one uses relation (3), which separates the
materia! properties, the geometrical shape, and
the size factors, one may estimate trends in 0 and
0o on the basis of the expected trends of each fac-
tor.

VI-5.1 Liquid and Solid Water

P. S. Ray® published values of the
real and imaginary index of refraction for liquid
and solid water as shown in figures VI-27 and
VI-28. The complex dielectric constant may be
derived from these data by use of the relations

¢ =nl-n], (23)

€ =2nn (24)

where ¢'= real part of the complex dielectric
constant,

¢ = imaginary part of the complex
dielectric constant,

ny= real part of the index of refraction,
and

nj= imaginary part of the index of
refraction.

A portion of the spectrum of the complex dielec-
tric constant is shown in figure VI-29,

Plane sections of materials con-
taining water, such as leaves of vegetation and
soil, will exhibit a reflectance and transmittance

P, 5. Ray, Applied Oplics, vol. 11, no. 8 (August 1972), 1836-1844.

which should vary in frequency in accordance
with the complex dielectric constant of water, An
empirical relation between the complex dielectric
constant of water and the complex dielectric con-
stant of corn and grass leaves at a frequency of
8.5 GHz is given in the Manual of Remote Sens-

ing® as

Clleal) = 1.5 + M (water

(lead) = 0,001 + M';l'i)- ,

where m = weight fraction of water in the leaf (0
< m < 0.6).,

The leaf thickness of many
temperate-zone plants is about 0.3 mm so that
one may compute the leaf specular transmittance
and reflectance for a leaf plane section at normal
incidence using Stratton’s relation.?® The results
of such a computation are shown in figure VI-30.
Since o & @G'A/Aj, one may argue that since G’
appears to remain constant with decreasing
wavelength for other targets, then G’ should re-
main constant for foliage, The projected area of
the foliage is not wavelength dependent; thus, og
should vary as canopy reflectance, In turn,
canopy reflectance should vary with the specular
reflectance for single surface scattering and as
specular transmittance and reflectance for multi-
ple scattering, One may observe from figure
VI-30 that decreasing wavelength should yield no
significant change until 4 < 2 mm where some
possible surprises in 0 might be observed, For
wavelengths below 0.1 mm, the canopy og
should merge with observations at 10.6 um.

Blue and Perkowitz?* made reia-
tive reflectance measurements gre] = m@’ of grass
blades and leaves for 6; = 12 deg, B = 12 deg,
and ¢ = 0 deg, the specular angle conditions.

sManual of Remote Sensing, Vol I, Americun Society of
DPhotogrammetry (1975),

uJ, f Stratton, Electromagnetic Theory, McGraw-Hill Book Com-
pany (1M1),

WM, D, Blue and 5, Perkowitz, Reflectivity of Common Materials in
the Submillimeter Region, IEEE Trans, Microwave Theory and T'sch.,
vol. MTT-25 (1977), 491-493.
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Figure VI-27. Analytic model of complex index of refraction for liquid water with a sample of experimental data
to illustrate fit. The temperature is 25 C. .
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Figure VI1-28. Analytic model of complex index of refraction for ice with a sample of data to {llustrate fit. Dashed
line represents Worz-Cole Model.
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Figure VI-30. Normal specular reflectance, ¢, and
transmiittance, 7, of healthy green leaf (d = 0.3 mm,
m = 0,6).

The results are shown in figure VI-31, The mag-
nitude of gdly must be greater than gre] so that
the values shown are minimum values of gdh.
The roughness of surface will determine the
degree of scattering into angles other than
specular angle,
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Figure VI-31. Normal reflectivity in percent for typical
organic materials, and concrete surface for com-

_parison,

Perkowitz and Bean®® have shown
that molecular absorption bands of chlorophyll
also occur in the NMMW range, Figure VI1-32
shows relative absorption as a function of wave-
number for chlorophyll (a) and (b). The short
wavelength limit of NMMW range is 0.3 mm, or
33 cm™!.

Work on material properties and
spectroscopy in the NMMW region has been
underway since 1892.*" During most of this

™S, Perkowitz and B, L. Bean, Far Injrared Absorption of
Chlorophyll in Solution, Journal of Chemical Physics, vol, 66 (1977),
2231 2232,

WK, D, Moller and W, G Rothchild, Far-Ifrared Spectroscopy.
Wiley-interscience (1971),




period, fewer than 10 papers a year were pub-
lished, and only since 1965 have the number of
papers per vear approached 100. Because of the
lack of adequate experimental data, material
properties and trends must be estimated through
simple modeling. Important parameters such as
the temperature dependence of the complex
dielectric constant of hquid water are not certain
at present.
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Figure VI-32, Far-infrared absorption spectra of
chlorophyll (a) and (b) in cyclohexane solution at
concentrations of 1 mg/ml. The solid lines are drawn
on smooth curves through the data points. Typica!
errors are indicated.

A computation for soil materials
that was similar to the one for healthy green
leaves indicates that the specular reflectance for
moist soils is not significantly wavelength
dependent. Any change in o4 for soils should be
due only to G' variations due to changes in the
degree of specularity, unless molecular absorp-
tion bands appear.
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The very low values of the
imaginary part of the index of refraction of ice
and the nearly constant real part will lead to very
little change due to frost cover. No surprises are
expected for frost-covered surfaces.

One may expect an increase in
emissivity for thermal radiation when metals are
coated with water drops or water films at least
0.2 mm thick, Using Stratton’s relation, one may
calculate the absorptance of a water layer. The
emissivity, ¢, for random polarization normal to
the surface should be approximately equal to the
absorptance, a = 1 — t — ¢,

VI-5.2 Metals

According to Stratton,*® the
macroscopic electromagnetic theory is valid for
metals for all wavelengths greater than 10 um
(all frequencies less than 30 THz), For almost all
angles of incidence, the specular reflectance, @, of
a metal for radiant flux is given by the relation

¢ =1~ 2T ialo (27)

where w = 2 ny,
v = radiation frequency,
Km = relative magnetic permeability,
£o ™ 8.854 X 10" farad/meter, and

o = conductivity of the metal.

Evaluation of relation (27) for K;,, = 1 yields the
relation

e=1-211x10%Vo , (28)

in MKS units.

%], A, Stratton, Electromugnetic Theory, McGraw-Hill Book Com-
purny (1941).

e e el i
ol !“‘I.A. i T

by " ¢ '
A S TR R




RTINS

A comparison of the calculated
and observed values of 1 — ¢ for various metals
measured by Hagen and Rubens is also presented
by Stratton. However, using conductivity values
in the Handbook of Chemistry and Physics, a
better fit to observed values of Hagen and
Rubens is obtained using the relation

@=1-264x10VK vio . 29)
Table Vi4 shows the results of using relation
(29) for predicting the normal spectral emissivity
of metals (1 — ¢), at 2.5 mm, 0.3 mm, and
25 ym. The observed values of thermal
emissivity®? are compared to the predicted spec-
tral values at 25 um. In general, the observed
thermal emissivity values at room temperature
(95 percent of blackbody radiation is between
2.5 and 40 um) tend to agree adequately with the
predicted values at 25 um. The major source of
variation in thermal emissivity measurements is
the variation in the surface preparation.
P igsivity values for iron and steel metals in-
dicate that the magnetic permeability may be a
significant factor, even at 25 um. Titanium also
appears to deviate considerably from the
calculated value for Kp, = 1,

The common metals used in con-
struction of military equipment are aluminum,
iron, steel, and titanium. Except for aluminum,
these are the metals for which the reflectance
may be significantly frequency dependent.

Although polished metals should
not reveal any new or surprising reflectance
properties in the NMMW spectral range, prac-
tically no polished metal surfaces will appear in a
battle area. Some other form of surface
characteristics can be expected—rust and oxida-
tion, paints and anodizations, along with rough
surface finishes, The thermal emissivity varia-
tions due to such surface characterizations are
quite large, indicating that surface reflectance in
the 25-um spectral range is strongly influenced

by surface properties. The thermal emissivity of

IW, Wolfe (ed.), Handbook of Military Infrared Technology, Office
of Naval Resenrch (1965), 797,

iron® varies from 21 percent for a polished sur-
face to 63 percent for an oxidized surface, to 69
percent for a red rusted surface. These values
should approximate the spectral emissivity at 25
pm for iron. The addition of dust, mud, dew,
frost, grease, and oil to such iron surfaces should
alter the spectral emissivities also.

Figure VI-33 shows the influence
of various surface finishes of aluminum on the
infrared spectral reflectivity, At 25-um, the
emissivity (1 — g) may be anywhere from 10 to
80 percent, depending upon the anodization pro-
cess. Figure VI-34 shows the influence of painted
surfaces,

Clearly, there must be a transition
between the emissivities at 25 um to the emissiv-
ities at 2.5 mm, The question is, “What is the
nature of this transition and at what wavelength
does a significant change occur?”

A vital issue in the detection of
thermal emission from strategic tacgets such as
large ships at sea is the value of thermal emissiv-
ity of painted steel in this spectral range, A com-
putation can be made using classical
electromagnetic theory*® and Debye relaxation
time*? to obtain the probable normal spectral
reflectance of a plane section of a sheet of painted
steel, ‘The emissivity for a direction normal to the
plate should be

s{normal) = 1 — g(specular) , (30)

if scattering due to roughness of surface is not ex-
cessive, The results of the computation indicate
that very important reflectance variations could
occur at wavelengths of 1,0 mm and less.

