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SUMMARY

Two millimeter-wave propagation models, called MPM and MIM, are discussed. The first one predicts, at
frequencies up to 1000 GHz, Toss and delay effects for a nonprecipitating atmosphere. Contributions from dry
air and water vapor are addressed, as well as suspended water droplets that simulate fog or cloud conditions.
For clear air, a local spectral line base is employed (44 0, + 30 H,0 Tines) complemented by an empirical water-
vapor continuum. Oroplet effects are treated with the approximate Rayleigh scattering theory. Input variables
are barometric pressure, temperature, relative humidity, and droplet concentration.

At heights between 30 and 100 km, the spectral lines of oxygen result in an anisotropic medium due to the
geomagnetic Zeeman effect. The computer program MIM was developed to analyze propagation of plane, polarized
radio waves in the vicinity (t10 MHz) of 0, 1ine centers positioned in the 60-GHz band and at 119 GHz. Results
are displayed that demonstrate many aspecfs of the unusual wave propagation through the mesosphere.

1 INTRODUCTION

The parameters of a radio wave are modified on propagation through the atmosphere. In general, such
influences are due to refraction, absorption, and scatter. The compiex refractive index, n = n’ + in®, is a
measure of the interaction of electromagnetic radiation with the medium and depends on frequency and atmo-
spheric conditions. [ts real part, n’, exceeds unity by a small amount (n’ - 1 < 0.0004), slowing the
propagation velocity to values less than speed of light in vacuum, while the pasitive imaginary part (n")
pertains to a loss of wave energy.

Complex refractivity, expressed in units of parts per million,
N=(n-1)10° =N, + N(f) + iN"(f) ppm, (1)

is a sensible measure of electromagnetic properties exhibited by the atmosphere. Frequency-independent
contributions, N,, and respective refraction and absorption spectra, N’(f) and N*(f), can be specified.

Refractivity N is the center piece of models that characterize atmospheric radio-wave propagation. Two
methods are discussed here to compute refractivity: In MPM, the standard case of an isotropic medium is dealt
with [1]; on the other hand, in MZIM a very special case is treated where, in the mesosphere, the medium
behaves anisotropically and wave transmission depends on location, direction, and polarization [2].

1.1 St ri
Free propagation of a plane wave in the z-direction is described by
E(z) = exp[ikz(l + N)] E, (2)

where E(z) is the electric field strength at a distance z along the path, which may be curved by refractive
gradients Re(dN/dz) according to Sneil’s law; E; = E(z = 0) is the initial value; k = 2xf/c is the free
space wave number, and ¢ is the speed of light in vacuum. Assuming the units for frequency f in GHz and for
refractivity N in ppm, we have in more practical terminology the dispersive propagation rates of power
attenuation a and phase lag  (or delay time 7); that is,

@ = 0.1820 f N"(f) dB/km

and (3)
B = 1.2008 f N'(f) deg/km , or
T = 3.3356 N'(f) ps/km ,

where 0.1820 = (4x/c)10-Tog e, 1.2008 = (2x/c)(180/x), and 3.3356 = 1/c.

Program MPM has five modules: (a) nondispersive refractivity N, (b) contributions from 44 0, and 30 H,0
local (g 1 THz) line spectra, (c) the nonresonant dry air spectrum, (d) an empirical water vapor continuum
that reconciles discrepancies with experimental absorption results, and (e} a refractivity due to suspended
water droplets. Two additional modules estimate haze (i.e., reversible swelling or shrinking of hygroscopic
;erosoTs when relative humidity varies between 80 and 99.9 %) and rain effects [1], but are not discussed

ere.

Section 2 gives the particulars how to compute refractivity N from five input parameters:

frequency - f 1 - 1000 GHz,

barometric (total) pressure P 110 - 10°F kPa,

temperature T -50 - 50 *C; (4)
relative humidity U 0 - 100 %RH3 and
suspended water droplet concentr. at 100 %RH W 0- 5 g/m’.
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The spatial distribution of these variables along a radio path specifies an inhémogeneous propagation
medium (3], a case not treated here. The 0, Zeeman effect is approximated in MPM so that the height range can
be extended to 100 km, but trace gas spectra (0 , CO, N,0, C10, etc.) are missing.

1.2 Anisotropic Pr ation _In Th here (M

At high-altitude (30 - 100 km) pressures, the 0, lines appear as isolated features and their spectral
signature is governed by the Zeeman effect due to %ne geomagnetic field. The magnetic flux density B, varies
with location and height and splits each line into three groups of Zeeman components [see (20)] that are
spread, proportional to B,, over a range of a few megahertz. The spatial dependenceof these three groups
leads to anisotropic interactions with an electromagnetic field.

