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FINAL TECHNTCAL REPORT
ATTENUATION MFASUREMENTS IN ARTIFICIAL CLOUDS

By Darrell E. Burch, John D, Pembrook, and Elias Reisman

Philco~Ford Corporation
Aeronutronic Division
Newport Beach, Califcrnia 92663

SUMMARY

A CO, laser operating at 10.6 p and an He-Ne laser at 0.6328 ; have
been used“as radiation sources to studvy the attenuation and near-forward
scattering of artificial fogs., Scattering angles varied from 10 to 40
milliradians, Both water fogs and 1ce fogs have been used. The experi-
mental results compare favorably with calculated values hased on Mie
theory, both in the amount of scattered power and in its angular depeu-
dence. From these results, we conclude that Mie theory, which is based
on spherical particles, can be applied to scattering by ice particles in
the near-forward directions. Mie theory, howevar, may break down for
larger ice particles, and almost certainly will not apply for scattering
at larger angles,

The extinction of both ice fogs and water fogs has been measured at
several wvavelengths between 2.3 and 3.6 ju. This region is of interest
because of the o-currence of wide variations in the real and imaginary
components of tiur index of refraction. A narrow "window" occurs &t
approximately 2.75 i for water clouds and near 2.83 p for ice clcuds.
shapes of spectral curves of transmittance or of the extinction cross-
secticn depend strongly on the particle~size distribution. Our results
indicate that significant errors exicst in the published index of refraccion
values for ice near 2,8 . Simultaneous measurements of attenuation or
scattering at two different wavelengths provide information on particle-

size distribution, influence of irregular thapes, and index of refraction
which cannot be ogtained from single~wavelength measurements,
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SECTION 1
INTRODUCTION

Although scattering of electromagnetic radiation by fogs and clouds
has been a subject of study for several years, most of the work has been
confined to the visible portion of the spectcum. Only a limiteu emount of
work jas been done in the infrared., During the past several years interest
in the infrared transmission and scattering by clouds has increased beczuse
of the advent of numerous infrared communications systems and increcsed
activity in fields related to atmospheric radiation transfer. Tle irven-
tion of the CO, laser and 1ts potential use in communications has stimulated
interest in the scartering properties of fogs and clonds in the 10 u region.

Among the first to meke uxtensive infrared measurements on the attenu-
ation by natural fogs was Arnvl{ et al (Ref. 1L). These workers confined
their work to atmospheric windows and found that the transmittance of haze
increases markedly witn increasing wavelength from the visible to 10 y.
This increase was not found for fogs which consist of larger particles
than the haze., Farmer (Ref. 2) has also nmeasured cloud attenuation from
the visible to 5.5 11 and has found that the clouds become increasingly
transparent as the wavelength is increased. Differences in particle-size
distribution may account for the difference in the wavelength dependences
observed by these two groups.

Blau et al (Refs. 3, &) have investigated the back-scattering and
attenuation by natural clouds with an airborne instrument, Most of their
results could be explained, at least gualitatively, on che basis of exist-
ing cloud models and Mie scattering theory, However, these workers observed
a "windo#" 1in cirrus clouds necar 2.85 u where the attcnuation 1s signifi-
cantly less than at nearbyv wavelengths. This unexpected phenomenon has
led to the laboratory work discussed in Section 4,
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Most of the limited smount of scattering work done in the infrared
has involved only the attenuation., Insufficient experimental results on :
the scattering functions are available in the inirared to provide checks
on the validity of cloud models, Mie theory, and the published valuss of
the indices of refraction. Mie theory has been shown to be appiicable in
the visible for water Jdroplets which are spherical and nave negligible
absorption (i.e., the imaginavy part of the index is very small). Compari-
sons need to be made between calculated scattering functions and experimental
measuremencs at infraved wavelengths ~vhere absorption plays an important
role. In some spectral regions, there 1s considerable uncertainty in the
published values of the couplex index of refraction, which is a required
imput for Mie theory computations. D.rect measurement of the real and -
imaginary parts of the index of refraction is difficult, particularly in
regions where n; is very large., Thercfore, an alternztive approach is to
Ireasure attenuation or scattering in special regions of intcrest and to
compare the results with calculated values.

The general objective of the present program h/ss been to make relatively
simple measurements desigred to check the validity of Mie theory under
scveral speciel conditions and to investigate any anowalies that might be
observed, Artificial fogs generated in the laboratory were to be used
because of several advantages they have over natural fogs and clouds for
certain types of measurements, Artificial fogs can be partiallv controlled
and repeated so that measurcments made at cifferent times can be compared.
Of course, thce instrumentation required in the laboratory is much simples,
and because of the shorter atmospheric path, the absorption by H,0, C02
and other atmospheric gases is reduced greatly. A tachnique for generating
artificial water fogs had already been dcveloped and used in our laboratory
by Reisman et #. (Ref. 5) and by Johnston and Burch (Ref. 6)., These workers
found that the particle-sise distribution of the arrtificial water fogs is
apparently similar to that found in natural fogs by Arnulf ct al (Ref. 1).
Johnston and Burch compared the atrtenuation in the visible to that at a
rew wavelengthe in infrared windows. Gencrally, there was good agreement
between the experimental and theoretical results,

In carly 1969, personnel from our laboratory started a small-scale
company-sponsored project involving attenuation by natural clouds. The
sun serves as a radiation source and is tracked by a coelostat. The
attenuvation by a cloud 1s determined by comparing the radiation received
when the sky is clear witn that received when the cloud 1s in the line-of-
sight, At first, measurements were made at 0,63 p and at one other wave-
lengtn isolated and detected by a prism spsctrometer. Later, the instrument
vas modified to monitor simultanccusly the radiation at 0G.063 p, 10.6 4,
and a third wavelength, usually between 8 and 13 1. This arrangement made
it possible to determine the relative attenuation of the same cloud at
various wvavelengths and to compare the results with predictions baseu on
Mie scattering theory and existing cloud models. The important paramcter
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for a clouc moder iz the particle~size distribution function, Deirmendjian
(Refs. 7, &) has derived partirle-size distribution functions for a variety
of clouds.

The results of this experiment for water clouds confirm previous work.
Ratios of tne attenuation coefficients at varicus wavelengths are similar
to calculations based on Deirnendjian's cloud models, They are also in
gereral agreement with the work done in our laboratory on artificial water
fogs by Jehrston and Burch (Ref. 6). One scmewhat surprising result was
obtaiaed for cirrus clouds composed of ice particles. The ratio of the
apparent atrenuation cocfficient at 10.6 1 to that at 0.63 p is always
greater thamn unity. Typically, the ratio is between 1.3 and 1.4, but for
some clouds it has been as tigh as 1.6. 1v comparison, this raivio for
water clouds varies from 0,25 to 0.5, depending on the type of cloud and
its stage of development or discipation. It was generally believed that
cloud .ttenuaticn would be less necer 10 g than in the visible.

Since the sun is not a poinf source but suhtends a finite solid angle,
soe radiation scacrered in the near-forword direction may be detected. '
This is particularly true at (.63 y since more scattered radiation is
directed ir rhe near-forward direction for shor. wavelengths than for long
wavelengths., Thereiorg, the appareat ratio of the attenuation at 10,6

to that at (.63 u may be increased by [orward-scattered radiation which is
detected. Hevertheless, the large rativ observed for ice clouds seemed to
need furthzr investigation since the pbysics 1s not well understood and

the 10.6 p region is of special interest to communications engincers,

Because of the surprising results on ice clouds, we decided to give
detailed measurements of *he attenuation by artificial ice clouds at 0.62 o
and 10.0 ;1 the highest priority among the projects in the present investi-
gation. We have built a chamber in which ice clouds can be produced and
the characteristics are moderately reprodiacible. An He-Ne laser operating
at 0.6378 i and a CO, ilaser at 10.6  have been used as sources to mecasure
the attenuatieon and Scattering in the near-forward direction. The detectors
have been calibrated so that absclute measurements of the scacttered radia-
tion could be made, Water fogs gencrated by the technique described by
Reisman et al (Ref. 3) have also been investigated in the same manner.

We have used a Mie theory computer program to calculate thz absolute
scattering functions for botn wavelenzths studied. Values of the real and
imaginary indices of refraction used in the calculation are from lrvine and
Pollack (Ref. 9). The size distribution of the water fogs is reasonably
well known frem the previous work by Reisman et al. Different size distri-
Sutions have been used for the avtificial ice fogs. Generally speaking,
the agreement between our calculated dnd experimental results is quite
good, probably within experimental error. Therefore, we conclude that Mie
theory is probably adequate at these wavelengths for the attenuation and
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near-forward scattering calculations. The {rregular shapes of ice crystals
may cause a breakdown cf Mie theorv at larger scaitering angles, or for
larger particles. Ice parrticles 1n natural clouds are probably larger than
those in our artificial ice clouds. The lavge particles in natural clouds
are probably the wmajor lactor ccntributing to the large attenuation ob-
served at 10.6 u.

The results of the 0.6328.:( and 10.€ u measurcments are discussed in
Section 3 along with some rather peculiar phenoriecna related to the growth
of ice particles., Since the results of the work on attenuation of solar
radiation by natural clouds is closely related to the present work, we have
included a discussion of these results in Appendix A,

Blau et al (Refs. 3, 4) have not been able to account for the window -
they observed in cirrus clouds on the basis of published values of the com-
plex index of refraction. The window is at a wavelength where n,, the reul
part of the index of reirvaction for ice, is low, and vhere n;, the imaginary
part is increasing repidly with increasing wavelength. The importance «f a
possible window in clouds is obvious, and further investigation 1s mcre than
justified. Therefore, as a pairt nf the present study, we have investigated
the attenuation of artificial ice clouds in this spectral region (2.3-3.0 u)
under controlled laboratory conditicns. Since curves ol ny and n., as tabu-
lated by Irvine and Pollack, for water are similar to those for ice, wec
might expect a window to occur in water fogs as well. Therefore, we also
explored artificial water clouds in the same spectral region.

Section 4 describes the results of this investigation. We have ob-
served the narrow window discovered b; Blau in ice clouds, althcugh it 1s
only about 0.1 micron vide and not particularly transparcoeot. The extinction
coefficient of our i.e clouds is slightly less than half as much at the
center of the window as at neighboring wsvelengths,

We have found that a similar window exists for water fogs and that
the shape of the tramsmittance curve, or of a curve of extinction coeffi-
cients, depends very stroagly on pc ticle sizes. Using Mie theory with
Irvine and Pollack's indices of refraction for water, we can show that the
window disappears for very small (radius r < 0.1 u) or large (v > 10 u)
particles, A similar dependence on particle size is to be expected for

ice clouds.

Aside from the importance of the window, the investigation in the
2.3-3.6 1 region has been quite informative. ‘Transmittance meast ements
were made at 2.45 i, and the results of these measurements served us a
ceference while the transmittance’ simultaneously was measured at other
wavelengtihis. Since the difference between the two wavelengths was small,
the difference in size parameter (x = an/k) was smell, thus the variations
in transrittance were due to differences in n; and n_. The influence of
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large values of n; has been demonstrated; for particles of small radius,

r, the extinction increases with n; and is ncarly independent of m_., For

Jarge particles (r >> \), the extinction is nearly independent of goth n;

aud n.. Calculations made with our Mie theory computer program and a

series of articles by Plass (Ref. 10) und by Kattawar and Plass (Refs. 11,

12) have been used extensively in interpreting cur experimeantal results.
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SECTION 2

FOG CENERATION

Water Fog Generaticn

There are two fundazmental techniques for generating water fogs. 1In
the mechanical or uniphase method, droplets are creatcd from bulk water
by nozzles, impellers, or centrifuge discs. In the thermodynamic or
duophase method, droplets are created from vapor-saturctad air by varying
onc or more of the thermodynamic parameters such as pressure or temperature.
Since the thermodynamic techniques are responsibl: for naturaliy-occurring
foge and clouds, their use in creating artificial fogs gives rise to par-
ticle-size distributions similar to those occurring natuirally. The
mechanical techniques are used primarily to create fogs throughout exten-
sive volumes for extended periods of time,

We chose a thermodynamic technique that had been employed successfully
in earlier scattering experiments at Aeronutroanic by Reisman, Cumming,
and Bartky (Ref. 5). The fog is generated in a series of wooden chambers,
60 cm square and 120 cm lonyg, which can be coupled together to form a
tunnel of convenient length. In the forward-scattering experiments dis-
cussed in Section 3, conly tuo sections were used in order to ensure the
unobstructed exit of forward-scattered energy. This 240 cm path also was
used for the attenuation measurcements discussed in Section 4. Each chamber
is equipped with heated water trays in the base and ccoling coils at the
top. Liquid nitrogen serves as the coolant.

