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MILLIMETER WAVE ATTENUATION IN MOIST AIR:
LABORATORY MEASUREMENTS AND ANALYSIS

Hans J. Liebe

ABSTRACT

Experiments were performed with a millimeter wave resonance-spectrometer
capable of measuring absolute attenuation rates o (dB/km) by water vapor up to
saturation pressures. Vapor (e) and air (p) pressures were varied at constant
temperature and set frequency. Anomalous absorption behavior (i.e., high rates a,
extreme temperature dependences, hystereses in pressure and temperature cycles)
could be identified as being caused largely by instrumental condensation effects.
Uncorrupted data at 138 GHz display, in addition to air-broadening (< ep), a strong
self-broadening component (« e2). Based upon these results, a practical atmos-
pheric millimeter wave propagation model (MPM) was formulated that predicts
attenuation, delay and noise properties of moist air over a frequency range
of 1 to 1000 GHz and a height range of 0 to 100 km. The main spectroscopic data
base consists of 48 0, and 30 H,0 local absorption lines complemented by continuum
spectra for dry air and water vapor. Model input relies upon distributions of
meteorological variables along an anticipated radio path. These variables are
pressure, temperature, and relative humidity for moist air; suspended droplet
concentration for haze, fog, cloud conditions; and a rain rate. In special cases,
trace gas concentrations for ozone and carbon monoxide and the geomagnetic field
strength can be added.

The research leading to an MPM was reported in 17 publications and is sum-
marized in this report. Theoretical foundations, experimental verifications, and
typical radio path behaviors have been addressed. Good agreement was obtained
between predicted and measured data (20 to 337 GHz) from both laboratory and field
experiments. Implications of the MPM with respect to older modeling codes and-
needed future work are discussed briefly.
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iii 1. THE EXCESS WATER VAPOR ABSORPTION PROBLEM “?
;tf Communication systems and sensing devices operating in the millimeter wave -
‘~. (MMW) range are attractive to military planners since weapon deployment has to be fj
#& assured during periods of adverse weather and in disturbed environments. An
J%E optimum trade-off between atmospheric obscurations and angular resolution can be
= achieved in the frequency range between f =~ 90 and 350 GHz, where propagation
v - is restricted by: 53
o >
‘ﬁE - molecular absorption due to oxygen and water vapor;
e « mass concentrations of suspended particles (haze, fog, dust, etc.); Ry
3 . precipitation effects (rain, wet snow). o
\_- The main problem studied during this research effort was predicting correct
‘52 attenuation rates by moist air,
h:. a=aytoa dB/km =
;;_ Dry air attenuation Gy mainly due to oxygen, always makes a contribution which is E
s calculated with the model detailed in [5]. The line-by-line summation in the
o model includes overlap effects of the 60 GHz absorption band and nonresonant 0,
. plus pressure-induced N, absorption. %
; wa
31? Water vapor attenuation o, depends on absolute humidity v(g/m3) which, in =
15 turn, is limited by relative humidity RH (%) [3]. 1Its origin lies in the absorp- =
}?j tion lines of H,0 vapor which number in the thousands. In principle, «, can be A
- evaluated from a line-by-line summation of all Tine features, each contributing at -
e:}j a given frequency as prescribed by a line shape function [9]. In practice, the ‘?
;EZ problem is reduced to an evaluation of local line contributions o, to which a )
.gi continuum @ is added, accounting for excess absorption not ;overed by the limited
\: line data base; that is,
’:‘" a, = a, + o d8/km . .
:33 The MMW frequency range has four atmospheric windows [11] where contributions .
_"T by a. can be as high as 90 percent of a,. The excess has been a major source of -
ﬁf uncertainty in the correct modeling of moist air attenuation a. N
N A
'ii Basic physical principles underlying the attenuation rate o are difficult to N
;} deduce from measurements in the actual atmosphere. Reliability, precision, and "2
:? scale of supporting meteorological data compromise the quality of most field &
E; observations. Controlled experiments simulate atmospheric conditions, thus pro- ~
‘$§ viding test cases for studying specific loss contributions in isolation. Results >
i -2-




from such laboratory experiments led to the formulation of a water vapor continuum
spectrum a.- The continuum together with 30 local H,0 absorption lines forms the

basis for an atmospheric millimeter wave propagation model. The contribution @
has been tentatively identified to be a far wing response of the H,0 spectrum

above 1 THz [16].

2. MILLIMETER WAVE ATTENUATION BY MOIST AIR

The most important result of this research is a practical atmospheric milli-
meter wave propagation model (MPM) based upon meteorological input variables [14].
The MPM predicts attenuation o (dB/km) and dispersive delay g8 (ns/km) up to 1000 GHz.
Interrelationsbetween radio wave propagation and geophysical properties of water
vapor are a complex problem as outlined in a comprehensive overview [3] (see
Appendix). As the work progressed, various theoretical, analytical and experimental
efforts followed, addressing separate topics within the framework set by this review.
Overall, a total of 17 publications [1]-[17], 8 internal reports [18]-[25], work by
the P.I. on 4 related problems [26]-{29], and 15 presentations have been produced
in order to come to grips with moist air as a propagation medium for millimeter
waves.

2.1 Theory
Theoretical consultant for the project was the well-known molecular physicist,
Professor M. Mizushima of the University of Colorado. He recalculated the rota-
tional spectrum of H,0 for quantum numbers J <16 in the vibrational ground state
= 0) and the rotational spectrum of 0, including vibrationally excited states

(v = 0,1,2), and applied the results to predict atmospheric transparency up to
frequencies of 1000 GHz [9], [10] (see Appendix). A detailed computer code is
available in FORTRAN IV. Some new ideas with regard to collision-broadened line
shapes were outlined [19], and contributions to excess absorption were estimated
by possible, though very weak, electric dipole transitions in isotopic species of
N, and 0, [20].

2.2 Modeling

Modeling reduces the theoretical complications of describing interactions
between MMW's and atmospheric molecules to a parametric presentation of engineering
utility. It runs the gamut from meteorological observables assessing the absorber
population within a radio path, through specific attenuations, to experimental and
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theoretical aspects. Intricate "molecule-by-molecule,” "line-by-line," and "layer-
by-layer" calculation procedures have been converted into a simple computer code.
The outcome of observations can be predicted provided the geophysical variables
are available. In general, agreement with experimental data at frequencies between
20 and 337 GHz is within 1imits of their stated uncertainty (typically better than
+ 10 percent).
The following provides guidance to the output of the modeling effort:

millimeter wave propagation model MPM, latest version - [14];
program descriptions of the MPM - (18], [14]1, 127
local 1ine model (30 H,0 and 48 0, lines) - [4], [¢
water vapor continuum absorption (see Appendix A4) - [11], [13], [15], [1€
simplifications of the MPM - [12], [1.

applications of the MPM - [7], [8], [11], [13], [14], [23], [24], [27]-[29;.

A typical graphical output of the MPM is shown in Figure 1. When examining the
attenuation rates a, as listed in Table 1 for "window" and "line" (185 GHz) fre-
quencies, on a per g/m3 concentration (v) basis, one notices in Figure 2 striking
differences between the old, Gaut-Reifenstein-based model [11] and MPM predictions.
Discrepancies at warmer temperatures T are caused mainly by a v2-dependence of the
continuum a. (see Eq. 29 - p. A27) which are amplified by the strong temperature K
( = T17) dependence of vs(100% RH). 5 i

2.3 Experiment
The experiment consists of a millimeter wave resonance spectrometer and an
integrated humidity simulator. The instrument is capable of measuring absolute
electromagnetic properties (attenuation, dispersion, refraction) of moist air for -
relative humidities between O and 100% RH [16] (Appendix). An insulated box con- =
Y
~
-

. 1’
R |

tains a high-vacuum stainless steel vessel, which houses a temperature-controlled -
mini-lake (10 cm across) and the radio test path. MMW signals around 35 and 140 GHz o

have been employed over equivalent free-space path lengths between 350 and 150 m; - N
temperatures are controlled to better than 1/100 of a degree Celsius; pressure E; N
ranges over seven orders of magnitude (103 to 10°* mb); and relative humidity is

varied between 0 and 100 percent. Data acquisition is computerized, with a choice

of operational modes covering time scales from 10 seconds to many days. The reson-

ance signal that carries the absorption information is detected with a digital ;;

waveform analyzer.
Mechanical design details are given in [21] and results of tests on tem- -
perature-vs-humidity performance are presented in [22]. The millimeter wave .
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Figure 1. MPM predictions of specific attenuation « (dB/km) for dry and moist f.:
- air, including fog (about 300 m visibility) and rain events [14]. _
sources [that is; klystrons centered at 35 GHz (OKI 35V11), at 73 GHz (OKI 70V11A),
! and at 139 6Hz (VARIAN VC 715S), and a Gunn oscillator centered at 92 GHz (MYCRON) )
3 operated CW in a phase-locked mode with 10 kHz resolution, or frequency-stepped -
L :j:; under program control. In addition, a free running swept-frequency mode was -
=
g provided. A tripler (MYCRON, 6P2 diode) generated 73 x 3 = 220 GHz power in
' . amounts between 0.5 and 2 mW. Performance curves are given in Figure 3. The :
S tripler varactor diode failed repeatedly (6 times, so far). Consequently, we have N
h >
not yet been able to perform moist air attenuation measurements at 220 GHz. Some
jh circuit details of the phase-lock loops are shown in Figure 4.




Predicted specific attenuation o (dB/km) of sea level air (
at various relative humidities RH (%) and temperatures T(K
millimeter wave frequencies f (GHz) [14].

fo

Specific Attenuation a

100% RH | 75% RH ] 50% RH
1] t

1013 mb)

| 25% RH | 0% RH

AP
[ AR

O ee
.ty

YT
NN

s
K g/m3 dB/ km
300 25.49 0. 0.275 0.172 0.090 0.028
290 14.31 0. 0.153 0.105 0.065 0.031
280 7.65 0. 0.095 0.073 0.052 0.034
270 3.87 0. 0.068 0.057 0.047 0.038
300 2. 1.475 0.853 0.375 0.040
290 1. 0.729 0.453 0.225 0.044
280 0. 0.381 0.242 0.142 0.048
270 0. 0.216 0.157 0.103 0.053
300 5. 3.303 1.894 0.800 0.021
290 2. 1.608 0.975 0.447 0.023
280 1. 0.804 0.513 0.253 0.025
270 Q0. 0.41 0.275 0.147 0.027
300 .24 39.04 .63 0.016
290 .59 23.14 .61 0.017
280 .54 13.05 .55 0.018
270 .44 6.97 .50 0.019
300 8.63 4,97 2.10 0.018
290 4.23 2.56 1.16 0.019
280 2.11 1.34 0.64 0.021
270 1.06 0.70 0.35 0.022
Curve ID (Figure 2) 2 3 4 Dry Air
(Figure 1) - 2 - 1
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Figure 2. Specific water vapor attenuation a, per unit concentration v(g/m?)
& for the conditions listed in Table 1.
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Parametric studies of the attenuation rate a were performed. Experimental
variables are frequency f, total pressure P, temperature T, and humidity v(RH).

|| Absolute attenuation due to water vapor and moist gas mixtures has been measured up
) to saturation pressures (RH = 100%) and void of the instrumental (condensation)
errors plaguing earlier measurements. Hysteresis effects in cycles of relative
humidity (Fig. 11, p. A13) indicated condensation on the spectrometer mirrors and
resulted in highly erroneous attenuation va]ues.* A large body of earlier data had
to be disqualified because of this. Slight, localized heating (+ 1°C) of the
mirrors and a double-sealed coupling iris cured the problem.

Laboratory results in support of the MPM are reported in [1], [6], [13],
[1s3, [16], [17]1, [21], [22], [24], and [26]. Measurements at 35 GHz [26] proved
to be inconclusive since moist air attenuation o« is relatively weak (Table 1).
Measurements at 96 GHz were performed with a well calibrated horizontal radio path,
- 27 km long and operated in Boulder, CO (h = 1.5 km) [14], [24d]. Most of the data
w in support of the new continuum a,. were taken at 138 GHz [16].

o 2.4 Needed Future Work

) Two shortcomings of the propagation model MPM lie in

[' ‘ - the missing confirmation of the physical origin for the water
continuum @, and

o « an oversimplified treatment of opaque atmospheric conditions

= caused by haze, fog, clouds, dust, smoke, etc.

Y Additional parametric studies of the water vapor continuum absorption for self-
= and air-broadening should be performed at high relative humidities (RH = 80 to 100%),
different temperatures (T = 270 to 320 K), and total pressures (P = 100 to 1500 mb)
at the two window frequencies, f = 140 and 220 GHz (see Table 1). Artificial aerosol
populations of known chemical composition and concentration can be added to study

-~ their growth/evaporation behavior as a function of humidity.

B The pressure-broadened water vapor absorption line centered at 183.3 GHz

might be included in the parametric laboratory studies to obtain accurate strength,
width, shift, shape data, which are particularly important to remote sensing

b applications.

*
We suspect that this source of instrumental error also affected results reported

;: by other workers, thus contributing to the many inconsistencies of reported water

- vapor excess absorption [3].
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Atmospheric Water Vapor:
A Nemesis for Millimeter Wave Propagation

Hans J. Liebe

U.S8. Department of Commerce
National Telecommunications and Information Administration
Institute for Tclecommunication Sciences
Soulder, Colorade

Millimeter waves offer an attractive wvay of solving unique
system problems because of their ability to penetrate clouds,
smog, dust or fog. This mekes thew a logical choice over electro-
optical devices for adverse weather applications. Spectral lines
of oxygen and water vapor ultimately limit the atmospheric transe~
parency; hence, most applications cperate between the absorption
lines in four window regions (that is, 24 to ¢8, 721 to 1i0, 120
to 160, and 200 to 260 GHz). Observations have established the
existence of excess water vapor absorption (EWA), vhich is most
evident in these vindows. Excess implies that the effect is not
related to the known spectral properties of the vater molecule.
WA is found to incresse in nontrivial manner with humidity and
the discrepancies can be as large as a factor of 10. Several
groups (most notably at the Appleton Laboratory., UX], have
gathered evidence of IWA from laboratory and field cbservations
and brought forward hypotheses to account for the data.
Qualitative explanations are based on the assumption that water
molecules in moist air form larger molecules with s dimer being
the first step in a series of stable species. Hydrogen bonding,
ion attraction and attschment of the polar H,0 to foreign
particles (aerosol growth) are the ordering forces considered in
the clustering process. An u:...l-nt of the current INA pictnr'
will be given and of r are di to
solve the enigma in the quantitative description of the inter-
action between millimster waves and moist air.

lwork was partially supported by the U.$. Army Research Office-

under ARO 30-79.
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‘I. INTRODUCTION

Atmospheric water in both vapor and liquid states is the
ma10r deterrent to an untestricted exploitation of propagation
of millameter and, more so, of infrarcd wavelengths. For most
applications, the operation of ground-based systems is limited
to seven window regions Wl to W7, these being the gaps between
molecular absorption lines and bands:

Absorption Feature
22 Gtz 1,0 line

Region Window Range

2 - .o =W]l 2¢ to 48 GHz
60 GHz O, lin 1
. 3 un. R e e oW 70 to 115 Gz
GHe O, e e e eeow) 120 to 165 Gz
183 Gz K,0 line
) e e~ 200 to 310 GHz

325 GH: W0 line _ | ws
190 Gz B 8,0 line and 1823 more
{M,0 rotational band)

2 e e - e e .-

w6
6.3 um M0 band w?

2 R

2.7'.nnzomnd

340 to 365 Gux

20 to 38 THz
60 to 100 THz

The main attraction of millimeter wave systems is their
ability to penetrate the e (haze, fog,
ciouds, dust., smoke, light rain}) und-r circumstances in which
electro-optical and infrared systems norsally fail. Accurate and
detailed knowledge of atmospheric transmission is essential to an
evaluation of the advantages of millimeter waves over the shorter
wavelengths.

One objective of this pepet is to focus attention on unsolved
problems in the construction of a valid smodel for atmoepheric
mill ineter vave transmission, subject to the followiny conditiona:
Frequency, V = 10 to 1000 GHz, with special emphasis on the ENFP
range, v » 30 to )OO0 GHz: altitude, h = 0 to 30 Jm; and relative
humidity, R = 0 to < 100%. The radio engineer uses the optical
term “clear” for moist, Dut unsaturated air (RN < 100%), and
igrnores hate conditions. Although wmany constituents contribute
to the total atsospheric attenustion rate, g (48/)m), absorption
in the window is dominated by water vapor and is of greatest con-
cern for practical situations. At present, describing wvater
vapor absorption mechanisms and relating them to ssasurable
quantities is partly an empirical matter and lacks credibility in
a genaral sense.

The following interaction effects batween sillimeter vaves
and eit are wall docummted:

1

13

Case Feferences

{a} Absorption lins theory . . . 1, & 1), 21

(b) mMorst air refrection . . . . 2, 5. 7, 47-%0

(¢) Water vapor ab::rption . . . 1. 3. &, 7, 14, 16, 17,
24, 2%

{d) wWater vapor dizporsion .2, 4,5, 7,17, 62, &7

(e) Water vapor continuum

absorption . . . . . . . . 11, 12, 18, 21, 22, 2¢,
2., 1
{f) Oxygen absorption . . . . . . 15, 17, 19, 6%

(g) Complete line paramater com-
pilation for all atmo~-
spheric molecules . . . . . 110
known as the AFCL Tape,
. HITRAN Model and FASCODE . 10, 14, 25, 29
{h) Scattering loss by particles 1313, 32, 35-37
(1) Dielectric loss of water . . 25,27, 12, 102-106
Other physical effects, which have been taken into account in
infrared transmission models (9), (20), and (23) are:
(k) Submicron asrosol particles . 38, 41, 42
(1) Growth of submicron
particles in moist air . . 34-37
Of a more speculative nature are considerations of
. 6, 8, 21, 43, 58, 64, 66,
69, 81, 8¢, @9, 109
{n) Water cluster (Hzo)n. n>2 . . 21, 22, 44
(o) Water ion activity . . . . . 28, 45

The water polymer hypotheses have the inherent weskness that
except for the dimer (43), neither definite structursl observa-
tions have been made nor millimeter wave spectra calculated. 1In
the cases (m} ta (0}, production and growth mechaniswms (for
example, ion~induced) as well as size and number density distri-
butions hsve not besn identified for the natural atmospheric
environment.,

{m) Water dimer "'20’2 spactra

Measured absorption in the windows W1 to W7 could provide
clues for the understanding of which basic physical mechanisms
are missing in cuzzent models. New instrumentation, such as the
dispersion spectrometer (63,65) and the saturation hygrometer
{107), might prove helpful in future investigations. Available
exverimental results on absolute attenuation rates, path trans-
mittances, and thermal emission from laboratory (46-71) and field
{73-171) observations in cloudless maist sir are generally higher
than values predicted on the basis of molecular absorption alone.
It is a fact, even after allowing for difficulties in measuring
the highly variable water content juantitatively, that the
absorption by water vapor in the aumospheric transmigsion windows
Wl to W7 {s not completely understood.

