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Abstract

Diurnal and integral ceeling curves are obtained
for the Moon (1040), Mercury (570}, Mars (170), Vesta,
Ceres (300), Io, Europa (1000) , Ganymede (600),
Callisto (1200), Titan and Triton. A homogeneous
model selution of the heat cenductien equation is
used. By cemparison to infrared data the values of
Gamma in brackets are found. Lack of agreement
for To and Titan suggest.the presence of an atmesphere.
The Meen and the Jovian- satellites are considered in
eclipse. A rock-dust crater model is used to determine
the % rock in the craters Aristarchus ( 2% ),
Copernicus{ 2% ), and Tycho (8%) by comparison to

12py data.
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Introductien.

The germ.of this thesis :came.about in early- 1968
when. work -was begun on-a campﬁter program to ebtain
cooling curves for the lunar surface -in -anticipatien
of collecting data froem- the .lunar eclipses of April 13 and
October 6 of that-year. It was .decided to develop a
homogeneous medel for.the thermal behavier of the lunar
surface as was- first done by Wesselink (1948), and then
to impreve the medel by including radiative cenductien
and - thermal- parameters that were a function of
temperature .and depth, patterned after the work of- Linsky
(1966). Hewever, ne data was .obtained at the University
of Minnesota's .0'Brien Observatery for either of these
events due to weather, and the project was set aside.

Since that time infrared data is-steadily being
accrued en the Meen, Mercury,- Mars, Ceres, Pallias, Juno,
Vesta, the Jovian Satellites and Titan. These are all
objects in the selar system whese thermal radiatio@ is
representative of. the surface temperature. These bodies
are being used as infrared calibration sources as well
as to study their surface characteristics, and..to these
ends- it was decided to revive the above project in order
to compile a consistent, ceomprehensive set of coeling
curves-eof beth -integral and nentintegral surface
temperatures for the twelve heretofore mentioned .bodies.
It is desired to de this using.a single cemputer

program with one set of thermal parameéers; and further



to have -this .same program available to cempare with
particular .situatioens as they .arise. Many of the cooling
curves for the above bodies are .available .in the
literature, but there generated with a variety éf
programs and physical parameters-.and presented in a
variety of-sizes and shapes, all .of -which make inter-
cemparison difficult.,

A large number of lunar surface temperature. models
have been-derived teo fit the available infrared data
with varying success. The most.realistic of these,
in light .of the knowledge gained from the Surveyor and
Apollo projects, is that-by Winter and Saari (1969).

The main difficulty with all of these models is that they
contain enough free parameters to fit almost any curve, '
and thus cannot be easily distinguished upon physical
grounds. Further, as David Allen (1970a) haé peinted
out, none-of. the mo@els properly account- for the

presence of rocks on the lunar surface, and until they

de they will-never properly explain the data.

The hoemegeneous model, while lacking the
sophisticatien of the later models, nevertheless for
a given case is capable of fitting the data surprisingly
well as is seen in this éhesis. Admittedly a detailed
analysis of the lunar. (or other) surface requires a
more complete model. such as the one by Winter and Saari.
But: as -the homogeneous model is simple, perfectly

capable -of-obtaining surface cooling curves that agree


http:are-available.in

well with the data .te the accuracy -necessary -for this
survey, and since-our information abeut Mercury, Mars,
the Asteroids., and the outer meons .is meager, it was
decided to .use-the homogeneous.model for .the present
study.

Pescriptienal comments abeut .the surface knowledge
of the objects herein will be kept to a minimum to
prevent the compilatien ef a book on the physical
surface properties of the planets. The:derived curves
speak for themselves. Generally a surface composed of
fine {less-than ten micrens), glassy, slightly cehesive
rock pewder toe a depth of one te ten meters is
envisioned with an increase in the static bearing
strength and correspoending decrease.in the thermal
resistance with depth. Below this is a more or less
continueus bedrock. Roecks with a variety of sizes-and
shapes are strewn on the surface.

» Whenever possible, .the. thesis that rocks on the
lunar surface account for the oebserved thermal anomalies
and variatlien in brightness temperature with wavelength,
so convincingly expounded by Allen (1970a) is tested
within the cenfines of the model: The particular
. solution te the hemogeneous medel employed is.covered
in Chapter I and succeeding- chapters apply this model
te the above objects te obtain .the desired set of

cooling curves.



Chapter I - A Numerical Solution of the Homogeneous Model

1.A. - The-.Crank=Nichelson Equations.
The preblem is to solve the heat conduction equation,

(1.1) pc 2= = (R &)

in the case where the thermal - conductivity K, the density
p, and the specific heat c'are all independent of
temperature and depth, for a semi-infinite medium. The
surface of this medium is Lambertian, receiving radiative
energy from the Sun and radiating to space. Surface
curvature is neglected and isoetropy assumed, reducing

the solution te the one dimensional form with only a
single spatial coordinate x reckoned positive with

depth below the surface, and time t.

Becéuse the boundary condition is non-linear, the
above equatien does not- emit itself to analytic- solutioen
and numerical methods must be turned te. The approach
taken here uses a medified Crank-Nicholsen (1947) finite

difference approximation. The basic approximation is:

1.2y Sidl Ty K Tiv1, 341 2T1,9+1 51,90
’ k pC 2
h
PR T U M W i 5

h2

where j represents stéps in time of k = At, and 1

represents steps in depth ef h = Ax. Thus depth x = ih



and time t = jk. This equation is arrived at by taking
the mean of the explicit finite difference representations
of the. j and j + 1 time rows of .the heat conduction
equatien. This method is employed because it leads to

an implicit selution that is inherently stable for all-
step sizes. Here the step size is limited only by
instabilities at the non-linear boundary. Unlike

explicit methods (which must be used when the specific
heat and thermal conductivity are functions of temperature
and depth) step sizes are chosen to be consistent with

the desired accuracy of the result without-having to be
needlesgly small just to keep the solution stable at

the expense of computer time. Such a selutien carried
forward in time, unlike a Feurier type solution to the
problem, is also not restricted to the periodic case

(this is of importance in considering eclipses).

kX

pch2

following implicit eqguation with three-unknowns appearing

Letting A =

. equation (1.2) reduces to the

on the left hand side of the equatioen:

(L.3) -a + (2-+ 27) T. - A

Ti-1,9+1 i,9+1 " BTis1, 541

Il

ATy g,4 * (272R) Ty o 4 AT, .

The resultant set of equations for all i, when properly
started at the upper boundary and generated down to the

desired lower depth, takes on a tridiagonal form that-



lends itself to an efficient solution by means of

Gauss'elimination method.

1.B. = The Boundary Conditioen.

Conservation of. energy at-.the surface reguires the

following upper boundary equation:

0 Tsur 4
(1.4) K 55— = €159 Tgyr = &g S
where S = inconing solaxr flux

o = Stephan-Boltzman constant
= 1.3543 x 10”12 cal/cm2/°K4/sec
€., =-mean infrared emissivity of the
emitting lunar surface
e, = Bond emiséivity (fraction of solar

flux dbsorbed).

This study- takes the Bond-emissivity (1-Bond albed03
as a measure of the Solar flux ébgorbed at the surface.
For exteriérhmdiesthis eﬁissivity is only approximately
known-as their phase curves cannot-be ascertained. In
general this emissivity sheuld be lewered due-to an
increase in albedo in the 0.9 - 5 micron region.

However, since a number of guestions remain in this
area, and since the homegeneous selutions are noL
strongly.dependent on the emissivity used, the Bond

emissivities calculated from the measurements .of Harxis,

{(126l) are used unaltered.



The radiation from actual-surfaces falls short
of the. ideal black body, being .dependent on the physical
preperties of the material, surface conditions, and
temperature. To make the problem tractable all such
surfaces are related to the ideal black bedy by the
total emissivity, €, and the spectral emissivity, €y
which are empirical corrections:to the ideal case.
For the celestial bodies dealt .with here, with a
general lack of  detailed surface emissivity infermation,
and in view of- the fact that mest substances are
reasenably black in the.infrared,sk is censidered

constant at infrared wavelengths, € and set equal

IR’
to the Bond emissivity of the'Moon, €1g = 0.93, in
all cases. The unreclaimable error associated with
€rr after equations (1.5) and (1.6) are applied is
calculated te be <1°K fer a change in E1g of +.0.1.
The same holds for a change in €g-

(1.5) £ c T =g 0T

TA'= surface temperature .asseociated with €rRe
..'I'x = gurface .temperature .associated with another
estimate of.the emissivity, €
In cases where ¢ = g_ (the Moen, Mercury, Vesta, and

IR B

Ceres), the effects of these two emissivities on the
solutien are almost completely offsetting, resulting

in a surface temperature equal -to that obtained by



setting g = &g = 1l as explained in Section 3.C.

However, when the two emissivities are net equal and/ex
when eone is changed, the follewing and preceding
considerations -held.

In this thesis TA is plotted in all-cases, and the
data is coerrected by the spectral form of eguation (1.5),
equation (l1.6) where £, = 1 and TX equals the black

~

body brightness temperature observed.

(1.6) e p C, "5/(ec2/}\TA - 1) = ¢ “5/(ec2/}\TX -1)
Cl = 1.19086 x 1010 microwatts . micron2

C, = 1.43879 x 10° microns . °K

A = wavelength in microns

This correction is only on the order of a few degrees
at-most, and for darkside temperatures dan‘often be
neglected., Nevertheless the difference between TA
and T, sheuld be remembered as it is always present.
The neglgct of the dependencé of the emissivity
on. the angle.eof.the emitted and abserbed radiatien at
the surface is equivalent to assuming a Lambertian
surface. The data for the Moon and Mercury show this
not to be the case. Hewever, a detailed model for
surface roughness 1is not within the scope of this
preject; In the case of the Meon and Merxrcury, a
fit togamma is made at night. when surface roughness
is not important, and the difference between the model
and the data noted for the day. This difference is then

applied to exterior body solutions to obtain a tentative-
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value of Gamma where only daytime measurements over
limited phase angle are available.

The -parameter Gamma must be introduced at this
point. It was first shown by Wesselink (1948) that
equations. (1:1l) and (1.4) in the case under consider-
ation admit of a homology transformation from whence
it may be seen that if the insolation function and
rotational. period are held fixed, the whole family
of selutions that follow depend only- on. the parameter
(Kpc)l/z. This parameter may be physically inter-
preted as a measure of the resistance of the surface
to a change- in temperature, and is thus referred to
as the thermal inertia. When calculated in c.g.s.
units it takes on a range frem- 0.05 for basalt. type-.
rock te 0.001 fer fine powders er dust, the range of
interest here. Gamma is the inverse of the thermal
inertia, and thus varies from 20 to 1000 in the -above
case. Gamma is often.used in place of the thermal-
inertia as is done in this study. Given a fixed
insolation function and rotational period, there
is only one solution to the above equations (l.l) and
{(1.4) for a given value of Gamma. It is thus the only
thermal parameter that may be- ascertained for a celestial-
body by comparison with infrared thermal ﬁeasurements.

At the beundary.where it is necessary to
represent eguation (1.4) accurately, a fictitious
temperature is introduced at the external mesh point

T 4 4 to allow the. use of a central difference formulation.
L .
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_ 2h., . 4 _
(Le7) Ty 541 7 Ty g41 = ® (Bzr @ To,541 ~ 5
Further, in erder to solve the Crank-Nicholsen
equatioens (l1.3), it is assumed that the. heat - conduction
equation .is. valid at the surface. ...It then .becomes.
pessible to eliminate T+l’j¥l.between eguation (1.7)
and the uppermost Crank-Nichelson eguation, thus

allowing the equations to be put in the tridiagonal

form if enly T

. can be initially determined to a
o,j+1

good approximation. The values from the previous row's
selution are of course known. .. The initial temperature
with depth to start off the solution is discussed later.

The uppermost- Crank-Nichelson eguation is then:

- 2hA 2
(1.8) =AT_j .oy + (242R8) T 5.p = = (85 0 Ty 401 g )
+AT_) 4 + (2-28) T, 4 + ATy 5

It is quickly discevered -that the initial

determinatien eof 'I'O te find the surface flux foer the

;J+L
particular time row being solved is the most unstable:
aspect of the entire solution. Initially a simple
explicit method was employed. to obtain the desired
surfacevtemperéture,

(1.9} T =T . + A( -27 L.+ T, L).

. ik .
o,j+l 0,7 -1, “Te,] 1,3
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But this was found te lead to .instabilities whenever
the surface temperature-éradient became steep unless
unrealistically small-time .steps were used, (<3 minutes
in the lunar case), a value even much smaller than

that needed to satisfy the stability criterion for

E_ %<l.
pc h

This problem is overceme .by tying more securely.

the explicit case, r =

the initial solution for To,j%l to the known sub-

surface temperatures-of the previous row, making the

flux .allewed in at the éurfabe consistent with that-
already established. This is done by using equation (1.9)
to expliéitly selve for the third grid point in from the
surface, &3,j+l’ where the gradients are not as steep,
ané thén woerking by substitution using the Crank-
Nicholsen equations Eack te the boundary- and-equation

(1.7) to obtain.T initially. This precedure results

e,j+1
in the fellewing fourth.erder equatien in the desired
surface Eemperature initial-.estimate to start the

Crank-Nicholsen-implicit-solution at all grid points

for the time j+l£

; 4 -
(1.30) GlTo,j+l + GZTo,j+l + G3 = 0 where,
.. - 2Ah €rp ©
1 K
2
= 2R
Gp = 1 (2428) - Topogy |
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24 .+ (2-22). T.. ., + AT. .
o o BRI g+ (272R) Ty AT, )
3 (2+28)
282 (T, .4A(T:. . =.2 To. . + T...))
' "F . ! 2,] l;]- PPN 2,] -3a’]
[2+24)
+ 4+ (2-22) T . + AT. .
(AT—l,j ( ) Tor:l Tlrj)
" 2Ah EB S
, X

The Newton-Raphson iteration.method is used to solve
equation- (1.10). .This method converges to the final
answer much mere rapidly, since it is a second order
process, when the initial trial value is close, és here
where they are knewn from the preﬁiouS'time row. 1In
all-cases the'followiné equation ‘has returned a value
with successive iterations <0.01°K of each other

within 5 iteratiens:

4
3G, T. -. (k) -~ G
(L.31) T g (kD) 1 o g+l 3
4G1'To,j$1 k) + G,

With the introduc;ien of this method of eliminating
all-the unknowns frem the right hand side of. eguatioen.
tl.8), the step size in time is .increased from'the
previous three minutes to two.hours with ne reductien

in- the accuracy..of the soelution.

