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THEME 

Atmospheric propagation of electromagnetic waves at frequencies above 30 GHz, i.e. millimeter (MM) waves and infra
red (IR), visible and tu some extent also ultra-violet (UV) radiation, is of importance to many current and future military 
applications. Propagation phenomena affect and often limit navigation, communications, surveillance, search, target 
acquisition, fire control, autonomous weapons guidance, kill a�sessmer1t, countermeasures and medium to high power laser 
applications. 

Recent advances in components and technology ha'lc prompted extensive studies and novel applications in the above 
wavelength region. Sp1:cifically, second generation infra-reci detector technology, smart image p�ocessing, as well as active 
coherent detection systems, i.i:. millimeter wave and laser radars, have required dedicated propagation studic.�, including 
much longer ranges over land and sea, multiplt.: scattering effects and especially turbulence induced systems limitations. 

An exchange uf information between scientists and engineers involved in research and development in this wavelength 
region will benefit further development of systems and explore new areas of research as wdl as military and civilian 
applications. The following topics were discussed: 

1 - Propagation measurements; 
2 - Propagation models; 
3 - Sensing of the propagation environment; 
4 - System aspects and performance modelling; 
5 - Countermeasure,. 

'The term propagt1tion included atmospheric absorption, scattering, path radiance effects, !urbulencc effect:, and 
blooming, as created by t:1c ambient atmosphere and by the battle-field effects. The term sensing covered in-situ as well as 
remote techniques. Systems performance mouclling and countermeasures concentrated on topics which arc directly rclat..:d 
to those propagation effects. 

• • 

La propagation des ondes electromagnctiques a des frcqucnccs supericurcs a 30 GHz, c'est a dire les ondcs 
m111imctriqucs (MM) ct l'infrarougc (IR), les rayonnements visiblcs ct dans une certainc mcsurc ultra-violets, a de 
!'importance pour bon nombrc d'applications militaires actuclles ct futures. L1;s phcnomcncs de propagation 0111 unc 
influence qui est souvcnt limitative sur la navigation, les telecommunications, la sur11cillancc, la detection, !'acquisition de la 
dblc, la com.luitc de tir, le guidage <lcs missiles autonomcs, lcs previsions de destruction, lcs contrcmcsurcs ct lcs applications 
des lasers de moycnnc a haute puissancc. 

Les progrcs rcaliscs dcrnii:rcment dans le domaine de la technologi11 des composants ont amenc des eludes 
impo11antcs, ksquelle� ont dcbouchc sur des applications novatrices dans la gummc de frcqucnce citcc ci-dessus. En 
particulicr, la technologie de la dcuxii:me generation des eapteurs infra-rouges, le traitcmcnt intelligent des images ainsi que 
les sy·:temes actifs de detection cohcrcnte, c'cst 11 dire lcs radars a laser ct lcs radars i1 onucs millimctriqucs, ont cxigc la 
rcalis, iion d'ctudcs spccifiqucs 1, la propagation, qui ticnncnt comptc de portcc beaucoup plus grandcs uu-dcssus de la tcrrc 
ct Jc la mer, des cffcts multiples de diffusion ct les limitations imposccs aux systcmes par la turbulence atmospheriquc. 

Un cchangc d'informations cntrc les scientifiqucs ct ingcnicurs travaillant dans cc domaine favorisc le dcveloppemcnt 
ultcrieur des systcmes en question tout en pcrmettant d'examincr de nouvcllcs possibilitcs de rechcrchc ct des applications 
civiles ct miliraircs, Les sujcts suivants furcnt abordcs: 

1 - La mcsure de la propagation; 
2 - La modclisation de la propagation; 
3 - La detection du milieu de propagation; 
4 - Les aspects des sys!cmes ct 1,u modclisation des performances;
5 - Les conlremesurcs. 

Le terme "propagation" comp1end lcs notions suivantcs, !'absorption atmosphcrique, la diffusion, les cffets de la 
luminance cncrgctiquc scion le parcours, les cffets di.! la turbulcncl.! l.!t l'efflon·scencc, crccs par !'atmosphere ambiantc ct p.ir 
lcs effets du champ.� de bataille, 

Le terme "detection" comprcnd ici les techniques de detection in situ aussi bicn que la tclcdctcction, La modelisalion 
des performances de systcmes ct lcs contrcmcsurcs conccrncnl prlnclpalcmcnt ucs sujcts aym11 un rapport dircrt avt•c k•s 
cffcts de la propagation cites plus haut. 
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PREFACE 

With the symposium "Atmospheric Propagation in the UV, Visible, IR and MM-wave Region and Related Systems 
Aspects", the AGARD Electromagnetic Wave Propagation Panel (EPP) adhered to its practice of periodically reviewing tl)e 
recent advances in this technical area. This field is still expanding and is of great importance to the development of modern 
systc111£ and their most effective application. Atmospheric propagation is crucial to the performance of all systems operating 
from the UV to the MM-wave region because it limits their operational ranges, which depend on the prevailing 
environmental conditions and their history. ln other cases, propagation effects permit specific applications, e.g., warning 
devices bai.cu on scattered radiation. The importance of such a symposium was already e·,ident shQrtly after the call for 
papers by the large number of very appropriate contributions. The result was a stimulating meeting at Copenhagen, 
Denmark, 9-13 October 19'39. The Conference proceedings contain ail papers aw.I fol.lowing dii;cussions. Volume one deals 
with the unclassified portion and volume two with the classified session of the meeting. 

TI1e contributions have shown, that within the last decade many atmospheric propagation problems relevant to electro
optical and laser systems, including battlefield effects, have been investigated experimentally and theoretic.lily with such a 
quality, that quite sophisticated propagation codes and systems performance models are available for both armament 
oriented systems W1alyscs and development of tactical decision aids. The symposium has also pointed out that still
devcloping, clectro-oplical and MM-wave technologies require additional, complex, propagation research efforts and studies 
for operationally-relevant systems performance analyses. 

The following areas were identified as requiring future research: 

Transfer of information/image.� through the atmosphere in addition to studies related to the basic effects, such as 
emission, absorption, scattering, refraction and turbulence. 

Effects of complex backgrounds, e.g., atmospheric emission, specific cloud patterns, properties of the sea-air-
environment, 

Propagation effects related to UV-applications. 

