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FOREWORD

The work described in this report was conducted under Task 1B662706A10202, Area
Scanning and Warning Techniques. This work was started in January 1969 and completed in

October 1969.

Reproduction of this document in whole or in part is prohibited except with
permission of the Commanding Officer, Edgewood Arsenal, ATTN: SMUEA-TSTI-T, Edgewood
Arsenal, Maryland 21010; however, DDC' and the Clearinghouse for Federal Scientific and
Technical Information are authorized to reproduce the document for United States Government

purposes.



DIGEST

Water aerosols thcoretically are capable of very strong absorption and emission in
the 8u to 13u infrared atmospheric window, owing to the 104 increase in the absorptivity of
water in this spectral region for the liquid phase as compared to that for water vapor. The
author reviews his earlier papers in light of subsequent developments reported in the literature
and finds strong evidence for water aerosol activity in measurements relating to atmospheric
transmission, radiance, and turbulence. Several examples are given of experimental increases in
optical activity of the atmosphere with relative humidity increases, even though absolute
humidities (reflecting water vapor concentrations normally stated to cause similar effects
owing to wing absorption of distant lines) are quite constant. Availability and suitability of
condensation nuclei are thought to be significant in determining the degree of water aerosol
absorption and emission. Emission effects are most pronounced.
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A STUDY OF WATER AERGSOL ABSORPTION AND EMISSION EFFECTS
(INCLUDING FOGS) IN THE 8- TO 13-MICRON INFRARED WINDOW

I.  INTRODUCTION AND REVIEW OF PREVIOUS WORK.

In a previous journal article,] the author presented a theoretical development
explaining how water aerosols in equilibrium with water vapor at higher relative humidities
could cause significant attenuations of infrared energy in the 8u to 12u infrared window,
provided that sufficient condensation nuclei were available. This effect originates in the
differences between the spectral absorption, or “extinction,” of equal quantities of water
vapor versus the higtid phase, as an increase in optical density of approximately four ordas
of magnitude (104) is observed in liquid water over that for the vapor pliase. Originally, this
thecory was developed to explain observed changes in terrestrial scintillation (shimmer)
intensity with changes in humidity, but it soon became apparent that other optical phenomena
involving the atmospherc might have explanations impiicit in this work. A second paper2
explained how cool, humid, invisible air masses at higher altitudes might contribute to lowered
satellite measurements of the surface temperature of the earth under apparently clear
conditions, owing to absorption and/or emission effects of these damp air masses. More
recently, Hall3 pursued this approach in making a study of the specialized case of ice crystal
(cirrus cloud) contributing to infrared sky radiance. A further extension of the theory led to a
possible scheme for the detection of clear-air turbulence (CAT) ahead of aircraft, since CAT is
frequently accompanied by humidity gradients. This work was also well-documented in
Edgewood Arsenal pllblications,4'7 as much of the effort resulted from problems associated
with the E49 LOPAIR (Long-Path Infrared) toxic agent alarm program.8 Notably, these were
problems of atmospheric scintillations leading to instrument instability and variations in
instrument signal levels and optical balance under varying meteorological conditions. For this
reason, fo_ transmisson studies, performed recently by the author, utilized modified E49
equipment. These studies will be discussed presently. A continuing in-house program is
directed toward the study of related atmospheric effects, as these have a direct bearing upon
the potential performance of many candidate agent detection systemsnow in feasibility study
or in exploratory development in these Laboratories. These include laser devices, passive
LOPAIR hardware, and most especially, nonspecific LIDAIR (laser-radar) systems.

Il. A RE-EVALUATION OF THE PREVIOUS WORK.

Since the publication of the original paper,l relating to the water zerosol theory, the
literagure has been searched at length to locate data which would be useful in evaluating this
theory. At least four good references were located describing liquid warer absorption in the 8u
to 13u rc:gion.g'I2 Of these, the work of Centeno!? is often cited. and his values of absorption
were used in place of those mentioned in the original paper. which were run in-house, for
purposes of computation. Centeno also developed a dispersion curve for liquid water in the
spectral region of interest. This curve is of considerable value in our discussion, and is
presented as figure A-1.* Wyatt, Stull, and Plass,!3 published comprehensive absorption values
for water in the vapor phase. Curves developed from their data for 1050, 1100, and 1150 ¢m’!
arc presented in figure A-2 in terms of centimeters of precipitable water versus percent optical
transmission. Calculations of the ratio of absorption of water in the liyuid phase to that in the
vapor phase were made (shown in table I of our original paper) and values assigned to the ratio
of between 103 and 10%. When the more precise absorption figures (from the literature just

* Figures A-1 through A-13 are in appendix A.
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discussed) are used to compute this ratio in the vicinity of the 10p wavelrngth, it is seen that
this value is even somewhat larger than was originally estimated, and is greater than 104
almost all cases. That is. in condensing from vapor to liquid phase, water becomes even more
opaque in the 8y to 13u region than had been postulated previously as the basis for the large
optical attenuations theoretically possible under conditions of high humidity. If we neglect.
for the moment, scattering contributions {rom water acrosols (assuming very small droplets
with respect to the wavelengths of interest at 8u to 13u), it is possible to compute the
theoretical transmission over various optical paths as a function of air temperature and
resulting humidity content. This is done in figure A-2. These curves are based upon the
saturation water content for the temperature scale shown, and are computed from the data of
Centeno. In effuct, these curves show the computed transmission for saturated air at variou:
temperatures which would exist if it were possible to suspend the atmospheric water entirely
as true liquid droplets so smail that 10u scattering were negligible. In practice, fortunately, it is
seldom possible to meet the criterion that all water in an atmosphceric volume be suspended as
true liquid in small droplets. In nature, this virtually never happens. In the laboratory, it is
possible to gcuerate small droplets artificialiy by boiling, as discussed in the experiments of the
original papcn When such drops are geneiated, the result can be striking — the visible
wavelengths may ve much less severely attenuated than are those in the 8u to 13u¢ window. In
nature, condensation of droplets at higher relative humidities depends upon the availability
and suitability of c~ndensation nuclei. Rarely are these present in sufficient numbers to
provide the amount of droplet cross-sectional area necessary for dramatic infrared signal
absorption. Rather. the effect would be typically a troublesome one, accousting for anosazalies
of perhaps 10% or 15% in transmission readings (although frequently more in emission
readings}, often going .tnd1.covered or misunderstood among other sources of potentia} etror
such as instrument noise. [1. naturally -occurring aercsols, a wide droplet size distribution is
commonly present and Mie scattering also becomes an important factor in the determination
of opticai transmission through the atmosphere, as discussed in the original paper. However,
figure A-] indicates that the magnitude of Mie scattering in the 11.51 region* may be much
less than was previously supposed, owing to the anomalous dip in index to about .11, which
may be attributed to the absorption of liquid water in this vicinity. In that case, pure
absorption of the dropiets would be proportionately more significant.