1.C - Considerations with Depth..

In a further attempt to increase speed of computatioen;
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the step size with depth is increased at .appropriate
intervals. This is accomplished by introducing five.
layers -intoe- the medel, and increasing the step size from
one layer to the next. This allows the use of a fine
depth. step near the. surface where it is needed to
handle large temperature gradients, and progressively
larger steps with depth as the gradients diminish. 1In
practice .it is found that increasing h by 1.5 acress

. .each internal-beundary works well, giving results in
agreement with using the same h- throughout to better
than 0:1°K. The layers are spaced at even- intervals
with depth steps. Equation (1.12) gives the
differenéial form of- the heat .conduction equation

applied at-each-interior boundary.

(1 JL:z)'T]j’j*‘1 ~ b = =
k DC (hd + hd‘l"l)
[Tb+1,j'Tb,j Ty, 1,3 1
Bat1 g

The above equatien is then summed between two time rows
to determine the correct Crank-Nicholson equatien for
the internal- boundary where .the depth step is changed.

C C C

(1.13)

- T . L o[l =t = 1T . . C - =
d+1

& C C C

g T . L+ [l- T - —] T . + = T .

hy b 1,5 hy Dguy - Prd Rapq b+l,]
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where

K k
pc (Pd + h

C = j
’ d+l

d=.1,2,3,4,5.

This modified Crank-Nicholson .equation is introduced
inte the tridiagonal matrix at the preper points in
place of equatien (1.3). The -time for solution is
thereby cut by a factor of four .over the use of one
step .size over the entire depth.

Given the homogeneous model .described here, as
the selution is extended in depth, high harmonics in
the temperature due to the changing flux at the
surface damp out leaving a sinusoidal solution which
reduces in amplitude to a constant. This censtant
temperature is simply- the average of the surface
temperature over one period. Radar studies-.of the
Moon have shéwn this to be the case to first order
(Troitsky et-al., 1968). This periodic picture-polds
except dﬁring.eclipse (where the depth the thermal
wave penetrates is only a small fraction of the diurnal
depth and the initial temperature distribution is knewn-
from the diurnal solution), -and .thus it is useful to
use the Fourier selution to the problem to help
visualize what is geing on; to establish the initial
temperature with depth, and to .determine what depth the

solution sheuld be taken te. The homogeneous solutien
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for the first harmenic .is. .(Wesselink, 1948):

A

(1.14) T(x,t) = A + Be?x/ cos (-x/A + 2 t/P + g), where

A = .constant temperature at -large depth

B = amplitude of first harmonic

i)
I

-diurnal period

xR 1/2

A = .thermal wavelength =
pcT

e = constant phase lag (appreciable for small Gamma

or high spin rate).

With -initial guesses at A and B from previoeus
knewledge and use of the black body eguilibrium
temperature at full phase, equation (1.14) is used
by the program te determine the initial temperature
distribution with depth in starting the solution eff.
The solution is carried to a depth eof five thermal
wavelengths where the amplitude .of .the fluctuation is
e“5 times the surface temperature amplitude. This is
0.67% of the surface amplitude- or 2°K for the Moon, and
small enough .to be considered .constant. At this depth.
then the solution is held at a .constant.temperature
which is the average of the surfacé temperature.
Knowiedge of this constant temperature also puts the
finalnCr;nk-Nichelsen eguation in- the proper tridiagonal:
form. Using this depth.as opposed to one greater effects

the solution by <0.1°K. 2ll solutions are carried through

a minimum of four periods to relax the solutien. The
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bottom temperature is recomputed .at the -conclusion of
the. first period. The variatioen .between this bottom
temperature and that of the final period is-always less
than .1°K. In general it is -found that a 10°K error

in the bottem temperature at five thermal wavelengths
results .in a 1°K error in the surface temperature.

When censidering rocks.of .Gamma equal te twenty
in. the succeeding chapters, the above is also .held to.
This means that the bottom temperature of the rock is
not held .to-the bottom temperature of the Gamma 1000
surrounding material, but rather has a bottom
temperature consistent with.its own average surface
temperature (a value some 100°K warmer than the
Gamma 1000 case at night). This means that sizable
rocks are being considered, greater than -a thermal
wavelength or about one meter for the Moen. Such a
procedure is reasonable as it has been shown that
for such large slabs, negligible heat is transferred
between the rock and the sand around it even-in the
case of the large gradients that may exist on the Moon
or- Mercury (Reelof, 1967). The three dimensional
effects of rocks are not dealt with here.

In order to easily generalize the program to
celestial bedies ether than the Moon, the depth step
is calculated in. terms of the thermal wavelength, and
the time step is calculated in terms of the diurnal

period of the.particular bedy uwnder investigation.
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When .this .is done,. the accuracy of .the solution- for a
given choice- of step sizes becomes nearly -independent

of Gamma and the particular object.

1.D = .The Solutien.

Everything needed to selve the propesed homegeneous
model in an-.efficient manner .is new established. 1In
section 1.B the uppermost Crank-Nicholson equatien is
reduced to® twe unknewns on.the left -hand side, and in
section-1.C the last eguation is put in a similar form
by knowledge of the constant bottom temperature. The
Crank-Nicholsen equations for selution now fall inte

the following tridiagonal form:

a .7 + b T

il
jo

-1T-1 T Pato 1
aOT—l + bGTO + CeTl .
[o]
a;Ty +. 21T + Ty =gy
(1.15) =mmm——————mmmm—mm—— e
@n=1Tn-2 +"bn—"lllln-]_‘: dp-1

These n+l equatiens and n+l unknown-temperatures are

then solvéd by Gauss' elimination methed (Smith, 1965,
p. 20). Here the first equation is used to eliminate
T—l from the second equatien, etc., until by successive

substitution the last equatien centains oenly-ene unknown

T, 1 which is then known: The other unknewns are found
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by back-substitutien. This methed .is especially
efficient as the ceefficients of.the above eguations
do not-change- from ene time row to the next, and need
enly be calculated once for a given solution.

In this homegeneous medel a constant value .for the
specific heat c¢.of 0.2 cal/gm°K is used throughout. The
Selar coenstant used is 1.95 cal/cmz/min (Thekalkara,
1969}, .A density of 3.0 gm/cm3 is empleyed for values
of v < 100 and -a.density of 1.5 gm/cm3 is used for
vy > 100, values .censistent.with the results of.
Surveyor.énd Apolle 11 and 12 (Phinney, .1969; Pet (1),-
1969). Wﬁen_rock-dust combinatiens are.considered,

3

a value e% vy =-20 is used for rock (K=4.17x10" cal/cm/

sec/k°) (%oelof, 1967) and a value of y = 1040 for dust
(sectien %.BD.. The program empleys c¢.g.sS. units
throughout. .

The typical cemputing time. for the model on the.
University of Minneseta's CDC 6600 is three seconds-
per diurnal period. The homogeneous model described
here is used te‘ebtain cooling curves in-all ef the
succeeding chapters. Chapter II.applies the model to
the Meoen, Chapter III to Mercury, and Chapter IV- te
Mars, Ceres, Vesta, the Jovian Satellites, Titan and

Triton. A copy of the main program is feund in

Appendix .A.
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Chapter 1I1-- The Homegeneous .Model Applied te the Moon.

2.A - General Considerations.

The homegeneous model is applied to the Meon to
obtain diurnal, eclipse, and integrél cooling curves
of the flat and cratered lunar surface. These results
are then compared with the available observational
infrared data to determiﬁe the surface value of Gamma
and the percentage of surface rock where pessible.

The Moon is undoubtedly the best studied object in
astronomy. A great deal is known about its orbital and
physical surface properties through both remote and in
situ observatiens, and ne attempt will be made to
summarize this wealth of material. Unless otherwise
noted all orbital parameters and the like are taken frem
Allen (1963) throughout this thesis. The eccentricity-:
of the lunar orbit is 0.0549 while that of the Earth's
orbit is 0.0168. The variation in-distance frem the Sun
is mainly due to the Earth's orbit, ranging froem
0.981 AU at perihelion to 1.019 AU at aphelion. In
comparisen, the mean distance from the Earth to the-
Moen is 0.00257 AU. The rotatien of the Mooen is- direct
with a diurnal peried of 29.54 days and is inclined
83.2° te the orbit plane which in turn is inclined
5.2° to the ecliptic.

The variation of the sub-Sclar point surface
temperature due to the above motion is from 397°K at

perihelion to 391°K at aphelien. The model selutions
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are made only fer mean.distance of 1 AU fer a Moon
retating at -a .censtant ratefwith‘its spin axis
perpendicular to the ecliptic. Daytime measurements
should be corrected back to mean distance to aveid the
above 6°K variatien. The effect of the variatien-oen

the integral-and nightside temperatures is negligible.

As the Moon is not a constant rotater with a perpendicular
spin. axis, optical libratiens occur with the movement

of a point en the surface of the Moon up te a maximum

of + 7.6° in selenegraphic longitude and + 6.7° in
latitude. These effects again may be neglected in

the integral case and at night. For point measurements
during the day one is advised to transform by the proper
rotations from the selenegraphic ceordinate system

(SLAT, SLONG) to the coerdinate system centered on the
selenegraphic sub-Solar position at the time of interest
(SSILAT,SSILONG). This is the frame moét closely corres-—
ponding to that of the medel. All references to longitude
or latitude in.the figures refer to SSLONG and SSLAT.

If this is done an error of less than 0.5°K results since
the daytime surface is neérly.in equilibrium with the
inceming selar flux; the error results from a smearing
of the actual sub-lunian-temperatures by the above

+ 7° as compared to the temperatures with depth used

by the model. As will be seen in-section 2.E, during

the day one 1s often better off simply using the

equilibrium black body temperature of the sunlit
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surface. . It should be noted that a proper transformation-
may also bé necessary making .use of the optical
librations and the lunar axis pos%tion angle in
converting .frem the apparent seleﬁegraphic longitude

and latitude as seen by an. ebserver pesitiened on thé,
Earth (ASTAT, ASLONG) to obtain SLAT, SLONG and then
perhaps SSLAT; SSLONG if the selenégraphic coerdihates

of the observed position are not-a knewn. crater, etc.,

on the surface. Henceforth all three of the above
coordinate systems will be referred to by their

mnemenics aboeve.

The step sizes chosen for all lunar solutions are,

diurnal- peried .
360

-0.05  (thermal. wavelength}.

At = = 118 minutes - s

Ax

For a range of .step sizes around the above, after
carrying the solution through .feur lunations to
equilibrium, a finer grid results in solution cenvergence
<0.1°K at night and <1°K during the day. A larger grid
results in these values being exceeded. Ceonvergence is
with respect.to test solutiens carried through ten

lunatiens.

2.B - Lunatieon Coeling Curves.,’

The inselatien is cemputed as foellows in time:
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_ .. 2
8 = Solar Censtant cos (SSLAT)cos (SSLONG+ YTurnal periodt)
L . e Vo J

(2.1) instantaneeus Sun angle, SA

for m/2-< 8A > 31/2

S 0 for w/2 > SA < 3m/2
t = time, reckoned frem noon of- SSLONG = 0%
Lunation cooling.curves are obtained for the values of

4
Gamma and SSLAT- listed in Table 2.1.

Table 2.1

Gamma . 15, 20, 25, 30, 35, 600,.800; 1000, 1200, 1400
SSTAT 6, 20, 40, 60, 80

These values of Gamma are-chosen-to encompass those.
likely to.exist on the lunar surface for rock and-dust.
SSLAT is cheéen to-obtain a grid from which the surface
temperatﬁre may be interpolated to better than 0.1°K
for any SSLAT. Table 2.2 presents the thermal
wavelengths, A, associated with the above values - of,
Gamma where the specific heat is 0.2 c;l/gm°K and the.
density 3 gin/cm3 for reck and 1.5 for dust in. the
calculation as explained in egquation (1.14) and

section 1:D.
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Gamma 15 20 25 30. . .35 600 800.
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1000

A{em) 100.13 75.10 60.08.50.07:42.21 .5.01 3.75

1260 14060
2.50 2.15

Table 2.3 describes the lunation ceeling curves.

included in this thesis.

3.00

Table 2.3
Figure Description. of contents
2;1 Gamma = 1000, .SSLAT = 0;6 depths
2.2 Gamma = 20, SSIAT = 0,6 depths
2.3 All Gamma, SSLAT = 0
2.4 All Gamma, SSTAT = 20-
2.5 All- Gamma,. SSLAT. = 40
2.6 All .  Gamma, SSLAT =:éO
= 80

2.? All Gamma, SSILAT

" Inspection of these figures-shew them to be censistent

with what one weuld expect given the hemegeneous. model

described in Chapter I. Figures-2.l and 2.2 show the.

preper phase and amplitude change with debth.in_

agreement with the. harmonic- solutien, equatien (1.14).

The phase-lag of maximum amplitude at minimum Sun anéle

increases as Gamma decreases. The bottem temperature
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(the temperature at five thermal- wavelengths depth)
increases as the the;mal inertia increases, and decreases
with latitude where- the Selar radiation becomes less:
The- variations of.this coenstant.bottom temperature with

Gamma and SSLAT are tabulated .in.table 2.4.