A reliable and repeatable fog can be obtained by establishing a cycle
wherein the air is first saturated by heating the water in the trays, then
subsequently chilled to create a fog which eventually dissipates, restoring
the chamber to its starting condition. The cycle is then repeated. During
the cycie the temperatures of the water in tlhe trays, the chamber air, and
the rcom air are monitored. In the present study the air temperature in
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the chamber has been cycled betweern 21,7°C and 16°C with the room at
approximately 23°C. A full cycle requires about 20 minutes., The scatter-
ing measurements are generally wade during a 1C minute portion of the
cycle while the feog dissipates. By relating the scattering to its corres-
ponding transmission condition, we have been able to obtain consistent and
repeatable results for any number of independent experiments, provided the
cycle is maintained. Representative plots c¢f the transmittance of the fog
versus time are presernted in Section 4, along with discussion of the
particle-size distribution.

Ice Fecg Generation

A pure ice fog is not as simple to obtain as a pure water fog because
of a metastable condition which can be created wherein the fog p.rsists as
super-couoled water droplets at temperatures as low as -40°C. The addition
of ice nucleation centers such as Agl to a super-cooled fog chamher upsets
the metastable conditions and causes ice crystals to grow at the expense
of the water and vapor content of the chamber. 1lce crystals have been
grown at temperatures as high as -4°C using Agl. Below -40°C, the nuclea-
tion or ice crystals occurs spontaneously, and it is generally agreed that
the super-cooled state does not exist below this temperature. Between
0°C anu -.C°C, it 1s possible to have a super-cooled water fog, or 1ce fog,
or, in a dyramic systen, a combination of both. In order to ensure that
the principal source of scattering would be ice crystals, we have performed
most of the cxperiments at chamber temperature sufficiently far below -40°C
that we could rely on spontaneous nucleation. <(For a discussion of ice fogs
and ice clouds, see Mason (ref. 13).)

The ice fogs have been generated in a chanber specificially designed
for this purposc. The chamber, which is shown in Figure 2-1, consists of
a double-walled cylinder 213 cm long with an inrer diameter of 46 cm and
an outer diameter of 56 cm., The inner and cuter walls of the cylinder
form a tank which is filled with a solution of ethylene glycol and water.
The solution is cooled by flowing liquid nitrogen through copper coils
immersed in it. A motor-driven paddle wheel stirs the sclution and
ensures a uniform temperature at the chamber wall. The sides of the
tank are insulated with foamed piastic approximately 10 cm thick. Plywood
sheets protect tne foam insulation and held it in place as it was poured,
in liguid form, around the chamber and allowed to solidify. The open ends
of tke chamber arc covered with 1C cm thick styrofoam plates. The walls
of the inner cylinder and the end plates thus const:turte a cold box in
which the fogs are grown. Thermocouples monitor the temperatures of the
wall and several points in the air along the beam. The primary beams
traverse the chamber along the axis of the cylinder through openings cut
in the end plates. 1In the scattering experiments, the opening in the exit
end of the chamber is sufficiently large to permit the exit of light scat-
tered at angles as great as 44 milliradians from the primary beam.
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Two techniques have been used to study the behavioi of the ire fogs:
In the first method, the chamber is sealed before the start of the experi-
ment. After the chamber has been sealed for several minutes, the plugs
in the end plates are rzmoved, and the transwmittance and/or scattered
radiant encrgy is monitored as the fog evolves. When the ice fog reaches
a quasi-steady state, the end plates are replugged and the chamber environ-
ment is permitted to return te its initial stace. The procedure is then
repeated for a new angle or new wavelength after the internal air tempera-
turc cools to within about 2°C of the inside wall. The air temperature
rises approximately 2°C more while the chamber 1s open. In the second
method, the chamber is left open and allowed to reach a guasi-steady state
condition while several measurements may be made. In both methods the
wall temperatures are maintained near ~52°C. For the quasi-steady state
experiment, the air temporature rises about 10°C ahove the wall temperature,

When the chamber is first unplugged, there is usually a slight
resicdual ice fog which appcars to almost dissipate in about 30 or 45
seconds. The particles then grow, and after about 1 to 1.5 minutes, the
fog rcaches maximum density. The transmittance then slowly increases
until after 3 to 5 minutes the quasi-steady state is established. Repre-
sentative plots of the transmittance versus time are presented in Section
L, Plots of the extinction cross-section ratio 2t two wavelengths and
the angular scattering cross-sections versus tinme are shown in Section 3.
An analysis of the growth process of the particles is given in Section 3.
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SECTION 3

TRANSMISSION AND NEAR-FORWARD SCATTERING
AT 0.6228 AND 10.6 MICRONS

Cptical Arrangement

A schematic diagram of the optical arrangement used to measure
transmission and near-forward scattering at 0.6328 and 10.6 u is shown
in Fig. 3-1. The upper portion of the figurc shows the transmitting
optics, and the lower portion shous the apparatus which collects and
detects the energy arter it has passed through a fog chember, A 50
milliwatt beam at 0.6328 4 from a He-Ne lascr 1s combin:d with & 10
watt beam at 10.6 u from a CO, laser by a germanium flat. The {lat
transmits the 10.6 i beam and is placed in it at Brewster's angle so
that there is negligible roflecticn. The 0.6328 1t bean is veflected
trom the flat at the emergent point of the 10.6 p eneriy. Having the
beam coincident within the fog chamber facilitates alignment of the
optical components and eliminates variation in the fog between the two
beams.

A polished chopper (C) operating at 720 hertz serves threc purpcses.
First, it chops the beam so that a phase-locked amplifier can be used.
Second, it reflects almost specularly the 10.6. beam >nto a thermopile
TP(1l) which continuously monitors the power. Finally, the chopper
diffusely reflects a portion of the 0.6328 u enexgy onto a photomulti-
plier tibe PM(l). The output of this tube provides the reference signal
for a phiase-locked amplificr. Narrow band-pass interference filters
on all the photomultiplier tubes reduce the ambient radiation.

Mirrors M1l and M2 expand the dual wavelength beam from a nominal
diarmeter of 4 wm to approximately 5.6 cm. Three aperture stops clean
up and define the beam, The first stop, just after tae 10.6 . laser,
removes pevipheral radiation., The second stop blocks energy scattered
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from imperfections in the Ge flat, peripheral light from the 0.6328
laser beam, and part of the energy difiracted by the adge of the chopper.
The third stop, which limits the size of the heam, 1s square with 4 cm
sides oriented 45° from the vercical. This shape and orientation
minimizes the diffracted energy in the horizontal plane where the near-
forward scattering 1s measured. This size removes most of the energy
scattered from the optical surfaces while still trauswitring nearly all
of the primary beam.

The energy transmitted through the fog in the chamber and that
scattered by it in the near-forward direction are collected by mirror
M3 which is placed sufficrently close to the chamber to collect single-
scattered ernergy between zero and 44 milliradians. Scattering data are
ohtained between 5 and 40 milliradians.

The unscattered, transmitted energy is scparated into two beams by
a second Ge flat set of Brewster's angle. The transmitted 10.6 u power
is monitored by thermopile TP{2). The transmitted, 0.6328 11 beam is
reflected by the Ge flat and is monitored by a photomultiplier tube PM(2Z).
A field stop placed at the foczal point of M3 subtends about 5 -uilliradians
end is the entrance aperture to a box enclosing the transmission monitor
system, The stop prevents some of the cnergy scatiered at —very small
angles from entering the transmission monitors. The box precludes energ
scattered from the Ge flat and the two detectors from being detected as
background by the scattering detectors.

The assembly used to measurce near-rforward scattering is mounted on a
sliding carriage which makes measurements possible at any angle between
2 and 44 milliradians., A flat mirror placed just ahead of the focal
plane of mirror 13 folds the fecal plane to a field stop which is parallel
to the axis of M3. One edge of the flat mirror 1s beveled so that the
reflecting surface can be located close to the primary beam without dis-
turbing it. As the flat mirror and stop move with the sliding carriage,
the stop effectively moves across the focal plane providing an angular
scan of the scattered eunergy. Throughout this experiment the stop was
ad justed to subtend 2 milliradians,

When measuring the scattered power at 10.6 u, a spherical mirror
forms an image of the field stop on the sensitive clement of a helium-
cooled Ge:Cu detector. The diameter of the sensitive clement is
approximately 50 percent grezter than the diameter of the stop jimage
so that vignetting caused by mirror aligument erxvors is avoided. A flat
mirror rotated into the beam directs it through a stop at the image plane
to a photemultiplier tube PM(3) which measures the scattered 0.6328 p
power. The stop diameter in front of PM(3) is the same as the Ge:Cu

elenent.
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The outputs of the two therimopiles and the photomultiplier PM(2) are
recorded directly by strip chart recorders. The output of the Ge:Cu
detector or cof PM(3), whichever is in the beam, is amplified by a lock-in
amplifier and displayed on a strip chart recorder.

The background power is almost negligible when measuring near-forward
scattering at 0.6328 ;.. For example, in a small-particle ice fog, the
signal-to~-background ratio is abeut 10, 30, 60, and 250 at 5, 10, 15, and
20 wrilliradians, respectively. At 10.6 p, however, the scattering coef-
ficients of the fog arec considerably smaller than at 0.6328 i, and the
background power is quite significant. For 2 similar ice fog the signal-
to-background ratios at 10.6 u are only about 1.3, 4.7, 9, 20, 60, and
70 at 5, 10, 15, 20, 30, and 40 milliradians, respectively. For such a
fog, data obtained at less than 15 milliradians are used only to check
for gross changes ¢f the ccattered power.

At 10.6 p the ratio of the background power measured with no fog to
the primary beam power is approximately 6 x 1079, 1 x 1076 1 10'7,
5 x 1079, and 4 x 1078 ac 5, 10, 20, 30, and 40 milliradians, respectively.
The above examoles of signal-to-background ratios are for the least dense
ice fogs consisting of the smallest particles considered usable, For
fogs which are more dense or contain lavger particles, the signai-to-
background ratio is more favorable.

Symbols and Terminclogy

The transmittance is given by

T = 1/1o = exp(-7z), (3-1)
where I is the 1nitial intensity of a beam aund { is the intensity after
the beam has prepagated a distance z through the fog. 1In the followirng
discussion we assume that I includes only the unattenuated portion of the
original benm; it does not 1include any forwvard-scattered cnergy. The
extinction cosfficient ¥ can be thought of as the sum of an absorption
coefficient » and a scattering coetfficient b. Consider a unit volume
containing N narticles of radius r, The amount of light scattered by

the volume of unit length Sz is given by

2

N sr” era Hz, (3-2)

A= 1
o

where Qg., is a dimensionless quantity callea the scattering cfficiency
and is a function of r and wavelength A. he quantity xnr Qs a is called
the scattering cross-section of the particle and 1s symbolizeﬁ by o

sca
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The quantity Qg., is defined as thg ratio of the scattering cross-section

to the geometric cross-section (nr“). Thus

b = N xr’ Q = No (£). (3-3)
sca sca

When the particles are not of the same size, b is obtained by summing over

a distribution.