The computation employs the ex-
pected real and imaginary dielectric constants for
paint with the Debye relaxation time, t, as a
parameter. The assumption is made that no
mmmonmgrmﬁr Theory, McGraw-Hill Book Com-
pany (1941},

MCharles Kittel, Introduction to Solid State Physics, John Wiley and
Sons (1956).
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TABLE VI-4. NORMAL SPECTRAL EMISSIVITIES OF METALS AND OBSERVED
THERMAL EMISSIVITIES AT ROOM TEMPERATURE

Rasistivity Normal spectral emisslvity (%) Room temperature

’ 1.5 mm 0.3 mm |28 um i
Aluminum 2.824 015 0.44 1.54 2t08 L
Antimony 41, 0.59 1.2 39 o6 N
Arsenic 133 0.53 152 528 - g
F Blsmuth 120 1,00 2% 1002 — »
r Bras 7 0.24 00 242 -
i Cadmium 7.6 0.28 073 282 203
Climax 87 0.88 2.46 853 -
Copper 1.7 0.12 0.35 1,22 18t03 B
Gold 2.44 014 0.41 1.4 1t02 5
Iron K =1 10 0.29 0.83 2.89 21 cast iron, polished
} Iron K, ~100 10 29 8.3 29 21 cast iron, polished
R Lead 2 0.43 1,24 4.29 s 1
Magnesium 4.6 0.20 0.87 1.96 - 4
Manganin “ 0.61 1.78 6,07 7.6 2
Mercury 95,783 0.90 2.58 8.98 - g
Molybdenum 5.7 0.22 0.63 2,18 5
Monel metal 42 0.5 11 5.93 15 to 20
Nickel 7.8 0.26 0.74 2.58 2.2
Palladium 11 0.30 0.88 3.03 3
Phosphor bronze 7.8 0.26 0.74 2.58 - V('-
Platinum 10 0.29 0.8 2.8 16t03 4
Silver 1.3 0.13 033 1.15 2.2 .
Steel, E.BB Ky=1 10.4 0.29 0.85 2.98 19 Stainless type 302 :
r -00 2.9 8.5 29.5 19 Stainless type 302 E
b Steel, B.B. Knp-l 11.9 0.32 091 3.15 19 Stainless type 302 ]
A -100 3.2 9.1 318 19 Stainless type 302
' Steel, manganese Km" 1 7 0.77 2,21 7.65 -
- Tantalum 15.5 0.36 1.04 3.60 5
A Tin 11.5 0.31 0.90 3.10 12
b Titanlum 53 0.22 0.63 2.18 16 to 20
Tungsten, drawn 8.6 0.22 0.62 2.16 $

Zine 5.8 0.22 0.64 220 5
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Figure VI-33, Complled"spectral reflectivities. A = chromic acld anodize on 245-181 aluminum, B = sulfuric
acid anodize cn 24 S-T81 extruded aluminum, chemically milled. C = hard anodize (1 mil) on 6061-Té
aluminum (35 A/f2, 45V, 20 F),
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Figure VI-34, Compiled spectral reflactivities. A = flat white paint, Fuller No. 2882 on 2-mil polished aluminum.
B = white epoxy resin paint of Mg, C = flat white acrylic resin, Sherwin-Willlams M49WCB-CA-10144; MIL-
C-15328-A Pretreatinent wash coating on 22-mil 301 stainless steel 1/2 hard. D = white paint mixed with pow-
dered glass, 7 mil on polished aluminum.
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miolecular absorption bands are encountered in
this spectral range,

Using data from the Handbook of
Chemistry and Physics for dielectric properties
as a guide, one may assume that the probable
relaxation time for paints may be anywhere in
the range of 10-!° to 10" . The relaxation times
for good insulating materials such as Lucite,
Teflon, etc®® are about 10°* to 10°'* 5, according
to von Hipple's measurements at 25 GHz. At any
given frequency, the relaxation time, t, may be
determined {rom measurements of the complex
dielectric constant, so that

t= g/l ~ 1), (31)

wheres, = real part of the complex dielectric
constant,

¢; = imaginary part, and

w = 2nv, the angular frequency of inci-
dent electromagnetic radiation.

The relations given by Stratton?®
(pp. 511-513) are used for computation of reflec-
tance, The following parameters are used as in-
put:

d = paint thickness of 0.1 mm,

€2 = relative paint dielectric con-
stant at zero frequency,
3.35,

M2 = relative paint magnetic
permeability, 1.0,

€ = relative air dielectric con-
stant, 1.0,

4y = relative air magnetic perme-
ability, 1.0,

fs = relative magnetic perme-
ability of steel, 100.0

WA Streiton, Flectromagnetic Theory, McGraw-Hill Book Com-
pariy (1941),
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vs = conductivity of steel,
10’ mho/m,

t = Debye relaxation time of
paint, 107'° to 10~* s, and

A =  wavelength of radiation 0.1
to 10 mm,

The results are shown in
figure VI-35. The range of reflectance values at
0.3 mm is from 13 to 92 percent. The tempera-
ture of large painted steel ships will vary about
sea temperature with the time of day. As long as
the emissivity of the ship is much less than the
emissivity of the sea, the temperature variation
will not influence contrast. For wavelengths of
1,0 mm and shorter, it is possible for the emis-
sion from painted ships to nearly match the
radiation from the sea so that little contrast
would be observed for detection purposes.

VI-5.3 Experimental Backscatter from
Painted Surfaces and Wood

Laboratory measurements® have
been made of the reflectance of painted plane sec-
tione of aluminum at 0.89 mm. Only the mono-
static case was measured (6; = 6y, 5 = 180 deg)
as a function of ;. The results (fig. V1-37 to -39)
show the variation in Q] ™ mg' for these
samples at various incident angles.

Figure V1-36 is for an aluminum
substrate with a first paint coating of zinc
chromate primer and a second coat of
camouflage forest green (MIL-E-52798). Figure
VI-37 is for an aluminum substrate with a first
coat of epoxy primer and second coat of
lusterless white enamel, Figures VI-38 and VI-39
are for all-weather plywood. The grain direction
is that of the exposed surface,

The fact that nonzero reflectance
values are observed for 6] % O indicates either

*Privats communication from B. D. Guenther, Redstone Arsenal
(1977),
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that nonspecular scattering occurs from these
plane sections or that there are effects of beam
divergence of the source. Paint thickness and sur-
face roughness are not specified. The low value
of normal reflectance (8; = 0) on painted metal
could be due, at least in part, to losses in the
paint layer from Debye relaxation of the dielec-
tric; however, surface roughness could also be
responsible for losses through nonspecular scat-
tering, Measurements of gdh by gonioreflectom-
eter instruments are needed to determine the loss
mechanisms,

Blue and Perkowitz?* have
measured the reflectivity of several common

®M, D. Blue and S, Perkowitz, Reflectivity of Common Materials in
the Submillimetor Reglon, IEEE Trans, on Microwave Theory and
Tech,, vol. MTT-23 (1977), 491493,

materials at near normal incidence (8; = 12 deg)
for wavelengths of 50 to 500 ym. The results are
shown in figure VI-40, Large differences are seen
to occur in the 500-um range.

VI-5.4 Atmospheric Emission Mode!
One may expect nonscattering
gases to emit NMM waves in accordance with

thermodynamic laws. Let the spectral transmit-
tance through a homogeneous gas be given by

A, z) = il (32)
where a(A) = spectral absorption coetficient and

z = distance through the gas.

- e
] - -
-
e -
” -
0 — :
™o
& oo
g » DEBYE RELAXATION TIME
g iy
fre b—10' s
c—10-1 g
‘ 0 d~10" g
)
20
10
ol . . ! AR WS WU T U O
0.9 10 10.0

WAVELENGTH (mm)
Figure VI-35. Spectral specular reflectance of painted steel calculated with Debye relaxation time as parameter.

Paint thickness of 0,1 mm.

117

BN &

TP LY

ERNES-E - ST S

e NN

[P ENEE F

e = ok st DB o R ok s e

it e ST R

i

T,



T IINRIY Y TR T

lllk b I 1 A
[] [ ] ] “ »
NOSINT ML, O, gl
Figurs VI36. Ralative reflectance versus incident
angle, A = 0,89 mm,

The transmittance through a very thin layer of
such gas is

T(A,A2) = 1 — afdAz . (33)

Since no scattering occurs, the emissivity of the
thin gas layer must be by Kirchoff's law,

A Az) = 1 — 7{A, z) = al)Az . (34)

The contribution to upward and downward
flowing spectral flux density, AE,(W/m?-Hz), is
given by Planck’s radiation law,

ABy() = (A, AOMAT()] (a8)

where My[A, T(z)] = Planck’s radiation formula
for the temperature, T, at altitude z. The radia-
tion from such a layer, which contributes to exo-
atmospheric upward spectral flux density,
AEy(exo), is then
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Figure VI1-37. Relative reflectance versus incident
angle, A = 0,89 mm,

AEv(exD) - AEV(Z)'t(l,eo) i (36)

(1] It
[]

where T(z, ) is the transmittance from altitude,
2, to an exoatmospheric altitude, The radiation
from such a layer, which contributes to down-
ward spectral flux density AEy (sea) at sea level is

AEy(sea) = AE/(2)'(0,2) , (37)

where (0, z) is the transmittance from sea level
to z.

The sum of the contributions of all such layers at
all altitudes, z, yields the expected atmospheric
emission observed either moving upward at an
exoatmospheric altitude or downward at sea
level.

Thus,

2 e

e Vi ot aiar

s N o o o i A0 il i s MRS . akaiT




[

T T Ty

(3]

LREL Sn Sun B 2 |

" i L A 1 1 I

INGIDENT ANGLE, ¢, tdog)

Figure VI-38. Relative reflectance versus incident
angle, A = 0.89 mm-—wood with graln perpendicular
to rotation axis.

Eyiwxo) = [ o "Wz Mlh, Tz, o) (38)

and

Ey (sea) = fo ald} dz MylA, T@hi0,2) . (39)

The total upward spectral flux density observed
at an exoatmospheric altitude must Include
radiation from the earth’s surface so that

Ey(exo, total) = B, (exo)
+ (0,%)[e(A, terrain)My(A, Trerrain)
+ ¢(A, terrain)Ey(sea)] . (40)

The data required to determine the spectral flux
density include the temperature profile of the at-
mosphere which changes from time to time and

T
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Figure VI-39. Relative reflectance versus Incident
angle, A = 0,89 mm-—wood with grain pacallel to
rotation axis.

place to place, and a measurement of a(A) as a
function of altitude,

It is common practice for a first
approximation to assume a(A) to be independent
of pressure and temperature and to assume uni-
form mixing of atmospheric constituents at all
altitudes; however, spectral absorption lines do
undergo pressure and doppler (temperature-
dependent) broadening, and neither water vapor
nor ozone are uniformly mixed. Furthermore,
the assumption that only Planck’s radiation for-
mula applies ignores the possibility of nonther-
mal causes of radiation such as photochemical
processes in the upper atmosphere and transient
decay of metastable. chemical species produced,
for example, by high-teinperature exhausts. The
source of possible surprises in atmospheric emis-
sion lies in the possible existence of such "non-
Planckian” sources.
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Figure V1-40. Normal reflectivity (in percent) for common materials, Included are normally oxidized aluminum
surface (Al), aluminum sprayed with flat-black paint (black paint), olive drab paint on brass (OD paint), freshly

cut blade of grass (grass) and rusty iron surface (rust).

