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I. INTRODUCTION

Quantitative information on the propagation efficiency of infrared
radiation through the earth's atmosphere is important for a variety of current
and possible future Air Force Space Division (SD) missions. These include
remote sensing, missile and aircraft detection, and the use of infrared lasers

in weapons and communication systems.

Atmospheric propagation of infrared radiation is most efficient at wave-
lengths between 3 and 5 um and between 8 and 12 um, where major atmospheric
transmission windows are present. The wavelength limits of these windows are
defined primarily by strong absorption bands for atmospheric water vapor and
carbon dioxide. The predominant contribution to the attenuation of radiation
within the windows, under high-visibility conditions, results from a weak
background absorption that is continuous with wavelength and is associated
with water vapor. This continuum absorption remains upon subtraction of the
absorption contributions from the weak water-vapor lines loéated in the
windows. Although the magnitude of continuum absorption per unit length of
the atmosphere is small, it can cause significant attenruation of infrared
radiation for long atmospheric transmission path lengths.l‘a Accurate data on
the magnitude of the continuum absorption within the 3~ to 5~um and 8- to
12-um wavelength regions under a variety of possible atmospheric conditions
are thus required to ensure the optimum design of future infrared military

systems and to better evaluate the performance of existing systems.

This report describes the results of laboratory measurements of the weak
water-continuum absorption within the 8- to 12-um window. The measurements
were performed using mixtures of water vapor and air over a range of water
partial pressures and tempetatures that simulate those found in the atmo-
sphere. The data obtained in this program will help to establish a data base
from which appropriate models can be developed to predict accurately water
continuum absorption within the 8- to 12-im region under all possible atmo-
spheric conditions of temperature, water—vapor and air partial pressure, and
transmission path length and zenith angle.




Most studies of the 8- to 12-um water continuum absorption have been
performed in the laboratory with long-path absorption techniques using
multipass spectroscopic gas cells.”"12 The inherent sensitivity limitations
of these techniques have generally allowed these studies to be performed only
on water-vapor—air mixtures of high relative humidity at room temperature or
above. Such conditions, however, do not represent the entire atmosphere that
aust be traversed in certain space-based detection schemes for which atmo-

. spheric temperatures may range from above room temperature to -60°C (213 K).13
For detection schemes involving long-slant transmission paths through the
atmosphere, it may be necessary to accouant for water continuum absorption at

temperatures of ~10°C or below.

We have used the highly sensitive photoacoustic detection technique in
conjunction with a line-tunable CO, laser to measure water-vapor CO, laser
t absorption spectra at significantly lower temperatures than employed
previously. The CO, laser photoacoustic detection technique has been used to
accurately measure water continuum absorption spectra within the 8- to
12-um transmission window.14'16 These measurements, howevér, were made

f primarily on water-vapor--air mixtures at temperatures above 20°C.

The origin of the water continuum absorption within either transmission
window has not been well characterized. Collisional-broadening or water-vapor
aggregate (mainly water dimer) mechanisms, or both, have been most frequently
proposed to account for water continuum absorption within the 8- to 12-um

17,18 and water

window. The most thoroughly developed collisional-broadening
1 dimer models!9»20 can predict the proper magnitude of the 8- to 12-um

continuum absorption near room temperature. These models, however, predict
different dependences of the continuum absorption on temperature and water

partial pressure. Thus, extension of the continuum measurements to lower

teoperatures than previously studied and determination of the continuuam's
water-pressure dependence below room temperature should permit better
quantification of the relative contributions of the collisional-broadening and
water aggregate mechanisms to 8- to 12-um continuum absorption. Knowledge of
the relative importance of each of these mechanisms, or other possible

21 4¢ a function of temperature, and water-vapor--air partial

mechanisnms,
pressure is needed to permit the continuum-sbsorption phenomenon to be modeled

and accurately predicted under various atmospheric conditions.




Section 11 describes the contributions to the atmospheric attenuation of
infrared radiation and reviews previous studies of the water-vapor continuum
absorption within the 8- to 12-um atmospheric transmission window. It also
briefly describes the CO,-laser-based photoacoustic technique used in the
present program. Section III describes the experimental apparatus and pro-
cedures used to measure the water continuum under various simulated atmo-

spheric conditions. Section IV presents and discusses the water continuum

data determined in this study. Conclusions to the study are outlined in
Section V.
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II. BACKGROUND

A.  ATMOSPHERIC ATTENUATION OF INFRARED RADIATION

The efficiency with which infrared radiation is transmitted through the
atmosphere depends upon various properties of both the radiation field (viz.,
wavelength, spectral bandwidth, radiance, and coherence) and the propagation
media over the transmission path (viz., type, abundance, and distribution of
gases, aerosols, and particles, as well as the atmospheric temperature and
pressure). The atmospheric attenuation of infrared radiation primarily
results from absorption by molecular atmospheric constituents and scattering
by aerosols and particles. Under normal atmospheric conditions of high visi-
bility, molecular absorption makes a significantly greater contribution to the
attenuation of radiation throughout the infrared region (wavelengths between
approximately 1 um and 1 mm) than does aerosol or particle scattering. Atten-
vation due to Rayleigh scattering from molecules and scattering at locations
of turbulence-induced atmospheric refractive-index 1nhomogené1ties is gen-
erally much less important in the infrared than molecular absorption or aero-

sol and particle scattering.