. 2 ;
b = f-‘ Noomr® Q. (r) (3-4)
where Nr is the number of particles of radius r per unit volume. Normally,
the sum is replaced by an integral:

b = [ N(x) e Qsca(r)dr = [ N(r) 05 oa(T)OT, (3-5)

where N(r)dr is the number of particles in the unit volume with sizes
between r and ¥ + dr. Furthermore, the size distribution function N(r)dr
frequently is normalized and treated as the probability function p(r),

such that

N(x)dr _ N(r)dr 1a

plrydr = JN(xr)dr N ’

wr
~

and finally,

b = N r) o (r)dr = N_ ¢ (3-7
) [p(x) Pgeal™) o “sca’ )
where N is the numier of particles per unit volume and O ca is the
average cross-section per particle. h
The quantity ¢ which has the dimension cf area, may be treated as

w

. ca . : . . - .
the integral of an anpular scattering distribution function, o(8), such

that
GSC& = fo(g)\'-!l,

vhere r1 is the solid aungle in stevadians,

If the radiavion is polarized, the expression is more complicated:

. 2_ .2 \
Ogom = f[kL\@) cos” @ + o, (8) sin m] dn, (3-9)
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where g, (8) is the angular scattering distribution function for iight
polarized perpendicular co the scattering plane, o, (8) is the angular
scattering distribution function for light polarized in the scattering
plane, and @ is taken as zero in the scattering plane. Since og., cannot
depend on the polarization state of the iacident light, it follows that:

g, (8) + ¢,(8)

g(8) = — . (3-10)

A consideraticn of the absorption coefficient a gives rise to terms
analogous to those definad in scattering. Thus, there are Qabs(r), the
absorption efficigncy,'and cabs(r), the absorption cross-section, The
cquation corresponding to Eq, (3-=7) reads:

— -}
a = No Yobs (3-11)
and
g = + A o] = N ’ . ~-12)
? No %sca ¥ %o %abs NS Cext (3-12)

The appropriate form for the particle-size distribution function is
naturally important to any experimental or an.lytical study. A distribution
function pcssessiag the gencral form:

. A
N(r: = <t exp(-Br) (3-13)
hac been usel successfully by Deirmendjian (Ref. 8) and Zunv, ec al
(Rai., 14). Tt has also been used to {it prior experimental work done in
the feg chamber (Reisman et al (Ref. 5))., The pes« of this distribution

n

occurs where r = A/B,

Results for Water Fogs

The transmission data weie processed first since they are requived
for =he processing of the scattering data. A swooth curve is drawn
through the raw data and a series of points tabulated from the swoothed
curve, Since the fog chamber complctely clears at the end of a run, the
{00% transmittance refercnce is always available. In the case of the
CO, laser, fluctuations of its power level make it necessary to reconstruct
the 100% transmittance reference irom the monitor srace. Because the
visible transmission covers such a vide dynamic range, it is always neces-
sary to change recorder scales dir.ng the run. It is conveniemu to replot
the data on semi-log paper to recover information occurring at the time of
a scale change. A vypical fime history of the transmission at 0.06328 u
during the portion of the cycle used for data analycis is shown in Fig. 3-2.
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The change in transmission is due primarily to chang= in the number of
fog particles per unit volume, although there is also a change in the
pazticle-size distribution as subsequent analysis will show., The path
length for all the water foy runs was 240 ce.

Transmission data are generally more reliable than scattering data
s1nce 'he former do not require absolute calibration. With very large
scattering coefficierts, one possible source of error in transmission
measurements arises from scattered light entering the transmission monitor.
Repected checks during the course of the experiment showed this did not
ocLur Vorying the aperture immediately preceding the monitors TP(2) and
PH{2) priacced ne significant change. Further, the magnitude of the
measvred coottered radiation for the solid angle subtended by the trans-
mission ron. or was found to be less than the resolution of the instrument.

From Eguaions (3-1) and (3-12), it follows that

- }ZWT }T . 0 10.6
1CLE . xt, 10,
“.7,.7_..._‘- = == C_C__:__.._.__ (3-14)
YEDL6S O.6 1 ‘e , 0.63
'.Cb:.)":_’
v (=BT - N o . .

ify * e motation ¢ /C . is writte as
/. " . _ . . ?XE, 10.6 (?".L'O. : . e

ints gua.tity is plotted’as’a function of 78 63 1n Fig. 3-3

d 407 ¢

U-(- P S
0.6 ST R e N .
£47 coven indepzndent Uvg runs. The chamber length L s m. It is

eadily apparent that o':r a wide dynamic range of fog density (0.0025

-

r
< < 0,016) the deva points are well superimposed, indicating

oA j
e N . < . - . . .
TQP&&?delLt}. Fartler, n more than hal? of the region the furction is
tially conmstant, ind cating that tne distribution is constent. As

canen v
the fog gissipetes tnzre s a noticeable reduction in gyqg 6/00 13 which
suggests tha. the partrcre-size distribution shifts toward smaller

N
parvicles,  Sup.rwmueosed o the experimental data are the values for
/ cututed for -everal narrow, square distributions and a

G, / L, €1 <
10,67 0.4~3 - ] A ; °

particle 31ze distribution 3¢ the rfe~Br gaopy which has been synthesized

to best tit the obuscved e <perimental data, The "square" particle-size

distribucions referred (& «re and laier indicate a distribution with

B(r) = 1 for r <r v and N(r) = O for r <r_ orr>r . The
Zistriboetion width iIs usualdy set at either 2r  or 1 micron, depending
upon the puvrpuss of the cal:ulation. The i1ndices of refraction used in
vhis calculatisn were take . from Irvine and Pollack {Ref. 9). They are
u = 1,33 at 0,328, ani n = 1,178 and n; = 0.075 at 10.6 u. n;

L

b . -2 .
vas given as 1.1 x 107v ax 6.6328 12 by Irvine and Pollack bit was set
equal to zero for cowprteor onal purposes since its contribution would
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be negligible for the particle sizes considered. A significant savings
in computer time was realized by this approximation,

A technique that is currently under investigation in an 1R&D program
at Philco-Ford involves synchesizing total distributions by using narcow,
square distributions. These sub-distributions are assigned various
weighting factors and their influence on key scattering parameters are
assessed using a slide rile or desk calculator. The technique makes it
possible to consider the effect of subtle distribution changes rapidly
and inexpeunsively and to gain insight into the relative scusitivity of
an observable to such changes., A more detailed description of the tech-
nique and some cof the results should be available in m1d-1970.

Before comparing the experimental transmission results with the
calculations, it is best to consider the experimental scattering results,
Unlike the transmission data, the scattering data requires an absolute
calibration. This Ls done by introducing the total primary bear., suitably
attenuated, into the appropriate scattering monilor. Then after determin-
ation of the attenuation factor, the scattered radiation is treated as a
certain fraction of the primary beam since the geometric factors are all
known. Possible errors lie in the determination of the attanuation factor,
In e case of radiation at 0.6328 u, Wratten filters were used. Since
several werc required, the error in density may have approached 0.2,
although we feel it is considerably less (i.e., a calibraticn error of
60%). In the case of the 10,6 y radiation, the attenuators werc Ge flats
used as polarizers. These were calibrated by using the power meter and
adjusting the power of the laser. Because the dynamic range required
reading almost within the noisc of the power meter, & pessible error of
a factor of two is not unreasonable.

In processing the data, corraections are made for the attenuation of
the beam before it reaches the scattering vol-me and again for the attenua-
tion suffered by the scattered beam before i exits f[rom the chember. We
assume that only single-scattered radiat:on -eaches the detector. Coansider
the power reaching the detector through a swrall, solid angle A2 at an
angle 8 from a unit scattering volume of length dz which lies a distance
z into the chamber of length L. The intensity I incident on the scatter-
ing volvme is 1 exp(~yxz). The bear intensity scattered toward the
detector AI(B) 1s I N_ o(B8) Arsrdz., This is further attenuated by tha
remaining chamber length (L-z) and the bean intensity 2I.(8) ar the
detector is A1(8) expl{-7(L-z))}. The power reaching the detector from
the entira chamber is then:

L
IS(Q) = [ T, exp(-y2) N, c (@) expl-y{lL-2)) A0 dz =
0
IO No ¢ pl-yL) o(8) AL = IO LT No a(8) & L. (3-13)
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Note that the contribution of any scattering clement to I (8) is indepen-
dent of its location within the chamber.

If the particle-size distribution is Lon tant as N varies, o(8) is

also constant and N0 Sext L is equal to - 4nT. 1t follduws that

I (8) 1 (8)
s - 0(8) Ay o(8) s

T A0 (- £ T), and 2 _ A T (3-16)
o . ext ext o

A typical curve showing the scattering behavior at one angle as a

function of y4 g3 is given in Fig, 3-4. 1If the distribution were constant,

the data would fall on a straight line with a slope of unity. The slope
of 1.45 wmplies either a slight change in particle-size distribution or
the prosence of multiply-scattered light.

A more graphic picture of the scattering dara 1s shown in Fig. 3-5,
The points were obtained from the raw data at several times during a run
by the use of Eq. (3-16). The 0.6328 u data will integrate to unity over

a full sphere since ¢ = Cg.a At 0.6328 . The data at 10.6 u will
integrate to a value fess than unity since dext = Osca * Oapst The
quantity ¢ was used iu both cases since it 1s the directly measured

variable. Supcerimnosed on the experimental data are corresponding quan-
titles calculated from Mie scattering theory for several narrow, square
distributions as well as the "best" synthesized distribution [N(r) =
KrPe” 1. 1he near-forward scattering at 10.6 ;. is cssentially constant
over the observed angular interval and, hence, is shown pictorially at
20 and 40 milliradians only. The points have been "fanned" about these
angles for better wviscalization since they ovexrlap cach other. The
average decrease in value fron 0 to 50 milliradians for the four cal-
culated curves at 19,6 pu is only 4,5 x 10"% ster”!, The near-forward
scattering data at 0,6328 1 correlates vell with angle and has been
plotted at each observation angle, Undoubtedly, the analytical data
could be made to fit the experimental points a little better by making
subtle charges in the shape of the rarcicle-size distribution function,
There is lictle point in doing this to high precision because of the
possibtle calibratisn errvors discussed earlier. The particle-size dis-~
tribution used in the calculation s shown in Fig, 3-6., The constants

A and B of r®e BT were cdcrived by fitting the curve through thrce, one-
micron wide, square distributions centered at 2, 4, and 6 microns radius,
The three square probes had been weighted to best fit the observed data.
The curves are normalized to unit zrea in the calculations; however, the
curve illustrated in Fig. 3-6 has been normalized tc a peak height of
unity for illustrative purposes. The distribution is quite similar to
that observed experimentally by Arnul{ (Ref. 1) in his numerous measure-
ments of the particle sizes in natural fogs. The complete angular
scattering distribution function for water for this particle distribution

is shown in Fig, 3-7.
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Ratio of scattered power at 30 milliradians to the
product T TH L) versus ¥0.63 The wavelength is
0.6328 u.
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TIG. 3-5. Angular plot of normalized scattering data at 0,6328 p and 10,6 u
wavelength and calculated curves for various particle-size dis-
tributions. The index values used in the calculations are:

n. = 1,33 and n, = 0 at 0.6328 1:; n. = 1.178 and n, = 0.075 at

10,6 11, Except for the krbe-3r distribution, the calculated

curves are for 1 p wide square distributions centered at the

indicated radii. The 0.56328 y parameters corresponding to the
experirental points ave:

i .
Point 70.63 ~To.63  To.63
X 0.0125 cm-1 3,00 0.05
o 0.0096 cm~}! 2.30 0.10
A 0.00705 cm™t 1.69 0.184
o 0.00417 ca™ > 1.00 0.368
© 0.00288 cm™ 1 0.69 0.50
23
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FIG. 3-7. 4ngular plots of the differential scattering cross-

section for water. The parallel and perpendicula:
components are shown for the irdicated wavelengths aand
particle-size distribution. The index values used are:
o = 1.33 and n; = 0 at 0.6328 y; n,o= 1,178 and

n, = 0.075 at 10.6 .
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There are distinct differences in the bchavior of the scattering
data at the twe wavelengths, One of the most obvious differences is that
the normalized scattering at 10.6 . appears to be ver) insensitive to
changes in fog density. This could .mean that 0(9)/0 <t is insensitive
to changes in the particle-size distribution assorlated with changing
densiry. However, the analytical behavior as judged by the square dis-
“ributions readily disproves this assumption. The only reasonable con-
c2'usion is that the discridution undargoes only minor changes duving the
otservetion time and heas a form which minimizes the influence of these
changes on Q(G)/Oext at 10.6 u. ‘“he value of “(9)/”e xp &t 0.6328
behaves differently. As the fog evolves there is a monotonic decrease
in the normaliced scattering., It is important to note, however, that
the shape of the function does not change (i.e., the slope) as might be
predicted from the behavior of the scattering functions calculated from
the square distributions. 1In fact, in fitting the dara to an analytical
distribution, the shape influenced the selection more than the absolute
value. Thus the 2 u square distributicn wvas not considered seriously
although the scattering value matchea well., T{ there is minimal absorp-
tion, the detector can record radiation which has been scattered multiply
and, herce, it records a higher value then single scattering alone predicts.
This may account for some of the spread in data at 0.6328 u. rFurthermore,
the added component would be very insensitive to angle since it arises
from an integral over all angles. The net result would be curves that
decrease menotonicallv with decrcasing fog density and maintain their
shapes (i.e., slopes). A detailed analysis of the multiple scattering is
bevond the scope ot this program.

