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

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

US.A

SUMMARY

Propagation characteristics of the aumosphere are modeled for
the frequency range from | 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
compuied 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 contnuum contributions from the HyO 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, ahsorpton
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
profites of air and water vapor densities and of the geocoded
magnetic field are specified. ZPM predicts polarization- and
direction-dependent propagaton through the mesosphere.
Emission spectra of the 3™ line (61150 + 3 MHz) for paths
with tangential heights ranging from 30 to [25 km are
consistent with data measured by the shuttie-based millimeter-
wave limb sounder MAS.

1. INTRODUCTION

The natural atmospheric absorbers of oxygen, water vapor,
and suspended water-droplets or ice-crystals, delermine 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 sea level to 130 k. Both phase and amplitude response
of a plane radio wave propagating the distance z at frequency
» are described by a field strength,

E{z) = exp[ikz{]l + Nx10%)] E),

where E{0) is the inital value, k = 2xw/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 (0

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 8 or delay rate r. Assuming frequency » in
GHz, one obtains

« = 0.1820rN" dB/km,
§ =12008»(N, + N  deg/km,
r=73.33% (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 twe-dimensional field vector E*(z) which
is affected perpendicular o the direction of propagation by a
2 %2 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 MPM8% ? 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:

T‘{pical Range
- barometric pressure D 107 - 1013 mb
- ambient temperature ! -100 - 50 °C
- relative humidity u 0- 100 %
- waler droplet density  w 0- 5 gim
- ice particle density W; 0 - 1 g/m?
- magnetic field strength B 20 - 65 uT.

For modeling purposes, a reciprocal temperature variable is
inroduced, & = 300/(r + 273.15), and the barometric
pressure p (1 mb = 100 Pa} is separated into partial pressures
for dry air (p4) and water vapor {¢); i.e.,

p=pgte mb
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2.2  Dry-Air Module
Refractivity of dry air is expressed by

Np =Ny + LS F + 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,

Sk = (@ /m)ps8>explay (1-6)] ppm,
is multiplied by the complex shape function,
1-i§

y-v -y

F) =» :
wtrriy

The Van Vleck-Weisskopf function F(v) was modified by
Rosenkranz * to include line overlap effects. Width (y) and
overlap (8) parameters of pressure-broadened O, lines in air
are

v = a3x10° (pg0®* + 1.10e6) GHz

b =(as +a0)po°t.

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

M=’ + 658",

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

and

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 ag 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 v, are multiplied by 1.05.
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Figure 1. Dry air attenuation o from 52 to 68 GHz at

6°C for pressures from 1013 to 76 mb:
MPM93 (lines), measured data ® (symbols).

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 ag 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 (a) of the nonresonant O, spectrum,
S, = 6.14x10%p, 62,
F, =-vilw+iy,)

Q

where the relaxation frequency is v, = 0.56x10° p 6°%;
and (b) of small contributions above 100 GHz by pressure-
induced N, absorption,

S, = 1.40x10"2p2 637,

F," =~ v/(1 + 1.9x10%5 49,
2.3  Zeeman-Effect of O, Lines
In the mesosphere, oxygen line absorption is complicated.”

Three separate complex-valued Zeeman refractivity patterns,

N'f:t 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, sin®¢ + (N, + N )Jeos?¢ -i (N, - N, Jcose

‘(N.-q- = N'.W N¢+ ¥ Nﬂ-

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

Nos, s =Ng + S, EmémFu PP, (C)]
where £y 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

¥m = ¥ + 28.03x10% 9y B GHz,

where the relative shift factor ) 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 £y, and 5, 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 =vllm-v-im),

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

1n = 0.535 3 + (0.217 %> + yp*)* GHz
The Doppler width is yp = 1.096x105 py, 67 .



2.4 Water-Vapor Module

The MPM-input for water vapor is relative humidity &, which
is converted to vapor pressure ¢ = (1/100) e5 by way of the
saturation pressure eg over water (or ice) 10 at temperature r.
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
qg=0723e8 gm.
Refractivity of atmospheric water vapor is written in the form
Ny =N, + L,S,F, + N, ppm, (&)
where the nondispersive term is
N, = (4.1636 + 0.239) @ .

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 ) e8> expby(1-6)] ppm;

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

¢ = byx107 (b, e 6% + p, %) GHz

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

¥p = 0.535 9, + (0.217 ¢ + 1p2)*%,
where the Doppler width is yp = 1.46x105 », 6% .