We see, therefore, that the spectral concepts set forth in the original paper! are valid
and that the magnitude of predicted theoretical effects is greater than previously estimated.
But while figure A-3 would show a potential attenuation of 50% through only | meter of
saturated air at 2 temperature of less than 50°F., we kncw in practice that this simply does not
occur, cven in the case of fogs where scuttering is also an important contributor. The
resolution of this dilemma must, thercfore, lie in the availability (size, suitability, and
numbers) of condensation nuclei found in nature. The potential magnitude of this effect must,
however, be appreciated.

1. RELATED LITERATURE AND EXPERIMENTAL FINDINGS.

The auther, 1nce the publication of his original paper,! has conducted an extensive
literature search and has collected a large number of refc;ences which are directly related to
the water aerosol theory. Sabbagh,** in a private communication, concurred with our
eniphasis upon the significance of absorption and emission by water vapor and droplets in the
10u region by stating his conviction that measurements of the emissions by these absorbers
generally can be of far-reaching :mportance to problems in meteorolngy. He cited the work of

* A commonly-used wavelength for satellite measurements is 11.1p.

** Sabbagh, E. N. Senior Mcterologist, Singco, Inc.  Burlington, Massachusetts. Private
communication. February 1967.
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Octgen, Bell. Young, and Eisner!4 in spectral radiance measurements of the sky at wavelengths
between g and 20u, where the authors observed considerable activity in emission in the 8u to
13 region: this they attributed to the wings of water vapor absorption bands (a
commonly-accepted alternaie explanation for such activity, although difficult to justify when
large variations are noted, as is often the case). These authors further noted that additional
water ~ontent in certain of their tests, as opposed to others in drier climates, gave rise to
greater emussivity in the 8u to 13 wavelength region and almost unit emissivity at wavelengths
greater than 15y (where CO, also contributes). Goody15 studied this region using a
high-resolution spcctromcter and he noted that a co-worker had mvestlgated atmospheric
absorption and emission in the 10u region, concluding that there is probably a large
background contrrbuuan from nongaseous constituents. This will be discussed in a later
section. Clark!6 recently described an observed effect similar to that postulated in our original
papers. In measuring the temperature of the sea with an airborne infrared radiometer, he
experienced errors of up to several degrees centigrade owing to what he calls “nascent clouds”
lying above the water’ surface. He described these as developing eventually into fog patches,
and initialiv covering up to several hundred square miles, but since they are invisible, they are
capable of eluding the observer’s ken. Nordberg, reporting to a specialty group on TIROS in
1964, noted that difficultics had arisen in estimating surface temperatures in apparently clear
air, that the readings in one case were consistently low, gnd that such factors as surface
emissivity were considered o adjust results. At the same meeting, Blau’s observation that some
water haze existed, even in clear air, was discussed, and it was further stated that he had
noticed spectral differences betweep ice and water—drop reflections (a phase transition). The
literature <o..tains many references such as Wexler’s,! 8 discussion of low surface temperature
readings obtained at 8u to 13u by TIROS 11} and other satellite and balloon flights. We shall
see that the porenvial effects of water aerosol emissions are enormously important in
considering the design and operation of any passive infrared radiometer.

In the arca of atmospheric transmission, data such as those of Taylor and Yates!?
have become standard reference works. Streete,20 in his measurements of atmospheric
transmission at sea level, over a 25-km path, was unable to obtain agrcement between his
measurements near 10u wavelength and standard reference curves, even though approximately
the same amount of water vapor was present for each of the curves examinud. He noted a
considerably higher transmission at 56% RH than appeared in the reference spectrum taken at
82% RH, and he further observed that relative humidity was the only significant difference in
meteorologica! conditions under which the results were obtained. He cited our mperl as a
possible explanation. Burch?! described measurements of water absorption in a 3J-mcter cell,
noting a considerable attenuation in the 8u to 12u region which he attributed to the extreme
wings of lires centered on cither side of this region. He described the difficulty encountered in
making these mcasurements, and he observed that the usual band models employed in other
spectral regions were ot applicable here. Water, even at a partial pressure 0.01 that of the
inert cell atmosphere, accou;ts for most of the absorption in this spectral range. Burch related
this attenuation mathematically tu the square of the water pressure.

Our original paper addressed the problem of terrestrial scintillation directly, and it
would be a mistake not to discuss the more recent papers which take ncte of the apparent
relationship of this pheromenon, or of similar ones, to atmospheric humidity levels. The
author, in a recently concluded series of transmission measurements, discussed below,
appreciated for the first time how readily increasing humidity must contribute to scintillation,
at least in the visible wavelengths, since the formation and growth of haze under these
conditions, with its attendant Rayleigh scattering, must uause optical beam modulation in the
presence of anv convective air movement. Makarova, et al?2 described summer conditions at a
mountain test site where a water variation in the atmosphere of 2:1 was observed from
morning to noon as the regult of melting snow. This led to instability of the optical properties
of the atmosphere. Alcott 3 summarized work peiformed by the British Aircraft Corporation
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(BAC) which showed that inhomogeneities in developing fog may cause effects similar to
turbulence-generated scintillation. In this study, Newton, Lavin, Titmuss, and Williams?
examined atmospheric transmission over a horizontal range 3 feet above the ground, using a
cine recording system. A gallium arsenide laser with suitable optics was used as a source. The
researchers noted a different type of opticai activity associated with developing fogs which
could not strictly be called a turbulence effect since it did not seriously degrade the projected
pattern, but which, nevertheless, produced very high modulation values with little blurring of
the projected edge, although this edge did show discontinuities. Figure 4 presents an
illustration from their paper, showing three motion picture film takes corresponding to
neutral, developing fog, and normal turbulence conditions, respectively. These results, which
were taken at a range of 3000 yards, are stated to clearly establish the existence of a
mechanism peculiar to fog condiiions. Newton and his co-workers concluded that this work
has shown that there is a new mechanism causing modulation that is associated with the
development of fog. Our water aerosol theory offers a ready-made explanation of this
mechanism.