Propagation effects related to high power laser beams. 

Propagation and background effects related to spa::e-to-ground observation tasks, in addition lo the ground-to
ground and air-to-ground/ground-to-air scenario� over land and sea. 

Effects within optically deusc media, e.g., mvltiple-scattcring effects in clouds and smogs. 

The above areas were either specifically addressed by contributions, or they were identified during the course of the 
presentations and discussions. 

In summary, the symposium provided the intended review on the state-of-the-art in this field of systcms-orieuted 
atmospheric rtllicarch, discussed experimental, modelling and theoretical aspects, and indicated clearly the most essential 
areas of current and future defence•oricnted atmospheric research related to UV, visual, IR and MM-wave .. systems. 

Gratefully acknowledged are the cooperation and assistance received by the members of the Programme Committee 
und the session chairmen: Prof. Dr J.B.Andersen, Dr J.Fritz, Mr F.Chrlstophe, Dr H.M.Lamberton, Dr. C.W.Lamhcrts, Dr 
F.E.Nilcs, D1 P.L.Roney and Dr J.E.A.Selby, 

Appreciation is furthermore expressed to all who helped in the organization of the symposium and in the compilation of 
the Proceedings, to authors and •·ontributors to discussions, to the host coordinators, to the AGARD staff, 1:s1wdaily the EPP 
executive, Lt Col. P.A.Brunelli, 

viii 

D.H.Hohn and J.H.Richtcr
Co-chairmen and editors
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MODELING MILLIMETER-WAVE PROPAGATION EFFECTS IN THE ATMOSPHERE

SI.IIIARY 

H.J. Liebe and G. A, Hufford 

National Telec0ftllun1cations and Information Administration 
Institute for Telecormtunlcatlon Sciences 

325 Broadway 
Boulder, CO 80303, U.S.A. 

Two m11ltmeter-wave propagation models, called MPM and MZH, •re discussed. The first one predicts, at 
frequenclts up to 1000 GHz, loss and delay effects for a: onpreclpltating atmosphere. Contributions from dry 
air and water vapor are addressed, as well as suspended water droplets that simulate fog or c1oud conditions. 
For clear air, a local spectral line base is 111ployad (44 Di+ 30 HzO lines) c0111plemented by an empirical water
vapor continuum. Droplet effects are treated with the approximate Rayleigh scattering theory. Input varl1.bles 
are barometric pressure, temper1ture, relative humidity, and droplet concentration. 

At heights between 30 and 100 km, the spectral line$ of oxygen result ln an anisotropic medium due to the 
gao•agnetic Zeeman effect. The co•puter progra• MZM was developed to analyzo propagation of plane, polarized 
radio waves 111 the vicinity (:tlO HIiz) of 0

2 
l
.
lnc canters positioned In the 60-GHz band and at ll9 GHz. Results 

are displayed that de110nstrate inany upects 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 complex refractive index, n • n' + fn", is a 
measure of the interaction of electro�agnetic radiation with the medium and depends on frequency and atmo
spheric conditions. Its real part, n', exceeds unity by a small amount (n' - l � 0.0004), sluwlng the 
propagation velocity to values less than speed of light in vacuum, while the positive Imaginary part (n") 
pertains to a loss of wave energy. 

Complex refractivity, expressed in units of parts per million, 

N .. (n • 1)106 
• N, + N' (f) + iN"(f) ppm, 

is a sensible uasure of electrom;ignetic properties exhibited by tho atmosphere. Frequency-Independent 
contributions, N,, and respective refraction and absorptio11 spoctra, N'(f) und N"(f), can bl! spedfied, 

(1) 

Refract 1 vi ty N Is the center piece of models that characterize at1110spheric rad1 a-wave propagation. Two 
methods are discussed h�re to compute refractlvlty: In MPH, the standard case of an isotropic medium Is dealt 
with [l]; on the other hand, In HZM a very spacial case is treated where, in the mesosphere, the medium 
behaves anisotroplcally and wave transmission depends on location, direction, and polarization [2). 

1.1 standard Atmospheric Propagation (HPNl

Free propagattOi1 of a plane wave in the z-dlrection 1s described by 

E(z) • exp[ikz(l + N)) E
0 

(2) 

where E(z) Is the electric field strenyth at a distance z along the path, which may be curved by refractive 
gr11diants Re(dN/dz) according to Snell s law; E

0 
• E(z • 0) 1s the initial valu�; k " 2,;t'/c Is the free 

space wave nu.her, and c is the speed of light 1n vacuum. Assuming the units for frequency f in GHz and for 
refract1vity N In PPII, we have In 1110re practical terminology the dispersive propagation rates of power 
attenuation a end phase lag i (or delay tl11111 r); that 1s, 

&nd 
a• 0,1820 f N"(f) 

, • 1.200a f N' (fl 
r " 3.3356 N'(f) 

dO/km 

deg/km , or 
ps/kll, 

where 0.1820 • (4,r/c)10,1og e, 1.2008 • (2,r/c)(IBO/,r), and 3,3356 • 1/c, 

(3) 

Progra• MPM has f1�e 1110dules: (al nondisparslva rGfractlvity N., (b) contributions from 44 0
2 

and 30 HzO 
local (� 1 THz) H1111 spectra, (c) the nonresonant dry air spectrum, (d) an e1111>1r1ca'f water vapor continuum 
that reconciles diicrepancl,s with axperln11nt1l absorption results, and (e) 1 refractlvity due to suspended 
water dro�lets. Twu 1dd1t1onal modules tstt111t1 haze (I.a., reversible swelling or shrinking of hygroscopic 
aerosols when relative hu�idlty varies between 80 and 99.9 i) and rain aff�cts [1], but are not discussed 
hara. 

Section 2 gives the particulars how to compute refractlvlty N fro111 five Input. parameters: 
frequency f 1 - .I 000 GHz, 
b1r0Ntrtc (total) pressure P 110 . 10·5 kPa, 
tut11porature T -60 - 50 •c, (4) 
relative humidity U O - 100 �H and 
suspendid water droplet concentr. at 100 �H W o. 5 g/mf. 