It s clear from the large dynanic ranges covered by the cxtinction
and scattering coerfficients during an expcrlmcnt, that N, or Gg.p OF both
are changing with time. A plot of %10, shows no great change over
a wide range of N o . l.e., 70.63° vhlcn strongly suggests that most
of the effcct 1s due £o a changing N,. Figure 3-3 taken by itself and
analvzed only with square distributioa functions (1.e., in this case
*0.5 i {rom nominal) implies a nearly constant size distrabucion of 3 u
for the dense fog (i.o., 7, .., between 0.010 and 0,017 cm "1y and then &

slightly duecreasing average radius for less-dense fogs,

The normalized scattering function (c(€)/5...) at 10.5 pu appears Lo
be constant for a wide rsnge of 2 gq. It is fit viith ¢ 4 u equara dis-
tribution function in Fig. 3-5., 7This fit may be deceptive since the
uncertairty La the calibratiou could e a factor of 2. Thus a 3 u squavre
distribution might also fit. 1In cither case, it doesn't show the spread
that might be expected from the 7yq G/LO ., curves. The 0.6328 + scatter-
ing data fit a 3 u square distribution fuaetion quite well inscfav as
slope is concerned, Lut misses badly in absolule value, probably beyond
the possible error. Since we have assumed thet the shifts i1n the 0.06328 .
scattering curves are causcd by multiple scattering and not by distribution
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changes which cause a change in slope, we must fit the experimental data
of the lightest fog (i.e., least multiple scattering) to the theoretical
curve, The distribution N(r) = Krbe-3r appears to fit the data well,
except for the magnitude of the visible scattering. It also is a better
fit of the measured angular scattering distribution function {(Ref. 3) and
the particle~size distribution meacured by Arnulf (Ref. 1) in natural fogs,
At small angles o(8) increases more rapidly than ogyp with increasing
particle size. Therefore, C(G)/G‘yt increases with particle size aud a
few large particles in the Lail of a size distribution stronzly influence
the observed ana calculated values of °<G)/Gext' Thus, czution must be
used ia comparing the experimental data with the values calculated {vom
square probe distribations, This is clearly shown by examining Figures
3~-3, 3-3, and 3-6. The distribution shown in Fig. 3-6 peaks at 2 u. At
3 u, N(r) has cdecreased by a factor of 1.8 and at 4 y N(2)/N(4) is 6.1.
Yet dae to the rapid increase 1 o with radius, the value of o, /o
A 6 <3r . . . L o ©10,6° "0.63
saown in Fig, 3-3 for the r-e distributioa is alwost identical to
the value for the 3 p square distribution. Figure 3-5 shows the same
results at 0.6328 p for o(8)/c <t” At 10.6 4 in Fig., 3-5 the cffect is
even more pronounced and u(@)/aext for the rPe 3T distribution falls
between the values computed for the 3 and &4 1 sguare distritutions.

Tue one inconsistency that all of these measurements leave is the
answer to the question of how the distribution changes as the fog evolves.
On the basis of extinction ratios, the size decreases as the {og evolves.
The nears- {orward scattering data wmply that the size remains counstant.
Finally, large angle scatteving data (Ref. 5) indicate increasing sizes,
Since the size changes are small, the particle-size distribytion is
prohably changing in & way that is not adeqguatcly deseribed by a single
sice parawmeter., The combined effects of condensstion ov evaporaticon,
agglomeration end fall out might, for example, increase the size of the
peak while lowering the nunber of particles in the tail. 1In the right
combinaticn such a change might account f{or all the effects.

Some cowments should be made relating the fogs in the experiment to
foys as they naturally occur. One of the facts which make cowparison
difficult is the extremcly diverse size diswtributions which are reported
in the literature. Since the particie numbzr density is often determined
by normalizing to the total mass of liquid water of density > in a unit
volume,

4nr
3

dr

[V

m = f No p{r) s
the value of N_ is even more diversc than the shape of the distribution.
Accurate coilection of drop samples is exceedingly difficult siuce the
smaller droplets invariably follow the uir stream and miss the collector.
Renz and Wong (Ref. 15) have made a careful parametric study of the prob-
lem and have calculated collection etficiencies for a variety of types and
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shapes of collectors. Careful experiments like those performed by Arnulf
(Ref. 1}, in whichk he uses 0.0L j: spider wcbs to coliect his samples,
always yield distributions which peak well below 10 u radius. 1In particu-
lar, Arnulrf's curves all peak at about 2 u radius. Experiments of the
1930's and 1940's indicated peaks around 40 .; apparently {ew of the
smaller particles were collected, Once o distributicna has been assumed
and the corresponding ¢ has been calculated, the extinction coefficient
easily can be related to number density., For the N{r) = Kr68' L dystri-
bution, which peaks at r = 2 u, 6,63 is approxxmafely 43 2 1078 en2. 1t
N is 1000 particles per wm”, 70.63 13 about 40 km ~, which corresponds to
a dense fog. The extinction coefficient for the artificial fogs in this
experiment rauged from 200 to 1600 im~L {i.e., 4000 - 32,000 parthles/cm3).

Results for Ice Fogs

The diagnostics for the 1ce foy erxperiments were identical te those
used for the water fogs. The transmittances at 9.6328 u and 10.6 u were
moa.tored along with the output of the CO, laser. The fourth monitor
again recorded the radiation scattered at the selected angle and wvavelenyth,
Two techniques of ice fog generation were w '. These arce described in an
earlier scction., The first of these techniques, whearein the charmber is
scaled betwzen cxperiments, was given primary erphasis. The cther technique
was not as satis{actory since the temperature of the chamber chaaged con-
siderably from experiment to experiment while the end plugs were open. The
discussion which follows will pertain almost entively to the first technique
and will amplify some of the descriptions in the section on fog generation.

When tne (lamber is unplugged an evolutionary process begins which is
about the same from run to run., At [irst thire is a slight residual ice
fog which appears to almost clear up after several seconds., The trans-
mittance at borh 0.6328 w and 10.6 u reaches some 1niticl value within
two or three scconds after the plug is removed and then slowly increases
for about 10 scconds. During the noxt 40 secounds the particles increase
in number and grow, and the foz rapidly increases in density. For the
next minute the fog density slowly decreases and finally reaches an
equilibrium, The particles can be seen scintillating, and che most notable
ones may be as large 2s 10 to 15 4 in radius, judging trom the [ree {all
rate (i.e., about 2.5 cm/sec). However, since the ice particles are not
spherical, the size may be underestimated., In any event, this probably
represents an upper limit to be associated with the tail of some size
distribution.

The behavior of the ice fog up to the point of mi:ximum extinction
cau vary from run te run, poss.bly because it is difficult to create
precisely the same initial conditions, such as temperature, hunidity,
number of seed particles, etc., each time. Once the fog is dense, it
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appears much more repeatable. The data were taken from rhe charts
beginning aslizhtly before the transmittance mi.imum and proceeding at
fixed intervals of 15 seconds. The data taken fiom each of the chorts
were tabulated, and a computer vas used to calculate the values of kev
furctions such as oy, 6/‘0.63' This quantity 1s plotted in Fig. 3-8
versus the extinction coefficient, 70,637 which is related to the trauns-
mittance, chamber length L(210 on), K, and o, by:

y = (AD/L = N o

During & single run, ¥ decreases by only a limited amount from its
maximun value te a point where sicady state is reached, However, on
succeeding runs the chamber proceeds to warm up end successive data points
are shifted to lower values of y. During run 103, for example, thz chamber
wall temperaturc was abovt -32°C. Run 128 was made with the wall at abouat
-50°C, Figure 3-8 shous L7 g7 O vary from about 0.003 cm~l to about
0.067 ar”! with a mean of 0.0535 cm 1 over the data poction of the six
runs shown. This spread in 7 g3 Per run and between runs is typical of
all the ice data, liote that cio 6/C0.63 increases slightly with decreas~
ing 7086 . This implle? a grow"h in the mean particle size during each
Tun and between fuccessive rvus.

Although the simple Mie theory is not completely applicable to non-
spherical particlies, it can be used to estimate average cross-sections and
forward-scattering, particulerly for larger particles where the forwsard-
scattering arises from difrfraction around the edges of the particl._s.
Calculated vilues of € 1/GO 3 for seversl squara particle dristvibutions
alsc¢ are shown in Fig. glg. Tge indices used for the calcilation -+ PR
are from Irvine and Pollack (Ref. 9); houwever, their tables do not - -
wavelengths < 0.95 y for ice, Tnus, ve set the index values for i -
to those for water at 0.6328 u since they are similar in the visitb, .

Figure 3~9 shows the normeclized scattering c(Q)/c‘v plotred as a
function of angle in the near-fcrwvard direction for both wavelergths., The
functions are plotted for several values of extinction coefficient. The
points werc obtained by selecting a small ronge of evtinction anu finding
the value of the normulices scattering function at a given argle. When
two or m~re data points on 2 given run could be used, or where two runs
overlappud, 5(Q>/prt wvas obtzined by averaging. Also inciuded in Fig. 3-9
are the curves of 5<e)/3ewt calculated for szeveral square distribuations,
u(ej/o)‘t 1s almost indepandent of angle at 10.6 2 for small angles. The
decrease in vailve from 0 to 50 nilliradiaps for the calculated curves at
10.6 o varies fron 4.5 x 107 to 59 x 107* ster! as the mean radii
increase from 3 to 6 1. The change in y between runs does not allow
overlap of the data for all the ¥ valués selected for presentation in
Fig. 3-9. Therefore, the number of g(@)/oext versus angle and 7063 peints
vary as a function of the time sequenc: in which the runs wevre made’
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FIG. 3-9. Angular plot of normalized scattering data ot 0,6328 v and 10.6 u
wavelength and cazlculated curves for various particiessize distri-
butions. The index values used in the calculations are: n_ = 1.33
and n, = 0 at 0.6328 u; n,. = 1.213 and n, = 0.1255 at 10.6 u. The
calculated curves are for 1L pn wide square distributions centered
at the indicated radii. The 0.6328 1 parameters corresponding to
the experimental points are:

14
Point 70.63 " ™T63 To.es
-1
8] 0.01i8 cm 1 3.84 0.022
o] 0.015 cm:1 3.20 0.041
X 0.012 cm_; 2.56 0.077
e 0.008 cm © 1.70 0.182
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The ice fcg particles as judged from Gy b/GO 53 SCCM o grow slightly
during a run (as No Cuxt decreases). They also seém to grow from run to
run as again Nj o,,,. decreases and the chamber wall temperature increasecs.
This implies that N_ is decreasing and that particle sizes are increasiug,
The equivalent square discribution radius which best fits the data is cen-
tered at about 4 u. It seems preobabie that the peak of the true distribution
if at 2,5 to 3.5 pu with a tail out tu perhaps 8 i, The normalized 10.6 u
scattering data suggest substantial increases in particle size to the
4~6 micron range. The scattering at 0.6328 u suggests the 5-6 p range.

