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7303 N. MARINA PACIFICA DRIVE « LONG BEACH, CALIFORNIA 90803

PHOTOPOLARIMETRY OF SCATTERING SURFACES AND
THEIR INTERPRETATION BY COMPUTER MODEL

SUMMARY

The compuir model of Wolff (1975) of a rough planetary surface
is simplified and revised. Close adherence to the actual geometry of
a pitted surface and the inclusion of a new function for diffuse light

has resulted in a quantitative model comparable to observations by
plenetary satellites and asteroids.

A new function is derived to describe diffuse 1ight emitted
from a particulate surface. The function is in terms of the indices
of refraction of the surface material, particle size, and viewing
angles.

Computer-generated plots are made that describe the observable
and theoretical 1ight components for the Moon, Mercury, Mars and a

spectrum of asteroids. Other plots describe the effects of changing
surface material properties.

Mathematical results are generated to relate the parameters of the
negative polarization branch to the properties of surface pitting.

The range of validity and accuracy of the varioﬁs Albedo-polarization
rules is discussed in terms of the computer surface model, and the CSM
taxonomy is matched with the predictions of the Model.

An explanation is offered for the polarization of the rings of
Saturn, and the average diameter of ring objects is found to be 30 to

40 centimeters.




light, 2) doubly-reflected light, 3) diffusely reflected light, 4) effacts

of shadow that creates the opposition effect, and 5) effects of snade on
douwble-reflections that create the negative branch.

Despite the model's success in dealing with polarization, it suffered
in demanding 1long computer routines to examine even minor parameter
changes, and was not subject to mathematical analysis to provide further
insights.

In this article, an improved model is created in which the detailed

mechanisns of reflection in a surface are examined so as to provide the

model with a closer relationship to the physical structure of the surface.

Also, the long computer routines are replaced by a simpler model of the

dowle-reflection process using four representative light paths to
| represent the doubles processes in each of four quadrants. The “esult is a
simpler, more tractable model which can be calculated easily and which
provides additional insight to the reflection processes taking place in a
rough surface. The model provides both polarimetr;ic and photometric
equations as a function of the phase angle and physical surface properties.
The Model
f It is assumed that the solar-system environment contains a meteroid
flux which more or less wniformly impacts the surface of airless planets.
The resulting surfaces are not assumed identical but the impaction process
E produces similar pits and jagged particles ranging from micron-sized dust
E to larger particles which are in turn covered with pits and particles. All
variations of this type of surface are suff‘iciently'similar to justify a
model of light reflection in which the daminant processes are:
1) single reflection
2) dJdouble reflection in pits and between particles

¢
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3) diffuse, non-polarizing reflection, and,

§) the production of shade and shadow

The identification of variations from the model in measurements of
solar system bodies is an objective of the analysis. .

Diffuse reflection is defined as the sum of all processes except
single and double reflection, and includes refraction, higher-order
reflection, and particle scattering. It is assumed that the diffuse light
is wnnpolarized because processes requiring three or more events in a randem
Jagged surface w;ll almost certainly produce randomized light.

The Unique Properties of Pits

Despite the apparent disorder of a rough particulate surface, it
turns out that there ex.{s'c mathematically describeable properties of such
surfaces, which are important to the photopolarimetric measurements of the
reflected light. Unfortunately, perhaps because scientists are disciplined
orderly thinkers, we have acquired an antipathy to the apparent disorder of
a dirt surface. Reflecting this attitude, it has been commonplace to
substitute for a surface, an array of spheres or a cloud of random
particles which can be attacked by neat, known mathematical methods. It is
argued here that this has led to some erronecus conclusions, and, if one
wants to have a reliable model and a descriptive mathematical formalism,
then it is necessary to directly examine the geometric properties of the
real surface itself. . y

The random pits, holes and interstices of an impacted surface have
the geometric property of partically trapping light rays in a manner that
suppresses the probability of single-reflection while enhancing the
probability of double-reflection. Consider the fate of a ray which enters
a pit but has not yet headed outwards. The probability of getting out with

ot -
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only a single reflection decreases the farther in the ray goes. The
probability of a single-reflected ray getting out is equal to the solid
angle occupied by "clear sky" (as the ray sees things from down in the
hole) divided by 47r. That is
Singles probability = P, = (angular apeture)/4 T

Note that we are not talking about the probability of optical reflection
which is given by the Fresnel equations and must also be a factor, but
about the geometric probability of "getting out" or happening as a single
reflection, as if the rays were billard balls. In that follows this will

always be called the geometric probability (of the surface structure).

Note that if P, - singles geometric probability and P, is for doubles, etc.
then

P1+P2+P3.. = 1
We can approximate the singles geometric probability by assuming that the
diameter of pits is about equal o the depﬁh of pits. Then, we have that
Py =T7d2/4md2e 4 = 1/16 which is very much smaller than that cbtained from
cloud models.

It is the character of a pit to return a ray back into its source
hemisphere with two or more reflections. Accordingly, the geometric
probability of double reflection and higher order reflections are enhanced
over cloud models or flat surfaces. Although pits come in all shapes, the
concept is illustrated at opposition in Figure 1 using hemispherical pits.
Two reflections will always occur in Figure 1A if a ray enters inside of
the center circle, so the geometric probability is proportional to the
circle area. If a ray enters the annulus outside, three or more
reflections will occcur with a probability proportional to the annulus area.

The relative probabilities are approximated knowing that the circle

-4 -
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FIGURE 1., This illustrates an optical

S ARE.A preoperty of pits., At oppoaition 2 heni-

spherical pit creates about four times as

DOUBLES AREN7 ’ many double reflections as singles. ill

SINGLES
AREA

higher muitiples are about equal to the

amount of doubles.

A more realistic surface behaves
¢imilarly to the hsmispherical surface, but
depends on the extent of the surface ruggedness.

seveRAL Y WID
N DEPTH
WIDTH —» L—
R) SINGLES B)FORWARD - DOUBLE S C)BACKWARD DOUBLES

FIGURE 2. The angular distribution of the reflectsd light depends on the

average width to depth ratie of the surface pits. The angular distributisn

2130 depends on the type and dirsction of the reflection. Forward-going

doubls reflections are most consiricted in entrance and exit from a pit,
Backward-going doubles are least conatricted, with sideways doubles and

singles being intermediate, WID is a computer parameter preopoerticnal to -
the width to depth ratiec.
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radii are the sides of a 45° - 90° triangle. So, using the fact that the
sun of all probabilities equal wnity, we obtain
l’*1 <1/8
[ 7]
S
P3 +* Pu see = 3/8

we have arrived at the important result that the geometric probability of
douwble reflection is about 4 times larger than single reflection. This is
quite opposite to the impression gained from using random cloud models that
ignore the special character of a pitted surface. Of course, we have not
yet counted the single reflections that strike the external surface without
entering a pit. If such external areas were assumed equal to the space
between touching rownd pits, then the P1 geometric probability becames
about 1/4 instead of 1/8. P2’ P3 etc. are decreased proportionately.
Relatively simple observations of the rough airless planets allows
one to deduce that the propoi*tion of singly-reflected rays is very small in
the light emitted from them. Indeed, a convincing experiment can be done
with two sheets of paper - one of them glossy and one of them rough. Loo'i<
at the reflection of an electric lamp from the glossy paper, at all
possible phase angles. One can easily see the large increase of
reflectivity predicted by Fresnmel's equations at phase angles of 160-180
degrees. Note that this phencmenon identifies single reflection. Now,
repeat the experiment using the rowgh paper; there is no increase seen at
large phase angles. It is concluded that single-reflections from the rough
paper, and the rowgh planets, are highly attenuated - contrary to

conclusions based on random clowd models.
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On the Effects of Fine Dust

Electron microscope photographs of lunar surface particles by Bowell,
Dollfus, and Geake (1972) showed the particles to be heavily coated with
tiny particles of wavelength-sized dimensions (1 micron). This dust has a
major effect on the optical properties of the surface.

Because of the small size of the dust particles and this top-layer
location, the dust is able to reflect much more light than its proportion
of mass in the total surface layer would indicate, especially at
opposition. The opposition effect is a phenomenon duve primarily to
shadowing by the large particles on a surface (particles which are cpaque
to the light being cbserved). When not in shadow, the dust particles
adhering to the bottpms of pits enhance the reflectivity. If the dust
particles are not opaque, which is to be expected if they are small, then a
large fraction of the light refracted into them is reversed by internal
reflections and emitted to the observer. The bottoms of pits and other
areas are then much brighter than if the dust were not there.

The presence of fine dust might be detected by measurement of the
anplitude of the opposition paak. Knowledge of fine dust presence may be.a
useful clue to the history and camposition of the body observed.

Calculations of the camputer model for the Moon and ccmparison with
measured properties of lunar rocks lead to the deduction that the Moon must
have considerable fine dust. Otherwise, the reported average size (about
20 microns) of particles is incompatible with the lack of specular
reflection from the Moon.

Because dust, if present, is the first reflecting layer, it is of

prime interest. Especially so since the attention of research activities

has tended to overlook the tiny volume of dust in favor of the more
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interesting large particles and rocks. It has become very easy to assume
that the optical surface consists o the particles and rocks rather than
the inconspicuous dust.

