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Infrared spectra obtained from the Mariner 9 spacecraft during the 1971-1972 dust storm
are used to derive information on the composition and particle size distribution of the dust and
to study the time evolution of the storm. The dust is not composed of pure granite, basalt,
basaltic glass, obsidian, quartz, andesite, or montmorillonite. The infrared spectra suggest
that the dust is a mixture of materials, dominated by igneous silicates with >609, SiO., or
weathering products such as clay minerals, but the dust could possibly have a significant
component of lower SiO; materials such as basalt. Substantial quantities of carbonates, nitrates,
or carbon suboxide are excluded from the mixture. All infrared, visible, and ultraviolet data
on the Martian surface composition seem consistent with a mixture of basalt and clay minerals
or high SiO; igneous rocks, with a surface patina of oxides of iron. For all candidate composi-
tions, the data are best matched with a size distribution that approximates a differential
power law function of slope —4. This size distribution is quite similar to terrestrial size dis-
tributions in regions remote from sources of dust. The relative abundance of particles between
1- and 10-um radius did not change during the Mariner 9 mission; thus suspended particles
did not experience Stokes—Cunningham fallout but instead were supported by turbulence
with an eddy diffusion coefficient, K, ~ 7 X 10¢ cm? sec™!. The aerosol optical depth, standard-
ized to 0.3-um wavelength, varied from about 1.5 early in the mission to about 0.2 at Orbit 200.

INTRODUCTION

A unique opportunity to study natural
dust particles was provided by the in-
frared interferometric spectrometer (IRIS)
on the Mariner 9 spacecraft which ob-
served a global Martian dust storm during
1971-2 (Hanel et al., 1972a, b, ¢; Conrath
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et al., 1973). Since the dust particles were
suspended as a fine cloud, their infrared
features were much stronger and more
distinct than the compacted powder emis-
sion features typical of a planetary surface.
Moreover, multiple scattering in a dust
cloud is a tractable theoretical problem
while scattering in a compacted powder is
not. ®n Earth, strong gaseous absorption
prevents us from making ¢n situ infrared
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TABLE 1

Mean view

Revolution Surface

pressure angle
(mb) (deg)
8 4.5 65.3
56 4.5 25.3
72 4.7 14.4
80 4.8 66.6
138 4.7 5.2
146 4.4 10.9
154 4.7 08,2

206 4.7

13.0

Properties of Data from IR+

Number of
spectra

Spread of
view angle

Approximate
brightness

(deg) temp. devia- averaged
tion (°K)
2 2 5
3 1 6
4 1 7
2 2 3
B 1 12
B} 1 9
3 1 D
2 3 6

« All data were taken in the region bounded by —20 to —40° latitude and 250 to 190° longitude.

speetra of natural acrosols in many spece-
tral regions, but on Mars, gases are im-
portant only in limited spectral regions so
i silu studies are feasible. For these
reasons, the Martian dust-storm observa-
tions merit carcful study.

There have been several previous studies
of the IRIS spectra. Hancel et al. (1972¢)
qualitatively compared the IRIS spectra
with laboratory spectra and concluded that
the dust could be igncous rock with an
Si02 content of 60 = 109;. Hunt of al.
(1973) also made qualitative comparisons
and suggested that the dust might be
composed of the clay mineral montmoril-
lonite. Although qualitative comparisons
provided valuable information, Conrath
et al. (1973) rcecognized that quantitative
calculations were necessary to obtain more
detailed information. They performed such
calculations for quartz and deduced that
quartz could not be the dominant dust-cloud
component and that the particles causing
the observed IRIS speetra had radii be-
tween 1.0 and 10.0 pwm. Most recently,
Aronson  and  Itmshe  (1975) performed
quantitative caleulations for several min-
crals and rocks in which the effeet of the
nonspherical shape of the dust partieles
on the spectrum was considered. They
concluded that the particles had diameters

of about 1 um and may have been feldspar
rich. The work presented here differs from
the carlier studies in several ways. First,
we include different materials. For exam-
ple, we test Hunt ef al.’s suggestion that
montmorillonite might compose the dust.
Scceond, we assume that the particles com-
posing the dust are spherical. Thus, our
work may be contrasted with that of
Aronson and Fmslie to determine if par-
ticle shape affects conclusions drawn from
the IRIS spectra. Third, we study the
particle size in detail and make estimates
of the particle size distribution. Finally,
we analyze spectra from orbits  spread
throughout the Mariner 9 mission to study
the time dependence of the dust properties.

Below we first deseribe the data avail-
able to us and our method of analyzing it.
Next we examine the ways in which the
optical properties of dust causc the ob-
served speetra. This knowledge allows us
to deduce the kind and amount of in-
formation that can be obtained from an
observed speetrum. Then we analyze the
IRIS speetra of the Martian dust storm
to find the dust optical depth, composi-
tion, and size distribution. Finally, we
consider the implieations of the results of
the analysis for the geology and meteoro-
logy of Mars.
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DATA AND TECHNIQUE OF ANALYSIS

High-quality speetra from 200 to 2000
cm~! were obtained by the infrared inter-
ferometric speetroscopy experiment on the
Mariner 9 spacceraft. The IRIS experi-
menters kindly provided us with speetra
seleccted to maximize their usefulness for
our study. To improve the signal/noise
ratio, scveral spectra acquired from similar
view angles on the same spacecraft orbit
were averaged to produce a mean spectrum.
Mean spectra from different orbits were
obtained from a restricted location with
uniform surface pressure to minimize vari-
ation with position on the Martian surface.
All the spectra were obtained near the
subsolar point to enhance the temperature
difference between the atmosphere and the
ground and thereby improve spectral con-
trast. Table I summarizes the propertics
of the spectra. The IRIS experimenters
also provided us with vertical temperature
profiles for each orbit. These were obtained
from analysis of the observed emergent
intensity in the 667-ecm~! CO; band (e.g.,
Conrath et al., 1973).

We have generated theorctical spectra
of the emergent intensity from dust clouds
with properties similar to those of the
Martian dust cloud. To the extent that
our theorctical spectra are unambiguous
and accurate, the dust-storm properties
will be known when our theoretical spectra
duplicate the observed spectra.

The emergent intensity from a homoge-
neous, plane-parallel atmosphere is (sce
Chandrasckhar, 1960)

1,0, +u, 6) = I,(v*%, +u, 0)e""/»
+ / e~S,(t, +u, 0)dt/u. (1)
0

Here, 7* is the total optical depth at
frequency »; 6 is the azimuth angle;
arccosu is the view angle; (7%, u, 6) is the
intensity of emitted light at the ground;
and S, is the source function, which can
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formally be defined using the scattering
phase function, P,, the single scattering
albedo @, and the Planck function, B, :

S, (t, @) = / P, (2, 1) (dQ/47)
v +(1 = a0)B.(0).

The first term, which is integrated over
solid angle, represents scattering into the
view angle and the sccond term represents
emission from the dust particles. In Ap-
pendix A, wec describe an approximate
technique for calculating the source funec-
tion that uses the two-strecam solution to
the equation of radiative transfer (Sagan
and Pollack, 1967). Qualitatively, our ap-
proximation consists of replacing the phase
function integral in the source function
with the first two terms of a Gaussian
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Fic. 1. The emergent intensity vs view angle
for a haze (top) and a cloud (bottom). The curves
are from precise calculations and the symbols are
from approximate calculations of the present paper.
The precise haze calculations were made by Liou
(1973) and the precise cloud calculations by
Yamamoto et al. (1966).
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quadrature sum, and using the two-stream
solutions to represent the seattered inten-
sity ficld at the Gauss points. Conel
(1969) anticipated that this would be a
useful approximation, although it appar-
ently has not been employed before now.

We have made several tests of the
accuracy of our approximation. The solu-
tion for the emergent intensity becomes

exact as @9 — 0, and cmission and ab-
sorption dominate. Curran et al. (1973)
have made precise caleulations of the

emergent intensity from Martian water ice
clouds and they generously provided us
with numerical results for comparison. In
a test case cmploying arccosu ~0°, 7*
~ 0.3, @y~ 0.2, and cosbar >~ 0.3 (dcfincd
in Appendix A), the approximation method
agrees with Curran’s results to within
0.06°K in brightness temperature. For
roughly the same conditions except with
@y~ 0.9 and cosbar ~ 0.75, the approxi-
mation is within 0.5°I of the correet value.

Under certain conditions, our approxi-
mation is not very accurate. The upward
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and downward two-stream intensities
isotropic over their hemispheres. The an-
gular dependence of intensity in our ap-
proximation arises from the difference in
path length between different view angles,
not because of angular dependence in the
phase function; that is, with our approxi-
mation, u appears in (1) in the exponential
terms but not in the source function. For
strongly forward-scattering particles, the
angular dependence of the phase funetion
Is important. At small view angles, our
approximation will underestimate the in-
tensity and, at large view angles, it will
overestimate the intensity. The reason for
this is that the two-stream solutions take
the energy in the narrow forward-scat-
tering peak and spread it to larger angles.
In Appendix A, we show that our tech-
nique is very accurate for caleulating
fluxes that arc just angle-weighted inte-
grals of the intensity over all angles. Thus,
if the approximate solution underestimates
intensity for some view angles, it will
overestimate 1t at other view angles so
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F1a. 2. The optical depth, single scattering albedo, and asymmetry factors for montmorillonite
219b; size distribution 1 (Fig. 5) and a visible optical depth of 1.5 were assumed.
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F1c. 3. Theoretical brightness temperature spectra. The solid curve is a standard case and the
symbols show the changes due to an alteration of view angle, of ground emissivity, and of atmo-
spheric temperature in the lowest two scale heights. As described in the text, the ground emis-
sivity was calculated from an IRIS spectrum taken at the end of the 1971-1972 dust storm.

that the approximate integrated intensity
nearly equals the exact integrated intensity.