. . ..
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The spath'I distribution of th111 Yllrhbles along a r&d1o path sp•cifies an tnhOIIIOgeneous propagation 
medtu• [3), a case not treated here. The 02 Zc•••n effect ts approxhuted In MPH so that the height range can 
be extended to 100 klll, but trace gas spectra (�, CO, N20, ClO, etc.) are Missing. 

1.2 An1sgtcgp1c Prgpaqatign In The Mlsgsph1r1 (MZMl

At htgh-altttude (30 - 100 kll) pressures, the O ltnes appear as Isolated features and their spectral 
signature ts governtd by the z, .. ,n effect due to·lhe g10111gnettc field. The •agnetic flux danstty B0 varies 
with location and hetght and splits each line Into three groups of Zee•an tOMPonents [see (20)] that are 
spread, proportional lo 80, over a range of a few 1119gahertz. The spatial depandancaof these three groups 
leads to anisotropic interactions with an electromagnettc field. 

Following (2), the propagation of a pl1ne 1 polarized wave ts formulated by 

f(z) • exp[ikz(l1 + Nz)] .Ea, (5) 

where z is the distance along a str1tght•·line path, For the X/Y·flane of polarization (orthogonal to z) we
define f(z), a t.wo-dtmensional field vectur; .Ea• I(z•0), the in ttal value; 11, the 2x2 unit aatrtx; and 
�. a 2x2 refractlvity Matrix. Analysis of the complex field I illlf)lies a shorthand notation for 
R,[exp(-i2•ft) f), As the ti111 t Increase, through one cycle, this real vector dtscrtbes an "ellipse of 
polarization•, The program MZM was developed (2) to solve (5) for a spherically strattfttd 111tsosphera (1,e,, 
concentric height intervals of l kll between 30 and 100 kM [13)) as detatled In Section 3. 

2. THE MPM MODEL
Thij concept of an at1110spherlc ■llllmetar-wava propagation .,d,1 In the form of N(f) was tntroducad tn [3]. 

Modular, qu1nttt1tive relationships correlate 11111t1orologtcal cond1ttons encountered 1n the neu�ral atmosphere 
wtth rafractlvtty formulations, Contributions by dry air, wat,r v1por, and suspended water dropl,ts (haze, 
fog, cloud) are covered 1n (1), Refractivlty of atr can be obtained, in principle, by considering a11 known 
resonant, far-wing, and nonresonant radio-wave tntar1ct1ons wtth the m�tter in a given volume element. 
Various degrees of approximations have beRn employed to redu�e labor and computer ttmt, 1s well as to bridge 
unknown spectroscopic Information. 

2.1 Atmospheric Mode) e,cometers

Atmospheric input parameters �re converted Into internal model variable�; that is, 
tempel'ature T (•C) into a relative Inverse temperature variable 

8 • 300/(T + 273.15); 

and relative humidity into 
%RH 

(6) 

(7) 

whereby the temperiltYre d1pendenc11 of t.he water vapor saturation pressure a, (100 %RH) h approximated, and 
in turn, expressed 1s vapor pressure e or concentration v; 1,•., 

e • 2,408,101 U 14 exp(-22,64 I) kPa 

V • 7,223 e I g/ml 

Equation (8) allow one to correlate relative (U) and absolute (e or v) humidity and thus to separate tho 
total pressure Into partial pressures for dry air and water vapor (P • p + a). 

(8) 

Suspended water drnplets representing fog or cloud conditions are described by I water droplet con
centr1t1on 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 
hu•idity has to be sat to U ■ 100 I (e • •,). 

2.2 co■Jox Rafracttyjf.1

The total complvx refract1vity in MPM consists of nondlspersive and dispersive parts, Nt • H, + N(f), 
Nondlsperstve refracttvity ls terms of P • p + e(U), I, ind W follows from 

N, • [2,589p + (41,631 + 2.39)e]I + W[l.5 - 4.5/(t, + 2)] , 

with ,, • 77,66 + 103,3(1 - 1) being the static permittivity �f liquid water (sea Aquat1on 16). 

D1sper1iv1 �OIIPl•x refractlvtty is assu1111d to be the SUM of four contributions, 

N(f) • NL(f) + f\.(f) + Ny(f) + Nw(f), 

where N
L 

represents local ($ 1 THz) line contributions,
� and� ar• dry atr and water vapor cont1nu1111 spectra, and 
� 1s the rafract1vity spectrum due to suspended water droplets. 

2.3 Local L1oo Absoratton and ptsparston 

(9) 

(10) 

A lino-by-line sumation of local spBctra by the two principle absorber molecules, 0
2 ind H

2
0, yields the 

the refractlv1ty contribution 

.. 

l ). ': 

I 
. 



wheres is ,1 line strength in kHz, F • F'+ ff" 1s a COllf>ltX shape function in GHz·\ and J,k ,re the line 
indices. Th• Van Vleck-Wtisskopf 5hape function, MOdified by Rosenkranz [5],[6] to include pressure-Induced 
line intarhronce, was selected to describe line broadening as fo'llows: 

F(f) • (f/Vo)[(l - f&)/(11,- f - iy) - (1 + i&)/(llo+ f + iy))

defining dhpersion [Re F • F'(f),l and absorption [l• F • f"(f)) spectra [1], and th1:1 parameters are: 

strength 

width 

interference 

Symbol 02 Lines In A1r (j) HzO Lines 1n A1r (k) 

S, kHz 

"f, GHz 

& 

a110"6pl3exp[a2(1 - I)]

a
5
10"3(pl<0 •1 • 114> + l, lei) 

(a,+ a,,,10·3p1o.e 

b
1
elJ,Sexp[b

2
(1 • I)] 

b3
10"3(plb4 + b,e,116

) 

0 

(12) 

(12a) 

(12b) 

(12c) 

A current set of line canter frequencies 11
0 

and spectroscopic coefficients a, to a
6 and bt to b

6 for strength
s, pressure-broadened width 1 and lnterfera�c• I is g·lven In Table 1 of reference [l]. he computing 
efficiency of MPH can be improved by approximating the temperature dependence of the width of water vapor 
lines by setting summarily b

4 
• 0,7 and b. • 0,9, 

ZeHan-sµlittlng of 0
2 

lines ha� to be ta,en 1nto account for altitudes above 30 km, Hodel MZM was 
developed to treat this special problem (see Section 3), A rough estimate of oxygen line behavior in the 
mesosphere Is made 1n MPM by replacing the widths y1 (12b) with