In a remarkable paper, Nichols and Lamar25 reported results using an instrument
which converts infrared images into visible color images in which the colors are representative
of different infrared wavelength regions. These wavelength regions, detectors used, and
conversion colors in the visible are as follows: 0.5u to 1.0y, Si, blue; 3.0u to 5.5u, InSb, green;
8.0u to 14.0u, HgGe, red. Figure A-5(a) shows a photograph taken across a desert floor on a
warm and somewhat humid day. Figure A-5(b) shows the same scene as observed in the 8u to
14u band and reproduced in red on the conversion image. The authors explained that red
appears when cool, but highly emissive, objects are in the scene. On warm and sumid days,
they stated that the atmosphere itself can be seen glowing incandescently, as shown in the
illustration. Furthermore, it is noted that the 8u to 14u atmospheric window is relatively
transparent, but self-emission of the air occurs near the horizon and where sufficient warm
water vapor is present. On clear, dry days this self-emission is not as evident, and pictures with
horizons 40 to 50 km away stand out in sharp contrast. This is, of course, a matter of degree
and 1s subject to gain settings as well as atmospheric effects.

Nichols* noted that it is usually possible to equate good seeing in the visible to
good seeing in the 8u to 13u window, but that this is not always so, as shown in figure A-5.
While he has observed poor visibility with a relatively good 8u to 13u window, a common
occurrence, and one often noted when looking into fog banks, for example, he has also
encountered examples of good visibility with a poor 8u to 13u window, the sort of thing
which we would expect from the water aerosol theory under discussion. Nichols stated that
the whole situation depends largely on the amount and the state of the water in the air. He
noted, as in the paper already cited,25 that the 8u o 13p window is subject to increasing
emission as transmission drops (absorption increases), blocking ciear sight of the object being
looked at in the distance. Fortunately, in his desert environment, these problems do not vccur
too frequently.

IV. MAGNITUDE OF WATER AEROSOL EFFECTS.

We stated previously that the magnitude ol optical effects which we would expect to
be attributable to water aerosols, given sufficiently high specific and relative humidities, should
be dependent to a great extent upon the availability, size, and suitability of atmospheric
condensation nuclei. Kruse, McGlauchlin,and McQuistan 6 presented a discussion of this

* Nichols. L. W. Naval Weapons Center, China Lake, California. Private communication.

October 1968.
10

. -

TN ekl At ot ol e, e




el

v

A 2

Twre

availability Yor clean country air, industrial-area air, and also for clouds and fogs. We shall
discuss cach of these in turn.

Clean country alr under conditions of low humidity and very high visibility,
contains approximately 10% particles per liter. About 95% of these are of radii 0.1y to 1.0y,
with the balance ip to 10u. From the curves in our original paper.1 we see that even if it were
possible to condense into droplets all water available in saturated air contammg this
concentration of nuclei. the resulting cross-sectional area would be only about 103 mm? per
liter or less. Furthermore. for all moisture to be accommodated, the drops would have to
average more than 10y in radius. This would lead to Mie scattering in the 8 to 13u wavelength
region. Clearly. in this case, the water aerosol absorption effect would be virtually nonexistent.
To begin with. the relative humidity under actual noted conditions would be too low to
stimulate droplet growth. That there is virtually no growth is indicated by the very high
visibility cited. indicating very little Rayleigh scattering even at visible wavelengths.

The pale blue haze hanging over industrial areas, which may rise several thousand
feet. is compased of particles of radii 0.03u to 0.2u. Rayleigh scattering in the visible is, of
course. very pronounced. Approximately 103 particles are found per liter of air. These could
give a cross-sectional area of less than 104 mm? if it were possible to condense all water in
saturated air entirely upon their surfaces. This would still result in a required average droplet
fadius of about lp or more, which would cnter the Mie region for §u to 13u wavelengths,
making it difficult to tell true aerosol absorption from scattering in transmission, although the
absorption contribution could still be observed by studying emission from the atmospheric
sample. Furthermore, it is clear that all atmospheric water could not be absorbed onto these
nuclei. that all drops would not be of similar size, and that droplet growth is still dependent
upon relative humidity levels. For these reasons, it is considered highly unlikely that more
than. say, 1% of atmospheric wzter would become effective in the type of attenuation
contribuzion which we are discussing, except in unusual meteorological circumstances. Thus
we see that water aerosol absorption effects in the 8u to 13 window, while rarely
overwhelming, could be expected to play a significant role in the determination of atmospheric
transmission values in the presence of suitable nuclei. These effects probably help to account
for some of the variances in transmission, as reported in the literature and discussed in the last
section. Also, it should be remembered that water aerosol, owing to anomalous effe:ts already
discussed and illustrated in figure [, may act as an almost pure absorber in the [1.5u
wavelength region where its refractive index drops to 1.11 and Mie scattering is consequently
diminisned. From the standpoint of emission, as affecting the performance of svstems such as
passive iafrared radiometers, and as reported in this spectral region by Nichols?5: * we may
cxpect this water aerosol effect to be much more pron~unced.