Figure 1 illustrates the emergent inten-
sity from a haze and a cloud calculated
with our technique and with more sophis-
ticated techniques (Liou, 1973 ; Yamamoto
et al., 1966). The approximation is quite
satisfactory for the less forward-scattering
haze calculation. It also does well for high
and low optical depths in the cloud cal-
culation. The apparent small error for
large cloud optical depths (shown in Fig. 1)

may be due to a mistake by Yamamoto
et al. since Liou (1973) gives results closer
to our own. @ur approximation does poorly
for moderate cloud optical depths because
the cloud particles are strongly forward
scattering (cosbar = 0.86). The error at
arccosu ~ 65° is 8° in brightness tempera-
ture and the error of arccosy ~ 15° is 3°
in brightness temperature, but in the op-
posite sense. While these errors are sub-
stantial, we consider our approximation to
be adequate for the purposes of this paper.
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FiG. 4. Theoretical brightness temperature spectra. The solid curve is a standard case and the
symbols show the changes due to an alteration of ground temperature, of optical depth, and of

size distribution.

We have data sets from both large and
small view angles and the errors in our
approximation arc of the opposite sign in
these two cases. Therefore we make judg-
ments based on comparisons with both
data sets. Figure 2 illustrates typical optical
propertics used in our calculations. For
v < 1200 em™!, the optical properties are
similar to those used in the haze calcula-
tion (Fig. 1) and our approximation should
be sufficiently accurate. Between 1200 and
1350 em™', cosbar becomes large, but @,

and 7* are small so the approximation
should again be accurate. For » > 1350
em™!, the optical properties do not favor
our approximation and our results may be
inaccurate. A final factor is that the
standard deviation of the brightness tem-
perature data is always at least 1°IX and
usually larger. In most cases, the error
in our approximation will be less than the
crror in the data. Appendix A gives further
examples of the accuracy of our approxi-
matce radiative transfer technique, which
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show that the approximation is accuratc
for calculating fluxes over the whole range
of possible optical properties.

INFORMATION CONTENT OF INFRARED
AEROSOL SPECTRA

Radiative transfer calculations require
that several input parameters be specified.
The information content of a spectrum is
determined by the ability to identify
uniquely the role of each input parameter
in generating the spectrum. If, for exam-
ple, two input parameters had the same
effect on the spectrum, we could not tell
the valuc of either. ®n the other hand,
we hope that input parameters of little
interest, such as g, do not have marked
cffects on the spectrum so that time does
not have to be spent separating their
effects from more interesting ones.

Figures 3 and 4 show the effects on the
calculated spectrum of small changes in
the input parameters. In each figure the
solid line is a standard case that duplicates
moderately well, but not exactly, the ob-
served spectrum from the cighth orbit of
the Mariner 9 spacecraft. The standard
case uses size distribution 1 illustrated in
Fig. 5, assumes a reference optical depth
of 1.5, a ground temperature, T, of 265°I,
a ground emissivity of unity, the optical
constants of montmorillonite 219b, and
the appropriate view angle and atmospheric
temperature profile for @rbit 8.

The spectra averaged to produce the
mean @rbit 8 spectrum had slightly dif-
ferent view angles. As shown in Fig. 3,
a small change in the view angle does not
markedly distort the spectrum, wherecas
changes of several degrecs in the dust-
cloud temperature in the lower atmosphere
do begin to distort the spectrum. The
brightness temperature at the band centers
(near 500 and 1100 cm™) is more sensitive
to the cloud temperature than is the
brightness temperature in the band wings.
The spectra averaged to produce the mean
IRIS spectrum were taken from locations
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Fic. 5. Deirmendjian size distributions used in
our study compared with power law size distribu-
tions. The Deirmendjian distributions all have
a =2 and v = }. Our calculations yield a cross-
section weighted-mean particle size at each fre-
quency. These sizes are indicated for two frequencies.

that probably had slightly different tem-
peratures. However, differences between
these spectra caused by different cloud
temperatures could not have been signifi-
cant because the standard deviation of the
obscerved brightness temperature spectra
at the band centers is less than the
standard deviation in the band wings. It is
more difficult to evaluate the reliability
of the atmospheric temperature profiles
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derived for us by the IRIS experimenters
from analysis of the radiance in the 667-
em™! CO; band. These atmospheric tem-
perature profiles are uncertain because no
dust absorption was taken into account in
the derivation and, to a lesser extent,
because there are uncertaintics in the
transmission coefficients of CO. and dif-
ficulties in inverting the radiance data to
find the temperature profile. We believe
this source of error is insignificant for our
calculations because the effect shown in
Fig. 3 for a 5° temperaturc change in the
bottom 2 scale heights is not large, and
because we did not deteet any substantial
changes in the difference between the ob-
scrved and calculated spectrum as the
dust cleared.

Another potential problem is the effect
on the overall speetrum of the wavelength
dependence of surface emission. The sim-
plest way to account for this is to calculate
the surface emissivity by assuming that
the observed spectrum from a late orbit,
in this case @rbit 206, is entircly due to
cmission from the surface. This is certainly
an upper limit on the spectral contrast
that might arise becausc of surface emis-
sion. Figure 3 shows that the overall
spectrum is hardly influenced by the
“upper-limit” surface emission spectrum.
The dip near 1350 em™ in Fig. 3 results
from CO, bands (Maguire, private com-
munication) and the deviation below 400
cm™! results from the numerous fine-scale
gascous absorption features below 400 em™!
duc to H,O vapor, both of which depress
the empirical spectrum used to derive the
surface cmissivity. The effect of ground
emission is small because the ground tem-
perature mainly determines the brightness
temperature in the wings of the silicate
bands; but in the wings the surface emis-
sivity is very close to 1.

For these reasons, we have not considered
cither the view angle, the surface emission
spectrum, or the atmospheric temperature
profile to be free parameters. The view
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angle is fixed by the observational data;
the ground is assumed to be a perfect
blackbody, and the IRIS-derived tempera-
ture-pressure profile is employed. We also
assume that the dust was uniformly mixed
in the atmosphere. Several investigations
of the 1971-1972 dust storm (Leovy et al.,
1972; Conrath, 1975) suggest uniform
mixing and our own conclusion (derived
below) that the dust size distribution
remained unchanged during the dust-storm
dissipation justifies the assumption. There-
fore the relation between optical depth and
temperature is not considered a  free
parameter.

The optical depth at any wavelength
can be found from the optical depth at
another wavelength by a simple extinction
cross-section scaling (Toon and Pollack,
1976). We have chosen 0.3 pum as the
wavelength to which 7* is referenced.
Thercfore the only free parameters in our
calculation arc the total optical depth at
this wavelength, 7*, the ground tempera-
ture, T',, the dust particle size distribution,
N (r), and the wavelength-dependent com-
plex refractive index of the particles. The
refractive index is fixed by the assumed
particle composition.

Figure 4 illustrates the effect on the
spectrum of changes in 7', and 7*. Changes
in 7* are equivalent to changes in the
number of particles in the dust cloud, and
produce a shift of the speetrum which is
ncarly wavelength independent. Changing
T, has a greater effect at the wings of
the bands than at the band centers.
Because 7, and 7* changes produce dif-
ferent effeets on the spectrum, 7', and 7*
can be determined independently.

The size distributions we have explored
here are modified gamma distributions as
proposed by Deirmendjian (1969), which
have the gencral form

N(r) = ervexp [= (a/7) (r/70)7],

where a and vy are adjustable constants
and 7, is the mode radius. The normaliza-
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tion constant ¢ is not important because
it is fixed by our choice of 7* (Toon and
Pollack, 1976). Many other N (r) are used
in the atmospheric aerosol literature (e.g.,
Toon and Pollack, 1976). However, over
the range of particle sizes effective in
producing the infrared spectra that we
study, one cannot distinguish the other
common N (r) from the Deirmendjian
functions. We have not investigated N (r)
that are multimodal. Uniform mixing re-
quires that N(r) be the same at all
altitudes.

Figure 5 illustrates a standard size dis-
tribution function and two other Deir-
mendjian functions that differ only by
their values of r,,. Figure 4 exhibits spectra
calculated with these three size distribu-
tions. Increasing the relative numbers of
large particles by increasing r,, broadens
the bands and decreasing the number of
large particles narrows the bands. If enough
large particles are added, new bands will
appear for materials such as quartz, and
the band positions will shift to lower fre-
quencies for other materials (Tuddenham
and Lyon, 1960; Conel, 1969; Conrath
et al., 1973). The effects of changing N (r)
are more pronounced at low frequencies.
The fact that the changes in the spectrum
become larger as » becomes smaller allows
N (r) changes to be distinguished from 7%,
or T, changes which do not show system-
atic variations with ». The spectrum is
very sensitive to the size distribution and
shows a systematic variation with » be-
cause the single-particle extinction cross
section is a strong function of the size
parameter, x = 2zyr. When z <1, the
cross section is very small; when z > 1,
the cross section is close to the particle
geometric cross section. The IRIS spectra
span an order of magnitude in » so the
extinction at one frequency relative to the
extinction at another is very sensitive to
the average cross-sectional area of those
particles large enough to make =z > 1 at
each frequency. The size distribution inte-
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grals used with the distribution functions
in Fig. 5 to find the optical properties
covered radii from about 0.1 um to about
30 um. However, the particles that con-
tribute most to the extinction at 1800 cm™!
have r ~ 3 um and the particles that con-
tribute most to the extinction at 250 cm™!
have r ~ 6 um. Therefore we believe the
IRIS spectra contain useful information
about N (r) from about 1 um to about
10 pm radius. The reader should not over-
interpret our conclusions about the size
distribution. Since only particles between
1 and 10 um are effective in creating the
infrared spectra, we can only determine
the slope of the size distribution between
1 and 10 um. However, even though r,, is
the parameter varied in our calculations,
the spectra do not tell us the real mcde
radius, for it occurs at a size too small to
interact efficiently with infrared radiation.