We note that the shape of the 6 p eurve fits the scattering data at

0.6328 u quite well. Comparing the average value of the x and o points

to the values of the 6 ¢ curves, the 6 p curve is too high by about 33%

at 0,6328 i1 and by about 37% at 10.6 . The av-rage of the_x and o points
would correspond to data taken at y 63 of about 0.0135 cm™l. The peak
of the true distribution is probably not shifting as wmuch as these results
imply, but the fraction of the particles in the tail which strongly in-
fluence the rorward scattering is probably varying. The relaticnships
between the values calculated by using square distributions and those
calculaced by using rde” BT distributions mentioned in the water fog dis-
cussion above also apply to the ice fog data. Thus, the peak of the
actual distribution for the ice fogs probably lies between 2.5 and 4 .

So far we have considered only the gross characteristics of the ice
fogs. Within each run there ace small subtleties, wmost of which are not
repeatable and, therefore, rot important. Occasionally a small detail is
continually repeated so that it demmands a scund physical explaration.
Counsider runs 103 and 111 in Fig. 3-10 vhich contains curves of GLO.O/OO 63
versus y , on an ecxpanded scale with zero suppressed. Beginring at ‘
point 1 &n run 103, we sce the extinction ratio increase monotonically to
point 4, 45 sec later while Y0.63 has peen decreasing, Thus the nuaber
of particles is decreasing while the particle size increases. After point
4, there is an abrupt change. 75 g3 remains essentially constant while
the ratio 010-0/00.63 decreases for over 30 seconds. This must mean that
©10.6 is decreasing with an accompany:ng decrease in particle size as
csbserved with 10.6 ;1 radiaticn. The effect s repedated in dozens of runs.
Run 111 shows the same phenomenon later in the wmorning when the wall
temperaturce was slightly warmer. Runs 113, 121, and 128 were taxen in
sequence beginning again with a cold wall. All runc exhibit this effect.

The scatvering data at 0.6328 u anc 10.6 u tend to aud supporting
facts., Figure 3-11 shows two runs which were selected for comparison
because the curves' shapes versus time (point number) were considered to
be the most representative of all runs. The 7y 6% scales do not oveilap,
thus the ordinate and abscissa values must be tfeadted as relative rather
than absolute in comparing the two curves. For points 1 through 3, the
10.6 p¢ scattering is increasing while the visible scattering is decreasing.
From then on the 10.6 1 scattering decreases to point 6, while the visible
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scattering is essentially constant. Beyond this point both remain rela-
tively constant. It may be possible to adjust the rarameters so that an
increase in particle size combined with a simple reduction in N_ would
produce the curves shown between points 1 and 3 in TFig. 3-11. ﬁowever,
after point 3 the explanation beccmes more difficuvlt, [t appears that
the average particle size is decreasing but only as observed at 10.6 pu.

A possible explanation may be found im scme recent erperiments with
ice fog performed by F. K. Odencrantz and P, H. Hildenbrand (Ref. 16).
They have reportedly seen via electron microscopy a transient growth of
ice whiskers on ice crystals duriag one of the stages of evolution. The
whiskers are unstable and disappear when the crystal stops growing. They
reported that the whiskers are 0.5 to 1.0 y in diamcter and can be 5 to
20 u in length. The spacing between them can be on the order of 5 u.
Most of their work was done at chamber tempesarnres of -5 to -15°C. If
their results are valid and can be extrapolated to our wosking temperature
{(i.e., =-50°C), the whiskers could explain all of the observations. The
whiskers appear as small, widely separated scatterers to the 0.6328 u
radiation and do not significantly influence tne forward scattering. how-
ever, the distance between the whiskers is less than the 10.6 u wavelength.

Hence the whiskers disturb the wave front and give the particle an effecctive

radius somewhere between the particle radius and the radius at which the
whisker separation 1s about one wavelength. Tt the assumption is correct,
the problem serves to illustrate the utility of the multiple wavelength
approach to scattering and propagation. By using “wo or mcre waveleagths
in performing an experiment, the versatility 1s greatly 1increased and
deeper insights become possible,
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EXTINCTION 5Y FOGS BETWEEN 2.3 AND 3.6 MICRONS

Optical Arvangement for Multiple-Uavelength Attenuation Measurements

Radiant energy from a Nernst glower passes through a 459 Hz chopper
and 1s focused orto a 1.5 mm diamoter aperture scop. A spherical mirror
of 114 cm focal length collimates the encrgy which has passed throuzh the
aperture stop. The resulting beam diameter is 4 cm with approximately
1.3 milliradians divergence. The collimated beam passes through either
the ice-cloud chawber or the water-cloud chawber to the receiving optics

shown in Figure 4-1,

Spherical mirror Ml focnses the incoming beam onto a circular aperture
stop A which limits the field of view of the system to aporoximately 4
milliradians., The diamcter of A is about 50 percent larger than the some-
what astigmatic image formed on it. Stop A thus eliminates most of the
scattered and extrancous energy without limiting the primary transmitted
beam. Mirroy M3 images aperture stop A onto the entrance slit S of a
grating spectrometer. Filter Fl eliminates overlapping orders of shorter
wavelengths in the grating spectrometer and reflects a portion of the
energy onto mirror M4 which in turn images stop A on a PbS detecter D.
Interference filter F2 restricts the transmitted beam to approximately
0.2 micron band pass centered at 2.45 microns, This filter channel serves
as a fixed wavelength reference.

The grating spectrometor employs a 64 mm » 64 mm grating and has 2
exit slits whose wavelength separation is approximately 0.1 micron. The
spectral slitwidth of cach channel is about 0.005 microns. The exit slits
are imaged on PbS detectors which are cooled by liquid nitrogen to enhance
their sensitivity to longer wavelength radiaticn., The spectrometcer was
used to measure the transmittance of artificial fogs at several wavelengths
between 2,3 and 3.6 microns, while the filtered channel simultaneously was
vsed to mecasure the tyansmittance at 21.45 micvons.
replaced by a flat glass window ta make a few simultaneous measurements at

0.63 and 2.45 microns.
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Boxes cnclose both the transmitting optics and the receiving optics
so that wost of the optical path outside of the cloud chamber can be
flushed with dry N, to reduce absorption by water vapor. This is particu-
larly important pear 2.7 p where H,0 vapor absorption 1$ very strong.
Partitions within the receiving oplics box further reducc extraucous
backgyound radiacion to a negligible level.

As the ice cleouds form and dissipate, temperature gradients in the
chanber preduce turbulence which causes fluctuations in the detector
output not directly related to chauges in cloud density. The turpulence
causes greater fluctuaticons on the spectrometer detector outputs than on
detector I in the reference channel. The sensitive clement of D is con-
siderably larger than the image [ormed on it so that the output is not
sensitive to small wotions of the image. On the other hand, slit S is
narrower than the image on it so that image motion due to turbulence
undoubtedly produces variations in the detector outputs. The turbulence
is greatest when the chamber is first opencd and decreascs after a cloud
has formed, In order to reduce errors in the oxtinction cocfficient
caused by turbulence to less than approximately 5 percent, we limited
most of the measurements to fogs of at least 50 percent extinction.

Fluctuations in detector signals due to variations in water cloud
density were stroungly correlatee with both time and emplitude for all
three detectors, Therefore, ervors in the retios of extinction coef-
ficients resulting from cloud noisc are probably less than 2 percen:.

Each detector output is amplified by a phase-sensitive amplifier and
displayed on a strip chart recorder. The recorder chart drives are
synchronized and vun at the sawc speed. The speed can be varied concin-
uously during a measurcment, making it possible to spredad uvul porticns
of the chart where the deflection is,changing rapidly wvithont malking the
total chart length encessive. Amplatier time constints of 0.1 sce were
cmployed in order to preserve fast changes in the signals. Maximum
recorder pen speeds are approximately 0.5 secords for full-scale deflection.
Representative recorder tracings arc shown wich the discussion of the
results,

Experimental Results for Water Fogs

The transmittances or several samples of water fcg have been

measured at seclected wavelengths between 2.3 and 2.6 microns with i
equipment described above., VFiguve 4-2 shows the recorder deflection as

a function of time for a typical water fog. The spectrometer moniteved
the transmitted beam at 2,82 yu and 2.92 u wn this example. The water

fog cycle is produced by first allowing the chamber to ceme to equilibrium
with a saturated atmosphere at a temperature of about 20°C. Then, liquid
nitrogen is flowed through cooling coills at Lhe top of the chamber to
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c¢hill the atmosphere in the chamber and crecate a super-saturated condition
which leads to fog., The tims scale in Fig. 4~2 arbitrarily starts at the
tirne the liguid nitrogen coamenced flowing thiocugh the cooling coils, The
duraction of the nitrogen flow for this run was 90 seconds. As showp in
the» figure, however, the density of the fog continues to increase until
about 170 seconds affror the start of the nitrogen flowz.  This 1s partially
due to the thermal mass of the cooling coils which continue co cool the
chamber after the nitrogen has stopped flowing, The continued growth of
tog particles may also contribute to the increcase in density.

Wote taat at the end of the run the transmission of the 2.82 p
chamnel is higher than at the beginning. This is caused by a de.rease
in the amount of water vapor within the chamber Jduring the run and the
corresponding decrease in water vapor absorption., Wavelengths are
generally chiosen where the IL,O vapor absorption is minimal, but some
absorption cannot be avoided”in the strong part of the H,0 vapor absorp-
tioir bard. h
slits is fixed at 0.1 yi; theretfore, only one of the wvavelengths can be
sct at an absorption minimum. In cases of excessive absorption, we only
consider data for whica the fog transmittance is less than appronimately
10 percent to minumize errors due to vapor absorption.

The beam was blocked during the short period of zero transmission
eacountered at avout 125 seconds; this was done in the area of the
minimure transiission of every run to reduce errors in the analysis pro-
duced by shafts in the zera level. The small scale structure which occurs
simultaneously in the three cuvves is caused priwmarily by variations in
the fog density and by turbulence in the air. When the structure becomes
toc fine, the spectrowmeter channels snow direct correlation within the
structure, but the structure is lost on the filver channel. As mentioned
in the equipvent description, this is probably caused by the spectvometer
entrauce slit being narrower than the image formed on it, while the only
szop in the filter channel is the system's entrance aperture,

2 shows thue traunsmittance to cousistent!y decrease from 2,82 ¢
This indicates that the extinction coecfficient

linitin
Figure

to 2.92 i to 2.45 pu.
increases progressively from 2.82 u to 2.92 p to 2,45 .

j 24
&
g~

Only the portion ot the cycle afrer the fog had reached minioum
transmittance was considered in the data reduction., During this tims
the pavticle-sive distribution is probably changing more slouwlv and more
ncarlv represents natural fogs, although the number density is probably
higher thau in natural Ffoges., The 2.45 u curve was used to select rimes
when data points were taken., Intervals corresponding to approximately
10 seconds were chesen when the average transmittances at 2,45 p were

3, 10, and 50 percentr. The average transmittances during these same
i periocds at the other two wavelengths were then determined from the
cu s, Ratios of the extinction cross-sections L\/Oq 45 were then
A -~ ™
40

L P WY

R

Further, the wavelength separation betwzen the two spectrometer

Y

—

[R—

e pro——

Sonay o ¥

ey ooy

sreopnarg

furpsa

s [ |

)

s

ey IR

Ao

{ﬂ

W le e

-

LN PR R ST QRO

A

2y

> ARSI R

¢



fuwzig L2 35 % - it o4

Ipreviy

e

o4 1

=4

s

£,

I

& oy

i g
4

L)

z [

R

Bl sy

calculated, FEssentially no forward scattered radiation was detected, so
this ratio is equal to the cerresponding ratio (ILTklﬁLT2‘45). Throughout
this scction ¢ denotes Toxt . - and c-ratioc at )} means (C}/Gz.as>- As dis-
cussed previously, the o-ratio at a particular wavelength is independent
of Mg, the particle density, provided the particle-size distvibution re-
mnrins constant,

The lower panecl of Figurc 4-3 presents a plot of the g-ratios for
all of the data obtained with the water fog cuamber operating im its normal
cycle, The solid, top curve is drawn tircuch the circles and the squares.
The lover, dashed curve is drawn thrvough the x's. In plotting the curve,
the 5 and 10 percent points vere grouped together since there is consider-
able overlap between them, The 50 percent points were considered sepa-
rately since they consistently £all below the other two values. A simple
average of the g-ratio was taken for the peints at each wavelength to
detecmine the le:ation of the curve. A variation in the particle-size dis-
tribution during che dissipacion ct the fog is implied by the separation of
the curves.

