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PROPAGATION MODELING OF MOIST AIR AND SUSPENDED 
WATER/ICE PARTICLES AT FltEQUENCIES BELOW 1000 GRz 

H. J. Liebe 
G. A. Hufforo 
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 I to 1000 GHz (I THz) by the 
modular millimeter-wave propagation model MPM. 
Refractivity spectra of the main natural absorben (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 ~ lines. Results from 
extensive 6O-GHz laboratory measurements of the pressure­
broadened. 02 spectrum were applied to update the line data 
base. The water-vapor module considers 34 local H20 lines 
plus continuum contributions from the H20 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 pennittivities of water and ice. 

The influence of the Earth's magnetic field on O:z absorption 
lines becomes noticeable at altitudes between 30 and 120 kIn. 
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 0, line centers and their effect on the 
propagation of plane, polarized radiowaves is evaluated. 

A spherically stratified (0 - 130 krn) 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 krn 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 sea level to 130 krn. 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(1 + Nxl~)]E(O), 
where E(O) is the initial value, k = 2"n4c 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=No+N'+iN" ppm (I) 

The real part changes the propagation velocity (refraction) and 
consists of a frequency-independent term, No, plus the 
dispersive refraction N'(J'). The imaginary part quantifies the 
loss of radiation energy (absorption). Refractivity N 
detennines the specific quantities of power attenuation a and 
phase dispersion {J or delay rate T. Assuming frequency J' in 
GHz, one obtains 

a = 0.1820. N" 
~ = 1.2008> (No + N') 
r = 3.3356 (No + N') 

dBlkrn, 
deglkm, 
pslkrn. 

Under special circumstances the refractivity N can exhibit 
anisotropic properties (e.g., mesospheric O:z 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 REfltACTIVITY 

2.1 Ioput Variables 
Complex refractivity N is the central quantity computed by 
the Millimeter-wave Propagation Model MPM. 1,2 Here, the 
opportunity is taken to update MPM89 2 with the latest 
spectroscopic infonnation. The mooel considers 44 02 and 34 
H20 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. 3 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: 

barometric pressure 
ambient temperature 
relative humidity 
water droplet density 
ice particle density 
magnetic field strength 

p 

u 
W 

W; 
B 

~ical Range 
10- - 1013 mb 

-100 50 ·C 
o 100 % 
o 5 g/m' 
o I g/m' 

20 65 I'T. 

For modeling purposes, a reciprocal temperature variable is 
introduced, 8 = 300/(t + 273.15), and the barometric 
pressure p (1 mb = 100 Pa) is separated into partial pressures 
for dry air (Pd) and water vapor (e); i.e., 

P = Pd + e mb. 

Presented aI an AGARD Meeting on 'Atmospheric Propagation Effects through Natural and Man-Made Obscurants for VlSible to 
MM-Wave RadilJtion: May, 1993. 
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2.2 Dry-Air Module 
Refractivity of dry air is expressed by 

No = Nd + EtSk;Ft + No ppm, 

where the nondispersive term is 

Nd = 0.2588 Pd 6 . 

2.2.1 Oxygen line TmllS 

(2) 

The main oontributions to No come from 44 ~ spectral 
lines (Ie = line index). Each line strength, 

S. = (al/"")Pd6'expla,(I- 6)] ppm, 

is multiplied by the complex shape function, 

F(v) • v [ I - i~ - .,---:1-,.-:i~-7-1 
Ilk - " - i'Yl "1.:'" " ... i"'l1 

(3) 

The Van V1eck-Weisskopf function F(v) was modified by 
Rosenkranz' to include line overlap effects. Width ('Y) and 
overlap (~) parameten of pressure-broadened 0, lines in air 

'Y. = a,xIO"' (Pd ea4 + 1.10 e 6) GHz 
and 

~ = ( .. + .. 6)p6o. l . 

A rough estimate of lme behavior in the mesosphere can be 
obtained by replacing 'Y. with 

'Yh = <'Y.' + 625 B')", 

where B is the magnetic field strength (22 - 65 ~1) depending 
on the geographic location and altitude (see Sect. 2.3). 