V6. SUMMARY
VI-6.1 Discrete Targets

The only NMMW target cross-
section data available are for the monostatic case
for tactical targets at 94 GHz and for selected
targets at 140 GHz. (These latter data, which are
classified, have not been included in this
volume,) Conclusions about other target cross
sections at NMMW frequencies can be obtained
at this time only by extrapolation from the 35- to
94-GHz region and by mathematical modeling,
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The measured peak scattering
areas at 94 GHz are not significantly larger than
those found at X-band. Since the measurements
show no appreciable increase with frequency, the
roughness of the targets can be seen to be assum-
ing a more important role as the frequency in-
creases. This behavior is expected to continue
into the NMMW region,

VI-6.2 Background

Monostatic measurements of
background cross sections have been made up to




94 GHz. A small amount of data has been
reported by BRL at 140 GHz. A model developed
for measurements taken at less than 10 GHz was
extended to obtain agreement with data taken at
94 GHz. Because no other information ig
available, this model was extended to 350 GHz to
give an estimate of g as a function of depression

angle.

The only data available for bi-
static measurements are four independent meas-
urements made at a wavelength of 3 cm. In the
absence of dats, one must assume that the bi-
static data are wavelength independent in order
to obtain order of magnitude estimates of ay.
Making this assumption glves approximate
values of o, of -5 to 5 dB for smooth surfaces
near specular and -10 dB for rough surfaces near
specular, In the NMMW range, one must expect
mont surfaces to appear rough, The extrapola-
tion of ap values for terrain may be seriously in
error if the Debye relaxation phenomenon and

molecular absorption appear in the NMMW
range,

VI-6.3 Material Properties and Modeling

Modeling techniques that have
been applied with some success at lower frequen-
cies are unconfirmed in the NMMW region. The
attempts made in this report at modeling
material properties suggest that significant vari-
ations in electromagnetic properties can occur in
the near-millimeter range. Few experimental
measurements on materials are available, thus
preventing confirmation of the modeling predic-
tions made in this report.

The emission of the standard at-
mosphere can be predicted with available
models; however, the understanding of emission
due to plumes and their interaction with the
upper atmosphere will require considerable ef-
fort,
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CHAPTER VII.--MFASUREMENT TECHNIQUES AND CAPABILITILS
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VI. INTRODUCTION
This chapter briefly discusses some of
the methods, technology, and current

capabilities for obtaining data on propagation
and target/background characteristics, Included
are detailed descriptions of several laboratory
and field facilities which have major experimen-
tal programs. In addition, the editors have pro-
vided a detailed listing of institutions involved in
the exparimental aspects of NMMW propagation
and target/background characterization, Areas
of investigation and points of contact are in-

ciuded,

Vii-2. INSTRUMENTATION
VII-2.1 Propagation Measurements

The measurement of attenuation
at NMM wavelengths, as influenced by gases and
aerosols in the open atmosphere, is not a task to
be approached with abandon; this applies to
rneasurements on both terrestrial and earth-space
paths, Accurate measurements are difficult to
obtain because of

(1) Errors involved in the system
used to observe the attenuation itself, since this is
a variable quantity that depends on the amount
of water vapor, fog, snow, rain, or clouds on the
propugation path, It is knowledge of beth the
variability and the absolute value that Is
necessary for system design,

(2) Errors in measurement of the
parametare of the gases and aeropols (e.g., densi-
ty, etc.) that give rise to the attenvation,

On a terrestrial path, it is tempt-
ing simply to instrument a transmitter and
receiver for observing attenuation. However,

solute value (rather than just the variability) of
the attenuation is even more chalienging. Cf
course, within the laboratory, these factors are,
to a great extant, under control,

An accurate techiique of outdoor
measurement is illustrated in figure VIi-1(a),
which shows two triliedral corner-cube reflec-
tors, Ry and R,, at ranges d, and d; from an
antenna. The antenna is equipped with a simple
small radar, Initially, R, and R; are iocated
beside each cther and their rolative reflecting effi-
clencies are calibrated by alternately covering the
reflectors, with & totally absorbing material. For
well-constructed reflectors, this calibration can
be obtained to an accuracy within 0.1 dB, The
reflectors are then located as shown in figure
VII-1, at a separation of about 1 km. Since the
separation can be measured accurately, and the
relative free-space aitenuation to the two reflec-
tors can be calculated, the absolute value of the
attenuation on the path (d, — d,) between R, and
R, is obtained by alternately interrogating the
zeflectors witle the radar and measuring the ratio
of the received powers,
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Figure VII-1, (a) Siting arrangement for atmospheric

absorption measurements and (b) transmitted and
reflected frequency-modulated signal. A, B.
Crawford and D. C. Hogg, Bell System Technical
Journal, vol, 35 (July 1956), 907-916.

The radar can be efficiently
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b 5
=~ ooai sl it Sl Sl o it LA el

operated with a single cw low-power oscillator, ,]
using the sawtooth frequency-modulation i
technique {llustrated in figure VII-1(b). Part of i ‘\%
the transmitted signal is used as the local- ;
oscillator pum; at the converter; the delayed .

stability of the electronics and variability in the
performance cof the antennas under various
weather conditions are factors that seriously
limit the accuracy and, therefore, the credibility
of the data. Purther, measurement of the ab-
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signal reflected from R, and R, (shown dashed in
the figure) results in an intermediate frequency,
f, as shown. In changing from one reflector to the
other, the amplitude of the frequency modula-
tion is kept constant to ensure no change in
transmitted power. Only the period of the sweep
is changed in the ratio of d, to d,, which results in
the same intermediate frequency for the two
cases. This method has been used! successfully to
measure absorption by oxygen over the 50- to
%0-GHz band. An example of the measurement
of atmospheric attenuation at 70 and 80 GHz
(wavelengths of 4.3 and 3.8 mm) is shown in
figure VII-2, About one year is needed to take
such data (from the cool dry days of early winter
through humid summer conditions). The
dependence of attenuation on water-vapor con-
tent appears to have a strong quadratic compo-
nent, as indicated by the curves in figure VII-2,
The intercepts of the curves at zero water vapor
are the attenustions by oxygen. Attenuation by
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-
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ABBCLUTE HUIAIDITY [gim®)

Figure VII-2. Measured dependence of terrestrial path
(1.5 km) absorpton on absolute humidity.

‘A, B. Crawford and D, C. Hogg, Measurement of Atmospheric At-
tenuation at Millimeter Wavelengths, Bell System Technical Journal,
vol, 35 (July 1956), %07-16,
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fog, rain, and snow can also be measured with
this method.

Qutdoor measurements using
frequency-modulated lasers and trihedral corner
reflectors are being extended to the far infrared at
Redstone Arsenal (information from W, L,
Gamble, MIRADCOM). Basically, this tech-
nique for measuring absorption involves
modulating the wavelength of the incident radia-
tion: while slowly sweeping the average frequen-
cy over an absorption line. Synchronous detec-
tion is then used, with the modulation essentially
differentiating the absorption line. With this
technique, relative spectral attenuation can be
measured with very high precision over short
paths, This eliminates such effects as at-
mospherically induced scintillation, diffraction
corrections, and detector nonlinearity, which
limit the precision of propagation 1:;easurements,
Even detector spectral sensitivity effects and
source amplitude fluctuations correlated with the
frequency modulation can be eliminated by using
the same receiver (with a suitable switching ar-
rangement} for monitoring both the transmitted
and propagated beum. Unforturiately, con-
tinuously tunable, frequency modulatable
sources are not available with reasonable
amplitude stability over significant portions of
the NMMW spectral region,

The abundance of single spectral
lines obtainable from NMMW lasers does allow
such measurement techniques. MIRADCOM has
set up the following experimental apparatus for
accomplishing the above. Two ordinary FIR
lasers have been fabricated in the same Invar
stabilized optical structure. Such a system as that
shown in figure VII-3 (using dif{erent gases with
NMMW laser lines differing by only a few per-
cent in wavelength) will allow high-precision
measurements over short paths with very small
errors due to correccion for diffraction effects.
There are adequate known laser lines in the at-
mospheric windows to render this technique very
useful.

Interferometric techniques have
been employed for absorption measurements
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both in the laboratory and in the field. Burch?
describes H,O absorption measurements be-
tween approximately 12,6 and 36.0 cm.
Samples of either pure H,O, H,O + N;, or air
were contained in a multiple-pass absorption cell
in which the optical path length varied from 121
to 469 m, Total pressure varied from approx-

ogram consisting of a plot of amplifier output
versus mirror position was recorded for each
sample and for the sample cell evacuated. A
computer was used to calculate the Fourier trans-
form of each interferogram to obtain a spectrum
proportional to energy versus wavenumber. The
transmittance of a sample at a given

wavenumber was determined from the ratio of
the energy observed at the wavenumber with the
sample cell to that observed with the cell
evacuated.

imately 2.3 torr to 1 atm, with values of H,O ab-
sorber thickness between 0,03 and 0.6 g/cm?, By
employing the different samples, it was possible
to investigate the self-broadening of the H,O
lines as well as the broadening of N, and air.

T e e o e

The spectrum of each sample was
compared with calculated spectra based on
theoretical pbsitions, strengths, and widths of
the H,O lines. The absorption observed in the
windows was greater than that predicted by
theory.

s
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On earth-space paths, the best
quantitative propagation measurements are
made using beacons operating at the desired
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Figure VII-3, Absorption measuring system.