The final free parameter that enters the
radiative transfer calculations is the dust
composition which determines the refrac-
tive indices of the dust. We have used
the refractive indices for quartz found by
Spitzer and Kleinman (1961) and the
values of basalt, andesite, obsidian, and
basaltic glass found by Pollack et al.
(1973). Additionally, we have determined

TABLE II

Chemical Composition of Montmorillonite
and Granite (wt%)

Granite Montmorillonite Montmorillonite
219b 222b
Si02 71.30 63.20 53.10
Al:03 14.18 20.60 20.20
Fei03 1.41 Total Fe as Fe:Oz Total Fe as Fe:Os
FeO 1.31} 3.98 9.90
MgO 0.66 2.14 1.21
Ca0 1.66 1.01 0.84
Na.O 3.14 2.23 0.18
K20 5.29 0.26 1.16
H.0* 0.16 5.67 11.91
H.0- 0.10 Not measured Not measured
CO: 0.23 Not measured Not measured
TiO: 0.31 0.21 0.91
P:0s 0.14 0.01 0.13
MnO 0.06 0.00 0.21
Total 99.95 99.31 99.75
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TABLE 111

Refractive Indices of Montmorillonite and Granite

Frequency  Wavelength Montmorillonite Montmorillonite Giranite

(em™1) (um) (219b) (222h) E—
S S n k
n k n k
250 40 2.18 0.14 2.18 0.16 2.43 0.05
260 38.5 2.18 0.15 2.17 0.19 2.43 0.06
270 37.0 2.18 0.15 2. 18 0.17 2.49 0.07
280 35.7 2.19 0.12 2.24 0.21 2.53 0.08
290 34.5 2.25 0.15 2.23 0.26 2.59 0.09
300 33.3 2.25 0.15 2.22 0.28 2.63 0.11
310 32.3 2.5 0.19 2.22 0.27 2.73 0.16
320 31.3 2.31 0.21 2.27 0.33 2.74 0.31
330 30.3 2.35 .31 2.24 0.41 2.67 0.36
340 29.4 2.27 0.35 2.16 .42 2.69 .23
350 28.6 2.25 0.24 2.13 0.34 2.93 .23
360 27 .8 2.37 0.27 2.20 0.34 3.29 0.31
370 27.0 2.38 0.43 2.20 .32 3015 1.34
380 26.3 2.27 0.33 2.27 .33 2.76 1.23
390 25.6 2.38 0.44 2.33 0.37 2.37 0.71
400 25.0 2.29 0.30 2.40 0.39 2.64 0.5
410 24 .4 2.50 0.30 2.50 0.51 2.83 0.74
420 23.8 2.63 0.3 2.51 0.63 2.85 0.95
430 23.3 2.80 .54 2.5 0.72 2.72 1.13
440 22.7 2.90 0.83 2.58 (.87 2.53 1.25
450 22.2 2.93 1.14 2.64 1.10 2.40 1.22
460 21.7 2.72 1.70 2.45 1.58 2.30 1.25
470 21.3 1.92 1.92 1.81 1.71 2.20 1.29
480 20.8 1.45 1.55 1.45 1.35 2.07 1.29
490 20.4 1.45 1.07 1.46 0.99 1.91 1.29
500 20.0 1.68 0.85 1.68 0.80 1.54 1.24
510 19.6 .94 1.03 1.91 .98 1.63 0.7H
H20 19.2 1.75 1.42 1.80 1.33 1.91 0.78
230 18.9 1.39 [.38 1.46 1.40 1.82 1.0H
H40 18.5 1.18 1.21 1.22 1.26 1.52 0.97
550 18.2 1.11 1.02 1,12 1.08 1.53 0.61
H60 17.9 1.04 (.89 1.06 0.96 1.73 0.49
570 17.5 1.06 0.72 1.02 0.8 1.93 .60
D80 17.2 1.0H 0.64 0.98 0.73 1.95 0.78
H90 17.0 1.0Y9 0.52 1.00 0.59 1.82 0.91
600 16.7 1.13 .47 1.05 0.52 1.55 0.94
610 16.4 1.14 0.41 1.07 0.47 1.39 0.74
620 16.1 1.14 0.35 1.08 .42 1.46 0.45
630 15.9 1.19 0.25 1.09 0.36 1.60 0.47
640 15.6 1.27 0.18 1.14 0.27 1.58 0.51
630 15.4 1.355 0.21 1.19 0.25 1.4 0.41
660 15.2 1.36 0.20 1.22 0.22 1.58 0.31
670 14.9 1.59 0.15 1.25 0.20 1.67 0.28
680 14.7 1.46 0.18 1.29 0.14 1.73 0.27
690 14.5 1.46 0.19 1.37 0.18 1.78 0.27
700 14.3 1.46 0.17 1.37 0.19 1.82 0.31
710 14.1 1.48 0.12 1.37 0.18 1.82 .34
720 13.9 1.55 0.15 1.. ) |

.Sl 0.35

i
|
|
i
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TABLE III—(Continued)

ranite

G

Montmorillonite

Montmorillonite

Wavelength

Frequency

(222b)

(219b)

(um)

(em™)

0.32
0.28
0.30
0.33
0.43
0.45
0.47
0.40
0.19

0.15

1.81
1.83
1.89
1.92

1

0.14
0.09
0.10
0.08
0.11
0.14
0.14
0.10
0.13
0.15
0.15
0.16
0.19
0.19
0.20
0.16
0.16
0.23
0.29
0.23
0.24
0.22
0.22
0.22
0.30
0.34
0.40
0.66
0.91

1.31
1.41
1.49

0.16
0.12
0.16
0.16
0.24
0.23
0.28
0.14
0.07
0.05
0.09
0.11
0.08
0.07
0.12

n
n

13.7

730

13.5

740

.62
1.62
1.67

13.3

13.2

760
770

.93

n
w

13.0

1.85
1.77
1.65
1.64
1.78

"
"

12.8

780
790
800
810

12.7

1.63
1.63
1.63

1.48

12.5

12.4

1.64
1.71
1.71
1.71
1.79
1.85
1.84

12.2

820
830
840
850
860

0.13
0.12
0.10
0.08
0.08
0.07
0.08
0.06
0.11
0.12
0.12
0.16
0.18
0.17
0.22
0.40
0.67

.83
1.88
1.92
1.98
2.03
2.08

.66

1.69

12.1

11.9
11

.69

.69
1.68
1.70
1.77
1.82
1.79
1.74
1.81
1.82
1.89
1.96
2.07
2.12
2.25
2.40
2.35
2.28
2.14
1.92

11

11

870
880
890
900
910
920
930
940
950
960
970
980

11

0.13
0.17
0.20
0.20
0.16

.84
1.90
1.90
1.90

1

11

2.19
2.29

11.

11.0

33

2.40

10.9

.91

10.8

H
2.57
2.68
2.90
3.15
3.37
3.46
3.16
2.89
2.61
2.30
2.06
1.95
1.66
1.40
1.23

1.98
2.05
2.12
2.25
2.37

10.6

10.5

0.14
0.17
0.25
0.28

10.4

10.3

10.2

10.1

990
1000
1010

1.25
1.66
1.84
2.02
2.08
2.06
2.05
2.14
2.02
1.85

2.78
2.76
2.69
2.54
2.32
1.95
1.39
1.00
0.86
0.86
0.92
0.95
0.91
0.85
0.77
0.73
0.74
0.74
0.71
0.68
0.72
0.77

10.0

0.88
1.24
1.48
1.80
2.02
2.06
1.77
1.44
1.21
1.07
1.04

9.9
9.8
9.7

9.6

11
1.37

1020
1030
1040
1050

D
1.70
1.62
1.45
1.22
0.99
0.79
0.69
0.76
0.75
0.64
0.49
0.37
0.30
0.23
0.15
0.14
0.14

n
2

©v

.19
0.93
0.78
0.71
0.74
0.89
0.98
0.80
0.70
0.69
0.72
0.79
0.79
0.89
0.97

9.4

1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200

9.35
9.26
9.17
9.09
9.01
8.93
8.85
8.77
8.70
8.62

1.71
1.67

1.63

.19

13
1.00
0.88
0.75
0.83
0.73
0.64

1.