Extensive laboratory measurements of 6O-GHz absorption by 
dry air have been reported recently.' A best fit to these data 
established new coefficients as and ~ for the microwave 
lines. Stili, the values listed for a, and .... in Table 1 are 
different from Ref. 5. Indirect evidence from the dara 
suggests that all microwave widths "Yt are mUltiplied by 1.05. 

10 

Dry Air S·C 
- MPM93 

"-
CO 
'0 

<i 
c: 1 
0 

~ 
::J 
c: 
J!l 
;;: 

0.1 

52 

Figure 1. 

I 
. 1013 mb 
. 7011 

.~ 
-:-'98. 

1211 
76 

56 60 64 

FreCluency f, GHz 

Dry air attenuation a from 52 to 68 GHz at 
60C for pressures from 1013 to 76 mb: 
MPM93 (lines), measured data Ii (symbols). 

This correction reduced on the average by 7 percent the nns 
error of the residuals for all 5400 data points when, in 
addition, the c\'s were raised by a factor of 1.15. S Center 
frequencies "':k and spectroscopic coefficients al to ~ 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 dara 
agree well with predictions based on Eq. (2). 

2.2.2 NonnsollfJlll Tenns 
Nonresonant refractivity, 

Nil = SoFo(") + i SII F/(,,) ppm, 

consists (a) of the nonresonant ~ spectrum, 

So = 6.14xlO"S Pd 82 , 

Fo = -11/(11 + ; 'Yo)' 

where the relaxation frequency is 'Yo = 0.56x 10"' P 6 0.1 ; 

and (b) of small contributions above 100 GHz by pressure­
induced N2 absorption, 

SII = 1.40x 10 .. 12 pie 3.S , 

F; _ v 1(1 + 1.9xlO"' v1.~). 

2.3 Zeeman-Effect of 0, Lines 
In the mesosphere, oxygen line absorption is compHcated.7-9 

Three separate complex-valued Zeeman refractivity patterns, 
N,± 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 fonn, & 

I
N. sin' .. + (N •• + N.)cosz" -I (N •• - N~)cos4> I 

N= 
I (N.+ + N .. )c:os41 NO'+ + N.,.. 

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

N.±. r = Nd + S. E M ~M FM ppm, (4) 

where ~M is a relative strength factor defined in such a way 
that the sum of the Zeeman components equals the strength 
value (al) of the unsplit (B = 0) line. The center frequency 
of individual lines within a pattern is detennined by 

VM = "" + 28.03x 10-' ~M B GHz, 

where the relative shift factor '1M lies between + 1 and .. 1. 
The index M stands for the azimuthal quantum number M, 
which controls the structure of a Zeeman pattem.9 The 
scheme for detennining ~M and 17M hinges on the quantum 
number identification of a particular ~ line and can be found 
in Refs. 8, 9. The correct shape function is a Voigt profile,] 
which was approximated by a Lorentzian profile, 

FM = III ("M - " - i 'Yh ), 

where the transition to Doppler-broadening at h ~ 50 kID 
(p s 0.8 mb) is given for each Zeeman component by 

'Yh = 0.535'Y. + (0.217 'Y.' + 'YD')" GHz. 

68 The Doppler width is 'YD = 1.096x 10-' vM IT" • 



 

2.4 Water-Vapor Module 
The MPM-input for water vapor is relative humidity u, which 
is converted to vapor pressure t = (uflOO) ts by way of the 
satutation pressure ts over water (or ice) 10 at temperature t. 
A useful approximation for saturation over water is given by 

<s = 2.408 x 1011 0 'exp (-22.644 0) mb. 

Absolute humidity (water-vapor density) follows from 

q = 0.7223.0 glm'. 

Refractivity of atmospheric water vapor is written in the form 

Ny = Ny + E t S, F, + Nc ppm, 

where the nondispersive term is 

Nv = (4.1630 + 0.239) < 0 . 

2.4.1 H,O UnL Spectrum 
Line refractivity results from 34 local H20 resonances 
(t = line index). The individual line strength is 

S, = (bl/-,)< 0 ,., exp Ib:z «( - 8)] ppm; 

(5) 

the shape function is that of E<[. (3). The width of a pressure­
broadened H20 line is fonnutated by 11 

"'I, = b,x 10" (b. e Ob6 + Pd Ob,) GHz. 

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

"'I; = 0.535"'1, + (0.217 "'I,' + "'ID' )'h , 

where the Doppler width is 'Yo = 1.46x lQ-6 Vt frill. . 