Table 2.4

.Lunar Bottom Temperatures °K

SSLAT

Gamma-. . 0° 20° .40° 60° 80°.
15 282 279 267. 244 198
20 278 276 263 241 185
25 275 271 260 . '23é 192
.30 272 268 257 236 190
35 270 266 255 .. 234 188
600 226 225 -214 196 158
800 223 220 211 193 155
1000 220 217 208 191 153-
1200 218 215 206 189 152
1400 216 214 205 187 156

Comparisen of these curves with the 11l.6p and
21y data obtained by David Allen (1970a, p. 39) on
limb scans eof the.nighttime lunar surface gives a best
fit te .Gamma = 1040 + .25 for the 21lu data and a
Gamma =- 800 + 25 fer the 11.5u data. Tables 2.5-2.7

show the measured and computed temperatures in each case.
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These .values of.Gamma also agree with the 1lp data of
Wildey, Murray. and Westphal (1967) and the 22U predawn

value of Lew (1965) as seen.in figure 2.8.

Table 2:5

Comparison of David Allen's January 10, 1969 (5.5 days
ceeling frem sunset) 21y Cold Limb Scan:Data with
Medel - Best Fit Gamma = 1030 + 25.

Temp®°K

SSLAT Data v=800 vy=1000 v=.1200
0 103 109 163 99

20 102 108 1903 99

40 101 107 101 97

60 97 103 98 94

Table 2.6

Comparisen of bavid Allen's March 21, 1969 (4.3 days.
coeling from sunset) 21y Cold: Limb Scan.Data with.Medel
Best Fit Gamma = 1050 + 25,

Temp®K .

SSLAT Data y=800 y=1000 v=1200" .
40 103 109 104 100
60 100 106 100 96

80 89 97 92 88
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Table 2.7

Comparison of David Allen's March 16, 1970 (9.0 days
coeling from sunset) 1l.6u- Cold Limb Scan Data with
Medel - Best Fit Gamma = 800 + 25.

Temp®K -~
SSLAT Data v=8060 - . y;lOOO: v=1200. ..
0 103 102 97 93
20 101 101 96 92
40 _ 99 100 95 91-

If this differencer in.Gamma of 240 is taken te be
due to rocks.en the lunar surface, and if one-assumes
that the 21y data represents the.dust cemponent with a
negligible centribution frem rock, one then obtains -the
follewing fractiens for rock-of Gamma = 20 that must be
present in order to depress Gamma.te 800 at 12u

threugheut the night.

Fgoo ~ F1o40..

(2.2) % reck = — - :
F20 FlQ40 x 100
where
C
(2.3) T, = L,
5 c .
A le =2 - 1)
AT
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Table 2.8

Fractioen of Reck on Lunar Surface

Days ceoling

from sunset .. 1. 2. .4 6 8 10 - 12 14
Percent reck -06.41 0.28 0.17 .0.12 0:09 0.068 0.06 0.06
on- surface .

It is clear from table 2.8 that a decreasing fractioen
of rock is needed teo depress.a Gamma = 1040 surface to
Gamma =- 800 at 12u. Thié'is:inzagreement with the
picture of smaller rocks being thermally clamped by
their surrounding dust, as the night wears on,- leaving
only recks larger.than their thermal wavelength
(roughly greater than one.meter) toward the end of
the night. Hewever, there is no apriorl reason-why
the .lunar surface rock distributien should cenferm
selely te a Gamma = 800 surface at 12u throughout the
night, and-mere data is needed to confirm and help
clarify this point. David Allen (1970a, p. 47)
estimates that 0.15% by area of large boulders er
roeck, as it is theought.of in .this thesis, should

contribute thermally by-night given typical boulder.

size distributions on the lunar surface.

2.C. - The Crater Model.

A simple model of a lunar crater is developed to
determine how homogeneous soelutiens compare with the-
data .taken at 11.6u by Allen and Ney (1969) of three

major creaters given the rock hypothesis. Again,-
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neither depth and temperature.dependent thermal
parameters, roughness, nexr-the three-dimensionality
of individual rocks are considered. A twelve sided
crater, with 20° sloping %allsuof rock (Gamma = 20)
and a floor .ef dust- (Gamma = .1040) is .empleyed.. The-
crater' is .alse-taken to be -of. such a size that
shadewing and re-radiation may -be neglected.

- This medel is physically unrealistic in that it
assumes the het regiens (the rock) to be on the cratex
rim- (measurements indicate that the hot regions pervade
the entire crater region and are not limited to the
rim)., but nevertheless sheuld -give .an indication of the
amount of rock invelved- insefar as the hemogeneous
model applies. Since the beam size, 26 arc sec, used
to make the measurements is smaller or nearly the same-
size as the craters considered, the nérmal projected
area of-each-side and the floor ef the above nedel is
taken te just £ill the beam, and is used to determine-
the crater percentage rock. The fact that the
measurements are not made necessarily at.normal incidence
is net-of censequence here due to the diffuse nature of
the het régiens in and around .the crater. It is desired-
to see how the percentage reck determined frem the
ahove model and a 121 brightness- temperature agrees
with the fraction of enhanced crater area-radiatien
determined independently from the flux measurements with

color of -Allen and Ney (1969).
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The model-is run and compared te the data at 12yu

4

for the follewing threée- craters.

Table 2.9
NAME SLAT SLONG. DIAMETER-
Tyche ~45.,9 -15.85 77km
Copernicus 6.90 ~18.22- 9 0km
Aristarchus 19.28 -46.24 34km

(Mills and Sudbary, 1968; Alter, 1968, p. 343)

For each-of these craters,:éwelve deEerminations, one
for each rock face, and one for the dust fleer are
made-using the. homegeneous model ever a lunation frem
local neon-te local noen. Four lunations are used te
relax the selutien in- each.case. The incident.Sun
angle-(SAn, n= 1y2,.0.0.. 12) for each-reck face is

given by:

_ 27
{(2.4) SAn —\cos(Ll)ces(SLONG + L2 + diurnal poriod )
where,
Ll = sin-'l sin (SLAT) cos (20°) +<cos{SLAT)sin(20°)ces (8)
_ _+.~1l sin(6)sin(20°)
L, = sin: ces(Ll)

e=30°(n-l)’ n=l,2'..-..-.. l2n

The incident -Sun angle for the.dust. fleer is simply:

— 21
(2.5) SA_. = ces (SLAT}cos (SLONG + diurnal peried-

£ t).
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Following the thirteen homogenecus selutiens of
each-crater,-the 1l.6u flux is- determined for the
thirteen areas invelved at each-peint in time.by means.
of egquatioen- (2.3). The: fluxes.are next multiplied by
the. proper fractien-eof normal projected area and summed.
The- fractiens, x, of normal- projected rock face used
are:

¥=06.00,0.01,0.011,0.02,0.03,0,05,0.06,0.075,0.10,0.15,0.20.

The resultant integral £lux is-then converted back te an
equivalent 11.6 u brightness-temperature by using the
inverse. of -eduation- (2.3). The internal-accuracy of the
solutien is-+ .1°K, and that of the data is * 1.0°K.

The results are.plotted in figures 2.9-2.11, In
comparing the data with the medel:- one-notes £hat-the
pexrcentage reock falls.eff-with_cooling from- sunset in
the cases of Tyche and Copernicus. This is in agreement
with the.results found by Allen and Ney (1969),-and-is
attributed te the progressive cooling eof roecks with
less than ene meter diameter. It is further neted that
all the craters.fit the data well after 4.5 days coeeling,
where it may be. cencluded that only large  rocks ‘contribute.
Also, .surprisingly, the model f£its the data for
Aristarchus with 2.0% reck threugheout-the night.. It
is cencluded frem this that Aristarchus centains enly.
large rocks: A-comparisen-of. the percentage rock feound
in- this study and by the multi-color analysis by Allen

and Ney {(1969) is found in the fellowing table 2.10


http:2.9-2.11
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Table 2.10

Crater Model - Allen .and.Ney
Tycho 10.0% (2.5 days). 10.0% (2.5 days)

6.0%{9.7 days). 3.5%(9.7 days)
Copernicus 3.0% (1.7 days)- -8.0%(1.7-days)

1.1%(8.9 days) 2.0%(8.9 days)
Aristarchus 2.0%(1.0 days)y = -——--

2.0%(6.9 days) 3.0%(6.9 ‘days)

days = ‘days cooling frem sunset
The abeve figures are alsoe in.general agreement with
studies of Lunar Orbiter Photeographs of these craters
made by Pavid Allen (1970Ca, p. 98).

The close agreement between. the three above
methods-of determining percentage rock of the lunar
surface gives streong suppert to the thesis that rocks
are the primary cause of éhe ancmalously hoet readings
obtained frxrém these craters. A more detailed medel
must necessarily coensider .the size distribution and
three dimensienal radiatienal properties-of rocks in
and around craters. As Allen and Ney did not obtain
a percentage rock value for Aristarchus early-in-the
night, the present result of a lack of small rocks- cannet.
be compared. Further lunation .measurements-are needed
to confirm or deny this tentative result. Alse these
craters need be measured throughout-an eclipse at as
many wavelengths as possible, where if.the rock theory
is correct, .even smaller rocks, thus increased percentage

rock; should ceme inte play.
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2.D = The Moon. in- Eclipse.

The circumstances- ef-a lunar eclipse are.not
unlike these for a lunatien frem a cemputatienal peint
of view given- the homogeneous medel. However, here.the.
selutien is nen-perioedic,-having a duratien of only a
few heurs, and the insoclatien functien is substantially
more cemplex, varying significantly with-position on.
the lunar surface. The reduced time scale means that-
enly the upper few millimeters of.surface are invelved.
To eobtain-an understanding ef.the circumstances
surreunding.a, lunar. eclipse one. is referred to
Kepal (1962) and Link {1969).

Many of the parameters of an eclipse may be obtained.

frem The American Ephemeris- and.Nautical- -Almanac; these.

are listed in table 2.11l. .The remainder fellew frem

a consideration of what an observer- lecated at the
point of interest on the lunar surface experiences

as the Sun passes-behind. the Earth. The sizes of the
twe disks, the velocity with-which their centers move,
and the distance- of. closest appreach-are found in this
way. From this infermation in- turn is calculated the
penumbral and umbral duratiens-which lead te the preper-
time-and depth -steps, and the circumstances of
inselation fer the given. lecatien. A detailed

description fellows.
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¢@, 6® = .right ascension, declination of Sun
%, 6q = right ascension, declination of Moon
ASO,AGG = heurly motiens of Sun-

Aaq,ASG = hourly motions of Meon
HP_ = horizontal parallax ef Sun

HPy = horizontal parallax of-Moon

R® = gemi-diameter, radius, of Sun

Rq =- semi-diameter, radius, of Moon

Rl = Sun-earth distance

R, = Earth-moon. distance

t = the various times associated with- the
occurrence

Frem a consideration of a translation, from
an- Barth centered coordinate system te a lunar centered
coordinate system, one. finds that angular distances
in general transfeorm as:
(2.5) ol = —
2
(1 + &=
1
All angles in the following equations are-considered
to be in units-eof arc. The lunar centered system is

considered the primed (') system. The radius of the

Sun, Ré, as seen from the. Moon is found in terms of
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the semi-diameter of the Sun, - as seen. from Earth:

@l

Ro

R

1 -

(2.6) R! = -
1+ g

1

Ré is used as the standard of length in determing the

following parameters.
The angular motien.-of the Moon, M, with-.respect
to the.- shadew center in the Earth frame {where the

shadew has ceerdinates w@ + 180°, - &8, and hourly

©
motion A¢®, —,ASG) is:

v ——7 2
The inclinaﬁion, i, of this metion with respect te

an East-West axis is,

AS( + A6 ®

1 ,
e 8¢ (A9g ~ Bé¢)

(2.8) i = tan

Making use- of the above translation, the motion of the
Sun relative to the. Earth, M' in texms of Sun, radii,

Rl

o+ 25 seen from the. Meon. is:

(2.9) M' = M/Rg
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The radius of the Earth in terms of Ré as seen from the

primed- system is,

- 3
(2.10) Rgy = HP@/RG)

In determining the insolation the detailed effects
due teo the Earth's atmosphere are neglected, and - it is
deemed sufficient-to simply. increase by 2.3% the
radius eof the Earth as has been determined by
experiment from measurements of.the umbral-shadew
to® be the increase necessary due- to the Earth's

atmosphere (Link 1969, p. 104).