Following (2), the propagation of a plane, polarized wave is formulated by

E(z) = exp[ikz(I, + N)] E; » (5)

where z is the distance along a straight-line path. For the x/y-plane of pelarization (orthogonal to z) we
define E(z), a two-dimensional field vector; E; = E(z=0), the initial value; I,, the 2x2 unit matrix; and
N,, a 2x2 refractivity matrix. Analysis of the complex field E implies a shorthand notation for
Re[exp(-72xft) E]. As the time t increases through one cycle, this real vector describes an "ellipse of
polarization”. The program MIM was developed [2] to solve (5) for a spherically stratified mesosphere (i.e.,
concentric height intervals of 1 km between 30 and 100 km [13]) as detailed in Section 3.

2. THE MPM MODEL

The concept of an atmospheric millimeter-wave propagation model in the form of N(f) was introduced in [3].
Modular, quantitative relationships correlate meteorological conditions encountered in the neutral atmosphere
with refractivity formulations. Contributions by dry air, water vapor, and suspended water droplets (haze,
fog, cloud) are covered in [1]. Refractivity of air can be obtained, in principle, by considering all known
resonant, far-wing, and nonresonant radio-wave interactions with the matter in a given volume element.
Various degrees of approximations have been employed to reduce labor and computer time, as well as to bridge
unknown spectroscopic information.

2.1 Atm i 1P r

Atmospheric input parameters are converted into internal model variables; that is,
temperature T (°C) into a relative inverse temperature variable

8 = 300/(T + 273.15); (8)

and relative humidity into
U= (e/eg)100 < 100 %RH , (7)

whereby the temperature dependence of the water vapor saturation pressure e; (100 %RH) is approximated, and
in turn, expressed as vapor pressure e or concentration v; i.e.,

e = 2.408.10% U 6* exp(-22.64 4) kPa
(8)

veT7.223e 4 a/m .
Equation (8) allow one to correlate relative (U) and absolute (e or v) humidity and thus to separate the
total pressure into partial pressures for dry air and water vapor (P = p + e).

Suspended water droplets representing fog or cloud conditions are described by a water droplet con-

centration W, which can be deduced from measured drop size spectra or estimated as path-average from optical
visibility data. Cloud coverage is a frequent event that typically occurs half of the time with vertical

extensions of up to 2 km. Whenever a concentration W is considered in MPM [i.e., (9) and (15)], the relative
humidity has to be set to U = 100 % (e = e).

2.2 Complex Refractivity

The total complex refractivity in MPM consists of nondispersive and dispersive parts, N, = N, + N(f).
Nondispersive refractivity is terms of P = p + e(U), #, and W follows from

N, = [2.589p + (41.63¢ + 2.39)e]d + W[1.5 - 4.5/(¢, + 2)] , (9)
with € = 77.66 + 103.3(¢ - 1) being the static permittivity of liquid water (see equation 16).
Dispersive complex refractivity is assumed to be the sum of four contributions,

N(F) = NL(F) + Ny(f) + N(F) + N(F), (10)
where N represents local (< 1 THz) line contributions,

N, and N, are dry air and water vapor continuum spectra, and
N, 1is the refractivity spectrum due to suspended water droplets.

2.3 Local Line Absorption and Dispersion

A line-by-line summation of local spectra by the two principle absorber molecules, 0, and H,0, yields the
the refractivity contribution
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where S is a line strength in kHz, F = F’+ /F" is a complex shape function in GHz™', and j,k are the line

indices. The Van Vleck-Weisskopf shape function, modified by Rosenkranz [5],[6] to include pressure-induced
line interference, was selected to describe line broadening as follows:

F(f) = (f/vo)[(l - 08)/(vy- F - i1) - (1 + fS)/(vu+ f+ 1)1 (12)
defining dispersion [Re F = F’(f)] and absorption [Im F = F"(f)] spectra [1], and the parameters are:

Symbo1l 0, Lines in Air (j) H,0 Lines in Air (k)
strength S, kHz a,10"*p8%exp[a,(1 - 8)] b,eé*exp[b,(1 - ¢)] (12a)
width ¥, GHz 3,103 (pa®2 = ) 4 1. 1e0) by10°%(pe™ + byed™) (12b)
interference § (ag + a,0)107pg"® 0 (12¢)

A current set of line center frequencies v, and spectroscopic coefficients a, to a, and b, to b6 for strength
S, pressure-broadened width v and interference & is given in Table 1 of reference [1]. the computing
efficiency of MPM can be improved by approximating the temperature dependence of the width of water vapor
lines by setting summarily b, = 0.7 and b, = 0.9.