2.4.2 H,O 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 a 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 6,
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(ke + kp,)10%» ppm, (6)
where k, = 0.357675 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, = 0444075  (0.4% rms) and

ke = 0.0145645  (1.0% rms).

Similar data closer to the 183-GHz line center 7 yielded
initially a fitting error of 14.6% rms, which improved to
4.5% tms when the theoretical ' strength value b, was
increased by 5 percent. A theoretical approximation of the
real part,2°

N, = ¢6%50.791x10%»* 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, y, < »_, and » = 0, leads to:
N = 28 v [(v/v) + 3 (v )* 192 and
Q)
N = 28, [(wv)? + (e )* 1!

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

Ve bl bz b3 b4 bs bﬁ Data Ref.
GHz kHz/mb MHz/mb

2200 4210 0.952 17.8 305 2 5 1518,19
1780 2230 0.952 17.6 30.5 2 5 15,18, Table2
1470 1257 0952 173 305 2 5 1518,20

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

k(@ =1 =2x10°b, byb, »,* =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-(byxb,) and air-broadening (b,)
and the strong negative temperature dependence (bg ) have
been postulated by theory.!4 21

Table 2 lists the present line frequencies », and spectroscopic
coefficients by to bg (v, and b; are from Ref. 12). The b,
values of the 22-GHz line” and 183-GHz '7 lines were
increased by 5 percent to fit measured data.

The MPM for moist air is made up by N = N, + 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 i5 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 (1 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 w/m,)l(ei - Dewi + 2], @®

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, # = 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,~coefficieat 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 3. Absorption data N” over two frequency ranges: (a) moist air (318 K, p = 1013 mb, u = 80%) 15 and
(b} mixture of water vapor and nitrogen (296 K, p = 1000 mb, u = 10%) '7- 18 . — MPM93.
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Figure 4. Attenuation rate a and continuum of moist air (4 = 43.4%) and of dry air (4 = 0) as predicted by MPM33 for
standard sea-level conditions (p = 1013 mb, £ = 20°C). Data points are from Ref. 19.



TABLE 1.

Spectroscopic Coefficients of O, Lines in Air

Center Freq. Strength \yldth OXerlap )
Vi a] a a3 a4 a5 ag
GHz kHz/mb MHz/mb 103/mb