A high-pressure Hg-arc lamp with
the glass envelope removed served as the radia-
tion source, A chopper blade that consisted of a
12-mm thick crystal of NaCl chopped the energy
beam at 13 Hz. The NaC) was nearly transparent
for v > 60U cm™ and, therefore, only slightly
modulated the energy at these high wave-
numbers, Screens and polyethylene filters further
reduced the sensitivity of the instrurnent to high
wavenumbers energy so that it would not in-
terfere with the measurement of the low-level
energy of interest at low wavenumbers. A
gallium-doped germanium bolometer cooied by
liquid helium detected the chopped energy. The
detector output was amplified and demodulated
by a synchronous demodulator and displayed on
a strip~chart recorder,

After |assing through the sample
cell, the energy beam was incident on a
Michelson interferometer with a Mylar beam
splitter, One of the interferometer mirrors was
moved in steps by a prec’. ion screw. An interfer-

*D. E. Burch, Absorption of Infrared Radiant Energy COs and H,O,
1. Absorption between 0.5 and 36 em™ (278 um to 2 ¢m), Journal of
the Optical Society of America, vol. 58, no. 10 (1968), 1382-1394.

wavelength mounted in an earth-synchronous
satellite, Attenuation measurements can also be
made using the sun, but these result in question-
able statistics of attenuation because of the ever-
changing angle.’ Passive radiometers can also be
used to measure attenuation on fixed earth-space
paths by virtue of the natural emission of any ab-
sorbing constituent on the path. To obtain truly
quantitative results, such measurements are com-
pared with independent measurements of
temperature and water vapor taken by
radiosonde* and, for clouds and rain, by radar.*

VII-2.2 Meteorological Measurements

Measurement of water vapor in the
free atmosphere has long been a challenge to
meteorologists and physicists, The main difficul-
ty has not been to construct a device that is sensi-
tive to water vapor. Rather it is a matter of pro-
ducing a device that will measure over the com-

D. C. Hogg and T. S, Chu, The Role of Rain in Satellite Com.
munications, [EEE Proceedings, vol. &3, 9 (September 1975),
13081331,

‘M. T. Decker, E. R, Westwater, and F, O, Guiraud, Microwave
Sensing of Atmospheric Temperature and Water, Navy Workshop on
;len;;m Sensing of Marine Boundary Layer, Vail, CO (9-11 August

w76},

. s;587")1. Mason, The Physics of Clouds, Clarendon Press, Oxford
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plete range from 0 to 100-percent relative
humidity, independent of temperature and other
environmental effects, and maintain calibration
over long periods. Economy is also a significant
factor in applications such as radiosondes. For
terrestrial monitoring of water-vapor content,
the so~called dew-point hygrometer is perhaps
the best compromise in the context of outdoor
propagation measurements. It operates on the
principle of equilibrium between a saturated gas
and condensation on a cooled surface, These
devices now incorporate thermoelectric cooling,
optical sensing of condensation, and electronic
feedback circuitry, resulting in high reliability,
infrequent need for calibration, and good ac-
curacy and sensitivity, For earth-space propaga-
tion, the comparisons are made with data ob-
talned by radiosonde, the conventional
humidity-measuring instrument belng the
hygristor; these are fairly accurate at medium to
high relative humidities, but more research is
needed to provide a device covering the entire
range.

Measurement of fog involves
monitoring of two major parameters: the drop-
size distribution and the number of drops per
volume. For direct measurement of particle sizes
in clouds, various impact and photographic
methods have been used, and the density of
water is commonly measured by transmis-
someter,

The sizes of clouds and their rela-
tively short lives demand the use of an airplane
s a sampling platform. The following are some
of the more acceptable methods of liquid-water-
content measurement.

Impaction and Replication In-
struments .—A suitable exposed surface records
the impressions of shapes of the particles; data
reduction is time-consuming. Problems arise
with determinatin of the collection efficiency of
the sampler and calibration of the impressions.
Slide coatings can from oil, magnesium oxide,
and carbon film, to gelatin, Cloud samplers such
as the modified (now two-stage) May impactor
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described by Garland can be used to measure the
liquid water content by summing the total
number of droplets captured in a measured
volume of air.

The above are not suitable for col-
lecting larger droplets. Foil impactors are used
to measure large droplets, such as raindrops,
with radius greater than 100 um.

Replicating instruments use the
Rormuar technique to capture the dropleis per-
manently, Details on samplers and replicators
are given by Spyers-Duran.*

Knollenberg Optical Probes .—The
liquid water content is calculated through the
measurement of the number of particles over the
specified size ranges of the instrument. The
theory of operation of this device is given by
Knollenberg,” The instrument should be
calibrated with water drops of known size before
accurate measurements of liquid water content
can be determined from the particle-size counts,

Hot-Wire Liquid Water Content
Instruments .—The most common device for
measuring liquid water content, the Johnson-
William‘s hot-wire device described by Neel,* is
accurate for cloud droplets less than about 20 um
in radius, but it becomes saturated for a liquid
water content greater than about 3 g/m?® and has
a lower limit of about 0.05 g/m?. A disadvantage
of most hot-wire devices is the change in ralibra-
tion because of cooling when they arz operated
in mixed-phase clouds. Cooling due to rapid fluc-
tuations in air speed caused by turbulence will
also cause errors in calibration,

P, Spyers-Duran, Meusuring the Size, Concentration, and Struc-
tyral Properties of Hydrometeors in Clouds with Impactor and Repli-
cating Devicas, Atmospheric Technology, 8, NCAR (1976), 3-9.

'R, G. Krollenberg, The Optical Array: An Alternative to Sratter-
ing or Extinction for Airborne Particle Size Determination, Journal of
Applied Meteorology, vol. 9 (1970), 86-103.

sC, B, Neel, A Heated-Wire Liquid-Water Content Inairument and
Results of Initial Flight Tests In Icing Conditions, NASA Research
Mentorandum RM 454123 (1955).
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Lyman-Alpha Liquid Water Con-
tent Evaporation Instrument ,—Wexler and
Ruskin® and Ruskin'® discuss a liquid water con-
tent meter based on evaporation, which employs
a vapor density sensor in which water vapor
causes light abuorption in the spectral line of
atomic hydrogen at A = 121,56 nm. These
devices provide a direct measure of water con-
tent in all three phases. However, operation
with a dew point hygrometer is necessary in
order to subtract the vapor density. Thus, the in-
strument will operate most accurately at a
relatively low temperature (near 0 C) where the
liquid water content probably exceeds that of the
vapor. An instrument with a single sensor which
time shares the response due to the liquid water
and the vapor is currently being developed at the
Naval Researcl: Laboratory. The Lyman-Alpha
evaporation instrument has been manufac-
turered” for aircraft measurement of total liquid
water content. The response time of th instru-
ment as given by Ruskin is a few hundredths of a
second, which is an obvious advantage for flight
measurements through clouds,

Rain _Characterization.—Good
technique exists for measurement of point rain
rate, Even the classical collecting rain gauge can
be used to derive rain rate fairly accurately by
simply taking the derivative of the recorded
amount with respect to time. Tipping-bucket
gauges are reliable, but become increasingly in-
accurate at high rates. Flow gauges which
measure electrical capacitance as a function of
rain intensity have a rapid response time and can
measure high rain rates, but frequent calibration
is required, Knollenberg, photographic'! and op-
tical transmission'? methods can be used to
measure drop-size distribution of rain.

A, Wexler and R, E. Ruskin, Humidity and Molsturs, vol, I, Prin-
ciples and Methods of Measuring Humidity in Gases, Reinhold
Publishing Corporaticn, New York (1965),

R, E. Ruskin, Liquid Water Content Devices, Atmospheiic
Technology, 8 (1976), 38-42.

YE, A Muellerund A, L. Sims, The Infhance of Sampling Volume on
Raindrop-Size Spectra, Procesdings of the 12th Conference on Radar
Meteorology (October 1966), 135.

“Ting-i Wang and S. F. Clifford, Use of Raifall-Induced Optical
Scintillations to Measure Path-Averaged Ruin Parameters, Journal of
the Optical Society of America, vol, 65, 8 (August 1975), 927-37.

*NRL Lyman-Alpha instrument manufactured by General Eastern
Carit,, 50 Hunt §t., Watertown, MA 02172,

VII-2.3 Radiometric and Radar
Measurements

As early as 1956, an extensive set
of measurements was reported at 8.5 mm on the
emitting and reflecting properties of common
surfaces such as grass, gravel, blacktop, shrub
growth, and water, along with millimeter-wave
photographs of large metal objects such as ships,
The technique involved use of a traditional Dicke
radiometer which measured brightness tempera-
tures on an antenna scanned over a solid angle
several degrees squared. These data contain the
characteristics of radiometric backgrounds.

In measuring either radiometric or
radar backgrounds, rather than scanning an
antenna beam mechanically, it is tempting to in-
vestigate phased arrays which provide a change
in the direction of the beam by the introduction
of appropriate phase shifts in the transmission
lines feeding the elements of the array. Howsver,
in the millimeter and NMMW bands, the high
losses and low antennc efficiencies presently
achieved make arrays unsuitable for radiometry,
But significant advances have been made recent-
ly on beam scanning using dual-reflector antenna
systems; in that case, motion of a relatively small
feed may provide scanning over a significant
solid angle for either radiometric or radar
systems,

The direct field measurement
method of determining the radar cross sections
of discrete targets and backgrounds is often cost-
ly, and the results for one target or background
may not be readily extended to others. A supple-
mentary method involves development of 2
mathematical model of the interaction of NMM
waves with the common material compenents
which make up the target or background. The in-
teraction of NMM waves with components is
measured in the laboratory. The appropriate
cross sections are then calculated by computer,

A limited set of fleld measurements
is required to verify the model. Once the model

2D, H. Ring, Bell Telophone Laboratories, Final Report
AF.19-(122)-458 to Lincoln Laboratories (released 1962),
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has been verified, the model may be applied to
targets and backgrounds which fall within the ex-
tremes of the verification tests. An additional ad-
vantage is accrued in the use of the mathematical
models in that they may be utilized to arrive at
much more general statements concerning the
cross sections of a class of targets and
backgrounds.

