AGARD

ADVISORY GROUP FOR AEROSPACE RESEARCH & DEVELOPMENT
7 RUE ANCELLE 92200 NEUILLY SUR SEINE FRANCE

PROPAGATION MODELING OF MOIST AIR AND SUSPENDED . A A D AR
WATER/ICE PARTICLES AT FREQUENCIES BELOW 1000 GHz

H. J. Liebe
G. A. Hufford
M. G. Cotton
National Telecommunications and Information Administration
Institute for Telecommunication Sciences
325 Broadway, Boulder, CO 80303
U.S.A

Paper Reprinted from
AGARD Conference Proceedings 542

Atmospheric Propagation Effects
through Natural and Man-Made Obscurants
for Visible to MIM-Wave Radiation

(Les Effets des Conditions Défavorables de
Propagation sur les Systemes Optiques,
IR et a Ondes Millimétriques)

Presented at the Electromagnetic Wave Propagation Panel Symposium,
held in Palma de Mallorca, Spain, 17th—20th May 1993.

— NORTH ATLANTIC TREATY ORGANIZATION




The Mission of AGARD

According to its Charter, the mission of AGARD is to bring together the leading personalities of the NATO nations in the fields
of science and technology relating to aerospace for the following purposes:

— Recommending effective ways for the member nations to use their research and development capabilities for the

common benefit of the NATO community;

— Providing scientific and technical advice and assistance to the Military Committee in the field of aerospace research and
development (with particular regard to its military application);

— Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;

— Improving the co-operation among member nations in aerospace research and development;

— Exchange of scientific and technical information;

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations in connection
with research and development problems in the acrospace field.

The highest authority within AGARD is the National Delega

tes Board consisting of officially appointed senior representatives

from each member nation. The mission of AGARD is carried out through the Panels which are composed of experts appointed
by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications Studies Programme. The

results of AGARD waork are reported to the member nations and the N,

publications of which this is one.

ATO Authorities through the AGARD series of

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.

14, Abstraci
REPORT DOCUMENTATION PAGE This publicas s ; 104 specialisss’ ing held by the
LR 's Rk EX = 3. Further 4. Security Classification Elec ic Wave Propagation Panel at its Spring 1993 mecting.

AGARD-CP-542 ISBN 92-835-0727-4 UNCLASSIFIED/

The topics covered on the occasion of that Symposium include:

Natural

O e G Tor A pace R ch and Develop

7 Ruc Ancelle, 92200 Neuilly sur Scine, France

—The effects of namral cbecurants (haze, couds, fog. rain, mow and dust) on system

6. Tidde
ATMOSPHERIC PROPAGATION EFFECTS THROUGH NATURAL AND

MAN-MADE OBSCURANTS FOR VISIBLE TO MM-WAVE RADIATION

T.Prescmted at e ic Wave Pr ion Panel §

heid in Palma de Mallorca, Spain, 17th—20th May 1993,

performance.

M de ob and batticficld-induced phenomena:

—The effects of o okes, battieficld-induced smokes and enkh. d scinallation on
system performance.

“Target and background signatures:

— Amnospheric effects on target and background signatures, and target to background
contrast.

Rt 5, Doic ““'_“z“”"m ) e : "
Vanious November 1993 contran reduction.
—Theoretical and/or experi ion of camouflage effecti
19. Asthor's/Editer's Address 11 Pages s itigation "
Various 208 l_., hod itigate the ab i factors eg. image processing, sensor fusion,
Published November 1993

Copyright © AGARD 1993
All Rights Reserved

ISBN 92-835-0727-4

&S

Printed by Specialised Printing Services Limited
40 Chigwell Lane, Loughton, Essex IG10 3TZ



3-1

PROPAGATION MODELING OF MOIST AIR AND SUSPENDED
WATER/ICE PARTICLES AT FREQUENCIES BELOW 1000 GHz

H. J. Liebe
G. A. Hufford
M. G. Cotton
National Telecommunications and Information Administration
Institute for Telecommunication Sciences
325 Broadway, Boulder, CO 80303

U.S.A

SUMMARY

Propagation characteristics of the atmosphere are modeled for
the frequency range from 1 to 1000 GHz (1 THz) by the
modular millimeter-wave propagation model MPM.
Refractivity spectra of the main natural absorbers (i.e.,
oxygen, water-vapor, suspended droplets and ice particles) are
computed from known meteorological variables. The primary
contributions of dry air come from 44 O, lines. Results from
extensive 60-GHz laboratory measurements of the pressure-
broadened O, spectrum were applied to update the line data
base. The water-vapor module considers 34 local H,O lines
plus continuum contributions from the H,O spectrum above
1 THz, which are formulated as wing response of a pseudo-
line centered at 1.8 THz. Cloud/fog effects are treated with
the Rayleigh approximation employing revised formulations
for the permittivities of water and ice.