1/ • [Y/ + (25,B
0
)2)112 GHz , (12d) 

where the geomagnetic flUk density 8
0 

Is in mlcrotesla (µT). Doppler-broadening of H
2
0 lines at heights 

above 50 knl Is considered by subst1tuti11g the wldthj y
k 

with (11
0 

In GHz) 

1/ • [yk� + 2, 14,10"1211
0//9) 112 GHz , (12e) 

2.4 Nonresonant Orv AJr Spectrum 

Nonresonant r�fractivity terms of dry air make a small contribution [3], 

"1,(f) • Sil/[l • i(f/y•)J • 1) + ,iNp
",

due to th11 0
2 

Oobye spectrum, s. • 6, 14• 10"4pl2 (ktfz.) and yd • 5,6, 10"3(p + l. le)o9 1 .o, (GHz) (4), 

and pres sure- Induced n I trogen absorption, Np" • 1. 40, 1 o· 10f ( 1 • I. 2, l0"5f1 ·') p21�.,, 

2. 5 Water-Yauor. conttouum

(13) 

The real part of the water-vapor continuum spectrum, Nv'• Is a theoretical estimate, while the loss term,
N

y
", is an empirical fonnulation leading to (l]

N/ (f) • f2(1 • 0.20,l)el310"5 and N
y
"(f) • f(b•e + bp1>)el310"5 

, (14) 

where b0 • 3,57,17·' and bP • 0.113. Equation (14) supp'lements the H
2
0 line contribution NL,k (11),

Experi1111ntal attenuation rates crK of 1110ht air g111erally exhibit more water-vapor absorption than Is cun-
tr1buted by the H20 line ba�e. The exceis 1s 110st pronounced In atmospheric •illimeter•w�ve window ranges.
Continuum 1bsorpt1an M.,• was deterained by a series of accurate laboratory 111111surements In the 140-GHz window 
range where absolute altenuation �.(P,T,U) was ••sured at f • 138 GHz for both pura water vapor and moist 
air condition, (7), Thi b0-ten. of (14) w1lh its strong negalive te11per•atur1 dependence, so far, has not 
found M sound theoretical explanation, Hypotheses about its origin consider wing contributions from self
broadened H

2
0 1 Ines above 1 THz, col11slon-tnduced absorption, and water ril1111rs. These three effects may be 

Involved separately or collectively [61, 

2,6 suspended Water PropJet Refractl'llli. 

Suspended w1t1r droplets in fogs or clouds ire efficient •lllt1111ter-w1ve absorbers. Their maximum radii 
are below 50 /Ml, which al'lows the approximate Rayleigh scattering theory to be applied to fonnuhte co111plex 
refractivlty contributions [B], 

f\i(f) • W[l.5 • 4,5/(1 + 2)] . (16) 

The COMP lex ptraittlvtty sp1ctru111 of liquid water, , , 1s given up to 1000 GHz by a double-Debye model, 

,(f) • (€1 - , 1)/(1 - f(f/f01 )] + (t 1 - t2
)/[l • i(f/f02}1 -t· t2 , 

where t• Is given •t equation (9); the high frequency constants ar, ,, • 5.48 and ,2 • 3.51,and the two relaxation frequencies are (In GHz) 

f01 .. 20.0!il • 142(1 • 1) + 294(1 • 1)2 and 

�
2 

• 590 - 1500(1 • 1)

(16)
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The parameters 1n (16) are best fits to measured permittivity data reported for frequencies up to 1000 GHz 
over a te11perature range from ·10 to 30'C, 

z.7 HPM Examples

Examples for a sea level condition exhibit spectra at various relative humidities (U • 0 to 100 %RH) In
F,gure 1. Molecular resonance absorption can be recognized in the 60-GHz band, at 119 GHz, and higher due to 
02, as well as around zz, 183 GHz, and higher due to H

2
0. Across the spectrum one notices more or less 

transparent window ranges separated by molecular resonance peak5, Above 120 Gliz, relative humidity (7) is a
key variable t? descr1oe the dominating water vapor effects of absorotion and dispersive refractivity. 

Systns designed for the m111111111ter-wave (90 • 350 GHz) ranga offer an attractive alternative to electro
optical sche11111s when operatio� has to be assurbd during periods of optical obscuration. Water droplet 
effects (15) of MPH are added to the stlta of saturated (U • 100 %RH) air by specifying a concentrat1on W.
Typic1l attenuation and delay rates due tQ fog are displayed in Figure 2. 

3. THE MZM MODEL
The 1111sosph1r1 lt1s between the stratosrhera and thermosphere fro• s01111what above 30 km in altitude to 

about 100 klll. Air ts dry and the environmental parauters are pressure P (1,2 to 3,10"5 kPa) and temperature 
T (-Z to -87"C) takan frOII the U.S. Standard Atmosphere 76 (13], Oxygen line absorption is strong enough to 
affect radio propagation. Bec1us1 the pressure 1s low, thft lines are v1ry sharp and new phenomena afpear due
to th, z,,.,n effact, The geaagnetic field (magnetic flux density 8

0 
can vary from 22 to 65 µT) spl ts each 

line Into a nulllber of subltnes, and, furthennor1, how thijse sub11nes react to an electromagnetic field 
depends on its polarization state. Over a few llllflahertz around the line centers, the mod1um 1s anisotropic, 
making radio waves subject to polarization dlscri1lnation and Faraday rotation. Th• physical reasons for this 
behavior and possible applications are discussed in references [9]-[12], This background led to HZH, wh1ch 
shows how wave propagation in the 11111sosphere can be handled [2], 

3.1 oxygen Line properties As lnfJuenced Bv Ibo Geomaanet1c FiaJd czaaman Effect)

The 0
2 molecule interacts with radiation via its aagnettc dipole mo11ttnt. Rotational energy levels of the 

linear molecule have approximate values given by the formula Bl<(K+l), where 8 is related to the moment of 
inertia of the 1110lacule and the •quantum number" K is an IJdd 1ntag,r, The microwave lines originate from the 
fine structure of the K levels caused by th, electron spin. For each K, th, •total angular momentum" quantum 
number takes on Vilues J • K-1, K, K+l. Transitions can take place betwe,n the K and K+l levels and between 
the K and K-1 levels and are labeled tht K+ and K" absorption lines, respectively. 