The computer surface model can accommodate one surface layer which
can be particles of any size (an average size is assumed). In the model,
the uppermost layer gives rise to the diffuse component of light which is a
function of particle size, indices of refracticn, wavelength, ard the
angles of observation. If there is no dust, the diffuse component is due
to a layer of large particles and a comparison of observations with the
model will yield relatively small values of absorptivity (because the
particles are large). If dust exists, the comparison will yield large
values of absorptivity (because the particles are small). The product of
absorptivity and particle size can be closely estimated from measurements
of the amownt of diffuse light. Accordingly, computations of absorptivity
and size using measured data is one means of identifying dust presence;
Another means may be in matching the shapes of photometric and polarimetric
ceurves,

It is interesting that the Moon possesses a two component (in size)
optical surface. The reasons why this has occurred are not at,'all clear.
It would probably be a mistake to assume that two-size optical layers have
occurred elsewhere, since all size combinations appear possible. In the
case of small asteroids, there is reason to believe that dust created by’
meteoritic impact mvight not be retained by the low gravity.

Calculating Fine Dust Effects

The presence of fine dust particles adhering to large particles not
only has interesting consequences concerned with the capture of light rays.

It also brings to mind a concept put forth in a poem by Johnathan Swift
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(1865), later paraphrased by Fielder (1920).

"Big fleas have little fleas to

Plague, perplex and bite 'um,

Little fleas have lesser fleas

and s on.... ad infinitum."
The application of this concept to airless planets greatly reduces the area
available for specular reflection. For, if one takes the area of
outjutting particles as ~-/ 25%, and this area in turn is covered with
smaller particles, and =0 on, then the net area of specular reflection is
25 x .25 x .25 . . . ad infinitun. In the model here, the effect is to
increase diffuse light at the expense of singles, while double reflections
remain abéu‘c the same.

It is probable that the lunar surface reflects relatively small
amowmts of singles. This would ba reflected in polarimetric data
as a decrease of P (Max) and increase in P (Min.). Bowell,
Dollfus and Geake (13%72) have compared the optical properties of luar
samples with adherent dust against the polarization found for laboratery
materials and noted the decrease of amplitude of maximum polarization
P(max) accompanied by an increase of P(min) amplitude in the lunar samples,
as would be expected from this concept.

In this model, fine dust is accownted for by a factor DUS which has a
value 1.0 for to%al dust coverage, and 0 for none. Note that FORTRAN-style
notation, such as "DUS" will be used for some mathematical variab-leS in
this article, especially those that actually appear as such in the FORTRAN
program given in the appendix.

The Single Reflections of the Model

Assune that the incident sunlight is unpolarized. After each




reflection from a surface, Fresnel's laws state there will be a component
of light, E, , polarized perpendicular to the plane of incidence, and 2
component, ¥//, polarized parzllel to the plane of incidence, The

reflection coefficients for the two components are taken as

xz2|e ;= |ebf2/|abf?  and (1)
Ye2 |y = e-b|?/es)? (2)
where a = cos i
b= (m’2 - s:‘.nzi)”2 (3)
c= mzcos is= maa 4)

and i is the angle of incidence, equal to half the phase angleG , and m is
the complex index of refraction defined by m = n(1-i X ), and I, isthe
intensity of incident sunlight.

The polarization fraction P is given by

P = (X-¥)/(X+Y) (5)

Thé singles intensity function is composed of two terms. An
opposition term depending upon reflections from pits and affected by
shadows, and a term due to reflections, external to pits, unaffected by
shadows. Both terms can be diminished by the effects of fine adhering
dust,

For the opposition term, it will be assumed there exists an averazge
vidth/depth ratio, WID, which characterizes the pits of the surface, as in
Figure 2. At phase angles G WID, most of the surface is in shadow and the
value of the term falls to near zero. Using an exponential to represent

the function, the term is,

-10-
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opposition intensity gCﬂIg_D_U - DUS) exp( - G/WID)Z (6)

The opposition term becomes zero for singles if the insides of the pits are
covered with dust that absorbs or converts all the incident light into
diffuse light.

The externally reflected term requires choosing that fraction of the
surface which is exposed and available for specular reflection. This
fraction, EXT, is expected, as discussed, to be in the range 0.1<EXT<0.3
for meteorite-impacted surfaces, but conceivably could be different for
exotic surface materials.

Summarizing, the singly-reflected light intensity is given by

2
1, zsfsxr (1-DUS)SHAD + WID (1 = DUS)(exp(G/WID) jg . Y} (7)
A Commerit on Reflection of Singles

The absence of intense re‘lection of light from the Moon and Mercury,
at near grazing angles of observation is Prima Facia evidence that single
reflection is .small . because Fresnel's equations predict reflectivity
(for singles) of 40% to 100% at phase angles of 160° to 180°. This strongly
suggests that the factor EXT (external specular area) must be small .
in the computer model, or that DUS (fraction of fine dust coating) is
large  or a combination of both.

On the other hand, Mars, the Asteroids, and other outer planets and
moons have never been observed at large phase angles, so the possibility of
significant specular reflection of sinéles exists. The astercids,
especially, may be strong candidates to show some specular reflection,
since some of them may be still youwng since formation by molecular

condensation, and their small gravity may not retain fine dust created by

“ll=
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meteroritic impact. The variation of the factor EXT and DUS in the
computer model can show predictions of photopolarimetric curves for
comparison with observations, and so it may be possible to detect such
bodies even though observation at large phase angles is prohibited,.

A second conclusion is that models and theories of light reflection
from rough surfaces which are based upon an assumed domination by single
reflection, are fundamentally unsound. The results of such models should
be used with great caution.

The Doubly-reflected Light Function

The computer model of Wolff (1975) which made a many-rayed simulation
of double reflections at all poss.{ble angles wés convineing and yielded
auch information on the processes of light reflection, but the extreme
complication of the computer routine made it cumbersome and not amenable to
analysis, Using the experience of that model, a simpler analytic
expression has been devised in which fowr rays, one in each of fouwr
quadrants, are used to calculate the properties of doubly-reflected light.
The new expression must still preserve the important properties of
double reflection which aré: :
1) the net reflectivity depends on the product of two reflection
coeffients;

2) intermediate light paths into left-right quadrants are calculated
separately from paths going into forward or backward quadrants;

3) shadow attenuation can be applied to the forward quadrant paths,
in accordance with the shadow geometry of a rough surface;

4) the net polarization calculates to zero at opposition; and,

5) the dependence on phase angle is closely preserved.

The four representative intermediate-path rays can be chosen in many ways,

-]P=-

it e,
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but one apparent choice is that ray which points directly through the
center of each quadrant; i.e. exactly forward, exactl: backward, left and
right. These have the required properties, but the net reflectivity is
about 20% less than the whole quadrant integration, so an adjustment facter
of about 1.20 is in order.

In the left and right quandi'ants, the average intermedlate path is
always at right angles to the incoming and outgoing rays, so there is very
little chainge of tt;e average angles of incidence which are about us°, 1t
is therefore sufficient to use a fixed representative ray i:ath to calculate
reflectivity.

Although the angles of incidence can be fixed at 45°, the change of

phase angle causes rotation and requires the use of the matrix calculation

of Wolff (1975):
[x(u5%) , Cfxwsd ), (1
é(us% ) iz (ms# (I; )

(% ) -le

These are greatly simplified because of the constant angle 350, 50

= I Miz|=|CosS (G/2)  sin3(G/2) l

Mzo Sin® (G/2) Cos“(G/2) |

where X(45%) and Y(45°) are reflection coefficients at 45°, I, and I, are ’
the initial light components (we have chosen wnity), and XZL and YZL are
the final double-reflected light components in the lateral (left and right)
directions.

Only one such calculation is needed for each phase angle instead of
hundreds as before.

The matrices containing sines and cosines of G/2 account for the

-13-
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interchange of Fresnel components as the phase angle changes from 0° to
1800-

In the forward and backward quadrants, the angles of incidence of the
average rays at the two surfaces change in direct proportion to the phase

angle, so the representative reflectivities become,

Forward quadrant: Xop

1.2 [x<us° + G/4, MR, MI>]2

Yoy = 1.2(Y<u5° + G/, MR, MD)]2 (9)
Backuard quadrant: ( Xpg = 1.2 (x(4s° - G/4, R, MD)] 2
Yop = 1.2 (x(45° - G/4, M, MD) )2 (10)

Probability Functions for Doubles

In addition to computing the reflectivity of the two surfaces, it is

necessary to compute the geometric probability that two reflections will

oceiwr in the surface. An assumption is used here that the probability not

used by refraction or by singles reflection, will be evenly divided between
dowles and higher ‘order reflections - as was found for the case of
hemispherical pits. Maximum doubles probability oceurs at oppesition.
There are two terms of the maximum doubles probability; one term is
due to reflections from inside of the pits, and a second term is due .to

dust-covered area outside of the pits. If there were no dust, the outside

area results totally in singles. These two terms are:

GP2 = maximum doubles = 1/2(1 - EXT) + (EXT)(DUS) (11)
geometric probability

Equal number of incident light rays must go into each quadrant at

-1la




opposition because of symmetry. It will be assumed that this is
approximately true at all phase angles. To support this, one observes
that polarization of the Moon and Mars are almost independent of the angle
of incidence. Note that phase angle independence is not assumed - quite
the contrary.

The probability of doubles escape from a pit depends on the phase
angle in different ways for the different quadrants. This is because
of the different anqular paths taken by the rays as illustrated in
Figure 2A, B, C. The forward rays are cramped for space to make two
reflections and therefore a narrow exponential function with half the
angular pit width is used as in Figure 2B. The backward, left and right
quadrant rays are not constricted as the singles,so the exponential
expression to express thePbhase angle dependence has four times the width.