50.474238 9.400E-08 9.694 089 08 0.240 0.790

50987749 2.460E-07 8.694 0.91 0.8 0.220 0.780

51.503350 6.080E-07 7.744 094 08 0.197 0.774

52021410 1.414E-06 6.844 097 08 0.166 0.764

52.542304 3.102B-06 6.004 099 08 0.136 0.751

53.066907 6.410E-06 5.224 102 08 0.131 0.714

53.595749 1.247E-05 4.484 1.05 0.8 0.230 0.584

54.130000 2.280E-05 3.814 1.07 038 0.335 0431

54.671159 3.918E-05 3.194 1.10 08 0.374 0.305

55.221367 6.316E-05 2.624 1.13 0.8 0.258 0.339

55.783802 9.535E-05 2.119 1.17 08 -0.166 0.705

56.264775 5.480E-05 0.015 173 08 0.390 -0.113

56.363389 1.344E-04 1.660 120 08 0297 0.753

56.968206 1.763E-04 1.260 1.24 08 -0.416 0.742

57.612484 2.141E-04 0.915 1.28 0.8 -0.613 0.697

58.323877 2.386E-04 0.626 133 08 0205 0.051

58.446590 1.457E-04 0.084 152 08 0.748 -0.146

59.164207 2.404E-04 0.391 1.39 0.8 -0.722  0.266

59.590983 2.112B-04 0.212 1.43 0.8 0.765 -0.090

60.306061 2.124E-04 0.212 1.45 0.8 -0.705 0.081

60.434776 2461E-04 0.391 136 0.8 0.697 -0.324

61.150560 2.504B-04 0.626 131 0.8 0.104 -0.067

61.800154 2.208E-04 0915 127 08 0.570 -0.761

62.411215 1.933E-04 1.260 123 0.8 0360 -0.777

62.486260 1.517E-04 0.083 154 08 -0.498 0.097

62.997977 1.503E-04 1.665 120 08 0.239 -0.768

63.568518 1.087E-04 2.115 1.17 0.8 0.108 -0.706

64.127767 7.335E-05 2.620 1.13 0.8 -0.311 -0.332

64.678903 4.635E-05 3.195 1.10 038 -0.421 -0.298

65.224071 2.748E-05 3.815 107 08 0375 0423

65.764772 1.530E-05 4,485 105 08 0267 -0.575

66.302091 8.009E-06 5.225 1.02 0.8 -0.168 -0.700

66.836830 3.946E-06 6.005 0.99 0.8 -0.169 -0.735

67.369598 1.832E-06 6.845 0.97 0.8 -0.200 -0.744

67.900867 8.010E-07 7.745 0.94 0.8 -0.228 -0.753

68.431005 3.300E-07 8.695 092 08 -0.240 -0.760

68.960311 1.280E-07 9.695 090 038 -0.250 -0.765

118.750343 9.450E-05 0.009 163 08 -0.036 0.009

368.498350 6.790E-06 0.049 192 02 0 0

424763124 6.3B0E-05 0.044 1.93 02 0 0

487.249370 2.350E-05 0.049 1.92 02 0 0

715.393150 9.960E-06 0.145 181 02 0O 0

773.839675 6.710E-05 0.130 182 02 0 0

834.145330 1.800E-05 0.147 1.81 02 0 0

TABLE 2. Spectroscopic Coefficients of H,O Lines in Air

Center Freq. . Strength Width

vt by b2 b3 by bs bg
GHz kHz/mb MHz/mb
22.235080 0.01130+ 2,143 2811 480 069 1.00
67.803960 0.00012 8.735 2858 493 069 082
119.995940 0.00008 8.356 2948 478 070 0.79
183.310091 0.24200+ 0.668 3.050* 530 064 085
321.225644 0.00483 6.181 2303 469 067 054
325.152919 0.14990 1.540 2783 485 068 074
336.222601 0.00011 9.829 2693 474 069 0.1
380.197372 1.15200 1.048 2873 538 054+ 0.89%
390.134508 0.00046 7.350 2.152 481 063 055
437.346667 0.00650 5.050 1845 423 060 048
439.150812 0.09218 3.596 2100 429 063 052
443.018295 0.01976 5.050 1.860 423 060 0.50
448.001075 1.03200 1.405 2632 484 066 067
470.888947 0.03297 3.599 2.152 457 066 0.5
474.689127 0.12620 2.381 2355 465 065 0.64
488.491133 0.02520 2.853 2602 504 0690 072
503.568532 0.00390 6.733 1612 398 061 043
504.482602 0.00130 6.733 1612 401 061 045
547.676440°  0.97010 0.114 2600 450 070 1.00
552.020960°  1.47700 0.114 2600 450 070 1.00
556936002  48.74000 0.159 3210 411 069 1.00
620.700807 0.50120 2.200 2438 468 071 068
645.866155°  0.00713 8.580 1.800 400 0.60 050
658.005280 0.03022 7.820 3210 414 069 1.00
752033227  23.96000 0.396 3060 409 068 084
841,053973 0.00140 8.180 1590 576 033 045
850.962313 0.01472 7.989 3.060 400 068 0.84
899.306675 0.00605 7.917 2985 453 068 090
902.616173 0.00426 8.432 2865 510 070 095
906.207325 0.01876 5.111 2408 470 070 0.53
916.171582 0.83410 1.442 2670 478 070 078
923.118427°  0.00869 10.22 2900 500 070 0.80
970315022 0.89720 1.920 2550 494 064 067
087026764  13.21000 0.258 2985 455 068 090
1780 2230 0.952 176 305 2 5

* Different from MPM80 2

*Based on measured data

S-€
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Figure 5. Attenuation o of moist air (u = 100%) for

frequencies below 1000 GHz at sea-level
(p = 1013 mb) and temperatures + 40°C:
— MPM93, ---- Continuum.
Complex permittivity of pure water is expressed by a double—
Debye model, 2

=6 vl +in +E-)+inl O
which provided a best fit to measured e, data. The static and
high-frequency permittivities are

€ = 77.66 + 103.3 (6 - 1),

e = 0.0671¢,, e = 3.52;
and the two relaxation frequencies are

71 = 20.20 - 146 (6 - 1) + 316(6 - 1)?,

v, = 39.84; GHz.

The slight temperature dependence of €, (reported in Ref. 22)
was eliminated to avoid nonphysical behavior for supercooled
(-20 to -40°C) water at frequencies above 100 GHz.

A permittivity model for ice was reported by Hufford,”
& =3.15 + iz /v + b ), (10)

where
a, = (0 - 0.171) exp(17.0 - 22.16)
and
b; = {[0.233/(1 - 0.993/6)]* + 6.33/6 - 1.31} 10°.