The program MZH ts relovant only ±10 MHz around tsolat0d line centers v
Q
(K*) but operates in principle 

over ±250 MHz. Each lint strength and width is calculated with (121,b), conter frequencies v
0 

and 
spectroscopic parameters a

1
, •z• and a

3 
are listed in Table l for 40 O

i 
absorption lines. Most of tha 60-GHz 

lines are generally separated DY about 500 MHz; since the l 1nu width ,oove 30 l011 1s 20 MHz or less, each 1 lne 
is well isolated, There are four cases where K1 lines are separated by only about 100 MHz. These 11nes must 
be treated as "doublets• to account below h • 50 km for overlapping contributions. 

Prdssure decreases with altitude and the 0
2 

width approaches the Doppler width (v
0 

In GHz) 

'1� • l.096,10"61,1Jl1/a GHz , (17) 

which ts associated with a G•uss1an shape function. '(he transition betwee� pressure and thermal broadening Is 
handled theoretically by• Voigt line shape (convolution of Lorentz and Gauss functions) [12]. Following 
(14], it Is 1daquate to retain the Lorentz shape function (1,e,, first term of equation 12) and to suppose 
that the width 'Yi (12b) Is replaced by 

'th ,. 0.535'1 + (0,2171'2 + 'Y/)112 GHz , (18) 

Each of the fine structure J•levels is degenerate since the corresponding states have random azimuthal 
motion. The quantu• nulllber M of azimuthal momentu1 can be any integer from -J to +J. When the D

i 
molecule is 

subjected to a static iugnetlc 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 
quantum number M. The level then splits Into ZJ+l new levels. This ellm1nat1on of degeneracy 1s called the 
z,,.,n affect. 

There are stringent selection rules for transitions between the many energy level&, When J changes by 
one, then s1MU1taneously M can either rn•in fixed or else also change by one. Furthermore, each of those 
transitions can arise because of 1nt1ractlon with only one component of the electromaynetlc field, The line 
c0111p0nents obtatntd wh1n M is unchanyed are called thew c011ponents and arise from interaction with a
�•gntt1c field vector that ts 11naar y polarized 1n the direction of B, When H changes by ±1, the a• or a· 
c0111pon1nts are excited by 1 ■agnet1c field vector which is circularly polarized in the plane perpendicular to 
_a, The a• (a") COlf)Onents arlH from a right (left) circularly po'llrized field, This anisotropic behavior 
Is explained by noting that circularly polarized forces along th� •�Is of rotation ought to change the 
1ziMUth1l motion, [ach sat of components of the K• line contains 2K+l sublines, while the K. line contains 
2K-1 subltnts, 

Tht line cent•r frequency of a single Zeeman component is given by 

110' • v
0 

+ 28.03, 10·•11" B
0 

GHz (19) 

whera v� 1� the center frequency of the unsplit line, 8
0 

is In �T, ind q� s tl is a COijfficlent that depends 
on K1

, 11, and AM. A g110Magnetlc field of 50 µT spr-uds the Zeem;rn components over about 110 ± 1.6 MH:i:. 



Table l. Lina Frequencies v0 and Spectroscopic Coefficients 111 ,2,3 
for Microwave Transitions of 02 1n Air

39-
37-
35-
33-
31-
29-
27-
2!5-

23-
21-
19-
17-

l+ 
15-
13-
ll-
9-
3+ 
7-
5+ 
5-
7+ 
9+ 

11+ 

13+ 
3-

15+ 
17+ 
19+ 
21+ 

23+ 
25+ 
27+ 
29+ 
31+ 

33+ 
35+ 
37+ 

39+ 

GHz 

49,962257 
50,474238 
50,987749 
!51.!5033!50 
!52.021410 
52.!542394 
�3.066907 
53.595749 
154, 130000 
!54,671159 
55,221367 
!55,783802 
!56.264775 
56. 363389
!56,9682015
57,612484
!56,323877
51:1,446!590
59, 164,07
!59,!590983
60,306061
60,43076
61,150560
151,800154
62.411215
62,486260
f:2.997977
63,!568!518
64,127767
64.678903
65.224071
65. 764772
66,302091
66.836830
67,369598
67, 900867
68, 431005
68.960311
69,489021

118,750343 

kHz/kPa 

xio-
6 

0,34 
0,514 
2,46 

6,08 
14,14 
31.02 
64.10 

124,70 
228,00 
3511,80 
631,60 
953.50 
!548,90 

1344,00 
1763.00 
:aiu.oo 
2386,00 
1457,00 
2404,00 
2112,00 
2124,00 
,461,00 
2!504.00 
22518, 00 
l513J.OO 
1517.00 
1503,00 
1087.00 

733,!50 
463.50 
:a74,80 
153.00 

80,09 
39,46 
18.!12 

8.01 

3.lO
l.28
0.47

�45.00 

10,724 
9,694 
B.(�4 
7,744 
6,844 
6.004 
!5,224 
4.484 
3,814 
3.194 
2,624 
:Z,119 
0.015 
l.f\60
1.260
0.91!5
0,626
0,084
O.JSll
0.212
o.:a12
0,3511
0,626
0,915
1.260
0.083
1.6f;!5
2,11!5
2,620
3.195
3,815
4,48!5
5,225
6,005
6,845
7.745
8,695
51,695

10,720

0.009 

GHz/kPa 

xio
-3

a.�o
a. 60 
8.70
8,90
51,20
51.40 

9.70 
10.00 
10.20 
10.so
10.79
11.10 

16,U 
11,44 
11,81 

12. 21
12,66
14.49 

ll,19 
13.60 
lJ,8:Z 
12.97 
12,48 
12.07 
11.71 
14,68 
11.39 
11,08 
10.78 
10,!50 
10,20 
10,00 

9, 70 
9.40 
9,20 
8,90 
8,70 
8,60 
8.50 

16, JO 

Tabla 2, Relative Shift (�M) and strength ce�) Factors for the Zeeman Components

K' - Lines IC" - l.tnes 
Zeenan 

TlN 
(K) I tN(K) TlH (K

) I tM(K) 
transitions 

11•-K ,-K+l •• ,. ,K M•-K+l -K+2--,. K-1 

H (K-ll 3((K+l)2-N2
l H(K+2)· 

2 2 
3 (IC ··H J 

(�•O) lC(K+l) (K+l) (2K+l) (2K+J) K(K+l) K (2K+l) (2K-l) 