The upper two-ponels of Tigure 4-3 coniain spectral plots of the
imagirary (ny) and real {n;} parts of the complcx index of refraction for
water, The curves ere hased on v.lues tabulated by lrvine and Pollack
(Ref. 9), and these values arc used for calculating theoretical g values.
These index values are probably susject to sizzable errors because of the
difficulty ir reasuring these quan<ities in this region where both n; «nd
n, change rapidly 2nd n; attains lacge values. Nevertheless, tuese curves
provide the basis fer an cexplanaticn of the ¢-ratio curves. The minirum
yn 7, /oy 45 at about 2,75 |, is undoubtedly relsted to the niniwim i np at
the same wavelength. Ar 2,75 @, ny i< suificiently small that the influence
of n, dominates for particle sizes typical of our normai fogs. The 2.45 y
reference vavelength was chesen to be near the regions of rapid change in
n; and ny for ice and warer, Conseguently, for a miven particle size,
differences in the size parameters at the reference wavelength and at the
other wavelemagths of interest are small and ctinges in «, are due prirarily
to changes in nj and n,, -

Further discussions of the g-ratlio curves are referred to the
calculated curves in Figures 4-4 snd 4-3 which are based or values of n; auna
a,. froa Figure +-3. A Mie theory compuler proyram was cmployed to calcu-
late ¢ for the particle-size distribucions indicated in these figures.
Parcicle-size distributions, rather than individuual particle sizes, were
used for the larger particles in order to smoocth ouvt sowe of the influence
of resonences. The 4 < v < 8 u curve in Figure 4-4 exhibits a Mie theory
resonance wvhich completely obliterates the "window" which occurs near 2.7 u
wavelength for smaller particles. The curve representing the 8-12 ¢ size
distributioun illustrates the smoothing of individual particle resonances
by integration cver a large size distribution. These points alse infer the

well-known result of Mis theory that o becomes nearly independent of n and vy
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Spectral curves of calculated n-ratios 1or various particle-size
distributions for water. Except for the Krle=oT gistribution,
N(r) is constant for particle radii within the interval! shown
and zero elsewhere. The solid curve is the lover experimental

curve from Fig. 4-3.
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for r >> ), particularly 3f ny; is not too small. Thus, the ¢-ratios
approach unity for this condition, Because of the smoothing of the reso-
nances, the g-ratios approach urity for a wide distribution containing small
particles even though these particles individually exhibit =trong resonances.

The curves in Figure 4-4 for intermediate size distributions
demonstrate the strong dependence of the shapes of the co-ratio curves on
particle size in reglons where n; and n,. change rapidly. Minor changes
in the particle-size distribution during the dissipation of the fog can
accoun. for the separation between the two experimental curves in Figure
4-3, The calculated curves suggest further that a major portion of the
particles in ocur fogs lie between 2 and 4 u radius. This result is con-
sistent with tnose discussyd in Section 3, Thus, the o-ratio curve for
the distribution N(r) = Kr° exp(-3r) used in Section 3 was calculated and
is shown in Figure 4-4, The curve for this distribution provides a better
fit to thne experimental data than the other calculated discributions, al-
thcugh the difference between this curve and the one corresponding to the
2 to 4 y square distribution is small, It appears that it would be diffi-
cult to derive a realistic particle-size distribution vhich would fit the
experimental curve on beth the short wavelength and long wavelength sides of
the minimum, Because of the uncertainty in the tabulated values of n, and
ny, it is likely that these quanticies need to be adjusted. The effects
of Mie theory resonances are considered in more detail in the following
section on ice fogs.

Figure 4-5 further demonstrates the strong dependence of ¢ on nj
when r << A and nj is large, Two of the curves are spectral plots of the
c-ratio for r = 0,1 and 0.4 p. The other curve represents ng{(X)/n;(2.45).
We note that between approximately 2.8 and 3,6 u wave’ength where n, is
large, the nj ratio curve and the r = 0.1 y g-ratio curve are neariy the
same in shape. This Implies thntat a glven wavelength ¢ Is nearly propor-
tional to n; for there very small particles. For even smaller particles
the same relationship should hold. The p2ak of the ¢-ratio curve for the
0.1 y particles is 127, which is much larger than the correspondiug value
of 9.1 for the 0.4 u particles. Thus, 0.4 y radius particles are not
sufficiently small nor is n; sufficiently large for & to be directly prc~

i
portional tc n;, even at o= 2,95 p.

In order to chow enperimentally the cffects of the size distribu-
tion and tec explere the stability of the size distributions produced by
the fog chambers, we have studied scveral fog samples produced by extreme
variations from the normal fog cycles. A striking example of the influence
of small particles is shown in Figurc 4-6, Both the recorder deflection
and the o~ratio are plotted as a function of time throughout the evolution
of the fog., The fog was produced ir the wvater fog chamber by directing a
scream of liquid nitregen lengthwise through the top of the chamber. The
recorder deflection at 2.95 u, which corresponds to the pesk of the imag-
inary index of refraction, decreased most rapidly and remaired consistently
less than at the other two wavzlengths,

.
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As seen in the g-ratio plot, the 2.95 ;1 ext.nction cross-section
was initially much targer than at 2.85 u or 2,45 3 and was always larger
than at 2,85 u. The g-ratic curves also dewonstrate that initially che
particle sizes were quite small. The first point shown on the run corre-
sponds to a particle radius betveen 0.1 and 0,2 . Further, as the run
progressed in time the particles grew rapidly and became reasonably uniforwm
in size, as is indicated by the very gradual slope of the o-ratio curves
for times greater than 20 seconds. The time scale arbitrarily starts at
the time the liguid nitrogen was turned on; for this particular cycle the
duration of liquid nitrogen flow was 12 seconds., The chamber air temper-
ature varicd between 8 and 15°C as rcad with a mercury thermometer., The
G-ratio curves maintain o gradual slope, indicating an increase in particle
sizes up to 80 scconds, wherecupon the changes in deflections were too small
to read, This implies that the particles continue to grow even toward the
end of the cycle, and that the increase in transmission during the latter
part of the cycle 1s duc to a decrease in particle density rather than to
a simultancous decrease in particle size and density, Although this appears
valid for this extreme case of fog generation, a normal fog cycle consumes
much more time, end it is likely that both the particle size and density
decrcase toward tue end of the run,

Two other techniques were employed im an attempt to generate
particle-size distributions different from the norm, One technique ccn-
sisted of heating the water trays in the water fog chamber to about 70°C,
whereas the normal temperature was about 20°C, 1In addition, the chamber
air was heated to between 45°C and 70°C before flowing the liquid nitrogen
through the cooling coils. We designate this as our "hot technique'. The
other technique consisted of forming super-cooled water fog within the ice
cloud chamber at about =-23°C., We call this the Ycold technique'.

Figure 4-7 shows experimental values of the g-ratio for the var-
ious types of water fogs. The values shown on the figure are average values
for a run at a given wavelength; the average is weighted linearly in time
from about four seconds after the liquid nitrogen is turncd off, unctil the
difference in recorder deflection between channels is teo small to read.
The average value is the center of the circle for the hot water case and
the center of the diamend for the direct liquid nitrogen case; the bracket
about each point designates the range of fluctuation of the o-ratio during
the run. DNot shown in the figure are values previous to four seconds aiter
terminarion of the liquid nitrogen flow. These early wvalues always corre-
spond to smaller particles than those present during the time over which
the average was taken, The solid curve in the figurc is a re-plot of the
s-ratio for the lower curve in Figure 4-3 for a normal water cycle,

We note that only the fogs produced by flowing liquid nitrogen
dire~tly into the chamber deviates signif{icantly from the nermal fog curve.
Since this technique was the most radical one, and also the one which pro-
duced the smallest particles, it is to be expected that the deviation f{rom

Ead
~

S
+
s
i
[“M_,.«un,\h. Ceidbe nan e

TeWe e et e e e 4 e - 3 - e e e - ~ wa T L T r r e
- TR -~

N T AL Y 5 ST



‘g-4 814 woay 2axns Teiusuriadxa I9n0T BU3 ST 2AInd PFIos L
“SUOTITPUOD SNoTIea Idpun pa3lersudd sJcy I21es 10J YI4SUT[IARA SNSIZA SOIIRI-J PIAISSAY /-t *91d

(Suosdiw) HIONIIIAVM

G’

- Py Euatiecd prand [

Rk 55

foiid

Sy [T PIGG D onte 3y e P e Mzw.ﬂ‘.“

i

G'e

g

e

prmnea

-

L

g |

TVHWYEON —

asiod

| N7 193ui0

-L0H

1
%%

-

S—

___M;___ﬁq__do W

R
|

— o0

Gp'2
) b

[

-t

S e e e St e e e e s e ae N - - R LIPS N SRR, SV F 5. . -5l I~ |



., .
» P * i .
N ! . a s
R 0, . . X .
t " A h : .

i . e : - K e .
. A B B Pel e s Th (e ted et S e aweet f e et e R o e e e e v "
2
;u{' bood
v
f‘: kY

£
t
ke
o
v 2 the normal curve would be greatest, However, it is of interest that poiunts

corresponding to the fogs produvced by the other techniques lie quite close
& to those for the noruwal fog. Tn fact, they are reasonably well within the
. E spread of normal feg data, Therefore, we conclude that the water foy gize
distribution produced within 4 normal cycle is moderately stable, and thay
the o-ratio curves resulting from these fogs represent a given size dis-
N tribution with only small errors duc to changes in parcicle sizes from
- cycle to cyecle,

¢

Experimental Results for Ice Fogs

L re

v

‘ ’ The transmittance of ice fogs at ‘selected wavelengths between

2.1 and V.o L was measured in the same manncer as described above {or water
fogs. The ice fop: were generated by the same technique used in the near-
e forward scattering experiment. The ice fog cycle 1s initiated by capping

‘ the chamber ends and allowing the system to cquilibrate at a tenperature

B totween ~47 and -51°C. Then. the und apertures of the chamber zre simul-

: . tancously opcned and room air at approximately 50 percent velative humidity
flows into and mixes with the cold chamber air. Ice crystals form spon-
taneonsly within the chambur and inttially grow In size, Later in the
cycle, they stabilize in size and number, The equilibrium size {s bLetween
- the larger particles found during the growth procvess and the small particles
‘ . found at the beginning of the cycle. The air tewperature within the chawm-
. bor increases about 2°C during the cycle. At the end of cach cycle, the

» end apertures are clesed, and the chamber air cools Lo near equilibrium

= before the next cycle .2 started.

e ks

P
FE—y

e 1

e v

C Figure 4~3 shows a typical example of recordsr deffection as a
function of time for an ice royg. 4&s for water foys, the filter channel
i remained at 2.45 ;3 wavelength, The cime scale comnences witn Jhe begin-
- ning of a zero-transmittance check; the sudden increase in transmittance
correspords to the opening of the end apertures. The elaps2d time during
" the cycle is shorter heve than during the neav-fovward scattering cxperi-
ment., This is probably due to possible dif{lerences in vouw humidity and
: to the tighter fitting end caps used during these later cycles., Upon
. opzaing the ends, ¢be particles grow rapidly for about 25 seconds, after
C §‘ which the larger pavrticles rall out and the average particle size decreases
) to an equllibrium veiue at about B0 seconds. The transmittance values
used in calculating o-ratios were read {rom the curves at the point of
minime= deflection oa the 2,45 5 curve and at several locations in
increasing time [rom this point, From the relative positions ot the
curves in the figure, it i{s apparent that LZ.SB/”Q.AS is less than
02.93/02.43 and that both are less than unity.