The MPM for fog/cloud cases is N = Np + Ny + Ny .
Related attenuation (o) and delay (7) rates up to 120 GHz are
plotted in Fig. 6 for a normalized mass density, w = 1 g/m?
(heavy fog, about 50 m visibility) suspended in saturated, sea-
level air (+ 30°C). Below freezing, liquid properties were
changed to those of ice. Above freezing one notices that the
combined attenuation is almost independent of temperature.

3. RADIO-PATH CHARACTERISTICS

The electromagnetic spectrum between 100 and 1000 GHz is
available to expand radio services. This band offers favorable
alternatives to both microwave and ir/optical systems.
Applications in communication, radar, and remote sensing can
profit from larger bandwidth, smaller antenna sizes for a

given spatial resolution, high frequency resolution and, in
contrast to ir/optical ranges, a favorable performance under
fog/cloud conditions. Besides technical difficulties, the
attenuating nature of the earth’s atmosphere seriously limits
usable path lengths. Except for a few window ranges, the
medium at ground levels (h < 1 km) is opaque due to strong
absorption lines of water vapor. High mountain sites

(h < 4 km), airplanes (h < 15 km), and balloons

(h =< 35 km) are alternative platforms to escape the water-
vapor limitations.

A predictive broadband (1 - 1000 GHz) model for radio
characteristics of the neutral atmosphere (h < 130 km) was
developed to allow prompt evaluations of the highly variable
propagation effects from basic data. Performance of
established applications (< 30 GHz) can be translated to
(frequency scaling) or combined with new schemes and
economical assessments of feasible trade-offs and adaptive
measures can be made.

3.1 Transmission and Emission Formulations
Propagation through the nonscattering and nonturbulent
inhomogeneous atmosphere is described by the line integral
{ Nds, where ds is a path differential and the refractivity N
was discussed in Sect. 2. Height profiles of N are the basis
for calculating delay and loss along the path. Excess delay,

D = 3.3356 [ (N, + N)ds ps,
is linked to the real part and total path attenuation,
A =0.1820» [ N"ds dB, (11)

to the imaginary part.?® The transmission factor,
I =10014, (12)

evaluates the energy transfer. A path is said to be opaque
when less than 0.1% of the original energy is passed

(T = 0.001, A = 30 dB). The absorbing atmosphere
maintains, up to approximately 90 km height, thermal
equilibrium and emits noise radiation at the equivalent
blackbody temperature,

T = 4.191x102y [ TE)N*(5) T(s,,8)ds K.  (13)

Decreasing transmission leads to increasing emission. The
weighting function,

W(s) = 4.191x102» N"(s) I'(s,,s), (14)

determines the height range from where the emission
originates. Two cases can be made based on the integration
limits for A. In the first one, A is evaluated "upwards",
starting at the initial height, h, ; secondly, the start is at the
final height, h, , and moves "downwards". Reciprocity
between path attenuation A; and brightness Ty ; was assumed
for polarization-sensitive computations based on the matrix N.

3.2 Atmospheric Radio-Path Model

The MPM code (sce Sect. 2) is applied in a radio-path model
which simulates propagation through an inhomogeneous
medium. The atmosphere is spherically stratified in concentric
layers between h = 0 and 130 km separated by I-km
increments (Ah). Values for N(h) are enumerated by height
profiles of p(h), ¢(h), and w(h). The U.S. Standard
Atmosphere and the mid-latitude mean water-vapor profile 24
are the defaults of the path model. All computed examples
given below are for the default case. It is not difficult to
implement different model atmospheres or radiosonde data.
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Figure 6. Attenuation rate a(v) and delay rate r(v) up to 120 GHz at temperatures + 30°C:

fa) Moist air at sea-level, u = 100 %, (b/ water droplets or ice crystals, w = 1 g/m?® , added to (a).

The path differential ds of a slant path is computed by means
of the rules of spherical geometry. For elevation angles,

¢ = 10°, the secant law ds = Ah/sin ¢ follows. In fact,
both the curvature of the Earth and refraction determine the
path extension of Ah. At very low elevation angles (¢ - 0),
the height interval Ah is subdivided into 10x0.1-km and
further, if needed, into 10x0.01-km groups to approximate
more nearly a continuum of N values. When a maximum
change of Ay, - A,; = 0.1 dB is detected across an
integration layer, the linear interpolation initiates
automatically.