The magnitude of the attenuation caused by scattering from aerosols and
particles is determined by their number density, size distribution, and compo-
sition. These factors are influenced by geographical locat'on and time-
varying meteorological conditions. The phenomena of scattering of infrared
radiation from aerosols and particles, such as found in clouds, fog, rain, and

haze, have been reviewed by Zuev.22

The earth's atmosphere can be divided into a number of different layers
based on its vertical temperature profile and other properties. Almost all of
the water vapor and over three-fourths of the other atmospheric gases are
contained in the tropcsphere.13 In the troposphere, the lowest layer of the
atmosphere, average temperatures generally decrease rapidly with increasing
altitude and convection mixing of gases occurs. The vertical thickneass of the
troposphere varies with latitude and season; it may extend to 18 km at tropi-
cal latitudes and to 10 km at polar latitudes. The tropocﬁhete 18 bounded by
the stratosphere, which may extend to altitudes of 50 km. Temperatures in the

11
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stratosphere are nominally constant with increasing altitude to about 25 km

but then increase rapidly above 25 km.

The infrared-active atmospheric species present in the greatest natural
abundance and causing the most intense integrated absorption over the
infrared-wavelength region are water vapor and carbon dioxide. The wavelength
regions of high relative transmittance in combined infrared spectra of these
compounds generally correspond to the wavelength regions of the atmospheric
infrared transmission windows, as Fig. 1 indicates. The integral absorption
of atmospheric ozone throughout the infrared is much weaker than that of water
vapor or carbon dioxide. However, ozone does possess some strong, sharp
absorption lines between about 9.4 and 9.8 um. The minor infrared-active
constituents of the atmosphere -- methane, nitrous oxide, carbon monoxide,
nitric oxide, nitrogen dioxide, nitric acid, ammonia, sulfur dioxide, and
partially deuterated water — contribute negligibly to the integral absorption
of infrared radiation by the atmosphere. However, their attenuation

effectsz'23

may have to be considered for applications involving the propaga-
tion or detection of narrow-band infrared radiation within the 3- to 5-ym and
8- to 12-m atmospheric transmission windows.* Under clear atmospheric
conditions, water-vapor continuum absorption is the most important contributor
to the attenuation of infrared radiation within these transmission windows.
The mechanisms proposed as being responsible for this absorption are described

in Section 1I.D.

Nitrogen and oxygen, the major components of the atmosphere, are vibra-
tionally infrared inactive in their isolated molecule state, because they do
not have permanent dipole moments that can couple their vibrations to a
radiation field. In the atmosphere, however, the fundamental vibrational
transitions in nitrogen and oxygen (centered at 4.24 and 6.33 um,
respectively) may become very weakly allowed during nitrogen--oxygen molecular
collisions and collisions of nitrogen or oxygen with other atmospheric

*The wavelength centers of the strongest absorption bands in the vapor-phase
infrared spectra of the minor atmospheric constituents are methane (3.3]1 and
7.66 ), nitrous oxide (4.50, 7.78, and 16.98 im), carbon monoxide (4.67 um),
nitric oxide (5.33 mm), nitrogen dioxide (3.44, 6.17, and 15.43 ym), nitric
acid (2.82, 5.85, 7.51-7.55, 11.38, and 13.12 ym), ammonia (3.00, 6.14, and
10.53 m), sulfur dioxide (7.33, 8,68, and 19.23 um), and partially deuterated
water (3.68, 7.13, and > 12 m).

12
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gases.z4 Consequently, the effect of a collision-induced nitrogen continuum
absorption needs to be considered for applications involving the long-path
transmission of 3.7- to 4.7-m radiation.25'26 The attenuation effect of the
corresponding collision-induced oxygen continuum asbsorption near 6 um, on the
other hand, can be neglected relative to the strong attenuation produced by
water vapor in this region. Molecular oxygen does possess two weak absorption
bands that must be taken into account for applications involving the atmo-
spheric transmission of near-infrared radiation. These bands are centered at
1.27 umn and 1.07 ym and correspond to the 0--0 and 0——1 vibrational transi-
tions, respectively, of the 0;6 a(lAg)~X(3£;) electronic absorption band, 22

B. CALCULATION OF ATMOSPHERIC ABSORPTION

To calculate accurately the long~-path atmospheric absorption of infrared
radiation, information is needed on the concentrations of the absorbers as
well as conditions of temperature and pressure over the transmission path.
Information is also required on the infrared spectral properties of these
absorbers as a function of atmospheric temperature and pressure for the

wavelength region of interest.

Nitrogen, oxygen, methane, and nitrous oxide are uniformly mixed by
convection in the atmosphere, so their specific concentrations can be
congsidered constant with altitude for the bottom 90-km atmospheric
layer.l3'22'25'26 Carbon dioxide and carbon monoxide can be produced by
natural processes and by the burning of fossil fuels.?’ Higher-than-
background levels of these gases may be present at source locations. However,
for the purpose of atmospheric transmission calculations, their mixing ratios
can generally also be considered constant with altitude for the bottom 90-km
portion of the atmosphete.22'25’26

Ozone, nitric oxide, nitrogen dioxide, nitric acid, ammonia, and sulfur
dioxide are also produced by natural processes and fossil-fuel burning. These
gases and water vapor, however, are not uniformly mixed in the atmosphere, and
their concentrations may vary greatly with altitude. In addition, significant
diurnal, sessonal, and geographical variations may be observed in the concen-
trations of these gases.27°3°

14




Water-vapor concentrations vary greatly in the troposphere. The maximum
concentration of water vapor at a given altitude is governed by the air
temperature at that point, Water-vapor pressures above 30 Torr (1 Torr =
0.1333 kPa) are possible near the earth's surface in tropical climates., The
allowable water-vapor pressures decrease rapidly with decreasing temperature.
Water-vapor pressures of 0.1 Torr or less are observed in air samples at
temperatures near ~40°C, such as found in the colder regions of the tropo-
sphere at altitudes above about 8 km.