Section IXI of this paper presents the framework for s radio
path modeling scheme of which details, such as measurcments and
val’3acion, have been published (15,17,19). The model serves as
a basis for the definition and discussion, in Section IV, of the
problem of excess water vapor absorption (EWA) in the light of
experimental data. Section 1II {s devoted to a brief presenta-
tion of relevant physical properties of a pheric water vapor.

II. EHF RADIO PATH MODELING

Millimeter waves traveling through the cloudless (KK < 100}
atmosphere suffer both deterministic and random variations in
amplitude and phase. Radiation is absorbed and refracted by
gases and submicron particles. This Lnntucunn u modeled with
the intent to predict the following freq pag
tion effects: {(a) absorptive loss of eohcnnt udhtmn.

{b) time of propagation between two points. (¢) refractive ray-
bending and ducting, (d) generation of incoherent noise, and

(e) scintillacions due to random fluctuations of the medium in
space and time. The array of mathematical and empirical expres-
sions used to compute these various effects is called the
Propagation Model. Such a parameterization scheme depends fore-
most on spectroscopic information about kind and number density
of absorber specias and on their distribution within the path
volume.

A. The Propagation Model

Complex refractivity N(ppm) is a convenient macroscopic
measure of the interaction between millimeter wave radiation and
the individual absorbers in moist air. A value of N accounts for
the effectiveness and number density of a particular absorber
population. Later these dependences are formulated in terms of
messurable quantities. At this point, N is assumed to de known

shadhabadndndadiali Sl .
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and the basic relations that detrrmine the electromsgnetic
behavior of a radio path are written down. The complex refrac-
.. tivity of a gasecus medium in ppm

- ne L DIV) & 3 H{V) (23]

consists of three components: navely, the frequency independent
refractivity No plus vasious spectra of refractive dispersion
O{v) and absorption N“{J). The atmosphere is characterized as a
. linear network with both passive and active propertics. The
amplitude and phase response of a plane radioc wave traveling the
distance L(km) and having an initial field strenqgth &, is

described by
-, Lo exp (lL) [t}
) Teganeraene 107 »

is the propegation constant of the intervening medium, ¢ being
- the speed of light. Usually, real and imaginary parts of N are
&." separated and expressed as the powcr attenuation rate in d8/km

o
.t 3 = 0.1830VIN(N) )
and the phase delay rate in radian/iom

R ® = 0.0209VRE(N} (s)
4 ™a € Yising Q' the paper.

T {SH2) thry

The attenuation rate @ is the nore familiar quantity in
ic wave propagation. The phase rate ¢ must be conside
ered when it varies spatially (for example, radar pointing
accuracy, long-baseline interferometry. maxirum dish size for
reflector antennas, etc.) Oor with freq y (for e ple, band-
width limitations of a communication channel}. Characteristics
of short, horizontal radio paths may be approximated by an
average value of N. More general path geometries, such as a
-~ ground-to~-satellite link, are treated by dividing the path into
\" segments having quasi-constant Nevalues and summing. The cuwwme-
.' lative behavior between the ray points 3] and 33 is expressed in
dB by the total attenustion

%2
A= 1 s(s) ds {6)
.

1

or by the trangwittanrce (multiply by 1/10 log e « 0.23026 to
convert d8 to Np

' t © exp(=0.230A) N
-~

The medius becomes transparent when T approaches one and, on the
othcr hand, opagque for 1 > 0.

- The total phase change for the samc path is given in radians
2’ ty

- .z
o J ¢ (s) ds {8)
s

- 1

o whic* translates into the travel-time in ns of the wave by
ol q = $/2mv (9}

The path differential ds is. in practice, an increment As over

which N is quasi » and depends upon the altitude, h; the
e starting angle, 9, from the zenith in the case of a slant path;
e and refractive bending of the ray (Snell's law) due to gradients
- T Se/ls (19).

Absorption by the atmosphere causes emission spectra. Each
- unit of volume maintains thermal equilitrium with its environment
via collisions; hence, the path element ds radiates an equivalent
0. blackbody emission T(s) a(s) ds, which is reduced by the trans-
-t mittance Ti(s) along the path of observation. The resulting
brightness teeperature in K

Ty = 0.230 I Tts) a(s) Tis) ds 10

Q

is either less than or equal to the ambient temperature T.
Eguations (6), (8), and (10) constitutc the key by which perfor-
. mance limitations of ZHF systems operating over clear-air propa-

o gation paths may be evaluated. A transfer function exhibiting
constant amplitus (A = constant), frequency-linear phase delay
{D{v) = O], and no noise (Ty = 0) implies ideal channel behavior.
A broadband signal occupying a frequency interval Av is distorted
by the Gioterministic spectra of D(v) and N*(v): in addition, Ty
-, imposes detection limitations. As a bonus, the emission spectra
T . Tg(v) afford opportunities to sense remotely the scate of the
v, atmosphere by passive radiometric means (for example, Ref. )9
and 40).

B.

"s

The EHF Refractivity of Moist AiIr

The physical state of moist sir i: described by

dry alr pressure (1 kPa » 1N mb) P, kP
relative inverse tc=peratue (T in 1) t « 300/T } a1
water vapor partial pressure e , kPa

Calculatfon of the frequency-indriendent refractivity in ppe in

q.

(1) 1e straightforward (47-50)
nn-z.sn,go {41.6 ¢ + 2.37) ot [8¥})

Wate” vapor refractivity 1s about 16 times more effective, on &

per

molecule basis, than dry air in generating propagstion

phenomena such as delay. ray bending, ducting, sciatillations,.

ete.

and

The dispersion contribution in ppm
2

(v - £‘(8 P‘)‘ - 41.6 et 13
the absorption spectrus in rrm
N(y) = :.‘(n ?')‘ + N; + N; (14}

require further elaboration. Frequency-dependent molecular
spectrs are of two types:

1. Line spectra of absorptizn SF° and of dispersive refrac-

tion SF', having strength S in units of kMz and shape factors T°

and
wvave
(4 =
MMy,

?* in units of GHz-l: the suns over i consider millimeter
lines (see Tables 1 and 2) of O; (1 = 2 to 45)¢ and H2O
46 to 74). Spectra of the trace gases O3, €O, N0, $O;,
etc., are neglected (10,.17,29,31,1101.

2. Continuum vater vapor spectrum N due to far-ving

contributions of very strong infrared lines. A third term, N7,
which is not fully understood, was sdded to the absorrtion to
account for contributions other than those of the rotational
water vapor line spectrum {(see Section IV).

Common to each spectroscopic feature is an intensity-againste

frequency distribution function, the shapes F'(v) and F={v).

For

Ref .,

h € 20 kom, the shape functions are (17) (£7)

(\a° + V) e V2

2 2
(VT * V)T ey

-(v° “v} & ¥yt
re L 3 +

3 [$3))
(\J° V)T e ¥

:rh- nonresonant ozygen spectrum, i = 1 is discussed in

17.

10%

104
g |—EHF —]
oL
> 10 1
® |
g 102 ¥
% Window: |
202 3he
-

‘ .
01 LAA ,

306 3006

Frequency v, Hz

FIGURE 1. Attenuation rate 1 at sea level (h = 0O km, o =
1.018 kPa) over the frequency range, v = 10 GHz to )0 TNz display-
ing the envelope for reximum/minirum values of the rotational
water vspor spectrum. Calculated by using the AFCL Tape (10}.
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Yeo(v ~W 1 y-(votv)l
p-.(..!,[ °; i < 3 (26)
- ’ + V) »

Vo vy = w" ey 19y Y

introducing the spectroscopic parameters of center frequency ,,
width Y, and overlap interference I. r' and F° are inm units of
1/GHz.

For h > 20 km, only isolated rescnant lines are present,
spresd Over A magsherts frequency scale. Equations (15) and (16) e

r r_l 15. ian P

. - 2
LA v, W/Ivy =T e ¥ an
and
- - wn? 2
P'_ - Y/((\’° T+ ¥l (18

where T{ and F{ are in units of 1/GHz. Peak dispersion at
v-vcgymduxmunrptm at v = Vg are given in ppm by

:n- - S/2y
N3 = S/y 19
For h > 40 xm, a further decrease in pressure converts the

Pr d d Lor ian into a Doppler-troadened Gaussian
shape with a diffarent width in kHz of

Yo = 6.20 vo//E (20

where m is the molecular weight (e.g., O3, m = 32, t = 1,
Vo = 60 GREt Yp = 65.8 kiz).

The convolution of Lorentzian and Gaussian shape functions is
called the Voigt profile, which is governed by the parameter
Y¥/vp. The Voigt profile is appropriate when this ratio falls in
the range betwesn = 10 and 0.1. Numerical evaluation of the
height~dependent complex Voigt function requires considerable
computational effort (19).

1. Microwsve Spectrum of Oxygen (0y-MS). The Oy molecule
has electrenic, vibrational., and rotaticnal energy levels with
transitions causing spectral lines from the optical to the LWF
range. The EMF lines are fine structuse transitions between
rotational triplet snergy levels. All pertinent information on
the 09-MS is tabulated; that is, the line parameters have been
reduced to five coefficients a) to ag. vhich are listed in
Table I together with the center frequencies v, (17,19).

P on ic properties is expressed by .
Swa, p e expla, (1 - t}] (21
Y= (p + 1.3e) 02 122)
ta3ap a5 2y

where S and Y are in kN2 and GHs, respectively. Water vapor
influences the Oy-MS through Bq. (22).

2. Microwave Spectrum of Nater Vapor. From the AFGL line
para~eter compilation (10), 1838 H,0 lines vere read up to 31 THz
when A -aximss intensity (Vv » Vg) cutoff of 2 x 10~3 aW/i=
(300 K} ie applied. Por the THF range, 29 lines (see Tuble 2)
must be considered explicitly and the remaining ones are lumped
into a continuum far-wing contribution. An individual line is
described by

3.8
s, - bl et cxplbz(l -t)) (24)

0.6

Ve * b,(y 4 4.80 @)t 28)

I, [}
vhere S, and Y, are in kNz and GRz, respectively.

3. Continuum Nater Vapor Spectrum. The remaining 1809
(that is, 1838 ~ 29} K30 lines make far-ving contributions: they
are fitted Dy (17)

W, 192107 pet! o) 126)
The continuum sbsorption N° in ppm i3 of a magnitude and
functional form that is M.;!.hz to the empirical Gaut-Reifenstein
enpresdsion (11)

Spetd? wiam 12n

- l‘: * 5.6 210
which was introduced by Waters (11) and has proven useful to
other workers (32,108), The far-ving contributions to refrac-
tivity of all rotacionsl H20 lines yield with Zq. (12) in Eq. (13}
the term 41.6 et (3,4,5). The contribution of the local lines,
i » 46 to 74 to this value is in ppm

Tlsriiv - 1), * 4.75 o 128
i

S et LT T
NN A

w7

Very sccurately measured 1efrectivity can serve as & test for the
low frequency response of theoreticsl line s aspes applied to the
rotational #,0 spectrum if one i3 sure of the spectroszopac daca
base. A more detailed discussion of Eqs. (2¢€)and (27) follows in
Section IV.

4. Temperature Behavior. A closer look at the spectral line
resnonse aids in understanding the temperature depsndence of EWF
attenustion and phase dispersion rates in moist air. Line inten-
sitiss are sensitive to tempersture variations at various rates.
The peak line intensities in ppm (£q. (19)) are described by

| s/Y
o, |ta/apip/ip o 1.30) t¥ texpla, s - t1)
2 /% 2
(29
1,0 [by/m0te/tp + 4.801] ¥ Pampin, 2 - 1]
The line intensities are independent of terp when
|t = 31.3 2.3 1.5 2
0 [ %, - &1l et - 17| 7.00 1.7 1.36_ L.4%
(ses Table 1) (30}
B0 | by = 2.9ta e/t - 1] 276 2.5 235 2.02

(see Table 23

Lines with values lower than those prescribed by Eq. (30)
incresse in intensity when the tempcrature drops (t > 1) and vice
versa. A useful approxzimation at a fixed frequency is given by

aft) = a(300 Xy t¥ : 3y
where the exponent y is obtained by fitting rodel data.

C. The Radio-Path Model

The path is sssumad to Be in a spherically stracified atwo-
sphere in which each layer is . The i gral
expressions (gqs. (6), (8) and (10)) are evaluated by the laver-
by-laper method (19,29) by using numerical integration techniques
since closed-form solutions are lacking because of the complicated
temperature height profile.

Mean conditions are modeled by the U.S. Standard Atmosphere
1976, and {n situ data from radicsonde ascents can be proararmed
in directly. wWhatever description of the atsosphere is employed,
model or data, it is converted in the computer into n-layers
esach having an assigned set of valucs of p(h), e{h) < eg, tih),
Ylues for a are calculated by using Eqs. (4), (141, (161 amd
{21) to (25) and for ¢ by applying Eqs. {5}, (12), (13,) (15) and
(21} to (25), by the standard line-hy-line superposition (29) and
adding the continuum Bq. (27).

The radio path is assumed t0 be a ray (that is, plane wave
cas®), and the gencral procedurs is to calculate the local N(h)
(1) for the programmed altitude grid reporting P, e, t and to
store N,, D(V), and N"{Vv) separately on file. The ray starts
at & surface height hg vith an elevation anjle 9 and is quided
through the inhomogeneous medium until it reaches the intended
firal height h). Refraction is most pronounced at the lowest
heights and causes substantial ray bending when § is close to 0%
{tangential path); thus, many fine steps are required initially.

Hodeling is introduced for the purpose cof predicting the mean
of EHF propagation effects and the limits of their variability
from resdily available climatological data bases. In order to
apply such a tool in an optimum manner, it is important to con-
sider the uncertainties in the spectroscopic data and the
limitations imposed by the numerical calcula=ion procedure.

D. Typical Examples

The examples prresented in Figs. 1 to 7 almost spesk far
themsalves. Figure 1 iz a presentation of the complete rota-
tional water vapor spectrum for a typical sea-level condition.
It vas calculated by using the APGL Data Tape (10) rather than
the ENF model given in sections B and C, and serves to deson-
strate the very strong (over 6 orders of magnitude) absorption
due to water vapor in the far-infrared that allows on the low
frequancy end just a fev window ranges for transmission.