Zeeman-splitting of 0, 1ines has to be taken into account for altitudes above 30 km. Model MIM was
developed to treat this special problem (see Section 3). A rough estimate of oxygen line behavior in the
mesosphere is made in MPM by replacing the widths T (12b) with

1= It # (25:8,)8)7* GHz , (12d)

where the geomagnetic flux density By is in microtesla (uT). Doppler-broadening of H,0 lines at heights
above 50 km is considered by substituting the widths 7y, with ("o in GHz)

10 = (12 + 2,140, Yo' GHz . (12e)
2.4 Nonresonan
Nonresonant refractivity terms of dry air make a small contribution [3],

N (F) = Se(1/11 - i(f/14)] - 1} + IN", (13)

due to the 0, Debye spectrum, S, = 6.14.10p#? (kHz) and 7, = 5.6-107%(p + 1.1e)8"™ (GHz) (4],
and pressure-induced nitrogen absorption, N,* = 1.40.107'°F(1 - 1.2.107%f"-%)p%*%,
2.5 MWater-Vapor Continyum

The real part of the water-vapor continuum spectrum, N,’, is a theoretical estimate, while the loss term,
N,", is an empirical formulation leading to [1]

N/ (F) = F3(1 - 0.20.0)es®10°  and N (f) = f(be + bp)et’l0” , (14)
where b, = 3.57-6"° and b, = 0.113. Equation (14) supplements the H,0 line contribution N_, (11).

Experimental attenuation rates a, of moist air generally exhibit more water-vapor absorption than is con-
tributed by the H,0 Tine base. The excess is most pronounced in atmospheric millimeter-wave window ranges.
Continuum absorption N," was determined by a series of accurate laboratory measurements in the 140-GHz window
range where absolute attenuation a (P,T,U) was measured at f = 138 GHz for both pure water vapor and moist
air conditions [7]. The b -term of (14) with its strong negative temperature dependence, so far, has not
found a sound theoretical explanation. Hypotheses about its origin consider wing contributions from self-
broadened H,0 1ines above 1 THz, collision-induced absorption, and water dimers. These three effects may be
involved separately or collectively [6].

2.6  Suspended Water Droplet Refractivity

Suspended water droplets in fogs or clouds are efficient millimeter-wave absorbers. Their maximum radii
are below 50 um, which allows the approximate Rayleigh scattering theory to be applied to formulate complex
refractivity contributions [8],

N(f) = W[1.5 - 4.5/(e + 2)] . (15)
The complex permittivity spectrum of liquid water, ¢, is given up to 1000 GHz by a double-Debye model,
€(F) = (e, - €)/[1 - P(f/F,,)] + (&, - €)/11 - i(f/FR)] + €5, (16)

where ¢ 1{s given at equation (9); the high frequency constants are ¢, = 5.48 and ¢, = 3.51,
and the two relaxation frequencies are (in GHz)

f,, = 20.09 - 142(8 - 1) + 294(8 - 1) and
f,, = 590 - 1500(¢ - 1) .
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Fig. 1. Atmospheric dispersive refractivity N = N'(f) + iN"(f) over the frequency range from 0 to 1000 GHz
for a sea level condition (P,T) at various relative humidities (u).
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Fig. 2. Attenuation (a) and delay (r) rates for fog cases (W = 0.'1, 0.25, 0.5 g/m') added to a saturated sea
level condition. Also shown are dry air (0 %RH) and moist air (10, 50 %RH) characteristics.



The parameters in (16) are best fits to measured permittivity data reported for frequencies up to 1000 GHz
over a temperature range from -10 to 30°C.

2.7 MPM mpl

Examples for a sea level condition exhibit spectra at various relative humidities (U = 0 to 100 %RH) in
Figure 1. Molecular resonance absorption can be recognized in the 60-GHz band, at 119 GHz, and higher due to
0,, as well as around 22, 183 GHz, and higher due to H,0. Across the spectrum one notices more or less
transparent window ranges separated by molecular resonance peaks. Above 120 GHz, relative humidity (7) is a
key variable to describe the dominating water vapor effects of absorption and dispersive refractivity.

Systems designed for the millimeter-wave (90 - 350 GHz) range offer an attractive alternative to electro-
optical schemes when operation has to be assured during periods of optical obscuration. Water droplet
effects (15) of MPM are added to the state of saturated (U = 100 %RH) air by specifying a concentration W.
Typical attenuation and delay rates due to fog are displayed in Figure 2.

3. THE MZM MODEL

The mesosphere lies between the stratosphere and thermosphere from somewhat above 30 km in altitude to
about 100 km. Air is dry and the environmental parameters are pressure P (1.2 to 3.107 kPa) and temperature
T (-2 to -87°C) taken from the U.S. Standard Atmosphere 76 [13]. Oxygen line absorption is strong enough to
affect radio propagation. Because the pressure is low, the lines are very sharp and new phenomena appear due
to the Zeeman effect. The geomagnetic field (magnetic flux density By can vary from 22 to 65 uT) splits each
line into a number of sublines, and, furthermore, how these sublines react to an electromagnetic field
depends on its polarization state. Over a few megahertz around the line centers, the medium is anisotropic,
making radio waves subject to polarization discrimination and Faraday rotation. The physical reasons for this
behavior and possible applications are discussed in references [9]-[12]. This background led to MZM, which
shows how wave propagation in the mesosphere can be handled [2].