2.4.2 H,o CofIJinuum 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 Nc , which originates 
in the strong lines centered in the rotational H20 spectrum 
above 1 TIiz.14, 20 Absolute absorption data from controlled 
experiments 15 • 19 provide the basis for fonnulating a 
physical model of Nc . Pure water vapor and foreign-gas (air 
or N2 ) mixtures were studied at 18 - 40 GHz 15 , 138 GHz 16, 

186 - 194 GHz 17 , 213.5 GHz 18 , and 160 - 920 GH2 I •• 

At 137.8 GHz, pressure and temperature dependences of 
moist air absorption data were fitted with 10% rms to 16 

No' = e(k,< + KrPd)lo-"v ppm, (6) 

where Ie, = 0.3570 7.' 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,18 which fitted with an oxygen-free MPM 
exceptionally well to E<[. (6): 

Ie, = 0.444 0 7.' (0.4% nns) and 

k, = 0.01450 •. , (1.0% nns). 

Similar data closer to the 183-GHz line center 17 yielded 
initially a fitting error of 14.6% rms, which improved to 
4.5% rms when the theoretical 12 strength value bl was 
increased by 5 percent. A theoretical approximation of the 
real part,20 

No' - e0 2·'0.791xlo-".' 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-<Jf-band above 1 THz. 
Expanding the line shape, E<[. (3), into a power seri .. and 
assuming that 0 = 0, "Yc -c f'c' and f' - 0, leads to: 

No' - 2 s, "'I,[(vl_J + 3 (vlvJ'] _,., and 

Nc' - 2 Se [(v/vJ2 + (v/vJ4
] vc· 1 

(7) 

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

GH2 IdIzImb MHzImb 
2200 4210 0.952 17.8 30.5 
1780 2230 0.952 17.6 30.5 
1470 1257 0.952 17.3 30.5 

b, b. Data Ref. 

2 
2 
2 

5 IS, 18, 19 

5 IS, 18, Table 2 
5 IS, 18,20 

For the ·continuum- line Nc centered at f'c = 1780 GHz and 
the chosen units one can assert that 

Ie, (6 = 1) = 2x 10' b, b, b. v," = 0.434 GHz-I mb·2 , 

which is close to the value found by fitting the 213.5-GHz 
data alone (see above). The second-order v-tenns of E<[. (7) 
a1low one to -tailor- the fit close to the upper frequency limit 
of MPM (1 THz) by changing P, • An exact fit to both 
measured absorption data 19 and analytical refraction results 20 

around 900 GHz was not possible. Hence, the continuum line 
parameters Vc and hi 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,xbJ and air-broadening (b,) 
and the strong negative temperature dependence (b6) have 
been postulated by theory. I', 21 

Table 2 lists the present line frequencies Vt and spectroscopic 
coefficients bl to b. (v, and bl are from Ref. 12). The b, 
values of the 22-GHz line and 183-GH2 17 lines were 
increased by 5 percent to fit measured data. 

The MPM for moist air is made up by N = No + Nv . 
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, 17-19 is shown in Figs. 3 and 4. Measured data in Fig. 
4 span a range from 160 to 920 GH2.'9 MPM-predicted 
attenuation rates a(v) 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, 

Nw = 1.5 (w Im,.)[( .... ; - 1)( .... ; + 2)"1], (8) 

where m,..; = I and 0.916 (gIcm') are specific weights, and 
fw,i complex permittivities of water and ice, respectively.' 
For the size spectra (r S 50 I'm) of suspended water droplets, 
E<[. (8) is valid up to about 300 GH2. Fog or cloud conditions 
are specified by a water mass density w. Water droplets form 
when the relative humidity exceeds saturation, U = 100 - 101 
percent, whereby t 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 bl~fficie:nt for the 22.2-<iHz line was suggested 
by ground-level emission measuremeuts. Il Oata at 20.6 GHz exhibited • 
I)'Stematic trend which was not apparent in 31.7- and 9O-GHz data talceo 
simultaneously. On-site radiosonde recordings of height profiles for p, t, 
and " furnished independent input to test throe prcd.ictioo models. 
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TcmoeratureT. K 
Absorption data N- versus temperature T in kelvin: fa) moist air at 137.8 GHz fp = 1013 mb. u = 80%) 18. and 
fb) mixture of water vapor and nitrogen (186.3 and 190.3 GHz,p = 1000 mb. u == 10%) 17. - MPM93 . 
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Figure 3. 