A more refined modalicg result is depicted in Fig. 2. It
displays at higher altitudes (h = 16 km) spectral signatures of
the trace gases Oy, CO, N30, which are not included in the
described model. At tropospheric heights (h = O and & k), only
lines of Hy0 and Oy (see markings at bottom of figure) are
important. The figure gives, in essence, a picture of atmo-
spheric molecular absorption in the millimetcr and submillimeter
wavelenc.n range. These computations by Burch and Clough (24)
agree well with reported data and the presented model (Eqgs. (27)
and (4}) of the water vapor continuum spectrum labeled ay. The
attenuation rate spans saven orders of magnitude over the
frequency range V = 100 to 1000 GHz and altitudes h = 0 to 16 km
where > 99.5% of the atmospheric water vapor is contained. The
transparency in the windowv ranges W2 to WS, wvhich are valleys
tetwean the absorption line peaks, is dominated Dy the wvater
vapot continuum dy. Figure 2 affirms the dominant role that
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20 TABLE 1. Data Base for 0L° Spectral Lines in Air up to 1000 GHz
A
-
< N
“~ Canter Temperas- ; Tempara~
N - !
'.- ':‘ frequency Strength ture expo~ width ! Interfatence turs expo~-
*a ..
- . : i Vo GNs e kNs/kPa pent ., . CRz/kPa ., 1/kra nent &, I
K 1
. I 3.070° g4 - 5.6 3l - - Nonresananc
50.47360 0.940 £-6 9.6900 8.60 £~} 5.200 -6 1.79 ”»
5 50.98730 2.440 5-4 8.6900 8.0 £K-3 5.500 k-6 1.69 35
51.50302 6.040 E-5 7.7400 8.90 -3 5.600 r-6 1.77 & o
<&, $  52.02117 1.410 -5 6.8400 8.20 ¥-3 5.500 I-6 1.4 3=
B 52.56223 1.080 §-5 6.0000 $.40 £-3 5.690 -6 1.79 29~
v 53.06680 6.J70 g-5 5.3200 .70 &) 5.200 -6 1.89 Fiad
PN - 53.59572 1.240 E-¢ 4.4800 10.00 K-} 5.440 £-6 1.83 5"
P . 54.12997 2.265 E-4 1.8100 10.20 &-) €.300 £-6 1.99 3
- 10 54.67126 13.893 g~4 3.1900 10.50 Z-3 4.840 k-6 1.90 g
—_— 35.22136 6.27¢ x-4 2.6200 l0.79 T-3 &.170 - 2.07 19~
35.78380 9.471 g-4 2.1150 11.10 &-3 3.750 x-¢ 2.07 b
- . 56.26478 5.453 F-¢ 0.0109 16.¢6 £-3 7.740  E-6 0.9 p 1
- " 56.36339 1.335 -3 1.6550 1l1.44 B-3 2.970 E-6 2.29 15~
[] .
. oA 15 S56.96818 1.752 gx-) 1.25%0 11.81 B-3 2.120 &~ 2.53 13-
- . 57.6124% 2.125 E~3 0.9100 12.21 E+3 0.940 R-6 3.76 1=
X ‘_‘-‘ 58.32389 2.)69 &-) 0.62:0 12.66 E-3 -0.550 -6 -11.l10 &2 o
. . 50.44660 1.447 £-3 0.0827 16,49 -3 5.970 r-é 0.79 7
e 59.16422 2.387 E-3 0.3860 13.19 K-} <-2.440 B2-6 0.07 7=
g 20 59.59098 2.097 g-3 0.2070 11.60 E-3 1.460 &-6 a.e 5*
60.30606 2.109 E-3 0.2070 11.82 8- -~4.350 -6 o.68 ., 5~
. 60.43478 2.44¢ £-3 0.3860 12.97 E-1 1.320 k-6 ~1.20 lad
“ ., 61.15057 2.486 £-1 0.6210 12.48 £-3 -0.360 -6 5.8¢ 9*
- .- 61.80017 2.281 £~3 0.9100 12.07 [E-3 -1.590 -6 2.86 1’
:-, . 25 62.41222 1.919 g£-3 1.2850 11.71 B-) <2.660 IE-6 2.26 o4 * *
. 62.49626 1.507 £-3 0.0827 14.68 -3 <5.010 EO6 0.85 1=
"y 62.99800 1.492 £-) 1.6550 11.)% E-3 =1.360 -6 2.0 15°
O - 63.5685¢ 1.079 Z-) 2.1i50 11.08 K-l -4.170 £-6 1.96 177
64.12778  7.281 fE-« 2.6200 20.78 [E-J -4.480 -6 2.00 197
* 10 64.67892 6.601 E-¢ 1.1900 10.50 £E-3 -5.150 £-6 1.84 2
- - 65.22408 2.727 §-4 3.8100 10.20 E-3 -5.070 &-é 1.92 23
o 65.76474 1.520 £-4 4.4800 10.00 E-) ~5.670 E-6 1.70 28°
N 66.30206 7.940 £-5 5.2200 9.70 E-3 =5.490 r-6 1.8¢ 27°
o y 66.81677 1.910 £-5 6.0000 9.40 £-) -5.080 -6 1.7¢ 297
b N 3§ 67.36951 1.810 [£-S 6.8400 9.20 £-3 -5.600 E-6 1.77 1%
M) S, 67.9007) 7.950 E-6 7.7400 8.90 £-3 <-5.800 k-6 1.73 R
n - €8.43080 3.200 £-6 8.64%00 8.70 $-3 -5.700 -6 1.65 N
¥ 68.96010 1.200 -6 9.6900 0.60 £-) -5.)00 Kk-6 1.74 37
.- 19 118.73034 9.241 g-4 0.0000 13.92 £-1 -0.44! K-6 0.19 1~
P -, 0  368.49935 6.790 [-5 0.0200 1%5.60 -3 0 - - .
424.76112 6.180 [E-4 0.0112 14.70 %3 O - — 1,3
A - €87.24937 2.350 §-6 0.0112 14.70 E-3 0 - - 1.
iy 713.39115 9.%60 -5 0.0891 14.40 -3 0 o —— L5
Lt 773.83873  5.710 £-4 0.0798 14.00 £-3 0 - - 1.5
N o 45 #34.14533 1.800 -4 0.0798 1¢.00 -3 0 - —— 3.5
l ) “Units: ppe/kpa
K —~ DD denotes doublet
5 ™,
- -
¢ e
P -
<
o. -
* . s !>
. <,
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TABLE 2. Data Base for Hzo 6 Spectral Lines in Air up to 1000 GHz
' H
Center Tempera 1D (lower
. freq Y gy ture expo- wideh quant. no.)
s Yo [~ ] ’1 kifiz/kPa  nent 52 | b’ GRz/kPa 10 References
46 22.235080 0.108 2.147 ! 8.1 £-3 ' H 3 (7,56.57)
68.052000 0.002 8.7%0 28.0 2-1 4 und® ¢ (103
*  183.310091 2.380 0.652 28.2 [ 33 ] 2 2 4 (51,55.1
321.225644 0.046 6.160 22.0 2-3 9 3 9 (10,13
S0 - 325.152919 1.550 1.520 29.0 £=-3 4 2 2 (10.13)
. J80.197372 12.300 1.020 28.5 £-3 3 2 1 (10,10
186.778000 0.00¢ 7.330 16.0 E-3 1 2 10 (10,1100
437.346670 0.063 5.020 15.0 E-3 6 [ o (10,13
439.1%0812 0.921 1.560 17.% £-3 H 5 -] (10,13
S5 443.018295 0.191 5.020 14.8 £-3 é 6 3 (10,13)
©  448.00107% 10.700 1.370 24.6 £-3 1 H 0 (10,13
470.888947 a.328 1.570 18.1 £-3 s H H (10,13
474.689127 1.240 2.340 2.0 £-3 . ¢ 0 (10,13}
88.491133 0.256 2.0 22.2 £-1 7 L 7 (20,13
s0 $04.21%000 0.038 6.690 12.7 £-3 7 k4 ] (10,120}
508.128000 0.012 6.690 i31.0 E-3 b4 7 1 (10,120
. 556.936002 526.000 0.114 1.7 £=-3 1 [ 1 (10,13)
« 620.700807 5.210 2.340 21.6 5-3 4 4 1 10,13
658.340000 0.460 7.760 32.9 £-3 H [1¢}] 1 (10)
6 - 752.033227 259.000 0.336 0.2 £=3 2 ¢ 2 (10,10
#16.836000 0.012 8.110 17.0 £-3 i 2 9 (10,110)
#59.810000 0.015 7.990 27.0 £=3 2 orl) 2 (10)
$99. 380000 0.091 7.840 30.0 £=3 1 1c1) 1 (10)
903.280000 G.064 2.350 28.0 £-3 2 2 P (10
70 907.773000 0.179 5.040 20.4 £-1 s J 5 (10.110)
. 916.16%000 8.900 1.370 26.9 £=) 3 3 1 (10,110)
. 970. 320000 2.400 1.840 24.6 E-3 4 3 1 (10,120)
. 987.940000 145.000 0.180 29.9 £=-3 1 1 1 o)

74 - 1097.368000 840.000 0.656 3.5 2=~3 3 o 3 (10,220}

Plus 1809 additional linesupto )1 TNz, of which 361 lines have strengths,
’1 > 1000. The strongest lines are at:

.

2774.100000 2023.000 0.208 29.5 [ 32
6076.500000 2500.000 1.370 20.¢4 -3

[V
-
o

Nax. scrength
Max. actenua-
cion

Avtenuction q, dB/km

4continued from fTable 1.

’{1) denotes l. vibrationally excited state.

Stronger lines.

—
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. 1
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Frequency » GHz

PIGURE 2. Attenuation rate a at the altitudes, h =0, 4, and
16 im over the frequency range, Vv = 100 GNz to 1000 Ghz. The
following atmospheric conditions and trace molecular nurder
dengities N(m~)) were used in the calculation (24):

h,hm p, kP t e,Pe n(oy) N(cO) nin-D0)

0 101.0 1.041 786 . 000 6.70m17 1.91r18 r.12818
L 6.8 1.144 133.000 5.77817 1.20808 4.7¢10
16 10.4 1.388 0.061 J.0olz18 2.59817 9.67E17
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PIGURE $. Zenith attenuation A through the firse 30 im of the
U.S. Standard Atmosphere 1976 for dry (®N = $%), moderate [50%),
and humid (]00%) air over the frequancy range, Vv » }0 GNz to 100
GHx (EMF). The relstive humidity P# vas d to de stant
for h = 0 k» to 8 kw (19). The experimental data are from Ref.
820 and Table S.
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FICURE ). Attenuation rated at the altitudes, h « 0, 5, lo,

40 'm over the frequency range, V = ¢S GNg to 125 GHg displaying

bend and line structure of the ozygen microwave spectrum.
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FIGUAE 4. Pure water vapor refractivity Ny + D(V) for

@ = 1,705 kPa over the frequency range, v = 300 GEX to 1000 G
from meagurements and calculation (67).
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Zenith Phase Dispersion A¢, rad
L=

.
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]
0 50 100 1% 200 0 0

Frequency , GHz2
FPIGURE 6. Zenith phase dispersion 00 = & - §, (Fq. (18)) for
the same conditions specified in Fig. 5. The frequency~
independent delay time due to 0o(N, (M)} is (Eq. (9)):

RE,% 5.000 50.000 100.008
n.ns 7.666 7.977 8.266

water vapor absorption plays in atmospharic milliseter wave
propagation, aven at modest humidities (MH = 460 for h = 0),

A more detailed picture of solecular attenuation sppears in
749. 3. The oxygen mi P m dominates in the ranges
SO to 70 GHe and 115 to 123 GHE. At levels close to the surfacs,
the 60-GHz lines are merged into an unstructured band shapa, the
maximme intensity of which ie pressure-proportional, until the
lines separate (h > 15 xm). Above 15 km, the shielding effect
breaks down and radio channels with up to 400 MMz bandwidth can
be accommodated betwesn the lines. If there is a line close to
the frequency of interest, isolated lina behavior takes over. In
the frequency-agile applications, it is possible to tune to a
more or less constant shielding factor (for example, 0.5 d3/km)
over the height range h » O to ¥ 30 km. Above h > )0 km, Zeeman
splitting has to be considered in the frequency intervals
Vo ¢ § MMz until the O, lines vanish above h > 100 ks (19).

It is ging to the tO ses experimentally verified
results on sillimeter wvave water vapor refractivity expressed dy
Ng ¢ D(V), an example of which is presented in Pig. 4. After many
careful of mi refractivity in the fifties and
sixties (2.3,5,47-50,56), this marks a new start in a heretofore
inaccessible frequancy range. 1In comparison vith conventional
absorption spectroscopy, refractive d4i sion are
superior for sbsolute intensity studies (15,57,65). An important
result of Pig. 4 is the fact that the much stronger lines beyond

Brightness Temperature Ty. X

- 3 & Cossme rotistion
N POU DY BT SNPTS Y

0 % 100 " 0 ™ ]
Frequency ¥. GHz

FIGURE 7. Zenith brightness temperature (stmospheric noisel
Ty downwelling to ground from & dry (v « 0) and a moist (v =» § Cm,
Eq. (33)) air mass (31).
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1000 GHz detcrmine, by means of thrir far-wing intensity, sost
of the microwave refractivity Ny (-re Eq. (,JA)),

E. Cumulative Behavior

A dard ple for an inh~ a1 is the
zenith response through the U.S. sundua Atmosphers 1976 (19).
Pigures S and 6 display the cumulative attenuation A and cumulse
tive phase dispersion A%, for which 48 height levels up to h =« )0
km are summed. Except for the vicinity (vg ¢ 10 MHz) of the
Oz=MS lines, these curves represent the one~vay senith path
bahavigr. Three humidity profiles o(h) were used to model
M+ S, S0, and 1000 in each of 26 height layers between h = 0 and
8 km. The RH drops rapidly below 18 ahove h = § km. The
frequency range 55 to €5 GHz is oraque {A > )0 dB) for any system
atterpting to look through. The transmittance, Zq. (7) is
measurable vhen the ® is hat tr P t (A < 30 d9),
and it can be determined either by the abrorption of & siagnal
coming from the outside {sun emission, satellite beacon) or by the
thermal emission originiating predominately in § km thick layers.
Prequencies around 57 and 63 GHz yield the maximum and minimum
phass dispersion for the €0-7Hz band, which 13 almost independent

" of the water vapor content. Actually, the foreign-qas broadening

III.

of the 0O3-MS by water vapor (see Eq. (22)) reduces the attenustion
slightly wvith increasing vapor rressure (sce Fig. S: A(100%) -
A{S8)). Cowpsrison of the total attenuation A with weasurements
{ses Table $) yields reasonsbly good agrecmont when the emparical
assumptions formulated by Eq. (27) are used in the calculation.
The amount of water vapor absorption for a given stmospheric
condition can be estimated, to some extent, if the surface vapol
conceatzatiom o, is known.

The ENF thersal emission by H.0, 0y, Oy and CO was calculated
by Waters by using Eqs. {10}, {7) and (4) and the absorption
cosfficients given in Eq. (31). Calculations are shown in rig. 7
both for no water vapor and for a total precipitadble water vapor
of 2 cm. The integral is evaluated for h = 0 to 60 km. Clear-sky
emission varies primerily with the amount of water vapor. The
calculations are for ocbservations in the zenith direction from
ground level. Cosmic radiation of 3 X, wvhich is incident on the
atmosphere from the top, has been added to Eq. (10).

PHYSICAL PROPERTIES OF ATMOSPHERIC WATER VAPOR

The clear atmosphere appears in the INP radio path modeling
scheme only as a p~t-e (Section II, B) parameter system. The
real heze is an of diverse but related
and incessant activities (33). Water, endlessly chanaing its
phases, is the main actor on this stage. On a globsl scale,
sach year about 1 m of the ocean depth is ovupound. whereas
the ge water of the o a depth
of roughly 2 cm. Water vaper is rapidly nchanq-d causing it to
be ® patchy, capricious medium with parcels (scale sizes, 10 to
100 m), blobs (< 0.5 m) and strata (¥ 1 wm} of moisture that
probably account for a fair share of the scatter and inconsis-
tencies in millimeter-wave propacation dats taken froe field
observations. The total integrated water vapor and liquid water
in a vertical column can be detected with high time resolution
@ 10 9) by ground-based radiometry in the microwave range (40).
In relating millimeter-wave Pror ion and P ic water
vapor, one has to be generally content to make predictions with
no more than statistical certainty.

The fact that the three phases of water contridute to the

-uﬂ'-r cycle at the prevailing conditions (p-t-e) is most
1ly s of the molecular structure of Hy0.

-uu molecules tend to associate through hydrogen bonds’) having
a =% one-tenth the strength of 2 molecular bond. Very
8- -. ically, in the solid phase four H-bonds form a rigid
lat..cer in the 1iquid phase, on the average, two H-bonds
amslgamate chainlike links; and in the gaseous phase, 8 chance
enists to associate singly B-bonded wolecules to dimers (21,4),
44) or aggregate into clusters of preferved sizes (that is, 10 to
50 molecules) (22,28) under the influence of ion-activity (48),
If further notice is taken that atmospheric air is never free
from invigible particles having a variety of origins, chemical
compositions, sizes, and affections for water vaper, then the
radioc engineer will almost despair at the prospects of ever
putting order in the ic pand ium. The value of the
interdisciplinary \lorluhop on Atmospheric Mater Vapor for pro-
viding guidance with this task must be striéssed.

A. Absolute “Humidi ty

The amount of water vaper (that is, absolute humidity 0},
Presaat in the atmosphers depends upon: (a) evaporation from

‘surfaces; (b) transport by motions on variocus scales, mainly

through the P e (c) d ion-forming clouwds and
foq that csuses precipitation fallout. The radio propsgation
engincer measures the amount of water vepor by means of an
aversge concentration 5, which varies at sea level between the
entremes of 0.1 (4ry, winter, polar) and &0 i;/tl3 (wet, summer,
tropical). The height distridbution is approxisated from a known

ground level Dy by

Ithe electron-rich end of O in the polar molecule N 0 actracts
an electren-poor § end of & npeighbor N 0.
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P(h) - Po expi=h/2 ¥r) 132}
and the most realistic measure for predictions is the total
prezipitable water vagor in om (10 g/rl/im = | o).
*2
e J';p(., ds * 0.2 P° [BR)]

The quantity v (s measured, for example for & senith path, with
a microwave radiometer (39,40). The variations of the dry eir
paramoter p(h) and t{h) are described by standard height profiles
:n.! attention is called to the model of the U.S. Standard

e {for ple, (33)). The number density for the atwo-
spheric qases vith constant volune mixing racia (03, Ny, 003,
ncble gases; or referred to as dry air) follows directly from the
p-t combinations. Over the height range h = 0 to 16 km, the
changes are for p from 101 to 10 kPa (1 kPa = 10 mb) and for t
from 0.9 (333 X} to 1.5 (200 K). Ozone (Oy). besides water vapor,
has a variable mixing ratio which is modeled separstely. EIxamples
of 0, millimeter wave spectra are shown in Figs, 2 and 7 as
reported by others.

Practional fluctuations due o water vapor patdes and tur-
bulence are typically in the ranges

sp = 2 80v
ét = ¢ 18 (34)

p e t 0.10

Vn-mutt§ of humidity for a midlatitude location with a medium
of 7.4 g/a> is diurnally 2 1.9, seasonally ¢ 6.3, and locally
2 1.2 g/md.

1. Nolecular Quantities. The molecular worlé of sca level
air is very empty. The molecular radivs r = 1.0 x 10°4 (m,
average spacing 4, and average distance L between collisions
are in the radios £ 1 d : L e 1 : 180 : 320 (33). Most of the
time, s molecule is unperturbed by neighboring molecules. The
nusber of 4ry air molecules pPer unit volume [PSEIRETY

=205 %107 pe 135)
(e.9., p= 101, t = 1 1 Mg = 2.44 x 1025),

Water vapor is an imperfect gas. From thermodyramic measure-
ments, it is known that there are slightly rore N:O molecule®
per unit volume than predicted by the ideal gan law. The corfec-
tion is made by introducing the second virial coefficient Bit).
The nlm.lu nurber density of Hy0 for a given vapor concentra-
tion (in g/md)

P “ 7219 et (36)
follows from the relationship in m~>
n, = (ta.009/p) 16730 o sl m 3308 % 10°% on

23
(e.g., P = 10 1 My = 3.35 x 10°7).

very few values for B(t) have been reported (44,69):

e ... 09 1 1.2
TR o m 300 250
s, 10797 ... .. 28 -L.9 -0.9

The deviations from ideal behavior
ce. lnv/n: me01] -1 (30}

are small, even at saturstion {see Eq. (43)):

e ie . 0.9 1 1.2
pEo,. o/md .. ... 130 5.5 0.82
e 20 L. .12 1.6 0.03

The deviation € led to the postulation of a dimer molecule

tA30) 3. The molecular structurs {43) and the millimeter wave
spectrum of the dimer (6,8.69) are well established; however,
its number density under tropospheric conditions is not known.

The dimer number density is expected to depend strongly on
temperature since the hydrogen bond strength is rather weak.
Data whizh are suspected to be caused by a dimeric effect can be
analyzed for their percent change-per-degree or for their pover
1aw (tY) dependence to allow & positive identification:

T e T
IR e N
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Data
% Change/K y eV/molecule kcal/mole

-1.56 S D 2.

2.5 1.7 5.2 4.6p “Ntond
-).78 1.6 .1 6.90
-.22 19.3 0.5 11.60

~Conden=

-12.10 9.0 1.9 2110 o0l

Sond strength is expressed in units of eV/molecule or kcal/mole
and the value exp d for s hyd pond lies between 3 and $
kcal/wole. The dimer mumber density in w~) was proposed to
follov an expression (6)

My =W ket )

An approximate equation in m? for k(t) was derived from expres-
sions given by Bohlander (69)
-27 t"‘

kK:1.8x10 (40)
which when cosbined vith £3s. (37) and (391, yields in m >

L 2.0 x m" a' :5'6 (41)
and for cthe fraczionsl dimer conzentraticn

MM, % 6.1 2 1075 0 ¢3¢ (42}

-3
(for example, 0 » 20, t = 1 : KD,’HV z 1.2 x 10 ).

Other estirates on the fractional dirmer concentration Mp/™y
are reported in mef. (21): 0.4 x 103 for 0 = 20 assuming
5.4 kcal/moles and in Ref. (44): 1.9 x 10~3 at ¢t = 1 and 0.95 =
10-3 at t = 1.11, when extrapolated from saturated vater vapor
data taken over the range t = Q.77 to 0.84. These ratios
Mp/M, are close to values of € defined in Eq. (29).

B. Relative Humidity

T™he of ic mill wave propagation
(Pigs. 1 to 7) showed clearly the dominant influence of water
vapor. Some difficulties in predicting this influence obviously
are related to the fact that vater vepor is a vapor and not &
gas. The first consequence of the vapor state is that s maximum

atien Oy be 4 A balance emists between
two states called the saturation point. At saturation, the rate
at which molecules evaporate from a plane surface (liquid or
solid) equals the rate of incoming condensing molecules. The
saturation concentration over water for atmosrheric conditions is
fitted by

p<p, -1 & 10110-9.824t) .