3.1 As Influen T Fi ff

The 0, molecule interacts with radiation via its magnetic dipole moment. Rotational energy levels of the
Tinear molecule have approximate values given by the formula BK(K+l), where 5 is related to the moment of
inertia of the molecule and the "quantum number"™ K is an odd integer. The microwave lines originate from the
fine structure of the K levels caused by the electron spin. For each K, the "total angular momentum” quantum
number takes on values J = K-1, K, K+1. Transitions can take place between the K and K+1 levels and between
the K and K-1 Tevels and are labeled the K* and K* absorption lines, respectively.

The program MIM is relevant only $10 MHz around isolated line centers v,(K*) but operates in principle
over +250 MHz. Each Tine strength and width is calculated with (12a,b). Eenter frequencies v, and

spectroscopic parameters a,, a,, and a, are listed in Table 1 for 40 0, absorption lines. Most of the 60-GHz
lines are generally separa%ed %y abouf 500 MHz; since the line width aﬁove 30 km is 20 MHz or less, each line
is well isolated. There are four cases where K* lines are separated by only about 100 MHz. These lines must
be treated as "doublets" to account below h = 50 km for overlapping contributions.

Pressure decreases with altitude and the 0, width approaches the Doppler width (vy in GHz)
To = 1.096-107,/0'? GHz , (17)

which is associated with a Gaussian shape function. The transition between pressure and thermal broadening is
handled theoretically by a Voigt line shape (convolution of Lorentz and Gauss functions) [12]. Following
[14], it is adequate to retain the Lorentz shape function (i.e., first term of equation 12) and to suppose
that the width 7; (12b) is replaced by
Ty = 0.5357 + (0.2179% + 7,2 GHz . (18)

Each of the fine structure J-levels is degenerate since the corresponding states have random azimuthal
motion. The quantum number M of azimuthal momentum can be any integer from -J to +J. When the 02 molecule is
subjected to a static na?notic field, a force is acting on the internal magnetic dipole. The resulting
precession about the field affects the rotational energy in a manner directly related to the azimuthal
guantun ::pber M. The level then splits into 2J+] new levels. This elimination of degeneracy is called the

eeman effect.

There are stringent selection rules for transitions between the many energy levels. When J changes by
one, then simultaneously M can either remain fixed or else also change by one. Furthermore, each of those
transitions can arise because of interaction with only one component of the electromagnetic field. The line
components obtained when M is unchanged are called the x components and arise from interaction with a
magnetic field vector that is Tinearly polarized in the direction of B. When M changes by 1, the ¢* or ¢
components are excited by a magnetic field vector which is circularly polarized in the plane perpendicular to
B. The ¢* (¢°) components arise from a right (left) circularly polarized field. This anisotropic behavior
is explained by noting that circularly polarized forces along the axis of rotation ought to change the
azimuthal motion. Each set of components of the K* Tine contains 2K+1 sublines, while the K line contains
2K-1 sublines.

The 1ine center frequency of a single Zeeman component is gtvep by
Vo' = ¥, + 28.03.107n, B, GHz (19)

where v, is the center frequency of the unsplit line, B, is in uT, and 5, < ¢l is a coefficient that depends
on K%, ﬂ. and AM. A geomagnetic field of 50 uT spreads the Zeeman components over about v, + 1.5 MHz.



Table 1. Line Frequencies V, and Spectroscopic Coefficients a, , 4 for Microwave Transitions of 0, in Air

et il e gy YOl e 1 o Mo e S0 sipce 23
GHz kHz/kPa GHz/kPa

x1078 x107%

39= 49.962257 0.34 10.724 8.50
37- 50.474238 0.94 9.694 8.60
35- 50.987749 2.46 B.694 8.70
33- §1.503350 6.08 7.744 8.90
31- 52.021410 14.14 6.844 9.20
29- 52.542394 31.02 6.004 9.40
27- 53.066907 64.10 5.224 9.70
25— 53.595749 124.70 4.484 10.00
23- 54.130000 228.00 3.814 10.20
21~ 54.67115¢9 391.80 3.194 10.540
19- 55.221367 631.60 2.624 10.79
17~ 55.783802 953.50 2.119 11.10
1+ 56.264775 548.90 0.015 16.46
15~ 56.363389 1344.00 1.660 11.44
13- 56.968206 1763.00 1.260 11.81
11~ 57.612484 2141.00 0.915 12.21
9=- 58.323877 2386.00 0.626 12.66
3+ 58.4465%0 1457.00 0.084 14.49
7= 59.164207 2404.00 0.391 13.19
5+ 59.590983 2112.00 0.212 13.60
5- 60.306061 2124.00 0.212 13.82
T+ 60.434776 2461.00 0.391 12.97
9+ 61.150560 2504.00 0.626 12.48
11+ 61.800154 2298.00 0.915 12.07
13+ 62.411215 1933.00 1.260 11.71
3- 62.486260 1517.00 0.083 14.68
15+ 62.997977 1503.00 1.665 11.39
17+ 63.568518 1087.00 2.115 11.08
19+ 64.127767 733.50 2.620 10.78
21+ 64.678903 463.50 3.185 10.50
23+ 65.224071 274.80 3.815 10.20
25+ 65.764772 153.00 4.485 10.00
27+ 66.302091 80.09 5.225 9.70
29+ 66.836830 39.46 6.005 9.40
31+ 67.369598 18.32 6.845 9.20
33+ 67.900867 8.01 7.745 8.90
35+ 68.431008 3.30 B.695 8.70
37+ 68.960311 1.28 9.695 8.60
39+ 69.48%021 0.47 10.720 8.50
1- 118.750343 945.00 0.00% 16.30