Figure 4. 

I I I 
20 40 4S \SO '90 200 

Frequency P, GHz 

Absorption data N- over two frequency ranges: fa) moist air (318 K. P = 1013 mb. u == 80%) 15. end 
fb) mixture of water vapor and nitrogen (296 K. P = 1000 mb. u = 10%1 '7. 18 ._ MPM93. 
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Attenuation rBte CL and continuum of moist air eu = 43.4%) and of dry air eu = 0) 8S predicted by MPM93 for 
standard sea-ievel conditions (p = 1013 mb.l = 20 G e). Data points are from Ref. 19. 



 

TABLE 1. Spectroscopic Coefficients of 02 Lines in Air TABLE 2. Spectroscopic Coefficients of H20 Lines in Air 

Center Freq. Strength Width Overlap Center Freq. Strength Width , , 
an' v/ bl' h2 b3 b4 bS b6 vk al '2 a3 '4 as 

GIh kIhImb MHz/mb 1031mb GIh klWmb MHzlmb 
50.474238 9.400E-<18 9.694 0.89 0.8 0.240 0.790 22.235080 0.01130+ 2.143 2.811 4.80 0.69 1.00 50.987749 2.460E-<l7 8.694 0.91 0.8 0.220 0.780 67.803960 0.00012 8.735 2.858 4.93 0.69 0.82 
51.503350 6.080E-<l7 7.744 0.94 0.8 0.197 0.774 119.995940 0.00008 8.356 2.948 4.78 0.70 0.79 52.021410 1.414E-06 6.844 0.97 0.8 0.166 0.764 183.310091 0.24200+ 0.668 3.0!!O+ 5.30 0.64 0.85 52.542394 3.102E-<16 6.004 0.99 0.8 0.136 0.751 321.225644 0.00483 6.181 2.303 4.69 0.67 0.54 
53.066907 6.410E...Q6 5.224 1.02 0.8 0.131 0.714 325.152919 0.14990 1.540 2.783 4.85 0.68 0.74 
53.595749 1.247E-<15 4.484 1.05 0.8 0.230 0.584 336.222601 0.00011 9.829 2.693 4.74 0.69 0.61 54.130000 2.280E·05 3.814 1.07 0.8 0.335 0.431 380.197372 1.15200 1.048 2.873 5.38 0.54+ 0.89+ 
54.6711S9 3.918E·05 3.194 1.10 0.8 0.374 0.305 390.134508 0.00046 7.350 2.152 4.81 0.63 0.55 
55.221367 6.316E-<15 2.624 1.13 0.8 0.258 0.339 437.346667 0.00650 5.050 1.845 4.23 0.60 0.48 
55.783802 9.535E-<15 2.119 1.17 0.8 -<1.166 0.705 439.150812 0.09218 3.596 2.100 4.29 0.63 0.52 
56.264775 5.489E-<15 0.015 1.73 0.8 0.390 -<1.113 443.018295 0.01976 5.050 1.860 4.23 0.60 0.50 
56.363389 I.344E-<l4 1.660 1.20 0.8 -<1.297 0.753 448.001075 1.03200 1.405 2.632 4.84 0.66 0.67 
56.968206 1.763E.Q4 1.260 1.24 0.8 -0.416 0.742 470.888947 0.03297 3.599 2.152 4.57 0.66 0.65 
57.612484 2.141E-04 0.915 1.28 0.8 -<1.613 0.697 474.689127 0.12620 2.381 2.355 4.65 0.65 0.64 
58.323877 2.386E-<l4 0.626 1.33 0.8 -0.205 0.051 488,491133 0.02520 2.853 2.602 5.04 0.69 0.72 
58.446590 1.457E-<l4 0.084 1.52 0.8 0.748 -0.146 503.568532 0.00390 6.733 1.612 3.98 0.61 0.43 
59.164207 2.404E-04 0.391 1.39 0.8 -<1.722 0.266 504.482692 0.00130 6.733 1.612 4.01 0.61 0.45 
59.590983 2.112E-<l4 0.212 1.43 0.8 0.765 -<1.090 547.676440- 0.97010 0.114 2.600 4.50 0.70 1.00 