Clouds are composed of droplets of radii 2u to 30y, and they typically contain
between 5 X 104 and 1.5 X 10 droplets per liter of air. This concentration range yields
cross-scctional areas of from 102 to 103 mm? per liter and a droplet radius distribution, as
alrcady noted. For the 8u to 13p window, these dropiets are squarely in the Mie scattering
region, and scatter and droplet absorption would be expected to take on approximately a
1:1 relationship. From our theory, a cloud ai 27°C would be expected to givea 50% attenu-
ation of a transmitted beam through about 0.3 meters of its main body. Understandably,
such estimates are difficult to verify experimentally, even though some measurements of ¢loud
transmission have already been performed capably.27 The main difficulty lies in determining
the path lengths accurately, as well as the homogeneity of the cloud mass. Larger cloud
droplets, in contradiction of Mie calculation assumptions, are essentially “black.”

* Nichols. L. W. Naval Weapons Center, China Lake, California. Private communication.
October 1968. 11
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Fogs are composed of droplets having radii in the 3p to 60g range. Typicaliy, 103 to0
5 X 104 drops per liter are observed. Wolfczs‘gave a good review in this area. and the work of
Arnulf and Bricard2? is classical. If all fog droplets become well developed or “aged.” the:, will
present a cross-sectional area of from 102 to 3 X 102 mm? per liter. exhibiting Mie or
nonselective behavior at 8u to 13u wavelengths and clearly nonselective behavior for visible
light. The water aerosol theory, under discussion, would predict an attenuation of perhaps 50%
through 5 meters of fog and a 10u wavelength, although this attenuation falls rapidiy for larger
droplet sizes. This figure corresponds to an optical density of 60, which is very high but is
within a factor of 3 of some observed points reported for this wavelength by Arnulf and
Bricard. Johnston and Burch30 reported fog attenuations at 10u, approximately one-half those
in the visible, and these results agree well with other data in the literature, as well as with the
author’s measurements, which will be discussed shortly. Rensch3! made measurements of laser
attenuation through fogs at 0.6328u and 10.59u wavelengths. Transmission studies do not. of
course, explore emissive behavior of fogs in the 8u to 13u window.

V. LOPAIR FOG TRANSMISSION STUDIES.

We have seen that transmission studies are not ideal as a tool in studying water
aerosol effects; rather, emission studies would be more productive and are, in fact, under way
using equipment described below. Nevertheless, since water aerosol absorption can be expected
to have some bearing upon atmospheric transmission, particularly in the case of clouds or fogs,
it was considered worthwhile to make a series of transmission measurements using modified
E49 LOPAIRS equipment. Two E49 LOPAIR transceivers were set up on a platform
overlooking a wooded ravine and a stream in an area frequented by fogs. The transceivers were
placed several feet avart to eliminate “crosstalk™ between the instruments. One transceiver was
modified for operation in the visible, using a CdS detector peaked at 0.515y and glass optics.
The Nernst glower source was used since power supply circuitry was already built into the
head. The second transceiver was left unmodified, using germanium optics and an immersed
thermistor bolometer detector. A mosaic of 33 cube-corner reflector elements was set up on
the opposite bank of the stream, 150 feet from the transceivers. This permitted a folding of
the optical paths to give total path lengths of 300 feet (L0914 km). The systems ran
continuously through the fall and winter months of 1968 and 1969, except for down-time
necessitated by repairs or general maintenance. A sling psychrometer was used to make
temperature and humidity measurements at the same time that preamplifier RMS output
voltages were monitored from both transceivers. The spectral response of the unmodified
system was adjusted to give a broad-band sensitivity between 9y and 12; wavelengths, as shown
in figure 6. This was easily accomplished, since the LOPAIR equipment utilizes “natural-type”
plastic optical filters 32 which may be tailored for spectral response. This broad infrared
response was used to integrate absorption measurements through most of the window, makir,
the system insensitive to small, spurious absorptions. A spectral scan performed through 100
feet of fog had shown little specific spectral activity in this wavelength region (figure A-7).
This scan was taken using a specially-designed and highly versatile spectrally-scanning
radiometer, built to Defense Development and Engineering Laboratories specifications by
Exotech, Inc., Rockville, Md. This instrument, using a circular-variable filter, can spectrally
scan the region from 2p to 15u over a range of scanning rates and time constants, using either a
cooled or bolometer detector, operating either actively (remote infrared source) or passively (a
mode which is very useful in atmospheric emission studies). The optics can be focused from a
few feet to infinity, and readout is by tape, strip chart recorder, or oscilloscope/photograph
combination. Figure A-7 was normalized to the blackbody curve for clear, sunny conditions.
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These fog transmission spectra are extremeiytuseful, and they will be eathered and reposied as
circumstances permit,

Flnun A-8 shows the rdanonshlp between opiical density. zs used by Amulf and
Bricard.2? and percent signal transmission for the experimental conditions of the LOPAIR fos
trials. Amulf and Bricard noted densitics at the 10y wavelength ranging up to 20, ken'd . This
would cosrespond to a transmission of about l% in the LOPAIR trials, as may be seen from
the curve.

The relationship between attenuction in the visible and the Su to 12u wavelength
regions for a typical fog is shown in figure A-9. This fog, which occursed on 13-14 October
1968 at an air temperature of 61°F. was remarkabiy consistent in that points taken during
both developraent and dissipation of the fog tended to follow the same curve. The 45° line i is
included simply to show the deviation from tte 1:1 atienuation actualiv obtained. The 2:1
attenuation ratio of visible to infrared (10z) wavelengths. noted by Johnstor and Burch. 30 5
apprc ximated over a wide range of cur observed attenuations. Under exweme:v heavy fO°
conditions. which might popularly be characterized by the term “‘pea scup.” infrared
transmissions of about <uly 6% were noted, corresponding to an optical dernsity of 13 (3% and
optical density = 16.5 in the 'visible). Figurc A-10 shows.the curve for a verv fine mist which
eventually developed into a fine fog. but_ cleared before fong-aging c~uld take place to
appreciably increase droplet size. The point lymg close to the y-axis is interesting here. For the
two wavelength regions, it can be seen that the condensation of liquid water on the mosaic
reflector surfaces immediately results in- a shifting of the ratio of energy retums to the
opposite side of the diagonal. In this case. an increase in absorption of about 30 times has
taken place over that which would be typical for the airborne acroso! at the 9y to 12p
wavelength region. Shortly after this curve was obtained, the mosaic cleared in sunlight and the

transmission level went to 100%. Figure A-11 shov's data for a long-lasting fog on the evening )

of 31 December 1968 to 1 January 1969. Owing-to-the stability of this fog, very few points
could be obtained except in the area shown. The five points presented were taken through a
5-hour period.