(2.11) Ré = Rél.023

To obtain the distance of closest appreach of-: the
two disks for an observer at-the pesition x on the
lunar surface-it is needed to transform the selenographic
ceordinates (SLAT,SLONG) to the apparent selenographic
coordinates of x (ASLAT,ASIONG)as determined from the
projected celestial system centered on the Moon.
This is accemplished by rotations by ¥, the lunar
axis positien angle, and the eptical librations. One
thus ebtains a‘Agx,ASX of the point of interest with
respect-to the apparent center of the Moon. At the
time of oppositien fer the position x,

(2.12) ¢® + 12 hours = ¢ + A¢x .
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the angle T between the center.of the shadow-and x in-

declination is found,

(2.13) T o= 6« + §. + Aéx

The arc w of closest .approach.as seen from the Earth

ig then
(2.14) w =T cos i

Transforming this as before to the minimum distance D'
between the Earth and the Sun as seen from the position
x. at-closest approach in terms of R' gives the

desired result:
2.15 D' = R
(2.15) w/R

The time TX at which first contact takes place for
the point eof interest on th; Moon is-.easily- determined
from the times given in the Ephemeris and a censideration
of how the penumbrai shadow sweeps acress-the lunar
surface. This time need only be determined te + 10
minutes to adeguately determine the pre-eclipse. surface
temperatﬁre<for the point-x. .Here the. program is also

given the sub-Selar-selenographic coerdinates, SSLAT,

SSIONG of the point-ef interest.
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Next the manner- in which .the disk eof the Sun is
covered behind that ef the Earth is determined. This
event is depected in figure 2.12, The herizontal
distance parallel-to the relative.motion between the
centers at- -first centact is:

2 2 1/2
(2.16) DF' = [(1 + Ré) - (D')7]

The actual distance- between centers with- time is thén:

5 2 1/2
(2.17) . DT' = [(DF' - M't)" + (D")"7]

The time duratien At frem first- te feurth contact then

becomes:

(2.18) At

The medel takes At, , as an effective peried in.
determining the depth and time steps. Taking limb
darkening inte acceunt (Allen 1963, p. 169) the
fraction £ of the tetal solar flux incident en the

surface is then:

£f=11f DT'< (1 + Ré)

f =0 if Ré < {1.+ DT')

otherwise,

1
{2.19) £ = J LD (x) (m-¢(x)) dt,

©

S



38

where

6 = sin T (r)

1D(6) = (L.0-U-V4U cos (8)+V cos28)/(1-U/3-V/2)
U-= 0.84
V = -0.20

& = 0 if DT' <(r + R&'))

¢ =w..1f Ré <(x + DT'), otherwise

i

¢ = cos™ [(z?+ (")~ (R)) %) /2rDT"]

The insolation S, then becomes S, = Sf where S is
described by equatien (2.1)
In this way .the needed eclipse parameters are found.
Consistent.with the previous.section on-lunatioens,
in the eclipse case. (it is neted that:the above
Solutions are valid for a penumbral and partial as
well as total eclipse), the solution for the-given point-
of interest x and desired- Gamma is taken throeugh four
lunatiens and halted at the preper.diurnal phase angle,
that is-time T at which first contact tékes place.
The program then switches into its eclipse mode where
the abeve parameters are made.use of, COntiﬁuing the
selutien for At, , + 30 ﬁinutes, with the newly
determined time and depth steps. The added time- is.to
allow the surface te ceol back to its pre-eclipse value.
As noeted in-the introduction this portien of the
program.was originally written.in-1968 for the twe
eclipses of that year which were both cleouded out. in

the infrared at the O'Brien Observatery. Since that
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time there. -have been two- .useful. partial eclipses only.
David Allen obtained some data on the first ene.during
the night ef February- 21, 1970.. . .The- second one ‘took.
place on August 17, 1970 -but was tee lew in the sky-
in. Minnesoeta to cope with the cirrus abeut on ‘that
night (-20° in declination and 3 hours over}.
Preparations were also made .for the total eclipse of
February 10, 1971, but again clouds.

The'onlyluseful eclipse data obtained at the
O'Brien Observatory since 1968 is that obtained during
the partial eclipse of February 21, 1970 (Allen 1970a,
p. 46). But even here due te a heavy frost and ice-
on the mirrer, enly the measuremen#s coming oeut eof
eclipse'proved useful for cemﬁarison with the.
hemegeneous medel. The measurements were taken
close. to the South pole of-the.Moon (SSLAT = -80°,
SSIONG = -11°) in a region lacking previoeus. eclipse
anomalies. In this region, the umbral phase lasted
40 nminutes. The computed circumstances eof this
eclipse are given in table.2.12. . Figure 2.13 depicts
a comparisoen of the measurements with the hemeogeneous
model at 12. microns.

It is evident. that the early. penumbral data agree
clesely with a surface Gamma- = 1400, and that the late
penumbral perioed behaves-as Gamma = 1000. Here the
medel used a ;tep size-of 0.78 minutes, and the

thermal wavelength was 0.31 cm for Gamma = 800,
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0.24 om for Gamma = 1000; 0.20 cm for Gamma = 1200,
and 0.17 cm for Gamma = 1400, with the depth step
again being 0.05 thermal waveléngth. The data was
not extended beyond that shown due to high.extinction-
so comparisen-cannot be made for the final stage of.
warming back.to the pre-eclipse temperature eof 250°K.
The- high value of Gamma = 1400 during the umbral and
early penumbral phase, as .opposed te Gamma = 800
obtained at 12 microns during the lunar night is
undoubtedly due to the changing bulk medulus of the
near surface, and a particulate, thermophysical model-
of the lunar seil-like that of Winter and Saari (1969)
is needed te obtain agreement between.the Eclipse .and
Lunatien case. However, rocks on the surface, the.
evidence of Wﬁich'it is seen is strong, must alse
account for the oebserved change in Gamma throughout
the eclipse. The 3% rock found frem a celer analysis
of this eclipse-by Allen (1970a, p. 47) remaining
essentially. at its pre-eclipse.-temperature of 250°K
as one would expect from its high thermal- inertia,
necessarily means that the actual dust, measured to
be 130°K, must have- possessed a Gamma higher than
1400 se that the compesite selution-with reck could
be-lowered to 1400 at 12u. In fact 3% rock at 250°K
maintains a temperature of 145°K‘aloneffor the -
duratien  of the umbral peried. The model -gives 149°K

at- the end of totality-.at.Gamma = 1400. The data
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upen which -this argument rests is too uncertain to
warrant further analysis. Clearly mere multi-wavelength
data and a detailed thermophysical model including the.
wide distribution of surface roecks are needed te clarify
the above cemments.

In preparatien for the ecglipse of February 10, 1971
which.had a magnitude 1.313 one test run. has been made
at Gamma = 800, 1000, 1200, 1400 for SSLAT = SSLONG = 0.
Here a-step size of 1.63 minutes was used, and the
thermal wavelength.was 0.44-cm fer Gamma = 800, 0.35 cm

fer Gamma

il

1000, 0.29 cm for Gamma = 1200, and 0.25 com
for Gamma =- 1400, The- computed parameters of this
eclipse are listed in-table 2.13, and the coeling\
curves appear in figure 2.14. They are included here
as an example of the typical- behavier of the lunar

surface during a full eclipse.

Table 2.12
Computed Partial Eclipse Parameters for February 21,1970
Selar selenegraphic latitude of x SSLATX -80.0°

Selar selenegraphic. longitude of x SSLONGx -11.0°

Motien of the Sun in primed system M 1.767 Ré/hr-

Radius:of the Earth -in primed system Ré 3.413 Ré

Distance of closest-approach seen Dé 2,392 Ré
from x

Duratien first te fourth centact At 4,197 hr
seen froem x :

Time of first centact at x T 6%13™ ur
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Table 2.13

Computed Tetal Eclipse Parameters .for February 10,1971

Solarx. selenegraphic latitude..0of.x.. SSLAT 0.0
Selar .selenegraphic lengitude .of x SSLONGx, - 0,0°
Motien-of the Sun in primed system M' 1.699 Ré/hr‘
Radius of the Earth in primed system Rg 3.363 Ry
Distance of clesest approach seen

from x D! 0.919 R!

X €]

Duratien first-te feurth-centact

seen from x AtX 5.021 hr
Time of first-contact at x TX 5h16m uT

2.E = The .Integral Temperature .of the Meon.

In_anticipatien ef integral measurements to be
made en the Moen by Thomas Murdeck- for the purpese
of intercomparing the integral  fluxes of the Meon and
Mercury with- phase to ascertain surface reughness,
the results of section 2.B are.here integrated over
the wvisible- hemisphere. for the toetal, bright.side, .and
dark side integral brightness temperature with phase
in the manner described in sectioen 3.C. A 20° grid
over the surface is employed. ‘

For the day side integral. temperatures, the
results- fer Gamma = 1000 are used. The exact  Gamma
and contributien.oef -rocks en the surface is net-
impoxrtant here as the diurnal peried of the Meon is-
such that-the sunlit surface .is clese toe the

equilibrium temperature, within 1°K for the medel
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except for large phase where..small -differences between
waxing and waning appear as seen in figure 2.15. Here
the 3.5 micren-and 12-micron integral, day side
brightness temperatures- are plotted as a function of
phase. Alse, .in general, the 8.5 micren curve is
1°K-abeve the 12 .micron-curve,. and the 20 micren-curve
1°K belew. The curves become inaccurate for high ‘phase
where the integral is weakest, .and where the influence
of rocks -can no lenger be ignored.

The integral dark side-'celexr' temperature alse
explained in sectien 3.C is .tabulated in table 2.14
ag a functien of Gamma. The- integral 'color' température
obtained by cembining varieus fractiens of Gamma=20
and Gamma=1000 material appear in table 2.15. It will
be of iﬁterest te see how the. integral measurements-
cempare.with .the previeus lunation result of 0.15% rock
and. the eclipse result of 3.0% reck, although variatioens.

with- ceoling time and the like .are lost. in the integra.

Table 2.14

Lunar Integral-Dark.Side.Color Temperature (°K}With Gamma

Gamma 15 20- 25 30 35 . 600. 8060 1000~ 1200..14060

Temp 234 224 216 209 203. 113 106 i0l 97 94

Table 2.156

Lunar Integral Dark Side Celer .Temperature (°K)With- Rock-
bust Fraction '

%gRock .0.1 0.2 -0.3 0,5..1.0..2.0. 3.0 4.0..5.0-
Temp i02 102 103 104 .105. 111 115 119 122-
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Chapter III --The.Homogeneous .Model Applied te Mercury.

3.A .= General Censiderations. .:

The homogeneous model is.applied te the.planet
Mercury te:ebtain beth diurnal ceeling curves, and
integral- hemispherical -brightness- and coler temperatures-
for all phases and-a variety-of Gamma. These results
are then compared-with.the available observational
infrared data (more properly datum in this case) to
determine the mean surface value of Gamma and the
percentage- 6f rock on,the surface.

Mercury is. the nearest planet to the Sun, and
thus subject te the highest inselatien. The planet
is in an elliptical orbit with an eccentricity of
0.2056, having a perihelion distance of 0.3075 AU
and an aphelien .distance of 0.4667 AU. Mercury's
rotatienal .peried is coupled-te its orbit. peried in
the ratie 2/3. This. coupling results in a.diurnal.
peried that is twice.the orbit peried eof 88 days,
or 187 days long (Dyce. et al., 19677 Carmichel and
Dolfus, 1968}. Observations show the rotation to
be-direct .with.the axis perxrpendicular- te- the oxbit
plane which.is inclined 7°.te the ecliptic. Faint
surface-. features- are barely ebservable en the disk,
the diameter of which.is 6.7 arc-sec-at 1 AU. As a
result very little is knewn -about., the surface-of.

the planet,-and enly integral. fluxes may be.observed.
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However, the wvisual.albedo, phase.curves, and
pelarization are remarkably similar te the meen, and
from this .it may, be. surmised _that- the surface.
characteristics are also similax. The very slight
atmesphere -of approximatelj‘B‘gm%cmz.that—mayzor may
net exist areund the planet (Morez‘l967, p. 81)
certainly is transparent at infrared wavelengths.

It is then quite-clear that we receive thermal emission
from Mercury, making it a.prime candidate-te compare
with this homegeneous model. .Although-its actual

Bond emissivity is 0.94, a value of 0.93 is used to
minimize the number of parameters changed from the
lunar case. The infrared emissivity is.alse set at
0.93. The planetocentric coordinates used set

MLAT = MLONG =-0 as the subsolar point at perihelien,
with MLONG increasing in a cleckwise fashien.

The ellipticity ©f the orbit results in a'sundance'’
for.an. ebserver- situated on.Mercury's surface. The Sun
traverses’the sky at a variable rate. An observer
at MLONG = ‘0° .sees retrograde motion when the Sun is
at zenith, while at the same time an ebserver at
MLONG = 270° sees two successive sunsets due to the
same -metion (Seter and Ulrichs, 1967). The variation
of the subselar temperature for these two lecations is
from 710°K te 512°K. The severity.of this wvariation
necessitates its inclusion in any calculation of the-

surface thermal- history, even-during the night.
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Fortunately a given point-en .the..surface experiences
the same- inseolation frem one diurnal period te the
next, making it pessible to tie the solutiens to the
planetecentric ceerdinate system. The insolgtion at
MIONG = ¢ is furthermore equal.to that of ¢ + 180°,

alse.reducing the number of - solutions necessary.

3.B .- Diurnal-.Ceoling Curves.

The follewing eguations .are empleyed to obtain

the inseolation at the surface 8:

(3.1) . g = -Selar constgnt cos - (MLAT) _ .. (n—-$-MLONG)

kp)

where
P =-solér anglé from- perihelion
= (2e-1/4 &%)sin(e)+(5/8e%-11/24 e?)sin(2e)

+ 13/12 e3sin(36)+103/96 e%sin(4e) + €

n = 27 (time from perihelion)/spin period

g = 27 (time f;om perihélion)/orbit period.

e = eccentricity,

a = semi-majoxr axis

R .= a(l-e?)/(l+e cos (V)

Trial solutions showed .that a time step size,

._,Aﬁ,é"dlugggl peried = 352 minutes;

was needed to properly handle the extreme temperature

variation that occurs on the surface of Mercury. This
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time step is one ‘half that used on the Moen. The-depth
step remained :the same as befoere at Ax = 0.05: (thermal
wavelength). Alse each selutien was carried thrgugh
four diurnal periods where .it.was determined .that the
selut%pn varied by <+. 1°K frem .the selution carred to
ten diurnal perieds at any goint in the period.

Using the abeove parameters and the homegeneous
model;.diﬁrnal ceeling curves were obtained for the
cases listed in Table 3.1 for a range in Gamma censistent
with the idea of.a surface comprised of a mixture of
rock and.dust in anticipation of their use in determining

the integral surface temperatures described in-sectien 3.C.

Table 3.2 .lists the associated .thermal wavelengths.