60.306061 2.124E-<l4 0.212 1.45 0.8 -<1.705 0.081 552.020960- 1.41700 0.114 2.600 4.50 0.70 1.00 60.434776 2.461E-<l4 0.391 1.36 0.8 0.697 -<1.324 556.936002 48.74000 0.159 3.210 4.11 0.69 1.00 
61.150560 2.504E-<l4 0.626 1.31 0.8 0.104 -<1.067 620.700807 0.50120 2.200 2.438 4.68 0.71 0.68 
61.800154 2.298E-<l4 0.915 1.27 0.8 0.570 -<1.761 645.866155- 0.00713 8.580 1.800 4.00 0.60 0.50 
62.411215 1.933E-<l4 1.260 1.23 0.8 0.360 -0.777 658.005280 0.03022 7.820 3.210 4.14 0.69 1.00 62.486260 1.517E-<l4 0.083 1.54 0.8 -0.498 0.097 752.033227 23.96000 0.396 3.060 4.09 0.68 0.84 62.997977 1.503E-<l4 1.665 1.20 0.8 0.239 -<1.768 841.053973 0.00140 8.180 1.590 5.76 0.33 0.45 
63.568518 1.087E-04 2.115 1.11 0.8 0.108 -<1.706 859.962313 0.01472 7.989 3.060 4.09 0.68 0.84 
64.127767 7.335E-<15 2.620 1.13 0.8 -0.311 -<1.332 899.306675 0.00605 7.917 2.985 4.53 0.68 0.90 
64.678903 4.635E-05 3.195 1.10 0.8 -0.421 -<1.298 902.616173 0.00426 8.432 2.865 5.10 0.70 0.95 
65.224071 2.748E-<15 3.815 1.07 0.8 -<1.375 -<1.423 906.207325 0.01816 5.111 2.408 4.70 0.70 0.53 
65.764772 1.530E-<l5 4.485 1.05 0.8 -<1.267 -<1.575 916.171582 0.83410 1.442 2.670 4.78 0.70 0.78 66.302091 8.009E-<16 5.225 1.02 0.8 ·0.168 -<1.700 923.118427- 0.00869 10.22 2.900 5.00 0.70 0.80 
66.836830 3.946E-<16 6.005 0.99 0.8 -<1.169 -<1.735 970.315022 0.89720 1.920 2.550 4.94 0.64 0.67 
67.369598 1.832E-<16 6.845 0.97 0.8 -<1.200 -<1.744 987.926764 13.21000 0.258 2.985 4.55 0.68 0.90 
67.900867 8.01OE-07 7.745 0.94 0.8 -<1.228 ·0.753 
68.431005 3.300E-<l7 8.695 0.92 0.8 -<1.240 -<1.760 1780' 2230 0.952 17.6 30.5 2 5 
68.960311 1.280E-<l7 9.695 0.90 0.8 -<1.250 -<1.765 
118.750343 9.450E-05 0.009 1.63 0.8 -0.036 0.009 
............................................................................................ .............................. -Different from MPM89 2 
368.498350 6.79OE-<16 0.049 1.92 0.2 0 0 +Oased on measured data 
424.763124 6.380E-<15 0.044 1.93 0.2 0 0 
487.249370 2.350E-<15 0.049 1.92 0.2 0 0 
715.393150 9.960E-06 0.145 1.81 0.2 0 0 
773.839675 6.7IOE-05 0.130 1.82 0.2 0 0 
834.145330 1.800E-05 0.147 1.81 0.2 0 0 

'f 
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Figure 5. Attenuation a of moist air (u ... , OO%l for 

frequencies below 1000 GHz at see-1evel 
fp = 1013 mb) and temperatures ± 4QoC: 

- MPM93. . ... Continuum. 

Complex permittivity of pure water is expresse:<l by a double­
Debyc model.22 

Ow = '. - • [('. - ,,)/(. + j 'Y,) + (" - '2 )/(. + j 'Yvl, (9) 

which provided a best fit to measured Ew data. The static and 
high-frequency permittivities are 

'. = 77.66 + 103.3 (6 - I), 

EI = 0.0671 Eo • E2 = 3.52 ; 

and the two relaxation frequencies are 

'Y, = 20.20 - 146 (6 - I) + 316 (8 - 1)2, 

'Y2 = 39.8 'Y, GR<. 