The fog data presented here have been corrected for such factors as CdS detector
sensitivity drift with temperature and background noise level for both transceivers.
Comparative measurements were much easier to make during hours of darkness, since in
daylight large and varying amounts of refiected background light reached the visible detectos.

While these data presented no significant departure from previously reported
measurements. and observed resulis were about as expected, the observations indicsted that
water absorption probably does make 2 contritution in thie 8¢ to 13u window region, certainly
in the case of condensation of cven trace amounts of liquid water on the optics of active
infrared equipment operating in this range. It was also noted that, in the location where these
mcasurements were made, the availability of condensation nuclei was .10t sufficient to cause
appreciable attenuation of infrared signals with i.creasing relative humidities, short of actual
fog formation.

VI. CONCLUSIONS.

Walter acrosois theoreticully are capable of very strong absorption and emission in
the 8u tc¢ 13u infrared atmospheric window, owing to the 10% increase in the absorptivity of
water in this spectral region for the liquid phase as compared to that for water vapor. The
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auihor reviews kis . aslicr popers in ikt of subsequent developments reposied in the Mesature,
and finds strone evidence for waler aerosol aciivily & measuremenis relaling fo 2imosphenc
fransenission, rzdixnce. and turbulence. Several examples ave given of experimental increases in
opticzl activity of the aimosphere with selbitive humidity increases, ewea thoush absolute
humiditizs (reflecting waier vapor coaceniriions nosmally siated {0 ceuse similer effects
owinz to wine absospiion of disiznt finzs) zre quite constant. Avaibbility and suitability of
condensaiion nucks are thouzhi to be sicnificant in detenmining the degree of waler 22zrosol
absorpiion and emission. Emission effects are most pronounced.

1 VII. GUIDELINES FOR FUTURE INVESTIGATIONS.

If iheie is one aspect of water azrosol dropki zrowth theosy which s most
important and lzast understood, it is probably that poini in the condemsaiion of waier about 2
nuckus at which *he waler ceases to be veporlike and becomes liquidlike. Typical
condensation nuclei have rxdi of about 0.03x to 0.1 These aboze often cavse haze owing 10
Ravkich scatier in the visibke wavelensths. As relative humidity increases, water molkecules
begin to adsorb on these nuclei. The molecular radius of water vapor & approximately 103,
so that a great menv water molecules may attach themesives initi=lly to the compazeiively vasi
nucleus withcut coming togethes. Eveniuvally, growth of the droplet becomes discemible,
indicating that water. many molecular lavers thick, had built up on the susface of t* 2 nuclews.
Even before the drops are larez enoush to significantlv scatter infrared enerzy in the 8pp to 13p
wavelength region. they begin to absorb significanily (assuming that the water in thase droplets
is now behaving like a2 liquid). By the time the dropleis are 3Mie scattering at 10p, thev are
already capable of absorbing about 50% of a diametric ray. If the drops become lzrgz enough
and if thev have formed about a particularly soluble nucieus. they may dissolve the nucleus
altogether, perhaps adding spectral qualities of the solute to the picture. Given 2n ambient amr
temperzture, these absorbing droplets will emit in the 8z to 13p window region. It is this
emission which is considered io bz of importance as a subject for further study.

Appendixes B and C contain two short technical papers discussing further
implications of our water aerosol theory bevond those discussed in the open literature ! 2
Both of these papers are unpublished, and are presented here for the first time. The first deals
with the possibility of CAT detection ahead of aircraft using modified radiometric equipment
similar to that now commercially availabic, while the second deals in considerable detail with
the inierpretation of satellite measuremeats of earth surface temperature using the water
aerosol explanation of temperature deviaticns from true values.

At least three detailed papers have been published dealing specifically with
atmospheric emission or radiance in the 8p tc 14u wavelength interval 33-35 Roach and
Goody,33 in reporting the results of work}S mentioned earlier, presented a hypothetical
explanation, beyond that readily explainable by selective absorption of atmospheric gases, of
their observation of continuous extinction recorded over Ascot and London, England. This
continuum showed increased opacity toward longer wavelengths. The opacity was much
greater in London than in Ascot, where the air was relatively clean, and although it correlated
with water vapor content at both locations, the authors were forced to conclude that aeroso!
extinction accounted for observed data. This sounds reasonable in consideration of our earlier
discussion of condensation nuclei, which would certainly be plentiful over London. It was. in
fact, in an attempt to resolve whether or not this continuum exists, and if so what its cause
may be, that Roach and Goody undertook this work. They developed the two logical
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termuiives io cxplin ther obsenvations. momeh . gresous extinciion o7 penikukic sofid o7
liguid. 1f srscows, this most anise from he resdecl effect of the far wizss of dmsant sronz
Ienes, s descrtted by Ehosser.”S in 1938 1f perierukeie, the auboss conscder spheaical wates
dropleis o7 imveguhr sofid pestivkes. Foslier work in Gonmomy bod sbown thot diy postaculte
2cvosols could sive extinction cocilicienis of only zbout » X 107 km! gear 102 wavelensih,
50 times too smoll io xccouni for the mesulis obizined. Therefore, waier doplis were
coasifered in deizd. and lihowsh imiespreixiion of fhe cxpenmeenpial resuelis was mof
condusive, e polenin] cffecis of thew zrosols weme moled as prebedbiy conlsmbuims
stznificanily to ihe dzia obizined. In 2 sease, (his peper aniicipeted ihe discussion Eewcloped m
our presenl paper. It was not possbl: for Roech and Goody 1o dizw fim conchrssons.
howzwer. owinz o kack of mveitabk infonmation conceming droplkei concenirzitons tades the
“fimz and place™ condiitons of iheer experimenis. When we compase the expenimenial
exiinction coeflicicnis of Roech and Goody’s (fiszre A-8) fo these cocliicoenis for Bguid
waier. )12 ke similasiiy in the Sg fo 13 region is most sirikine. I s interesting to noie thai
this poper references the wosk of H. L. Wiichi in the sowih of water droplels about
condensaiion nuckzi. from the siandpoint of opiical scattering of ibe dropleis thus formed. It
should be noied here thet Me. Wrizhi. siill acibve in England at the time of prepaniion of cur
ozizinzl ;xzp:r_' was sent 2 copy cf ithe manuscript desciibine water 2bsospizon, 23 opposed to
scattering. by these dropicis. He found the idea quite plawsible and was inleresied in ine waies
absorpiion theory 1o the point of nrkine several helpful additions to the manuscripi.