+ 
H(K-l)-K 3(K-H+l) (K-H+2) H(K+2)-l 3 (K-H+l) (K-MJ a 

(AH•l) K(K+l) 4 (KHL (2K+l) (2K+J) IC(K+l) 4K(2K+l) (2K-l) 
-

a H(K-lJ+K 3(K+N+l)(K+N+t.l__ H(K+2)+l J(K+H+ll (K+H) 
(M•-1) K(K+l) 4(K+l) (2K+l) (2K+3) IC (K+l) 4K(2K+l) (2K-l) 

t 



Each of the three sets of Zeeman components leads to a refracttYlty �pectrum, 

(20) 

!there the subscript I ■ o, +, - designates• and a"-components, respectfYely; the function f 1s a single 
Lorentzian (first tera of (12), 6 • 0, and f/v0 • 1] plus ltne strength S and line width T�, Soth independent 
of M, and equal to th& values given by (121) and (18). The scheme to calculate the coefftctents �. and E. for 
the lndtvfdual Zeeman components of each K1 11ne Is given In Table 2 [Z],[12], based on the work by Lenoir 
(lOJ. Note that I,.{" equals J fn the case of NP and 1/2 for the other two (N,). When B

0 
• 0 In (19) 311 the

functions F" are equal and the terms 1n (20} ada so that 2N. •ZN_• N
0 

• N
L
. 

Magnitude and direction of the geomagnetic vector� 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 ltude 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 directiDns (see Fig. 6). 

The three spectra N1 are components of the constttuttve properties fn the mesosphere. Since it is the 
paramagnetic properties of oxygen that bring about the absorption lines, it 1s the magnetic pemeability that 
is affected. The relatiYe permeability of an anisotropic medium ts formally a tensor of rank 2, 

P., • I + 2N (21) 

assuming N is on the order of 10·6, and I is the unit tensor of a coordinate system for the basis I� ;, e,I 
3nd N is represented as a 3r.3 matrix. When the z-axfs is pointing in direction e, •�of the geomagnetic 
vector�. we have 

[ N. + N_ 
N • i(N. O NJ

-i(N. - NJ
N. + N_

0
(22) 

where N
0

, N., N_ are complex-valuea functions of frequency expressed by (20). The shape of thtse functions 
is illustrated for an example in Figure 3. 

3.2 Basic Equations For Plane-Wave Propagation 

The tensor N may be introduced in Maxwell's equations in the form of (22) and a plane-wave solution 
formulated [2]. Sud, solution takes the form of (5). The electric field strength.Eis a 2-dimensional 
vector in the xy-pl�ne and Hz is a Zx2 submatrix of N. The real unit vectors e, e define the plane of 
polarization which combines with� •• the direction of propagation, to form a rightlianded orthogonal triad. 

The refractivity tensor N was represented as a 3x3 matrix of the anisotropic medium. It depends for its 
definition on�. the unit vector in the direction of the geomagnetic field. To obtain the 2x2 matrix� 
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�. Then the rotation of the "old" 
coordinate system with basis I� �• eol, in which N is represenfed as in (22), and the "new• system with 
basis le, � e, I gives Hz· 

• 

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

[ 
N

0
sin2, + (N. + N.)cos2

, 

i(N. - N_)cos, 

3.3 tharacterJstic waves 

-i(N. - NJcos,

l (23) 

The computation of the exponential In (5) may be carried out using the technique of spectral decomposition 
of the square matrix Hz [16]. We look for complex numbers p (the "eigenvalues") and vectors y (the 
"corresponding eigenvectors") that satisfy 

Hz Y • P Y • (24) 

To solve (24), we first treat the scalar equation (the "characteristic equation") [2] 

det(pl - "z) • 0 (25) 

Since these are 2x2 matrices, this equation ts quadratic in p and there should be two solutions p1 
and p

1
. 

Given these nuaol>ers, It ts possible to find the corresponding eigenvectors y
1 and�- W�enever the initial 

field .Eo equals an eigenvector, then (S) becomes 

i26) 

The two vector functions y1(z) and �(z) are plane-wave solutions to Maxwell's equation cai1ed chiracteristic
�,ves. TI>ey have the property that, while they may change 1n a111p11tude and phase, they always retain their 
orfg1nal appearance and orientation. The two eigenvectors are linearly Independent, and for any initial 
field we may ffnd complex numbers E1 

and E2, so that 

(27)



IC= 5+- FQ8= 59.598981 GHz 1:311.87 ,-iI 

h= 75. lca LAI= .a des LOH= .8 ... 

-.s 8 

Frequency Deviation Af (MHz)

.s 1 

Fig, 3, Refractlv1ty coiaponents 11�• N., and N_ (ppm) h1 the vicinity (Af• :tl MHz) of the K • s• line for
h • 75 Ion at LAT•O' (equator) and LON■o• (Greenwich) where the flux density Is 8

0 
• )0,07 µT. 

0,6 

o.o

3.5 

- I 

Frequency Deviation Af (MHz) 

AF • l MHz 

Orientation Angle; (deg) 

0.03 

-l.3

Fig. 4. C011plex eigenvalues p
1 

and p for the 5• line at h,75 km and LAT•O•, LON• O' (IHAG In dB/km, 
REAL in deg/kll): (a) around \he line cent.er (Af • :tl MHz) at an orientation angle;• 27,6 • and 
(b) for orientation angles;• 0 to 180' at a frequency devl�t1on Af • +l MHz.
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Then the exponential in (5) becomes 

£(z) • e1k'[E1exp(fkz .o1) i1 + E2exp(ikz P2) Y2] (28) 

The field vector is now represented as a linear cOlllbination of the two characteristic waves.