LRCRN,

The lower pancl of Figure 4-9 shows the ohserved o-i1atio for ice

5 fogs. The curve is drawn through an average of points obtained with Ty 45
3 ranging from 4 percent to 60 percent. The ratios did not show any con-

4 sistent progression in value as T, , . increased during the dissipation of

the tog, Therefore, the spread in"the data points represent noise within

N gf the data,
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To avoid possible errovs caused by a4 yradual change in the envi-
ronmental factors controlling the particle-size aistribution, the selection
of wavelength was made at random for sequential rvuns until data were ac-
quired at all wavelengths of interesc. The process was theon repeated
several times at the wore interesting wavelengths. As in the water f{oes
discussad above, data weve takeun at three wavelengths simultancously duving

<cach run.

In crder to explore the possible cffects of a4 diffeveat size dis-
tribution or particle snapg, we made a fow measurements between 2,72 and
3.23 ¢ with ice fogs produced by a dirfevent schewe, The ice chamber was
at about -20°C and contained a super-cocled water fog, Silver icdide was
adted as a sceding ageont to cause the formation of ice particles at the ex-
perse of the water particles and Ha0 vapor. The values of the o-ratio be-
tween 2,72 and 3,23 3 for the sceded ice fogs wevre always lower than for
the normal ice f£opus, The general shape of the o-ratio curve for the seeded
ice fog was similar to and had a value of about 80 pervcent of the o-ratio
curve for normsl ice fogs,

. The optical arrangewent was wmodified to make a few wmeasurements
at 0,63 u, Values of (o g3/ 45) varied between approximately 0.83 and
0,93, with no appavent diffcrence betweon the seeded {ogs and the normal
1ce fogs.

Tabulated data by Ivvine and Pollack (Ref. 9) form the basis for
the curves of ny and n, for ice ru Frgure 4-9 and were used for the calou-
lations discussed below, TFigure 4-10 shows calculated o-vatio cugves for
several size distributions of ice particles, A Mie theory computer program was
employed to calculate the c-values uscd in the ratios, The curves are for
distvibutiors with N(r) constant over the intervels indicated, and zeco at
all other values of v, The gross difference betuveen the shape of the 2-4 4y
curve and the 4-8 1 curve is duc to resonanges,

The influcnce of particle size or the g-ratro curve is illus~-
trated further in Figure 4-11. For clarity, only a representative selecs
tion of the o-rutio curves for narrow pavticle-size distributions are sho
Let us now identify a given o-ratio curve for & narvow particle-size dis-
tribution by the wean particle radius within the distribution, The effects
of Mie theory resconances are clearly shown in the 2.7 to 2.8 ¢ wavelen
region, The o-vatio increases very vapidly to a maxivum of about 1,8
the mean particle size increases from 1.2 to 3.5 ¢, As the particle size
continues to increase, thae o-ratio quickly decreases to about 1,1 for a
mean particle size of 7.5 . No larger parcicle-sizoe distributions were
caleulated., The strong influence of large ng ig obsvrved near 3,2 @ waves
length for small particles,
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Figure 4-12 shows plots of Q. = oevt/nr‘ versus particle radius

o
for three different wavelengths, At any given radius, 0\/57 45 is equal
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Spuctrul curves of calculated c-raties for varaious particie-
size distributions ror~ice, N(r) is constant for partie!
radil withian the intervals shown and zevro elsewhere., The
solld curve is the experimental curve from Fig. -9,
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Spectral curves of caiculated ¢-ratios for various
particle~size distributions for ice. N(r) is constant
for particle radii within the intervals shown and zero
elsewhere. The solid curve is the experimental curve

from Fig. 4-9.
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to Q\/Qz 45 thus the progression of c-ratio with changing particle radius

can be visualized from Figure 4-12 at the 2,75 and 3,2 y -vavelengths. Since

n; 1s large at the 3.2 i wavelength, the Q3 5 curve is highly damped and
shews little osciliation after its initial maximum, Conversely, ng is
small at 2,45 p wavelength, and the Q, .45 curve shows little damping.
Scrutiny of the curves in Figure 4-12 also shows that the effects of Mie
theory resonances on the c-ratio will decrease as the particle-size dis~
tribution widens,

The wurves of 0y and n, for ice in Figurc 4-9 are similar to the
corresponding curves for watcr in Figure &4-3. Therefore, similar g-ratio
curves would be expected for particles of approximately the same size,
Indeed, comparison of Figures 4~3 and 4-10 shows that the calculated
o-ratio curves representing the same particle sizes are similar for water
and ice. Note, however, that the minimum in the experimental g-ratio curve
for ice fogs is much narrower and sharper than the corresponding minimun
for the water fogs. Further, the minimum in the water-fog curve coincides
in wavelength vith the minimum in n_. and a sub-minimum in nj, but this is
not the case for the ice fogs., The minimum in the s-rztio curve for the
ice fogs occurs at about 2.83 u, while the minimum in n, is near 3 y. The
rapid change in n; between 2.8 and 3 v may account for part of the dis~
placement botween the minima., The influence of the peak in nr neav 3.2 p
on the g-ratio curve 1s corrlicated by the large value of ng Irvine and
Pollack (Ref. 9) state that the indices between 2.8 and 3.6 u are very
difficult to measure, ecpecially for ice, and that siZeable errors may
exist in their tables of the indices of refraection between 2.8 and 3

Blau, er al. (Refs. 3,4) have observed a "window" centered near
2.8 u in natural fce clouds. This window undoubtedly corresponds to the
minimum in the g-ratio curve near 2,83 p. Differences ir spectral resolu-
tion of the two instruments and in the amount of water vapor absorption
could account for the shift in wavelength of maximum transmittance., As a
result of their cloud data and of rneasurcments on the scattering properties
of mirrors and windows coated with ice frost, Blau, et al., have concluded
that the values of n; and n, tabulated by Irvine and Pollack are in crror
near 2.8 yu.

The extinction and near-forward scattering data for our ice fogs
discussed in Secticn 3 indicate that the peak of the particle-size dis-~
tribution lies betweern 2.5 p and 4 y radius, Examination of the calculated
o-ratio cirves in Figure 4-11 and the Quyp curves in Figure 4-12 indicate
that the distribution peak must fall between about 1.6 and 3.6 u radius to
even grossly fit the expevimental g-ratic curve. Several og-ratio curves
for distvibutions of the form N(x) = rAexp(-Br) with peaks from 2 to 3 "
were calculated, These curves were all similar in shape and value to the
2 < v < 4 p curve shown in Figure 4-10; none of them provided a reasonable
fit to the experimental ice data. The calculated window is wider for all
distributions than is the observad window.
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Since our results on ice fogs are self-consistent and in general "
agreement with those of Blau et al., we conclude that the indices of re-
fraction tabulated by Irvine and Pollack (Pef, 3) contain significant .
errors near 2.8 u. As improved values of these quantities become avail-
able, new g-ratio curves shoul. be calculated and compared with the experi-
mental results,
4
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SECTION 5

CONCLUSIONS

Techniques have been developed for generating artificial water
fogs and ice fogs in chambers which permit measurements of the extinction
and scattering properties. The particle-size distribution of the water
fogs has its maximum near 2 p radius and is similar to that of natural fogs.
During their growth,. the particles. in ice clouds display some unusual
scattering and attenuating behavior which is pvobabtly associated with their
irregular shapes. The maximum of the particle-size distribution for the
ice clouds after they have come to equiiibrium is about 3 p radius,

Simultaneous measurements of the extinction and near-forward
srattering at 0.6328 y and 10.5 y indicate that Mic theory is applicable
tor water fogs. There is also good agrcement between calculated values
based on Mie theory and experimental results for ice clouds after the
particles have passed through their initial phase of vrapid growth., Because
of the irregular shapes of ice particles, Mie theory is probably not appli~
cable to scattering at angles greater than a few degrees, It also may nokt
be appropriate for particles which are much larger than those studied.

The power at 10.6 p scattered into a unit solid angle is essentially ir-
dependent of scattering angle at angles less than about 50 milliracdians

for both the ice fogs and the water fogs. At 0.6325 .., the scattered power
decreascs with increasing angle at a rate which is dependent on the particle
sizes. :

A narrow window occurs near 2,75 u in water fogs and near 2.83 u
in ice fogs, The extinction coefficicent may be less than half as great in
the cencver of one of these windows as at wavelengths displaced bv only 0.1
to 0.2 . The shape of a spectral curve of the extinction cross-section
of particles is very strongly dependent on particle size. The window dis-
appears for very large or very small particles,
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Our results for ice fogs are self~consistant and in general
agreement with those of Blau, et al. (Ref. 3). Thus, we can conclude that
the indices of refraction tabulated by Irvine and Pollack (Ref. 9) for ice
are in ercor rear 2.8 .

Techniques involving simultaneous measurements at two wavelengths
have been shown to be very powerful, They can provide information that
single-wavelength measurements cannot provide on such things as particle-
size distributions, the influence of irregular shapes, and the real and
imaginary parts of the index of refraction.
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APPENDIX A

AT1ENUATICON OF SOLAR RADIATION BY NATURAL CLOUDS

The purpose of this study has been to provide experimental data on
natural cloud transmission and on ratios of the extinction cocfficients
at various wavelengtas in the visible and infraved. Specificially, the
wavelengths of interest for this experiment have been 0.633, 1.06, 1.6,
2.2, 8.8, 10.6, 12.9, and 13.0 p. Because of molecular absorption in the
atmosphere, the wavelerngths were selected in the atmospheric windows.

The -initial experiments simultancously monitored the cloud trausmis~
sions at 0.633 and 1.06 u. The equipnent was then modified so that 0.633
and 10.6 p data were monitored continuously while a third channel monitored
either 8.8, 12, or 13 . data. Late in the year, another modification to
the equipment llowed the menitoring of e“ther 1.6 or 2.2 p data, along
with the continuous monitoring of 0.£32 . data,

Figure A-1 schematically shows the optical arrangement. A two-mirror
coelostat continuously tracks the sun, which is the radiation source.
Mirror M1 with a 50 cm focal length and a speed of F/17 foims an image
of the solar disk and the clouds ip front of the sun onto an aperture
stop., The diameter of the solar disk image is 4,37 mm while che aperture
diameter used for monitoring cloud transmission is 1.5 mm. An alternate
aperture with a diameter of 0.25 rm was used in scanning across the solar
disk to check for the effects of near-forward scattering by the clouds.
After passing through the aperture, the visible light is separated from
the beam by a long-pass beam splitter Bl end filtered with a 50 angstrom
half-width interference filter centered at 0.633 n. A photomultinlier
detects this lignt.

The aperture stop is imaged by mirror M2 ontc the entrance sl.t of a
spectrometer which isolates and detects any wavelength of interest in the
infrared. A second beam splitter B2 consisting of a germanium f{lat is
employed along with the bandpass filter F2 to isolate 10.6 p radiation

A-1
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Optical diagran of apparatus used to study attenuation by
natural clouds.
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which is detected by a thermocouple. Mirrors M2 and M3 image the aperture
stop on the sensitive area of the thermocouple, The radiation is chopped

at 13 cycles.

The detector outputs of the three channels are wmplified Hy phase-
locked amplifiers and recorded in parall.l on strip-chart recorders, To
simplify the data reduction, the chart arives of the recorders are claved
together and time marks are frequently placed on the chart paper. 1lae
data are rec¢rded in the form of relative radiant intensity at the aperture
stop for the various wavelengths as a function of time. TIa wost cases the
clouvds were broken so that the detector signal corresponding to clear sky
could be determined every few minutes. when the sky was not completely
clear batween the clouds, the measvrement represents the transmittances of
the cloud relative to the spot assumed to be clerr, rather thaa the true
transmittance. We are concerned primarily with ratics of attenuvation
coefficients; errors in the ratios produced by thin clouds in the regions
assumed to be cloudless are much less than the errors in the aitenuation
cnefficients. Early in the A.M. and late in the P.M. the length of the
light pa2tbh through the atmosphere changes rapidly with time causing changes
in the detector signal corresponding to a cloudless gky. This change must
be accounted for in order to avoid sizeable =arrors in positioning the 100%

transmittance curve.