The influence of the Earth’s magnetic field on O, absorption
lines becomes noticeable at altitudes between 30 and 120 km.
Anisotropic medium properties result, which are computed by
the Zeeman propagation model ZPM. Here the elements of a
complex refractivity tensor are determined in the vicinity
(£10 MHz) of O, line centers and their effect on the
propagation of plane, polarized radiowaves is evaluated.

A spherically stratified (0 - 130 km) atmosphere provides the
input for the codes MPM and ZPM in order to analyze
transmission and emission properties of radio paths. Height
profiles of air and water vapor densities and of the geocoded
magnetic field are specified. ZPM predicts polarization- and
direction-dependent propagation through the mesosphere.
Emission spectra of the 9% line (61150 + 3 MHz) for paths
with tangential heights ranging from 30 to 125 km are
consistent with data measured by the shuttle-based millimeter-
wave limb sounder MAS.

1. INTRODUCTION

The natural atmospheric absorbers of oxygen, water vapor,
and suspended water-droplets or ice-crystals, determine the
propagation properties of the nonprecipitating atmosphere.
The spectral characteristics of these absorbers are predicted up
to 1000 GHz based on the physical conditions at altitudes
from sca level to 130 km. Both phase and amplitude response
of a plane radio wave propagating the distance z at frequency
v are described by a field strength,

E(z) = exp[ikz(1 + Nx10%)] E(0),

where E(0) is the initial value, k = 2xv/c is the free space
wave number, and c is the speed of light in vacuum. The
spectral characteristics of the atmospheric medium are

expressed by a complex refractivity,
N=N,+ N +iN" ppm [¢H)

The real part changes the propagation velocity (refraction) and
consists of a frequency-independent term, N,, plus the
dispersive refraction N'(»). The imaginary part quantifies the
loss of radiation energy (absorption). Refractivity N
determines the specific quantities of power attenuation « and
phase dispersion B or delay rate 7. Assuming frequency » in
GHz, one obtains

a = 0.1820vyN" dB/km,
f =12008» (N, + N')  deg/km,
7 = 3.3356 (N, + N’) ps/km.

Under special circumstances the refractivity N can exhibit
anisotropic properties (e.g., mesospheric O, Zeeman effect).
In such a case the propagation of plane, polarized waves is
characterized by a two-dimensional field vector E'(z) which
is affected perpendicular to the direction of propagation by a
2 X2 refractivity matrix N.

2. ATMOSPHERIC REFRACTIVITY

2.1 Input Variables

Complex refractivity N is the central quantity computed by
the Millimeter-wave Propagation Model MPM.!? Here, the
opportunity is taken to update MPMS89 2 with the latest
spectroscopic information. The model considers 44 O, and 34
H,0 local lines (centered below 1000 GHz), nonresonant
spectra for dry air, and an empirical water vapor continuum
which reconciles experimental discrepancies. Model
formulations for dry air and water vapor spectra follow
closely the theory of absorption by atmospheric gases that is
reviewed in detail by Rosenkranz.® The refractivity of
suspended water and ice particles is computed with the
Rayleigh absorption approximation.* Atmospheric conditions
in MPM are characterized by the input variables:

Tgrpical Range
- barometric pressure P 10” - 1013 mb
- ambient temperature t -100 - 50 °C
- relative humidity u 0- 100 %
- water droplet density ~ w 0- 5 gml
- ice particle density W, 0 - 1 g/m’

- magnetic field strength B 20 - 65 uT.

For modeling purposes, a reciprocal temperature variable is
introduced, & = 300/(r + 273.15), and the barometric
pressure p (1 mb = 100 Pa) is separated into partial pressures
for dry air (p, ) and water vapor (e); i.e.,

pP=pgt+e mb

Presented at an AGARD Meeting on ‘Atmospheric Propagation Effects through Natural and Man-Made Obscurants for Visible to
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2.2  Dry-Air Module
Refractivity of dry air is expressed by

Np =Ng+ ExSF + N, ppm, @
where the nondispersive term is
Ng = 0.2588p, 6 .

2.2.1 Oxygen Line Terms
The main contributions to N come from 44 O, spectral
lines (k = line index). Each line strength,
Se = (a/n)pg0°expla (1- )] ppm,
is multiplied by the complex shape function,

F(v) = » . -
V=¥ IV vty +iyy

The Van Vleck-Weisskopf function F(») was modified by
Rosenkranz ? to include line overlap effects. Width (y) and
overlap (8) parameters of pressure-broadened O, lines in air
are
v = 4,x10% (p 6% + 1.10e6) GHz
and
b =(as +26)p6°*.