The eigenvalues, p
1 

and p
2

, have the sa111e order of •agnitude as the N 1 
values and have positive, generally 

differing, ilaaginary parts; nence, as z increases, f(z) decreases exponentlally and one of the two c011ponents 
drops faster than the other. After 50118 distance z, f{z) approaches the appearance of the remaining 
characteristic wave. Also, the re�l parts of the aigenvalues can differ. The two characteristic waves travel 
at different speeds through space and the phase relation between the two c011ponents in (28) varies 
continuously. In the process, the ellipse of polarization e1hibits a "Faraday rotation.• 

Eigenvalue$ ind eigenvectors are co1111>uted with 

P1P2 • det{Nz) • 4N.N_cos2; + N
0
(N. + N.)sin2; 

p1 + p2 • trace{Nz) • 2(N. + N_) + (N0 - N. - N_)sin2; ,
and (29) 

fr011 which pl and p� uy be found. These c011plex-valued functions depend on frequency and orientation anole
as de110nstra ed by the exaaple in Figure 4. Let us suppose that p 1s one of these two and that we seek the 
corresponding eigenvector i• Its c011ponents have the values vx, v

y
, so that (24) becOIIN!s a set of two 

equations in these two unknowns. The second of these equations Is 

and one solution is 
i(N. - N.)cos; v. + (N. + N_)vy 

• p v
v 

v. • p - H. - N. and vv • i(N. - N.)cos; 

(30) 

(31) 

Since p ts an eigenvalue, the first equation is also satisfied. The two eigenve�tors, v1 and v2, of (27) are 
usually not orthogonal, 

A special use occurs 111h11n ; • o. The solutions to (29) are p1 • 2N. ; nd p • 2N., and when these are 
inserted into (31), the corresponding eigenvectors are, respectively, rigllt drcularly polarized and left 
circularly polarized and the z-axis is the direr.tion of the gei>lllagnetic field. When ; L s/2, the ,tgenvalues 
are H0 and N. + N_, and the corresponding eigenvectors are linearly polarized with the I vector pointing 
respectively along the >.-axis and along the y-axis. 

3.4 PoJarJzatioo And stokes Parameters 

The polariiation of a radio-wave field changes as It propagates through the Zeeman 111edium and we have to 
quantify the polarization. The vector f (5) describes an "ellipse of polQrization• that can be characterized 
by Stokes parameters. These are discussed In iuny texts (e.g., [17]) and here we surm,arlze only some of their 
attributes. 

Let f lie in the x,y-plane and E., �
v 

be the COIIIPlex-valued field components. Then the four Stokes 
parameters g011,�,3 are real nUllbers given by

g0 • IE.12 + 1El1 g1 ., IE.12 
- 1Evl2 g2 • 2 Re[E; Ev] g3 • 2 I•[E; E

y
l (32) 

where the star indicates the coaplex conjugate. We note that y0 is positive and equals the total field 
strength and recognize that 

:Z 2 2 Z 9o • 9 1 + 92 + 93 • 
In a three-di11ensional space with g,, g2, g3 axes, the Stokes paraaieters of a field vector lie on the 

surface of a sphere of radius y0 • This is the Poincar4 sphere and provldei a geONtric picture of the field
vector polarization. Given the Stokes para111eters, we can write for some phase angle;, that 

E• • ((go+ Y,)/2) 1,z••; and E.,. • ((9:z + ig3)/[2(go + 91)l 112)e'; . (33) 

The vector I det1r111nes within the phase angle; the Stokes paraaeters and vice versa. Since the absolute 
phase of the field reaatns undefined, the Stokes paraaeters represent all the usoful tnfontation for the 
field. What relates the paraaeters directly to the ellipse of polarization Ii th, representation of the 
Polncare sphere In spherical coordinates 

g1 
u g0 

cos2r cot2i , g2 • g0 coi2r stn26 , g3 • 9o sin2r, (34) 

It turns out that 6 (Os 6 < •) is the angle between the lilljor axis of the ellipse and the x-axis, 111hile 
tan,• tb/a (-•/4 s rs •/4), where a and bare the 111,jor and Ninor sN1axes and the sign is chosen 
according to the sensi of rotation. Thus the four Stokes paraaeters provide a c011plete description of the 
polartzatton. 

If one lt■its the dfscussion to polarization, the Stokes par1111ters can be nor■altzed by dividing th• all 
by 9o and the Potncare sphere ha5 unit radius. Treati� this ,phere as a globe, the northern hatsphere and 
the north pole corre$pond to right-hand polarlz;tton and right circular polarization (RC), while the southern 
h•isphere and the south pole correspond to left-hand polarization and to loft circular polarization (LC). 
The equator corresponds to ltnear polarization witli •out• at (g1,g2,g3) • (1,0,0) correspondt� to polari
zation along the x-axts (HL) and "1Hst• (-1,0,0) to polarization along the Y-axis (Vl), 



,_ .

An alternite way to describe polarization uses the complex number p defined as a ratio of the two field 
components (18), From (33) one obtains 

p .. E/Ex • (g
2 + fgJ)/(g

0 + g
1) , (35) 

(when Ex• 1 then p • 1Evle 1 '> and, when the Stokes parameters .re normalized, 

g
1 • (l • IPl2)/(I + IPl2

) , 92 + fg3 • 2p/(1 + IPl 2
) (36) 

The real p-axis corresponds to linear, the upper half-plane to right-hand, and the lower half-plane to left• 
hand p�larlzations. The points p • i, •i, O, and e 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 ha� been reduced to a single number. The 
disadvantage Is a lack of synwnetry between small values of p (near g

1 
• I) and large values (near g

1 
• -1), 

3.5 HZH Hodel raatyres And prooagatton ExampJes

Generally, a radio wave Is defined as a linear combination of t� two characteristic waves (28), Horlzon
tai and vertical field components [Ex(HZE) • 1, p • Er(VTE) • IEYle , where �(POL) is the polarization angle 
(35)1, or� iutching set of Stokvs pijrameters [g

1 J normalized to g�• I and;• 0 (33)] describe the 
polarlzatior, state, Typically, the luglnary paW& (expressed In dui'krl) of p

1 
and pl differ (see Fig. 4), 

hvorh•g afte1· SOM propagation distance the characteristic wave with the lower value; simultaneously, 
different re;l parts (In deg/km) affect the polarization angle,, As a consequence, the polirizatlon ellipse 
changes Its axial ratio and "Faraday"-rotates approaching the polarization state of the dominant characteris
tic wave.