The slight temperature dependence of '2 (rqx>ru:d in Ref. 22) 
was eliminated to avoid nonphysical behavior for supercooled 
(-2010 -4Q. C) waler at frequencies above 100 GHz. 

A pennittivity model for ice was reported by Hufford,2J 

'i = 3.15 + j (",I. + bi .), (10) 

where 
'" = (8 - O.171) exp(17.0 - 22.18) 

and 
bi = {[0.233/(1 - 0.993/8)]2 + 6.33/6 - 1.31} 10.5 . 

The MPM for fog/cloud cases is N = No + Ny + Nw . 
Related attenuation (a) and delay (T) I1lle5 up 10 120 GHz 31e 

plotted in Fig. 6 for a normalired mass density, W = I g/m' 
(heavy fog, about 50 m visibility) suspended in satuI1lted, 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-PAm CHARACl'ERlSTICS 
The electromagnetic spectrum between 100 and 1000 GHz is 
available to expand radio services. This band offers favorable 
alternatives to both microwaye 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 I1lnges, the 
medium at ground levels (h s 1 kIn) is opaque due to strong 
absorption lines of water vapor. High mountain sites 
(h S 4 lcm), airplanes (h S IS lcm), and balloons 
(h S 35 lcm) are al~rnative plalforrns to escape the waler­
vapor limitations. 

A predictive broadband (I - 1000 GHz) model for I1ldio 
eharacteristics of the neutral atmosphere (h S 130 lcm) was 
developed 10 allow prompt evaluations of the highly variable 
propagation effects from basic dala. Performance of 
established applications (S 30 GHz) can be tr.lJ\slated 10 
(frequency scaling) or combined with new schemes and 
economical assessments of feasible trade-<Jffs and adaptive 
measures can be made. 

3.1 Transmission and Emission FonnulatioDS 
Propagation through the non scattering and nonturnulent 
inhomogeneous atmosphere is described by the line integral 
f N ds, 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 f (N. + N')ds ps, 

is linked 10 the real part and tolal path attenuation , 

A = 0.1820 v f W ds dB, 

to the imaginary part.26 The transmission factor, 

r = 10.(1,1 A, 

(II) 

(12) 

evaluates the energy transfer. A path is said to be opaque 
when less than 0.1 % of the original energy is passed 
(I' S 0.001, A ;;" 30 dB). The absorbing atmosphere 
maintains, up to approximately 90 kIn height, thermal 
equilibrium and emits noise radiation at the equivalent 
blackbody ~mperature, 

T. = 4.19IxI0-2 • f T(s)W(s)r(s.,s)ds K. (13) 

Decreasing transmission leads to increasing emission. The 
weighting function, 

W(s) = 4.19I x I0-2.W(s)r(s.,s) , (14) 

determines the height range from where the emiSSion 
originates. Two cases can be made based on the integration 
limits for A. [n the first one, A is evaluated ·upwards·, 
starting at the initial height, ho ; secondly, the start is at the 
final height, h .. , and moves wdownwards·. Reciprocity 
between path attenuation Ai and brightness T B. i was assumed 
for polarization-sensitive computations based on the matrix M. 

3.2 Atmospheric Radio-Path Model 
The MPM code (see Sect. 2) is applied in a I1ld io-path model 
which simulates propagation through an inhomogeneous 
medium. The atmosphere is spherically stratified in concentric 
layers between h = 0 and 130 lcm separated by I-lcm 
increments (Ah). Values for N(h) are enumeI1lied by height 
profiles of p(h), t(h), and u(h). The U.S. Standard 
Atmosphere and the mid-latitude mean water-vapor profile 24 

31e 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(JI) and delay fBte 1'(,,) up to 120 GHz at temperatures ± 30 oC: 

raj Moist air at sea-level. u = 100 %. fbI water droplets or ice crystals , W = 1 g/m3 • added to (al. 