Table 2. Relative Shift (n,) and Strength (€,) Factors for the Zeeman Components

K* - Lines K" - Lines
Zeeman
transitions Ny £x) EM (x) Ny (K) E:-: (X)
M=ok ~Xtl,... K Me—K+l,=K+2,...,K-]

: M(K-1) 30 (ke1)2-u?) M(K+2). 3% -x2)
(AM=0) K(K+1) (K+1) (2K+1) (2K+3) K(K+1) K(2K+1) (2K-1)

et M(K=1)=K | 3(K-M+1) (K-M+2) M(K+2)=1 | 3(K=-M+1) (K~M)
(AM=1) K(K+1) 4(K+1) (2K+1) (2K+3) X (K+1) 4K(2K+1) (2K-1)

g M(K-1)+K 3 (K+M+1) (K+M+2) M(X+2)+1 | I(XK+M+1) (K+M)
(AM=-1) K(K+1) 4(K+1) (2K+1) (2K+3) K (K+1) K (2K+1) (2K-1)




Each of the three sets of Zeeman components leads to a refractivity spectrum,
N (F) = 5, S & F(f), (20)

where the subscript i = 0, +, - designates x and o*-components, respectively; the function F. is a single
Lorentzian [first term of (12), &§ = 0, and f/v; = 1] plus line strength S and line width 7v,, Both independent
of M, and equal to the values given by (12a) and (18). The scheme to calculate the coefficients n, and £, for
the individual Zeeman components of each K* Tine is given in Table 2 [2]1,{12], based on the work'by Lenoir
[10]. Note that %, equals 1 in the case of N and 1/2 for the other two (N,). When B, = 0 in (19) all the
functions F, are equal and the terms in (20) add’ so that 2N, = 2N = N, =N . '

_ Magnitude and direction of the geomagnetic vector B are calculated with the geocentric model MAGFIN, which
is updated with 1985 coefficients [15]. To allow for geodetic input coordinates (LAT itude, LON gitude, and
ALT_itude above sea level), a small correction to latitude and altitude is applied to account for the
flattening (1/298.25) of the Earth. It follows that path lengths traced through the mesosphere in N-S
directions are slightly less than those in E-W directions (see Fig. 6).

The thrge spectra.Nl are components of the constitutive properties in the mesosphere. Since it is the
paramagnetic properties of oxygen that bring about the absorption lines, it is the magnetic permeability that
is affected. The relative permeability of an anisotropic medium is formally a tensor of rank 2,

B.o= I +2N (21)

assuming N is on the order of 10%, and I is the unit tensor of a coordinate system for the basis |g g &
and N is represented as a 3x3 matrix. When the z-axis is pointing in direction g, = g, of the geomagnetic
vector B, we have

N, + N 7N, - N.) 0
N - i(N, - N) N, 5«_ ﬁ , (22)

where ﬁc, N, N. are complex-valued functions of frequency expressed by (20). The shape of these functions
is illustrated for an example in Figure 3.

3.2 i r -

The tensor N may be introduced in Maxwell’s equations in the form of (22) and a plane-wave solution
formulated [2]. Such solution takes the form of (5). The electric field strength f is a 2-dimensional
vector in the xy-plane and N, is a 2x2 submatrix of N. The real unit vectors g & define the plane of
polarization which combines with g,, the direction of propagation, to form a righthanded orthogonal triad.

The refractivity tensor N was represented as a 3x3 matrix of the anisotropic medium. It depends for its
definition on g,, the unit vector in the direction of the geomagnetic field. To obtain the 2x2 matrix N,1
acting on the plane of polarization of the radio wave E(z), we let ¢ be the angle between the geomagnetic
field and the direction of propagation, that is, between ¢; and g,. Then the rotation of the "old"
coordinate system with basis |e, gv’ &!, in which N is represented as in (22), and the "new" system with
basis |g, 8. g,| gives N,.