Table 3.1

Mercurian Coeling Curves Calculated

Gamma 15, 2@ 25 30 35 500 600 800 1000 1200

MIONG- . 0. 20 40 60 80 100 120- 140 160

MLAT 0 20 40 60 80

]

. Table 3.2

- . ._.Asseciated Thermal Wavelengths A

Gamma 15 20 25 306 35 500 600 800 1000 1200

A(cm) 244 183-147 122 105 14.7 1l2.2 9.2 7.3+ 6.1
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. As.it .would .take a -minimum-.of .45 _plots -containing
11 _graphs- each 'to depict all-the data prepared for the
integral soelutiens, only a representative sample
described in .table 3.3 ié included in-this thesis.

The complete data are available.on magnetic tape.

Table 3.3

Descriptioen of Mercurian- Ceoling Curves

Figure Description
3.1 All Gamma, MLAT = 0, MLONG = 0
3.2 All Gamma, MLAT = 0, MLONG = 100
3.3 All MLAT,MLONG=0,Gamma=600

3.4 All MLAT,MLONG=100, Gamma=600

Eigures 3.1 - 3.4 speak .for themselves, shewing
the wide-.temperature fluctuations found en the surface
of Mercury, and give an idea of hew the particular
inselation affects the surface temperature. Table 3.4
gives Mercury's bottem temperature as a function of
Gamma and lengitude for MLAT =- 0. Table 3.5 does. the

same for MLAT = 40.
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20
500
600
800

1000
1200

Ganma
20
500
600
800
1000
1260

409
347
345
341
338

336

387

327

325

321

319

317

Table 3.4

Mercury Bottom Temperatures[°K]For. Latitude 0°

20

406
345
342
33%
336
334

40
397

337
335
331
329

327

-

100
355

298
256
293
290

288

120
383

323
321
317
315

313

Mercury Bottom Temperatires [°K]for Latitude 40°

20
384
325
323
319
317
315

40
376
318
316
312
316
308

60 80
382 356
323 299
320 297
317 293
314 291
312 289

Table 3.5

60 80
362 337
305 282
302 280
299 276
296 574
294 272

100
336
282
279
276
274

272

120
363
305
303
299
297

294

140
398

338
335
331
329

327

146
377
318
316
312
310

308

160
407

345
343
339
337
335

. 160

385
326
323
320
317

315

3174
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3.C ~ .Integral - Temperatures of Mercury. -

The - main focus of this. chapter is the compilatien
of integral; hemispherical temperatures- frem the
homogeneous model te cempare .with the infrared data
available fexr Mexrcury. To-this.end a 20° x 20° grid
is established over the entire planet, and a diurnal
cooling .curve .is obtained at each point as described
in section 3.B. Making use of the existing symmetries
Ain longitude and latitude this inveolves 45 gooling
curve soelutions for each-Gamma as listed in table 3.1.
The follewing integral form is then evaluated numerically
over the hemisphere visible from Earth te oebtain the
total, day side, and.dark side flux TFA(t), coming froem
the geemetrically visible hemisphere for a given phase,

wavelength- A, and time t reckoned from perihelion.

- gQ° sub~-Earth MLONG +90°, bright
1imb,dark limb
(3.2) TF, (£) =.2 ae  .|a¢ F,(T(6,,t))cos. ¢ ces?o

o] sub=Earth M@GNG-90°, sunset
MLONG, sunrise MLONG
where, A = 3.8, 8.5, 12, 20 microns.
T(8,%,t) = homegeneous model temperature for t at
MLAT = 0, -MLONG = ¢.

FA(T) = black body brightness flux using equation 2.3.
The- proper apparent brightness integral temperatures
are then derived from TFA(t)'s making use of the inverse

of equation 2.3 after dividing by the correct areas.



51

The- above -integral.assumes that-.the sub-Earth
point is.always on-the.Mercurian .equater, where in
fact Mercury's .erbit is inclined seme 7° to the ecliptic
which allews the sub~Earth point to wander te .extremes
of + 16° in MLAT. Such extremes .only eccur when
superior er- inferior- cenjunctien .ceincide with- aphelion
@r perihelien. In. the superier cenjunctien- case. the
variation is enly +. 5° in MIAT while it will be seen
.from figure 3.5 :that.the integral solution is flat -over
a wider range of phase .than .this. This variatien may
then be .neglected. The pessible variation of + 16°
results- in an ‘ever present crescent at inferioxr
conjunction, and reliable nighttime data is simply:
not ebtained when this.crescent is larger than a
few degrees in phase.. Thus this problem.ié te a large-
degree- aveided, and further lessened by subtracting
out the effect of the small: crescent when the data
is reduced to an integral nightside temperature.
Frem the peint of-view.ef- the .medel, the dark side
integral temperature.is found .te be flat. for + 1.0°
eithexr side-eof phase = 180. Thus it is felt.that
neglect of .the inclination-oef Mercury's oerbit
produces an error of. <0.5°K to the cemputed integral
temperatures at any given-time.

In performing the integratien, the 45 grid point

diurnal- solutions spaced 20° apart for a given Gamma
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are used. A second degree—interéelation is: then
performed.on the diurnal selution.at each grid peint
te determine .T'{(t,¥,0) for.the desired time from.
perihelien t. For a. given Gamma and t this- has only
te be dene.enée. The integral of .equatien (3.2} is
then evaluated making use- of the aboeove preset grid.
Te ebtain T(t,¥,0) at any step:.in the integratien,-
the grid peint closest te the desired MLAT_, MLONG_
is first- found. .Next the eight grid points surrounding
this ene are-alse determined. .Then a second degree
interpelatien is made at each grid latitude in
longitude for the desired MLONGX. A foﬁrth second
degree interpelatien is then-pe?formed in latitude
ﬁsing these three.interpelated values for the;desired-
MLATX to obtain the needed temperature. Fox MLAT> 80°
an extrapolation is - used with .the MLAT 40°, 60°- and"
80° grid peints. It is felt that this more nearly
apprexihateg the surface temperature at high latitudes
where surface roughness blays.an impextant part.
Special.precautiens are alse made in interpolating
in the neighborhoed‘of the sunset, sunrise terminaters
where the temperature. variations are extreme.

The integratien is performed at a spacing of 2°
in MILAT- and MLONG, feor which internal coenvergence
is within 0.1°K for a given set .0f cenditions: The
integral selution is limited enly by the 20° gxid, and

the homogeneous moedel itself. A finer grid in latitude
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is not- necessary. It is.feund .that a finer grid

in lengitude is necessary for .a detailed study of.

the regien <+.10° in-longitude .0f the sunset.er sunrise

terminater as-will be.seen. Such fine- grids-are

expensive.in computer time and-noet- justified using

the hemegeneeus .medel as the three dimensienality

and size distributien.ef reéksruespecially near - the

limb, alse play an. impertant-rele in this regien and

maust - -be included in any such detailed study. The

present model breaks.down for day time solutiens at-

a- phase greater than-170°, and. for night time soelutioens

for phage less than 10°. ﬁewe%er, in the case of.

dafk-siée,sélutiens only phase 180° is included in

this thesis as it-is.net possiblé teo measure

integral'da;k side-teﬁperatures:at other than .this -phase

. and difi%cult-enough in this-case. In this way then,

the progkram determines.the infegral-day éime, dark side,

and-fetai-flﬁ% ceming to the.ﬁarth;for any desired

Wavelengﬁh,‘phase,-time:frem perihelion, and.Gamma.-
Finally the integral-flux is-divided by the preper-

area. For the integral day time flux this is DA where

(3.3) ﬁA = % (1 +.cos (phase)).

i

The- correspoending.dark side- area, .NA, is simply:
NA = 7-DA, while the total area TA is w. The inverse

black bedy equation, the inverse .of equation 2.3, is
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used te cenvert back -to.the :desired apparent integral-
brightness temperature of Mercury.

Figure 3.5 provides the integral, day side,
brightness -temperature for Gamma =- 600 as a function
ef phase-at gean distance (19.22 days from perihelioni.
Here the 3.8 and 12 micren selutliens are pletted. The:
8.5 micren selutien is approeximately- 1°K abeve the
12 micren-selutien and the 20 micren case one belew.
It is noted that the variation between thé waning and
waxing.solutien is <0.5°K, and further that the
selution is identical to better than 0.5°K te the
equilibrium black body.selutien at that distance
out'.te a phase of.160°. The .integral-equilibrium
selutien is obtained by substitutien eof the. equilibrium
surface black bedy temperature .Tp (¢,0) inte equatien 3.2

where,

1/4

(3.4) T£(¢,9) = [‘solar cgnstant cos 6 cog ¢]

g R

1

The cemparisen is made with .the emissivity equal te
one in tﬁe black bedyiequilibrium case, illustrating
that plotting the actualnsufface«temberature with

eg = eIRl=-®.93 in the medel as$ is éene threughout
this wergvénd deseribed in sectien 1i:B results in

the same surface temperature as the case with

€y = BIR =-1 .in the m@@el: As exglalned in
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sectien l.B, ‘this shows the effsetting effects of-

€5 and €1g* The abeve  comparisen is made primarily

to check the integral:.selution. It alse shews that if
one is dealing with the sunlit pertien for phases less
than' 160° it is perfectly adequate, much simpler,

and- saves a .great deal of cemputer time, te use the-
integral black bedy sunlight equilibrium selutien.

One alse-sees that the day side solutien is then
independent of Gamma given a .surface with Gamma = 500
or higher. All this is due te .the slow rotation peried
of 176 days: - It is seen.in-sectién 2.b that divergence
from the equilibrium.case starts .to appear with-the
lunar retatien-period. .In chapter IV large deviatiens
are observed where the retatien period is reduced. te
hours.

The 3.8 micren data of Themas Murdeck- (1270) of
the integral brightness day, side temperature of Mercury
with.phaée is alse plotted. The forward peaking of this
data by 50 percent in flux ever tﬁe present model is
apparent;,and is a measure-of. the inabilitg of the
present ﬁedel with its Lambertian-surface te adequately
cope with‘the'sunlit.case...As-Mu¥d®ck shows, this-
increase;is—most-certainly due te surface roughness
which seems-te play a more importént rele. on Mercury
than on .the Meen where the coerresponding increase is

enly 10%. A detailed surface-reughness moedel is-needed

to further develop this difference.
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New that the moedel has preved reliable by “comparisen
to the equilibrium case above it is applied te-the.
dark side of Mercury, a regien where a-simple equilibrium
selgtien'does not exist, with-seme:cenfidence;, As the
integral solutioen pregresses acress the surface in
increasing.planetoecentric lengitude frem- the "sunrise
terminater on the West limb teward the sunset
terminator .on- the East limb, the integral solutions
for 8.5,.12 and. 20 micrens. all -stay within 1°K of.each
other- to.within 10° of sunset in- lengitude. At this
point first-the 8.5 micron integral temperature,
follewed .closely by that at 12 micrens;  increase
anywhere frem- 5°K to 30°K above the 20 micren.integral
temperature by the time the seolution has reached the
sunset - terminator. The 20 micron increase is 1°K over
this last 10° in lengitude. This spread from 5%K.te
30°K depends on the time froem perihelien at-which..
the selutien is being made. If Mercury is in’a ‘pesition
in its eorbit where its angular. retatien is large,.the
area just ceming inte view ever the-sunset terminator
is warmer than-usual, net having time to coolu
significantly. It is here the large increases.in the
integral 8.5 and 12 micren temperatures are.observed-.
If the angular rotatien happens to be-slow, mere
ceoling -of this area has taken place, and the'incréase

is enly 5°K.
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At this .peint the methed..ef reducing the.enerintegral
measurement..that has been made .of. the Mercurian.dark.
side temperature to date during the inferier-comjunctien
of September .29, 1969, measured by Murdeck and:Ney..
{1970) , needs to be reviewed. Measurements were made at.
3:75, 4.75, .8.6 and 12 micrens. .. The average dark
side temperature.was feund to be.lll + 3°K, and the
crescent 205 _+ 3°K, First scattered sunlight was.
removed, -then it-was assumed that -all 8.6 micren ..
emissien was- thermal emissien from the crescent,.
and all 12 micren emissien was frem the dark side..

The black.bedy eoverlap of the resultant twe brightness
temperatures censidered as celer temperature was then
adjusted by a methed ef successive appreximatioens. te
obtain- the .above, two ‘colexr' . temperatures for the.
crescent and dark side.

What this does-in effect.is te assign-any.dark
side regien with a temperature greater than 140°K
{(the point .at which significant increase in 8.5 micron
flux is--noted in the integral selutien) to the crescent.
As this represents an area within 10° in longitude.
of the sunset.-terminater oen the limb, the resultant.
change in projected area is.negligibkle, as is the
change- in the temperature of the crescent. Hewever,
it dees mean.that:the resultant dark.side measurement
more nearly compares with the model selution at.the

peint where- the 8.5 micren- £lux becomes significant,
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and the 8.5,.12, and 20 micren selutions-are still
within 1%K .ef .each other. As this peint is. alse.
within- 1°K of the full hemispherical .integral ...
temperature at 20 microns for phase 180°, the 20 micron
results .are..here used te represent the 'celor!. . .
temperature of the dark side to..compare with the. ..
above measurement. The  results .fer .varioeus Gamma are
plotted iﬁ-Figures 3.6 and 3.7. .

Figures .3.6 and. 3.7 -clearly show- a sinuseidal like
variation in .the dark side 'color'- temperature with
an amplitude of 5°K as a functien of days from.perihelien.
It is necessary then to include the eccentricity.ef
Mercury's. erbit in the solution, even for-the night
side, rather than assuming a constant-mean retatien
at mean distance. The ene dark side data point ‘gives.
a.best fit te a surface with -Gamma = 575 + 50. This
value of Gamma,K is also in. agreement with the "computatiens-
of Merrisen .and Sagan. {1967). More data is awaited
to see how .real the aboeve sinusoidal variatien is.. A
Gamma = 1000 {(dust) surface is cembined with a Gamma =
20 {reock) surface.in Figure 3.9 to determine that.a.surface
containing 3% rock alse fits the data peint. A dark
side 20 micren measurement-would be useful te evaluate
this peint. . This increase in percentage rock as cempared
to the value of 0.15% obtained- for the Meoon is rot
incensistent with the increase in surface roughness

compared to that of the Moen.
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Chapter IV - The- Hemegeneous-Model Applied to-Exterior:

Objects.