.03
0.98
0.91
0.80
0.70
0.64

38

1.26
1.25

14
1.01
0.87
0.75

1

8.48
8.40
8.33
8.26

e
1

0.48
0.37
0.31

S

0.64

.01

1210
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TABLE I1I— (Continued)

Frequency = Wavelength Montmorillonite Montmorillonite Giranite

(em™?) (um) (219b) (222b) - E—

S - n k

n k n k

1220 8.20 0.82 0.26 1.04 0.14 0.57 0.50
1230 8.13 0.86 0.23 1.07 0.12 0.64 0.35
1240 8.07 0.87 0.19 1.11 0.11 0.79 0.26
1250 8.00 0.95 0.16 1.12 0.09 0.88 0.16
1260 7.94 1.00 0.14 1.13 0.08 0.93 0.14
1280 7.81 1.05 0.11 1.15 0.06 1.00 0.11
1300 7.69 1.08 0.09 1.17 0.05 1.07 0.09
1320 7.58 1.11 0.07 1.19 0.05 1.12 0.07
1340 7.46 1.14 0.0 1.21 0.04 1.16 0.06
1360 7.35 1.17 0.05 1.22 0.04 1.20 0.05
1380 7.25 1.19 0.04 1.23 0.03 1.22 0.04
1400 7.14 1.20 0.04 1.25 0.03 1.24 0.04
1600 6.25 1.32 0.01 1.31 0.01 1.36 0.02
1800 5.56 1.37 0.008 1.32 0.007 1.42 0.008
2000 H 1 1

.00

.42 0.005

the infrared optical constants of two mont-
morillonite samples and one granite sample
for this study. The details of our work on
the optical constants of these materials
are described by Toon (1975). The chemi-
cal makeup of the samples studied and
the numerical values of the optical con-
stants are given in Tables II and III.
Note that optical constants are difficult to
determine in the infrared and errors are
wavclength-dependent. The real part of
the refractive index n can be found accu-
rately at all wavelengths; the greatest
errors arc ~59, The imaginary part K
can be found accurately in the bands, but
when K < 0.1, the errors may become as
large as a factor of 2. For example, Toon
(1975) shows that the Kramers-Kronig
technique for finding refractive indices fails
near 1300 em™! and predicts a K for mont-
morillonite 219b that is larger by about
309, than the valuc found from a dis-
persion technique. The Kramers-Kronig &
vields a brightness temperature several
degrees lower than that calculated from
the dispersion K. The region near 1300
em~! is particularly difficult to study.
Near 1300 ¢m™!, n=>~1, so absorption

dominates. However, since K is uncertain
near 1300 em™!, the abscrption cannot be
calculated with great accuracy. The region
near 1300 em™! is wlso confused by in-
accuracies in our radiative transfer tcch-
nique and by numerous CO: bands be-
tween 1300 and 1450 cm™! (Maguire,
private communication). For these reasons,
we do not greatly emphasize our fit to the
experimental data near 1300 em™'.

A fundamental problem with interpreta-
tion based upon the optical constants of
rocks and minerals stems from the chemical
variability of these materials. Most rock-
forming minerals are solid solutions of two
or more end members and their optical
properties vary continuously over a range
corresponding to the range of chemical
composition; a fact widely used for min-
cralogical analysis. Rocks are cven less
well detined and a given rock type such
as “andesite” may cembrace many dif-
ferent mincralogic contents and textures.
Therefore, it is not really useful to obtain
highly accurate optical constants for any
single rock. One must also take the vari-
ability into account when deciding what
constitutes a fit to experimental data.
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a Water
b Carbonate {6 %)
¢ Quartz (6 %)

d Illite (19 %)

e Montmorillonite (35 %)
f Kaolinite (20 %)
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F1a. 6. An infrared spectrum of natural terrestrial dust, adapted from the work of Hoidale and
Blanco (1969). The key identifies the composition of the dust by weight percent and identifies the

spectral features.

Dust grains of the size composing
Martian dust are smaller than the indi-
vidual mineral grains that form many
rocks. It is possible that the optical con-
stants of a bulk rock will not simulate
the optical behavior of the same rock
dispersed. Glasses and minerals such as
montmorillonite are fairly homogeneous.
Laboratory spectra of inhomogeneous rocks
such as granite seem similar to what one
would expect using bulk measurements of
optical constants. For example, the cal-
culated spectra we show of granite, basalt,
and montmorillonite are quite similar to
the laboratory spectra published by Hunt
et al. (1973), especially considering possible
size distribution differences and the fact
that our calculated spectra include emis-
sion from the dust.

The compositional information content
of a spectrum depends on the similarities
among the spectra of different classes of
materials. For example, we have repro-
duced in Fig. 6 a typical infrared trans-
mission spectrum of ‘“‘natural’”’ terrestrial
dust suspended in a KBr pellet. This dust
was filtered from the atmosphere over a
desert basin in south-central New Mexico
by Hoidale and Blanco (1969). They iden-
tified the major features in the spectrum
and reported the dust to be about 359,
by weight montmorillonite, 20% kaolinite,

and 199, illite, with small amounts of
calcite (16%) and quartz (69%). For ma-
terials such as calcite with strong bands
well removed from the silicate reststrahlen
features at 1100 and 500 em™, it is easy
to derive mineralogical information from
only a qualitative study. For silicates,
however, a qualitative identification cannot
easily be made because many of the bands
overlap. It is well known (e.g., Hanel
et al., 1972b; Lyon, 1964) that the SiO,
stretching mode near 1100 em™' is pro-
gressively shifted to lower frequencies as
the SiO; content of igneous rocks decreases.
By quantitatively taking N (r) shifts of the
band into account, it is possible to de-
termine the approximate SiO; content,
assuming that the rocks are igneous. The
clay minerals have never been studied
systematically to determine how SiO, con-
tent affects their band positions.

Hunt et al. (1973) have interpreted IRIS
spectra by comparing the band positions
in laboratory transmission spectra with the
band positions in the IRIS spectra and
by noting the remarkably smooth band
profiles of the IRIS spectra. The IRIS
spectra resolve numerous fine gascous ab-
sorption features; they should resolve fine
structure in the dust bands if such structure
existed. @ur calculations show that emis-
sion, absorption, and scattering in a size
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I 1

~Emissivity of cloud

Emissivity and Transmissivity (%)
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¢ Ground cloud system emissivity
o Transmissivity of cloud
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Fia. 7. The emissivity and transmissivity of a dust cloud caleulated for the standard case. Also
shown is the emissivity of the ground cloud system which includes both the light emitted by the
dust cloud and the light emitted by the ground and transmitted through the cloud. All quantities
are defined relative to the intensity of a blackbody at the ground temperature, 7' = 265°K.

distribution of dust does not destroy fine
features in the emergent intensity spectra.
The difficulty with the approach of Hunt
et al. (1973), as they entirely anticipated,
is that comparing a laboratory with a field
speetrum never produces a positive iden-
tification. It is always possible that several
materials may have their bands in the
correet position and have fairly smooth
bands. Morcover, a comparison of the
speetra of  Hoidale and Blanco  (1969)
(shown in Fig. 6) with those of Hunt el al.
(1973) shows clearly that the speetrum
of a mixture of materials has much less
fine structure than the speetrum of any
of the individual components. Sinee a mix-
ture of minerals is very plausible geologi-
ally, one cannot exclude materials on the
basis of the smoothness of their bands nor
put any limits on the relative amounts of
materials that have bands at fairly similar
frequencies.

A factor not considered in our calcula-
tions is the shape of the dust particles.
We have simply assumed the particles are
spheres, and have employed Mie theory
to caleulate the optical properties of the

dust particles. Several experiments using
particles with &~ 1, K small, and mod-
crate deviations from spherical shape have
shown that Mic theory can be a good
approximation for nonspherical particles
(Greenberg et al., 1971 ; Zcerull and Giese,
1974). Calculations for very small ellip-
soidal particles with high values of K show
that Mie theory is a uscful approximation
if the particles are roughly equidimensional
(Greenberg, 1972). Here we are interested
in particles having ¥ >~ 1, large N, and a
distribution of sizes. Unfortunately, the
effeet of particle shape for these parameters
has not been investigated. However, we
belicve that if the dust particles in the
Martian dust storm were roughly equi-
dimensional and not needles, for example,
then Mie theory will be adequate for our
calculations.

We have illustrated the importance of
the free parameters for the emergent inten-
sity speetrum and thereby determined that
™, T., N(@), and composition can be
found with varving degrees of preeision.
There is also much to be gained by
examining the physical mechanisms that
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give rise to the emergent intensity spec- standard case. Although the total emergent
trum from a dust cloud such as the intensity, or ground—cloud system emis-
Martian one. sivity, looks superficially like the trans-

Figure 7 presents the emissivity and missivity, it is modified significantly by
transmissivity of the dust cloud for our emission from the dust that fills in the
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bottoms of the bands. The shape of the
emission spectrum of the cloud is crudely
the inverse of the shape of the &, spectrum
(Fig. 2), except in the region near 1280 em™!
where the single scattering albedo has a
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minimum that occurs because the real
part of the refractive index is close to 1
and the imaginary part of the refractive
index is small. This behavior would lead
to an emission peak at the Christiansen
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frequency (here defined as the frequency 1400 em™ and certainly is not ncar the
where the real refractive index equals 1) 1280-em~! Christiansen frequency.

in an optically thick emitting cloud (Hunt Since the Christiansen frequency is a
et al., 1973). Figure 7 demonstrates that function of rock type, it has been valuable
the transmission maximum occurs beyond  for compositional studies of optically thick
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silicate powders (Logan et al., 1973). Conel
(1969) has shown that the transmission
maximum of powders will occur at their
Christiansen frequency if the particles are
large enough. However, for quartz, Conel
demonstrated that the frequency of the
transmission maximum becomes shifted to
frequencies higher than the Christiansen
frequency when r < 10 um. Physically,
this happens because the transmission
through an optically thin powder has a
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maximum when the optical depth is mini-
mum, which occurs close to the minimum
in the extinction efficiency. For particles
large compared to the wavelength, the
extinction has a component duc to scat-
tering and so has a minimum where w, is
minimum, which is also where n = 1. For
particles small compared to the wave-
length, the extinction depends on the ab-
sorption and may therefore show no mini-
mum near n =1 since the absorption

2801
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F1c. 9. Montmorillonite 219b computed spectra are compared to the observed spectra from
Orbits 80 (c), 138 (b), and 154 (a). For Orbit 154, three size distributions are compared, but for
the other orbits only size distribution 1 is used. Note that Fig. 4 compares all three distributions
with parameters typical of Orbit 8, while Fig. 8¢ compares the Orbit 8 data with a size distribution

1 fit.
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depends on KA, not n. The effeet can be
scen experimentally for quartz in the work
of Tuddenham and Lyon (1960). Our
results confirm Concl’s contention for ma-
terials other than quartz.