The path differential ds of a slant path is computed by means 
of the rules of spherical geometry. For elevation angles, 
I{J ~ 10°. the secant law ds = ~sin 'P follows. In fact, 
both the curvature of the Earth and refraction determine the 
path extension of .6.h. At very low elevation angles (If' - 0), 
the height interval .1h is subdivided into 10 x O.l·krn and 
further, if needed, into 10 x O.Ol-kIn groups to approximate 
more nearly a continuum of N values. When a maximum 
change of Ab - Ah_1 ~ 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.1A become smaller than 0.01 dB (for a limb 
path afler advancing past the langential height). The path 
length L is that between ho and hoo . A numerical integration 
ofTa (Eq. 13) for emission radiating to the height ho follows 

TB - 0.2303 E.. [f(h}(Ah - Ah_l } r(h)] + 2.7f(",}, (15) 

where 2.7 r( 00) is the cosmic background term. Superfluous 
computations are stopped when W(h) s: 10-6 . The radio-path 
model operates at any frequency between 1 and 10Cl0 GHz, 
and Table 3 summarizes results for 21 and 45 GHz. Listed 

TABLE 3. 
Total Attenuation A and Emission TB at 21 and 45 GHz 

Through a Model Atmosphere. 24 

Surface values at~: 1013 mb, 1SoC, q = 3.57 g/m3 
( I q(h)dh - 106 mrn for zeniIlt ~ - 90°) - -

A 
, 

T. h~ L , , 
~ 

GHz dB 
, 

K deg Ian Ian , 
I 

21.0 0.28 
, 

19.2 90 II II , 
I 

0.56 
, 

34.9 30 13 26 , 
I 

0.82 
, 

48.5 20 15 44 , 
I 

1.60 
, 

85.1 10 17 94 , 
I 

15.7 274.4 0 26 577 

45.0 0.66 39.2 90 17 17 

1.32 71.1 30 19 38 

1.93 96.4 20 22 64 

3.74 154.9 10 21 115 

32.0 285.6 0 31 650 
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arc the path attenuation of a ground-to-space link: and the 
noise emission received at ground level (e.g. , for V' = 0 and 
21 GHz the absorbing air mass is 56 times the zenith value). 

3_3 Mesospberic Radio-Patb Model 
The intensity of O2 microwave lines under mesospheric 
conditions (~ 40 km) is location-, dircction-, and 
polarization-sensitive. Anisotropic transmission and emission 
effects are recognized. Under these conditions the atmospheric 
path model program substitutes for N the refractivity matriJ< 
N ("" ± 10 MHz, ~. 4), and becomes ZPM (Zeeman 
Propagatioc 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] 

• The wave direction is specified by AZ jmuth and 
elevation angle V' 

• Magnitude and direction of the vector B· are computed 
using the Int. Geomagnetic Reference Field (lGRF­
MAGFIN) 2> 

• Polarization of launched wave or emitted noise power 
is selected (HIV-Unear or RlL-Cin:ular) 

• A frequency range is set in terms of deviation from 
the selected 0, line center (,b = "" ± .). 

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 
2 x 2 plane-wave refractivity matrix are calculated for the 
orientation angle q, 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 3OG-kIn orbital height (h, LA, LO, AZ, and \p) and 
passes through the atmosphere to a minimum, tangential 
height, II, = 90 kIn. 

Attenuation spectra are plotted in Fig. 7 over the range, 
'. ± 2 MHz. Path attenuation A; depends on the initial 
polarization (i. m.., VL, Re, LC). The main features of 
the Zeeman effect are exposed when compared with the case 
B = O. 

3.4 Millimeter-Wave limb Soundin& 
The microwave limb sounder MI..S on the UARS satellite 26 

and the millimeter-wave atmospheric sounder MAS 27 on the 
space-shuttle (ATLAS Missions I, n, ... ) both are very 
refined atmospheric spectrometers. They measure globally 
thermal emission spectra of atmospheric molecules at altitudes 
as high as ISO kIn. The results cab be interpreted in profiles 
of molecutar abundances, temperature, pressure, and magnetic 
field. Line emission is measured against a 3 K background 
over path lengths which are up to ~rders 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 0,. 
(61.1 , 63.0, 63.6 GHz) and H,O (183 GHz), and from the 
trace gases 0, (184 GHz) and ClO (204 GHz). An HL­
polarized pencil-beam is scanned downwards from the shuttle 
orbit (300 kIn) through the limb. In nonnal operation, the 
continuous vertical scan is calibrated (2.7 and 300 K) and 
repeats every 12.8 seconds. The radiometers are super­
heterodyne receivCllwith double-sideband (DSB) detection. A 
filter bank follows, which separates the received noise power 
into lO x 4O-MHz, 20 x 2-MHz, and 20 x 0.2-MHzoutputs. 