3
in g/m” and is in a very rough approximation simply in q/‘n3

p’ T3¢t (44)

el A A AR i i it R I R AU I

Equation (43) is programmed into the radio path model (Section II},

which uses RH{h]} inforwation to calculate with t(h) the valuas e
or 0.

The saturation concentration defines relative humidity
€« prp, = 0.00pe’” = 0.20 @e!® <1 1as)
of, in the wore familiar percent notation, RH = 100f < 1008, The

vapor ion varies over a wvide range as a function
of tempersture:

T x t eV plervet® . g5, @ p,. ta. 4
333.30 0.0 6.000 130.350 130.400 150
300.00 1.000 1.000 28.500 28.500 2%
2713.16°  1.008  0.203 4.850 4.840 5
250.00 1.200  0.045 0.822 0.822 1

fsmithonian Hydrowetric Table (see (33)).
Prriple Point

The i rdep M, A v, and T are shown in
rig. 8. The humidity condition RH = 100V is & delicate balance
point for phase changes. A 4rop in temperature by 1 X decreases
the water vapor density of ssturated air by about 68. Energy is
released during condensation which was stored in the random
motion of H20 molecules. One cubic meter of a forming cloud
that converts 1 g of vapor inte the ligquid phase releases 2.5 k’.

The latent heat reiease can gensrate electric fields.
pending upon the d the of cooling, and the
water vapor supply, more or less violent updrafts (such as
cumilonisbus clouds in thunderstorms) feed & turbulent air
sotion. Small serosols are lofted into the upper region of a

-A9-
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Relative Humiainty RH, %

Precipitable Water Vapor w, cm

FIGURE 8. The amount of precipitable water vepor w in a
radio path of length, L = 1 km and the corresponding hosogeneous
vater vapor concentration 0, both as a function of relative
humidiey RN for various temperatures T. The temperature depen=
dence of saturation water vapor pressure eg and meximum vaper
concentration pg (RN = 100%) (31 is:

r.c eg.kPa Ps.arm’
-30 0.051 0.453
-20 0.125 1.070
-10 0.286 2,360
o 0.6i1 4.840
10 1,227 9.)%
20 2.117 17.270
10 €.243 30.310
40 7.370 51.020

The broken lines indicate schematically the range where vater
uptake Dy aerosol takes place (Fig. 9).

forming cloud wvhile the larger, heavier ones remain suspended at
lower levels. The small aerosols carry 8 positive charge, the
lower levels take on a negative charge. The charge separation
generates high electric field strengths and lightning discharges
occur when a value of about 30 MV/® is reached. Even before,
additional ions must be produced, which are suspected to have
catalytic influence on the f ion of leculsr cluster
(Hy0), with n = 10 to 50 (28).

C. Submicron Hydrometeors

Atmospheric air is never free from invisible particles
{asrosols) having s wide variety of origins, sizes, and chemical
composition, and most importantly. having the ability to convert
water vapor into submicron hydrometeors. To account for serosol
activity, one must follow the evolution of particle size spectra
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PIGURE 9. Schematic size distribution of number density N

for equivalent spherical atmospheric particles from molecular to
rain drop sizes, r = 10 to 104 um (32,33,41).
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and the attendant microphysical processes of rass transfer over
many orders of magnitude in size (r = 2 x 1070 to 1 cm) and
number donsity (M = 1037 to 1 a"3). This problem of acale is
sketched in Pig. 9 to illustrate the extent of the difficulties.
The amount of relevant litersture dealing with aeroscls is over-
whelming and the referenced material (33-45) is probably an
tncomplcte sclection in the search for nommolecular millimeter
wave absorbers in moist air.

Aerosol models start from dry particles, distributed over
three distinct size ranges (Fig. 9) (35-38): ¥, nucleation moder
A, accumalation sode; C, coarse particle mode; and X, hypotheti-
cal submicron distribution requircd to explain WA (see Section
IV). Each mode is described by representative values of &

log-normal distributiom (23,43). A major process for the forma-
tion of the N-mode is the trace cas-to-particle conversion.
Sulphur dioxide, for emample, nuclrates with water vapor to form
sulfuric acid primary particles in large numbers (as high as
1015 @3y, which are rapidly (within ms) coagulated by Brownian
aotion into the ¥e-mode ()4). Th:is mode may contais sizable mass
concentrations, 0,(M) § 20 ug/m) (39), but sore to the roiat, it
presents an enormous surface ares S) to the vaper phase and
enables tha asrosol to respond quickly to changes in relative
humidity RN. Particle number density M) and total surface azea
Sp for 1 1 of water distributed in spherical droplets of radius
»

T withel are related as follows.
r, im n,. wolec/a’ 5,
" 0.01 2.4 x 1014 3000
A 0.10 2.4 x 1012 300
c. 1.00 2.4 x 108 10 t48)

The aixture of gss and suspended particles is called an aervsol.

Solution droplets, such as HySO4, are highly hygroscopic:
that is, they adapt their size by taking up vater if the A in
the ambient air is larger than the equilibrium RN over the drop-
let's surface. 1IN a reverse situation, their size will shrink
B of P ion. Other hygr < are sslt
particles found in mazitime (NaCl) as well as in urban [for
example, (NWg)250¢) environments. These crystals undergo a
sudden phase transition to become solution droplefs at critical
M values (RH = 768 and 80V for NaCl and {NW4)7%Dg, respectavely).
The aquecus particles, or so-called hydrometeors, collect in
stable, Mi-depend sizes pr minantly in the A-mode. A third
type of aerosol particle is relatively passive dust grains in
sizes commensurate with the A and C modes. The solid matter
accumulates & £ilm of wvater on its surface. All the particle
population is able to aggregate vater (CN) but the small,
hygroscopic parta of the N (CCN) play the dominant role.

The tota] aeroscl mass concentration in 3ir with e humidity
of p = 1 g/m” can range from O, = 1 (clean air) to 400 ug/m
(polluted). At RH = S0\, an average mass loading of about 0.1
-g/-’ has been deduced from data collected at 291 locations in
the U.S. (38). Values betveen 0.5 (clean air) and 3 mg/m
(polluted) are reported for cp in cloud free aerosol (42).

Water vapor-to-liquid conversion becomes effective when RM
exceeds 80V, An aerosol population cen triple. even quadruple
its dry state size, and thus lesd to more than a hwndred-fold
i in mass ion. Since the average size stays
below 1 um, a moTe or less invisidle cloud existas, optically
categorized in the atmosphere as haze. Optically active sizes
(> 0.5 um) in sufficient are only T d if the limit
KH = 1000 is emceeded. In that case, the available ascunt of
water (for sxample, that due to & sudden cooling of saturated air)
1 shared cither by many (> 10%) active particles (CON) and small
(r = @ 1m), uniform droplets form as fog of cloud, or by very few
1€ 10%) and large (r > 100 um), destablizing droplets that pro-
duce rain.'

The water uptake of serosol has a theoretical foundation in
the relationship between the smbient RN and the equilibrium
radius »* a particle. Hanel provided empirical data on the
hydrorgtvic activity of serosol (35). Me defined a wmass growth
factor g(f = KH) with respect to the dry mass concentration on
and measured in the laboratory the equilibrium growth behavior
of typical air samples. Two examplcs are depicted in Pig. 10.
The accretion of water to particles is substantial when RN
exceeds 80% and gives them almost pure water rroperties; that is,
Salf > 0.8) = p,. Two app te expr 4 for g(f) can be
formulated (35)

ity wat® 2 co0.® n
and

alf) @ 1/(1-01 (£ < 0.9%) (am
if ast¢ hy in the growth Pehsvior dus to the

chenical vp are disreqgard A detailed discussion of models
for growth factors can be found in Pefs. 36 and 17,

By referring to rsdio psth modeling, it is possible, at this
point, to formulate & path-intearasted liquid water content in mm

we J p 80" j PR r - ’ lp‘/u-n) ds an

1 L i Ll

AEROSDL WATER UPTARE
W0

Lo o sl ety

Nelsve Woter Uprode P, Py

1
[] L] [}
Moiotve Ssmgrty M54, %

FIGURE 10. Water uptake (megs growth factor g(f = RN)] of
two representative aercsol samples (maritime: NsCl; Continental:
(NHg) 3504 ¢ Si0;] #9 & function of increasing and decreasing
rclative humidity RN (385).

The water content W increases at the expense of the precipitable
water vapor v defined by Eq. ()3); hencs, in cm

w(f) = w(f=0) - W (50)

The amount of liquid water in moist air (RM < 1008) is difficult
to seasure. Several indirect methods have been developed. Three
more promising techniques are

1. The mass concentration b; of a dried air samrle is
determined by micro-weighing and available (35) empirical growth
factors g(f) are applied. For example, st RN = 99%, the values
for g range between 65 and 120 and yield W = 0.01) to 0.024 =mm
when 0f = 0,2 mg/w’ over & path length L = 1 km.

2. A passive, radiometric microveve method measures st two
(or more) Aifferent frequencies the sky noise Ty (see £q. (10}
and Refs. )9 and 40}, The briahtness temperature Ty is converted
into zenith attenuation A (dB) by means of the spectroscopic dats
base. Guirsud et al., (40} perfected the technique, which uses en
instrument operating st 20.6 and 31.65 GH:. The retrieval algo-
rithms for the simultaneous determinstion of water vapor and
water liquid content are adjusted to take into account s priori
statistics (that is, a repr ative radi de profile). TFor
exsmple, the climatology of Oklahoma City yielded (40) in cm

we= 6.32 A(20) -~ 2.72 A(31) - 0.01
and in mm (1)
¥ e 1.30 A(3]1) - 0.53 A(20} = 0.002

The frequency 20.6 GHz is close to the 22 GHz vapor line (Table
2) and responds mainly to vaper; the frequancy 31.65 Gz is
resote from the line and responds to the dielectric loss of water.
This instrument provides around-the-clock monitoring of w and W,

A typical record over 7 consecutive days (Oklahoma Cit: 41
h = 360 m, locking st zenith) displayed for sech 24-host porind
the following extremes (40):

Day L -] L)

1 2.5 to 1 0.0} to 0.02
2 1 to 2.6 0.02 to 0.5

3 2.4 to 0.8 0.02 ¢o 2

4 1 to2 0.03 to 1.5

S 0.5 to 1.2 0.1

6 0.8 to 1.3 0.1

? 2.4 o0 4.2 0.1 to 1.5

The point of this example is that the low limits of ¥ usually
exceed the values that are obtained when using an average dry

1 mass ion and d g(f)- factors. The high
limits of W are most likely due to visible clouds since their
size range (r = 7 to 100 um) contains the bulk of the water.
Unfortemately, the data were not accompanied by notes providing
inf tion or me logical or optical conditions. A similar,
satellite-borme radiometer yields, over ocean surfaces with well-
defined emission temperatures, the same information on w and W on
a global scale (39), .

3. The measurement of optical transmission gives insight
into the average serosol state. Both the optical (X = 0,55 um)
attenuation rate o, and the visibility V = 20 4b/a, are related
to the liquid water content {,. In qenwral, Mie scattering
theory has to be applied .n order to predict values of ay; bagsed
on svailable size distributions and the complex refractive index
of the particle material (23,331.3%),

-A10-

4
b

PRI . DRI

| .

™

L I
el

“s e “y g JY

« v »_ o .



v v —— e Podingud o diaie tiaes 4 xvy L ity - i R +
Al aC ORI ML s S L EL L NS aRCURE MR eI NN A A T S AR A A A A R L I A

A NEMESIS FOM MILLIMETER WAVE PRCPAGATION m [}44

For the purpose of this paper, it is sutficient to bypass the 1. A mnlecular approach searching for water polymers ’"2°)n
elaborate, lengthy calculations and discuss the wmain features and their ~pectra in the atmosphere. Sizes of ne 2 (damer) ¢

| SRY

:':. with the help of & simpla smpirical expression (27,37} 16,8,21,69,81,086,89) and n¥ ) {(cluster) (21.20) are possibilities.
o~ . - 0.6 0.6
.\:: N~ L 300 P or v o« 0.067/p, 5 2. Liquid water uptake by sutmicron actosol perticles under
~ o where gy {8 in d8/km and V is in We.  The relationships between conditions of high relative humidity (RH > BY8) (9,29.23.258,12,
o .

-‘j ~ Gy, V, and the path 4 water By are app 1y 3.
.-"‘ Each conjecture is supported by -om= ss well a8 contradicted by
) other bits and piaces of experimantal evidence.

; 3

. €0, . . . . N ]
{ . P, = o.ca1| o.01 0.0% 0.1 0.5 A. Definition of EWA
a/xa. <
-~ % ‘ s 19 so ” 1% Window attenustion, both model and experimental, is fitted

vV.km...> & 1.1°(1.5) 0.4 (0.5]| 0.27 [0.3] o.10 [0.08] to expression in dB/km of the form
Clear| Haze . MM € 100% | Fog, M > 1008 o = 0.182m" = € p* ¢ (w/30%p (56
whers %, ¥, £ are the proper exponents of 8 particular absorption
*{ | = axperinmental value sodel.

Frequently, hase and fog conditions are described merely by
stating the measured value of the visibility V* which, however,
depends on the definition of the threshold value (20 4B for L =

The ArcL compilation lists 38 )50 N3O lines from 20 Qiz to
331 THs (10) ordered in seven bands (14), of which 1809 rota-

" -\ 1 ke in Eg. (52)}. Milsson performed detailed Mie calculations tional u”::,,? ': :‘: :’ :.:: ?::“::“ :l;: '“1‘:';:"'::::

et on five different aercsol models with the result that visibility :‘;‘“""“omhm m‘:“ e maonitade “:“; ey
& e e V {16 dB threshold) and relative humidity RN are related directly the 1ine continuus are 9“.;. in 4;/“/’;-’/&!; by
_.::‘ (23). The range of K for these models is 9
;._- c, ~84x 10
k :.. V., km 50 15 1 2 and (s1
P RE, 0 to 7 84 to 95 96 to 99 99.7 to 99.7 x = 1.2

Yy : 3

In summery. the salient points of this section are:

- 1. The physical foundations for path-aversged vater vepor v s, =2
. (Eq. 33) and liquid wvater content ¥ (Zq. 49) were traced is

seasurable quantities. Both are expected to be the rain source
for millimeter vave absorption in moist air.

2. The mumber density M of the major molecular absorbers was
oiven for 0z in Bg. (35). for H20 in Eq. (37), and for (M20)2
in Bq. (41).

3. The water-vapor-to-water-droplet conversion in atsospheric

aerosol and the associated scale problems were discussed to aid
in the comprehension of the that & water molecule has to

These exponents are based on the rolecular nurber density (Eq.
37} displaying the exponents x = 1 and y » 1. With Eqs. (6]
and ($?), it follows for the sarrle conditions above (V = 300,
P =100, 0w 17, t = 1.023) that 2, = 2.75 d8/km.

The dimer spectfum is discussed {n detail in Refs. €9 and
109. Absorption should follow derendencies given by Eq. (57),
but modified for the dimer number denajty (Eq. 41). The response
predicted in this fashion in aB/km/(g/m¥)2 is

undergo before precipitating out of the atrosphere. The key role €, = tvalue of Table 4)
of relative humidity RM (Eqs. 43 to 48) in this process vas o
underlined. and (58}
4. The interdependence between the optical properties (£q. x, -3
$2) of moist air and the liquid vater content is not unique: it
depend ly on the 1 size distridution. rpr
.
IV. EXCESS WATER VAPOR ABSORPTION--EWA %, = values of Tanle ¢

Aerosol liquid water attenuation is obtained from published

o Water vapor absorption (Eq. 14} in the millimeter vave dialectric data on bulk water (ng. 13) yielding in dB/km in the
' windows stems from the fact that the intensity of the local Rayleigh approximation (€' = (n3)¢ + (a1, ¢° = ngngl (25,30,
s, RS aillimeter vave lines W] = ISF* (Table 2) is insignificant and 32).

\n’. :. that two other absorption terms, NJ and Ni, become dominant. 2 2

A < The far-wing response Ny of the rotational spectrum of M0 beyond a, = o.82vp, €*/le + 27 ¢ (€M) (59)
) ‘- 1000 GHz- {Fig. 1) is estimated Dy applying the approximation

Ny ) Y € €V << Vg to the 1line shape P° (Bq. 16) and results in Another method of calculating the aerosol 1iquid wvater attenua-

tion assumes thst the medium has & refractive index ng * I, and

- 3
!; Z'W/\'° (83)

where F3 is in units of 1/GNz. The N30 far-wing continuum of one
line in ppm follows with EZqs. (24), (25), (53), and (11) as

W e wp s caseppetlep? ey e

where
3
Cy @ 0.284 bl hJ/\J° (8%)

For moist air, the pi-ters due to self-broadening is always
smaller (< 20%) than the foreign gas-dDroddening term po. The
far-wing contribution of the strongest KO line (Table 2:

Vg = 2774 Gz, Cy = 5.14 x 10"10) is for an atmospheric condition
described by p = 100 kPa, t = 1.02) (20°C), 0g = 17.27 q/m, at
the frequency v = 100 GHz, Ny = 4.77 x 107" ppm or a, = 0.02¢
dB/km, to which the cZ-contribution is 11%. The line center
attenuation rate, in comparison, is 34 = 7.40 x 10% ¢8/km. most
certainly, line shape theory (Eq. 16) is overtaxed when it is
spplied to predict relative intensities {n the far-wing over
seven ordess of magnitude.

An unspecified term N3 was added to Zq. (14) to account for
discrepancies between predictions based on suming Ni-terms (54)
and seasurements. The only certainty in the conflicting evidence
for %% is its correlation with atmospheric humidity. The abbre-
viation IV (excess water vapor absorption} is used to describe
NZ. ror simplicity's sake, different, mostly exponential tempers-
ture functions have been reduced to a power lew tY (Eq. M}, ‘In
this section. the exponents of physical (0%, tY) and frequency
(V) dependences are formulated for absorption models and com-
pared with those for esperimental dsta. This procedure appears
to be cne practical way of identifying & specific absorption
sechanism, especially since IWA observations are not over-
wvhelmingly consistent.

Two scheols of thought have evolved to explain DAt

that the attenustion in bulk water is increased due to wavelength
shotteaning (A, = lo/ny). This allows to formulate

L * (ll'/n"') {W/L) {60)
Soth methods have been appiied to the latest dislectric data om
wvater {106) producing somewhat different values {(see Table ¢).
frequency and temperature dependencies, when app ad using
£q. (60), follow in dB/mm from the rough data fit

0.6% t-ﬁ

c‘/n"' = 24 (v/300)

Now, if the liquid water content is estimated by Egs. (49), (47),
and (45), W = 6 x 1072 L p2 ¢34 0f, one obtains for the expected
aerosol response in the form of Eq. (56) that

xABZ
y.'?l

2, = 0.65 (61}

In surmary, millimeter wave vindow sttenuation ¢ might very
well be & combination of up to five different contributions:

—— WA —]
as= al(leeul lines) + u'(!u-utnq-) + ulOGo‘ﬂ'(clmttr?l
(62)

A parametric study of water vapor concentration (p) and tempera-
ture (t) dependencies could, in principle, reveal the following
behavior in the atteruation rate:

‘Jom already in 1919 had considered 4 water dimer to explain
snomalous dielectric water vapor resules (72).