The numerical integration of A (Eq. 11) stops at heights h,
when increments AA become smaller than 0.01 dB (for a limb
path after advancing past the tangential height). The path
length L is that between h, and h,, . A numerical integration
of Tg (Eq. 13) for emission radiating to the height h, follows

Tg ~ 0.2303 I, [T(R)(Ay - Ay) T®)] + 2.7T(e2),  (15)

where 2.7 I'(e0) is the cosmic background term. Superfluous
computations are stopped when W(h) < 10 . The radio-path
model operates at any frequency between 1 and 1000 GHz,
and Table 3 summarizes results for 21 and 45 GHz. Listed

TABLE 3.

Through a Model Atmosphere.2*

Surface values at h,: 1013 mb, 15°C, g = 3.57 g/m®
( [ q(h)dh = 10.6 mm for zenith, ¢ = 90°)

Total Attenuation A and Emission Ty at 21 and 45 GHz

¥ A E Ty @ he 1=
GHz dB * K deg km km
21.0 0.28 i 19.2 90 11 11
0.56 i 34.9 30 13 26
0.82 i 48.5 20 15 44
1.60 E 85.1 10 17 94
15.7 i 274.4 0 26 577
45.0 0.66 ; 39.2 90 17 17
1.32 i 711 30 19 38
1.93 ; 96.4 20 22 64
3.74 i 154.9 10 21 115
320 . 2856 0 31 650
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are the path attenuation of a ground-to-space link and the
noise emission received at ground level (e.g., for ¢ = 0 and
21 GHz the absorbing air mass is 56 times the zenith value).

3.3  Mesospheric Radio-Path Model

The intensity of O, microwave lines under mesospheric

conditions (= 40 km) is location-, direction-, and

polarization-sensitive. Anisotropic transmission and emission
effects are recognized. Under these conditions the atmospheric
path model program substitutes for N the refractivity matrix

N @ + lom{z,E%.*i),a.ndbecomﬁZPM(Zecman

Propagatior Model).® ® This routine requires numerous

additional path parameters to perform a numerical integration

of the path attenuation A, :

° A ray is traced in geodetic coordinates marking
altitude h above sea level, LA_titude and LO_ngitude
[heights in N-S directions are adjusted to account for
the flattening (1/298.25) of the Earth]

o The wave direction is specified by AZ_imuth and
elevation angle ¢

. Magnitude and direction of the vector B* are computed
using the Int. Geomagnetic Reference Field (IGRF-

MAGFIN) ¥

° Polarization of launched wave or emitted noise power
is selected (H/V-Linear or R/L-Circular)

. A frequency range is set in terms of deviation from

the selected O, line center (Av = v, £ ¥).

Two characteristic waves are represented by normalized
Stokes parameters and combined to produce the initial
polarization.® This combination is then traced through the
propagation distance L. Eigenvalues and eigenvectors of the
2X2 plane-wave refractivity matrix are calculated for the
orientation angle ¢ between wave vector E* and magnetic
vector B® . The propagating field is a linear combination of
two characteristic waves.

Individual integration steps of ZPM at the line center,

¥, = 61.150 GHz, are detailed in Table 4: A ray originates
at the 300-km orbital height (h, LA, LO, AZ, and ¢) and
passes through the atmosphere to a minimum, tangential
height, h, = 90 km.

Attenuation spectra are plotted in Fig. 7 over the range,

», £ 2 MHz. Path attenuation A; depends on the initial
polarization (i = HL, VL, RC, LC). The main features of
the Zeeman effect are exposed when compared with the case
B =0.

3.4 Millimeter-Wave Limb Sounding

The microwave limb sounder MLS on the UARS satellite 26
and the millimeter-wave atmospheric sounder MAS ?7 on the
space-shuttle (ATLAS Missions I, II, ...) both are very
refined atmospheric spectrometers. They measure globally
thermal emission spectra of atmospheric molecules at altitudes
as high as 150 km. The results cah be interpreted in profiles
of molecular abundances, temperature, pressure, and magnetic
field. Line emission is measured against a 3 K background
over path lengths which are up to three-orders of magnitude
longer than available for laboratory spectroscopy. A
previously unknown detection sensitivity brings answers to old
problems and raises many new questions.