4.4 - _.General Censideratioens. ..

In order-te cemplete .this.survey.of the homegeneous
medel, coeling and integral.temperaturé-curves_are~
computed fer the remaining objects in the Selar system
for which infrared data is obtainable that may be
representative- of thermal. surface emission. -The-objects
are Mars; Vesta, Ceres, Io, Burepa, Ganymede,/.Calliste,
Titan and Triton. These nine objects are grenped.
together because of the small amount of data presently
knewn abeut- their surface proeperties, and because. the
terminology- and methods used to generate the curves
ére-adequately covered in the preceding chapters...In:
the case of the astereids, Ceres and Vesta are- taken as
representative. The orbits of.Pallas and June are ‘clese
enough- te that of Ceres, for .their data, when corrected
te the proper..distance to be.compared te the 'results
given. here for Ceres. In additien te- the.determinatien
of surface ceeling curves and -integral brightness..
temperatures, integral eclipse ceoling is alse.included
for the Jevian satellites. The orbital -infermation
used fior the above obljects is given in table 4.1 ..
aleng-with their Bond emissivities, radii and maximum
visible phase. The oebservatienal evidence is' discussed

with- the results of section 4.B.
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Table 4.1

Exterior Objects Parameters-

Inc- to Object

Object. Mean Dist  Ecl: Rot Per Radius Max Bond

[AU] [0l [{km] ‘Phase Emis.
Mars - 1.52. 0 24837% 3380 45 0.84
Vesta. 2.36 0 5020™ 300 25 0.88
Ceres- 2.77 0- ofps™ 350 22 0.97
0 - 5.20 0 1918"%29™ 1670 12 0.46
Burepa 5.20 0 3d13018™ 1460 12 6.51
Ganymede  5.20 0 794R00™ 2550 12 0.71
Calliste 5.20 0 16%18R05™ 2360 12 0.85
Titan 9.54 0 15923015 2440 6 0.80
Triten  30.07 0 5921803 2900 2 0.79

The calculatiens are. made.for mean distance in each
case, and all.ebjects are considered te have ‘their spin
axes perpendicular te-the ecliptic. In the case of.

Mars this represents a sizable known errxoer as the. spin-
axis is inclined 24° te the eorbit plane. For-the coeoling-
curves this results in MLAT = 0° behaving moere. like.

MLAT = 20°. The- integral selutiens are not seriously
affected.

Since the phase functions for the abeve-ebjects
are uncertain, the Bond albedes and thus the Bend

emigsivities are alse net-well knewn. The emissivity
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used sheuld be lowered somewhat frem the Bend
emissivity te allew fer increased reflectien in-the ..
infrared. However,-there are.so many-unknewns-here.
that the Beond emissivities as derived. from ‘the measure-
ments.- of Harris (1961) are used unaltered, except for
the fellewing. That of Ceres is-cloese, and thus.set-
equal te the. value of (.93 used for Mercury -and.the
Meen. .Vesta is treated as a special case. Selutiens
are alse obtained for the Jovian-satellites with. _.

g, = 0.93 .for purposes of comparisen as will ‘be.feund
tabulated in tables 4.9 and 4.10. The surface-infrared-
emissivity is held.constant at 0.93.

Mars., whose atmespheric pressure is knewn-te bé less
than 20 mb, is taken to be transparent in the .infrared;
any. atmespheres of the other- bodies-are alse neglected
in the calculatiens. The small effect of radiatien frem.
the.plaﬁeﬁ Jupiter at-137°K (Aurmann-et al., 1969) is
alse neélected in the.selution fer JIiJIV, as is
Saturn,;Neptune for Titan, Triton. respectively.

Thé_step sizes found best suited te the selutioens
are egqual te those used for the Moon:

. . diurnal period"
At - G 360,:

Il

Ax 0.05 thermal wavelength.

1

1

The the:ﬁal wavelendgths and At are found in table 4.2.



Garma
Mars A
Vesta A
'Ce&es A
JL A
JII A
JIIT A
JIV A
Titan A

Triton A

20

14.00

6.51

8.50 |

18.38
26.04
36,97
56,46
55,18

33.50

50

5.60°

2.61
3.40

7.35

10.42
14.79
22,58
22.07
13,40

Table 4

Thermal Wavelength Alcm] and At [Min]

100

5,60

. 2.61

3.40

7.35

10.42

14.79
22.58
22,07

13.40

' 2’00. M

".2.80

1.30
1.70

3,68

5,21

7.39
11.29
11,04

6,70

-0.87.

2,45

300 -
1.87 .

1.13

3.47.
4.93
7.53

7.36

400
140"
0,65
0.85
1.8’

2,60

3.70
5.65
5.52
3.35

500
11,12 -

0.52

0.68
1.47

2,08

2,96
4,52
4,41

2.68

600
0.93 "

0.43
0.57
1.23
1.74
2.46
3.76
3.68

2.23

- 800 - -
0.70

0.33

0.43
0.92
1.30
1.85
2.82
2.76
1.62

1000

0.56

0.26 .

'0.34

0.74
1.04
1.45%
2,26
2,21
1.34

1200

0.47
0.22
0.28
.0.61
' 0.87
1.23
1.88
1.84

1.12

At

4.10

0.89
1.51

7.08

14.20

28.62
66.76
63.78
23,51

Z9
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Again, a specific heat of 0.2:al/gm°K is used
througheut, as is p=3.0 gm/cm3 fer Gamma <100, and

1.5 gm/cm3 for Gamma >100. ‘For each bedy, using the
above parameters, diurnal- ceeling curves are obtained

for.the fellewing values.

Table 4.3

GAMMA 20 50 100 260 300 400 500 600.860 1000 X200
MLAT 0 20 40 60 8O

Follewing this, integral curves are obtained by
numerical integration using a basic.grid of diurnal.
solutions placed 20° apart in planetecentric- MLAT,

MLONG as explalned in detail in sectien 3.C. Total,
day. side, and dark-side integral brlghtness temperatures
as a function of phase for 3.8,.8.5, 12 and 20.microns
and the Gammas listed-in table 4.3 are calculated.

Table 4.4 describes the diurnal and integral
teﬁperature model results inclﬁded in this thesis.

The 8.5, 20.micron integral.selutiens fall approximatéely
2° above and respectively below that of the.1l2 micren-
curves depicted in figures 4.9 - 4.17. Calculatiens-below
8 micrens are not included, as the data in this regien
represents- scattered sunlight rather than thermal-

emissien.
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Table 4.4

Description of Exterier Object's Medel Results

FIGURE

4,11

4.12

4,14

4,15

DESCRIPTION-
Mars, MLAT = 0°;-40°, all Gamma.

1

Vesta, MLAT =.0°, 40°, all Gamma.

Ceres, MLAT = 0°, 40°, all Gamma.

Io, MLAT =.0°, 406°, all Gamma.

Eureﬁa, MLAT = @°, 40°, all Gamma-.
Ganymede, MLAT = 0°, 40°, all Gamma.
Calliste, MLAT = 0°, 40°,all Gamma.
Titan, Triten, MLAT = 0°, 40°, all Gamma.

Mars, integral .12 micron-temp,all Gamma,
all phase.

Vesta, integral-l2 micren temp, all Gamma;,
all phase.

Ceres, integral 12 -micren temp, all Gamma,
all phase.

Io, integral-12 micron temp, all Gamma,
all phase.

Eurepa, integral 12 micron temp, all Gamma,
all phase. .

Ganymede, integral 12 micren temp, all
Gamma, all-phase.

Calliste, integral-12 micren temp, all
Gamma, all phase.

Titan, integral .12 micren temp, all
Gamma, all phase.

. Triten, integral 12 micren temp, all

Gamma, all phase.



Gamma Mars Vesta Cexes

20
50
100
200
300
400
500
600
800
1000

1200

Bottem Temperature Ffor

234
232
227
221
216
212

210

207

203
201

198

Bottom temperatures- for MLAT

Table 4.4. (continued)

. Bottom temperatures for MLAT

I

Op'

= 40°.
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Integral dark -side 'coler' temperatures,

all ebjects, €

B

var.

Integral- 12 micron temps at phase zero,
all ebjects,

o

B-

var,

Integral dark side 'celor’ temperatures,

€

= 0-93' JI “'JIV-

Integral 12 micren temps at phase zero,
JI - JIV-

€

193

193-

192
192
190
148
186
184
181
179

177

0.93,

Table 4.5

178
178
177
177
176
173
171
170
167
165

164

JI JII

109

1009

169
108
108
108
107
107
106
106

105

112

111
111

110
110
109
109
108
107
106

105

0° MLAT

JIII JIV
121 127
120 126
120 124
119 122
118 120
117 118
115 117
114 115
112 113
111 112
110 111-

Titan
94
94
93
93
92
92
91
90
89
88

87

Triton -

52
52
52
52
52
52
52
52
51
51

51
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Table 4.6

Bottom Temperature for 40° MLAT

Gamma Mars Vesta Ceres JI JII JIII JIV Titan Triton

20 219 180 166 102 104 113 119 88 48

50 218 180 166 102 104 113 118 88 - 48
100 214 179 166 102 104 113 117 88 . 48-
200 209 179 165 102 104 112 115 87 48
300 204 179 165 102 103 111 113 87 48
400 201 177 164 102 103 110 112 87 48
500 198‘ 176 l62 101 103 109 110 86 438
600 i96 174 16l 101 102 108 109 85 48
800 193 172 158 100 101 106 167 84 48
1000 190 170 156 99 100 105 106 83 48

1200 188 168 155 a8 99 104 105 82 48



Gamma
20
50

100
200
300
400
500
600
800
1000

1200

Table 4.7

Integral Dark Side Color Temperature

Mars
210
205
190
179
le8
160
153
148
140

134

129

Vesta Ceres

185

184

182

175

168
162
158
154
147
142

138

171
170
167
16l
155
149
145
141
135
130

127

JTI
109
108
107
105
102
100

97

95

92

89

87

JII JIIT
ll2 121
110 118
108 112
105 107
101 102
97 98
95 95
93 92
89 88
86 85
84 82

JIV
127
122
113
104
o8
94
90
88
83
8l

77

67

Titan
94
91
88
85
82
80
78
76
73
70

68

Triton
52
52
52
52
52
52
52
51
51
50

50
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Table 4.8

Integral- - 12y Temperature.at Phase Zere

Gamma- Mars Vesta .Ceres JI JII JIII JIV Titan Triter

20 230 185- 171 109 112 121 127 94 52
50 236 188 175 111 115 124 130 96 52
100 248 197 183 113 118 128 135 98 53
200 261 203 188 115 119 131 140 100 53
300 267 206 191 116 120 134 144 102 53
400 270 209 194 116 121 136 146 104 54
500 272 212. 196 117 123 138 147 106 54
600 273 214 198 119 124 139 148 107 54
800 275 217 201 120 126 141 150 109 54
1000  276- 219 203 122 128- 142 151 110 54

1200- 276 221 205 123 129 143 151- 111 55
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Table 4.9

Integral :Dark- Side 'Celexr' -Temperature
JI-JIV, e, =70793

B
Gamma; . JI JII JIIL
20 126 126 l26-
50 123 123 120
100 120 120 115
200 116 114 110
300 113 110 106
400 111 107 102
500 109 104 98
600 106 101 85
800 102 96 91
1000 98 93 87
1200 95 20 84
Table 4.10
Integral .12y . Temperature at Phase - zero
JI-JIV, ep = 0.93
Gamma JI JII JIII
20 126 126 126
50 127 129 130
100 130 133 135
200 134 137 140
300 138 141 146
400 141 144 147
500 143 146 149
00 145 148 151
800 147 150 152-
1000 149 151 153
1200 150 152 153-

692

JIV-
126
119
112
106
99
95
9l
82
84
81

78

JIV
126
131
138
144
148
150
151
152.
153
154
154
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4.B - Diurnal and Integral Cooling Curves.

The effects of rotatien are-clearly visible in all
of the curves where the waxing, waning temperature
difference is substantial whereas for Mercury this
difference is zero. As the rotation incre§§es so deoes
tﬁe maximum temperature lag zere phase, and the
amplitude of the temperature extremes diminish, falling
progressively below the instantaneous equilibrium with
sunlight surface temperature. In the cases of Gamma=20
a near censtant temperature sclutien is reached such that
the. flux radiated at-a éiven-latitude equals the incident
seolar flux. This constant equilibrium temperature is
given- by eguation 4.1 since for Gamma in the range
considered here, lateral flux diffusion may- be neglected.
In Figures 4.9-4.17 the upper curve marked EQUILMAX
represents the instantaneous eguilibrium conditien, and

MIN

the bottem curve -also marked EQUIL represents the

equatien 4.1 temperature.

Solar Flux €g

(4.1) o= x cos (MnaT))Y/*

2
R™T O €1p

In this regien-ef low Gamma and substantial spin,
it is alsoe noted that convergence for the first time
becane a problem. One cannot simply take the bottom
temperature to be the average of the surface temperature
over the first diurnal peried as has been done previously.

This results in solutiens in error by as-  much as 20°K
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toward higher temperatures unless successive relaxatien
and recalculatien of the bottem temperature is performéd
over fifty or mere diurnal perieds. Heowever, seolutiens
te + 2°K are obtained within the- four diurnal- perieds
used, if the bottom temperature is initially set to

that of eguatien 4.1. This-is dene in the curves
presented here in these cases.

Numerous data have been amassed on the Red Planet
in the past.few decades; especially with the. advent of
the Mariner series (Michaux; 1967) .- A great deal
more will be known.when the Mariner 1971 and Viking
1975 missiens are cemplete. However, te date
observational infrared data from the greund is lacking.
The observations made by Sinten and Streng (1960) near
eoppesitien of July 20, 1954 have yet to be surpassed.