Summing up, we ¢an now write the intensity of the doubly-reflected
light as the product of the reflectivity and the geometric probability,

as follows:

Left/right: IZL= 12R= IS(GPZ) exp(~G/4WID) (X2L+Y2L)/2 (12)
Foward: Ine= I5(GP2) exp(-26G/WID) (Xpp+¥yc)/2 (13)
Backward: IZB= IS(GPZ) exp(-G/4WID) (XZB+YZB)/2 (14)

where the left and right quadrant contributions are identical.
The total contribution of doubles is

+ 1 (15)

12= 12L+ I2R+ I28 oF

-15 -
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II. A NEW FUNCTION TO COMPUTE DIFFUSE LIGHT

We seek a particular mathematical description of a well-known
property of 1light diffusely reflected from particles. It is commonly
observed that colored crystals appear white if they are finely grownd.
This is because light paths through the crystals are shorter when finely
ground, and the total surface area is larger. Accordingly, the reflection
opportunities, which appear white, are increased and the absorption
opportunities, which produce color, are decreased. This phenomenon is an
example of the calculation sought. Specifically, we want to find an
expression for the emitted diffuse light as a function of particle size and
the optical indices of the particles.

The advantage to be gained from this approach is that by using the
measured albedo and an estimation of the real index, a calculation can be
made of the product:

(particle size) x "imsginery index)

Then, two measuremen:s at different wavelengths, displaying different
absorption, will yield an unambiguous particle size. Further measurements
confirm the result.

This approach consists of four steps. First, the amomnt of light
which enters the particulate sgrface is calculated. Second, the distances
travelled inside the particles are calculated. Third, the amount of light
emitted into the source semisphere is obtained, and finally, a normalized
angular distribution function must be added to provide isotropic (assumed
random) angulax; emission.

Step 1: Light Entering the Surface.

=16

stk
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The amount of light refracted into the surface particles can be
computed by assuming that all angles of incidence are equally likely, which
is reasonable for a random jagged surface.

The weighted average ccefficient of refraction, designated REF, is
the integral overall angles of incidence, a:

/2 .
REF = 1 -:/__‘:5. %lg((a,m, MR) + Y(A,MI, zm-)7 da (16)

)
which can be numercially integrated easily in a computer program. For

purposes of analysis, a simple approximation can be used,
REF >~ 1 < 1/2 (x<u5°, MI, MR)-»-(Y(ll5°, MR, MI)} (17

where the integral has been approximated by the value of the integral at
the center (45°) of the integration range. This is perhaps no more than
5-15% in error.

Step 2:and 3: Light Paths Inside and Escape from the Part.ides.

After a photon enters a particle, it will bounce around inside by
internal reflection, until it either escapes by striking a walll at an
incident angle which is less than the critical angle, or, it will be
absorbed. It follows that the length of the path traveled inside depends
on the real index of refraction through the critical angle, on the size of
the particle, and on the imagi..nary index which governs absorption.

The probability of escape depends on the size of the "Cone of escape"
whose apex angle is the critical angle and which is formed arownd a
perpendicular to the wall. If all angels of striking the wall are equally
probzble, then the escape probability is the ratio of the escape-cone

«lT=




solid-angle to the solid-zngle of a hemisphere (2vr radizns). - However,
since an escaping ray can be emitted into either the outside hemisphere
(really escapes), or into the planetside hemisphere (gets trapped again),
the true probability of escape is 1/2 of that ratio. The escape cone solid
angle will be dnoted CONE(n). For an index n=1.6, CONE/4W =12%.

The emitted ray intensity at the Nth reflection is

ATy = - Iy CONE/UT AN (18)

By regarding N as a functional variable, with little error, the above

expression integrates immediately to

IN = IN-1 exp(=N CONE/4w ) (19)

If the sulistance of the particle is absorbing, then the ray will al.~.
be diminished between reflections by absorption while trévelling the paths

of length N x D, where D is the average distance between reflections -

about the same size as the particle diameter. This can be written

IN_1 = Io exp (=KDN) (20)

where I, is the intensity of a ray when it first enters the particle and K
is the absorption coefficient; K = 4 (MI)/ A

Combining Eqns (18, 19, 20) yields the 1light emitted at each

reflection

O Iy = I, exp(-N(KD + CONE/4T)) x (CONE/4T )AN

-18-
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The total emitted light is obtained by summing this expression over all
reflections from 0 to ©© . Again, to avoid a cumbersome procedure and

result, an integral can replace the sum with little error.

ol
2 an” -ﬁ: exp(=N(KD + CONE/4®)) x (CONE/4+)dN (21)
-]

©

Integrating and replacing I° with ISREF, yields

I3 = Diffuse emitted Tight IcREF/(1 + 477KD/CONE)

I REF/ (1+ (4,“.')20'\MI/CONE] (22)

where Ig is the illuminance of the sun at the surface of the planet, qa.is

particle diameter in wavelengths, and REF is Eqn. (16 or 17), already obtained.

Equation (22) is the expression sought. It provides the intensity of
diffuse emitted light as a function of the particle size D, and the indices
of refraction, MR and MI which are contained in CONE, REF, and K. This
result is somewhat surprising. One might expect an exponential attenuation
of light to yield a sharp darkening as absorption is increased rather than
the simple inverse relation obtained. But the summing of many paths
results in a less severe attenuation.

Step 4: Angular Distribution of Diffuse Light from a Planet.

It is evident that diffuse light from a planet travels the least
distance throuwgh the planet's surface in reaching an observer, when it
comes from the sub-earth point and is at zero phase angle. At larger phase
angles, the path through the surface assumes greater and greater values.
The derivation of a function which describes the attenuation due absorption

along the path is given by Wolff (1975, p. 1402). The result is classical

-19-
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and termed the Lommel=Seeliger function (L-S). In terms of the phase
angle, G, and the longitude, L, it is:

ATTENUATION = 2 cos(G-L)/(cos(G-L) + cosL) (23)

In order to approximate the opposition effect, one can arbitrarily
divide the light of Eqn. (24) into halves, one half of which is subject to
opposition shadowing, thus Eqn. (24) is multiplied by

Opposition factor = % + %exp (G/WID)

We can now reach our final conclusion by combining the above with
the new result shown in Eqn. (22), and thus obtain a complete expression
for diffuse light from a rough, particulate planetary surface:

PLANET"S DIFFUSE LIGHT = IS 2 REF cos (G-L) (3 + %exp(G/WID))
(1 + 4%KD/CONE) (cos(G-L) + cosL)

(24)

The physical interpretation of Eqn. (24) is that light enters a
particulate surface and along its path successively enters various particles,
bouncing around inside of them, exits, enters, etc. and eventually a part
of the light reaches the surface and goes to the observer. Two photon
capture probabilities are involved, one is capture by a particle and this
probability increases with phase angle, G, and depends on L; the second is
capture by the crystalline lattice inside the crystal and this depends on
particle size, its length, and the indices of refraction.

Eqn. (24) is a new result. Its ultimate usefulness and aczuracy in
describing the emission of diffuse light remains to be tested by

observation.
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Case of An Entire Planet

If the entire planet is in the field of view of the measuring
instrument, as must be the case when observing small objects, such as
the unresolvable asteroids, the total signal is the integral over tne
visible, illuminated portion of the planet. A spherical body will be
assumed.

The differential element of area in the integral must be a projection
of the planet's surface onto a plane perpendicular to the line to the
observer. Reference to Figure 3 provides an element dA = (R cosL cosl dL)
(R d1(1 - cosL(l-cosl))). R is the pianet radius, L is the longitude and
1 is the latitude. The illuminated part of the planet lies between
longitude - W'/2 and longitude 77/2-G. '

The integrand must sum over the three components of light I_, I2

1
and 1,: Z,.7lG
I(planet) = E(sun I + I + I A
-7

- T

where the three componths are given by Eqns, (7), (15) and (24).

The integration over latitude 1 is straight-forward and results

T -G

I(planet) = R2 dLﬁ(cosL)+coszL(7/72 - 2)] [11 + 12 + I3J (25)

-

W

There appears to be no ready integral for Eqn. (25). If I = f(L),

so in the computer model, this integration is carried out numerically.
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Terminator of the Planet

RAL cosl casl

At the location of the terminator, a function of G and L, the
intensity of 11, I2 and I3 must go to zero. Eqgn. (23) accomplishes this
for I_. For I1 and 13, an approximation for the visible, illuminated area

3
of a particle is useful:

SHAD = 1 + -—r—%ﬁ—

This is used as a multiplier of I1 and 12.

RAQ(1-cosL (1-cosl))

FIGURE 3, Intsgration over the visible

illuminated surface of a planet uses

an srea element projected onto a surface

perpendicular tothe observer,
Diffusely-emitted light has a different

angular dependence than singles or doubles

and has a greater dependence upon leongitudee.
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ITT. COMPUTER PLOTS OF THE NEW MODEL

The following sets of figures use the new surface model to plot
quantities which are observable, as well as the separate components of
polarizatinn and light intensity which are not observable but of interest.

At first, the main goal of the plotting program was to produce a
model which matched the Moon, since we know mest about that surface. This
was done by choosing suitable values of the parameters DUS, EXT, real
index (MR), imaginary index (MI), pit width/depth (WID) and longitude.
After those values were once determined, they were not altered during the
production of this entire group of figure sets, except for the variation,
one-by-one, to illustrate the effects of each parameter, shown in the
figure sets.