The MAS radiometers 27 measure thermal emission from O,
(61.1, 63.0, 63.6 GHz) and H,0 (183 GHz), and from the
trace gases O, (184 GHz) and CIO (204 GHz). An HL-
polarized pencil-beam is scanned downwards from the shuttle
orbit (300 km) through the limb. In normal operation, the
continuous vertical scan is calibrated (2.7 and 300 K) and
repeats every 12.8 seconds. The radiometers are super-
heterodyne receive with double-sideband (DSB) detection. A
filter bank follows, which separates the received noise power
into 10x 40-MHz, 20X 2-MHz, and 20X 0.2-MHz outputs.

Emission data of the three O, lines centered at 61.15, 63.00,
and 63.57 GHz have been analyzed.?® The tangential heights
ranged from 125 to 10 km. Two locations were selected:
70°N, 70°W (shuttle at 57°N, antenna looks north) and at the
equator. The data are grouped in 5-km height increments and
averaged over five scans (1.2 s integration).

The example given here is for the 61.150 GHz line. The
upper sideband (image) at 71.630 GHz responds to cosmic
background radiation (2.7 K). The measured mean is to first
order about half the theoretical single sideband level.

TABLE 4.
Path Attenuation A;(h) and Noise Emission Ty ; for a Limb Path (h, = 90 km) at », = 61.15056 GHz.
Antenna is located at 57°N/70°W, h = 300 km and looks down (¢ = -14.57°) towards north (AZ = 0°) to
receive linear-polarized radiation (results for i = VL-, RC- and LC-polarizations are also given).

A A | Wi Wy | Age  Arc

h LA LO AZ ¢ B ¢
km  deg deg deg deg | uT deg |
300 570 -70 0  -14.57 ; !
* o
129 652 70 0 6.39 | 55.1 78.4:
' ! !

I I
91 704 70 0 -1.14 | 55.4 ss_si
90 71.0 70 0 -0.53 | 55.4 ss.zi
91 721 -0 0 0.53 i 55.3 sv.si
92 727 -0 0 1.14 i 55.2 ss.4i
; i |
129 777 -0 0 6.15 | 53.7 949
130 77.8 -0 0 6.23 | 53.7 95.0 |

1616 1.97 445

dB km! | dB
TyDBS) = 67.8K(ZPM) 63+2 K (MAS)
Te(SSB) = 131.2 1745 | 153.0 153.0K
0.00 000 | .000 .000 000 000

1.30 292 060 .094 203 203

099 126 3.04 3.04

2

339 7.66 127 502 5.02
406 9.20 061  .042 591 591
5.15 11.68 .000 .000 729 7.29
515 11.68 .000 .000 7.29 7.29
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Figure 7. Spectra (v, = 2 MHz) of total attenuations A,

(i = HL, VL) and A, (B = 0) for a limb path
(h, = 90km) through the U.S. Std. Atm. ?* at
two locations marked (a) and (b).

The data are shown in Fig. 8 and serve as a test case for
ZPM predictions.?* 2  Limb-emission was measured for
tangential heights ranging from 30 to 120 km at the northern
location 71°N/70°W. Table 4 lists the variables that enter a
computation of Tg(y). Very height-selective (Ah < 1 km)
temperature sounding between 115 and 80 km is indicated by
the weighting function W(h), Eq. (14). At h, = 78 km, the
path abruptly becomes opaque and Ty assumes about half the
physical temperature of the 78-km level (98 K). Below

h, = 40 km, the upper sideband at 71.63 GHz "warms up"
due to absorption by water vapor and dry air, which is
computed by means of MPM.

4. CONCLUSIONS

Propagation characteristics of the atmosphere are predicted by
the general refractivity N, and for Zeeman-broadening by the
special refractivity matrix N. Transmission and emission
properties of the inhomogeneous atmosphere (e.g., excess
path delay, total attenuation, opacity, sky noise, etc.) were
modeled from known path profiles of physical variables.

The new code MPM93 reproduces the spectral characteristics
of the clear atmosphere (O, , H,0) between 18 and 930 GHz
within the uncertainty limits of five reported controlled
experiments.'? - 1°

ZPM reproduces the main features of measured thermal
radiation signatures stemming from Zeeman-split oxygen
lines. The solution to the forward-transfer problem ® % 2% can
serve as a starting point to develop profile inversion
algorithms.” **  Validation, error checking of predictions,
and incorporation of new research results will continue to be
critical and time consuming tasks in the effort to refine
understanding and modeling of electromagnetic wave
propagation through the neutral atmosphere.
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Figure 8.
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USA); IAP (Berme, CH); and IFe (Bremen, FRG).
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