-Al1-
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Multiplication factor with respect
to )OO K data

T P p:; , N W t® o
o 9/m (g/m”) eq. (37} Eq. (S8) Eq. (61)
-20 1.0? 1.1% 1.18% 1.664 3.8%0 116.00
-18 1.36 5.7 1.140 1.482 2.8%0 39.00
) Y .34 1098 1324 2110 16.00
10 ’.39 88.20  1.080  L.1s1  1.390 5.10
20 127 29830 1.023 .01 1.200 “1.90
3 30.33 918.70 0.99% 0.970 0.92) 0.7

Data obeying x * 1 and y * ) but displaying magnitudes different
from C, (Eq. $7) can be interpreted as failure of the line shape
function (Eq. 16) to predict far-wing intensities. Discrepancies
of this nature will be rost pronounced for dispersion intensities
(2q. 18). Wing data of O(V] drop more gradually (« 1/v) with
decreasing frequency, and actually blend into the well-known
refractivity Ng (Eq. 12) for v < 100 GHz, as seen in Fig. 4.

Laboratory measurements play an important role in verifying
modeling schemes for EHF properties of moist air. Generally, all
the spectroscopic parameters (> 200} entering into Eq. (1) should
ba deduced from absolute intensity measurements under well
controlled v-p-t-0 conditions. By a judicious choice of the
experimental variables, it is possible to investigsate rost
paramaters separately.

Numercus millimeter vave and infrared studies of water vapor
and apist air have been reported. References 46 to 72 are
selected for their bearing on the EWA problem. Evidence for EWA
from these efforts is summarized in Table 3. It is not limited
to absorption, but also shows up in dispersion spectra D(V) (6))
and in refractivity Ng-studies (48,49,52,56,63). The experiments
are performed by various techniques. The radio path is simulated
in an enclosure either for a single~transit of & multiple=
reflection (resonator) passage. Detection sensitivity increases
with path length. The transmitted energy can be a single
frequency. 8 frequency pair for differential measurements. or a
broadband (Fourier transform) signal. Main vsriables for an
experiment are either frequency or pretsure, the latter being

Excess Water Vapor (EWA): Evidence from Laboratory Data

1

Prefcrable for EWA atudies. Gas mixture control and vacuum
reference are laboratory advantanea for ab-nlute int.n=lty
studies.

Water vapor is recognizsd to ba a mrdium thet is difficult
to control, even in the laboratory, due to its attractive force
toxard surfaces, The surfacc arca of the laboratory enclosure
~wplaces, in a way, the micro-surfare of an atmosphetic aerosol
populstion. Water molecules do not ordinarily aggrejate
spor.itanecusly, but water vapor becomes 1iquid water when wettable
surfeces are present tO retain the impinging molecules. A
threshold of > 2 x 10°5 cm"l (n the surface-to-volume ratic is
sufficient to form a continuous interface between vapor and
liquid (38). This value is always exceeded in atmospheric air
{see 4. 46) as well as in & laboratory test chamber. An
experimenter can sslect surface raterials that, to a certain
extent, passivate the attraction for water vapor. A systematic
study was made of various surface coatinas applied to sn electro-
polished stainless steel (SS 104) caviey (3440 em3 and 1265 cm?,
$/V = 0.37 ca~l} evacuated for > 24 hours ta 10~4 torr and
subjected to pure water vapor, e_ * 2.40 kPa at 23.0°C. Results
on the relative amount e/e, of vater-uptake by the walls and the
time response of the sdsorption ("pa) and desorption (“pe)
process are as follows:

Coating c/e° Ne.. ﬂl‘ "Do

Teflon FEPL20 (DuPont), % s s
1 coat ~1.00 20 180 $00
S$5 304, electropolished -1.5%0 30 150 400
HMDSS silanizing -1.3% 27 190 750
Parylene C (Union Carbice) -1.60 32 140 $80
Silicone SR240 (GE) -2.10 42 20C 550
Teflon FEP120, 2 coats -2.9%0 58 230 5500
Clear lacquer ~4.00 8o 300 7200

60 Guz spcctm:c; ;c;l: - :19.5(!) °xoz 2 hrs S ;-n
untreated (63) (S/V = 1.28 ca~ly
Tjiexamethylidisilazane ((CH3}3Si] N
r of molecular laysrs

T™he need for minimm S$/V-ratios and judicious material selection
for laboratory enclosures is clearly evident upon comparing the
performance of one of the typical spectrometer cells with the
preceding test. Water vapor surface effects have been recounized
(52)1 yet, in many cases (46,49,56), they were sxcused as &
possible source of error for the reported data. Work close to
saturation requires & circulating gas-handling system with
controlled mixing and continuously monitored RN levels (107},
Additional sources of error sre disturbances in thermodynamic

TABLE 3. Summary of Laboratory Studies of Continuum H20 Absorption

Cont. nuum nzo absorption

Experimental (onditions

4 Tempera~ Path

Frequency = "] F] Poreign density ture length or Resonator

v, Gz (0) 127] o~ qas p.g/a® T, . » 0, x 103 Nef.
18-32 1.2 Air 0-40 e 800 (0-box) 46
22 2 N 0-50 2 ;] 56
22,24 1,2 0-20 297 (20) 16 63
31.62 2,2 2,10 2 o-35 280-325 (>100) >300 63
117-120 >l 0-28 298 150 74
170-300 2 0-20 295 200 53
213 2 4,26 | 73 0-60 270-320 (40) O-box 5
210-300 2 >10 36 2731-333 28 58
450-960 1 95 2 59
990.965 1,2 0-15 291.323 10-60 - se
300-1500 2 0.5 290-358 5-103 and Q-bnx 69
9-18T%3 283,329 133 69
12-26r 1.2 12
14277 1,2 >10 2-20 293-313 500 60
21-387 1 5.5 14 296-308 1185 s
28-137 1,2 2,16 2 ¥5.,03 0-20 289-301 70
7s-86r 1,2 14 298 a1 68
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equilibrium: (a) the vapor heats up when injected into an
evacuated cavity, (b) the sdsorption process rele heat and
vice versa, (c) the ambient gas temperature is lovered during
punp=down. All laboratory results on spectroscopic data

(Hy, D, N") of water vapor should be seen in light of these
comments. Some selected examples displaying EWA behavior are
discussed in the following.

1. mofst Air Studies. Llewsllyn-Jones et al. (66)
investigated the temperature dependence sl the frequency
V e 213 Gz by studying moist nitrogen (p = 9) kPa) over the
range T = 270 - 320 K. The attenuation (Zq. 62) for thesa
conditions can be described by the ewpirical expression in 4B/km

a = 0.22pe2 + 0.01p%* + 0.03%:%® te3)
Close to ssturation, the following values result from Eq. (63):
T x ¢ p. wa’ a. d8/xm
250 1.20 1 0.32 + 0,02 ¢+ .41+ 3.8
7 1.10 s 1.33 + 0.37 + 8.34 = 10.6
1Y 1.08 10 2.43 + 1,22 + 10.67 = 14.3
300 1.00 20 4.40 + 4,00 + 12.00 = 20.4

2. Pure Vater Vapor Studies. 1In the case of self-brosdening
an exponent ¥ = 2 (Eq. 54) is expected. Mrowinski (56) observed
ag * 3 x 107¢ p? dn/km at vy = 22.235 GHz and T = J9°C, in
addition to the line absorption Gy. Measurements by Liebe (63)
at 30.6 Gis and 61.2 Gz, T = 300 ana 325 KX yielded in 4B/km

a s ax10pelwe0r? + 8 x 2072 0608 (64)
“The same experiment gave for the refractive dispersion (ppml,

D » N°(61.2) - W'(30.6), the result

D« 2x107%e® o 1.2 x 1073716 16%)
wh. . is an avarage of the type of result exhibited in Fig. 11.
The dispersion response resesbles the water uptake curves (see
Pig. 10) pablished by Winel (35) and provided the impetus for
the discussion presented in Section IIX.C.

Bohlandsr experimented extensively in the 100 GHz to 1000 GRe
range and deduced from ion dats, including results from
other investi s, the ag/p? shown in Fig. 12 and
listed in Table 4 (69, 109). He also calculated {by theoretical

.

TABLE 4. The EWA Component ozx/pz Reported in Refs. 69 and 109 Compared with the Water Dimer
Spectrum ch/p2 Calculated by Bohlander (69) and with the Aerosol Liquid Water Attenuation (a,b).

- s, T, S PR ASERS R
R T PRI faob AT VAN I A Die - ACIAMA SO WA SRS AR SN A A AT A A U I S

Al -

WATER vaPOR

Owperson 0, ppm

FICURE 11. Dispersion D of pure wvater vapor sessured with a
spectrometer cell between the frequencies 61.2 and 10.6 GNx
{63). A strong anomalous component is displayed exhibiting e

d ien/ P son hy e318 typical for weter uptake
activity (see Fig. 10).

means) the envelope of a rotational dimer spectrum, & fractional
dimer concentration (Eq. 42) of 10~J being asmamed. The data
£it between EWA and the dimer attenuaticn (e¢/x in Table 4) is
poor: the spectral shapes do not match. The fit is much improved
if the serosol attenuation rate (Egs. 59 and 49) in 48/km

CA - (u‘/n"')p' (66)

is used in the corparison (a/x in Table 4). Equation (66)
assumes pure liquid water droplets of submicron size. Actually,
based on this fit, it is possible to predict a liquid vater con-
santration 0, that is needsd to reproduce the IWA data of Table
4 that is, in g/md

o, ¥ 1.3 x 1073 p? 61

At this point, the resdsr might recollect the arguments that have
been brought forward to formulate Egs. (47), [49)., (59) -

(61). Millimeter wave attenuation by submicron hydrometeors is
derived from Mie's scattering equations in the Rayleigh aprromi-
mation (33). The refractive index and attenustion rate of bulk
water are presented in Fig. 13 (102-3106). The bulk vater attenua~
tion o, is higher because of refractive wavelength shortening in
the mediums hence, the division by n} is applied for the gasecus
asrosol medium (' = 1).

Attan— rrequency v, GRz 7.
ustion Code 100 200 300 400 500 600 700 800 900 1000 °c Ref. rig.
u/a’ z 19 26 32 3?7 42 46 5o 52 55 23 (44 12

+
0/93 c , 4 10 18 - & 50 40 25 15 1 7 22 é9 12
— e e J— —_— — — —— e e | —— -
a‘/a.
(£q. 59) > q 9 16 21 26 n 16 40 49 46 a5 ;:,

%) 106
(£q.60) 8 ? 16 23 28 13 8 42 45 48 51 25 106

lzo—Ancmun'un Rate
oata a/x 0.0¢ 0.88 0.82 0.89 0.90 0.91 0.%0 0.92 0.9
.74 4 0.47 0.62 0.66 0.70 0.7¢ 0.78 0.80 0.83 0.84

Fit: c/x 0.5) 0.69 .41 1.15 0.95 2.54 0.30 2.21 .23

+Vonits: (d/imrigm’)?) 1 1070

#)cnies: as/xmigsm’
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E-3

——— T LA | T T 1 T
WATER VAPQOR Jm
2 K

-4

L4
Qy, 9B/7am for 020

EWA @y/p?, WB/kmi/ig/m’)?
8
o

Freguency, GHz

FIGURE 12. Summary of reported fregquency dependence for
excess water vapor absorption, compared with a rotational dimer
band spectrum (Np/N, = 10°3) (69) and the absorption spectrus
ay of liquid water in submicron hydrometeors (see Table 4).

10
a
. . :
.-f* 1 / . TN w
2 “ny R _/ .
5 N N £
[}
% L . n'-s" -,:} ] L g.‘
Eo ,\'{ N i :
é -~ ’ Vhte‘r A \l %
£ it /’ — 25%C - !\\ ) §
/ [TEHF— PN <
Wil 1 1
5 » 300 GHz 3 R THz 30
Frequency ¥

FIGURE 13. Cowpler refractive index ny and dulk attenuation
rate a,, of vater as & function of frequency, ¥ = 3 CN3 to
200 TRz (composite from Refs. 102 to 106).

TRe refractivity N, = 40.4p + SN,, when measured at 40°C and
21.4 .z and 23.6 GH (49,%6,63) exhibited also the anomalies
SNy s
RH,¥ <85 9.0 94.0 97.

b} 8 1.

1 4 %9
88y, pPM 0 0. 0.

1] .0 99.0
s 1.8 2.5

C. EWA Evidence from Field Measurements
Millimeter wave field -nmm;tl are Vnrziad o‘;:Tuthxn
ways {37=101):

1. attenuation rate a (dB/xm) for horizontal, line-of-sight
paths-
2. total zenith attenuation A(dD); and

3. sky noise Tg(K), often employed to infer the A value.

Moet of the are perfl at single frequencies:
& few were carried out in a broadband sode (Fourier transform
technique) (86,90,9),98,101). Several difficulties plague fisld
observations:

1. absolute calibration:

2. large scstter (¢ 10% vo : 30%) in data due to unspecified
weather along the path;

3. scarceness of data at high humidities (RH > 90%);

4. lack of simultanecus recordings of the integrated water
vapor w (Eq. 33);

S. absence of data on integrated liquid water W (Eg. 49)
and visibility Vv (£q. 52) in cloud-free air; and

6. difficulty of fitting data empirically to surface-based
metectu)ngical variables.

Horizontal and zenith psth data are summarized in Table S and
compared with model calculations by using the U.§. Standard
Atmosphere (19). As expected, the window (Wl to WS) absorption
increases vith the water vapor concentration p or path-integrated
water vapor v. It was observed esarlier that measurements in the
100 GHz to 117 GHz range revealed considerably higher values of
wvater vapor absorption than wvere predicted by Hy0 line shape
theory 173).

Generally, the absorption A is divided into a dry contribu-
tion (Ay) and a wet term (Ay). The dry term is caused by oxygen
absorption originating from a well-known spectroscopic dats base
(Section 11)s hence, in Wl to W3, it can serve as & chack value.

The wet term determines the transfearency in all window ranges.

Transparency is tightly coupled to humidity [that is, 0, w, and
W(RH)) csusing various propegation limitations (for example,
usable range L or minimum elrvation angle ?) with in-reasing
Amounts of water vapor in the rath volume, A typical case exists
when weather conditions change from clear and dry to cloudy and
wet. The vater vapor absorpticn problem fades rapidly away above
h > ) km. It has become & standard practice to separate the wet
ters into two gonponnntsx one proportional with p (monomer), the
ather with a 04 (dimer) dependence. The first field results o
support the dimer hypothesis were taken at 220 GAx (76},
Comparing these dsta with other available data in Table 5, one
notices that {n about half the cases a4 squared (x = 2) water
vapor dependence improves the fit.

A horizontal path that opersted at 182.9 GHz, close to the
183 GNz H20 line (Table 2), exhibited differences in the water

vapar onality dependi upon clear or cloudy sky condi-
tions. The 4Aiff . 3.90 pared with 4.20 dB/Xm, was
led when a tewp ¢ depend of t10 vas assumed,

which is about four tirmes the t depencdence for the 18) Gz line
(Eq. 292 t2:3) (77). The same experiment produced at 171 GHz a
relationship between attenuation rate © and concentration that
becomes increasingly nonlinesr when 0 > 10 q/n’. Measurements in
WS (330 GHzx to 360 GHz) required a linear (x = }, y = 2.3) and
squared (x @ 2, y = 11) water vapor term to {it the datas (89).
Condansation effects vere evident in recent W4 and WS data (101).
For the first time, the impartance of relative humidity RH wvas
recognized. An EWA contribution with x « 2 and y = 16 to 30

can be isolated and an increase of oy with beginning fog condi-
tions was messured. Predicted attenuation rates in fog arg in
the zange 3 to 15 dB/km for v = 100 to 300 GHz, O, * 1 g/m” and
T = 4°C (25). An independ erent of water vapor v end
liquid ¥ contributions would be desirable.

Cusulative data taken through the total air mantle are more
difficult to interpret for their phenomenological origins. In
most cases, zenith attenuation A is correlated with the surface
wAter Vapor contentration £,. Simultaneous reasurements of the
integrated vapor w, either by microwave (see Iq. 51) or infrared
techniques (93) are rare. The raximu attenvation detectable in
the ERF range is A § 30 dB. The dry term Ag of & slanted radio
path follows the secant law Ag(90°)/sin9, even for low angles
(0 £ 10°); the wet term A, increases very rspidly below O < 10°
(91). A tangential path (6 = O} traverses about 8 times the air
asss at zenith but perhaps 100 times the watar vapor content.

It seems cartain that A, is a continuum spectrum (79,93,98,
108} and that earlier observations of spectral dimer features
{81,86,90,64) wers instrumental effects. To quote from Ref. 9):
“(EwA) shows no spectral featurss and scales with v.* The
trequency dspendence of the empiricsl continuum spectrum
(Eqe. 28 and 4) was z ® 2. A fit of the A, term between 15 Gz
and 230 GHs (Table 5) yields in dB approximately®

A, ~ 0.013 p_tw30) 37 (sa)

and the frequency dependence drops to £ » 1.22 for window data
taken between 140 GHz and 300 GMz (9)).

Field data mostly serve the practicsl purpose of establishing
an operational dats base. Agreement with model calculations
(Section 11) is fair, when it is considered that the sodel makes
use of Eq. {27) to describe the water vapor continuum. EZjither
integrated vapor w or surface concentration 0 are useful predic-
tors of millimeter vave wvindow sbsorption (Table S5).

D. EWA Discussion

A water vapor continuum spectrum dominates the transmission
behavior of atmospheric window ranges (Wl to WS: Pigs. 1 to 3).
Three absorption mechanisms hsve been parsmeterized o aid in
identifying the respective relative contributions to the com—
tinuum. 1In the course of this paper, the followang picture
svolved:

Far- Asro-
wing Dimer sol

eq. . By, Laboratory rield

(57) [$2 1] (1) data data
Relative
maguitude ¢/C. 1.0 Bm o 2 to 10 >z’
Water vapor x 1.2 2 22 142 142
Temperature y 1.0 e 2.0 $.5, 10, 10, 11,
. > 10, 16 to
16, 26 30
Prequency g 2.0 rig. 0.0 1.5 to 1.2, 1.7,
12 2.5 2

The empirical expressions {(Eqe. 62 to 68) merely organise
experimental data; they are not found to be entirely satisfactory
to \miguely support even one particular absorption scheme. At
presenc it ia difficult to relats VA comtributions quantitatively

e
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TABLE 5. Summary of Reported EHF Radio Path Attenuation and Comparison with Model Calculations
- . a
(3a) Horizontal Path at Sea Level
Nodel (19) Field daca®

am

o % [ 100° ] 100° Water vapor date fit Ref.