In 2 mone recent paper. Gxig_gs36 repoited measured 2nd  calcelaied
carth-2tmosphere radiznee data in the 8y to 14y waveicngih region as 2 funciion of sltiiede.
Results are nreseated in a series of graphs showing good emission levels in this window regzon,
particularly for wamm. moist a2imospheres where radiance lesels perhaps four times larges than
those for cold. drv aimospheres are noted. Some diszgreement is cited in the 7g to 9p
wavelength region which s “not readily explained”. It is thought that the discrepancy is
probebly due to different continuum absorption models used. In the 11p to 13p region.
agreciment is good for the moist tarszet and poor for the dry one. An interesting observation is
made that. when sizhting on clouds. care must be taken to avoid secing the earth’s surface
below. which is usuzlly wammer than the cloud. This is the converse of the surface
measurcment problem which we discussed cardier.> where one wishes to exclude nascent
clouds from being in his ficld of view without his knowledge as he attempis to determine
surface temperature. Griges concluded with a highly pertinent discussion of measurements of
the temperature of the earth’s surface from an altitude of 5.49 km. stating that readings arc as
much as 4°C lower than actual surface temperature. Our earlier paper2 would have predicted
precisely this behavior in the presence of nascent clouds. Further. Griggs contizued. when the
atmosphere is much warmer than the surface. the n..2surement can be higher. 2gain. exactly as
would have been predicted by our theory. In this case, 2 2.2°C erry- was nested He stated
further that the atmospheric eticct is not always negligible even at the lowest altitudes. as in an
observation where the surface temperature read 0.3°C high at an altitude of only ¢.05 km. and
0.9°C high at 0.15 km. presumably u.-ler inversion conditions.

An carlier papcr37 also reported striking variations in atmospheric emission. with
temperature and humidity. far larger thar could be explained by vapor cuncentrations alone.
The formation of water acrosols at higher relative humidities would secem a much more logical
cxplanation.
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To the present 1Ene. the contriberiion of weier Eruplei 2bsopiion i the Sp o 13p
window region. as oppowed e vrpor absospiion or water droplel scxifesing. bos mot been
resolwad. There bes been. in fact, 2 fendemcy to EZoone this cozisibuiion 23 a troublsome
cocumbianee of exsiize theosiss and simespheric models, evea thyirsh the modas frequently
£l o i observed data B this wwebenzih region. The effects of droplet =bsospiion azd
emission are freguenily obwervzd ox O B seemms, in work ciad i3 thase penes), and wei 2re very
difiiceli (o mensume experinennlly owing to the complicriing fociors of reletive hemddiy.
absolrte humidiiy, avzibbidiy and seiisbfy of condensolion mucded, and mumesowns bess
stenificani peremeters. Perbeps 2 saipsfactosy model which would indude these azzosol effects
simply woald be too complex fo pel into practical vz, o for that motter, too compiex o
develop in the first pleor. Yet @ would scem impemiive thai the polemita] mefuse zod
meenitede of theez efiecis be understood sod considered winen applicabie to freld oboervztions
and mzaseremenis. If bes been cur exped sace thei apperent sonifestations of water azrosol
shuospilon oF emEsson stem (0 presen! fhemselves fust 25 we are convincirg oumselves that a
previons obezivziion of this effect mrat heve some aliemative exphmaiion. In condasion. we
sl ciie the mosi recent of these.

The A Foree hes under developmeznt aa infraned gas deiecior of the LOPAIRS tyvpe
which & cemenily vadznzoize rouline opiica? tesline In Fioiics, ntar the Gulf of Mexico ina
trznsmitier-ioseceiver conficumation over 2 rangz of 23 milss, 21 an awverase elevaiion of the
hosizontal beam above the semti-arid semfzee of about 1 meier. TS 15 2n unesuelly lonz optical
path for differenital speciral measuremenis. and one wourld expecti 2 plentiful cupplv of
oondensaiion avcki in the 2ea owing fo the proximily 0 sii water and heavy afrcraft
activity. The svstem operaies in the 8y to 133 window. using our natusaliype opiical filters 32
While signal lewels at the receiver zre complicated by operztienal faciors and 2 tendzncy
toward opitical mizzg2 in lookine over the Ene-of-sicht. there is a tendency for plois of reczived
siznal versus relzine bungdity to follow the type of attenuation which would bz predicted by
our water 2e70s0l theory even thoush visibility at 0.4y to 0.7 mav not vary in the same
manner. Fizure A-12 shows 2 plot of many data points taken on 17 April 1969 from 0900 to
2315 hours. Dzspite the fact that air temperature and absolute humidity were very stabje
during this peiied, the tread of received signal. as approximeted by the dashed line. s clearly
in the downward direction with moderate increases in rebtive humidity, as showr: in our
onginal papcr.' to lie in the region of potential exponeatial atienuation. In fisure A-13 the
canve showing the trend of data from the previous figire is compared with those for 2 other
days. 18 April 1969 and 1 May 1969. The meteorological conditions for 18 April were very
similar to those on 17 April. and the curve shows a similar but more exponentially-shaped
trend. By comparison. the data for 1 May were taken under ccnditions of lower temperature
with greater diumal vzriation. and the absolute humidities were considerably lower than those
for the first two curves. In this case. the received signal is much larger than ia the previous
trials, and shows no tendency toward attenuation at higher humidities which, in fact. went no
higher than about 83% RH. We would suspect that compa.cuve'y few condensation nuclei
were available here.