A physically natural approach was to treat refractivity and its propagation effects as associated with the
magnetic wave vector H, which was then changed via the impedance of free space to the corresponding electric
field vector £. The vector E is not orthogonal to H but the discrepancy is only of order N. It follows that
the refractivity matrix in (5) is given by [2]

N,sin’ + (N, + N_)cos’ -i(N, - N_)cos¢
N = . (23)
(N, - N_)cos N, + N,

3.3 Characteristic Waves
The computation of the exponential in (5) may be carried out using the technique of spectral decomposition

of the square matrix N, [16]. We look for complex numbers p (the "eigenvalues”) and vectors y (the
"corresponding eigenvectors®) that satisfy

Ly=py. (24)
To solve (24), we first treat the scalar equation (the "characteristic equation®) [2]
det(pl - N,) =0 . (25)

Since these are 2x2 matrices, this equation is quadratic in p and there should be two solutions p, and p,.
Given these numbers, it is possible to find the corresponding eigenvectors y, and y,. Whenever the 1nitfa1
field E, equals an eigenvector, then (5) becomes

¥y,2(2) = exp(ikz(l + p, ;)] ¥, , . (26)
The two vector functions y,(z) and y,(z) are plane-wave solutions to Maxwell’s equation called characteristic
waves. They have the property that, while they may change in amplitude and phase, they always retain their

original appearance and orientation. The two eigenvectors are linearly independent, and for any initial
field we may find complex numbers E, and £,, so that

E=E b4k g, (27)
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Fig. 3. Refractivity components N_, N,, and N_ (ppm) in the vicinity (Af= %l MHz) of the K = 5% line for
h = 75 km at LAT=0" (equa%or) and LON=0° (Greenwich) where the flux density is By = 30.07 uT.
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Then the exponential in (5) becomes
E(z) = e™[Eexp(ikz p,) v, + Ejexp(ikz py) ¥,] - (28)
The field vector is now represented as a linear combination of the two characteristic waves.

The eigenvalues, p, and p,, have the same order of magnitude as the N, values and have positive, generally
differing, imaginary parts; hence, as z increases, E(z) decreases exponentially and one of the two components
drops faster than the other. After some distance z, E(z) approaches the appearance of the remaining
characteristic wave. Also, the real parts of the eigenvalues can differ. The two characteristic waves travel
at different speeds through space and the phase relation between the two components in (28) varies
continuously. In the process, the ellipse of polarization exhibits a "Faraday rotation."

Eigenvalues and eigenvectors are computed with

PPy = det(N,) = 4NN cos’d + N (N, + N )sin%
and (29)
Py + by = trace() = 2(N, + N.) + (N, - N, - N)sin’g

from which p, and p, may be found. These complex-valued functions depend on frequency and orientation angle
as demonstra%ed by %he example in Figure 4. Let us suppose that p is one of these two and that we seek the
corresponding eigenvector v. Its components have the values V., ¥, s0 that (24) becomes a set of two
equations in these two unknowns. The second of these equations is

P(N, - N)cos¢ v_ + (N, + N)v_ = p v 30
and one solution is * * Y Y 34)

v.=p-N -N and v, = 7(N, - N)cos¢é . (31)

Since p is an eigenvalue, the first equation is also satisfied. The two eigenvectors, v, and vy, of (27) are
usually not orthogonal.

A special case occurs when ¢ = 0. The solutions to (29) are py = 2N, and p, = 2N, and when these are
inserted into (31), the corresponding eigenvectors are, respectively, right circularly polarized and left
circularly polarized and the z-axis is the direction of the geomagnetic field. When ¢ = x/2, the eigenvalues
are N, and N, + N_, and the corresponding eigenvectors are linearly polarized with the E vector pointing
respectively along the x-axis and along the y-axis.

3.4 Polarization And Stokes Parameters

The polarization of a radio-wave field changes as it propagates through the Zeeman medium and we have to
quantify the polarization. The vector E (5) describes an "ellipse of polarization® that can be characterized
by Stokes parameters. These are discussed in many texts (e.g., [17]) and here we summarize only some of their
attributes.

Let £ 1ie in the x,y-plane and E,, Ey be the complex-valued field components. Then the four Stokes
parameters g, , , s are real numbers given by

9o = [E|* + |E,I 9 = IEI® - |E,|? 9, = 2 Re[E E] 9y = 2 In[E, E (32)

where the star indicates the complex conjugate. We note that g, is positive and equals the total field
strength and recognize that

g°2 - 912 + 92! + 932.

In a three-dimensional space with g,, g,, gy axes, the Stokes parameters of a field vector lie on the
surface of a sphere of radius g,. This is the Poincaré sphere and provides a geometric picture of the field
vector polarization. Given the Stokes parameters, we can write for some phase angle ¥, that

E = [{g +9,/21'"%'?  and E, = ((9; + 195)/[2(3y + §,)1'")e' ¥ . (33)

The vector | determines within the phase angle p the Stokes parameters and vice versa. Since the absolute
phase of the field remains undefined, the Stokes parameters represent all the useful information for the
field. What relates the parameters directly to the ellipse of polarization is the representation of the
Poincaré sphere in spherical coordinates

9, = g, COs2r c0s2§ , g, = gy cos2r sin2§ , gy = g, sin2r . (34)

It turns out that & (0 < § < x) is the angle between the major axis of the ellipse and the x-axis, while
tant = tb/a (-%/4 < 7 < 2/4), where a and b are the major and minor semiaxes and the sign is chosen
according to the sense of rotation. Thus the four Stokes parameters provide a complete description of the
polarization.