. tLo

-‘;:-. - v, Gag a, d8/km S, ds/km pr g/’

AN 20.000 0.010 0.56 - 0.510 0.04(21p o
N 130.000 0.020 1.28 - 1.540 0.12(3)p ol
AP 171.000 0.010 9 9.200 4.800 0.3750 + 1p? ”
ey - 250.000 2.000 .57 - 4.900 a0.18p 101

" 304.000 0.000 8.16 0.000 42.000 3.2p 7S
137,000 0.000  16.09 0.600 18.400 0.0p + 0.0597 100
145.000 0.000  13.50 0.000 6.400 0.45p + 0.016p7 s

sy 7%0.000 0.000  14.00 - 17.900 1.40 101

- ‘1 [
% ‘.‘j o (b) zemith Path from sea Levei® )
Caf b v’
LN v, GRs A, d» A, d8 A, d» A, d» or , o
¥ - : P -
<
A - 15.000 0.0s50 0.2 0.055 0.106 0.004p n
el . 15.000 0.0%0 o.u1 a.046P(a)  0.0asP(®) g.003p ”
20.600 0.0%0 0.56 0.11(2) 0.52(2) Yo ¢ bor? 97
w 22.000 0.065 0.a8 0.23¢3) 1.150 0.37(2)w ”
f 22.200 0.066 0.9 0.200 0.900 0.070 s
22.235 0.066 0.9 0.0 0.720 0.048(8)p n
31.700 0.120 0.35 " 0.3 0.15(2) 0.03202 - 0.026w 97
i 3%.000 0.150 0.19 0.168P(€)  0.3002(d) 9.0100 9
35.000 0.150 0.39 0.170 0.340 0.013(2 u
15.000 0.150 0.19 0.100 3.250 a0 + s
36.000 0.160 0.41 0.15(2) 0.660 0.038(6)0 + bp? ”
20.000 0.430 1.7 0.5(2) 1.400 . ”
90.000 0.250 1.38 0.170 0.940 0.0612)p u
91.000 0.260 1.40 0.320 1.520 0.2w e 0.06w7 0
vz 93.000 0.220 1.4 0.41(4) 1.500 0.35()w "
95.000  n.220 1.68 0.2%0 1.35%0  dap « pp? ']
110.000 0.450 1.10 0.6(2) 2.180 0.12t0p ”
111.000 0.470 2.20 0.97(17)  2.400 0.45(16)w ']
118.000 16.110  16.45  10.000 12.000 »”
w3  133.000 1.110 229 1.67(6) 3.400 0.56(4)w ')
150.000 0.100 3.6 0.20025)  4.000 1.19(14)w 0"
210.000 0.070 7.63 9.200 0.720 a2
225.000 0.050 7.64 0.0%0 6.900 0.5¢(30p 95
we 330.000 0.050 7.82 1-5 (3]
230.000 0.050 7.92 0.000 4.800 0.37(5)p %
240.000 0.040 022 7.900 0.620 12
300.000 0.020 17,40 13.400 1.080 '7}
wS  345.000 0.010  31.00 23.000 1.18100p ”
413.000 104.00 30.000 rr 12
667.000 150.000 12 FH

‘qulu in parenthesis give the Standard Deviation from the mean in terms of final listed digits.

o

AR Brangential pach: (a) x 69, (b) x 173, (c) x 33, and (d) x 142 (Ref. 91).
\:-'_‘ -_; ‘P' - 12.8 q/-’ or w = .08 cw and U.S. Standard Atmosphere 76.

s
e 92,5 - coetticient noc given.
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A NEMESIS FOR MILLIMETER WAVE PROPAGATION "t 1 -
wé
to observed variables. Results vary areatly from one experiment 01-D4 02-MS doublets {(Tahle 1}
to the next, even under controllrd laboratory conditions. EWA EWA eXCcCsy water vapor absorftion
is most prevalent when RN > 90%; however, the best type of £19 computer short-form for 1018 o
measurement has not yet been undertaken, mor extrems high frequenzy range (30 t5 3% GHz) e
M - n AFGL b
There are objections to DOth intcrpretations of EWA. Unclesr :f:::: :7:;::1:;;:;::420:; ion mdel developed by i
problems with respect to the dimor are: (a) no direct physical 10 quantum number identification
evid in the et (Bl no match to the frequency~- I imaginary part of
envelope of a proposed upoeu\n (Tsble 4); and (e} no unique OqeMS u.y:"' ::“w." spectrum -
match to the . A promising EWA hypothesis .; real part of R
is, at present, the vapot-ta-ll id conversion of wa i !
utololp;u'tiehu under t.vmhu::- where RR < 1008, ‘;:r:ytho wLew? atmaspheric transmiscion windows T
abjections lie in the fact that invisidble or hnu clouds (see
X-distribution in Pig. 9) sust exist with liquid water concentra~ Symbols
tions close to those measured in fogs or e!ou:l- (for example, a
Mt w968, T=10°, 0=9, and 0, = 0.1 g/md, by using £q. (67)). s coefficient for fitting = o, Tabel S -
Delogne raises the point thst for the case of an inhomogenecus 8)-8g 02-MS line coefficients, qu. {21) to (23) and Table 1 o
distribution of uqud gtroiol water, the visibility v is A total attenuation, Eq. (6), dB o
isproved due to the D " “-dependence (EQ. 32) whereas millimeter b coefficient for fitting data = o2, Tadle S
waves respond just o the total water W (Eq. 49; Ref. 30). by-by H20 line coefficients, Egs. (24) and (235), Table 2
B(t) second virfal coefficient, £q. (37) nd o—
which explanation for EWA has the most merit can only be e speed of light, Eq. (3), Xm/s .
answeted by additional, completely controlled axperiments par~ c continuum magnitude, Eq. {51) .-"\
formed in the laboratory. 4 molecular spacing, Section III, ® -
Div) dispersion spsctrum, £q. (13), pp;.
™ water vapor pressure, Eq. (11), k
V. CONCLUDING REMARKS M field strength, Bq. (2), V/m
£ relative humidity RH, Eq. (4%5)
The role that atmospheric water vapor plays in millimeter L line shaps for D{(V), Eq. (15), CRz %
vave propagation was traced by means of dats from sodeling, r line shape for N"(v), Eq. (16), Guz-1
laboratory. and field studies. The 1 and app - q(f) serosol mass growth factor, Eq. (47)
tions made, the reasoning used, the relative importance of h altitude, Eq. (32}, km
various parameters, the limitations of available data, and the i running spectral line index, Tables 1 and 2 ,e
separstion of watexr vapor and liquid wvater effects have been k¢ interference coefficient, Eq. (23) r-'
addressed. Molecular absorption due to oxygen is prominent in 3 = /=1, ggs. (1) and (3) .-
the 45 Gz to 125 GHs range (Fig. 3); water vapor dominates at x{t) dimer equilibrium factor, Eg. {(39), a3 .
higher frequencied, sctually up to 3C THz (Figs. 1 and 2). | 2 mean free path length, Section III., m
Considering only wolecular sbsorbers (Hy0 and Oy} for a cloudless L radio path length, Eq. (2}, Jo»
atmosphere leads invariably to discrepancies between predicted = wmolecular mass, £g. (20) 4
and measured attenvation rates. The problem is most apparest in M molecular number density, Eq. (36}, rolec/nd -
the ENF vindow ranges. A horizontal path at sea level can n refractive index, Fig. 13 ﬁ
experisnce, At 120 iz for sxarple, the folloving varying n' real part of n, Pq. (58)
attenuvation rates (32): n" imaginary part of n. Fig. 13
L] complex refractivity, Eq. (1), ppm
g::" air : : 12 d8/km Ny frequency-independent part of N, EZq. (12}, ppma L
Radn (< 10 ) "“ 7 48/ n*(v) refraction spectrum, Eq. (27), ppm P
=/hr “"’ N absorption spectrum, Zg. (14), prm e
These values desonstrate the relative importance of understanding 1 4 dry air pressure, Eq. (12), kPa R
the clear air probles first. Clear air attenuation is related &p fluctuations of p, Eq. (34), kPa
to atmospheric water vapor content: unfortunately, more than Q resonator quality factor. Table 3 .
two-thirds of this contribution is described only by empirical r aerosol particle radius, Eq. (35), um -
formulas that lack both physical insight and general appli- RH relative humidity, £q. (45), & ey
cability. s ray path length, Eq. (6), km i
83,82 ray path coordinste, Zgs. (€) and (B) -
L] A reasonably concise model for the molecular absorption was path length increment, Eq. (6), Ikm
prescented in Section II and then applied to identify the magni~ line strength, Egs. (21) and (24), kiHz
tude and frequency and physical dependencies of the non-H20 aercsol surface srea, Eq. (46), cm< _';
contribution to the svailable data body reported for laboratory 300/T, normalized inverse T, Eq. (11} s
and field experiments. The coatribution is cslled EVA {excess temperature, Eq. (11), K .'-‘
vater vapor absorption) and it was found the EWA exhidits in the brightness temperature, £q. (10}, K *
sillimeter wvave range a continuum spectrum similar in frequency visibility, £g. (52), km
response to the dielectric loss spectrum of water. The sesrch air volume containing water vapor. Section IV, ol
for liquid water in clear air led to the water-uptake phencmenon total precipitable water vapor, E3. (33}, cm ":
of aerosol particles, which drow rapidly i{n moist air with total precipitable liquid water, £q. (49), wa Lt
increasing RM. This problem has been addressed in the infrared ion exp (9}, £q. (53) ~

(9,20,23) and deserves further study with respect to influences
on millimecer waves.

temperature exponent (t), Eq. (53)
frequency exponent (v}, Eq. (53)
attenvation rate, £q. (4), 4B/%m

Most of the evidence found in parameterizing EWA data line width, Eq. {22), GHs >~
ts & fon p dﬂvcn by nhun hunidity, Doppler line width, Eq. (20), kHS 4-\
R¥: (a) the nonlinear pressure d prof agation constant, Eq. (J) _.\

deviation from ideal gas behavior, Eq. (38)
propagation delay time, Eq. (9}, ns
time constant for adsorption, Section IV.B., s

function), (b) the strong negative temperature depmdcncl. {c)
hysteresis effects when cycling the RH, (d) the governing
variable is relative (MM} and not absolute (0} humidity, and

MW g A O < € > JI3nm - L. ]
A ] ‘mn ofi g ﬂﬂ'<lti‘<<.-ln’lnme.

(e) the failure of molecular approaches hmthnuinq weakly time for 4 ion, Section IV,8., s -
bonded dimers but neither hing the sp P nor the slant path angle, Section 11, degree
P pend and ation Y. - optical wavelength, Section IIX, m
frequency, Eq. (3}, Gz
From a practical point of view, one is laoking for inviaible line resonance frequency, Eq. {15), Giz
11quid weter contant in the range W * 0.02 to 0.2 ma when wvater vapor concentration, Eq. (36}, g/}
KN < 1008, which are normally known to exist under haze, cloud path-aversged value of o, Eq. (52) q/nd
and fog conditions. But clouds and fog imply only larger, fluctuations of p, Eg. (34), q/-
optically sctive (r > 1 um) particle sizes. Should the condensa~ transmittance, Eq. (7) -
tion hypothesis have merit, then EWA can serve as a tracer %o rhase rate, Iq. (5), rad/}m
the othervigse not directly accessible worid of atwospheric sub~ total phase delay, Eq. (8), rad
micron particles. A systemstic DWA study under controlled sums of, Egs. (13) and (14)
laboratory conditions of high humidity (R = 90% to 99.9%) could
reveal growvth functions for particular aerosol ensembles and Subscripts
elucidate the various stages and time scales that H20 wmolecules b
mdurgo in moist air until they become barel;s visible as clusters 'y aesrosol
ot > 10 solecules. [ dimar
[ dry
L absorption line -t
SYMBOLS AND ACRONYMS v Lo encaian - -
[ ] maximum _.!
Acronyms n integer, cluster size
° initial value
AFGL Alr force physical L Y . saturation
i~ o condensation nuclei v water vapor <.
., [~ ] clowd condensation nucled " 1iquid wvater -0
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ABSORPTION OF MILLIMETER TO SUBMILLIMETER
WAVES BY ATMOSPHERIC WATER MOLECULES
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Using the values of the rotatiomsl molecular parameters
(including centrifugal distortics terms) of the Hz!%0
wolecule, vhich can explain 12 observed tramsicioms below
800 GHz, all rotatiosal evergy levels with normalized
Boltzmann factors larger thaa Sx10”% at 300°K are calcw-
lated. Probabilities of all possible electric dipole
transitions smong these states, 2277 lines, are calculated
using the eigenfunctions thus obtained, and the permanent
electric dipole moment of 1.8346 Debye. Assuming the
single and full Lorentzian line forms, we calculated the
sbsorption coefficient for millimeter to submillimer -
region. Our rasult, using the single term loventiian line
form, agrees quite vell with experiment for 1 Torr of
vater vapor in 760 Torr air at 300°K.

Key words: water vapor, millimeter vaves, subaillimster

waves, cxcess absorption, Lorentzisn line form, window
rcgions.

Introduct ton

Burch (1) obscrved absorption of millimeter to sub-
nillimecer vaves by moist air. particularly in the "vindow
rezions”, and found that the experimental values vere
larzer than the values calculated lor those resonance lines
nelow 1 THz bv a factor of about two. Such €XCess atTenus~
tion was confirmed by both laboratory and field experiments
(2) and has been recognized -in numerical caleulations as an
empirical correction term (3)

2-0y/30) as/em

-5
Sx 4.23x10 “pc(300/T)

wvhere p 1is the,air pressure in kPa, o 1is the vacter vapor
density in g/m”, T is the temperature in °K, and v is the
frequency ia GHz.

McClatchy and ochers (4) gave & 1ist of 1838 8,0 lines
below 11 THz, based on a rigid body model of the molecule,
and an semi-empirical formula for the line width:

8 = by(p+4.80p,) (300/1)08

wvhere P, is the partial pressure of the vater vapor. Lisbe
(5) sumarized the calculated excess absorption due to
higher frequency lines as

e = 1.5210 50 (300/1) (v/30)?

Crane (6) reviewed the situation pressnting more
recent ezperimental dsta.

Theory

The theory of rotationsl states of ssvametric top
molecules is well established (7,8). For the vater
molecule H2!%0, and 1ts isotope molecules, Delucia and
others (9,10) found sets of values for 11 molecular
pstameters, including three rotational constants and eight
centrifugal distortion constaats, by vhich all transition
frequencies below 800 CHz they obsetrved, could de
explsined. We simply took their values of the molecular
parameters, calculated energy levels up to J =16, and
found chat all states with normalized BSoltzmann factors
larger than 5x10-8 st 300°K (8x10™8 at 313°K) vere counted
in. The hfs splittings vere not calculated, but the
scatistical veights due to the proton spins wore taken
into . 1he freq ics and intensities of all 2277
alectric dipole transitions among these rotational states
wvere calculated using the cigenfunctions ohtained sbove
and the accepted value of the dipole moment, 1.8546 Debve.

Wa then assumwd that cach line had the Lurcntzisn
form, and added thom up to obtain the absorption

-A19-
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coefficient 2 at frequency .:

T, . i
al ez Lo -p ity ot
o a'h

o EEd
(v - v.b)z + .‘.2 (v + v.b)2 + .'2
wvhere o_ Is the number of molecules in the a-state per unit
volume, u_ is a space component of the electric dipole
nowent , Ve is the transition frequency between the o~
and b-states.
The Lorentzian form factor given in the sbove formula
is called the full Lorentzian (adoreviated as F-L). Since
the second term, dus to the induced emission of photous,
uay be suppressed by scatterings, it is worthwhile to try
the single Lorentszian (sbbrevisted as S-L) forw factor is
wvhich the second term is neglected. We triad both P-L and
S-L form factors.
We assumed that the trassition {requemcies are all
independent of presgure and the vidth parsmster is

s &8 o e.00p ) 0000 cus

as observed experimsntaily for sows lines. No quantum
b depend vas d

Result

Our results for JOO'K, p = 760 Torr, and p =1 Torr
are shown in Table 1 for some frequencics up to 1 THz, and
compared with the model attenustion f{ormuls (5) which fits
available exper{mental dats. We sse that F-L is below
vxperimental values, buc S-L result agrees quitc well with
uxpariment.

As (s knows already, the 25 lines below 1 THz
coneribute only fall of the ubsorption coefficlent in that
region, out the remainiok nalf, the so=called excesn
absorption, is samply tne accumulaced absorptions ot the
higher frequencv transitions in the nresent theory vith the
S-l. forw tactor. Figure 1 shows our comnucer plott:nk ol
rhe vater spectrum bSelow 2 THz usiog the S-L form factor,
and it ‘s aimoet identical to the semi-ewoirical ancetrux,
cxcapt {or the oxvgen aosorprions which are ot conaidered
hete. °

We also calculated the absorotion coefficient at
0°K, p =760 Torr, and p_ =10 Torr with the S-L for=
factor and saw that

log s (10 Torr) = luga (1 Torr) + 1.0227

nolded for 33 Giiz througn 1 TEz, except near resonant
resions.

The tetnerature dependence aopears throuzu both
Scltzmann factors and tne vidtn narameter. Calculation,
vith the S-L {orm tactor, was =ade for 2731°K, p= 760 Torr,
and p_ = 1 Torr, and we touna that

loga (273°K) = loga (300°K) + 0.103

holded for the low frequency region up to 150 GHz, amd
that the additionsl term went up to 0.108 sround 200 GHxz.

Including the absorptions by the atmospheric oxvgen
molecules calculations were made for temperatures up to
1000°K, and we found that the absorptice in the 200 GHs
region would be quite low.
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Table 1. Calculated absorption coefficient at 300°K,
1 Torr of Hy'%0 in air of 760 Torr.
& = (2.85/760) (p + 4.80p ) GCHz
v 3
Frequency Calculated Calculated Empirical Co
(GHz) S«L (dB/km) F-L (dB/km) (dB/km)
10 0.0082 0.0007 0.015 ‘.
20 0.028 0.013 0.032 .
30 0.028 0.006 0,036 ..
40 0.034 0.006 0.065
80 0.071 0.017 0.12
90 0.082 0.022 0.100 -—
100 0.093 0.028 0.104
130 0.13 0.052 0.145
140 0.15 0.065 0.145
150 0.175 0.083 0.170
160 0.22 0.12 0.215
170 0.30 0.24 0.335
180 1.81 1.7l 1.96 -
190 0.83 0.72 0.83
200 0.35 0.24 0.39
210 0.30 0.18 0.36 rap
220 0.30 0.18 0.35 o
230 0.31 .18 0.37 ~
240 0.33 0.20 0.395
250 0.35 0.22 0.43
260 0.38 0.24 0.465
270 0.41 0.27 0.51 "
280 Q.45 0.31 0.55 n
290 0.50 0.35 0.62
300 0.57 0.42 0.69
400 2.15 1.97 2.38 “
500 7.11 6.9 7.6
600 14.4 14.2 17.1 A
700 7.7 7.4 9.4
800 9.8 9.3 11.9
900 8.95 8.7 11.0 o
1000 82 82 8 =
gt
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Figure 1. Computer plotting of the calculated absorption N |
coefficient by water molecules in air. -
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TRANSPARENCY OF EARTH'S ATMOSPHFRE IN THE
FREQUENCY REGION BELOW | Tiz
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In addition to the vater moleculs which ve considered in a
previous paper, the oxygen molecule is taken into account
to express theoretically the sbsorption coefficients of
micro-, millimcter-, and submillimecer-waves by air ac
given temperature and pressure. The theory is applied to
each layer of the U S Standard Atwosphers, and the result-
ing absorption coefficients are integrated for altitude
from 0, 2, and 4 k= to 80 ka to obtain the transparency of
earth's atmosphere.