Steam emission experiments have been started at Edgewood Arsenal. utilizing the
scanning radiometer described earlier in this paper. Preliminary spectra have shown strong
emissions 1a the 8p to 13 region, presumably from water aerosol since the long-wavelength
wing of the 6.5u water band is also being monitored as an indication of vapor concentration. It
has not been possitle to explain the observed results using the distant wing theorv. A paper
describing these experiments and their potential impact will be forthcoming.
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Figure A-5. (a) Photograph taken across the desert floor on a warm and somewhat humid day.

(b) The air glows incandescent in the 8u to 14u band.
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Cop,. APPENDIX B

TELF POSSIEILENY OF CLEAR-AIR TURBILENCE (CAT) DEVEC THON THROUGH
HIMIEITY EFFRCES DN THE $-3 5 ENFRARED WINDIW

B

-

Binsdh B Canflom

Detzrrivn & Wemime Ladomiony
PReffemss Denedlepmmemt 2nd Emrinnesime Labomooutos
Edfinswmond Arsemd, Moryfend

Iz 2 presives pebfogion? she acthor ectionad the posBfy ot Booifay
effeces i the S35 rfoved windex reraom moefd peandd dtamion of diarolr twdelomee
(CAT) z2ead of 2 sinomefy. Thos deteatiion wocld be bosed cpow the EndSrxiion thod watew
eTOSODs I e WElh water weper 23 Bty refraine ermhiiiies ezxa o wery sirctinersl
optird atreertioes 5 dhSs sporind Ryrioa, sTone weElzy. in gotye frome ehe wepow to the Korad
phese, endemnoes 2 Exrzrse i optid demsiay of thwee o focy ondzes of sxefinde. TEs
zpproard wes fully dowionad i 22 exber peper witich wes cooorand wilh possbie be—adty
effecss rpon Gemassin) soiiThlion Fiensay” In chel pooev @ owes swizied bl wiSk
cenfiroseien podds were proxssy for ithe fonmeties of thesr arrosols, ibe droplzd r2Es oocid
be very s (10”20) withoet redoci the meesiinds of zitescmiivn. A Feorot revicw Zrtick
oa clearaiy torbelmne” wztess ~The oot sz indireiors of 257 moiioa zlofi. bomercr.
e the wier-scbhsizane pirtiches of cioweds. 208 2l the peicelale moiter preseni 3 ‘diezs” 257,
Agzri from the mose obvioss foses of Dizhizwl walerabiznce dond, thewe is bxoreagns
eridenre (Rl sehantbhle si2 2x of such clounds exist =nd thet kuzz oF diest conozoiz2100s w2
way vable " Thos, we sez thei. iz apperenily “dias™ 25, boil the condensziion oodled and
resrlie sehmicon dropieis pooess2y fo zlicomele fa the 8§-13p infizved window cxw be
preseot.

VWhike it-is obniozus thei hich humidities may be rez2dily associaied with bow-ciiitude
coaveciive columns or iNing 2 anweals over motniaim ranzes. the occureacs of kish-immidity
eradienis a1 typical CAT 2ltitedes 1s opea 1o question, espacially since optical aitenaticn
would depend first upon relaiive humidity for formaiion of water dropleis. but. second. upen
spcific or absoliste humidity. At altitudes of 20,000 feet. temperatuses are low enouzh to
prevent the incidence of absolute humidities greater than a smell fraction of those at the
carth’s surface. For that matter. there is no guarantee that ice crystals might not be more likely
to be encounicred than water droplets. In addition, there is the question as to whether
humidity gradients at these altitudes would show correlation with CAT incidence. It was
apparent fiom the selection of papers presented at the recent Mational Air Meeting on Clear
Air Turbulence? that no approach to the problem of CAT detection can be overlooked. Many
of these approaches scem to rest on much less substantial foundations than the techniques

proposed here.

Specifically. it would be necessary to Gptically scan the area ahead of ar aircraft
with an infrared system similar to onc already proposed to monitor temperature gmdieniss
using the CO, absorption band near 15p. In this casc. however. a narrow or fixed wavelength
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Pumd wouild b asal Butweem 00 amd B2z B dhe som were afead) amd ap dpuotind <y
duthrmoum, Rumiy gmfGarss stonlld appuar ais eniiiarns om 2 aobd Bmdywoumd. 37 ehe wom
wire afend amd down (puuriid carh feaw-adionle Budyroumip, ghoee podiots mmidta agper as
afwoufurs om 2 wam Bockroemd. Bn citfier cuse, ghey sthoeds proside o dymearic picers off
forfeltmar avthity whay mogssary confihoms 2ve met. The sdliotion off 20 ndnmmerad oo
siend menfowd wewldd hose to Be mude ow the Basis of protommemne dho fov sadh o syuem.

A ke ome nmifor Enstmomerd couruay R eaprassad am Rfrmesd i proposing o
reterested amemies o Kemmime sxstemn Bustd scom Ehese aomnepes. The actfior fadls hod sadh a
progead wocld Be 2 wonbwifle codamiine. 2 wedlovenes covmmenis comeenzEny BRes
teviramd appooneih to the CAT probilam

BUGH B. CARLON
Apil 21, 1966
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INFRARED AFPPLICATIONS BRANCE]
DETECTION & WARNING LABORATORY
DEFENSE DEVELOPMENT & ENGINEERING LABORATORIES
BEfnewood Arsernd, Mozyhad 21610

EFT =X 1S OF HIGH HUMIDMTY UPRON ATMOSFHERIC TRANSIISSION AND
INTERPRETATION OF RADIOMETRIC TEMPERATURE MEASUREMENTS
IN' THE 813 MICRON IR WINDOW