ANALYSIS OF IRIS SPECTRA

Figure 8 and 9 present IRIS speetra
from a series of orbits spread through the
early months of the Mariner 9 mission.
The data are the solid curves with crror
bars and are graphed at approximately
10-em™! resolution, so many of the gaseous
absorption bands below 480 and above
1300 em™ are not well resolved. The
region from 550 to 850 em™' is occupied
by an intense CO. absorption band which
we have omitted for clarity. The diffuse
bands centered near 1000 and 500 em™!
arc due to the suspended particles in the
dust storm.

In Figs. 8 and 9, the dashed curves
show our best fit to the IRIS spectra,
using the optical constants of quartz,
basalt, andesite, basaltic glass, obsidian,
granite, and two samples of montmoril-
lonite. None of these materials alone can
account for the spectral features of the
dust in the 1971-1972 dust storm. ®uartz
and granite have too much structure in
their bands, and the low-frequency quartz
bands arc too strong. Andesite, basaltic
glass, and basalt have both their bands
at v too low to fit the observed spectra.
The 500-em~" band of obsidian is too sharp
and too strong relative to the 1100-cm™
band to fit the data. Both montmorillonite
samples have too strong a band at 500
em~'; both have a sharp double band at
500 em~! that does not appear in the
IRIS data; montmorillonite 222b is too
weak in the region between 1050 and
1200 em™ to fit the data. We have in-
vestigated a wide variety of changes in
the free parameters, but have been unable
to make a better fit to the IRIS spectra
using these materials.

TOON, POLLACK AND SAGAN

The number of rocks and minerals that
can be studied is severely limited by the
lack of optical constants. Perhaps some
other single material can fit all the data.
An important finding in our work is that
the brightness temperature band centers
near 1100 and 500 em™! occur very close
to the frequency of maximum reflectivity
for the polished slab. One can therefore
turn to laboratory spectra (e.g., Lyon,
1964) and scarch for materials with
smooth bands that peak at ~490 and
~1090 em™Y, and in which the 490-cm™!
band is less developed than the 1090-em™
band. For example, rhyolite fits all these
criteria, although its low-frequency band
may fall short of 490 em="

One could probably discover other can-
didate materials by scarching the literature
for specetra or compiling spectra in the
laboratory. This would not be a fruitful
cendeavor  primarily  because  one  could
probably make mixtures of many materials
whose speetra would then fit the data.
For example, shales and sandstones, espe-
cially those composed mainly of clays and
quartz (Hunt and Salisbury, 1975), would
scem to be good candidates. Figure 10
exhibits the result of mixing montmoril-
lonite and basalt. Basalt, andesite, an-
orthosite, and probably many plagioclase
feldspars are obvious candidates to con-
sider in a mixture because their bands at
500 em™' are weak and contain little
structure, as noted by Hunt et al. (1973)
and by Aronson and Emslie (1975). Indeed,
the fit around 500 em™ (Fig. 10) is ex-
cellent. Figure 8§ shows that basalt and
andesite have their 1100-em~' bands at
frequencics too low to explain the Mari-
ner 9 observations. Aronson and Imslic
(1975), whose analysis is considerably dif-
ferent from our own because it includes
the effects of particle shape, reached the
same conclusion for anorthosite and ande-
site. Figure 10, as well as the work of
Aronson and Emslic, suggests that if basalt,
andesite, or plagioclase feldspars are pre-
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F1a. 10. Orbit 8 and 56 IRIS spectra are contrasted with spectra computed for a 509, basalt and
montmorillonite 219b mixture (O) and for a 759, basalt, 259, montmorillonite 219b mixture (A).

sent, then the Mariner 9 data can be fitted
only by having a substantial additional
component of highly siliceous material.
Although we do not believe it is pos-
sible to determine the specific minerals
composing the dust in the 1971-1972
storm, we do believe that some general
compositional information can be obtained.
Igneous rocks and minerals have their
1100-cm™' bands shifted progressively to
lower v as their SiO, content decreases
(Logan et al., 1973). @ur study includes
granite and obsidian, which have SiO,
contents of 71 and 769, respectively.
These rocks provide fairly good fits to the
location of the 1100-cm™ band whercas
basalt, andesite, and basaltic glass with
SiO; contents of 53 and 549, respectively,
provide poor fits. We did not study any
igneous materials with SiO, contents necar
609, but their band positions should lie
between those of the acidic and basic
materials we did study. We agree with
Hanel et al. (1972c) that the dust might
be composed of an igneous rock with an

Si0O, content between 60 and 709,. How-
ever, the IRIS data are most consistent
with acidic rocks and therefore the SiO,
content is probably greater than 6359%.
We do not agree with Hanel et al. that
the average SiO. content could be as low
as 509, because the spectra of all basic
rocks we studied clearly disagreed with
the observed spectra. Hanel et al. adopted
the 509, lower limit because they were
only able to make qualitative comparisons.
Although their comparison suggested about
609, or greater SiO. and was inconsistent
with 509, SiO,, they felt that size dis-
tribution effects or other uncertainties in
a qualitative comparison might allow
509, SiO..

Although the band shift with SiO, con-
tent is well known for the igncous rocks,
it has not been studied for weathering
products such as clay minerals. We in-
vestigated two montmorillonite samples,
one (219b) with about 639, SiO, and the
other (222b), 539, SiO, by weight. Their
maximum reflectivities were at the same
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wavelength; only the values of the retlee-
tivities differed. The Christiansen frequen-
cies did shift with Si0, content, however.,
The Si0), content we estimated can be in
crror if clay minerals are significant con-
stituents of the dust-storm particles. It
would also be quite difficult to sceparate
the clay minerals from a composite spee-
trum. Montmorillonite and illite are indis-
tinguishable at 1100 em™!, and kuolinite
(Hunt et al., 1973) seems to have a fairly
strong band near 900 em~'. There is in
fact a weak shoulder in the IRIS data
near 900 em! and it is difficult to exelude
kaolinite as a component of the cloud.
On the other hand, this hardly amounts
to a positive identification  since many
materials have bands in this region. The
difficulty of separating the clay minerals
in a composite spectrum can be judged
from Hoidale and Blanco’s work discussed
wrlier (Fig. 6).

We can place more restrictive limits on
materials with bands that are at frequencies
different from those of Si0); bands. Hunt
et al. (1973) estimated that caleium car-
bonate could not compose even 1097 of
the dust. A glance at Hoidale and Blanco’s
speetrum in Fig. 6 confirms this limit

Spectra illustrated by  Tuddenham  and
Stephens (1971) show that nitrates and

borates could be only minor constituents
of the dust. However, it would be difficult
to put any limits on sulfates and phos-
phates that have bands near 1100 em™
and one could put only weak (K509¢)
limits on arsenates, vanadates, molvbdates,
and tungstates, all with bands near 900
em™L The speetra of  carbon-suboxide
monomer and polymer (Smith et al., 1963)
demonstrate that earbon suboxides could
at most be a very minor constituent of
the dust.

The iron oxides have speetra that differ
significantly from the IRIS spectra. Hema-
tite (Adler et al., 1950; Hunt et al., 1973;
Salisbury, private communication, 1974)
has, in its pure form, no band near 1000
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em™ ' but it has a number of strong bands
below 600 em~!. Adding hematite to a
mixture of our previous candidate rocks
and mincrals will therefore produce a worse
fit to the IRIS data by strengthening the
low-frequeney band relative to the high-
frequeney one. Hematite must be present
only in small quantities, if at all. A spece-
trum of pure goethite has never been
published. Adler et al. (1950) and Hunt
et al. (1973) have published transmission
speetra of  SiOs-contaminated  gocethite.
These speetra show bands below 600 em™
and a band at about 900 em™'. A reflection
spectrum of o pressed pellet from  this
material  (Salisbury, private communica-
tion, 1974) shows that the band at 900 em™!
is weaker than the bands below 600 em™!,
and that the bands below 600 em™! have
about the same strength as those of mont-
morillonite. We conelude that there is no
positive evidenee for goethite, but 1t could
form a significant fraction (<50%;) of a
mixture of materials. Hunt et al. (1973)
have already pointed out that a thin
ferric-oxide stain on the particles would
have almost no effeet on the spectrum.
For example, montmorillonite 219b appears
white to the eye, but montmorillonite 222b
appears red. The difference between the
amount of iron oxide in these two minerals
(Table I1) 1s only 69 and their infrared
speetra differ ver v little (Fig. N).