The - data ef Sinten and Streng, cerrected toe mean
distance, are pletted in figure 4.1 where they are
seen to best fit a Gamma = 170 + 50 surface. This
compares faverably with-the original estimate of
Gamma =- 100 -~ 250 by Sinten and Streng whe. alse foeund
that the planet's dark areas are. 8°K warmer than the.
light areas (a variatien in Gamma of 100 fexr a surface.
in the range-of Gamma = 200). Merrisen et al. (1969)
have recently rewerked this data to ebtain a-near
dawn temperature of 180°K and a -60° MLAT temperature

of 161°K. Making allowance feor a greenhouse effect,
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they alse feund a Gamma = 200: The present moedel
obtains fer Gamma = 170, 176°K predawn and-219°K at
-60°MLAT in- comparison. This difference is explained
by part of Sinton and Streng's beam at. -60°MLAT-
including a pelar Coz ice cap which theoretically
should remain at the frost temperature of co, under
_Martian_pressure of 150°K. Neugebauer (1969) from
measurements on beard Mariner VI- and VII ebtains a
value of 150°K for the pelar cap in. agreement with-

a co, cempesitioen.

A working value of 234 + 7°K seems to be accepted
in the field of present ground work. for the integral
temperature of Mars from 5 - 100 micrens {(Aumann et al.
1969). As seen from table 4.8, this correspoends to a
surface of Gamma =-20. The neglect of the pelar caps
. at 150°K and the neglect of the. polar axis tilt in the
model-sheuld result in an integral- erroer-of less than-
3°K in the directien ef a lower temperature on the
part of the.medel. In centrast eone would expect the
measured values to be frem 2°K to 20°K high due te
surface roughness as seen in table 4.1l where the
measured temperatures and cerrespending Gammas- are
tabulated for.various-percentages of forward peaked-
flux due te surface roughness. It is remembered that
50% forward peaking was feund feor Mercury and 10% fex
the Moen. 40% is in all cases assumed for deriving

a surface value of Gamma with only phase zere integral
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measurements. Using the medel, Gamma = 170, as found
from the Sinton and Strong data,and 40% peaking, ene
arri&es at a 12y integral brightness temperature of
212°K. If anything, the Martian atmesphere would raise
this value still higher. This 1s in centrast.te the
ébeve measured value of 234°K.

On the oppoesite side, recent.results at the O'Brien
Observatery give a measured 12 micron integral brightness
temperature of 270 + 1l0°K (Murdeck, private cemmunicatien)
cerrespending te a medel Gamma of 170 for 35% flux
peaking. This result then- agrees clesely with- that of
Sintoen and Streng as compared by way of the.medel.

The above comments represent the present uncertainty
in. the thermal- measurements- of Mars. In light of.
Neugebauer's (1969) dark side measurement of 200°K from
Mariner VI-and Merrison's (1969) near dawn temperature
of 180°K a surface for Mars with Gamma less thaﬁ 100
is unlikely. From the greund it woeuld be useful to
measure the difference between the waning and waxing
temperatﬁres at maximum phase te help determine- the
value of Gamma for Mars. A reliable 20 micren measurement-
is alse needed to determine whether or not the Gamma = 170
surface can be explained by a combinatien eof rock (Gamma=20)
and dust- {Gamma=1000) as was done for the Meon. The abeve
ebservaﬁiens-make this uncertain, so ne attempt is made
here te calculate the percentage reock in this way., ner is

an attempt made in the remaining cases for the. same reasens.



Mars
Ceres
JI
JIT
JIIT
JIV

Titan

where TB = observed 12 micron integral brightness temperature.

Tp

B

270
199
141
132
143
160

125

Table 4.11

Comparison of Measurarents With Model for Various % Surface

T

274( 700)
201( 800)
142 (none}
133 {ncne)
144 (none)
162 (none)

126 (none)

Roughness Forward Peaking of Flux

10%

268{( 330)
198( 600)
141 (none)
132 (none)
132 (1200)
160 (none)

125 (none)

20%

263( 230)
195( 450}
139 (none)
131 (none)
141( 800)
158 (none)

124 (none)

30%

259( 180)

193( 330)
138 (none)
129 (1200)
140( 700)
156 {none)

123 (none)

40%

255( 150)
190( 300)
l37(nohe)
1.28(1000)
139( 600)
155 (none)

122 {none)

50%

251( 120)
189( 230)
135 (none)
127( 900}
138 (500}
153 {none)

121 (none)

corresponding model surface integral temperature with.eIR = ,93.

XX% = model surface temperature such that 1.XX its flux corresponds to T, -

integral surface temperature °K(corresponding Gamma).

A

60%

248( 100)
187( 180)
134 (none)
126( 800)
137( 450)
151.{1200)

120 (none)

¥L
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Vesta is included in-this thesis at the suggestien-
of David Allen whoe used the results presented here to
calculate the. infrared- diameter of this ebject, (Allen,
1970b). With an angular diameter of 0.5 arc-sec,
nething visual is knoewn. abeut its surface features.

That its surface is.roeugh is known.frem the variatiens
in its visible signal frem which its retatienal peried
is derived. Further, few measurements have.been made.
of either its diameter or albede. Based-on an integral-
brightness 12 micren temperature of 220°K at mean
distance derived from a consideratien of the roetatienal
effects seen from the moedel with a Gamma = 1000 surface,
Allen ebtains a diameter of 600 km, and a Bond albede

of 0.12 as compared to earlier accepted values of 380 km
and 0.27 respectively. Since the infrared measurements-
to date.have been.coupled with this medel to ebtain _a
more reasenable diameter, they cannoet then be used to
ebtain a surface value for Gamma until the uncertainty
in Vesta's radius is settled. However, it is alse
possible te fit observatienal data te a value for Gamma
by taking readings fer beth the waxing and waning cases
at maximum phase, although this-has net- been dene.te date.

Ceres, used here as representative of the asteroids,
being semewhat larger than Vesta, has less uncertainty
connected with the measuréments:of its radius and
albede. Nething is knewn of its surface features

other than that they are rough. The: Bend albedoe is
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0.03; however, to minimize parameter changes whenever
poessible, a Bond emissivity of 0.93 is used, the error
thus intreduced-being negligible and censistent.with
increased reflection tewards the infrared. Measurements
at Minneseta (Murdeck, private) communicatien) give-an.
integral 12 microen brightness temperature of 199°K.

The cerrespoending medel surface value of Gamma is

300 + 50 with 40% forward.peaking as shown in table 4.11.
Measurements with phase weuld alse be useful here.

As in the case of the. astereids, the physical
characterisites of the Jovian satellites are net well
known. There is just- enough variatien in the wisible
brightness curves toe shew their rotatien te be
synchreneus. Ie, like Mars,-is reddish-in celer.

The albede dependence with wavelength. for Io and
Calliste is net-unlike that of Mars' central regiens,
while Eurepa and Ganymeée resemble the spectrum of
Mars' pelar cap. However, theeretical estimates
predict-that any such pelar cap would have dissipated
during the lifetime‘of the solar system given. the
present measured surface temperatures (Moroz, 1968,

p. 385). In additien Ie possesses an anemaleusly high
albede at 3.5 microns while the ethers strongly.abserb
at this wavelength. (Gillett, Merrill and Stein, 1970).
The existence of an atmesphere on Ie, Eurepa, and.
Ganymede could help to explain their high and variable

albede curves, but there is ne concrete evidence for
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the presence of an atmosphere on any of them.
Calliste, the largest, has the moest lunar like
qharactéristics.

The data used teo compare with, and pletted on
Figures 4.11 - 4.14 are these of.Gillett, Merrill -and
Stein (1970). An examinatien of tables 4.8 and 4.11
shew that the measured temperature for Io-is higher,
by 12°K tﬁan a Gamma = 1000 surface given 60% feorward
peaking. Table 4.10 gives a fit te Gamma = 200-450
depending on the cholce of forward peaking fer
eg = 0.93. Since increasing the present radius by
the needed amount if unlikely, one is left.te choose.
between the existence of an atmesphere and its
corresponding increase in the temperature,. and/er a.
highly non thermal surface. The Gamma = 20-hypethesis
can be tested by ebserving Ie in eclipse, although
observationally this is difficult due te the closeness
of-Io to Jupiter. Jupiter itself may alse be affecting
this satellite.

Eurepa, as seen from table 4.8 and figure- 4.12,
comééres favera%ly-with a Gamma. = 1000 + 50 surface.

H

at 402 forward peaking. Table 4.10 shoews it te fall

B
Ganymede, table 4.8 and figure 4:13, best fits

belew- any reasenabile Gamma estimate for e, = 0.93.

Gamma = 600 + 50 and alse falls below any reasenable

estimate for €p = 0.93.



78

callisto, the ene satellite that dees not have.
an anemeusly high albede, cempares te Gamma = 1200 + 5@
at 60% forward peaking, and Gamma = 1000 + 50 .with-40%
forward peaking with €p = 0.93.

The measured value for Titan is 125°K (Allen and
Murdeck, 1971). As seen from tables 4.8 and 4.11, this
measurement even falls seme. 1l0°K abeve a high- Gamma-
surface with 60% forward peaking. This is very similar

te the result for Io, and again peints teo the. existence

of- an atmoesphere.

4.C - The Jovian-Satellites in-Eclipse.

The  eclipses of the Joéian satellites is made mere
difficult than that described for the Moen. in-sectioen 2.D
in that an integral. selutien néed be performed- ever the
vigible @eﬁisphere in erder te- compare with ebservatioens.
However;_the uncertainties'i;herentxin an integfal
solution allew the follewing appreximatiens te be applied
in detérﬁining the circumstances of the eclipses.

ﬁirgtlf, it is assumed that tge-Sun and Jupiter
are in the‘orbital plane of a given satellite, and that
the minimum distance between the Sun and Jupiter at
clqsést,appreach.as seen from any pesition en the
satellites be zere. This is valid as the radius of
Jupifer is- ldrge with fespect-to that-ef the Sun fer
an observer lecated on one ef the satellites. Secendly,

the time in tetal eclipse for all satellites is set to
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appreximately-lSO-minutes. As will be seen this is
clese. to the maximum eclipse time possible for JI-and
JIL. It is semewhat less than the maximum time feor
JIII and JIV. However, these satellites nermally cut
through the.shadew in such a manner as to make their
times in eclipse closer te the above value than te
their maximum values. What is impertant here is that
the major ceeling takes place within the first 150
minutes, and the selutien is-not altered, other than
being fereshertened, by the neglect of additienal
time in eclipse. beyend this. Thirdly, the edge of
Jupiter in obscuring the Sun is censidered toe be.a
sharp edge; that is, detailed effects of Jupiter's
atmesphere are.neglected. As is seen in sectien 2.D,
the first order effect of the Earth's atmosphere is to
increase the effective planet-radius. Here since the
radius 1is large, its-exact size is noet- impertant.
Undeubtedly, Jupiter's atmosphere plays a mere impertant.
rele. in the circumstances of inselatien auring the
penumbral- phase; however, this phase is shert-with
respect to the umbral period and thus such detailed
effects may alse be neglected. In fact, as is seen
from the results of this sectien, one may- simply
censider the Sun te be. instantaneously switched of £
and on, although. in this study the foermalism of
sectioen 2.Dis used as it is already incerperated into

the program. Finally, the phase-threugheut the event
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is considered te be zere for an observer loecated at-
the Earth. In the case of Io the phase variatioen is
+ 10°, hewever, as has- previeusly- been.determined,
the integral -selutiens are nearly flat within 10°
of phase zere, thus this approeximation is alse
reasenable.

With these approeximatiens in mind, the. fellewing
quantities are determined. The-radius-of Jupiter with
respect te that of the Sun as seen frem a given

satellite-is:

radius of Jupiter Sun-Jupiter distance

T—
(4.1) RJ= satellite orbital radius © radius of the Sun

The time duration fer the entire satellite-te enter the

umbral shadew is}

(4.2) 7 = radiug of satellite x satellite-orbital peried

p 7 satellite orbital radius

The time duratien of the penumbral phase for an-observer

pesitiened en the satellite is

(4.3) i = radius of the -Sun x satellite orbital period
’ 27 7 Sun—~Jupiter distance

The maximum umbral peried for an observer. on the satellite

is:

satellite erbital periqé

L x sin~ 1
T .

(4.4) T/ =

[ radius of Jupiter

satellite erbital radius]'



81

As explained abeve and for cemputatienal reasens,

the. actual umbral peried employed by the model is:

(4.5) T; = 150 + 2 (2.92 - T' ) minutes.

12
This is dene to allew the total time of the event
T, = Té + 2TJ'_2 to remain censtant fer all satellites
in erder te facilitate graphical pletting.

Next, to use the results eof sectien 2.P and
equatien 2.19 teo determine the incident selar flux,
the VELSUN there described is here calculated such
that the Sun travels its diameter in the time
interval Tiz . Since, being large, the exact size-
of Jupiter's radius is not. impertant, an effective
radius is calculated in erder to make use of the‘

eguatiens of 2.0,

(4.6} RE' =

o=

(T, x VELSUN - 2)

t
In this manner the circumstances of the eclipses
are.prepared- for the hemegeneeus medel solutiens.
The parameters are tabulated for each satellite in
table 4.12.
From this peint.a calculatien of the integral
flux frem the surface throughout the eclipse is

performed in-a manner similar te-that described in
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Teble 4.12

Jovian Satellite Eclipse Parameters

RE‘
3
RS
111.20
107.31
52.76

21,60

min
3.68
4.09
8.02°

10.27

1
T12

0.72

1.44

2.92

6.80

Tl

m
min
137.96
173.10
218.47

289.99%

=]
o=

154.40
152.96
150.00

142.24

VELSUN

S
F%/hun

1.44
1.39
0.69

0.29
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detail fer Mercury in section 3.C, and used previeusly
in this chapter. For a given satellite and Gamma,
diurnal soelutions are obtained for the following

satellite positions.