When fimportant in atmospheric transmission calculations, the
transmission-path—-dependent concentrations of nonuniformly mixed absorbers are
established independently, e.g., through radiosonde measurements, or are pre-
dicted using model concentration profiles. Only small teaporal and geograph-
ical variations are observed in atmospheric pressure in the lower 30-km layer
of the atmosphere. For example, sea-level pressures measured at various
global locations generally vary by less then £3X from the average value of
760 Torr.22 The same vertical atmospheric-pressure profile can always be used
for various locations around the world. Vertical stmospheric-temperature
profiles, however, vary with season and geographical location. Vertical
profiles for pressure and temperature as assumed in a standard model of the
atmosphere are listed in Table I as a function of altitude up to 30 km.13

The most useful infrared spectral parameters for accurately calculating
the contributions of different atmospheric absorbers are the absorber
vibration-rotation line-center frequencies, lower state vibrational-rotational
energy levels, absorption line strengths, air-broadened line widths as a
function of temperature, and line shapes. With the exception of line-shape
data, which are not available for all atmospheric species in the desired
spectral regions, the Air Force Geophysics Laboratory (AFGL) has compiled an
extensive set of such data on magnetic tape from high-resolution spectral
measurements for the atmospheric species water vapor, ozone, oxygen, methane,
nitrous oxide, carbon monoxide, carbon dioxide, nitric oxide, nitrogen
dioxide, nitric acid, smmonia, and sulfur dioxide.3l'32

Several highly useful computer codes have been developed at
APGL25+26,33-36 gng glgewhere37-39 that make use of this AFGL data set, called
the Atsospheric Line Paraseters Conpilation.al'sz to compute synthetic
atmospheric transaission and emission spectra. AFGL developed the computer

15




TABLE I. TEMPERATURE AND PRESSURE AS A FUNCTION OF
ALTITUDE IN ARDC® MODEL ATMOSPHERE

Approximate
Atmospheric Saturation
Altitude Temperature Pressure Water Pressure

(ka) Tﬂ—L_T'EY (Torr) (Torr)
0 288.16 15.01 760.00 12.79
1 281.66 8.51 674.13 8.30
2 275.16 2.01 596.31 5.29
3 268.67 -4.48 525.95 3.29
4 262.18 -10.97 462.49 2,00
5 255.69 =17 .46 405,39 0.98 F 3
6 249,20  -23.95 354.16 0.53 ¢
7 242,71 -30.44 308.31 . 0.29 [
8 236.23  -36.92 267.41 C 0.13 }
9 229.74 =-43.41 231.02 0.069 ’
10 223.26 -48.89 198.76 0.034
11 216.78 =56.37 170.26 0.014
12 216.66 -56.49 145.51 0.014
14 216.66 -56.49 106.29 0.014
16 216.66 «56.49 77.65 0.014
18 216.66 «56.49 56.74 0.014
20 216.66 ~56.49 41.47 0.014
22 216.66 ~56.49 30.32 0.014
24 216.66 «56.49 22,17 0.014
25 216.66 ~56.49 18.96 0.014
26 219.34 -53.81 16.23 0.018
28 225.29 ~47.86 11.96 0.030
30 231.24 ~41.91 8.89 0.087

k. -- . J
SModel atmosphere developed for Air Research Development Command (ARDC)
in 1959 by Air Force Cambridge Research Center (now Air Porce Geophysics

Laboratory).
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code HITRAN to calculate high-resolution transmission and radiance over
atmospheric pathc.33 The original HITRAN code convolved the Lorentz line
shape with the molecular lines of the different atmospheric species to
calculate transmission by summing the absorption contributions of each line.
This code had the disadvantage of requiring large amounts of computer time and
subsequent runs for emission calculations. A newer HITRAN code (FASCOIE)
convolves a Voigt profile with the molecular lines to more rapidly calculate
the transmission cpectra.25'36 FASCODE can also simultaneously calculate the
overall radiance of a multilayer path. 1In the FASCODE program, the atmosphere
is represented by a 33-layer model between O and 100 km. Each layer-is
assumed to be in thermal equilibrium. The temperature, pressure, and
concentration of water vapor and ozone in each model layer are selected to
reflect their variations with altitude. The mixing ratios of nitrogen,
oxygen, methane, nitrous oxide, carbon monoxide, and carbon dioxide are
sssumed to remain constant with altitude. Altitude profiles of the
nonuniformly mixed gases can be incorporated into the code.