The particle size distribution plays an
important role in determining the wave-
Iength dependence of the emergent inten-
sity. If the composition of the dust were
known independently, it would be possible
to obtain a detailed deseription of the size
distribution from the infrared speetra. We
have experimented  with many  different
N (r) combined with different 7% and 7T,
but we have obtained the best results, for
all materials investigated, using size dis-
tribution 1 shown in Fig. 5. Figures 4, 8,
and 9 demonstrate that size distributions 2
and 3. also illustrated in Fig. 5, produce
much poorer fits to the data at 1100 and
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below 500 cm™! than does size distribu-
tion 1. Because the results are so sensitive
to N (r), and because we obtained our best
fits for all the materials with size distribu-
tion 1, we conclude that this distribution
is close to the actual size distribution of
particles in the dust storm. As pointed out
earlier, the only significant information
from the size distribution is its slope be-
tween about 1 and 10 gm.

®ne very surprising discovery is that
the size distribution that gives the best
fit for the earlicst orbits also gives the
best fit to the latest orbits. Again we have
tried many combinations of 7* and T,
with the N () trying to obtain good fits.
In Fig. 4, we show that, for the conditions
of @rbit 8, size distributions 2 and 3 give
significantly different brightness tempera-
ture spectra than does size distribution 1.
Figure 8g shows that size distribution 1
fits the data of @rbit 8 moderately well.
In Fig. 9, we show attempts to fit mont-
morillonite to orbits spread from @rbit 80
to @rbit 154. Montmorillonite alone does
not provide a perfect fit to the data.
However, for all orbits the same distribu-
tion gives the best fit to the width of the
1000-cm™* feature and to the opacity ncar
300 em™. A size distribution such as size
distribution 2 with fewer large particles
provides a poorer fit, especially near 300
cm~L implying that the ratio of the number
of particles of size 1 um to those of about
10 gm remained approximately constant
during the decay phase of the Martian
dust storm.

Another parameter studied is the aerosol
optical depth, 7*. We have shown typical
infrared values from our fit of montmoril-
lonite to the @rbit 8 data in Fig. 2. For
each orbit studied in Figs. 8 and 9, we
also obtain an estimate of 7* at 0.3 um,
which we used as our reference wave-
length. Figurc 11 is a graph of our #* and
those obtained by Pang and Hord (1973)
using the Mariner 9 ultraviolet spectrome-
ter. These results are not strictly com-
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Fic. 11. Optical depth at 0.3 pm, estimated from
comparison of calculated spectra with the IRIS
observed spectra, is given by the solid curve with
vertical error bars. The horizontal error bars
represent independent measurements by Pang and
Hord (1973).

parable. @ur measurements were made
between —20 and —40° latitude and those
of Pang and Hord were made over the
Martian South Polar Cap at about —87°
latitude. Also, it is not clear that we have
chosen the correct optical properties for
the rock in the visible, although the
optical depth at 3000 A is not sensitive
to the precise values of the optical con-
stants. We believe our results substantiate
the conclusions of Pang and Hord (1973)
and Conrath (1975) that the dust storm
clearing was fairly uniform in time. We
have not analyzed cnough orbits, however,
to deteet phenomena such as the mid-
December resurgence noted by Hartmann
and Price (1974). Since our optical depths
seem rather close to those reported by
Pang and Hord throughout the dust storm,
our model of N (r) for r < 1 um is probably
reasonable. We conclude that the shape of
the distribution between 0.1 and 5 um did
not undergo any drastic changes as the
dust storm clearcd. ®@ur N (r) for r < 1 um
is rather similar to the few terrestrial dust
size distributions that have been measured
for r <1 pm (Gillette et al., 1972). It is
well known that the ratio of visible to



686

infrared optical depth is strongly controlled
by the size distribution of the particles
(c.g., Toon and Pollack, 1976). The fact
that infrared optical depths were about as
large as visible or uv optical depths during
the dust storm limits the possible size
distributions below 1 wpm; for example
(Toon and Pollack, 1976), given the same
refractive indices, 7% at X = 0.3 pm would
be 100 tinies larger than 7* at A = 30 um
if the size distribution at all sizes were
like the » power law illustrated in Fig. 5.
On the other hand, the 73 power law
shown in Fig. 5 will produce the same 7*
at 0.3 as at 30 um. Therefore the size
distribution for r < 1 wm must lic at or
below the limit given by the r=3 distribu-
tion in Fig. 5. To decide which is the best
N (@) forr < 1 pm would require knowledge
of 7(\) at A < 1 pm. Our size distribution
yields a mean particle radius weighted by
cross section of about 3 pm at 3000 A, in
fair agreement with the conclusion of Pang
and Hord, but a factor of 3 larger than
the near-infrared Mars 3 estimates  of
Moroz and Ksanfomaliti (1972) and a
factor of 3 smaller than the crude estimate
of Leovy et al. (1972) for the cffective
size at 0.588-um wavelength. The mean
particle size at 1800 em™ was also 3 um
and at 250 em~' the mean particle size
was 6 pm.

IMPLICATIONS FOR MARS

Our conclusions about the composition
of the Martian dust can be put into per-
spective by comparison with the composi-
tion of terrestrial, meteorite, and lunar
dust, by relating the dust composition to
the surface composition of Mars, and by
reconciling conclusions from infrared spee-
tral data with conclusions from previous
studies of the Martian surface in the visible
and near infrared.

Many studies have been made of ter-
restrial  windblown dust. Prospero and
Bonatti (1969) captured soil particles over
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the cquatorial Pacific that were 40-500;
Si0,. Junge (196:3) quoted data showing
that dust blown from the Sahara has
37759, 8i0,. The average terrestrial sedi-
ment has about 589 Si0), (Wcast, 1966).
Numerous mineralogical studies (Windom,
1969 ; Peterson, 1968; Delany et al., 1967
Darby et al., 1974; Prospero and Bonatti,
1969) have shown the importance of rock-
forming silicates (quartz, feldspar, mica,
amphibole), clays (montmorillonite, illite,
kaolinite, chlorite), and carbonates in ter-
restrial windblown dust.

The lunar surface material has been
examined in several studies. Apollo 16
highland rocks and soils had Si0). contents
from 44 to 479, (Apollo 16 Preliminary
Science Report, 1972). Similarly, glasses
in the Apollo 11 mare soil samples had
Si0); contents from 35 to 499, although
one glass sphere had 559 810, (Duke
et al., 1970). Lowman (1976) presents
average Si0)s contents for several mare and
highland sites which range from 39 to
48% Si0..

The Si0: content of meteorites varies
with type: stony irons are 17 to 34%
Si0,, carbonaccous chondrites are 23 to
339, 8Si0,, ordinary chondrites are 36 to
399, Si0,, and achondrites are 38 to 549,
Si0. (Wood, 1963).

Our results for Mars indicate that the
dust particles were not composed of igenous
material with the SiOs content of meteor-
ites, the lunar surface rocks, or lunar soil
particles. On the other hand, the dust
could have been igneous material with an
Si0y content similar to or perhaps even
higher than that of a typical terrestrial
sediment, or the dust could have been
composed of clay minerals similar to those
that occur on the Earth. The important
point is that the Martian dust has been
differentiated by geologic or weathering
Processes.

Of course, it does not necessarily follow
that the Martian crust needs to be chemi-
cally similar to the terrestrial crust.
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Conrath et al. (1973) have argued that
terrestrial sediments do not show signifi-
cant SiO; differences from the crust, and
that grain size fractionation might tend
to make the SiO; content of dust lower,
rather than higher, than the SiO; content
of the rocks from which it arose. We add
to this the above terrestrial observations
showing that actual samples of windblown
dust have about the same or perhaps
slightly less SiO, than the average sedi-
ment. Likewise, on the Moon, there seems
to be little difference between the rock
and soil SiO; content. Such arguments by
analogy are rather dangerous, however.
The Earth’s crust is so rich in SiO,, com-
pared to the Moon or meteorites, that
windblown dust would have to be nearly
1009 quartz for gross fractionation to
occur. Moreover, the weathering processes
on the Moon must be much different from
those on Mars. Mars has an atmosphere
and, at least in the past, some water may
have been present (e.g., Sagan et al., 1973).
Huguenin (1974) has suggested a weather-
ing process on Mars that would create
dust with a high SiO; content from rock
with a lower SiO; content. Thus the high
Si0; content of the Martian dust does not
necessarily indicate that the crust as a
whole has a high SiO, content. Likewise,
if the dust is made of clay minerals, it
does not necessarily indicate that the
Martian crust is as siliceous as the Earth’s.

Many studies of the Martian surface
composition have been based on visible
and near-infrared spectra of the Martian
surface. Visible spectra implied some form
of ferric oxide on Mars (e.g., Pollack and
Sagan, 1967, 1969). Salisbury and Hunt
(1969) have shown that visible spectra
alone cannot be used to estimate the
amount of ferric oxide; however, they
believe near-infrared spectra of Mars limit
the amount of limonite, goethite, or hema-
tite to not more than a few percent.
Unfortunately, the mid-infrared bands of
iron oxides are overlapped by SiO, vibra-
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tional bands, so we cannot put so restrictive
a limit on the abundance of free iron
oxides from the IRIS data.

Adams and McCord (1969) and Binder
and Jones (1972) suggest that the bright
and dark areas of the Martian surface are
very similar mineralogically. They per-
formed laboratory experiments showing
that basalts coated with iron oxides could
explain the visible and 1-um features seen
in Mars spectra. The visible and 1-um
features are due to transitions in iron
oxides, and Salisbury and Hunt (1969)
and Hunt et al. (1973) have emphasized
that acidic igneous rocks containing iron
oxides can also show the 1l-um spectral
feature, and that the visible spectrum can
be controlled by small amounts of weather-
ing products such as iron oxides.