VI3, RECOMMENDATIONS

Laboratory measurements of water vapor
attenuation with emphasis on window regions of
low attenuation are needed to determine basic
physical properties:

(a) Pure H,O at different pressures to
determine self-broadening

(b) H;O mixed with dry air at different
pressures to determining broadening

(c) Both (a) and (b) over a wide range of
temperatures typical of the atmosphere

(d) Careful measurements of samples of
pure H;O and of H,O + N, with H,O partial
pressure at and near saturation

Accurate field measurements on attenua-
tion in the lower atmosphere are vital. These
measurements are needed to provide comparison
with the laboratory measurements. The priority
assigned to each type of measurement will de-
pend on its impact of potential applications. For
example, if laboratory measurements at a
wavelength of interest indicate significant
anomalous absorption near saturation, field
ineasurements designed to check this should be
given high priority. Also, single-frequeticy meas-
urements might be made with a particular source
or detector that shows promise in a system. Such
nieasurements would provide a check for absorp-
tion mechanisms that may have been over-
looked, However, tests of this sort should be
assigned low priority because of the large
number of laser and other single-frequency
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sources, unless the source is powerful enough
and particularly adaptable to a specific applica-
tion of interest.

Analytical and theoretical work bused on
the above measured results and previous meas-
urements of attenuation by water vapor s

needed to

® Develop an empirical model that ac-
counts for affects of self-broadening,
nitrogen broadening, and temperature
variations so that different atmospher-
lc conditions can be accounted for
reliably.

® Develop a theoretical model based on
the strengths, positions, widths, and
shapes of the H,O lines. Most atten-
tion should be given to the shapes
because they are least understood.
Contributions by any anomalous ab-
sorption factors should also be con-
sidered in this theoretical treatment,

Laboratory measurements on attenuation
by minor constituents can be made, but these are
of low priority in view of most of the applica-
tions of interest to the study panel.

Field measurements at NMM wavelengths
of interest need to be made under adverse
weather conditions, in particular, fog, snow,
dust, and light rain. It is preferable that these
measurements be made continuously so that
statistics of attenuation can be obtained in
climates of interest; appropriate instrumentation
for measurement of meteorological parameters
form part of these observations,

For earth-space applications, NMMW
radiometric systems are required to determine at-
mospheric thermal background and attenuation.
These measurements should be accompanied by
radiosonde data for comparison and interpreta-
tion, With appropriate improvement in
technology, a NMMW source could be launched
to provide a synchronous satellite beacon.
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Quantitative field measurements are
needed on both radiometric and radar
backgrounds during various weather condittons,

VII-4. FACILITIES

The following list of laboratory and field
facilities represents a sampling of the more signi-
ficant national facilities that are currently avail-
able for the study of the NMMW atmospheric,
target, background, and radar technology.

VIl-4.1 Laboratory Facilities

Various laboratory facilities exist
for the investigation of NMMNW abscrption in
gases. Some of the better equipped of these are
discussed in the fcllowing paragraphs,

Ford Aerospace and Commun-

ications Corporation .—This facility has a well-
equipped laboratory for the investigation of in-
frared and NMMW absorption by gases, Among
the facilities is a multiple-pass absorption cell
that can be used at path lengths up to more than
1 km. Samples of a pure absorbing gas (such as
pure H;O) or of a mixture of gases can be con-
tained in the cell at pressures from less than
10 atm to more than 2 atm. The cell can be
heated and controlled at any desired temperature
up to 65 C. A variety of windows makes it pousi-
ble to investigate the absorption from the visible
to the NMMW region.

Ford also has a set of versatile
computer programs to calculate the infrared and
NMMW transmission of all permanent at-
mospheric gases. The listing of line parameters
compiled by AFGL forms the basis for the
calculations, Various parameters such as
temperature, total pressure, partial pressure of
H,O or other absorbing gases, and path length
are accounted for, Effects of continuum absorp-
tion or attenuation by particulates can also be in-
cluded. Transmission spectra can be calculated

and plotted as they would be observed, with in-
finite resolving power or with any desired spec-
tral resolution,

Institute for Telecommunica-

tions _Sciences .—Measurements using a

microwave Fabry-Perot resonator have been
made under closely controlled temperature
{<0.10 C) and pressure conditions to investigate
several gases, including water vapor and oxygen.,
The cell is presently operated at 22, 30, 60, 94,
and 120 GHz, For example, both absorption and
dispersion of pure water vapor have been
measured at 30 and 60 GHz from 0 to 40
torr,'* and empirical relationships have been
developed for the pressure and temperature
dependence, the former evidencing the strong
anomalous quadratic behavior. However,
measurements on air of various relative
humidities have not yet been made, although the
equipment is sensitive enough for such meas-
urements. Measurements at 230 GHz, would re-
quire implementation of the cell with 1,3-mm
waveguide circuitry.

The Environmental Research In-
stitute of Michigan (ERIM) .—A microwave
anechoic chamiber the size of a small auditorium
and operational up to K; band is available; it is
suitable for total cross-section measurements of
parts of vehicles, A gonioreflectometer—an
automated system for measuring the bidirec-
tional reflectance of small plane sections of
materials—is also available. Both coherent and
incoherent sources are bench mounted and
directed toward the rotatable goniometer plate.
The receiver is mounted on a rotating arm so that
bistatic reflection may be measured and recorded
on a punched tape. This system has been used at
10.6 um and shorter wavelengths, but ~ould be
extended to wavelengths as long as 2 mm with
suitable sources.

“H, ], Liebe, Studies of Oxygen und Water Vapor Microwave Spec-
tra under Simulated Atmospheric Conditions, Office of Telecontmuni-
cations Report OT 75.65 (June 1975); auvailable from U.5. Government
Printing Offica, Washington, DC 20402,
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Night Vision and Electro-Optics
Laboratory, OM.—In conjunction with
its own laser propagation programs, the laser
technical area has developed a 3-m index-of-
refraction cell for turbulence simulation, Such a
cell might be used for laboratory simulation of
turbulence effects for NMMW systems. A 4-D
computer code has been used for supporting
Army laser systems which are adversely affected
by turbulence. This code could be readily
available for the NMMW regime,

A 6-m, 182.4-mm diameter test cell
used for laser propagation measurements is
available and has been designed for circulating
aerosols or smokes. Supporting instrumentation
includes Royco and Whitley particle counters as
well as a Thermo-System mono-disperse particle
generator, Sources of NMMW radiation include
an Apollo optically pumped cw or chopped
NMMW laser and multi-pulsed optically
pumped NMMW laser capable of both
laboratory and field tests. Both sources can
operate throughout the 100-um to 3-mm band by
changing the pump gas. High-power optically
pumped NMMW sources are currently under
construction for both laboratory and field use,

Smoke Facilities .~ Laboratory
work with smoke has been conducted in a test
chumber at Edgewood Arsenal (now the
Chemical Systems Laboratory—CSL). The
chamber is instrumented for smoke character-
jzation and optical propagation studies.
Measurements at millimeter wavelengths have
been started in conjunction with the Georgia In-
stitute of Technology. :

Atmospheric Sciences Labora-
tory, ERADCOM .—Facilities at the Atmos-
pheric Sciences Laboratory at White Sands, in-
clude:

® A 21.m White cell is used to ob-
tain absorption coefficients for
gaseous trace pollutants by obtaining
transmittance values £~ two cell con-
ditions—oue with a nanabsorbing
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medium and the other with the ab-
sorbing trace pollutant of interest. Ab-
solute transmittance, the ratio of these
two relative transmittance measure-
ments, yields an absorption coefficient
for the absorbing medium,

Temperature range-—ambient to
4100 C (useful working range)

Pressure range—0 torr to 2 atm
absolute

Path length-—84 m to 2.0 km

This cell may be suitable for NMMW use-~pro-
vided the beam divergence on an 84-m path
could be controlled.

@ Also available is a 2-m White
cell with the following characteristics.

Temperature range—20 to 100 C
{useful working range)

Pressure range—from the torr range to
2 atm absolute

Path length—8 to 168 m

A NMMW beam divergence over
8 m should be no problem,

® Aerosol analyzers are
available for classification and sizing
of atmospheric aerosol concentra-
tions.

VII-4.2 Field Facilities

Various facilities are available for
making NMMW measurements in the fleld.
Some of these are listed in the following
paragraphs.

ERIM .—ERIM maintains facili-
ties for making microwave images, measure-
ments of discrete target cross section, back-
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arounds, and material properties of plane sec-
o for modeling purposes. . ground-based
r¢;:r . platform is available thai i large enough
t0 rwa.¢ military vehicles lighter t:cn n tank.
The rzdur is roof mounted so that ore mey
measure either ;otal cross section as a functinn of
azimuth angle or, by operating in the syninetic
aperture mode, high resolution images of the
target.

An airborne multiband system has
been completed, It operates in a mechanical scan-
ning mode with passive visible and near infrared,
thermal infrared, 1.06- and 10.6-um lasers, and
94-GHz millimeter wave, all bore-sighted. The
beam width of the 94.GHz system is about 10
mrad, The system should be able to make quan-
titative field measurements over large areas.

Electrical Engineering Research
Laboratory (EERL) .—The aBRL at the Univer-
sity of Texas has a nucleus of personnel with
strong experience in the propagation of milli-
meter waves. This laboratory has sufficient
expertise to perform accurate outdoor measure-
ments on attenuation by water vapor at a NMM
wavelength using, for example, the calibrated
corner-reflector technique discussed in section
Vil-2.1,

Waye Propagation Laboratory,

National Oceanic and Atmospheric Administra-
tion (NOAA) .—WPL has an on-going program
for ground-based, millimeter wave radiometric
measurement of total water vapor content on a
zenith path. Measurements are also made direct-
ly by radiosondes. This facility accommodates
inversion of measured data to retrieve both
temperature and water-vapor profiles of the at-
mosphere. Noise temperature and attenuation
are measured and computed,

Night Vision and Electro-optics
Laboratory, ERADCOM.—The 3.2-km Wayside
Laser Range (about 10 in from Ft. Monmouth)
is instrumented and used for various laser and
radar tests. This facllity can easily be made
available for NMMW system testing for tur-

bulence, attenuation, or other propagation pro-
grams,

. Supporting instrumentation includes
Royco and Whitley particle counters. Particle
sizing is available from 0.015 to 50 ym with a
dilution capability for heavy concentrations such
as smokes, Turbulence measurements are
avaiiablc with both hot-wire anemometer or op-
tical techniques. Present plans include testing
and use of a field-portable 0- to 3-km
transmissometer using a real-world aerosol con-
centration centrifuge and transmission cell
developed in cooperation with the Naval
Research Laboratory, A high scan rate Block
Engineering Fourier transform spectrometer is
available for obtaining broadband 2- to 14-um
transmission.