The HITRAN codes can be used to calculate atmospheric absorption spectra
at any spectral resolution. Becsuse HITRAN computation times can become
excessive for low-resolution applications, AFGL developed the much simpler and
faster LOWTRAN computer code with a fixed 20 en!
transmnittance and radiance calculations.35'36'26 The HITRAN and LOWTRAN codes
currently cover wavelengths longer than 0.69 im and the range 0.25 to 28.5 um,

spectral resolution for

respectively.

The LOWTRAN calculation is similar to several previous single—parameter
band Iodel* calculations. LOWIRAN uses an stmospheric layer model similar to
that used in HITRAN, except that the LOWIRAN calculation combines the molec-
ular abundance and pressure dependence of absorption and neglects the temper-
ature dependence. The replacement of these independent variables by a single
paraseter results in a reduction in the computational accuracy of the LOWTRAN
code compared to the HITRAN code.35 The major limitation in the accuracy of
HITRAN is due to lack of adequate information concerning the shapes of the

iA band model 1s an idealized msthemstical representation of the frequency
dependence and intensity diutributton‘Bf the vibrational-rotational spectral
1ines of a moleculsr absorption band.
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wings of molecular absorption lines for various atmospheric species, particu-
larly water vapor. In those wavelength regions where absorption contributions
from molecular lines are much more important than water-vapor or nitrogen
continuum absorption contributions and aerosol attenuation, HITRAN can
provide transmittance accuracies of 1 to 2% at 20 cn~l resolution for most
atmospheric paths; the faster LOWTRAN code can generally provide transmittance
accuracies of about £5X. Because the temperature dependence of wmolecular line
absorption is neglected in LOWTRAN calculations, larger uncertainties may
exist in spectral regions near absorption lines having large temperature

dopcndenceo.35

In addition to the absorption contributions of molecular lines, the
contributions of aerosol attenuation and continuum absorption by water vapor
and nitrogen must be modeled within the atmospheric transmission windows in
both the HITRAN and LOWTRAN codes. Because it is difficult to accurately
model continuum absorption snd aerosol contributions, the largest uncertain-
ties in HITRAN and LOWTRAN calculations of transmittance aqd radiance occur
within the transmission windows. 1In these regions, the accuracy of both codes
is & function of (1) the accuracy of the laboratory measurements of water and
nitrogen continuum absorption over the range of possible atmospheric condi-
tions, and (2) how well available aerosol models can be matched to the actual
atmospheric conditions. Thus, the accuracies with which computer codes such
as HITRAN and LOWTRAN can calculate transmittance and radiance in the window
regions will improve once reliable water and nitrogen continuum data bases are

established and improved aerosol models are developed.

C. €0, LASER PHOTOACOUSTIC DETECTION TECHNIQUE FOR
WATER CONTINUUM ABSORPTION MEASUREMENTS

Since the development of the CO, laser in 19611‘l there has been increas-
ing interest in accurately determining the atmospheric transaission properties
of its output, particularly at the highest gain lines, for a number of appli-
cations. The c‘zo;° laser has a spectral output of greater than 100 dis-
cretely tunable lines between 9.1 and 11.0 im, and other CO, isotopic species
can produce discretely tunable output at wavelengths as long as 12.0 u-;‘z
therefore, such lasers are well suited to function as excitation sources for

the study of water continuum absorption throughout much of the 8- to 12-um
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transmission window. For these reasons, COZ lasers have been used as excita-
tion sources in water absorption studies with conventional long-path absorp-

5,8-10 14-16,43

tion detection systems and with photoacoustic detection systems.

The very weak nature of the 8- to 12-um water continuum absorption
requires highly sensitive absorption-measurement techniques to precisely
determine its magnitude under different laboratory-simulated atmospheric
conditions. The water continuum sbsorption coefficient is only about
1076 cu™! 1n the 10-m wavelength region for air mixtures containing 10~-Torr
water vapor at room tenpeuture.l"'l6 Techniques capable of measuring absorp-
tion coefficients of 108 ca~l or smaller are required to reliably study 8- to
12-1m water continuum contributions to atmospheric attenuation over various

long~-slant atmospheric transmission paths.

Photoacoustic detection systems are capable of measuring much smaller
absorption coefficients than can be measured by practical long-path absorption

44-48 The sensitivity of the long-path absorption technique

detection gystems.
is ultimately limited by the difficulty in measuring the small difference in
the intensities of the incident and transmitted light beams through the
absorber being studied. Measurement of absorption coefficients on the order
of 1(')"8 cln"1 by the long-path absorption technique would require the use of
5-km absorption path lengths if a practical detector capable of measuring
light intensity differences down to 0.5% could be employed. A multipass
absorption cell of this type would be large and expensive, and it would

require lengthy pump-down and ssmple-mixing procedures.

The photoacoustic technique is inherently more gensitive than the long-
path absorption technique because it can measure small absorption signals
sgainst a null background. Laser photoacoustic systems designed to minimize
photoacoustic cell window absorption can measure absorption coefficients of
10720 ¢5 1079 cu~1.44-%8 gy ch detection sensitivities can be obtained with
absorption path lengths of only several centimeters. This allows the use of
sasll-volume cells, enabling rapid cell pump down and sample mixing. By the
CO, laser photoscoustic technique, the output beam from a wavelength-tunabdle,
continuous-wave (cv) CO, laser is intensity-modulated and passed through a
photoacoustic cell containing the gas sample whose absorption is to be

seasured. Radiation perfodically absorbed by the species of interest (in this
study, by water molecules) is converted through collisions with nonabsorbing
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buffer gas molecules (N, and 0,) in the cell into periodic increases in
thermal motion of the entire gas mixture. The result is a periodic increase
in cell pressure, which can be sensitively detected at the precise
light-modulation frequency by a microphone or other sensitive pressure
trangducer, such as a capacitance manometer, in conjunction with a lock-in
amplifier.