Key words: transparency, absovrption coefficient, oxygen
molecule, water molecule, U S Standsrd Atmosphere.

Absorption of Micro~, Millimeter—, and Subwillimeeer-
Waves bv the Water Molecule

In a previous paper (1) we calculated all rotational
states up to J =16 of the water molecule, using known rota-
tional and contrifugal distortion constants, and all possi-
1l electric dipole transicions amone these scates, 2277
linesa, Tt was sisowm that the abasorstion ol micro-, milli-
meter, and submillimeter-waves by 1 Torr of water vapor in
air of 760 Torr, 300 K could be explained if we assumed
that each of these lines had Lorentzian line shspe with a
common vidth parameter determined by experiment on some of
them. it was seen that the single-loventizian line shape
gave almost complete agreement vith empirical values of the
absorption coefficiencs, while the full-lorentzian line
shape gave calculated values about 1/3 less than the empir-
ical values, wvhich was actually not so bad considering
large uncertainties in the empirical values.

In the present calculation ve take the full-Lorentzian
line shape since 1t has better th tical foundation than
the single~lorentzisn line shape.

Rotational Transitions of the Oxygen Molecule (X 3‘:-2

The microvave spectrum of the oxygen molecule, 1'60..
in its electronic ground state, X » has been measured
carefully (2-4), and the most recent ssessurement by Endo
and Mizushima (5) is shown to be reproduced by the follow-
ing Hamiltonian

W an’ - ot + @naos, 2.g2) " (1/2)»,(!!2(35:
sheas 2osPvd) + i otos, 2.sye038 2-s)
v))*Y"s*vDNVs (1)

vith propter values for the paremeters, B, D, 1, ln. ‘DD' Y,
and Yp:

The resulting eigenstactes_can be expressed in terms
of the eigenstates of %2, 52, 2, and J; operstors, |NSIM>,

[nn> = &, (x> « b [Ne2>  when J-N

Indu> = & |Now> - b[N-20>  when Jex

{naMs = NI when JeN )

where S is not shown explicitly since it is {ixed as 1, and
a, and b5 are cocfficicnts decarmined for each J.

The interaction of the magnetic moment of this avle-
cule with cxternal field B is given (b) bv

1
Mom ™ R(F.S. B0 33 (5 8 48 ) = e N-B) (3
where uy is the bohe magnetom, . (s the molecular axis,
S,-:rgts.nnd

v ol borins briom | THr Ladl

g, = 2.002025, gp = 2.004838, g, = -0.771126 (&)
This intcraction produces the magnetic dipole transitions
between rotational states given by (2). The matrix vlements
of (3), which give intensities of the rransitions, are

‘nnnlnp_lnn-nh - !u.lln_l(l”g“‘((' -5, ) =~ Zn-

b ( FCYrY) /‘ - =Md){nel)

o187 2p-1 ) ol

<nnM(H__|an+1d> « Bu_[a_,.( "8y (8,°8.) e,
e | 2 o0 'p g "p 2m¢3

b (g - :/(mugg )]/| mll'-!’!
w1 878p

203 (me1)vTo01

<m.n|l(p-lu-2n-u|> . '“lhn-l(':"p)*n-l(('p“x)

— ———
2n-1 (5,5 ) o=l ) vin--M-)(n-=1)
fale)  CPco® (20-1) B (2nel)

<nmu||l-lp-]n-2u-2!l> = Buyla (':"p)'bn-l ( (gp‘z“)

el g cltn-l)-=¥ Tnin-2)
= VIR I S e v e
k) bl
- -2n~-1% g ~a “ -8
“an m|n”|n n-1%> < BugMia  "<b TV (8. -x )
1 2n=1

1t ==l 5

(Zrl)i__n(nd) n-l n=-1 nin-1)

where ¢ach wignustate is cxpresned as (nJM>. The value oi
the 5 yuantum number (s Lixed as 1.

The vidthu of the microwave lines of the oxvgen mole-
cule are mcasured (7) to be 2.5 MHz/Torr and nearly indcoen-
dent of the quantum nusbers. The wvidths oi the 430 and 760
CHz lines are not measured vet, hut ve ~implv assume that
aill oxvgen lines have the rull-lorentzian line shape wvith

common width 2,3v300/T MHz/Torr. The absorption coefficient
for a typlcal case of 760 Tarr, W0 ¥ eir with 1 Torr of
vater vapor is cslculated considering the oxygen &nd vater
molecules in this wvay. The result is shown ir Fig. 1.

L

'Y bonpran by mest ot

s
700 Tare
Ve mpo |
5
=
0.00 0.20 0.40 0.80 0.80 1.00

FREQ. (THZ)

Figure 1. Cowputer plotting of the absorption
coafficient by air of 760 Torr, 300 K with
1 Torr water vapor.

Transparency of the U S Standard Atmosphere

Typical values of tcmporature and pressure at vach
altitude of earth's atmosphere are given in the U S Stand-
ard Atmosphere. We apply the above explained method of
computing tuc absorption cowtficicnt to cach laver ot the
I.S. Standard Atmosaphere and then integrated them aver the
altitude up to 80 km (top of the mesosphers) to obtain the
transparency,

40 ke
transparency = expi= . 1 Jh) th)
x

The lower limit of the integral, x, i3 chosen to be O, 2,
and & km fn the computations, results of which are shown in
Fig. 2a, 2b, and 2¢, respectively.
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Figure 2a. Transparency of the U S Standard
Atmosphere at U ka altitude in O to 1 THz.
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Figure 2b, Transparency of the U S Standard
Atmosphere at 2 km altitude in O to 1 THz.

P~y E—

!1 r
i

71

Y

]
‘9-00 0. F:v'E‘a..tTH.i? 0.80 = ' 1.00

¥Yigure 2c. Transparency of the U S Standard
Atmosphere at & ka alcitude in 0 to 1 THe.

It is sssumed, in this calculation, that earth's
atmosphere coutains 20.95X of 160, st all altitudes. The
saturastion pressure of vater vapor decresases rapidly as the
altitude incresses as shown in Table I. Since it is so small

Table I. Ssturacion Vapor Pressure (Torr) as
& Function of Altitude in U § Standard Atmosphers.

k 4] 1 2 k) 4 3 h 7
Jorr 12.79 8.3) 5.29 3.16 1.91 1.09 09.58 0.29

[) [] 10 11-24 25-27 2R=24 )i
0.15 0.08_0.01 0.02 0.03 0.04 4.05

at the Tropopause (20 bm) we ausume that water vapor cxist
only in altitudes bvlow 20 km. and that the humiditv stavs
constant Irom U to 20 km, to ~implily computation. The
humiditv In this sense is taken as 0%, 10X, 502, and 1007
in Figs, 24 tnrough le.

Acknovledgements

The auther thanks Prof. E. Hirots ror letting him work
at IMS, and Drs. Y. Endo and S. Kato of IMS for their helps
in computer programming and plotting. The wors was partial-
1y supported by ITS through Dr. H. J. Liaebe.

References
1. M. Mizushima, Int. J. IR, M. 3, 379 (1982).

2. R. W. Zimmerer and M. Mizushima, Phys. Rev. 121, 152
(1961). .

3. B. G. West and M. Mizushima, Phys. Rev. 143, 31 (1966).
4. T. Amano and E. Hirota, J. Mol. Spectr. 53, 346 (1974).

5. Y. Endo and M, Mizushima, Jpn. J. Appl. Phys. 21, L379
(1982). -

6. K. 0. Bauers, R. A. Kamper, and C. D. lustig, Proc. Roy.
Soc. (London) A251, 565 (1939).

7. Reviewed in H. J. Liebe, Radio Science 16, 1183 (1981).




g

N
P

b4

PRI
2p

TR

B

)

Revised

Insvnaicmel journat of Infrared ond Miiismewe Waves, Voi 3. No. 2, 1984

THE ATMOSPHERIC WATER VAPOR CONTINUUM
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Absoluta attemnuation rates dus to watar vapor and moist
nitrogen have been massured in the laborstory at 138 Gz,
282 and 300 X, pressures up to 1.5 atm, and relative humid-
ities from 80 to 100 percent. The computar-controlled
asasuring system i{s comprised of a millimeter vave reson-
ance spactromster (0.15 km effective path length) and a
humidity simulator. Several shortcomings of earlier weas-
urement attempts have been rectified. The data are inter-
preted as a vater vapor continuum spectrum consisting of
tvo tarms, namely strong self-brosdening (M30-H;0) plus
foreign-gas-broadening (H,0-N;) contributions. Implica~
tions of the new results for modeling atwmospheric EMF
window transparencies and for revising established H20 line
broadening theory are discussed.

Kay Words: Atmospheric radio wave propagation; high-
humidiey spectromuter; millimeter wavelength
region; water vapor continuum absorption
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Introduction

Millimeter wave propsgation through the atmosphers is
affected by mateorclogical phenomena such as mmidity, fog,
clouds, and precipitacion. System applicstions require a
detailed imovledge of atmospheric propagation limitations
and their dependency upon ralevant meteorological parmme-
ters. The influence of the intervening atmosphers upon
radio vaves can be qusntified by & propagstion model. In
clear air, vater vapor and oxygem absorption cause fre-
quency-dependent signal attenmuation, propagation delay, ray
bending, and medium noise. Prediction of these propagstios
affects is accomplished by a broaddand model of the complex
rafractivity N (1). To cover fregquencies up to 1300 GHz, a
relisble expression for N requires more than 200 coeffi-
cients. The refractivity N is formulated in units of parts
per nillion (ppm) snd consists of three components

R~ R° + D(f) + JX°(L) Ppm

wvhere N, i3 the freq y independ refractivity, aad
o(f) nd N"(f) are frequency-dependent dispersion and
absorption terms arising from the wolecular spectrs of R20
aad 07.

The specific rates of th+ propagstion sedium are power
attenuation

a » 0.1820€W"(f) dB/im )
and delay

8= 3.3:o(n° + D(f)] pa/km, [(¢3]
vhere the frequency f is im units of GHs.

Thia paper adiresses aillimster-vave vater vapor at-
tenuation rates. There hes been & long-standing discrap-
sncy between theoretical spectroscopic predictions and
experimental datas obtained from both laboratory and field
nessurements (3,4). Marked differences occur in the vindow
ranges located sround 35, 90, 140, and 220 CHz (2), vhere
sxpetimental attenustion snceeds the theoratical values.
Since excess factors between 2 and 3 are involved, it has
been speculated that unidentified absorbars related to H;0

Almophrrn Wolww ¥opar ( estmuum betow 308, Ha ”m

(dimers, clusters, etc.) might be fnvolved. Results for &
from controlled lsboratory experiments in the 140 GHz
windov are reported which help to clarify the water vapor
excess probles.

Hater Vapor Millimeter Wave Spectroscopy

Weter in both vapor and liquid states obscures the
sillisecer wvave transparency of tha troposphere. Freq 4
dependence snd smagnitude of W;0 sttenuation sre both
distinctly different for the ssme (1 sm) absorber thiciness
in vater, rain, suspended droplet, moist air, and pure
vater vepor form, as illustrated in Figure 1 (2).
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Pigure 1. Normalized specific H,0 attenuation over
the frequency range 5 to 1000 GHz for five phase states:
vater (D, rain @, suspended hydr s Q) soist
air @) (numbers shown indicate selected Hy0 attenua-
tion peaks), and pure water vapor O

Hatar vapor attenuation s, depends on absolute humidicy
ve1.219%0 gfs’ o

vhere ¢ is the partial vapor pressure in kPa = 10 ab and
€ = 300/1 is a relative inverse terperature parameter.
Water vapor pressure & 15 limited by relacive humidity

A - 41, 5100731009-8346-10)
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The attenuation a has its originm in absorption lines of
the molacuis B30." Ia principle, ay can be evalusted from
a8 line-by-line summation of all line features, asch con~
tribution at a given frequency as prescribed by s line
shape function P(f). Seven reported H;0 lina data bases
(L3) are indexed in Table I.

Table I. Available data bases for R0 absorption lines

ID Frequency Nusber Remark et
cutoff  of lines (n)
™
R A 1 537 38350 AFGL Tape ]
132 126 17201 Freach version [
133 30 an Rotational Specer. T 7
134 3 15 Radio Astronomy [ ]
185 1 30(¢x.) EHF approximatios 1,25
136 1.1 17 ¢ Russisn version 1
w? 5 (111 Rotational Spectr. IT 27

The extreme low frequency wings of about 180 stronger (f.e.,
at v, wore than 10° tizes tha value of a, at 100 GAs) lises
below 12 TH: maka concributions in the ERY range. Six dif~
ferent standard line shape functions F(f) are availabdle to
assess these contributions. Typically, the shape functiems
are governad by two spectroscopic paraseters: line center

fraquamcy v, and width v. An additional papameter vas
introduced for covering a wide spectral range, vhich
defined by

vy * 2kT/he = 1251070 Gz [¢}]

(4b, &h). Whea these shape functions are normalized te
unity st the center v,, the functional dependences given
in Table IT sre obtained.
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Table 111. Theoraticsl EHF water vapor continuum

Table 11, Normalized pressure-broadened line shape coefficicnts (Eq.6)
functions .
Line Shape k x(v) (D ulf) B
HCR 0.0014  1.00 2.0 2.5 .y
Normalization: a, = a°<~.°)r(x) for a single line, i,V 0.0064 .01 1.4 2.1 .
GR,FL 0.012 1.02 1.4 2.0
ae v/v° . be v°/v‘ N g - l/v° SL 0.064 1.05 1.2 1.2
The functions vere tested for finite integrated 1
10e #z) 6-103 (f = 0 to ») line absorption o decide which shape is wost )
7 plausible. A liaited-range numerical integration resulted M
E9.7) 18 residuals, 000 “
- L
st af: (aZea-n?t 1.9 & = (/m)fF(e)dz - 1, ) n |
e els-0?? cadsa-of T coom -00 T
212 2 . and 1t follows (ses Tabls II) that sowe deviate consider-
[~ a’s [ 4-(1-: ) IA] = (FL) «-0.001 ably from the ideal & = 0, Based on Eq.(7), the shapes W, ., ‘
; MWV and MCR can not be ddered valid i ity descrip- )
22,.2 2,~1 2 2,-1 tors of a pressure-brosdened line over a wide frequency .
w HHA-0T +a™+(Q4e)7) ) 837 range (22)--and tha othars are probably overtaxed dy ..
expecting them to predict eight significant ordars of
R (GR)z 8.2 attenuation rate.
.-
"4
MWW (W) [tanh(bs)/canh b)/z 16.6 Water Vapor Continuum Absorption ;_
* — : ——
SL » short Lorentzian, =FL = full lorentzian, The attenuacion rate o due to & single line is calcu~
GR = Gross, VW = Van Vleck-Weisskopt, lsced vith Eq.(1), whers the product of strength S and
- - .
MGR = modified GR, MVW = modified VW (10). shape F defines N
The intensity distribution of a strong H,0 line vas N"(f) = SF(f) ppm . ®
traced wich the shape functions listed in Table II and
the exasple is exhibited in Figure 2. Within the line core, The line properties are formulaced in Ref.(1l) ac 0 = 1
that 1s F(2) > 107 or z = 0.3 to 1.2, sll shapes sre alike (300 X) by a set of spectroscopic coefficients by to b-.
and it s inconsequential which one is used. On the other In the low frequency far wing ('(c((((vu), any of the theo-
hand, far-wing intensities depend very such on the chosen retical line shapes in Tabls II is proportional to the T
frequency discribution function. For example, the relative vidth v: however, tndividual continuum shape approximations E
contribution of the line shown in Figure 2 can vary at F(f -0) = s
100 GHz over a range 1(MGR):73(SL). “ 1
oty (mER), 20v/v) (W1,
: ) -
T ' L s} @, vl os b ps
-~ yNolwoe o pradict successively higher contributions (see Pig. 2,
- s 3 Table III).
: ihee levei} !
In ordar to formulate the continmm o (Eg. 6, Table 1IT) s
ﬁ 1 usme{nxmtmémtbyin-nnﬂ Hes
A .hapes, the folloving assumpticns have to ba made sbout ..
= - = - = 7 strangth and vidcth of an “equivalent” limm above 1 Tis: °
=
z , $ = bye6* % axp [5,00-0)] = byee?d s ao -
g2 { vhare by * 2.0, sod o~
= i 2
a g y = by(m-e + p)o cEz . 1)
7]
- Eys.(1), (8) to (11) lead to the axpressism —~
: 3 .',
é ; s * 0.73Ca(ue + p)o*3 » 2 (‘:hl':),_ . Qa2) o
=
1 The e?un- spectrum consists of a ldf-t(-.-lah; tarm
(= &%) and a fore ag-broad tarm (= ap) .
NORMALIZED FREQUENCY z Rl saing @ -
Figure 2. Normalized pressure-broadened line shapes " o .’”’ Ol s r:c
F(z) (ses Table II) applied to a single H;0 line. Coafficd and exp are p d by line
The line is actually centered at vy ® 1669.907 Glz shape thesty e followe:
with a peak attenuacion rate ap = 2.3 x 105 dB/km ’ -
in sea level air (8 =1, v » 10 g/u?). X - o.n.:’f (ilbglv:)t- x, [$0)]
i1=1 -
The EHF (30 to 300 Gliz) propsgation model developed y(e) = 2.5 or Y el . an
by us (1) uses for reasons of computational economy 30 The rstio
local Ha0 Lines below L TRz (LBS, Table I). A theoretical *
of EFF at don 3, a, +a, vas accomplished -k / o 4.80CAL £.39(0.)° 16) X
on the basis of LB] by lubtrnc:tng t{ie ngc contributions . » kl ™). - 2 ¢ o
below 1 THz from all 2277. The far-wing contributions 1s the pr broadening efficiency of PuTE water vapor
from pressure-broadened lines above 1 THz are then fittcd vith refarence to dry air or aitrog as from
below 300 GHz to a water vapor continuum absorption ueasyrements in lins cores (15). )
‘.
a_ ® k(p/101v"¥ (£/100)"  aB/km, (&) Thers s ample avidence (4a, 10, 12) that in the EXF
tange, besides local lines, the lov {requency ving of the -
vhere p is dry ait pressute {n kPa. One recognizes ex- complete self-brosdenad rotational B0 spectrum 1is wuch
ponents for vapor concentrstion (x), tewparature (y), and scronger than predicted by Eq. (12). A careful review of .
freq v (u) 4 a . Applying various shape func- 20 contizvum absorption by Bureh (10), facluding all of .
tions (Table I1) to L33 led to the results sumsarized fn his reporced daca, of tha b :f
Table IIi. As expected. the scale factor k varies over a efficiency in the tar wings s of Lines ranging betves @ * -
vide range. Also, une notices that all three exponents 20 ag 100 Ci'z and @ = 50 at 30 CMx (see laver, Table IV).
are influenced by the salected shape functiom.
-
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The laboratory experizent described in the nexc section
was prepared to measure sbsolute attenuation rates 3 at
three EHF wvindowv frequencies (i.s., 92, 138, and 220 GHz)
under conditions reaching water vapor saturation. Ab-
sorption by neighboring lines s smsll, so that to first
order o * o . Attenuation data ars expected to behave as
predicted 55 2q.(13). The ongoing experimancal studies sre
ained at securing accurate coefficients k_,k., and y, ss
well as looking for possible ancmalies ol suppotted by cthe
pressure-broadensd rotastional spectrum of the H30 -oucuu.
The last section of this paper pr s first st
results obtained at 138 GHz and discusses their L-puu—
tions to EHF propagation sodeling.