The unusual discovery was made that by changing only MI, it was
possible to reprcduce the characteristics of much of the CSM taxonomy of
asteroids. This is discussed at length in what follows. The quantitative
matching of computer results with observations over a broad range of
paraniters and measurements is quite remarkable in view of the diverse
properties concerned and the complex nature of the functions involved.

It is concluded that the model can be regarded as quantitative for many

purposes.
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IV, THEORY OF THE POLARAMETRIC NEGATIVE BRANCH

Beéides indicating the presence of a pitted regolith, the negative branch has
the potential of providing useful informetion, especially for the outer planets
vhich are only visible 2t smell phase angles. It follows that there is 2 need
to understend the formation of the negative_branch in ouantitative detail so
as to make use of the numerical information available., This section describes
in detail the light components which contribute to the negative branch,and,
formulae are derived for the approximste position of the inversion angle and
the polarization minimum,.

Figure '% is a plot of the four components of light which contribute to the

negative branchs
|
I

Y

40°
PHASE ANGLE —s

I
t
|
|
)

TOTAL = SUM OF COMPONENTS
|

POLARIZATION COMPONENTS —
! '
: o
e P

!
t
]
|
N 2

-2.0.

FIGURE | =, The light components which m2ke up the negative btranch,
The polerization minimum depends on functions of the pitwidths only. But the

polarization inversion angle depends on the pit functions in competition
with the specular polarization from external surfaces.
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There is a common misconception that the angle of minimum is half of the
inversion angle and therefore measure of either provides the same information.
It is evident from the ebove figure that neither of these is true. The two i
angles are related to separate factors.
The components in the figure srethose which contribute to polarization, and are
defined with respect to the plane of vision (Sun=object-Earth) which is the plane
of symmetry. Double-reflecting rays which go either side of the plare and then

forwerd are termed sideways doubles. They are the .cource of negative polarization.

Rays which reflect twice &nd sta& in the forwerd quadrant are termed forwarde
doubles, They contribute little to the positive polarization because of repid

attenuation in getiing out of the pits., Backward doubles are big contributors to

positive polarization because their psth makes it easyto get in and out of pits,.

The lLocation of Pemin .

In the figure nesr the locetion of P-min, the two most rapidly changing
components are the sideways doubles (=) and the forward doubles (+) . When the
rate of change of thelr sum is zero, 2 minimum occurs, The other two smaller
components canbe ignored, beczuse they are both + , but since one is decreasing and
the other increzsing, even their smell contribution is nullified.
accordingly, the minimum occurs when

d 2o ofs)|2 dxfev(-6/]

where G is he phase engle, S amd F are constants derived from pit width/depth,

. fter carrying out the differentistion, teking logs of both sides, and solving

for G, the result is Gwin) 2 (&M( 2, ¥/ 9)

Thus the phase angle of P=min depends meinly on the geometry of the pits

x WID

through the angular attenuation constants F for forward doubles, arnd S for
sideways doubles. For example, if we use the values used in the computer program,

S =L, F=l, and WID = .20, then G(min) *¥ 8 x WID = 9°,
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This approximstion is gord if C{min) is small, say less than about 1L° .

At larger angles, the approximation breaks down because of the presence of
single (+) polarization which will mzke the observed angle small then the
celculated approximstion, This can be deduced from the figure.

With this understanding of P=min, one is immediatelyvled to ask, Why do
the asteroids have smaller pit width/depth ratios thax the Moon, Mars or
Mercury ? and What is the character of asteroid Ceres 1 which has an
unusually low G(min) = 70 2

The Inversion Point

The point of inversion occurs when the sum of all components is zero.
From the figure this condition is

-G
singles polarization (EXT,DUST..)+ e /B = 2e

~G/S

It is not convienient to go further with this relastion because of the
complex dependence of the singles polarization on dust, external surface,

Mi, MR, 2s well as the pit geometry. However it is possible to eStablish

a8 useful gqualitative principle. First, establish that backwards doubles and
sideways dounbles have a2 fairly fixed ratio regardless of the type of surfzce.
This is true,exactly,at opposition because both kinds of rays follow the

same kinds of paths with average reflection angles at L5° for both. As phese
angles become lerger, the sideways-doubles sverage angles still remsin neesr
L5%,while the average angles for backwards doubles is 145° = G/2 . If G is not
too big, both types of double rays are z2ffected 2lmost t he same,

It follows fromthe above thatthe most significant effects on polarization

near the inversion point are due to the intensity of singles relative to

doubles. Now, combine this idea with the geometric principle (discussed
elsewhere) that the sum of pitted area (produces doubles) plus non-pitted
area (produces single) is 2 constant, and we arrive at the general qualitstive

principle that : The Inversion Point is in Indicstor of the Relative Amounts

of Pitted and Non-pitted Area . If pits are relatively larger, the inversion
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point moves to the right. If pits are smaller « +to the left. This ’
principle is good enough to merit quantitative calibration using laboratory
objects.

Proof from Observation and Anelysis

Ample evidence is aveilable to substantiate these conclusions, Moon
measurements 2lways show an unchanging G(min) if wavelength is varied, but
G(C) chenges. This is because G(min) depends on pit ratios which don't change.
In the figures of this report where EXT or DUST ere varied, G(O) always moves
right if these two factors are increased, This is because they increase the
pitted area, Laboratory szmples show the same effect. Wnen looking at wavelength
dependent data, recall that the measure of size should be the wavelength itself,

so thet increasing wavelength tends to decreazse non-pitted area,
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V. THE COMPUTER MODEL COMPARED TO CSM TAXONOMY

This surface model has provided results which may be closely compared to
the CSM Taxonomy of Eowell et al (167€). Fxamination of the mathemetics involved
show that this hes occured because the new .odel provides  quantitative
expressions for both diffuse light and specular light. The older model had
no computetion for diffuse light; it merely lumped in the req:iired amount to
obtein the desired reflectivity.

Tepecielly, the diffuse light equation, which is a new result, is dependent
on particle size, wavelength and both the real and imaginery indices:
of refraction, This res:lts in & precrer reletion between those factors when
computing difluse light and when computing specular light, This importznt
eddition to the mouel end the resulting quantitaiive agreements with observetion
provide confidence thet the mouel cescribes a pitted, perticulete surfece

characteristic of airless planets, in an accurate fashion.

Tvo kinds cf Reflected Light

The behevicr of the new medel beccmes clear if one keeprs in mind how the

FIF

*vo xinds cof light, speculer znd diffuse, chenge &s the imeginary index changes.

Liffuse 1light ic meinly due to light which enters rerticles, travels
threugh them wihile undergoing several internsl reflections, end eventuelly
emerges £fter come ebsorbtion. {s the sbsorbtion constant (imeginary index)
is increased, this diffuse light steesdily decrezses in amplitude eventually
reaching almecst zero, Uthen the imaginary index is smell, diffuse light
dominates over the specular (singles and doubles) light. However, there
arrives s trensi*tion value vhen diffuse and specular light are zbout equal.
Ther,"urther - " rease of the inaex allows speculer light to dominate.

The specular light tasiczlly depends on computations of Fresnel's equations

the results of which are modulzted to zccount for the effects of the pitted
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Fipure |&. This fipure wes prepared for comparision with figures 1 end 2 of
T Fowell et 81 (1578) which show color indices zgainst 2ltedo in
# scattzr-iizgram cf a few hundred ssteroids, Those figures form the besis
i for the CIW “4excnormy o gterclds,

et b ani el

of asteroids is excelien

3
.6

.
I this computer model with the 5,0, and M groups
. In the Jigure, as you mcve along the hesvy line

veginning stthe C-range, the imaginery index of refraction (ebsorbtion

constant) stesdily increzses.

, The ouantitaiive egreement with zsteroid meesurement is all the
i more remarkstle in view of the fact thet no adjusteble parameters heve been

used for fitting, The ertire computer model was created, and then matched at

orly one point: the Moon, atthe point Femin = 1 £ anrd reflectivity = ¢ ¢ .
From thet time onwerd, all calculations have been mede with the

same mocel. In view cf the non-linezr, complex functicns for the two verizbles

rlotted sbove, agreem=nt by coincidence secems impossible,
When making nunerieccl comperisons, keep in nmimit
model cont
(=]

g
model materiel would appear 2s neutral shedes of gzay.
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Figure '7 . Thie figure was prepared for comparison with figure 3 of
Bowell et al (1978), which is 2 scatter-diazgram of asteroids
using similer coordinates. Their diagram displays the grouping of the CSM
g taxonomy.
, The zgreement on the location of the S and C asteroids when
comparing the computer model with measurements is very good, however the
model's velues of Pemin ere fzr too large in the M=-range, or what ought
tc be the M-range. They run off scale above,
The puzzle is complicated by the lack of knowledge of the
E resl observed ! asteroids. It is not known wvhether, in fact, they possess
| surfzces, meterisls, or any cheracteristics ccmpareatle withthe assumed
comp:ter model.
Howvever, the computer model itself may be unrezlistic for velues
: of the imaginary index in the metallic speculsr range, The large computed
7 velues of F=min, 3 to & percent, are 2 result of the assumed presence of
rits and particles made of glittering metalllc material., Is this a correct

: Czr' description ? It might also be that the metallic material of the M asteroids
QJ is & malleable sort and does not form the pits znd particles assumed,
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surface. Yhen the imaginary index is small, Fresnel's equotions are practically ‘
unéffected by chenges in the index. As it is increased, reflectivity slowly
increases, and there arrives a value, zbout MI = O.1, when the speculer light
is sbout equal to the decreasing diffuse light. At larger values of the index,
the specular light increases rapidlye. However, it should be noted thet both
the parallel and perpendicular components of the Freenel calculation increase,
but unequally, so that the weaker asymptotically approzches the other's value.
close

Thus, polarizetion gravelly comes/to zero for very large velues of the ineginery
index,

These cealculations are strengly besed upon the physicel laws of optics.
Zven though one might cuerrel with the details of diffuse reflection or th
formation of the negaetive brarch, the general trend of reflectivity &nd polarization

are inevitsbly in zccordance with the model. Lceordingly, the evidence for the

-

model's interpretaticn of the CE

"

1 taxonomy is equally strong. Figures 16 and
_\7 have beer prepered using the same kind of coordinates and showing the same
ranges of C, & and M asteroids as di;played by the authors of the CSM taxonomy
(Bowell, etal, 1978) . The coincidence of these diagrams, and other numericsl
egreements, can herdly be accidentel  especially in view of the complex variation
of the diffuse and specular light, aud the fact thet tuere are no adjustable
perameters to create "fits" .