Recent spectra of Mars (McCord and
Westphal, 1971 ; McCord et al., 1971) show
additional near-infrared bands between 1.4
and 2.2 um. Sinton (1967) and Houck et al.
(1973) have observed a strong infrared
feature near 3 um. All of these features
are diagnostic of undissociated water mole-
cules (Hunt and Salisbury, 1970). Hunt
et al. (1974) show that these water bands
do not occur in wunweathered basic and
ultrabasic rocks. The bands do occur,
however, in weathering products such as
clays, in acidic igneous rocks, and some-
times weakly in intermediate igneous rocks.
The lack of such near-infrared features in
basalt is one reason that Hunt et al
(1973) suggested that basalt could not be
the dominant component of the Martian
dust. However, both clays and acidic
igneous rocks have these near-infrared
bands so one cannot distinguish between
them on the basis of the near-infrared
spectrum.

@ur conclusions from the IRIS spectra
seem to be in accord with those of Hunt
et al. (1973) based on the near-infrared
spectrum of Mars. However, our results,
which do exclude basalt as the exclusive
dust-cloud component, cannot necessarily
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be used to reject Adams and MecCord’s
(1969) conclusion. It is possible that much
of the dust in the Martian dust storm
came from a restricted locale that is com-
positionally atypical, or that dust of a
certain composition was preferentially lifted
by the wind due to compositional changes
with particle size. Indeed, some models of
dust-storm generation (Sagan ef al., 1971;
Gierasch and Goody, 197:3) suggest that
much of the dust comes from restricted
locales such as the Hellas basin. The com-
position of material in the Hellas basin
may not be typical of the Martian surface
as a whole.

The dust size distribution also has im-
plications for Mars. We have graphed two
lines of Fig. 5 corresponding to N (r) = r*,
one with g~3 and one with g~4.
Although our Deirmendjian distributions
have a varying slope, one can scee that the
slope is greater than 3. From 3 to 6 un,
the slope of size distribution 1 is rather
close to 4. Size distribution 3 provides a
much poorer fit to the IRIS data than
size distribution 1, vet size distribution 3
is only slightly less steep than size dis-
tribution 1. Thus N (r) with 8 = 3 would
provide a poor fit indeed to the IRIS data.
Several studies have been made of the
particle size distribution for r > 1 um on
Earth. Schiitz and Jaenicke (1974) studied
both the soil and acrosol size distribution
in the Sahara and Gillette et al. (1072)
made similar studies in rural Nebraska.,
Schiitz and Jacnicke used a wet sieving
technique so that any loose agglomera-
tions in the aerosol or soil were broken up.
Forluym < r <10 um,
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with 8 = 3. The soil N(r) had a slope
very similar to the aerosol value, but the
soill N (r) showed a relative maximum
around 20--50 wm  radius. Schiitz and
Jaenicke attributed the maximum in the
soil size distribution near 30 um to the
redeposition of very large particles close
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to the source. Small particles are carried
large distances, thousands of kilometers.
During a sandstorm Schiitz and Jaenicke
found that N(r) had the same shape as
the normal distribution, but had a larger
number of particles of every size. Gillette
et al. found the acrosol size distribution
to be the same during periods when there
was a vertical flux of aerosol in a dust
storm as when there was not. Gillette ef al.
also studied the soil and acrosol size dis-
tribution below 1 um, and they concluded
that clay particles (<1 wm) present in the
soil clumped together to form larger ag-
gregates in the acrosol beeause the wind-
crosion mechanism was unable to disinte-
grate the agglomerates of soil partieles.
In a subscquent paper, Gillette et al.
(1974) confirmed that the acrosol and soil
distribution between » = 1 and 10 wm had
a slope with g8 >~ 3. However, by frecing
the elay particles from the soil, they were
able to produce a distribution with «a
steeper slope from 5 to 10 pm, although
the slope beecame smaller from 1 to 5 um.

Another significant set of N (r) measure-
ments was made by Gold et al. (1970) of
the size distribution of lunar dust. They
found a power law with g ~3 for 1 um
< r < 10 pm.

In addition to studies of N(r) at the
source regions, there have been studies
farther from the source. Poterson (1968)
examined the size distribution of dust at
altitudes between 0.5 and 10 km over the
Rajasthan Desert in northwest India, and
found a power law between 1 and 10 wm
with a slope of about 3.5, Delany et al.
(1967) investigated wind-borne dust on the
island of Barbados which they believed
to have originated some 5000 km away in
Kurope and Africa. The size distribution
was close to a power law and had a slope
of about 4.5. Jacnicke (Schiitz and Jac-
nicke, 1974; Junge, 1972) measured the
size distribution of the Sahara dust about
1500 km from the African coast and found
a size distribution from 1 to 10 um that
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was much steeper than one with a slope
of B = 3.

A comparison of our results for the
Martian  dust-storm size distribution,
8 ~ 4, with the foregoing results for the
Earth and Moon leads us to threc alter-
native hypotheses. First, the Martian dust-
storm size distribution may be the same
as the Martian soil distribution, which in
turn is different from either the terrestrial
or lunar size distribution by having rela-
tively more 1-um particles. That is, the
Martian soil might be richer in clay-sized
particles than either the Earth or the
Moon. Alternately, Mars may have the
same size distribution as the Earth but,
as suggested by Sagan and Bagnold (1975),
the cohesion between grains may be less.
Thus the clay particles may not clump
together, yiclding a steeper acrosol size
distribution in the manner suggested by
Gillette et al. (1974). This would have
great significance to the dust lifting process
on Mars as suggested by Sagan and
Bagnold (1976). The final alternative is
that the soil size distributions are the same
on the Earth, Moon, and Mars, and the
acrosol size distribution just above the
surface are the same on the Earth as on
Mars. The steeper size distribution in the
dust storm is then a consequence of taking
the dust out of the surface boundary layer
and transporting it vertically and hori-
zontally over great distances. This is
analogous to the terrestrial observation
that the size distribution of Sahara dust
blown thousands of kilometers over the
Atlantic is much steeper than the size
distribution just above the Sahara itself.

Major dust-source regions on Mars, and
even local regions in which the wind carries
away small particles, will be left with an
excess of larger particles. On Earth, this
cffect produces an cxeess of particles of
radius ~20 to A0 um both in the Sahara
and in the United Statces. It has long been
suggested (c.g., Pollack and Sagan, 1967,
1969; Adams and MecCord, 1969; but, for
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a dissenting viewpoint see Moroz, 1976)
that an excess of particles about this size
would explain the difference between the
bright and dark areas on Mars.

Martian dust storms are usually scen to
develop in the same regions of Mars.
If these regions continually supply all the
dust that makes up the planet-wide dust
storms as some, but not all, theories of
dust-storm gencration suggest (Sagan et al.,
1971; Gicrasch and Goody, 1973), then
weathering must continually replenish the
dust particles smaller than about 50 um
or there must be a huge dust reservoir.
Using the size distribution function, we
calculate the total volume of acrosols in
the 1971-1972 dust storm per square centi-
meter column of the atmosphere to be

Ve~rys X 1.7 X 1074 em? (em? column)~t,

(The number of particles N >~ 7yis X 8
X 10% em™2 column. This is less reliable
beecause the size distribution below 1 um
is poorly known.) We now try to cstimate
an upper limit on the small-particle pro-
duction rates. If 7 ~ 1 and if we consider
the dust to have been uniformly spread
over the entire surface of Mars but to
have originated from only the arca of
Hellas, then a volume of dust

cem3 47 X 107 km?
V=17X10*4— X —
cm? 7 X 106 km?

cm?®

=6.8 X 1073 —

cm?

is lost from the surface of the supply
area. Since minor dust storms oceurs every
year on Mars and planetary obscuration
about every 3 yr (Gierasch, 1974) a re-
moval rate of 7 X 10—% em yr~—! must be
an upper limit to the net erosion rate
producing particles of » < 50 um. There
could be a substantial reservoir of dust in
the source region created during some
previous epoch. Such a reservoir would
need to be rather large since, in 10° yr at
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this upper-limit rate, approximately 70 m
of dust would be removed. Dust of the
size blown away in the storms constitutes
much less than half the total soil judging
from the Sahara data of Schiitz and
Jaenicke, making the required rescrvoir
even larger. On the other hand, if this
dust is continually replenished by crosion,
it requires an erosion rate about two orders
of magnitude below the lower limit of the
eolian crosion rate predicted by Sagan
(1973) of ~6 X 10*2 em yr~! on a vertical
wall. Of course, the wind erosion rate must
also act to produce particles larger than
50 um and the source region may not have
many vertical walls left. On the other
hand, the removal rate is only a few
times larger than the upper limit of the
clay mineral formation rate predicted by
Huguenin (1974). It is also possible that
dust does not come from a restricted
region of Mars, in which case no crosion
rate can be calculated from the observa-
tions of the dust storm.

We concluded from the IRIS data that
the size distribution of the dust from 1 to
10 um did not change appreciably during
the dust-storm dissipation. Conrath (1975)
used the Stokes—Cunningham cquation to
show that a frec-falling, 10-um-radius par-
ticle in the Martian atmosphere will fall
to the 5-mb pressure surface in less than
10 days. A l-um-radius particle will take
10 times as long to fall out. Since the
10-um Stokes—Cunningham fall time is
much less than the storm duration, the
constant size distribution implies that
Stokes—Cunningham fallout was not the
dominant mechanism leading to the dust-
storm clearing. From this observation, one
can determine a lower limit to the atmo-
spheric eddy viscosity. To keep a 10-pm-
radius particle suspended against fallout,
the upward mixing rate must at least
balance the downward fall rate. Crudely,
the time to mix a particle through height,
H,ist = H*/K. A 10~um particle can fall
to within a few scale heights of the surface
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very rapidly ; taking the fall time to equal
the time to fall two scale heights yields
K.~ (2 X 10° c¢m)?/(5.6 X 10> scc) = 7
X 10° em? sec™.. This lower limit agrees
well with the results of Conrath (1975),
based on an independent method.