Millimeter Wave Spectrometer

Controlled axperiments that simulats atmospheric
conditions provide test casas for studyiag specific comtri-
butions to N in isolacion. Assessmeits of basic physical
principles underlying the attenuation rate a are difficult
to wake from msasursments in the actusl stmosphars. Re=
liabilicy, precision, and scale of supporting meteorologi-
cal data compromisa the quality of wost field observations.
The exp d ZHF window at ion is lov in a spectro-
scopic sense (<10 dB/km) and requires loag path lengths
(>100 w) for s reliable detection. A semi-confocal Fabry-
Pérot resonator with a high Q value (437,000 at 138 GHz)
offered a good comp se b and detection
sensitivity. The uquut-q.mtroud maaguring systea
consists of the willimeter wave rescaance spectrometer and
& humidity simulator. An insulated box contains a huh—
vacuua stainless steel 1 which b a temp
controlled mini-lake (10 cm across) and the ndu test puh
(see Figure }). Signals at frequencies betwean 30 and 300
CHz can be employed cover equivalent free-space psth lengths
betvean 500 and 50 m; tesp are 1lled to better
than 1/100 of a degrea Celsius; pressure ranges over seven
orders of magnitude (10? to 10 5 kPa); and relative humid-
ity is varied betveen 0 and 100 percent.

Schematical diagrams of physicsl (Figure 3) and slec-
tronic (Pigure 4) artrangements convey an overview of the
experiment. Quasi-static diffusion aixing vas chosen to
gensrate vell defined humidicies inside the
cell. A cempersture controlled water resarvoir serves as
the vapor source. Elecctropolished stainless stcel was used
exclusively as construction material. Various hydrophobic
coatings were studied as possidble means for ncutralizing
the ahsorption/desnrption cycle on surfaces exposed to vater
vapor (4d), but were abandoned in favor of slightly heating
the airrors. Four fast-responding (T < ls) temperature
sensors inside the cell diagnose any disturbance of the zas
equilibrium. Data acquisition is computer-cantrolled.
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Figure 3. Cross-section of millimeter
vave resonance spectrometer and built-in
humidity generator. Note three different,
extremely stable temperature zones, T;(0;)
to T3(87). Relative humidity inside the
cell is (Eg. 4): 1log (RH) =

2-9.834 (07 - 0;3) + S (logey - 10;62) 2.
Absolute humidity v is shown in the disgraa.
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Figure 4.
trometer and computer-controlled data acquisition systea.
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Schematic of high-humidity millimeter vave spec-

User-{riendly software allows the choice of several modes

of continuous operation over time scales frow one minute to °
sany days. The resonance signal that carries the absorp- 4
tion information is detected with a digital vaveforam ana~ .
lyzer. The analyzer performs the following tasks under .
computer control: averaging (1 to 100v), baseline norsal- B
ization, peak value (P-P) and bandwidth (BW) measurements.

Detection Principles .

The dimensionlcss complex refractivity N is 3 mscro-
scopic measure of the interaction between gas moleculas aad
sm~vaves. Real and imaginary parts are reslated by cthe
Kramers-Kronig formula. The respoase cutve of a gas-filled
tesonator is

an «{o s q

-1

s 1200ere @+ waa0honyl, an

vhere Q 13 the loaded Q-value, fl is the resonance {requency
of the evacuated resonator, and a Q-value of the gas is de-
fined by

Qy = 91021 x £, /2 = 1087290 | as)

Tvo modes of spectrometer operation follow from Eq.(17)
vhen the evacusted rasonator is slowly subjected to a gas
pressure P:

Absorption mode. The rescnator is swept periodically
across its resonance f, {n order to seasure a. The

shape of the response curve, Eq.(17), appears as a pulse
series a(t) vhen rectified vith the detection law £, The
decrease in the maximus amplitude a (P = 0) gt fl to
values a1 (P) is sensed by a peak defector. The attenustion
Tate is obtained from

o= a3 /aVE iy, aim a9

wvhere the e{fective psth length is given by

om0, W (20)

From a(t), the peak detector records an absorption prassure
profile

X ¢ § 2 7 ¢

31(P) = & /{la(PIng/6.343) + 1) | (213

wvhere the total pressure P = ¢ 4 p is seasured and the
expected attenuation ratc a is predicted by Eq.(13). A
digital vavefors processor (see Figure 4) rcsolves amplitude
changas to about 0.1 peorcent, allowing a detection sensi-
tivity of (16)

> 92¢ /Q

“l‘\ -

(e.3., FR = 138 Guz, 0 = 437000, Soin * 0.05 dB/km). (22)

yor s ¥ ¥ 77

Rufraction mode. To measure N', the shift in resonance
{requency by a small amount to f.. i» tracked and refraction
1s given by

L9

N e 106“R - te(M1/E,  ppa. 23

Frequency changes of {, can be compensated vith the tuning
sicromater, allowing a resolutiocn of N'm © 0.6 ppa.



mg-—(w_-f_r—._v._r? B et L NG N S ) ALY
.

'l

LIP

K .
-
*
>

-

i)

P AS
2 e ) ".‘:‘- RN {

A

.-t*_

5

R
. '-.._'- 2

EY

1'-".

X

A A AR
e} 'vﬁ_‘:_

Y

Awmenpiuve B oiev S apwr { sutaunm brtve WOLH: ne

Specifications for the 118 GHz Test Series

Resonator. PYabry-Pérot reflection-type, semi-confocal
arrangement, 10 ca mirror dianeter, 20 cm spacing; =icro-

meter tuming: 0.3175 sm/turn with 1.3 « 10 ' om resolucion;

loaded Q value at £ = 138.2 GHz: Q = 437,000; effective
path length (!q.ZO)? ® 0.151 km; Fresnel ouasber: 6; re-
sponse time constant: Q/vf_ = 1.0lus; coupling coeffi-
cient: 0.05); coupling hole: circular, 0.65 ua dianater,
0.073 sm double Mylar vacuum/prassure sesl.

Excitation. L4 1ly freq y-sodulated klystron
with stabilized center frequency; sveep rate: 50 Hr, sveep
width 7 Mz or 19600 us; reflected signal off-resonancs:
150 wv.

Detsction. Unbissed Schottky diode (8 = 2) with
precision attenvator for dB-calibrstion; resonsnce signal
pesk sensitivity (2q.22): = 0.03 dd/km; accuracy: batter
than ¢ 10 percent for o>l dB/km.

Dats Bun. Ao exawpla of measuring water vapor attenua~

tion a, by deétecting the resonance pask signal sy (Pk) with
referencs to vacuum (.a) is shown in Figure 5. Relative
humidity vas increased from RM = 90 to 100 parcent over a
tw-hosr period by raising the vater temperature from 6.3
to 8.4°C. Condensing wvater vapor added several tenths of
a degree to the call temperature; however, at 11°C the
sirrors r d free of d ion. Soms of the data
scatter vas caused by drift effects of the spectrometer.
The calibration of a) with AT (see Figure 4) deternines the
dB-scale and is completed by 2 measursment of tha Q value
vis the bandwidch of che r

Results and Discussion
Experinental Results -

Prassure scans of the attenuacion rate 3, due zo H-0
absorption vere made at tha frequamcy £ = 138.2 CHz.
First, pure water vaper p e vas { d to a
constant relative humidity R, adjusted for valuss betveen
80 and 100 percemt. Then nitTogen was injected to simulate
woist air, although L broadens weter vapor lines 1.094
more effectively than dry air (15). The test frequency f.
fallas {nto an EHF windowv where lictle sttenuation by local
lines 1is expected (see EqQ.27). A summary of reduced and
calibrated data is showm in Figure 6. A data fit to
£q.(13) at 300 K amounted to

s, - 0.197¢% + 0.00750ep  dB/kn. (2%)

resulting in

2. 2.3 5 . (25)
The broaduning efficiency w" is deternined by pressure
pairs ey and Py—points winre water vapor attenuation
(« ¢¢) and moist nitrogen attcnuation (a P(e=1)] are equal,
[

n" = (H/er) -2

Attenuation at points A (2.40 d3/xn, e = 3.49 kPa) and B
(5.10 dB/ka, P = 106.7 WPa) wvas studicd with spucial care.
Point A vas stable over a -i-hour period and independent
of the watear valve position (open/closed), provided a
slight mirror hesting (1W) wvas applied. Increasing the
mirror hesting to 5W (+4 C) did not change tha resulc.
Strong anomslies (condensation effects), on the other
hand, were observed when the mirror heaters vere off. At
point 3 a very long mixing tire (several hours) has to be
alloved when the water valve is opened against 110 kPa
nitrogen. Faster mixing occurs when nitrogen is blended
with water vapor alresdv filling the cell.
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Figure 5. Example of s tice series data plot from five
instr s, tesding p et Ty = mirror, Tyon =
cell center end bottom, Q) * water; and pask signal Pk
(vaster vapor sheorption). The sequence covers & two-hour
period duriag vhich vater vapor uration vas achiwed bdy
equalizing the temperature of 8.2°C hotween cell (T,,.)
wnd vater (Q1). CAL = calidration points for ay (di). |
(as), referamce power, mnd uicrometer setting.
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AMBephuric Woin b sow ( sousoem bt W0 H, b2}

Temperature uupenucnee is another diagnostic which
can be yscd to suppoct tne theoretical interpretation of
continuum attenuation in terss ot aelecular 1y0 line
broadening. A series of pure vater vapor pre>sute scans
vas made at T « 282 K (see Figure 5). Temperature limited
the saturacion pressure to 1.i52 «Pa. A preiistnary fit
of these dats ylelds (compare with Eq.15)

ye521 (26)

Pressure dependence indicated by Eq.(13) has been ob-
served in esrlier laboratory (10 to 17, 23, 24) and field
(44, 4@) experiments. A sclected review of laboratory
dats is given in Table IV. The following spproxizmace re-
lations can be deduced fros this daca body:

a, " k.hz + ep/u*)  (in betveen lines);
Kk, = €2 (emcluding the 67.7 GHz data);
o« 17695 (sen net. 10);
¥y * 5.5 (for the 110 GHz daca).

Absolute dats on ay, are difficult to obtain. In spite of
existing inconsistencies, our Zata lend support to cthe
hypotiesis that far-wings of self-oroadened H20 lines
centered above 1 Tiz arc probably the major source for the
EH? continmm (10). Line shape_theory neads to be revised
to for the mi (< 107° the value at line center)
contributions in tha extrese low frequency wings of
pressure-broadened lines located above | THz in the rota-
tional H-0 spectrum (4b, 4h, 9, 21, 22).

Table IV. Laboratory results for vater vapor attenuation
a fitred to Bq.(13) y!glunl the coefficient k. and
b¥oud¢ntng efficiency m".

£ t: n* Brosdening T Ref.
— — Agent —
Gl d8/(km kPa?) x

i 0.011 Lo Adr us u
67.7  0.16 @ Mr 283 26
110 0.12 15 Adr 304 2%
110 0.16 5% Alr 292 23
110 0.21 5% fees 274 2
138 0.197 26.3(29) %,(AME) 300 this
138 0.25 - S~ 282 paper
213 0.62 24w ER 20 4g, 17
345 2.6 : 1.3 2% v, 300 19
a1 2.9 : 0.8 18 ¥, 100 19
667 4.1t 1.1 9.6 e 300 19
883 5.2 :1.4 9.4% 0.9 X, 300 19

»
Our it to reported Tav dsta

— T T T T T B

st  Moist Nitrogem
138.2 Gz
300 K

(e,=3.49)

4t 282 K
(e,21.10)

0 1 2 3
Vapor Preassure e $0 75 100
TOTAL PRESSURE P, kPa

Figure 6. Pressurs dependence of specific attenuatiom

a due to vater vapor (e) and moist nitrogen (P) mea-

sured at 138.2 GHz and relative humidities from FH = 80

to 100 percent.
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Absolute attenuation rates &, have becn -easured in
1he experimental result at 138.2 CHz for zoist nitro- the laboratory for pure water vapor and o7 =irtures of
gen attenuation (Eq.24) has been Lncorporated into the EWF vapor and nitrogen, similatini =oist air. :nitial studies
propagation model that is based upon LBS (1,25). Relucing were performed at 128 iz, tuo tezperatutes (232 anc
the ep-term by 9.4 percent for air-brosdening and subtract- 300 K), partial vapor pressures up to saturation (1.10 and
ing line contributions due to LBS, 3,48 kPs), and total pressures up to 160 kPa. Preliminsry
.3 - results wers acquired for pressure and tezperature depend-
3, (LB5) = 1.94 = 10~ ep + 0.009) ¢~ dB/im, @n ences of ao,. The data Sehaved in s fashion siatler to
that expectad from H,0 line-broadening theory (Eq.13).
gives the pressure dependence of continuun sttenuation as Excapt for a strong self-broalening component (e ),
.3 2 00 additional inomalous Sehavior was observed--even at
% *o, -a = 4.86 ¥ 10 ° ap + 0.188¢ daa /. (28) saturation pressures (KB = 1003)-—contrary to findings by

other vorkers (4,17, etc.).
Adding frequency and temperature dependences to Eq.l8

leads to a moist air continuun spectrum for L33, woceled by In our case, ve could clearly identify asomalous ab~
2 ye - sorption behavior (e.g., ususually high rates, extreme
No - (:lepey +cqe CATERUR ppa. Q9 temperature depend . hysterasas in pressurs and tes-
perature cycles) as being instrunental, that 18 condensa-
The coefficients for Eq.(29) are chosen according to the tion effects on the millimeter vave-active parts of the
falloving scheme: spectrometer. Considerable effort had to be expended
Y b Y y* Rezark before the instrument produced comsistent, reproducible
—_— ctesults.
oid 1.30 3.1 4 1 sauc-Reifenscern
A vater vapor comcizuum N vas formulaced for the EHF
New .40 2.5 $4.1 3.5 Fes.28, 15, 18 propagation zodel (1,25) in orSer to suppiement contribu-
tions from )0 H,0 lines below ! THz. At 138 CHz, the
The "now” continuum spectrum is differcnt froz varicus other local lines furnish 40 percent to sir-broadening but only
empirical forns (summarized in Table V) which have deen pro- S percent to self-broadening =f the vater vapor attenua-
posed. tior a,. Prictical implicaticns of the continuum to
propagation nodeling are not o serious. Up to hunidi-
Table VI compares the mpucnlon- of the old and the ties of v £ 10 g/= 3, the widely used empirical Caut-
new con:lnuu: for the case of predicung zenits actenua~ Reifenstein continuus /1, is roughly confirmed. At
tion A(dB) through a model p . huhcr values, increases over e CR continuum and a

nonlinear dependence on absolute humidity are predicted.

icznowlelgnents
Table V. Experimental watar vapor continuum coefficients The paper is 2 revised version of a presentation made
(Eg.6) teported by other workars (2). at the URSY Com. T 19613 Swvmposium (26). The author wishes

to thank K. C. Allcn for proera=mang the line shape models,
D. H. Layton for designing the data acquisition system,

k x(v) y(T) u(f) Local Lines __f, GHz Ref. and V. Wolfe for assisting with the Seasurements and data
0.023 1.00 2.1 2.50 i 50 to 500 10 evaluation.
0.039 1.0% 3.0 2.40 [~ 3 20 to 350 18
0.049 1.00 2.1 2.00 w 15 to 500 (®)
0.061 1.00 2,1 1,22 GR 150 to 410 21

™ Gsut-Reifenstein model (1).

Table VI. Cowmparison of zenith attenustion A(dB) predicted
for a synthetic atzosphere (30°N. July) by employing the
EBF Propagstion Model (1,25) vith old (Caut-Reifemstein)
and nev (Eq.29) vater vapor continuum formulaticma.

2ay Path sagla: 0.00 Degywes fywm Iemith

ugh Medal A b p, = 101,33 iPa, T © LIS K,
31 Beight Lavels, b= 0 ts 30 m,
Istegrated ater Vaper ve 2.8 70.25 ma,
Sleesric Path Length H - 1627.3 113.0 =
TREQURNCY (Clis) AYIENUATION(4D) ATITNCATION(4D)
30.00 .39 Y J2 8
35.00 .83 &3 28 -
45.00 0 A3 B3 L
45.00 1.13 1.18 1.27 1.52
$0.00 2.13 2.9 2.2% .6
33.00 8.6 28.20 2. .7
60.00 148,90 148.9% 149,09 149,41
65.00 .87 n.n» 24.16 W.60
70.00 3.19 3.4 3.4 [N )
J3.00 2.42 .49 .15 3.3
00 1. 2.44 .n .48
5.00 .48 2.% i.» .1
90.00 2.9 .. .34 4.08
93.00 2.9% 3.0 .64 4.47
100.00 .2 3. Ln LN )
108.00 3.58 32 4,20 5.47
110.00 4.07 420 4.75 618
113. 3.47 3.63 6.2 1.1
120.00 11.89 1.08 1.7 14.38
118.00 s.n 3.6 [ 3)) .10
130.00 5.5 3.7 .52 .46
135.00 s.n 610 7.03 .1
140.00 6.4 671 1.66 .9
143.00 7.03 . 8.4 10.9)

130.00 .73 .07 . 11.9
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