The Albedo Rules

Rules have been variously propcsed and used to obiain the albedo of
unresolveable planets using the slope of polarization, meximum polarization,
end minimum polarization as 2 function & the phase angle, Figures lii and.léL_
hzve been prepared to show how these rules appear from the calculetions of the
computer model, In 2ll three cases, the computer model produces a guantitative
agreement withthe empirical rules in a linear range which corresponds to the
S asteroids and pert of the C asteroids,

These dizgrems can be used to deduce reflectivity in the usual way, or
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Figure | £ . The Computed Polarametric Slope versus the Computed Albedo, and some
Compezrisons with Asteroid measurements.

The computer model agrees well with the measurements of asteroids, and
supports the contcntion of Zellner thst the Slove=2lbedo rule is linear 3 in the
S=range and part of the C-range, There is 2 saturation of the polarimetric slope
in the Me~range, due to the transition of reflectivity dominance from the diffuse
mechanism to specular reflection,

The smzll diagrams in the lower left and the upper right show the mzgnitude
and direction of corrections for conditions of diffuse light and rezl index
other than "hat assumed for this figure.

The fact that the correction vector for point-particle diffuse light is
parallel to the linear portion of the Slope-zlbedo Rule means that calibration
error due to thiscause will not occur, but subsequent use~error will be concezled;
i.e., C=cbjects with extremely fine (d<2) dust will be misinterpreted too far
towerds the S-range,

There is a theoretical minimum albedo of 2.5% for pitted, particulate bodies.
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Figure '1¢ . ieximum and kMinimum Polarization From the Computer Model,
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These two curves show a theoretical version of' the corresponding rules to

obtein albedo from P-max and Pe-min, These rules are not as reliable, it is thought,
2s the Slope-zlbedo rule. The reason, discussed elsewhere, is that errors in the
Pemin and P=mex rules zre opposite and tend to cancel in the Slope Rule.

The computed P-max Rule computed here agrees well with observations, however

the F~min Rule here is drasticazlly violazted in the metellic M-range by asteroids
presumed to be of this type.

does

Rezsons for the V=-range failure could be : the pitted,particulate model
not describe objects in the M-renges or, there do not exist any M=type

cbjects, i.e. metallics with large 2bsorbtion and pitted surfaces.
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conversely, if the reflectivity cenbe measured by an independent means such as
rzdiometry, then the variation fron the computed curve canb e used to deduce |

veriations from the assumptions of the computer model., Potentizlly computeble

e

variestions include the reel index cf refraction and the existence of very fine
dust vhich causes diffuse light by peinterarticle diffraction,

1

The “aximum end Minimum PFolarization Rules

Figure 19 shows the computed rules. These rules have been found empiracally
to be less accurzte than a Slope-zlbedo Rule and the model offers a2 logical
reason for tnis. Maximum polarization of the the positive branch depends on
the amount of singly-reflected light compsred to the diffuse light. The singly-
reflected light, in turn, depends on the amount of specular erea visible on the

: plenet. Arny veristicns of that erea frzction must produce errors in the rule.
Similerly, the minimum polarizetiorn rule derends on the amount of doubly-
reflecteu light comperec teothe diffuse light.The doubly-reflected light, in turn,

derends on the amount of pitted, particulste srea visible on the planet. Any

«

ariztions of thet erea fraction proauces errors in the minimum rule.

Toe Polarization Complementerity Principle

L very uselvl nprinciple for interpreting polarinmetry can be derived from

a2 sirple geemstric ccneept concerning ezirless planets. It cen be steted,

"h gecmatry-dependent Increzse of Tositive Folerizestion is Llweys Lecompanied

23]

» ¥ a Decrezse of Yegative Folerization" . It follows from these three
| essumptions @
| 1) On a planet, the arez of pits plus the erea of non-pits is z constant

(ecual tc the totael arez).

£) Pits produce double reflections and negatively-polarized light.

D e

3) Yonepits produce single reflections ard positively-polerized light,.
Thus, if the surface siructure of 2 plenet should very from some norm which,
say,characterizes an albedo rule, then the singly and doubly reflected light
vill vary inversely, An zlbedo rule cdependent on the positive branch will
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F rave an exrror, but the albedo rule which depends on the negative branch will have
the opposite error. Another example : If a geometry=-dependent variztion should
occur in the study of polarization inversion angles, then a change which increzses

the positive branch will decreasethe negative brench and the inversion point will

move tothe lelt. Urrositely, a variation decreessing positive pelarization will

cause tnhe inversion ¢ gle to move to the right.

The Slope=altedo Rule '

In z review of albedo rules, Bowell and Zellner (197L) cleerly show that

the empirical scatter of data is least for the Polarization=slope Albedo Rule.
% The computer model provides a logical reason why this should be true. It results
from the Polarizetion Complimentarity Principle a2nd the fortuitous choice of the

inversion point to measure the slope. This point lies midway tetween the domains

of the positive and negative polarization brenches. If geometry-dependent variziions

-

fron the Rule norm should occur, ther by the frinciple, oprosite changes occur in
the nesgetive z1d positive polarizetion “rauches which tend to cancel eacﬁ other
in the slope. If the readsr is not convinced, s little pencil and paper work
creving the slopes is cuickly cenvineings You will 2lso notice, in pencil
Giagrems, that slthough the slope remeins constent, the inversion angle moves

1 tothe left or right, depending or the type of variation chosen, as reguired

by the Frinciples
Lespite these adventazes of the Slope-albedo Rule, examinetion of Figure [&

shows that the . linear rule may feil completely for some derk C objects end

e Sy T T

metzllic objects. The double brench of the computed rule suggesis that sone
M or C objects could be confused with each other, if indeperdent means is not
used to cetermine on which rortior of the curve an obJject. lies.

: L Yew Reddening-Llbedo Rule

Figure 20 shows 2 plot of reddening vs reflectivity as computed using the

' surface model., Like other rules, it has & lineesr portion and 2 second branch.
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REDDENING, magnitude per degree

i Figure 20. Reddening is defined a2c the increese of color ratio with

i increasing phese angle. The date for this figure was
obteined by mezsuring the slope of 'the computed color

F ratio curves. Reflectivity is takzn 2t zero phase angle.

i 411 datz refers to curves for the integrated whole planet.

It is interesting that in btoth the diffuse reflection region
end the specular region, the rule of thumb,"The Darkest Planets “how
, The Grestest Reddening" , is observed. However, there has never been any
i recognition of two branches to the rule, nor a2 failure of the rule in
‘ the M-range of ssteroids., Reddening measurements. have very large errors
which is why it hes been only a qualitative rule. Recent improvments in
the sensitivity of photometry might change this situation,
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It also probably is relatively free from geometry=-caused error, like the
Slope Rule, because reddening depends on the relative slopes of the diffuse
light compared to the slope of the sum of singly and doubly-reflected light .
If the reddening measurements are made at angles where the amplitudes of
singly and doubly reflected light are about equal, then geometric variations
in the surface will not rroduce errors. Such equality only occurs for the
very=-large velues of the imaginary index and at phase aﬁgles near zero, thus
it migh* be ureful for outer soler-system objects which are rnetallic, However,
this is some error cancellation for all values,

Unfertunstely, the reddening rules requires great sensitivity and
accuracy im the photometry, so that it would be useful only for bright objects.

kn Improved Polarization-minimum “ule

The P-min *ule for finding albedo is very useful for objects in the outer
solar=-system where phase angles are always small, but it lacks the error-cancelling
festure of the Slope=-zlbedo Rule, However, an improved P-rin ftule can have the

¢
errcr cagslling feature by using the inversion angle 2s a negeting parameter.

For example, en adjusted P=min is calculeted using
LDJUSTED P-IN = [1 + QLQ)_:_%_;( x F’-miil
kG, .

vhere Ga is an everage (calibrated) inversion angle and k is a calibration
constant. This makes z correction for the geometry=-induced errcrs in the
same wa;r &s occurs naturally in the slope=albedo rule, The shift of the inversion

engle G(C) detects the change of geometry and is used for correction.
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For a wavelength shift of 33 percent.

Figure 2 [ . This figure shows the color ratios teken from the computer plots
displayed in figures elsewhere. This color ratio is similar to .
color indices such 2s the U=V or the R/B index of Bowell et al (1978).

The color ratios and reflectivity numbers are taken from the

computer-generated figures at zero phase angle, _

| The small diagrams at the top of the page provide corrections

: to the curves for values of parameters different than those

assumed in the computer model. Note that the corrections are vectors.