Emission data of the three 0, lines centered at 61.15, 63.00, 
and 63.57 GHz bave been analyzed." The tangential heights 
ranged from 125 to 10 kIn. 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-kIn 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. 

h 

kIn 

300 

I 

129 

I 

91 

90 

91 

92 

I 

129 

130 

Path Attenuation Aj(h) and Noise Emission T B, j for a Umb Path Cht = 90 km) at .. o = 61.15056 GHz. 
Antenna is located at 57°NnOoW, h = 300 km and looks down ('I' = -14 .57°) towards north (AZ = 0°) to 

receive linear-polarizad radiation (results for i _ VL-, RC- and LC-polarizations are also given). 

" , 
dcg deg deg deg ~T deg; kIn: dB kIn·l : dB , 

57.0 -70 0 -14-57 : 0 , T.(DBS) = 67_8 K (ZPM) 63±2 K (MAS) 
I 

I T.(SSB) = 131.2 174.5 153.0 153.0 K 

65.2 -70 0 ~.39 55.1 78.4 954 0.00 0.00 
, 

;000 .000 0.00 0.00 , 
I 

I 

70.4 -70 0 -1.14 55.4 85.6 1548 1.30 2.92 .060 .094 2.03 2.03 

7 1.0 -70 0 ~.53 55.4 86.2 1616 1.97 4.45 _099 .126 3.04 3.04 

72.1 -70 0 0.53 55.3 87.3 1736 3.39 7.66 .ISO .127 5.02 5.02 

72.7 -70 0 1.14 55.2 88.4 1805 4.06 9.20 .061 .042 5.91 5.91 

I 

77.7 -70 0 6. 15 53.7 94.9 2371 5.15 11.68 .000 .000 7.29 7.29 , , 
77.8 -70 0 6.23 53.7 95.0 ' 2380 5_15 11.68 .000 .000 7.29 7.29 
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Ii - Hl. VLI and Ao (B = 0) for 8 limb path 
(~ = 90km) through the U.S . Std. Atm. 24 at 
two locations marked (8) and Ib). 

The data are shown in Fig. 8 and serve as a test case for 
ZPM predictions. 24• 2.5 limb-emission was measured for 
tangential heights ranging from 30 to 120 kIn at the northern 
location 71 "NnO"W. Table 4 1ists the variables that enter a 
romputation of T .(vJ. Very height·seIective (t.\t ,; 1 kIn) 
temperature sounding between 115 and 80 kin is indicated by 
the weighting function W(h), Eq. (14). At h, = 78 kIn, the 
path abruptly becomes opaque and T B assumes about half the 
physical temperature of the 78·kIn 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 
mcx1eled from known path profiles of physical variables. 

The new code MPM93 reproduces the spectral characteristics 
of the clear aunosphere (0, , H20) between 18 and 930 GHz 
within the uncertainty limits of five reported controlled 
experiments. 15 - 19 

ZPM reproduces the main features of measured thermal 
radiation signatures stemming from Zeeman-split oxygen 
lines. The solution to the forward-transfer problem B, 9, 28 can 
serve as a starting point to develop profile inversion 
algorithms.,,13 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. 

Figure S. 

3·9 

ZPM 
9+ (57'N, 7O'W) -11!.. 

MAS Data 
9+ (57'N, 7O'W) 

OSS-emission of the 9 + line (1\ ± 3 MHz) 
from 8 limb scan, ~ = 30 to 120 km. 
approximatly centered over 70 oN. 70 oW: 
fa} ZPM predictions for HL polarization and 
(b) MAS data·· . 

- The MAS-project was supported by the German agencies BMFf and 
DARA under FKZ SO QS 6502, 9002, by NASA, and by the MAS-PI 
agencies: MPAE (KatIenburg·Lindau, FRG); NRL (Washingtoo , D.C., 
USA); lAP (Berne, CH) ; aod IFe (Bremen, FRG). 
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