Most of the transmission data collacted were for cirrus clouds at
elevations belween 7,000 Znd 10,000 m, "altocumulus and-sltestratus clouds - - - -
between about 3,000 and 7,000 m, and dissipating stratocumulus clouds with
base heights c¢f about 350 m.

Intexpretaticon and Apsiysis of Data.--The transmittance. TA’ at wave-
length A, of a cloud is defined as the ratio of the recorder aetlection at the
time of interest to the deflection when no clouds are ian the line-of-sight
between the sun ond the instrument. For the sake of discussion let us
assume that no scattered energy is detected so that we observe only the
unattenuated portion of the original beam. The attenuation may be due to
either scattering or absorption. As in previous scctions, y is the
average extinction coefficient per unit path length in the cloud of thick-
ness z. Then

T, = exp(-y)z), or - 4T = 7,2 (A-1)

A N

We are ccncerned primarily with the ratios of attenuation coefficients,
2N /71 ), at different wavelengths which are observed simulcaneously so
1

that Z, = 25. Therefore,
N /7}\ ) = (AT VACTA T, ). (A-2)
1 2 1 2
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0 the ratio used in
ext, A’ Text, ,\.,)’ ”

The ratio (7x1/7\ ) is equal tv (o
2
previous sections. We expect the ratio (7\ /7} ) for any two wavelengths
1 2
to vary with the size distribution of the particles and with their compo-
sition and shape. Water droplets are probably spherical, while ice particles
in cirrus clouds may have a variety of shapes.

If the sun were a point source and the aperture on which the solar
image s focussed subtended a sufficiently small angle, no scattered
energy would reach the detecior, as essumed above. However, since both
the sun and the aperture subtend finite angles, a certaein amount of
scattered energy is detected. For clouds of optical thickness (yz) less
than 3 or 4, the scattered cnergy that is detected is probably singly
scattered in the neair-forward direction. The fraction thet is forward
scattered varies with wavelength and particle size so that errors may be
introduced by assuming that the rctio of the extinction coefficients can
be found by Eq. (A-2). The size of the errors probably could be estimated
by use of Mie theory or Monte Cirlo methods, but this is beyond the scope
of the present project. In the following discussion, we have assumed that
Eq. (A-2) is valid. Values of 7y and 7 /7\ should be regarded as

i "2
apparent valucs because of possible errors due to near-forvard scattering.

The recorded data on incident intensity as & function of time uvere
digitized and operated on by a computer--t6 yield tables of the instantaneous
transmittance T., and -4 T , along with the cumulative integral of -4 T
as a function of time for a ‘given clovd. These tables were examined and
the data were grouped into four intervals as a function of -A£1T0.63, S0
that each group represented different optical thicknesses. Th=2 values of
~An T defining the individual groups were 0.1 tc 0.5, 0.5 to 1, 1 to 2,
and 2 to”5. Values less than 0.1 and greater than 5 vere excloded tecause
of potentially large errors due to ervors in drawing in the 1007 trans-
mission curve and the zero-transmission curve, respectively. Orce the
data were grouped, the computer was employed again to give tables of the
ratics of the attenuation coefficients at the various waveleugths., Also
tabulated was tue average (_AZUTK) for each interval.

At the present t:xme, the data analysis is complete for a group of
clouds which were monitored simultaneously at 0,633, 10.56, and 13 ., for
another group studied at 0,33 and 1.06 1, and for a third group s*udied
at 0,633 and 1.0 p. The results are summarized in Table A-1., Typical
average values are given for the type of cloud indicated. Variations occur
with changing perticle-size distribution. The mean standard deviations are
also shown in Table A-1, aloag with the mean values for the data obtained
during this phasc of this company-sponsored program.
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wv-w ... .indicating i decrease in the sizes of the particles due to evaporation.

[ T

Qualitative explanations of most of the results can he given on the

basis of Mie theory and available information about typical particle sizes
and the indices of refraction of ice and water., A dissipating stratocumulus

cloud undoubtadly consists of smaller particles than a relatively stable
cumulus clcud, If the particle radii are much smaller than L0 u, the

extinction coefficient at 10,6 p is expected to be much less than at 0.633,

aside from any differences in the indices of refraction. This probably
accounts for the small ratic (0.23) of 710.6/70 63 observed for a dissi=-
pating stratocumulus cloud. Somewhat larger values of this ratio were

ohserved for two other water clouds vhose particles were probably larger

than those in the dissipating cloud. Because of the large ratio (1C.6:0.6:3)

of the wavelengths involved, the ratio 710 6/70 3 is expected to be
sensitive to particle-size distribution, particularly if the particles
are much smaller than the longer wavelength,

In relatively stable clouds, 710 g/yo §3 seemed to have little corre-
e

lation with - £ T g3+ TIhis implies that the particle-size distribution
remained relative?& stable and that the recorded large variations in
-AﬁVTO 63 (from 0.1 to 5 was not unusual) were due to changes in cloud
thickness or particle density, or both. Since multiple scattering is
greater in thick clouds than in thin ones, thnis result also implies that
the amount of multiply-scattered radiarion is negligible. Tor the water

clouds which were obviously dissipating Y10 6/70 g3 decreased with time,

Another interesting vesult is the wide variation in 71 /710 6 wirich
was observed for water clouds. Since the ratio of the wave}engtﬁs is
approximately unity, we would not expect 713/710 6 to be sensitive to
changes in particle sizes except for changes produced by differences in
the indices of refraction at the two wavelengths., 1£ the particle sizes
were a few times greater than either wavelength, the attenuation would
be relatively independent of changes in wavelength between 10.6 and 13 u.

If the particles were much smaller than N\, and if the indices were similar

at both wavelengths, )1./7 6 would be less than unity. Therefore, the
large (2.05) value of this ratio observed for the small particles in the

dissipating stratocumulus cloud must result from differences in the indices

of refraction at the two wavelengths.

Values of n_. and n, tabulated by Irvine and Pollack (Ref. 9) are
presented in Tabie A-2 Yor the wavelengths of 1nterest in this study;
they provide the basis of an axplanation for the wide variations and for

the unusually large values of 713/710 6"
the tabulated values of n_ and n; are subject to sizeable errors because

of the experimental difficulties in measurirg these quantities. However,
the accuracy is probably adequate for the following qualitative discussion.

The small increase in n, from 1,18 to 1,22 between 10.6 and 13 p
cannot account for the large increase in y. Therefore, the increasec ia

It should be borne in mind that
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v must result from the increase in n; which is approximately a factor of 4,
Mie theory shows that the influence of absorption becomes increasingly
impcrint as r decreases; in the limit of decreasing r, ¥ is independent
of n. and is proporiional to n;,. From theorctical curves presented by
Kattawar and Plass (Ref. 1i), we can show that ¢ «t at 13 4 1s largely

due to ¢_,  and that ¢ is nearly proportional to n, for particles
smaller tkﬁn 1-2 microns? The agreement between this theoretical result
and our experimental results further substantiate our asswrption that the
dissipating stratocumulus clouds consist of smaller particles than the
more stable clouds,

The ratic 713/Y10 for ice clouds is always greater than unity but
considerably less Lhan'%or water clouds. The ratio ny 13/"1 10.6 is only
about 1.6 for ice, while it is 3.8 for water. M4owever, the jncrease in
n,. in going from 10.6 to 13 p is much greater for ice than for water,
Theoretical curves by Plass (Ref. 10) show that Ouxt is ounly slightly
dependent on n_ and n., in the 10-13 micron region for particles larger
than approximagely 20 microus, The ice particles are probably large
enough that the differences in the indices have a small influence seo

that 713/710.6 is approximately one.

One of the more surprising results came from the cirrus (ice) clouds
for which 7, 6/70 .2 was always significantly greater than unity. By
contrast, this ratio was alwavs less than one for water clouds. On a few
occasions a layer of broken ice clouds occurred above a layer of broken
water clouds. By comparing the vecorder tracings, it was easy to deter=
mine which type of cloud was passing 1nto the line-of-sight., From Table
A-2 we see that the indices are nearly the same for ice as for water at
both wavelengths, If this is true, the difference in the ratios of
extinction coefficients must be cue to either the irregular shapes of ice
particles or to their larger size.

Resuits of the near-forward scattering measurements on artificial ice
clouds reported in Section 3 indicate that Mie theory is at least approxi-
mately correct for ice particles. Of course, the ice particles in natural
clouds are probably much larger than in the artificial clouds. The
scattering by the larger particles mignt deviate mere from Mie theory.
Near-forward scattered radiation which reaches the detector undoubtedly
contributes to the large ratioc for ice. Since the forward scattering
increases with r/x, more scattered energy at 0.633 1t than ot 10.6 p,
this causes the apparent exiinction to be less than it-actually is at
the shorter wavelength.

The value of 710 6/70 3 for the artificial ice foygs is scen from
Table A-1 to be 0.40, which is much less than for the naturas ice clouds.
No scattered light was dectected in the weasurements on artificial clouds,
but the big difference 1s probably due to differences in the particle
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sizes. The ratio for the same wavelengths for the artificial water fogs
in the present study ic also smaller than for the altocumulus. Again,
this is probably due to larger particles in the altocumuius, The value
for the artificial fogs is typical of dissipating stratocumulus.

We have measured the relative intensity et 0.633 u £s we scanned
across the solar disk with different types of clouds in the path., ltrom
these resuits, which have not been reduced yet, we hope to obtain infor-
maticn on the scattering at small angles. Monte Carlo techniques will
also be used to estimate the errors in our measuvements of the .atic of
extinction coefficients due to the detection of forward-scattered radiation,.
It is probable that the errors are unimportant except for ratios involving
0.633p and another wavelength considerably longer.

The particles in the water and ice clouds studied at 0,633 and 1.06 p
were probably larger than the wavelength of the light so that the attenua-
tion was relatively independeunt of wavelength. Thus the ratio of extinction
coefficients was close to unity. Dissipating clouds with smaller particles
might attenuate less at 1,06 p than at 0.633 . ’

The results for artificial water fogs can be compared with previous
work in this laboratory by Johnston and Burch (Ref, 6), The wavelengths
studied previously were slightly different. but they are sufficiently
close for comparison.. Temperatures of the fogs generated by Johnston and
Burch were higher so that a greater percentage of large particles were
probably present. This is reflected in the ratio 719 O/70 540 which is
sensitive to the number of large particles., The smaller (172) value of
713'5/710.0 is also indicative of larger part?cles.
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TABLE A-1

SUMMARY OF APPARENT EXTINCTION CCEFFICIENT RATIOS
FOR NATURAL CLOUDS AND COMPARLSON WITH ARTIFICIAL CLOUDS*

71.06 710.6 13 o
Type of Clcud or Fog —= * -
70.63 70.63 710.6
Natural Clouds
Water, Dissipating Stratocumuius 0.23 (0.06) 2.05 (0.19)
@ 350 m
Water, Altocumulus 0.49 (0.18) 1.63 (0.13)
@ 3100 m
Ice, Cirrostratus 1.38 (G.10) 1.10 (0.04)
@ 7300 m
Ice, Cirrus 1.29 {0.12) 1.13 (0.04)
@ 7600 m
Ice, Cirrus 1.03 (0.03)
(heights unknown)
Water, Cumulus 1.02 (0.04)
heights upnknown)
Artificial Fogs
Water (Present Study) 0.24
Ice (Present Study) 0.40
Water (Johmnston acd Burch) 71.01/7'0'55 710-0/70.55 713.5/710.0
.= 1,08 = 0,54 = 1.2

’

“The mean standard deviation is shown in parenthesis for the natural
cloud data.
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REAL AND IMAGINARY FARTS OF INDEX OF REFRACTION

TABLE A-2

R e

o

(a)

A Water Ice
(microns) n n, n .
X 1 T 1
0.54 1.334 1.3 x 1072
0.63 1.331 1.0 x 1075 %
1.01 1.326 2.4 x 1078 1.302 2.3 x 10_¢
1.06 1.325 1.07x 1076 1.301 2.3 x 10

1.21
1.18
1,22
1.25

0.053
0.076
0.292
0.320

1.15 0,041
l1.21 0,067
1.61 J.11
1.61 0.09

(a)

Values are from Irvine and

Pollack (Ref. 9).
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