D. PREVIOUS 8- TO 12-1m WATER CONTINUUM ABSORPTION STUDIES

The existence of a water-vapor continuum absorption in the 8- to 12-ym
stmospheric transmission window was first proposed by Elsasser in 1938.49
Elsasser attributed the continuum to contributions of the collisionally
broadened extreme wings of strong absorption lines located in the water-vapor
vibrational-rotational band centered at 6.3 ym and in its pure rotational band
located at wavelengths longer than 12 um. The presence of such continuum
absorption was later confirmed by measurements of the attenuation of solar

radiation,so artifictal radiation,SI's and atmospheric enicaion,sz

over long
horizontal or slant atmospheric trausmission paths. These measurements,
however, did not allow an accurate determination of the dependence of the
continuum absorption on temperature and water-vapor partial pressure. This
was due, in these studies, to uncertainties in the magnitudes of the latter
quantities over the transmission path and the lack of accurate information on
the attenuation caused by such variable atmospheric factors as aserosols and

clouds.

To better ascertain the dependence of the 8- to 12-ym water continuum on
temperature and water~vapor--sir pertial pressures, several groups have
measured continuum absorption in the laboratory on synthetic water-vapor--air
mixtures. These measurements have primarily been performed over long
abeorption paths through the use of White-type multipass absorption cells in
conjunction with either conventional incoherent infrared sources5:7:11 or
fnfrared laser sources.”)»8-10,12 Recently, the COj laser photoacoustic
technique was employed in the study of the water continuum in the 8- to 12-um
rc;ion.“"l6 The observations from these various laboratory studies are
outlined in Subsection 1I.D.1 below. In each study, measurements were
performed on mixtures of water vapor in either nitrogen or synthetic air
(802 Ny~-20% 0,) to eliminate absorption contributions in this epectral region

from carbon dioxide in natural air. In Subsection I1.D.2, we describe some of
the msodels developed to account for the 8~ to ]12~uym water continuum.
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1. EXPERIMENTAL STUDIES OF 8~ TO 12-um WATER CONTINUUM

In 1969, McCoy, Rensch, and Long5 reported the results of a study on the
dependence of water continuum absorption on water partial pressure at the COjp
laser 9.4- and 10.4-um band P(20) lines (wavelengths 9.553 and 10.591 um,
respectively). These measurements were performed at temperatures of 23 to
26°C using a multipass gas cell with a l-km path length. When the cell was
filled with water vapor only, the continuum absorption dependence on water-
vapor pressure was purely quadratic. When the cell was filled with mixtures
of water vapor and air at total pressures of 700 Torr, the continuum had
dependence on water-vapor pressure that included both linear and quadratic
terms. McCoy et al.> attributed the continuum absorption to collisional
broadening of the far wings of strong water-absorption lines located on each
side of the 8- to 12-um window as proposed earlier by Elsasser.4? The linear
water—pressure term was associated with collisional broadening of water lines
by air (foreign broadening), whereas the quadratic water-pressure term was

associated with broadening caused by collisions between water molecules (self-
broadening).

In 1970, Bigne117 reported the results of water-vapor absorption measure-
ments at selected wavelengths between 8.9 and 20.9 um. These measurements
were performed with a grating-spectrometer-equipped, multipass-absorption cell
that gave path lengths up to 0.5 km. A Nernst glower was the infrared source.
The absorption data obtained were regarded as representing true water contin-
uum absorption, because the wavelengths used were considered to be free of
local water absorption lines and their near wings. Measurements were per-
formed on 750-Torr total pressure air mixtures containing up to 26 Torr of
water vapor at various temperatures between 21 and 45°C. Only limited absorp-
tion data could be determined at wavelengths between 8 and 12 um, owing to
sensitivity limitations in the absorption measurements. More extensive data
were obtained within the 17- to 21-um region, where the absorption was about
an order of magnitude more intense than the 8- to 12-um absorption. The
absorption attributed to the continuum in the 17- to 21-um region had a
noticeable positive curvature from a pure linear dependence on water-vapor
partial pressure and was reported to have a negative temperature coefficient.
The absorption incressed in magnitude by about 2X for every degree-Celsius
decrease over the 21 to 45°C temperature range studied. The limited
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absorption data determined between 8 and 12 m were reported to have a
dependence on water-vapor partial pressure and temperature similar to that of
the 17- to 21-um data. To explain his observations, Bignell suggested that
two mechanisms of continuum absorption may be involved. These included
absorption contributions due to (1) foreign broadening of water lines, and
(2) the formation of water-vapor dimers. The water dimer mechanism had been

proposed previously by Varanasi et 11.53

to account for the continuum
absorption observed between 10 and 17 im in high-pressure (2-5 atm) and high-

temperature (177-227°C) steam samples.