A rough estimate of line behavior in the mesosphere can be
obtained by replacing v, with

Th T (7k2 ar 625B2)IA )

where B is the magnetic field strength (22 - 65 uT) depending
on the geographic location and altitude (see Sect. 2.3).

Extensive laboratory measurements of 60-GHz absorption by
dry air have been reported recently.’ A best fit to these data
established new coefficients a5 and a5 for the microwave
lines. Still, the values listed for a; and a5 in Table 1 are
different from Ref. 5. Indirect evidence from the data
suggests that all microwave widths 4y are multiplied by 1.05.
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This correction reduced on the average by 7 percent the rms
error of the residuals for all 5400 data points when, in
addition, the §,'s were raised by a factor of 1.15. 5 Center
frequencies », and spectroscopic coefficients a; to a5 are
listed in Table 1.

The good fit between predicted attenuation rates and measured
data points is illustrated in Fig. 1..Some of the very first
attenuation rates (14 values, 49 - 59 GHz) for sea-level
conditions were reported in 1956. ¢ These field-measured data
agree well with predictions based on Eg. (2).

2.2.2 Nonresonant Terms
Nonresonant refractivity,
N, =S,F,(») +i S,F,"() ppm,
consists (2) of the nonresonant O, spectrum,
S, = 6.14x10%p, 62,
F, =-vi(p +iv,),

where the relaxation frequency is y, = 0.56x10° p 0 °%;
and (b) of small contributions above 100 GHz by pressure-
induced N, absorption,

S, = 1.40x102p 2633,
E,” =~ v /(1 + 1.9x10% 1),
2.3  Zeeman-Effect of O, Lines
In the mesosphere, oxygen line absorption is complicated.”™

Three separate complex-valued Zeeman refractivity patterns,

N‘,i and N,, are brought out by the geomagnetic field vector
B®. The refractivity that influences the field components of a

plane wave is expressed in matrix form,
N, sin2¢ + (N,, + N )cos’¢ - (N,, - N, Jcos¢

i (N, + N, )cosé N,, + N,

N =

where ¢ is the angle between the direction of propagation and
the magnetic vector B®. The refractivity elements of an
isolated line are represented by

Noy,« =Ng + Sy EmémFm PP, @
where £ is a relative strength factor defined in such a way
that the sum of the Zeeman components equals the strength
value (a,) of the unsplit (B = 0) line. The center frequency
of individual lines within a pattern is determined by

vy = K+ 28.03x10° 9, B GHz,

where the relative shift factor gy lies between + 1 and - 1.
The index M stands for the azimuthal quantum number M,
which controls the structure of a Zeeman pattern.’ The
scheme for determining £ and ny hinges on the quantum
number identification of a particular O, line and can be found
in Refs. 8, 9. The correct shape function is a Voigt profile,?
which was approximated by a Lorentzian profile,

Fy=vilpy-v-inw)

where the transition to Doppler-broadening at h = 50 km
(p < 0.8 mb) is given for each Zeeman component by

v, = 0.535 v, + (0.217 %2 + 1p?)¥ GHz.
The Doppler width is yp = 1.096x10° vy 6% .



2.4  Water-Vapor Module

The MPM-input for water vapor is relative humidity &, which
is converted to vapor pressure ¢ = (1/100) 5 by way of the
saturation pressure eg over water (or ice) 10 at temperature t.
A useful approximation for saturation over water is given by

es = 2.408x10'1 05 exp (-22.6446) mb.
Absolute humidity (water-vapor density) follows from
g=0723et0 gm’.
Refractivity of atmospheric water vapor is written in the form
Ny =N, + £,5F +N, ppm, ®)
where the nondispersive term is
N, = (4.1636 + 0.239) 6 .

2.4.1 H,O Line Spectrum
Line refractivity results from 34 local H,O resonances
(¢ = line index). The individual line strength is

Se = (b /v ) e expby(1-6)] ppm;

the shape function is that of Eq. (3). The width of a pressure-
broadened H,0 line is formulated by !!

¢ = byx107 (b, e 6% + p, %) GHz

Line overlap is neglected (5, = 0) and Doppler-broadening is
approximated for pressures below 0.7 mb (h = 60 km) by

¥ = 0535y, + (0.217 v/ + vp2 )%,
where the Doppler width is vp, = 1.46x10° », " .

2.4.2 H,0 Continuum Spectrum

The contributions of local lines in Eq. (5) are not sufficient to
match measured data. In particular, absorption data in the
window ranges between spectral lines reflect a2 magnitude up
to five times larger than predicted values. The excess is taken
into account by a continuum spectrum N, , which originates
in the strong lines centered in the rotational H,O spectrum
above 1 THz.!* 20 Absolute absorption data from controlled
experiments * - '* provide the basis for formulating a
physical model of N, . Pure water vapor and foreign-gas (air
or N, ) mixtures were studied at 18 - 40 GHz '*, 138 GHz ',
186 - 194 GHz'7, 213.5 GHz '®, and 160 - 920 GHz ** .