Range facilities also include the
400 ft Oakhurst Tower, which is roughly 8 km
from the laser range and is visible to each part of
the range. In addition, the Wayside range has
several single point targets at distances up to 8
km and up to 13 km utilizing the Oakhurst
tower.

MIRADCOM .~MIRADCOM's
capabilities in the near-millimeter spectral region
include:

Propagation measurements at
NMMW laser wavelengths are currently under-
way on a range which is, ut present, nearly com-
pletely instrumented. Propagation measurements
are being made serially at 744, 890, 1020, and
1200 um.

A cw heterodyne system is current-
ly under construction which will use two FIR
lasers, frequency locked approximately 1 MHz
apart. One will be a master oscillator and the
other a local oscillator. The system will also be
able to operate in the pulsed mode. It will be
basically an optical mixer using mirrors and
beam-spliters. The pulsed syatem will be used for
backscatter measurements; the cw system which
is currently in operation will be used for
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simultsneous attenuation measurements. Opera-
tton wiil be poesible in the wizrdows at 730, 880,
and 1300 pum.

MIRADCOM also has an airborne
test facility which consists of a gyro-stabilized
platform mounted on a helicopter. Extensive in-
strumentation is mounted in the helicoper. This
facility is available for NMMW measurement
programs,

In addition to the range devoted
solely to NMMW propagation tests,
MIRADCOM has the following ranges,

& A 5-km laser test range,

@ A 12-km, clear view, point-to-
point transmission test range,

® A 210-ft tower (F1 Facllity)
(formerly a Saturn test tower) which
has approximately a 1-km path from
the foot of the tower. Most of the
5-km laser test range is available from
this tower for small depression angles,
There is no practicai weight limit on
equipment that can be placed on this
tower. Measurements at 3.2 mm are
now underway on this tower to obtain
target and background signatures,

® A tower 100 ft above the
5-km range (radar tower) is available

for tests. It has a working area of 300
ft2,

Harry Diamond Laboratories

ERADCOM .—Harry Diamond Laboratories

is developing a capability for providing the data
base required for design of NMMW systems, A
mobile measurement facility (MMF) is being con-
structed for this purpose under a contract with
the Engineering Experiment Station of the
Georgia Institute of Technology. This system
will allow simultaneous measurements at 94,
140, and 220 GHz of radar cross sections of
targets and background clutter in both the
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monostatic and bistatic modes. The antennas
will be adjustable and have sufficiently narrow
beamwidtks for making measurements indepen-
dent of multipath effects. It will also be possible
to make measurements with this facility of at-
tenuation a backscatter in clear air, fog, rain,
smoke, and chaff. The 1-kHz PRFs, 100-ns
pulsewidths, and positionable range gates of the
system will allow investigations of temporal and
spatial fluctuations of measured parameters for
ranges of 0.5 km or more at 220 GHz and 1.0 km
or more at 94 and 140 GHz.

The MMF wil! be housed in two
large trailers that will receive electric power from
a portable generating station. A second mobile
station is being constructed by the Atmospheric
Sciences Laboratory to provide complete meteor-
ological characterization of the environmental
conditions during the measurements, Data ac-
quisition and processing systems in the NMMW
and metecrological vans will allow real-time
monitoring and fleld evaluation of experimental
results, The system is scheduled to begin opera-
tion in the fall of 1980,

Follow-on plans for improve-
ment of the MMF capability include addition of .
Fourier transform spectrometer for broadband
attenuation measurements in the 90- and
400-GHz frequency range, and conversion of tha
system for coherent operation.

Smoke Facilities .—The quality of
smoke (and dust) test instrumentation and
methodology has improved rapidly, over the last
few years. A variety of Army facilities exist for
open-air smoke tests that employ the appropriate
munitions detonated either dynamically or
statically. The Office of the Project Manage: for
Smoke/Obscurants periodically stages tests in
which well-characterized smoke (or dust, or
both) environments are produced, and many in-
vestigators are invited to gather propagation or
system performance data in these environmento.
Such tests, termed “Smoke Weeks,” have been
held at White Sands Missile Range and Eglin AFB
with future plans to be determined by
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community-wide data _requirements. Data
resulting from these. tésts (Smoke Weeks I and
1) as well as that from many others which the
PM Office has supported, are available from
that office. Future requirements for NMMW
smoke and dust propagation d:its should be in-
tegrated into the many ongoing and planned ac-
tivities, This integration can be accomplished
through the PM Office, which is the Army’s
single focal point for such activities.

Georgia Institute of Technology
(GIT) .-~GIT Engineering Experiment Station
has Tacilities for the performance of propaga-
tion measurements. A campus facility,
meteorologically instrumented for short ranges
of 600 and 1200 ft (182 and 366 m) is capable
of simultaneous measurements at wavelengths
from 0.48 um to 3 cm. Sources available include
lasers (argon, CO,, HCN, NMMW optically
pumped), a 300-GHz carcinotron, and
microwave sources at 230, 140, and 94 GHz
and lower frequencies, A 5000-ft (1524-m) ex-
tension of this range exists. Rain backscatter
measurements, radiometric measurements at
183 GHz, turbulence measurements, and
adverse weather propagation are current areas
of interest, Off-campus facilities include a range
in northwest Atlanta, GA, and a facility at
Boca Roton, FL (for sea-state studies and prop-
agation over water). Instrumented vans provide
the means for propagation and target/
background measurements at sites of interest,
For example, snow-return measurements have
been made with apparatus mounted in one of
these vans,

VIl-4.3 Addendum—Facilities Listing

The organizations discussed
above were known to the members of the Prop-
agation Subpanel 23 being involved in experi-
mental programs concerned with the propaga-
tion and target/background characteristics of
NMMW radiation. While they certainly repre-
sent a good portion of the work being done in the
field today, a number of other institutions are
also involved, This has been demonstrated by
the number of journal papers appearing in the
last few years and in the talks given at such inter-
national symposia as, for example, the 2nd and
3rd International Submillimeter Wave Con-
ferences and the 1977 NATO Millimeter/Sub-
millimeter Conference,

As a service to the reader, the
editors have provided the following listing (table
VII-1) of institutions involved in the experimen-
tal aspects of NMMW propagation and target/
background characterization. The organizations
listed were drawn from the authorships of
presentations and publications in the field over
the past few years, as well as from the personal
contacts made by the editors and the subpanel
members, Names have been provided of in-
dividuals who might be used as points of contact
for their respective institutions. Such a listing is
destined to be incomplete and highly time
dependent; however, it should provide several
entry points for the reader who seeks contact
with workers in some particular area. The
editors offer their apologies for any errors or
omissions, and hope that this listing of facilities
and points of contact will prove useful,
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TABLE ViI-1, EXPERIMENTAL FACILITIES—NMMW PROPAGATION AND
TARGET/BACKGROUND CHARACTERIZATION

e s PR M ST T T R TS
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: Institution Area of Investigation Point of contact
§ 1. Departrant of the Army
?‘. Armaments R&DD Command
. ¥ (ARRADCOM):
; Y Ballistic Research Laboratory  Propagation through aerosols (particularly smokes and Arthur LaGrange
2 " (BRL) cbscurants) target/background signatures Richard McGee
b Aberdeen Proving Ground, .
‘ MD "

: v Army Research Office Sponsor of basic research Leo Alpert ‘

. Research Triangle Park, NC

SN Electronics R&D Command

S (ERADCOM):

S Atmospheric Sciences Labora-  Propagation through clear and obscured atmospheres; Donald Snider
T lory (ASL) measurement techniques; propagation data base; Kenneth White ,
White Sands Missile atmospheric modeling 2 X
Range, NM
Combat Surveillance & Stationary target classification William Fishbein
3 : Target Acquisition
" Laboratory (CSTAL)

i . Ft, Monmouth, N} (
Harry Diamond Laboratories  Mobile Measurement Facility (MMF), operations and Joseph Nemarich "
(HDL) maintenance; material reflectivities; multipath Gregory Clrincione
‘ Adelphi, MD measurements :

, 5 Night Vision & Electro-optics  Propagation through aerosols; propagation through John ]ohhsbn

- ‘ Laboratory (NVEOL) artillery barrages; turbulence studies; battle-

‘ v Fort Belvoir, VA field aerosol modeling

Co Missile R&D Command
b {MIRADCOM):

i Redstone Arsenal, AL

fr~leraams

B S G,

Missile Resexrch Director-
ate (MRD)

Advanced Sensors Director-
ate (ASD)

Tank-Automotive R&D

Propagation through clear air and aerosols; target and
background signatures; target material properties

Target and background signatures and target
clussification

Vehicle signatures

Richard Hartman

George Emmons

G. ]. Mclnnes

b Command (TARADCOM) ,
3 Warren, Ml
Project Manager for Smoke/ Conducts Smoke Week fleld tests

Obscurants
Aberdeen Proving Ground, MD "

Anthony Vanderwall

- & 140




TABLE VII-1, EXPERIMENTAL FACILITIES—NMMW PROPAGATION AND

TARGET/BACKGROUND CHARACTERIZATION (Cont'd)

Environmental Research Insti-
tute of Michigan (ERIM)
Ann Arbor, Ml

Target signatures; material properties; near-field tests

Institution Area of invatigation Point of contact
II, Department of the Navy
Naval Research Laboratory Radiometry; high-altitude signatures Ben Yaplee
(NRL) James P. Hollinger
Washington, DC
Office of Naval Resexrch) Atmospheric physica J. Hughes
(ONR)
Boston, MA
Il Department of the Air Force
AF Geophysical Laboratory Aircraft measurements J. Caring
(ARGL)
Hanscomb AFB, MA
Roma Air Development Cunter  Vertical propagation measurements; scattering over E. E. Altschuler
Harscomb AFB, MA and, snow; atmospheric physics 2. T. Hayes
Griffiss AFB, NY E. A. Lewis
Alr Force Amament Target/background signatures Davut Ebeoglu
Laboratocy
Eglin AFB, FL
IV. Other Government Agencies
National Aeronautics and Propagation through clear atmosphere; snow backscatter; Nelson McAvoy
Space Administration radiometry J. L. King
' Goddard Space Flight Center
Greenbelt, MD
National Oceanic and Atmos- Propagation through atmosphere David C. Hogg
pheric Admiristration
Wave Propagation Laboratory
Boulder, CO
V, Private Industry
Block Engineering Broadband propagation measurementa G, Wyntjes
Environmental Research and Near-field effects R. K. Crane
Technology, Inc,