Burch, in 1970,6 was able to measure, more accurately and extensively
than Bigne11,7 absorption on water-vapor—nitrogen mixtures at several
selected wavelengths between 8 and 12.5 um. To obtain his data, Burch
employed a Nernst glower source combined with a grating~equipped, multipass
absorption cell with & total path length up to 1.2 km. The temperatures used
were 23, 85, and 115°C. As in the measurements of Bignell, the wavelengths
selected were believed to correspond to regions where local water-line
absorption contributions were negligible compared with continuum absorption.
Similar measurements were made by Burch and coworkers in 19734 and 197453 at
selected wavelengths between 12.2 and 30 m. A temperature coefficient of
approximately -2%/°C was observed for the 8~ to 30-um continuum between 23 and
115°C. The magnitude of the continuum absorption increased with increasing
wvavelength between 8 and 30 ym. An increase of about a factor of 3 was
observed betveen 8 and 12 um, and an increase of over two orders of magnitude
was observed between 8 and 30 um.6’11'5"57 Burch and coworkers interpreted
their water continuum absorption data in terms of a mechanism involving the
collisional broadening of the far wings of strong vater-absorption lines.
They showed that s simple Lorentzian line shape for the water lines could
not account for the continuun's magnitude and concluded that a super-
Lorentzian line shape with larger far-wing absorption contributions must be
..910,‘4.11.56.37

In 1975, Arefev and covorkers®

reported the results of CO, laser absorp-
tion messurements on pure water-vapor ssmples at 20 1 1°C, using a multipass

absorption cell with a total transaission path of 3 km and water pressures up
to 17 Torr. Because the €0, laser output occurred alternately at the 10.4-um

band laser lines P(16), P(20), P(22), and P(24), the absorption wavelength was
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regarded as being 10.60 + 0.05 un. They observed that their 20°C transmission
data for pure-water samples had a dependence on water pressure that was within
experimental uncertainty of the quadratic dependence observed earlier by McCoy
et al.> at 23 to 26°C.

Arefev and Dianov-xlokov9 reported additional absorption measurements
with the long-path cell in 1977. Measurements were performed on pure water-
vapor samples between 11 and 80°C and on 760-Torr total pressure water-vapor—
nitrogen mixtures at 20 and 50°C. Water pressures up to 20 Torr were
employed. The absorption coefficient at 10.60 + 0.05 um could be fit by an
expression of the form .

2 e—AH/RT

2P0

absorption (abs.) = klpnzo(l + OPNZ) +k .

where Py o is the water partial pressure, PNz is the nitrogen partial
pressure, R is the gas law constant, and T is the temperature in degrees
Kelvin. The terms kl, kz, a, and AH are constants determined in the fit
(k) = 1.86 Torr !, ky = 0.47 Torr™2, a = 2.3 x 1073 Torr~}]. Thus, as in

previous ctudies,5-7

the absorption had both a linear and a quadratic
dependence on water pressure. Because AH was determined to be —4.5 kcal/mol
(-18.84 kJ/mol), the quadratic water-pressure term was concluded to have a
negative temperature coefficient equal to the approximately -2%/°C dependence

‘at room temperature and above reported by Bigne117 and Burch et a1.6,54-57

9

Arefev and Dianov-Klokov’ attributed the continuum to absorption contributions

due to the formation of water-vapor dimers.

Shumate and coworkerslb

employed the CO, laser photoacoustic technique in
1976 to measure the absorption of synthetic water-vapor—air mixtures at

27 ¢+ 1°C. These measurements were performed at 49 different CO, laser wave-
lengths from 9.2 to 10.7 1» on mixtures containing 5.0~, 10.0-, and 15.0-Torr
water vapor. As observed in earlier studies by Burch et nl..6""l"57 the
magnitude of the continuum in this spectral region gradually increased with
incressing wavelength. This was most noticeable for water partial pressures
of 10 Torr or more. As also observed in previous water continuum utudiel.s'g
the magnitude of the continuum absorption within this wavelength region had a
dependence on water pressure that could be modeled as a sum of linear and

quadratic terms. The quadratic dependence on water pressure was of greater
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relative importance for wavelengths within the 10.4-um band than within the
laser 9.4-um band, and was concluded to account for the larger continuum
absorption observed at longer wavelengths when air mixtures containing partial

pressures of 10 Torr or more were employed.

In 1978, Hontgonetylz reported the results of measuring water-vapor
continuum absorption at 8.313 um as a function of temperature between 60 and
200°C. The measurements, on 760-Torr nitrogen mixtures containing water
partial pressures of 80 Torr or more, were made with a multipass cell whose
total path length was 40 m. The infrared source was a lead-tin-telluride
diode laser, which could be tuned to the 8.213-um region, where absorption
contributions from local water lines were concluded to be negligible. His
continuum data overlapped and extended the 27 to 115°C continuum data obtained
earlier by Burch® in the 8- to 12-um region. The water continuum absorption
coefficient over the 60 to 200°C range studied deviated only slightly from a
purely quadratic dependence on water partial pressure, as expected at the
> 80-Torr water partial pressures employed. In the 60 to 115°C range, the
water continuum data at 8.313 um were in good agreement with the corresponding
data obtained by Burch.® Between 27 and 100°C, the continuum data of
Montgomery, like the 8- to 12-ium data of Burch, possessed a temperature
coefficient of about -2%/°C. However, a nearly constant or very weak positive
temperature coefficient was observed for the continuum from ~ 100 to 200°C.