At 137.8 GHz, pressure and temperature dependences of
moist air absorption data were fitted with 10% rms to '

N.” =e(k e + kpy)10°» ppm, (©6)

where k, = 0.35767% and k = 0.01136°. This equation
was then applied to define the continuum for MPM89.2

At 213.5 GHz, new absorption data of moist nitrogen have
been reported,'® which fitted with an oxygen-free MPM
exceptionally well to Eq. (6):

k, = 0.44467°  (0.4% rms) and
ke = 0.014564% (1.0% rms).

Similar data closer to the 183-GHz line center ! yielded
initially a fitting error of 14.6% rms, which improved to
4.5% rms when the theoretical !2 strength value b, was
increased by S5 percent. A theoretical approximation of the
real part,??

N, = e8250.791x10%+* ppm,

was also considered in the fitting exercise.
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An analytical match of the continuum was considered by
means of a pseudo-line centered out-of-band above 1 THz.
Expanding the line shape, Eq. (3), into a power series and
assuming that § = 0, v, < »_, and » = 0, leads to:
N = 28 v [(v/v) + 3 (/v )* 102 and
Q)
N, = 28 [(wr)? + (@l/v)*]v!

Different fits to Eq. (7) resulted in three sets of parameters
for this pseudo-line:

v. b by by b bs b Data Ref.
GHz kHz/mb MHz/mb

2200 4210 0.952 17.8 30.5 2 5 15,18,19
1780 2230 0952 17.6 30.5 2 5 15,18, Table2
1470 1257 0.952 173 305 2 5 151820

For the "continuum® line N_ centered at », = 1780 GHz and
the chosen units one can assert that

k@=1) =2x10°b,byb,v,> =0.434 GHz'mb?,

which is close to the value found by fitting the 213.5-GHz
data alone (see above). The second-order »-terms of Eq. (7)
allow one to "tailor” the fit close to the upper frequency limit
of MPM (1 THz) by changing », . An exact fit to both
measured absorption data '° and analytical refraction results 2°
around 900 GHz was not possible. Hence, the continuum line
parameters v, and b; in Table 2 are a compromise which is
of no consequence to data fits below about 800 GHz. Both the
large widths for far-wing self-(b;xb,) and air-broadening (b,)
and the strong negative temperature dependence (bg ) have
been postulated by theory. !4 2!

Table 2 lists the present line frequencies », and spectroscopic
coefficients b; to bs (v, and b, are from Ref. 12). The b,
values of the 22-GHz line" and 183-GHz ' lines were
increased by 5 percent to fit measured data.

The MPM for moist air is made up by N = Np + Ny .
Predictions of N" are compared with published data in Figs.
2 to 4. The critical temperature dependence of N." is
represented in Fig. 2. The frequency dependence of three data
sets 15 1719 j5 shown in Figs. 3 and 4. Measured data in Fig.
4 span a range from 160 to 920 GHz."” MPM-predicted
attenuation rates «(») are plotted in Fig. 5 for sea-level
conditions (100% RH) at five temperatures (+ 40°C).

2.5 Cloud/Fog Module

The interaction of suspended water droplets and ice crystals
with radio waves is treated by employing the Rayleigh
approximation for Mie extinction,

Ny = L5 wim, )l(ey; - Dieys + 271, @®

where m,,; = 1 and 0.916 (g/cm’ ) are specific weights, and
€,,; complex permittivities of water and ice, respectively.*

For the size spectra (r < 50 um) of suspended water droplets,
Eq. (8) is valid up to about 300 GHz. Fog or cloud conditions
are specified by a water mass density w. Water droplets form
when the relative humidity exceeds saturation, z = 100 - 101
percent, whereby ¢ can be as low as - 40°C (supercooled
state). Propagation effects caused by ice crystals (needles and
plates) are primarily depolarizing and scattering in nature.

* The increase in the b;~coefficient for the 22.2-GHz line was suggested
by ground-level emission measurements.'® Data at 20.6 GHz exhibited a
systematic trend which was not apparent in 31.7- and 90-GHz data taken
simultaneously. On-site radiosonde recordings of height profiles for p, ¢,
and & furnished indepeadent input to test three prediction models.
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Figure 2. Absorption data N versus temperature T in kelvin: (a) moist air at 137.8 GHz (p = 1013 mb, ¥ = 80%) '®, and
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Figure 4. Attenuation rate o and continuum of moist air (4 = 43.4%) and of dry air (u = 0) as predicted by MPMS3 for
standard sea-level conditions (p = 1013 mb, = 20°C). Data points are from Ref. 19.
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