If one 1imits the discussion to polarization, the Stokes parameters can be normalized by dividing them all
by g, and the Poincaré sphere has unit radius. Treating this sphere as a globe, the northern hemisphere and
the north pole correspond to right-hand polarization and right circular polarization (RC), while the southern
hemisphere and the south pole correspond to left-hand polarization and to left circular polarization (LC).
The equator corresponds to 1inear polarization with "east® at (94:9,,95) = (1,0,0) corresponding to polari-
zation along the x-axis (HL) and "west" (-1,0,0) to polarization aTong the y-axis (VL).
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An alternate way to describe polarization uses the complex number p defined as a ratio of the two field
components [18]. From (33) one obtains

p=EJE = (g +795)/(9, + 9y) - (35)
(when E, = 1 then p = |Ey|ei°) and, when the Stokes parameters are normalized,
gy = (1= [pI3)/(L + [pl3) gy + 7gy = 20/(1 + [p?) . (36)

The real p-axis corresponds to linear, the upper half-plane to right-hand, and the lower half-plane to left-
hand polarizations. The points p = i, -7, 0, and ® correspond respectively to right circular, left
circular, linear along the x-axis, and linear along the y-axis polarizations. The advantage of notation (35)
is the fact that the seemingly complicated polarization description has been reduced to a single number. The
disadvantage is a lack of symmetry between small values of p (near g, = 1) and large values (near g, = -1).

3.5 MZM Model Features And Propagation Examples

Generally, a radio wave is defined as a linear combination of the two characteristic waves (28). Horizon-
tal and vertical field components [E (HZE) = 1, p = E (VTE) = [E |e" , where @(POL) is the polarization angle
(35)], or a matching set of Stokes parameters (g, 3 fhormalized to g, =1 and ¥ = 0 (33)] describe the
polarization state. Typically, the imaginary paﬁfk (expressed in dé?km) of p, and p, differ (see Fig. 4),
favoring after some propagation distance the characteristic wave with the lTower value; simultaneously,
different real parts (in deg/km) affect the polarization angle . As a consequence, the polarization ellipse
changes its axial ratio and "Faraday"-rotates approaching the polarization state of the dominant characteris-
tic wave.

The mesospheric model MIM gives a solution to the problem introduced by (5). It analyzes the geomagnetic
Zeeman effect of 0, microwave lines to predict anisotropic propagation of polarized radio waves at about
+10 MHz (Af) from %he line centers. Numerous input parameters are specified:

f)

frequency, defined as deviation from a particular (K*) 0, line center (Af =y, ¢
ON_gitude, and ALT itude)

L ]
o geodetic coordinates of the location where the wave originates (LAT_itude, Li
o environmental parameters (pressure P and temperature T)

e geomagnetic field vector B [components B (north), B, (east}, B, (up)] and flux density B,
» polarization state of the launched plane radio wave Tp (HZE=1, VTE) and w(POL)]
o direction and elevation angle [¢ (AZI_muth, ELE_vation)] of the launched wave

The K* = 5+ line (v, = 59.590983 GHz) has been chosen as an example. Two cases are discussed:
a) in a homogeneous atmosphere for given LAT, LON, and ALT(75 km), a radio wave propagates north at the
frequency v, + 1 MHz covering a distance z of up to 1000 km, and

b) at a location LAT, LON, ALT(100 km), a wave enters the inhomogeneous atmosphere, heads in either N, E, S,
or W directions, descends to an altitude of 75 km, and then exits again at the 100 km level.

In the first case, path attenuation A and polarization state are followed along. Propagation effects are
shown in Figure 5 as a function of distance z for a case where h (ALT), 8 (LAT, LON), and ¢ (AZI, ELE) are
given to determine p,(y,) and p,(¥,). At the frequency w,(5%) + 1 MHz, two initial polarizations are
propagated along a path ranging aE h =75 km to a length of up to 1000 km. Results at z = 1000 km are

nitial P i A (dB) Final Polari Figure
45°L 10.9 HZE=1, VTE]-1.04, POL=87.4° 5
LC 39.5 1 1.37 70.0° 5
RC 8.0 1 1.04 88.0° -
HL 11.2 1 1.03 88.2° -
VL 10.8 1 1.05 87.8° -