; COLOR RATIO (difference in magnitudes) , computer model,
|

EPRODUCIBILITY OF THE
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Obtaining Added Information From Llbedo fule Varistions

If irdeperdent means is available for mezsuring altedo, then the variations
from the the vzlues expectec from polarization or reddening messurements, can be
used to celculate other narameters of the surface, Two important such paranmeters
are the rezl index of refraction and the amount of very-fine dust which causes
«ill1se 1light by diifracticn,.

Bach of these two parameters causes variztion of the computed reflectivity
with & unique vector on the appropriste diagram. A1l portions of the diagrams
can be calibreted with these vectors. Two examples zre shown on the figures,

The R and E Type isteroids

<

The R and E zsteroids do not appear to fit immedisely intot he series of
objects corresponding to an ordered variation of the imaginary index. However,
thiec conclusion is very tentative because there zre only 2o0r 3 of these objects
icentified, Nevertheless, such objects probebly fit into the computer surface
model because the only deviations of the objects are with respect to color, and
color due to molecular/stomic absorbtions is not modelled. Furthermore, the
rosition of these objects in the high albedo range mezns thet there is considerable
aiflise light end therefore color variations sre strongly present.

Lnother Model Correspondence

‘the computer wodel agrees with the CSM texonemy in yet amother way. In the
model there zre verious logicasl means to add color for S,N,Z end % objects, but
no we;r for the derk C trpes. &nd, indeed, there is only one observed C cbject,
arcng the hundreds which shows color. Asteroid 85 Io has 2 small pyroxerne bznd

sosorvtion, This cbservation seems mvsterious,
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VI. THE WAVELENGTH DEPENDENCE OF LIGHT
FROM DARK, ROUGH PLANETARY SURFACE

Introduction

An obvious means of deducing some propertic: of the surface of airless
planets is measurement of reflectance variation with varying wavelength.
| Such a measurement at one viewing angle will provide c~rlor information but
cannot distinguish a flat sheet from a rocky landscape. To obtain information
about the surface geometric structure, it is intuilively clear that the surface
g must be viewed at different angles seeking some variation as a consequence of
the surface geometry. In practice, this means obtaining color data at different

phase anglzs.

For this discussion, two sources of color variztion sre considered : Cne,
where the sbsorbtion of light inside the surface meterial is due to wevelength-
dependent interactions of lirc»t with the atomic and molecular energy levels. Two,
where the otserved color variations are to size and g eometric factors of a pitted,

i particulete surface such a&s that of the airless solar-system bodies.

The former variations are often seen as ebsorbtion bands in the reflectance
spectra., Such measurements and their analysis have been extensively carried out
by Mike Caffy and Tom McCord (1978), and Clark Chapman, to name 2 few investigstors
t in en esctive field, The results cen lead to identification cf some of the nmineral
types mzking up the surfzce, This computer model does not nodel this effect; instead
it is "neutral gray".

The second source is not so obvious because the color variations are mainly

due to the relative sizes of particles compared to wavelengths. Observeable color

e _ it i

changes are only significant when particle sizes are of t he same order as the

wavelength, say, A{d<Ii/, Several phenomena can occur. In particles which'trap!
E light teégrarily by internal reflection, short wavelengths are absorbed more
than long wavelengths, because the short wavelength path is a greater number of
wevelengths end thet is the factor upon which absorbtion depends, The result is

increasing diffuse light reflectance with increasing wavelength,
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Another phenomenon of the second type is the change ol the ratio. of
diffuseiy-reflected light to speculer light zs the viewing angle changes.
This happens becsuse 4iffuse light tends to emeege evenly at almost ell
engles, whereas single and double reflected light lends to emerge st angles
close to the incident rays, if the surface is a pitted one. Since the diffuse
reflectivity is wavelength dependent and the speculae light is much less so,
the result is z wavelength derendence on the phase ancie,

lhese latter twe geomesric effecte zre implicitly included in this
cemputer mocel cf & pitted perticulate surface,

Exczlenetion of The Reddening Effect

Ln unexpleined rhenomenon of the zirless rlanets is the reddening of
their reflected light with increesing phase angle. this has been observed
by Gehrels, Coffeer. 2nd Cwirgs (1%6L) znd Gehrels and Owings (1962) on the
Moon; on Mars by Irvire et al (196€) and on the asteroids by Wocley et al

(1955). *hese observers measured reflected 1light using photometers and band-pass

filters in the IR, visible, and UV wevelengths. Reddening wasr eported as an increase

of the ratio of long wevelength intensity compared to the shorter wavelength
intensity, as & difference of magnitudes,

Various explasnstions of reddening heve been suggested including 2) Mie
scettering from transperent particles of a dominating criticzl size, b) surfzce
roughness concentrated in wavelength-sized dimensions that produce suitable
difZrection, end ¢) electrostetically suspernded dust, No quantitative enzlysis

s resalied,

I

This computer surface model has been used to calculate reddening as a
result of geometric effects (but not due to molecular colors). Each of the
figure sets elsewhere in this report has a computer plot of color reztio as
& function of phese engles These plots a2gree perfectly with the observations

to the extend that observsticnel errors permit (errors are large). It can be
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.concluded tnat the geometric redcenirg computed is surficient to explain
the observations of the Moon and esteroids. There is & possibility that
molecular reddening may also increasethe effect on Mars,

Reddening to Investigate Surface Structure

As mentiored sbove, reddening measurements which take place at sucessive
view argles contain information sabout the three=dimensionsl surface struct.ure,
Ir principle, the same is true for polarization, and polarizetion cifference
measurements. For that reasson, 2ll of these plots have been provided in tnis
revort. Admittedly, I don't have any good scheme yet to use the polarizeiion

N
¢ifferences,

f There is 2 converse icez., If the rurfzce siructure cen be assumed, and of

course this assumpticon is implicit in all the zlbedo rules which rely on tne

existence of a'pitted rerdiculzate surfsce, then it is possible to deduce the

| reliectivity of the surfice. The polerizetion-zlbedc rules ere all well known,

’ tut readening has never been used in & guentitative way. However, there is &
qualitetive rule of thumbt, "The Derkest Objects Always show The Greatest
Peadening" . I believe thet the improvements in sensitivity of rhotometry
now mexe i poecsitle 4o cbtezin sufficiently accurste deta,

L Redcenirg-zluedo Rule has been plotted in Figure 2 0 using the slope of
the color ratio, versus reflectivity. Slope is tzken at 3C degrees phase
engle and reflectivity is tezken a% zero phase. There are not enough accurate

measurenents existing to meke & compariscn with this thecry mesningful, but

i+ may be hoped thet cerizin geometric sources of errcr will be belanced out,

ust 28 occurs in the polarization slope albedo rule,

Comruter Czlceiletions

2

“o obiein fipures (E),(C;,i0) of each figure set, the following formulas
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3

wero used to calculate the ordinates :

REDDENED PCINT = 2.5 x 1n(By/B,)

REDDWNED TLANET = 2,5 x ln(integrateéBl / integrated 32)
POLARIZATION DIFFERENCE = P2 - P
vhere the subscript 1 refers to 2 calculation with particle size(XTL) = 15
wavelengths, and subscript 2 for particle size(XTL) = 2C wavelengths., By and
52 are the total reflectivities,

The corresponding wavelength shift is (2C = 15)/15 = 33% or

.20 = 15)/2C = 25%, depending on your point of view.
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2 ILITY OF THE
gg?&%l)AII{C{)BAGE IS POOR VII. THE RINGS OF SATURN ‘

This computer model combined with polarimetry by Lyot (19&9), Dollfus(1979),and
P.Johnson et 2l (1979) provides confirmetion of some  of the models of the

rings which are reviewed by Morrison (chapter 12, Planetary Satellites, J. Burns
Ed, 1977) and by Cook and Franklin (ibid, “hapter 19) and, yields a calculation
of the diameter of the bodies composing the rings.

Optical , infra-red, and microwa?e measurements of radiation plus radar
returns have led to the identificaticn of water~-ice as 2 constituent of the
ring bodies together with methane or ammonia compounds in the form of dirty
rough snow balls., Size estimztes are between 3 and 3C centimeters (Morrison)
or 6 to 1C0 centimeters (Cook and Franklin), Alternstively, the balls could
be much larger with smaller, imbedded, dense nodules of those dimensions, in
order to account for the radar results.

The polerimetry , measured at phase angles of 6 degrees or less, shows
2 negative branch amplituce of C,5 to C.€ § . The engle of minimum is } 1y

defined at about 1 & % degrees (Lyot) and 1.2 & % degreef{Johnson). The polarization

i

vere caused by a pitted surfzce, then the pits appear impossibly deep., Nevertheless
the opposition effect has been observed with the seme narrow width, The

conclusion seems inescapable that the shadowing of opposition is respon=

sitle for the negetive branch. (The suppression of forward-going double
reflections by the shadowing is the cause of the negative branch.)

However, it is not necessary to invoke shadowing by surface pits only.
Inter-ball shadowing is possible and likely, and creates no paradoxical
geometries, so that negative polarizsztion from it follows logicelly, The
eouivalent of pit/depth ratio, but for inter-ball shadowing, is the
¢imaeter/sepsrestion retio. Let us estimete, using the polarization dete,
that the computer verisble WIDZ 1 ¢  cegrees, or that seperation/diameter
=1k % 3.