E. L. Johanson
Gwynn H. Suits

etz

P S S S




=

]
i g
|

n

4

.}

i

g

' TABLE VIi-1. EXPERIMENTAL FACILITIES-NMMW PROPAGATION AND

‘; TARGET/BACKGROUND CHARACTERIZATION (Cont'd)

! ,
4 Institution Area of investigation Point of contact '
%l'll Ford-Asronutronic Division Laboratory propagation and backscatter measurements D. E. Burch : i
‘1\ l Newport Beach, CA - :
i

f} ! CGeorgla Institute of Propagation measurements through clear atmosphere and ). J. Gallagher

o i Technology Engineering ssroscls; sea clutter; reflectivity of targets and buckgrounds; N, C. Currie 1
;.;v i Experiment Station reflectivity and emissivity of snow and ice R. D. Hayes b
S Atlants, GA 1
‘f : Hughes Research Target/background signatures; multispectral imaging D. Lynch

‘3: | Laboratories

b Malibu, CA

] -! Institute of Telecommunication  Laboratory measurements of gases H. J. Liebe

) i Sclences ¥
. ‘

!
f,': i Jat Propulsion Laboratory (JPL)  High-altitude studies; atmospheric composition 1, W. Waters .
iy J Pasadera, CA ¥
i !
f . Sperry Research Center Target classification - »
! University of California at Propagation R. L. Plambeck .
P Barkley o
,{ . Berkley, CA 3
(N Unlversity of Florida Reflectance of snow R, C. Andervon

[

[ ; University of Texas Propagation measurements A, Strajton !
. .- Electrical Engineering -
4 ! Research Laboratory 9
:’ V1, . oreign sector S
‘t Canada ‘.'
. . ‘
. Univensity of British Rain measurements M. M. Kharadly

| ! Columbia

N : Vancouver, BC

] ! University of Calgary High-altitude measuraments D. J. W. Kendall ‘
R Pederal Republic of Germany
’_ ’fl DFVLR Oberpfaffenhofen Radar signatures M. Vogel ;
!“ w.“"ﬂ‘ '\l .
: . EGAN Transmission and backscatter E. Barrs }
A Wachtberg-Werthoven 3

o |
) ?}‘;I | Py

5 ‘ 3
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TABLE Vi1, EXPERIMENTAL FACILITIES —NMMW PROPAGATION AND
TARGET/BACKGROUND CHARACTERIZATION (Cont'd)

Institution Area of investigation Point of contact
German Military Geophysics  Propagation K. B. Fisher
Office
lraly
Institute di Pslca High-altitude measurements E, Bussoletti
Metherlands
TNO-~Physical Laboratory Propagation and scattering in rain . ], Sneider
of the Natiunal Defense
Thy Hague
Switzerland
University of Berne Atmoaplwric studies ‘ K. R Kiinal
United Kingdam
Admiralty Surface Weapors  Propagation; sea reflectivity ' R. . Ehorwell
Establishmvnt
Portermouth Hunts
Applaton Laboratories Zenith measurements . C, Gibbors
Slough, Ditton Park
Imperiai College Propagation; anomalous effects ‘ H. Alastair Gebbie
London
EMIL Target signatures und'modollu ' Sid Woolcoch
Waston supre mare . ' Les Cram
i National Physical High-altitude studies I, B Harries
SO Labozatory
pe Teddington
1' ‘ Univenty of Bradiord Near field offects D. P, Haworth
- Bradfordshire
¥ f
University of Cambridge Absolute atmospheric measuremants R. B, Uilly
University Collegs, London  Turbulence R. S, Cole
| USSR

USSR Academy of Sclence Millimeter/submillimeter propazation A, V. Sokolov
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“Those who can’t remember the past are condemned to repeat it.”

George Santayana's prophetic words bear, in
many ways, directly upon the current interest in
near-millimeter wave technology. Perhaps
nowhere does this become more apparent than
when one investigates the World War Il activities
of Division 14 (Radar) of the National Defense
Research Committee.! H. E. Guerlac, in his com-
prehensive history* of Division 14, provides
background on the activities leading to the devel-
opment of K-bund (1 cin) technology. One of
the most significant decisions in this effort was
made at a meeting held at Columbia University
on 7 August 1942,

The purpose of this meeting was to coordinate
the K-band work of various American groups
and to prepare for eventual cooperation with the
British. The principal problem before the con-
fereen* was to suggest a standard wavelength so
that a coordinated attack could be made to open
up the new band. In brief, the result of this
meeting was the adoption of 1.25 cm (24 GHz) as
the wavelength at which K-band work would
proceed. The British had preferred 1,6 ¢m (18.8
GHz) mainly because it was the second harmonic
of an established X-band frequency. However,
they bowed to the choice of the 1.25-cm
wavelength as a “compromise” between 1.6 cm
and the other most-considered wavelength of
1cm.

‘Summary Technical Report of Division 14— National Defsnie
Resear~h Committee, Volume 1—Radur, Washingt n, DC (1946),

. E, Guerlac, Radar in World War I, available from Library of
Congrass Photoduplization Service, PB 93018 through PB 93621 (May
1M7),

*Present at the meeting were |, Kellog and A. Nordmick of Colum-
bia, E. M. Purcell, N, F. Ramsay, H. V. Neher, C. G. Montgomery,
and D. Moutgomery of MIT, E, L. Ginzton of Sparry Gyroscope;
G. C., Southworth, 5. Robertson. and T. M. Odarertko of Ball
Laboratories,

As discussed in Chapter [, a wavelength of
1.25 cm unfortunately corresponds closely to the
22-GHz water absorption line, thus leading to
limited range capabilities for radar applications,
The stage was thus set for the long controversy
as to the utility of miilimeter waves, Had the
alternative 1,6 ¢cm wavelength proposed by the
British been chosen, round-trip atmospheric
transmission over a typical target range of 20
miles would have been nearly 400 percent greater
and the ‘history of millimeter wave technology
might have been quite different.

The editors have had the opportunity to

discuss the Columbia meeting and its implica-
tions for K-band research effort with Professors
E. M. Purcell and J. H, Van Vleck of Harvard
University, Professor Purcell, then head of the
Fundamental Development Group (Group 41) at
the Massachusetts Institute of Technology (MIT)
recalled the meeting:

The committee (in choosing 1.25 cm) was

oblivious to the theoretical predictions of
water vapor absorption. We should have
been aware had we done our homework, but
we were not.”

Professor Purcell then went on to describe his
group's efforts with a breadboard, 1,25-cm radar
atop MIT's Bidg. 6, beginning in the fall of 1942;

“We were somewhat mystified since, as
work proceeded for the next several months,
thu performance of various components of
the radar was improved, yet the operating
range steadily decreased. What in fact we
eventually found was that we were observ-
ing the onset of spring in New England and
its associated increase in absolute humidity.”
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In the spring of 1942, Professor Van Vleck,
then a consulting member of the Radiation
Laboratory Theory Group, had done prelimi-
nary calculations on the intensity and position of
the water absorption line near 1 ¢em. Results of
some of his work were published in a 1943
classified report calling attention to the fact that
the absorption peak occurred near 1.5 cm, Com-
munications, however, with the K-band ex-
perimental group, especially in the early stages of
Van Vieck's work, were not timely and, as Pro-
fessor Van Vieck said,

“Had I been more persuasive, the physicists
and engineers at MIT might have been miore
careful about their choice of
wavelength-—one might have been selected
that didn't have the water trouble.”

Little really need be said as to the relevance of
this past history to the current thrust in near-
millimeter wave technology. The reader, having
digested the contents of each of the previous
chapters, should clearly see that our current
knowledge of NMMW propagation and target/
background effects could easily lead to the fulfill-
ment of Santayana's prophecy,

Proper attention to NMMW atmospheric and
target/background effects obviously requires a
careful balance between aggressive attempts at
systems development and a many-faceted, long-
range, basic research effort to characterize effects
first, One purpose of this volume is to assist the
research community in obtaining this sort of
balance and devising a well-directed, productive
program of research and development. In this
regard, two factors might profitably be kept in
mind,

First, a number of technologies have produced
elegant and proven systems with relatively
modest prior knowledge of atmospheric and
target effects, An outstanding example is the
very successful forward-looking infrared system
(FLIR), operating in the 8- to 14-um band.
Though research is still continuing on many
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aspects of propagation in that region, it is unlike-
ly that these detailed results together with more
complex modeling efforts will significantly affect
the utility of FLIR, In a similar fashion, the
NMMW atmospheric and target/background
community should be careful to focus on those
areas which are most likely to directly impact the
application of the technology. As a result of this
study, several of these areas have been identified
and are presented in summary form later in this
chapter,

Second, from the study it is abundantly clear
that the current understanding of basic atmos-~
pheric and target/background phenomena is
quite limited, At a recent MIRADCOM work-
shop on these effects, some of the observed
phenomena were even classified as “spooky.”
Another worker at ARRADCOM has expressed
his frustration at attempted 200-GHz
measurements saying, "Every time we turned the
equipment on, we saw something different.” The
point here is that the real data base is extremely
limited and first-order engineering-type estimates
using a simple extension from microwave obser-
vations do not appear to be sufficient, In addi-
tion, the wvarious atmospheric and
target/background effects are so strongly
dependent upon meteorological variables, that
unless one specifies quite clearly the environment
within which operation is required, the
arguments pro and con as to the utility of
NMMMW technology become moot, The general
solution for attenuation, backscatter, turget
return, etc. represents an extremely complex
problem which can only be reduced to certain
tractable common elements of physics after
deciding on the desired range of operational
weather environment.