In previoes pebotoes 2 ghe xetbor ks e B detail the poteniod effocs
of Enrirfrediy 2 mmmes (%) cpon the exizpeeiziion of rafiomesac saersmennonis of ihe
easih's Germpemriese frocn osbilime setefies. Mi was soomesled bl 2 rehiive Bomifistes of
abocd 10% o mowe. weler serosols witdeh sy exis i eqeSimem with wler v2poy o el
to 2osooh strongh frs-txfrened cxdietion. st perticehsly & the 10-12 mionon region of the
$-13 eraaon imospbroe window (Window Vi) Alibwarsh thesr 2x moses ze esesitlly
“empwhle.” iho £y semocsh lower sxtelSte fempeninge Jeadines when they ooces 28 hisher
2lrindes emder rppemenily dexr condintons. The resinde of this offe-t depends, of cousse.
=p00 todxd waler coxieri (proctptizble waler) i the bunid ofr maess.

Sxady angd llﬂa:}f; bowe presented daix which can be intespreied. vdnz this water
amosol thoogy. 3 2o 2l emetive way fo that which they present. In a senies of balloon
exzzRmeneals of casih temperature 2t 2n 11,1 micron waselenzih. taken from an zltitude of
30 ke they expesienced differences of 2s much 2s 8°C beiween cakouleied susface
fcmpersicres and afsomein v -meaured temperatures under humid 2tmospheric conditions
which they desaribe 2 “extreme™. (It & the avihor's conieniion that such conditions are not
as extreme 28 nomally thoushi. and that temperztuzze data of this tyvpz are often
mistaterpseled for this reason). In Fisure 5 of their paper. Saiedy and Hillzany show the
prozressve gowih of thxs temperature difference as the dav psoceeds. In early moming. the
difference is onlv 2°C. By 11:00 2.m.. the $8°C variance ic observed. Then. within an hour. a
Lige cloud mass obscures observation of the earth’s susface, and a thundenstorm easues. This
behasior s precrsely thai which would be expected according to the water aerosol theory. and
could be explained as follows. As ihe humid air mass moved into the test area. accompanying
mcicases m relatne humudity at altitudes below the observation balloon began to attenuate the
11.1 micron measurement wavelength. although the opiical path was apparently clear. Nascent
clouds. at tcmperatures well below those at the earth’s surface depending upon their altitudes.
bezan to drive the radiometric temperature in the predictable. downward direction. If
measurcments had been continued between 11:00 a.m. and 12:00 Noon, when the
thunderstorm began. it 1s likely that the temperature measurement difference would have
become still greater. In fact, this difference would grow exponentially according to theory.
Dunng the measurement period cited above. a ¢.ecipitable water content of 5.4 cm was noted.
By comparon. another reported test was run under conditions such that the precipitable
water wontent was only 0.5 cm. It is worth noting in the iatter test that virtually perfect
agrcement was obtained between radiometric and actual carth surfsce temperatures, although
some instrument problems were encountered.

(*) The term “air mass™ as used in this correspondence is intended to imply a patch or

nascent cloud of high humidily conient. rather than a widespread body of air as i-
perhaps a more commonly-understood interpretation.
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A mooend mprﬁ wives 2n excellent deserigtion of the formation of these water
2er0s0] mencs, 28 previowmsdy iheorized. and their effecis upon radiomeiric measurements of
finr Gemmperxiore 21 the surfree of the sea. Chrk. the avthor, states “when a Inyered structre
exisis. extrzpobiion (of radioneiric daia) is wo! practicable, particularly when the layer is
composed of sxiuried 2i7 chose to the surfzee of (he sea. In such layers. mmy be fourd nascent
cliomds and those waier vapor conceatraiions whick: eventually develop into ground fog. Such
coaceerziions may cover seversl hundred square sniles and, since they are invisible, may be
present withoui (ke knowledee of the zisbome observes, thus leading to errors of froma few
teniks 10 several degrees. Of coizse, ono? the low hanging clouds or ground fog has developed,
an opayue hyer & preaentad 1o the rediometer which prevents further viewing of the sea.”

The humidity cfiects responsible for appares$ discrepancies while measuring with a
rediomeier throvgh vertical or slant paths are also pronuunced in the operation over horizontal
poths of “linc-of-sieht™ optical systems. Although the latter are usually self-limiting with
respect to path lencth owing to ferain features, it has been shown! that high-humidity
conditions can cause serious attenuation of infrared signals in the 8-13 micron window. in
regions which are supposed to be highly transparent. and that these conditions are also
believed 1e contribute to the intensity of terrestrial scintillations at relative humidities abovs
70%. Tnese effects may well account for the difficulty in establishing rcference levels
<ncountered by workers measurinz atmospheric spectra as reported, for example, by Taylor
and Yates.> A recent paper(’ notes that new transmission data obtained in Window VIII were
not in agreement with earlier measurements cited in Reference 5, under such circumstarices
that “the only significant difference in the metzorological conditions under which the spectra
were obtained is that of reletive humidity™ (the italics are those of the undersigned). Reference
1 is then cites] as a possible explanation.

Studies of the effects upon atmospheric transparency of varying high humidity
levels. most particularly in the 8-13 micron window, are continuing at Edgewood Arsenal. The
shape of the transmission characteristic of this window with changing humidity should be
studied in detail since theory predicts that water aerosols more sharply attenuate the 10-12
micron region than other wavelengths. This information would be directly extrapolable to
veritcal and slant-path situations as well. Additional findings will be reported in future papers.

HUGH R. CARLON
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TUNABLE PARAMETRIC OSCILLATORS BETWEEN
1.0 MICROMETERS - 5.0 MICROMETERS

Gregory R. Osche

Army Electronics Command
Fort Monmouth, New Jersey

Octcber 1972

e
\-

DISTRIBUTED BY:

INIT

nationat Technicai inioriiation Srvice
U. S. DEPARTMENT OF COMMERCE

it Royal Ruad, Sprngieid Va. 22151

£
H
£
%E
ﬁé
W
=
E
ié
£
L

R TR TEE $ (s It

I