It now becomes poosible to calculate the size of the dirty snowbslls. The




- e =T

reported optical depth of the rings is slightly less than 1 ., The thickness
of the rirgs has been measured zt a2bout 1 kilometer. Thus a2 little geometry
yields the average diameter of the balls as 2 little less than

average tall diam = @ x RING TEICKYESS

: - = 28 * 10 centimeters
I (SEPARATION/DIAM)S

This value agrees with the limitation imposed by the reported radistion
ard radar measurements mentioned zbove., It does exclude the very large
snovballs with imbedded dense nodules,

It is possible that there is some negstive polerization due to the pitted
surface of the balls themselves, but it is not likely. The dimensions of the
particles and pit walls are tiny = obviously much smaller than the balls

themselves, In view of the reported high albedo, it is unlikely that these

K9]

its end periicles pruduce much shadowingjbecause thev are translucent, Shadows
are the sin cua ncn of the negative branch. If there is no shzdowing, there is
nc negative polarizatione On the other hand, large bzlls zre quite opaque, even
though composed of particles which are transiucent on & micro-scale, and
produce firsteclass shadowse

The following figure shows an estimated inter-bell polerizstion together

with 2 smell possible surface polarizeticn which sum tothe observed datz.

PA . .
S 20 . 30 PHASE ANGLE.

possible surface polarizztion

inter-ball polarization

sum = observed data

Figure o Ectimates of the polarization comporentsof Szturnts
rirnge which match the observed dzta.
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X. THE FORTRAN PROGRAM
(Used for Figs. 8A to 8K)
"TSYN PUNCHS ¢ ISDPCH e

SFCRe¢IS POLARL

o

REAL LeMReMI

"CCOMPLEX CA4CE4CCoCH =~ T T Trmmomm o mmmmmmmmms e e e
CIMENSION AR 11(9294)9A512(9296)1A521(9296)9A822(9496)9A51(9296)9

* ABZ(SZ29E)¢AB3(S5296)eLB(S246)9APOL(S296)9APBL(G296)9APB2(9246)0

% EPLNC(SZ24&)9APLGF(S24£) 9 AREC(T246) 9 AFEDP(T296) 9 APOLUWD(S248Y —
FORMAT(1reF6e3915CT742)

FORMAT(1X9I291%016G762)
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CONE=3414/CARBS(CM)Y»x2
CO 1C0 NG=1490
GCL=24*(A\NGC=1,0) o T et
G=CAL/ZTe2
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LPEC(NGoM) =0 et L - e L i e+ oo

ARECP(NGeM)=0a4
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12(MNGel)=CGE : o
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(NGo1)=GA e e et e e e e e+ i,
(NGel)=G4A

(NGel)=GA

NGe1)=CA ’ o
1(NGel)=GE RPPRODUPHWIKPYCW‘THD
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TO 10¢ : e S . . -

St
FEo < < ONTINUE
=7 SHADS1e+6/(L=1457)
C&e 7 777 TOLGF=2/(1+COSILI7COS(G+L)Y 777 - “rommTmmImme o e ey pmmemem e
2, SIHG=SIN(De5*G)
€Co CCHG=CO0S(0eE*G)
El, £ FPESNEL FUNCTION RTUTINE ’ ot e ST
e GG 70 ¢
2, 1 CA=CMPFLX(COS(CG)e0e0)
€447 "7 CE=CSGRT(CMw»*2=-(SINICGY)¥w2) "~ o TTmm ) T
ES. CC=CA*(CMxx2)
€6 FPRESX=CAES(CA=CB)*x*2/CAES(CA+CB)»x?2
£Te T FRESY=CABS(CC=C2)*w2/CAES(CC+CEIwa?
€3 GO TO(10ez20e3004C)6NF
ST z CCNTINUE
T »5307854 e e R - - S e e PR
Tl NF=1
T2 GO 70 1
7z, 10 T XGS=FRESY - . e e e ——— e aae
The YLE=FRESY
75 c CELCULATE SINGLE REFLECTICN
T T T T P IETER TR (L e = DUSIF UL e =EXTI* U1 o =DUSH ¥ EVPIS{GZWIT)I76%) *SKHAD
77 CCE=0eS%06
T NF=2
g9, — S eg TOU1 Tt . e . . e e e
20 2 CCNTINUE
Flae EX1=GF1lxFPESY
O e Crn i 1:8 s A e e
E2e E1=0eS*(BX14EY]1)
£bae C SIDEWAYS DOUBLES AND MATRIX
E3e” T TC1Y=S(COHC**2) # XG5+ (CIHG**2)*xY45 "~ T rmTe e e e e
£€e ClY=(SIHC**x2) %X 4E+ (COHG»*2)xY 45
&7 CeX=Dix*Y45
e
5%, X2L=(SIHG**Z) *D2X+(COHG**2) *D2Y
S0 Y;L-(COHC**Z)*DZX*(’IHc**c)*D?Y
=15 o CLLCU'AT_ FCRWARD DCUELES o T Tty
G2 TeTES4L4+CG/ 4G,
3. R.’F=3
mgy ccoTQ o1 - L . e e e e e e o evmeae e v e e+ e et e
SE. ze XZ2F=FSESX*w*2
9. YEF=FRESY**
TTe T EACKWEFRD COUEBLES ) ) o
Shoe DG=e7854=CG/G
<S. NF=w
S GO T0 1 S O S SO
Tl 42 XZBzFRESX*%x2
T2 YZE=FRESY*x 2
T2 SCREXF(=el12*G/WIL) o o ooTmmm o mrmmem e
Tho STS=EYF(=e25*xG/WIL)
% IX2FZGP2*EXP(=(2e0%GC/WIL) I XX2F*SHAD
TE. EYZFz=GP2*EYP(=(24C*G/UIDY)*xY2F*SHAD -~ o o LT T
27 BYX2L=2.%xGP2*S0OS*xXZL*SHAD
TS EY2L=C4e*xGP2*SOS*Y2L*SHAD
T BYy2B=CPZxSCE*YzB*xSHEAD
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e X2=(rX cL+*)4F+RX2°)*Oo g

1 '116-




+
L ool
oo
(&)

Py .
by G 3 e )

a -
® ® e @ 8 @& e °* & & & o O ¢ & o & & ¢ & & P o o o & o S o o »

¥

T

[V RIS T CYRL A N ST
Lo TS ¢ S ¢

for BN A ANEN B) SN S 1 BIS SN SVIE S I )

M B e

Ty~

DO GGG G ) (e (0 N T
0

o
Ny >

-
L4l

[SE RV

S TR T
o e
R QY

PR T TR VR St S VAP W U
NN AU AT A AN AT ¢ AN A AT O AU FARR S LN G LN G LN GLNE S NG LN R LI G NP1 N4 )]

gt e

by

]

[

r

~
ft

WD B €3 D O ot (P D G P b 0D .

Yo~ o op

2

WOLFF QR164A 0816 1 100 ISDO PROPRIETARY

BY2=(ZEYZ2L +3Y2F + BYZB)*xD.38' .
. BEZ2=(BX2+BY2) .5
C RED CLLCULATION
Ezel
PLANB=,.1
POL=e1
20 %6 IFET=142
ETL=(15e+5e* IPED=1))%(1e~DUS)+1,
EN-COLGF*pEF*(05+.:*EXP(-(G/NI”)))/(lo*XTL*NI*ISBo/CONE)
RED=ZeT*ALCG(E/(B1+B2+B3)) ' ' '
g=B1+52+83
C FLANETARY INTEGRATION
SU¥=C.
FLIz=1e%7

z7 TE=83x (2. /(1.+COQ(RLI)/COS(PLI*G)))/uOLGF+~2+Q1*(1o+G/(RLI 1.57))

*/°HAU
STE53((2e/2e¢14)»COSCRLII+*(0e5-26/3e14)*COS(RLI)**2)
SUN‘SUM +0RD .
RLI=FLI+eDN4 T o T T
IF(RLI+C~1e57)579S7498
¢ SUM=SUM*e 4 :
REDP=24Z*xALCG(FPLANB/SUM) T T ' T
PLANE=SUM
FR1=(BY1=BY1)/(24%E)
PEZS(EXZ=3Y2)/(2e%E)
POLWD=FE1+PRZ~-POL
PCL=PL1+PEC
€& CONTINUE - . - e e e e e s
C COMFUTE FINAL RESULTS AND PUT INTO ARRAYS
AZ11CHLGeMI=EXT
ABlZ2(MNGeMIZEVL o oo T Co
LEZ1(NGeM)YSEXT
L3 22(‘59”)-LY5

LB1CNGoMyZEL o e
FEZ2(MNGeM)=ED2

L32(NGeM)I=ED .
LE(NGyM)=E RDPRODUEFW v m, T
LPBI(NGeM)SFE1I*100e0 ORICINA" 17 ©anam

LEE2(NGyMIZFE2%100.0
AFOLING¢M)=FPOL *1004C0
APLNBIMNGyM)=PLEANS
LFEECP (NG y)-Ppo
LREZ(NGWMIZFREID

APCGLYD ”’q")-FCLU *100

WOITE(Gew)NCo1eRELGREDF ¢E3y 895519PE<9P0L POLUD PLANB EXZL,

*DYZL e EX2F 9 EYZ2F «BXZBe¢BY2E ™™ ~ ° B T
ire CONTINUE

101 CONTINUF
T PLCT PROGRAMS

CaLL FLCTS(Cesles7)

CLLL FACTCR(Dev)