To interpret the 27 to 200°C continuum data of Burch® and Montgomery,}?2
Montgomery suggested that, near room temperature, the water dimer contribution
to the continuum is more important than a contribution from the collisional-
broadening of wings of waterlines. He hypothesized that, with increasing
temperature, the dimer contribution would decrease and eventually become
smaller than the collisional-broadening contribution. At temperatures above
approximately 100°C, the dimer mechanism was concluded to become of negligible
importance relative to the collisional-broadening mechanism. The collisional-
brosdening mechanism was thought to remain nearly independent of temperature
between about 100 and 200°C.

In 1978 and 1979, Long's group extended their previous studies of water
continuum aboorption.lo'15-16 Nordstrom et al.l0 reported the results of
pressure-broadened, room-temperature (22.5°C) transmittance measurements on

water-vapor samples at five wavelengths within the CO, laser 10.4-ym band.
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Selected water partial pressures between 6 and 16 Torr and the same long-path

5 were employed in these measure-

absorption cell used earlier by McCoy et al.
ments. With the buffer gases pure nitrogen, 80% Nz--ZOZ 0,, and 607 N,=-40%
0y, Nordstrom et al.l!0 found that oxygen is a less efficient broadener of
water absorption lines than nitrogen. The results of this study indicate that
the buffer-gas mixture 80% N,--20% 0, should be employed rather than pure
nitrogen as a collisional broadener in laboratory studies designed to model

atmospheric transmission.

More extensive pressure-broadened measurements of water-vapor absorption
at C02 laser wavelengths were reported by Peterson et 51.15’16 These measure-
ments were performed as a function of temperature and water partial pressure
with this same long-path.absorption cell, as well as with a photoacoustic
detection system. Absorption measurements were made on mixtures of water
vapor in nitrogen at a total pressure of 760 Torr at 27 €O, laser wavelengths
between 9.24 and 10.70 um. These measurements were performed in the 22,5-to-
24.5°C temperature range. As in previous studies, the water continuum in this
wavelength region was observed to increase slowly with 1ncfeasing wave-

length. Petersonl’

also studied the temperature dependence of the water
continuum absorption between 16 and 27.6°C at the 10.4-um band laser lines
P(16) and P(20) when an 80% N,--20% 0, mixture was used as the buffer gas. A

temperature coefficient of approximately -1,7%/°C was observed for this

continuum at 22°C. Long's group also interpreted their water continuum data
in terms of a mechanism involving the collisional broadening of the far wings
of strong water-absorption lines. A collisional-broadening model developed by

Nordstrom and Thomasl!7:18 of Long's group is outlined in the following

description of water continuum models.
2. WATER CONTINUUM MODELS

The water continuum absorption in the 8- to 12-ym window, wost often
explained in teras of collie1onal-broadenings'7'10'12’14'16 and water-vapor
di-¢r7'9'12'4 mechanisms, has also been attributed by a few researchers to
vater aggregates that are much larger than dimers and to various large
hydrated~ion clusters. 2] However, the recent studies!9,20 discussed below

indicate that, compared with water dimer species, trimer and higher-order

vater oligomers and various hydrated-ion clusters contribute negligibly to

water continuum absorption. We will use the term “water cluster” as a general
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expression to refer to water dimers, higher-order water oligomers, and
19,20 .4

hydrated-ion clusters. The most thoroughly developed water-cluster

58,17,18

collisional-broadening continuum models are described here.

a. Water-Cluster Models

53,59,19,20

The hypothesis that the water dimer mechanism causes the 8- to

12-um continuum absorption has been based primarily on the dimer model's
ability to predict the negative-temperature and pure quadratic water-pressure
dependences observed for the water continuum in several of the above-described

experimental studies. Suck and coworker819’2°

recently performed theoretical
estimates of the magnitude of the water continuum absorption that would be
produced in the 8- to 12-um window by the formation of both homomolecular
[(nzo)n] and heteromolecular [A?(Hzo)n, where At 15 o positive or negative
ion] water clusters. Water aggregate models were proposed and expressions

derived to calculate (1) the partial pressures of water dimers, higher-order

water oligomers, and hydrated-ion clusters as a function of temperature and
water pressure, and (2) the wavelength positions, intensities, and spectral !
profiles of new infrared absorption bands proposed to develop from the ’
formation of these water clusters.

60,61

Molecular orbital calculations and molecular beam microwave spectro-

scopic experiments62 have indicated that the most energetically favorable
equilibrium structure of the water-vapor dimer is the translinear geometric
configuration shown in Fig. 2. Suck and coworkers based their dimer model on !
this proposed structure. They calculated the equilibrium concentration of

water dimers C(H 0), 88 2 function of water concentration Cuzo through the
relationship C(Hzo)2 = KZCn 0’ where K, is the temperature-dependent equilib-
rium constant for water dimer formation. Ky was calculated by the simple
statistical mechanical theory of equilibriun.63 This involved constructing
molecular partition functions for the water dimer and water monomer species.
K, was concluded to vary approximately with temperature by the factor

v

6
T3 1g1 exp(-hv1/2k1) exp (~M0°/RT)

[t - exp(-hw/x1)]
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where h is Planck's constant, k is Boltzmann's constant, and the V{ correspond
to the frequencies of the six intermolecular vibrational modes of the water
dimer. Here 8H® is the water-vapor dimer electronic binding energy at O K;

R is the zas law constant; and T is the temperature in K. On the basis of
molecular orbital calculations, Suck and coworkers19+20 chose the binding

energy to be -6.5 kcal/mol.