The mesospheric model MZH gives a solution to the problem introduced by (5), It. analyzes the geomagnetic 
Zeeman effect of 02 microwave 1:nes to predict anisotropic propagation of polarized radio waves at about 
HO MHz (Af) from the line centers. Numerous input parameters are specified: 

• frequency, defined as deviation from a particular (K*) 02 line center (Af • v ± f)
• geodetic coordinates of the location where the wave originates (LAT_ltude, L8N_gitude, and ALT_itude)
• environmental parameters (pressure P and temperature T)
• geomagnetic field vector ll [components Bn (north), B

'r 
(east), Bv.. (up)] and flux density 8

0 • polarizatton state of the launched plane radio wave p (HZF-1, vTE) and �(POL)] 
• direction and elevation angle (\6 (AZl_muth, ELE_vatlon)J of 1.,, .. launched wave

The K* • 5+ line (v
0 

• 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

froquency v
0 

+ I MHz covering a distance z of up to 1000 km, and 

b) at a location LAT, LON, ALT(IOO km), a wave enters the inhomogeneous atmosphere, heads in either N, E, S,
or W directions, descends to in 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
sho-n in Figure 5 as a function of distance z for a case where h (ALT), a (LAT, LON), and� (AZI, ELE) are 
given to determine p

1
(�1) and p2(�2). At the frequency v

0
(5•) + I MHz, two initial polarizations are 

propagated along a path ranging at h • 75 km to a length of up to 1000 km. Results at z • 1000 km are 

lo ltJaJ PoJartzatJon 
45•L 
LC 
RC 
HL 
VL 

A..1!!.IU
10.9
39.5 
8.0 

JJ.2 
10,8 

fj tl!Lllilici.w.1.Wl 
HlE•I, IVTEl•l,04, POL•B7.4' 

1 1,37 70.0' 
I 1,04 BB.O• 
1 1.03 88,2' 
I 1.05 B7.8• 

� 
5 
5 

Computations are more complicated for the second case, where a tangential path from outer space reaches a 
minimum height, ht • 7S km. Starting at h • 100 km in a given direction (AZ!) under an elevation angle, 
ELY• - 5,1', a radio ray was traced through a homogeneous path cell via the coordinates LAT, LON, and ALT. 
Geodetic locations were transfonned into geocentric coordinates to compute D, \6, and path increments Az for 
l·km height intervals; then a numerical integration was perfonned 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 folarization for the next. Total path attenuations A as a function of frequency
deviation (v0 ± 4 HHz), intt al 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 1•epresents the integration over fifty (100 ➔ 75 ➔ 100 km) l•km thick cells 
performed at 100 fr1quencles between v0 t 4 MHz. The path attenuations A(dB) at hf(DFQ) • I MHz art• 

4. CONCLUSIONS

W DJrectJao .JiL ..lL Rill.2. A. ..LL Rillo.
o• N 6,4 6.7 1.05 3.5 27,6 7,89 

90' E 13,5 8,7 l.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 

Two parametric models of atmospheric refractlvity N (I) have been discussed. Wave propagation described 
by (2) uses the isotropic model of N(f; P,T,U; W), which Is organized by HPM in five modules to control over 
500 parameters. It was developed for applications in areas such as teleconvnlll1ications, radar, remote �ensing, 
and radio utronomy, which operate int.he neutral atmosphere between 1 GHz and I THz. For MPH, various 



shortcomings remain (e.g., 8111f)irlcal nature of Hil. continuum absorption and missing trace gas spect�a). The 
physical origin of the water vapor spectrum 1n Ml'l'I is still not fully understood. Especially, the lack of a 
thaon•tical bash for the e -tenw of contlnuu11 absorption (14) Is a source of concern. Its lirgely empirical 
or1gln can Introduce 110del1ng errors when predicting trans•isslon effects In alllospherlc window ranges. 
Research to uncover the true nature of the 11llll•ter-�1v� watar vapor contlnu1111 poses a challenge. 

The anisotropic mod�l of Nz(K',Af; P,T; f; B; �) 1s applied tn MZM to, special propagation case that ts 
described by (5) to treat the Zeeman effect of the 02 lines listed In Table l. The 110del predicts the
trans•tsston of polarized, plane waves through a spherically stratified (30 - 100 klll} Msosphere at 
frequencies in close prox1•1ty of line center frqquencies. For MZM, the experi•�tal confirmation of the 
anisotropic geomagnetic Zeeun effect re11111ns to be realized. 

Programs for MPH and HZM were written to run efficiently on desk-top microcOIIIJ)uter (diskettes may be 
requested fro11 ITS). Validation, error checking of predict tons, and lncorporatlo,, of naw research results 
w111 continue to be critical and time consuming tasks. 
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You llbowed good agre-.nt between your caloulation• of ataoapheric attenuation and •01111 
field --•uraent• for your H2o and o2 line par ... ter• and your H2o cgntinuWI. How do
your ■olecular line para■•t•r• and tne H2o cantinuua co■par• wi�h tho■• of AFGL (in
KITJWf 86 and FASCOD 2)? 

anaoa•• u•Lr 

� •howed r■■ult■ fro■ two •xperi■•nt■ that oonfir■ed MPM89 [1] prediction■ of at■o•ph■r
ic water vapor attenuation: 

•• •rout 1200 data (0,1-1.2 dB/le■) fro■ field ■•a•ure■Qnt• perfor■ed at 96,1 GHs
(2-20 9/■ H20, !5-3!5'C, 98 lcPa) [Nanabe et al., IIIE Tran■ AP-37(2), Feb 1989]1 and

b. al)out 180 data (2-20,000 dB/le■) ryartod between 17!5 and 950 GHz for the ■onour
(p�oportional to •P) ■peotrua at 7,!5 g/■ , 2o•c, 101 kPa plu• 35 data (0,3-1,2 dB/It■)
reported between 210 and 440 GHz �o ■upport a theoretical di■•r ■p.actru■ a• a2o continu
u■, which i■ proportional to be• (■•- equation (14) and refer■nc■ [7))1 [JPUra■hov et
al,, IBB Cont. Publ . .:UU, 310-11, ICAP 89). 

NPN89 u••· fro■ th• A1GL HITRAN cod• only the lin• •trength par•■■tQr■ of 30 H20 
line■ -- all other ■p■ctro■copio infor■ation either originated fro■ our laboratory work 
or the referenc•■ given in [l], 
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