CLLL FLOTUZC0Ze09=3) T T mem s

LPGL(T191)=Ce
EPOL{S291)=2C

CALL AXIS(0eale921FPHASE ANCLE - DEGPEES¢=~219¢58e090e90e009304)
CALL AXISUCeDe0e0921HPCLARIZATION PER CENT92197¢0930es~1000104)
CLLL SV’C"L(l.q6.9.14 SGHIN GILAQY INDEX VARILD M RANGE 10v30)
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AFPOLYWL(S1eMLINE)==20
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CALL SYVROL(2e0¢5eB89¢l10930HXTL = 135=20" WAVELENGTHSTHS™ ‘90930) 77
CALL SYMECL(Ze09Sebeel0e3CHREAL INDEX = 1e6 90¢30)

CALL SYMEOL(2e95e49e1926HIMAG INDEY =062 TO 0e6 00e928)

"CALL SYMBOL(2e095e23e10922HPIT WICTH/DEPTH = 04809 0922) - T
CALL SYMEOL(2e095e09e¢10924H0UST = 40 PERCENT 10924)

CALL SYMBGOL(2e¢094e89010930HFLAT SURFACE = 30 PERCENT 90030)

"CALL SYNMEOL(2e94e€0ele3CHLONGTITUDE = =74 DEGREES™ ™77 40430) 7

CO 510 MLINE=Z46
APCL(S1eMLINE)==10e

TRPCLUS2WMLINEITTI0S i -
CALL LINECAFPOL(191)9APOL(1oMLINE)9909194eMLINE)
CCNTINUE 18¢
CLLB FLCT(IZ.U’U.U"-E) .- e e aiae cme e A emm— et e W m— MG maem. tm G- SOwat - sih W A e - b P .

APCLIED(T141)=00
APOLWD(S9241)=20

TCALL AXTST0e9C o9 2THAPHASE ANGLE = DEGREESy=2T 9690909000930

CALL AXIS(0e090e0921HPOLARIZATION DIFF~PCT92197e0950e9=20920)

CALL SYMEOL(le96e9el49y3CHIMAGINARY INDEX VARIED =M RANGE ¢0¢30)

CALL SYMCOL(2¢¢5e590 19 20HWAVELENGTH SHIFT =733PCT ™77 7 "o 0930y 7 7 7
C2 519 MLINE=24€

BFOLWO(S 23 PLINEY=ZS T o
CALL LINECAFOLWD(191)9APOLUWD(1eMLINE)9S091l949MLINED

CCNTINUE

CLLL PLOT(12000000953) e e e
LREC(EG9l)=Co

AFED(ES92)=230

TCELL AXIS(Oe90ey 2lHPHASE "ANGLUE = DEGREESY=2196% 09 0ea0e TS0y "7

CALL AXIS(Ces0e92EHREDCENED POINTy CIFF=MAG 9289799009009 05)
CALL SYMEGL(lesbeaelde30HIMAGINARY INDEX VARIED-M RANGE +0930)
CALL SYMECL(ZesSeBeele30RWAVELENGTH SHIFT = JIPCT 77" 90§30)

00 517 MLINE=Ze6

AFED(EGeNLINE)=0e0

CAREC(ESGMLINEYZ 08 T e s - S

CALL LINECARED(191)9ARECCI9MLINE) 9839104 9MLINE)

CONTINUE

CALL PLOT(124090aT9=3) ~ & 7 77 oo emmmmes e
AFEDP(E491)=04

AREDP(E8541)=30.

CALL EXTSUClee 9921 HPHASE ANGLE = CEGREESe=219EeDeCe90e009C0e) — 7777

CALL AXIS(De9Ce9s28HRTZDDENED PLANETy DIFF=¥AG 928¢70950090e¢C0e05)
CALL SYMIOL(levbaoelbde30RIMAGINARY INDEX VARIED=M RANGE 409302

CLLL SYMTCOL (2093542 9el93CHWAVELENGTH SHIFT =733PCT 7 77 7 "9Ce30) "7 777
cC B18 MLINE=Ze6

'DEDH(QéqVLLNE)-.D

CAFECP RSy MLINEI=L0S —-— = — == — e
CLLL LIN’(LPEDP(I 1) e AREDP(L1eMLINEY 0820194 ¢MLINE)

CONTINUE

CELL PLOT(1Za0s0e0y=3) @ oo mmmmmims e e e e

EPLNE(S191)=Ce

EPLNE(S241)=2Cs
CALL AXIS(Ceele9e2I1HPHASE ANCGLE = DEGREES+=2196e040e904006306) 777 7
CLLL AXIS(DelColedeZ1HREFLECTIVITYGPLANET 921974095009 0e00005)

caLlLl QYVSOL(loséo9.149~DHLFAGINARY INEEX VARIED V RANGE 90 30)

DC E09 MLINE=Ze6 T T T

AFLNE(S14¢MLINE)=0WD

LCLPQ("°9 LI“°)=e25
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CElEAA 0E1le 1 100 I1SD PROPRIETARY L
CALL LINECAPLNB(C191)¢AFLNBC(19MLINE) 95041e4eMLINE) o ' TT
CONTINUE

CALL PLOT(124090e09=3) 194,
L23(2141)200 e ot et e o e

KREZ(9241)=30e

CALL AXIS(O0ee0e921HPHASE ANGLE = CEGREES9=2196e090e9Ce009300)

CALL AYIS(CeD90e0¢21HREFLECTIVITYyDIFFUSE 92197e¢0¢4%0690e04405)

CELL SYNMEQL(le9Eoool4e3I0HIMAGINARY INDEX VARIED=M RANGE «0430)

CO £11 MLINES=

AEZ(S1sMLINE) =000 e imeme e e e e v e e e e o s
AB2(S2MLINE)=L0E

CALL LINCCAE3(1, 1)0A83(19MLINV)090 194 MLINE)

CONTINUE - ' ' ' 201,
CALlL PLOT(12e00CeCoe=2) 211.
FEC(E191)=00

AC(9C2¢91)=20. T Corrrmmm e o

CALL AXIS(Oe9Ce92lHPHASE ANGLE - DEGREES9=2196e090e90e00930s)

CALL AXIS(CeNe0el92lHREFLECTIVITYSTOTAL 92197e¢0990090e0905)

CALL SYMFEOL(le9boeeolsygZ0HIMAGINARY INDEX VARIED~M RANGE ¢0430)

0O £12 MLINE=2486

AB(SL1eMLINE)=CW0

AE(S24MLINE) =40 Com o CooTTmmmmmmT e e T
CiLL LINECAE(L191)9ARCL14MLINE)9SOele4eMLINE)

CONTINUE 218
Cill FLCT(12e090000=3) ’ o ' o T 228
AEB1(=1e2)=Co

AFBl(%2¢13=30C0

CALL AXIS(O0ee0e921HPHASE ANGLE = DEGREESe=2196e090e9Te0TsZ06) ™ 77777~
CALL AXIS(0e090e0¢21APCLARIZATICNGSINGLES 92197¢0990090409106)

CaLL °YP"0L(1.06-9.14 3DHIVAGINARY INDEX VARIED M RANGE 90930)

OC 513 MLINE=

APEL(S 9”LIN7)-0 ¢

APELI(SZ4MLINE)=10.

CAlL LINECAFE1(191) 9 APEI(LeMLINE) ¢S 09le4eMLINEY im0 7 77 o

CCMNTINUE 23¢
CALL PLOT(1C2eCe0els=3) 245
n-xz(:*" "UO e e - L. - . P .

FR2(5291)230,

CALL AXTS(CoaCoey2lHFHASE ANGLE ~ DEGREESs=219y64090090400930s)
CALL AXIS(0eC90e0921HPOLARIZATIONYCOUBLES 921970095000 =4egbe0)
CiLL SYMEOL(1.96.’.14q30HIMAOINARY INDEX VARIED=M RANGE 9043C)
26 1t MLINES

Lpe2 (ﬂl-'LI'v)—-Q C

APE2(C2gNLIND) =4,

CALL LINE(APS2(191)9AFBZC1aMLINE) 95001949 MLINED

COMTINUE S | " 252
CILL PLCT(12409CaCy=3)

AE1(S191)=00

F21(5241)=3C, :

CALL 4XIS(Cae9Coq2lHPHASE ANGLE - DEGPEESy~2196¢090e90400930)
CLLL ANIS(0e09CoeCo21HREFLECTIVITY¢SINGLES 92147.0990000e09000%)
CELL SYMEOL(le9Ee9else20HIMAGINARY INDEX VARIED=M RANGE 90920)
DG 518 MLINT=ZZe6

AE1(S1eFLINDI=C G

SE1COZaMLINE) o004

Cili LINECEEL(L91)9iBlCleMLINE) 9900104 eMLINE)

CONTINUE
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CALL'PLOT(12-090o09-3)

FE2(S141)=¢,
FE2(S241)=230,

'CﬂLL'AXIS(C.qD.,EIHPHASE ANGLE =~ DEGREES,-ZIQBiOiUoQU.00030})

CaLL AXIS(0.0-0.0oElHPEFLECTIVITYoDOUELES v2197¢09%0090e090004)
CALL SYNFCL(I.QB.9.14,30HIMAGINARY INDEX VARIED-M RANGE 40430)
[T T1i6 MLINE=24¢ ' ’ ' ’ ‘ . o
AE?(?I;NLINE)=O.0

FEZ(S2 \MLINE)=4004

CeLy LIHE(AEE(IolTORBE(I%MLINEYv?U)Iq#bMLINE)*'““"“' T e

CONTINUE

CaLL PLOT(12o0v0.09999)

END- - o -
STCP

ad "\\\““
AN N R
\\\\3\‘.\\3\3,{}\\«‘ ¢ PN
0 > A
ﬂﬂ\thb\
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