Several interesting  conclusions  follow
from the result that Stokes—Cunningham
fallout was not responsible for the particle
removal. First, Conrath (1975) has pointed
out that if Stokes—Cunningham fallout
were important in the storm’s dissipation,
then the top of the atmosphere would
have cleared much more rapidly than the
lower part. Our results and those of
Conrath suggest instead that the lower
and upper atmospheres cleared at the same
rate. Contrast would scem to improve
faster in the lower atmosphere because
removing half of a large number of par-
ticles has more effeet on contrast than
removing half of a smaller number of
particles. Hartmann and Price (1974) have
attempted to explain the observed con-
trast change by appealing to Stokes—
Cunningham fallout in an atmosphere that
contains much larger particles in its lower
atmosphere.  Having o size distribution
that changes with altitude violates our
uniform mixing assumption and scems
unnecessary if Stokes-Cunningham fallout
is not important. Our result that the size
distribution did not change with time
shows that particles are not removed by
first falling to lower altitudes and then
eventually to the surface. Rather, particles
are continuously mixed in the atmosphere
and are removed only when they are
mixed into the surface boundary layer
where they impact the surface or fall out.
Another interesting problem arises if it is
correet that the acrosol size distribution
of the global dust storm differs from the
near-surface size distribution. Then it will
be neeessary to consider boundary-layer
processes that change the acrosol size dis-
tribution when the acrosol is injected out

of the boundary layers into the main
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atmosphere, but do not change the aerosol
size distribution when the dust is slowly
removed from the atmosphere and returned
to the boundary layer and surface.

CONCLUSIONS

We have found that information on the
composition, size distribution, and optical
depth of the dust composing the Martian
dust storm of 1971-1972 can be extracted
from the IRIS spectra. The optical depth
of the dust decreased uniformly during the
dust-storm decay and infrared optical
depths were comparable to those in the
visible. The size distribution of the dust
between 1 and 10 um had a slope similar
to that of terrestrial dust size distributions
far from source regions. However, the dust
size distribution was steeper than that of
terrestrial or lunar soil samples or that of
terrestrial dust in regions near a dust
source. The cross-section weighted-mean
particle radius of the dust ranged from
3 um at 1800 em™! to 6 um at 250 em™'.
The dust size distribution did not change
significantly during the decay of the dust
storm, which implies that Stokes—Cun-
ningham fallout of the dust was not an
important dust-removal mechanism and
that atmospheric eddy viscosities were at
least of the order of 7 X 10°® cm? sec™.
Since Stokes-Cunningham fallout was not
important, it is not necessary to invoke
particle size variations with altitude to
explain the temporal contrast changes ob-
served in Mariner 9 television pictures.
By terrestrial analogy, the Martian dust
size distribution depleted small particles
in the dust-source region, which could
account for regional soil size distribution
differences as have long been suggested by
observations of the bright and dark regions
on Mars. The dust-storm observations do
not require that erosion currently produce
new dust on Mars. However, predicted
erosion rates are adequate to supply dust
at the upper limit rate at which global dust
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storms could remove dust from source
regions. The composition of the dust was
similar to that of terrestrial windblown
dust, having an average SiO; content similar
to acidic and intermediate igneous rocks, or
perhaps clay minerals. The dust was prob-
ably a mixture of materials. Upper limits
are set by the IRIS spectra of a few percent
carbon suboxide or hematite and several
tens of percent goethite. The dust mixture
was not dominated by basic igneous rocks,
but could have contained substantial quan-
tities of basic igneous rock. The dust
composition was therefore clearly different
from the composition of lunar soil and
dust or the composition of meteorites.
Since the dust is not dominated by basic
rock, geochemical differentiation or weath-
ering is important on Mars. The Martian
dust, in contrast to terrestrial dust, con-
tained a few percent carbonate at most.
Because the composition of the dust is not
necessarily identical to the composition of
the surface as a whole, our compositional
results do not contradict other studies
that have suggested the Martian crust is
composed mainly of basalt.

APPENDIX A

The monochromatic equation of radia-
tive transfer in a homogeneous plane-
parallel atmosphere with the positive di-
rection outward from the surface and an
optical depth of zero at the top is

dIy(Tv; 13} 0)

M = Iv(Tv, My 0) - SV(TV; My 0)

dr,
In the two-stream approximation with an
emitting, scattering aerosol but no gaseous
emission or absorption, the cquation
becomes
(1/3v2)dI, /dr = I, —
— (1/3V2)dI_/dr

S+’
I_ -8

where
Sy = 3@0(1 + cosbar)l,
+ 3@0(1 — cosbar)/_
+ (1 — @0)B(7),
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S_ = }@¢(1 + cosbar)l_
+ 3@o(l — cosbar)/
+ (1 — @)B(7).

In this cquation, &, the single scattering
albedo, 1s

@y = /l’(cos 0)dQ/ 4w
Jg
and cosbar, the asymmetry factor, is
cosbar = (l/a).)/ ces O’ (cos 0)dQ /4.
0

In these cequations, P(cos ©) is the seat-
tering phase function and 6 is the angle
between the incident and scattered wave
normals with the origin of the coordinates
at the seattering center.
The solution to these cquations is sub-

jeet to boundary conditions

I =90 (r = 0),

I, = ¢B* (r = 7%).
Here e is the ground emissivity and B* is
the Planck funetion evaluated at the
ground temperature. The surface reflee-
tivity is assumed to be zero. The solution is

I, =T(K+ V)t 4+ T (Vy— a— K) e,
I =K +V)err+ (Vo—a— K)e ™,
where
A+ 3L — wo)
P =
A — 31/2(1 - wu)
A= [3(1 — &) (1 — @ cosbar)]'?,
B 4+ (a/T)e "
K=-— 17
Ie“ — (e*“*/l)
3“’(1 — @)
Vile) = e / dteNB(0),
(1 - F) J g
32(1 — el o7
Va(r) = - ,,,,,ﬁ,,,,,,.,/ dteMB (),
(r — 1) *
and

a = 11(0) + V2(0).

The formal solution to the cequation of
transfer for the emergent intensity is

10, +p) = eB*e "l +/ emtmS(Hdt /.
0

We use the two-stream source function

S, (1) as an approximation to S(¢). After

some manipulation, we find that

Sy = (1 — w)B()

. ¥

+ (bd/2)eM / eMB(7)dr

L

X

+ ((Lc/‘_’)e‘“/ B (r)dr

Y
+[*’f* — e (e/2) / ) dmwm}
0
X[ (db2er — actet)/ ]
+ (¢3d/2) /" " dre N B(7)
0

XL(bee " — aeeinr)/ ]

where
a =1+ r/3V
H=1— A3V
C = /\ - 31/2(1 - C)n),
d =N+ 31 — @),

” — ([‘2(,)\1'* _ (.2()~7\1"“Y
[3(1 — LE())(I — @y (f()SbiLI')]1/2.

Although this solution may appear
lengthy, it is in faet computationally very
fast and well behaved. The solution for
the emergent intensity is analytic when
the temperature of the cloud is constant
and when @p = 1. When @y = 1, the source
function goes to the limit

>,,
It

AS'+ = Glg*
l:(‘)r(l——(usbar)+’(3)"2(1+0()sbar):l

67* (1 — cosbar) +4(3)/2
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TABLE IV

Flux Comparisons between Approximate Technique and Exact Solutions

&p = 1, cosbar = 0 (Sagan and Pollack, 1967)

* Transmission exact Transmission approximate
0.05 0.955 0.9548
0.1 0.916 0.9160
0.15 0.881 0.8814
0.25 0.820 0.8215
0.50 0.704 0.7067
1.00 0.552 0.5563

&o = 1, 7* = 20 (Sagan and Pollack, 1967)

Cosbar Transmission exact Transmission approximate
0.0 0.062 0.0588

0.7 0.179 0.1651

0.9 0.388 0.3689

1.0 1.0 1.0000

&g = 0.3637, cosbar = 0.8487 (Hunt, 1973)
* Exact values Approximate values
Transmissivity Emissivity Transmissivity Emissivity
0.1 0.8803 0.1129 0.8856 0.1099
0.5 0.5669 0.4205 0.5786 0.4077
1 0.3442 0.6405 0.3508 0.6313
2 0.1370 0.8471 0.1299 0.8503
5 0.01062 0.9735 0.0061 0.9738
&9 = 0.52447, cosbar = 0.93112
r* Exact values Approximate values
Transmissivity Emissivity Transmissivity Emissivity

0.1 0.9084 0.08657 0.9137 0.0833
0.5 0.6486 0.3405 0.6641 0.3257
1 0.4429 0.5440 0.4533 0.5324
2 0.2188 0.7677 0.2090 0.7739
5 0.0315 0.9542 0.0184 0.9638

We pointed out in the text that the
solution is exact in the limit @, = 0 and
discussed errors in finding brightness tem-
peratures. In Table IV, we show a number
of comparisons of fluxes calculated with a
six-point quadrature integral of the emer-
gent intensity multiplied by the cosine of
the emergent angle. Generally, the trans-

missivity are within 1%, in absolute value
of the more accurate results.
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