Computations are more complicated for the second case, where a tangential path from outer space reaches a
minimum height, h, = 75 km. Starting at h = 100 km in a given direction (AZI) under an elevation angle,
ELV = - 5.1°, a radio ray was traced through a homogeneous path cell via the coordinates LAT, LON, and ALT.
Geodetic Tocations were transformed into geocentric coordinates to compute B, ¢, and path increments Az for
1-km height intervals; then a numerical integration was performed whereby the anisotropic behavior of each
cell was evaluated analogously to the case exemplified in Fig. 5. The final polarization after traversing
one cell served as starting polarization for the next. Total path attenuations A as a function of frequency
deviation (v, £ 4 MHz), initial polarization, and direction are given. Path attenuations for three different
initial polarizations and four propagation directions are plotted in Figure 6 as a function of the frequency
deviation Af. Each curve represents the integration over fifty (100 = 75 - 100 km) l-km thick cells
performed at 100 frequencies between v, + 4 MHz. The path attenuations A(dB) at Af(DFQ) = 1 MHz are

MDJB:JJ@J.L__‘LL_R?I%.% JL.LS.&?SJ.Q

0° N 6.4 6.7 3.5 27.6 .89
90° E 13.5 8.7 1.55 12.6 9.1 1.39
180° S 7.1 7.6 1.07 22.7 4.4 5.16
270° W 11.9 8.5 1.40 8.5 12.3 1.45

4. CONCLUSIONS

Two parametric models of atmospheric refractivity N (1) have been discussed. Wave propagation described
by (2) uses the isotropic model of N(f; P,T,U; W), which is organized by MPM in five modules to control over
500 parameters. It was developed for applications in areas such as telecommunications, radar, remote sensing,
and radio astronomy, which operate in the neutral atmosphere between 1 GHz and 1 THz. For MPM, various



shortcomings remain (e.g., empirical nature of H,0 continuum absorption and missing trace gas spectra). The
physical origin of the water vapor spectrum in Hsﬁ is still not fully understood. Especially, the lack of a
theoretical basis for the e’-term of continuum absorption (14) is a source of concern. Its largely empirical
origin can introduce modeling errors when predicting transmission effects in atmospheric window ranges.
Research to uncover the true nature of the millimeter-wave water vapor continuum poses a challenge.

The anisotropic model of M,(K*,Af; P,T; E; B; ¢) is applied in MIM to a special propagation case that is
described by (5) to treat the Zeeman effect of the 0, lines Tisted in Table 1. The model predicts the
transmission of polarized, plane waves through a spherically stratified (30 - 100 km) mesosphere at
frequencies in close proximity of line center frequencies. For MIM, the experimental confirmation of the
anisotropic geomagnetic Zeeman effect remains to be realized.

Programs for MPM and MIM were written to run efficiently on desk-top microcomputer (diskettes may be
requested from [TS). Validation, error checking of predictions, and incorporation of new research results
will continue to be critical and time consuming tasks.
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Fig. 5. Attenuation, Faraday rotation, and polarization state (Stokes parameters g, , ; on Poincaré sphere)

for initially linear (45°L) and left-circular (LC) polarized radio waves propagating a distance of

1000 km at h = 75 km horizontally (ELV = 0*) in the north direction (AZI = 0°) under the computed
orientation angle ¢(PHI) = 27.6° at a frequency f = v (5%) + 1 MHz.
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Fig. 6. Cumulative path attenuation A for tangential path through the U.S. Std. Atm. [13] in the vicinity
[Af(DFQ) = +4 MHz] of the K=5% line. The radio wave enters the atmosphere at LAT=0°, LON=0°, and
h(ALT)=100 km with an elevation angle ELV=-5.1°, propagates in either N, E, S, or W directions
(AZ1=0°*, 90°*, 180°, 270*), approaches a tangential height of 75 km, and leaves the atmosphere at
h = 100 km. Path lengths: z .= 1129 km for N or S, and 1140 km for E or W directions;
initial polarizations: right-hand circular (RC), left-hand circular (LC), and 45° linear (45L).




DISCUSSION

J. SELBY

You showed good agreement between your calculations of atmospheric attenuation and some
field measurements for your H,0 and O, line parameters and your H,O0 continuum. How do
your moclecular line parameters and the H,0 continuum compare wi%h those of AFGL (in
HITRAN 86 and FASCOD 2)7?

AUTHOR'S REPLY
I shoved results from two experiments that confirmed MPM89 [1] predictions of atmospher-
ic water vapor attenuation:

a. apout 1200 data (0.1-1.2 dB/km) from field measurements performed at 96.1 GHz
(2-20 g/m~ H,0, 5-35°C, 98 kPa) [Manabe et al., IEEE Trans AP-37(2), Feb 1989]; and

b. ahou% 180 data (2-20,000 dB/km) raportod between 175 and 950 GHz for the monomer
(propertional to ep) spectrum at 7.5 g/m”, 20°C, 101 kPa plus 35 data (0.3-1.2 dB/km)
reported between 210 and 440 GHz 20 support a theoretical dimer spectrum as H,0 centinu-
um, which is proportional to b_e“ (see equation (14) and reference [7]): (Furashov et
al., IEE Conf. Publ. 301, 310-11, ICAP 89].

MPM89 uses from the AFGL HITRAN code only the line strength parameters of 30 H,0
lines -- all other spectroscopic information either originated from our laborateory work
or the references given in [1]. :