The relative importance of system develop-
ment as opposed to further research to expand
the current data base can be illustrated by a sim-
ple example. Consider the propagation data base
requirements for the design of a high-resolution,
220 GHz, ground-to-ground tracking radar.
Typically, the specifications guideline might be
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that the system operate to ranges of 2.5 km in a
100-m visibility fog or a 4-mm/hr rain. Obvious-
ly, an immediate requirement exists for reliable
estimates of one-way transmission losses through
these environments,

As the study of this volume will reveal, proper
response to this requirement depends on a
number of important factors:

(a) At what geographic location is operation
required? Geographic as well as seasonal varia-
tions in humidity and temperature can drastical-
ly (by 10 to 15 dB/km) affect clear air attenua-
tion,

(b) What type of fog is to be encountered?
Though visibility is an appealing characteriza-
tion from perhaps the radar operator’s point of
view, it is insufficient for design purposes. The
only reliable characterization in the NMMW
region is liquid water content, Fog with a visi-
bility of 100 m can, depending on its type, con-
tain varying amounts of liquid water leading to
attenuation factors (dB/km) differing by a factor
of four,

{(c) What is the temperature during the fog or
rain? The effects of lower temperature with near-
saturation conditions have not been well-
characterized and there is evidence to indicate
that such conditions may yield higher atlenua-
tions than expected. In addition, only very
limited data exist for the temperature dependence
of liquid water dielectric constants necessary in
the calculations of fog absorption.

(d) What types of rain and wind conditions
are to be encountered? Depending on conditions
(drop size, wind, spatial distribution, etc.) the at-
tenuation for a given rain rate can fluctuate
several dB/km,

To provide a perspective on the danger of sim-
plified predictions which do not account for
these various factors, it is illustrative to attempt
an estimate of the attenuation values based on
currently available data, Assume for the moment

that the 220-GHz radar design problem has been
narrowed by specifying an environment whose
temperature is 273 K, thus yielding, at satura-
tion, a water vapor content of 4.85 g/m” (fig.
1I-1, ChII). In addition, for a 100-m visibility fog
the water density, o1, can range approximately
from 0.1 to 0.4 g/m* (fig. IlI-6, Ch I1I) depending
on the type of fog. As indicated in Chapter 1,
water vapor attenuation appears to be related to
the presence of liquid water in or near the trans-
mission path, However, for lack of a more quan-
titative relation to describe these effects, we
assume that the effects of vapor and liquid in fog
or rain are simply additive.

Table VIIL-I lists the best estimatus obtainable
for the clear air water vapor attenuation from the
discussionn in Chapters I and 1I. The limited
calculations, chamber experiments, and field
tests?-* yield atteniuation values (dB/km) varying
by nearly a factor of seven,

In Chapter IlI, fog attenuation was calculated
based upon Rozenberg's® dielectric constant data
at 273 K. For a liquid water content varying be-
tween 0.1 and 0.4 g/m’, the predicted fog at-
tenuation varles between approximately 6.8 and
3.5 dB/km. As indicated in Chapter III, there is
some question as to the reliablilty of Rozenberg's
data, The temperature-dependent measurements
recently published by Afsar’ yield, when ex-
trapolated to 220 GHz and 273 K, a slightly dif-
ferent range of values, 0.4 to 4.7 dB/km.
However, the principal factor responsible for the
uncertainty is still the variation of liquid water
content of the 100-m visibility fog.

‘] W. Waters, Abwrprlon and Ewmission by At hetic Gases,
Methods of Experimental Physics, Vol 12, Part B, Chamcr 2.3,
Acadanic Press (1976).

‘D, T Llewellyn-jones at al, Absorption by Water Vapour ut
7.1 em™ and its Tomperature Dlpmdmu, Nature, Vol, 274 (August
1978), 876-878.

'R, ] Enmery et al, M ements of A lous Absorption in the
Wave Number Runge 4 e 15 cm ', Journal of Aimospheric und
Terrastrial Physics, Vol 37 (1975), 587- ,594

*V, I Rotenberg, Scattering und Attonuation o{ Electromagnetic
Radiation by Atmospheric Particles, Hydromateorological Press, Len-
ingrad, USSR (1972),

"M, N, Afsar and ]. B, Hasted, Submilliieter Wave Measurenionts
of Optical Constants of Water at Various Temperatures, Infraved
Physics, Vol. 18 (1978), 835-841.
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TABLE VIll-1. CLEAR AIR ATTENUATION

Data source V(GHr) @y (s/m®) o (dB/km)
1. Model-~Gross line shape (T = 300 K) calculation plus Gaut and Reifertein 220 4.85 1.9
cotrection term (273 K); linear scaling with gy . (Chapter 1)
2, Model—Van Vieck/Welsokopf lise shape plus empiricel corraction (T = 288 K); 220 4.85 1.6
linear scaling whh gy, only. (Chapter II)
3, Chamber measurements (T = 270 K), (Chapter I) 213 ~4.0 9.2
4.85 11,27
4. Field mensurements (T = 275 K) scaled from 216-m path to 1 km, (Chapter I) 210 ~4,0 7.;“
4,85 8.

Values for gy, = 4.85 g/ obtained by linear scaling,

As pegards the effects of rain, the data in
Chapters 1 und III clearly show that for a given
riin rate, atienuation can differ significantly,
depending on various factors (drop size distribu-
tion, wind, etc.). Comparing available
measurements and calcuiations,*!' the best
estimate for 220-GHz attenuation by a 4-mm/hr
rain vary between approximately 1 and 7
dB/km,

Table VIII-2 suminarizes the resultant varia-
tions of total one-way attenuation during the fog
and rain conditions specified for operation of the
radar. Considering the fact that for radars,
typical total system error budgets are at worst
approximately £:10 dB, uncertainties of 10 to 18
dB/km in the one-way transmission loss are
clearly unacceptable. The wide variations
demonstrate the relatively immature status of
knowledge of propagation phenomena in the

*), Sander, Rain Attenuation of Millimeter Waves at A = 5,77, 3,3,
and 2 pun, IEEE Transactiors on Antennas and Propagation, Vo,
AP-23, No, 2 (March 1978), 213-220,

V. W, Richard, }, E, Kimmerer, and R, G. Reitz, 140 GHz Attenug-
tion and Optical Visibillty Measurements of Fog, Rain, and Snow,
U.S, Amy Ballistic Ressarch Laboratory Memorandum Report
ARBRL-MR-2800 {Decamber 1977),

“D, T, Liewellyn-Jones und A, M, Zavody, Rainfall Attenuation at
110 and 390 GH, Electronics Letten, Vol, 7, No. 12 (1971}, 321-322,
"W, P, M. N, Keiaer, ], Shields, and C, D, de Haan, Rain Attenus-
tion Measurements at 4 GHx: Compariion of Theory and Experi-
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NMMW region and the importance of precise
specification of the various meteorological vari-
ables. This example is but one of many which
could be tabulated from this volume to demon-
strate the relatively meager technology base for
NMMW propagation and target/background ef-
fects.

TABLE VIIL.2, BEST ESTIMATE OF 120-GHu
ATTENUATION BY A 100-m VISIBILITY FOG AND A
4mm/hr RAIN (T = 0 C)

One-way 1-km
Conditlon 1 enuntion (dB/km)  transmiselon (%)

Clear air 1.6 to 11,2 -
100-m fog 04 to 4,7 -
Total 2.0 to 18,9 63tod
Clear air 1.6 to 11,2 -
4-mm/hr raln 1to? —
Total 2.6 to18.2 55¢t02

Anticipation of this state of affairs was, of
course, one of the principal factors which
motivated the entive Near-Millimeter Wave
Technology Base Study. The various panel
meetings, visits, discussions, and literature
studies have allowed for the identification of key




factors for providing program guidance in the
further study of NMMW propagation and
target/background effects, These factors may be
summarized in two basic categories. Table VIII-3
lists those arezs of a general nature which have
been highlighted as a result of the study. These
general areas are accompanied in toble VIIl-4 by
important, specific issues (not in order of priori-
ty) which must be addressed in future efforts to
develop a more mature technology base, The
reader may find appropriate expansion of these
varlous thiusts and jssues in the preceding
chapters and the numerous references provided
throughout the volume,

TABLE VIIL). GENERAL AREAS OF EMP%:/:5t% FOR
DEVELOPMENT OF THE NMMW PROPAGATION AND
TARGET/BACKGROUND TECHNOLOX:Y BASE

* ¥4, 140, 220, 45 GH:

¢ Fleld studies under atatistically significant meteoro-
logical conditions

*  Adequate meteorological support
*  Apparatus portability for site variability

* Broadband Fourler Tranaform measurements simultan-
cously with single frequency measurements,

*  System-spacific measurements

TABLE V14, nr.cbmmmozo RESEARCH THRUSTS

* Origin of anomalous absorption--line shapes, hripact
assumptions, polymolecular complexes

* Temperature and pressure dependence of empirical
correction term

* Comparison with infrared effects

SRR 2 ot P b )l ot Vbt iy i g
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TABLE Vill4. RECOMMENDED RESEARCH
THRUSTS (Conv'd)

Structured absorption in windows

Quadratic density dependencies

Low temperature and high humidity effects
Fog/<loud attenuation and backscatter—liquid and ice
Rain attenuation and backscatter

Separation of water vapor and liquid effects

Temperature/frequency dependence of liquid water
dielectric constants—varying salinity

Near ground turbulence—intensity and angle of arrival
fluctuations, power spectra

Temperature and humidity structure constants
Sky temperature comparisona

High-altitude nadir radiometric studies of clutter back-
grounds and target returns

Material reflcctivities—varied surface conditions and
coatings

Snow attenuation and backscatter

Snow and moisture cover effects on target/background
returns

Target scintillation due to changing aspect angle
Plume eminsions, backscatter, and attenuation

Coherent signature phenomena

" Mcteorologlcal statistics

Near feld effects

Screening techniques—smoke, dust, ete.
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Although each of the preceding chapters con-
tains numerous refecences for particular specialty
areas, the overall tone and content of the discus-
sions is obviously based upon a greater body of
published literature. This section constitutes an
attempt to provide a comprehensive listing of
such material. Although a detailed descriptlo{of
each publication would be desirable, such a task
would require an inordinate effort. Therefore,
the references are simply listed by year, with
titles and appropriate indexing information,
Upon review, the included texts, conference pro-
ceedings, and individual reports have been found
to contain material of significant technical or his-
torical value in evaluating near-millimeter wave
propagation and target/background effects,
Some minor duplication of the chapter references
may exist, but the bulk of the material has not
otherwise been listed previously.

5. M. Kulpa
E. A, Brown
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