Of the six intermolecular vibrational modes available to the water dimer,
the highest-frequency mode was concluded to be the out-of-plane bending mode
about the hydrogen bond axis. The vibrational-rotational absorption band
associated with this mode was calculated to be centered near 16 um and con-
cluded to have a Lorentzian-shaped intensity profile with a half-power band-
width of 200 cem~1.* The integrated absorption strength of this band was
predicted numerically. Molecular orbital theory was used to calculate the
square of the dipole-moment variation with respect to the dimer out-of-plane
bending normal coordinate. Suck et a1.19,20 estimated, with their dimer
model, that the high-frequency tail of the out-of-plane dimer absorption band
should produce water continuum absorption coefficients of between
1 x 1077 cm~! and 1.7 x 1076 en~! at & wavelength of 10 um for air mixtures
containing between 4- and l4-Torr water vapor at 23°C. These values are in
reasonable agreement with the water continuum absorption coefficients of
between about 4 x 1077 cm™! and 1.8 x 1076 cn~! obtained by Shumate et al1.l4
in air mixtures containing between 5- and 15~-Torr water vapor at 27°C. Suck
et a1.19:20 thus concluded that the water-vapor dimer mechanism may be an

important contributor to water continuum absorption in the 8~ to 12-um window.

Suck and coworkers demonstrated that the concentration of the water
oligomer (H;0), in a water-vapor sample can be expressed by the general

relationship Cn 0) ~ xncg o Where K, ig the temperature-dependent
equilibrium consgang for formation of (Hy0),. They estimated that at 23°C and

*To date, no direct spectroscopic measurements have been made on the
vibrational-rotational band contours of the water dimer in the vapor phase.
The prediction by Suck et 81.19,20 that the out -of -plane bending mode is
located near 16 um is in agreement with calculations of other workers®! and is
within the 12.5 to 25-um range in which hindered rotational absorption bands
caused by dimer formation are observed in liquid water. The hindered rota-
tional bandgain liquid water are reported to have 200~ to 250-cm~!

bandwidths.,
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its water saturation pressure of 21 Torr, the dimer-to-monomer concentration
ratio Czlcl 18 2.4 x 10”3, Under the same conditions, the trimer-to-monomer
concentration ratio C3/C1 was estimated to be 1.9 x 10'6. The concentration
ratios cn/cl for n > 3 were similarly calculated to decrease by several orders
of magnitude for each incremental increase in cluster size n. Because the
computed integrated absorption strengths increased with increasing cluster
size at a much slower rate than Cn/cl decreased, it was concluded that, unlike
water dimers, trimers and larger water clusters should not contribute

significantly to absorption in the 8- to 12-m window.

Given typical ion concentrations in the atmosphere, the concentration of
hydrated-ion clusters, such as u3o+--(820)n, were further concluded to be less
than 10710 times the water dimer concentration in the lower atmosphere Since
the absorption cross sections of these ion clusters were calculated to not be
several orders of magnitude larger than that of the dimer, these ion clusters,
unlike the water dimer, were also concluded by Suck et a1.19’2° to be unable
to account for the observed magnitude of the 8- to 12-um water continuum

sbsorption.

Figure 3 compares the experimental temperature dependence of the com-
ponent of the water continuum absorption coefficient that is quadratic in
water partial pressure with that predicted by the water-vapor dimer mechanism
and, as discussed in the following section, by the collisional-broadening
mechanism. The experimental data shown here were determined by Burch et
a1.6,34,55 4p the 8- to 12-m region between about 27 and 100°C and by
Hontgomery12 in the 8-im region between 60 and 200°C. The quadratic water-
pressure component, which results from either the binary association of water
molecules to form water dimer species or the broadening of water absorption
lines by binary collisions between water molecules, or both, is expressed in
Fig. 3 in terms of the so-called continuum absorption self-broadening coef-
ficient* used extensively in the literature. Although the water dimer

*The so—-called self-broadening coefficient C'(A, T), plotted versus temperature
in Fig. 3, 1is most often defined in the literature through the relation

sbs.(, T) = Cy(%, Twy olpy o + YA TXP - p, 1))
2 2 2
[Footnote continued on page 31.])
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mechanism fails to predict the observed positive temperature coefficient above
about 100°C, it predicts a negative temperature coefficient that is close to

the measured value between room temperature and 100°C.

b. Water Collisional-Broadening Models

Clough and coworkers 8 and Nordstrom and Thomasl?»18 have recently
employed molecular absorption line-ghape theory in an attempt to predict the
magnitude of the water continuum absorption throughout the inffared region.
They treated the water continuum as resulting entirely from absorption contri-
butions from the collision-broadened wings of strong absorption lines of water
molecules. The shapes of these wings (spectral line profiles) were derived
by considering self-broadening and foreign-broadening collisions. The strong
water monomer lines whose wing absorption contributions were summed by both
groupsls'58 to calculate the continuum were (1) the pure rotational lines at
wavelengths longer than 12 im and centered at about 50 um, (2) the
vibrational-rotational lines within the v, fu