MLONG=80,60,406,20,0,340,320,300,280
MLAT=0,20,40,60,80 .

The solutions are eéch carried throeugh four diurnal

perieds, and in the. fourth- peried halted with respect

te MLONG. = 0 at the following fractiens of a peried,

Fp = 1 - MIONG/360.0, where MLONG = 0 is initially

set to waxing phase equal. to

180 T,

satellite oerbital period

degrees

to allew lecal neon for MLONG = 0 to occur at mid-
totality. In this way the proper surface temperature,
and temperature with depth is found at each of the

45 grid points immediately prior to initial coentact.
With this informatioen the program switches into the-
eclipse mode of the program described’in‘section 2.C
for each grid point, and proceeds with the solutien
through the eclipse and feor an additional 30 minutes

where surface warming is taking place. As it takes the

shadow Tp minutes to cross the satellite, a delay time

(4.7) DT = Tﬁ(l - sin(MLONG))/2
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is alse here included such that BT = 0-for. the East
limb-and DT = Tp on the West. limb. This procedure
then gives the same time to all of the solutions-
with- respect to the initiation of the event on the
East.limb, making it a simple matter te integrate
over the surface with respect to this one time. For
a given satellite and Gamma at each grid point, the
eclipse .surface temperature solutions are then stored
at intervals of Tt/120 in time. The values of Gamma
{depth steps) used for each satellite are 500 (.02 cm),
1000 (.01 cm) and 1400 (.0l cm). The time step is
0.27 min.

Given. the almost total lack of measurement of the
Jovian .satellites in-eclipse it is felt that this
range in Gamma under eclipse conditions is sufficient
for the present.

Making use of eguatien- 3.2; 121 12 micron hemi-
spherical  surface brightness integrations are perfermed
for phase.zero to obtain.the desired complete integral
eclipse solution with time for a given satellite and
Gamma. The results of-all this are- found in
figures- 4.15 and 4.16.

In looking at the results one first notices that
the curves closely resemble the discharge, charge
voltage curve of a capacitor in a simple. RC circuit.
Secondly, one sees that the integral teﬁperature is

still gsome 10° less than_ its initial starting value


http:equation-.3.2i
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thirty minutes after the end of the eclipse. That
this is-net an error of say the inselatien functien

in the program was tested by carrying a test solutien
for an-additional two hours where it was found that the
warming curve as one would expect follows closely.the
inverse of the c¢oeeling curve, arriving at the eriginal
temperature some two hours after the terminatien

of the event. The model then shews that eclipse.ceeling
and subsequent warming is not instantaneous, even for
Gamma = 1400. This effect is hidden by the leng
prenumbral peried during lunar eclipses. The
additional. one and ene half hours of‘warming are not
included on the figures, as thelr path-is clear and

it is.desired to show the sleopes of the early.coeling
and warming portiens of the graphs in a measurable
fashien. In contrast to these medel results, the
smoothed 8-14 micron- flux intensities ebtained for

" the eclipse.cooling of Ganymede on the night of
Pecember 12, 1963, by Murray et al. (1965), here
nermalized te the Gamma =- 1000 case and converted to
12 micron- brightness temperétures, are. alse pletted.
Gamma = 1000 is chesen as the slope of the converted
data mest nearly- fits this case. for initial coeling,
and final cooling if one is allowed to slide the data
in temperature. Such a value of Gamma is censistent
with the results of table 4.11 and the observed

increase in Gamma for the lunar eclipse case. The:
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converted, normalized data however clearly- shew

a surface with.a Gamma substantially higher than 1400.
Because of the cemputer time invelved this peint is
not. pursued further, until such time when more

Jovian satellite eclipse data are obtained.
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Figure 2.1. Lunation cooling solutions with depth for
Gamma = 1000 and SSLAT = 0° The five curves represent
0,.25,.50,.75,1.0, and 5.0 thermal wavelengths in depth,
where the thermal wavelength is 3.0cm.
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Figure 2.2. Lunation cooling solutions with depth for
Gamma = 20 and SSLAT = 0°. The five curves represent
0,.25,.50,.75,1.0, and 5.0 thermal wavelengths in depth,
where the thermal wavelength is 75.lcm.
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Figure 2.3. Lunation cooling solutions for SSLAT = 0°,
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400

350

300

250

200

150

LUNAR SURFACE TEMPERATURE [°K]

100

S0

Figure 2.4

T T T T T T 1
LATITUDE 20 )

600 4
| 800 _
1000
| 1400 200 _
I 1 1 | l | l l I
2 4 .0 .8

FRACTION OF DIURNAL PERIOD

Figure 2.4. Lunation cooling solutions for SSIAT = 20°,
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Figure 2.5. ILunation cooling solutions for SSLAT = 40°,
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Figure 2.6. Lunation cooling solutions for SSLAT = 60°,
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Figure 3.1. Mercurian diurnal cooling solutions for
MLONG = 0°, MLAT = (0°, and Gamma = 15,20,25,30,35,
500,600,800,1000, and 1200. .
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Figure 3.3. Mercurian diurnal cooling solutions for
Gamma = 600, MLONG = 0°, and MLAT = 0°,20°,40°,60°,80°.
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Figure 3.6. Mercurian dark side integral color
temperature solutions for Gamma = 15,20, 25,30,
and 35 as a function of days from perihelion.
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Figure 3.7. Mercurian dark side integral colox
temperature solutions for Gamma = 500,600,800,1000,
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Figure 4.1. Mars diurnal cooling solutions for MLAT =
0°,40°, and Gamma = 20,50,100,200,300,400,500,600,800,
1000, and 1200. The data are those of Sinton and Strong
(1960).
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Figure 4.2. Vesta diurnal cooling solutions for MLAT =
0°,40°, and Gamma = 20,50,100,200,300,400,500,600,800,
1000, and 1200.
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Figure 4.3. Ceres diurnal cooling solutions for MLAT =
0°,40°, and Gamma = 20,50,100,200,300,400,500,600,800,
1000, and 1200.
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Figure 4.5. Europa diurnal cooling solutions for MLAT =
0°,40°, and Gamma = 20,50,100,200,300,400,500,600,800,
1000, and 1200.
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Figure 4.6. Ganymede diurnal cooling solutions for MLAT =

0°,40°, and Gamma = 20,50,100,200,300,400,500,600,800,
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Callisto diurnal cooling scolutions for
and Gamma = 20,50,100,200,300,400,500,

600,800,1000, and 1200.
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Figure 4.8. Titan, Triton diurnal cooling solutions for
MLAT = 0°,40°, and Gamma = 20,50,100,200,300,400,500,600,
800,1000, and 1200.
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Figure 4.9. Mars day side integral 12u solutions as
a function of Gamma and phase. The datum is that of
Murdock.
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Figure 4.10. Vesta day side integral 12y solutions

as a function of Gamma and phase.
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Figure 4.11. Ceres day side integral 12u solutions
as a function of Gamma and phase. The datum is that
of Murdock.
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Figure 4.12. Io day side integral 12y solutions
as a function of Gamma and phase. The datum is
that of Gillett et. al. (1970).
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Figure 4.13. Europa day side integral 12y solutions
as a function of Gamma and phase. The datum is that
of Gillett et. al. (1970).
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Figure 4.14. Ganymede day side integral 12u solutions
as a function of Gamma and phase. The datum is that of
Gillett et. al. (1970).
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Pigure 4.15. Callisto day side integral 12y solutions
as a function of Gamma and phase. The datum is that of
Gillett et. al.{1970).
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Figure 4.16. Titan day side integral 12u solutions
as a function of Gamma and phase. The datum is that
of Allen and Murdock (1971).
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Figure 4.17. Triton day side integral 12p solutions
as a function of Gamma and phase.
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Figure 4.18. Io and Ganymede integral 12u solutions
in eclipse for Gamma = 500,1000, and 1400.
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Al

PROGRAM BTEMPS (OUTPUTsPUNCH) _

DIMENSION UP(200)9AL(200)9AG(200) +CM(200) »SY(200)+D(g)
DIMENSION X1(121)+IMAGE (2000) sNX(3)aNY(3) 9AX5(16)
DIMENSION Y1(121)#Y2(121)9Y3(121)»Y4(121)s¥5(121)4Y6(121)
DIMENSION PLNAME(3)¢X2(121)9THOLD(122913)9PBAVE(3910)
OIMENSION DX(5)9A(5)sA1(5)+R2(5)+A3(5)sC1(5)+C2(5)+C3(H)
DIMENSION FSUN(100)s0UP(200)9ODP(200)+s0X(35s12) ¢+ IDRD(})3)
DATA S1G/143543E»12/4P1/34141592653/+P11/6.283185307/
DATA OR/0,01765329252/9RD/57.295779518/9PSAVE/ 30800/
DATA SUNRAD/04032533/+ICLIPSE/0/9NX/16vB93/9NY/Q05e=1/

-] . -
& SETUP BaTcH PROCESSING LOOPS HERE FOR PARTICULAR RUNS
# RHO(SPECIFIC HEAT) s XKAPA(THERM COND) o XLONGsXLAT 4 ND
@ TEMPB (BOTTOM TEMP) MUST alLL BE DEFINED HERE! IN £6S UNITS
<+
# JUMP TO DESIRED CELESTIAL OBJECT AND 0BTAIN: MODEL' PARAMETERS
%
GO TO (1009200+300+400¢5009600070048004900) MBODY
“
& MOON PARAVETERS

100  PLNAME (1)=210HLUNAR
PLNAME (2) =1 OHTEMPERATUR $ PLNAME(3)=]10HE
JR=4 $ SPH=0,2 $ EMS=0,93 § ALB=0,07 $ ICLIPSE=]
FPER=140/(3.0%12040) $ FWAVE=0e05 & XWAVE=540
PER=2,5514429E6 3 R=1,0 & IORD(1)=0
DO 18 (=9,9

18 IORD(II=IORD(I=1) ¢50 ’
BTEMP=I0R0(1) $ TTEMP=IORD(9) % GO TO S0

# MERCURY PARAMETERS

200  PLNAME (1)=10HMERCURIAN
PLNAME (2) =] OHTEMPERATUR % PLNAME (3)=]10HE
OPER=87,95686 § SPER=0PER#2,/3, $ Bre3B7099 $ E=,205629
JR=4 B SpH=0,2 5 EMS20,93 § ALBE0.07 § PER=1,52044E7
FPER=1,0/(6,0%120.,0) $ FWAyE=0,05 $ XwAyES5%0
TFP=TA § XMaTFP®RPII/OPER $ SA=TFPa*Pl1/SPER
VE(2,0%Ew 04 259E#H3) BSIN(XM) # (B OFERE/Go0=1140PE®#4/24,0)
X*SIN(2,06yM) +13,04ERSIHSIN(Z, 0%xM) /12,0¢103, 00 %4
X¥SIN(440#KM) /966 0¢XM
R=B2{1,0=ERE)/(1,04E®COS(V))
IorD(1)=p
00 218 1=2,9
2ls  IORD(I)=I0RD(I-1)+l00
BTEMP=I0RD(1) $ TTEMP=1ORD(9) $ GO 70O 50

# MOON ECLIPSE PARAMETERS

300 PLNAME(1)=PLNAME (1)
PLNAME (2) =1 0HECLIPSE TE $ PLNAME (3)=) QHMPERATURE
MBODY=3 $ JRs) $ ICLIPSE=0
RES34363 § DAS0e919 $ VELSUN=Z0.0004718
US = 0484 § VS = =020


http:FWAvE=O.05
http:FWAVE=O.05
http:EMS=O.93

320

343

P

400

318

500
600
700
800
900

50

&

RF = SQRT((1,0 ¢ RE)#®#2=DA%#DA)
00 320 16214100
PRAD=16%#0,01=0.005 $ THETA=ASIN(PRAD)

DFLUX=(1,0=US=VS+USECOSITHETA) ¢VSHCOS(THETA) #52) /

X (140=US/3,0=VS5/240)
FSUN(1I6)=0,029PRAD*DFLUX
EPERZ2+0#RF/VELSUN $ PERSEPER+1800+0

OUP(1)=UP(1) % 0DP(1)==DX(1) $ I=2 $ IDUMB=MTXS+]

D0 343 Jz1,.5

D0 343 K=1,10UMB

OUP{II=UP(I) § ODP(I)=0DP(I~1)+DX{J) & I=I+]
CONTINUE

GO TO S50

VESTA PARAMETERS

PLNAME{1) =1 0HVESTA

PLNAME (2) =1 OHTEMPERATUR $ PLNAME (3)=10HE

JR=4 § SPH=0,2 $ EMSS00,93 $ ALB=0.07 & Rzg2e36
FPER=100/(3+0%120+0) $ FWAVE=0+05 $ XWAVE=S54q
PER=19200.0 $ IO0Rp(1)=0

00 318 =249

IORD(I)=I0RD(I=1)+30

BTEMP=IORD (1) $ TTEMP = JORD(9) $ GO TO s9
CONTINUE X

CONTINUE

CONTINUE

CONTINUE

CONTINUE

THE STEP STZES AND NUMBER OF STEPS ARE' SET UP

OT=PERYFPER § DPLOT=PER/120
DIFF=XKAPAZ (RHO®SPH)
TWAVE=SQRT (DIFFePER/PI)
GAMMA=1+0/SART (XKAPARRHO®SPH)
DX(1)STHAVESFWAVE
Ox(2)=1,509D% (1)
OX(3)=2.25%0X (1)
DX({a)=3.38%0%(])

UX{(5) =54 020X (1} )
MIXGETWAVERXWAVE/ (DX (1) ¢DX{(2)+DX{3)*DX(&)+DX(5))
MTX=MTXSHE + 6

THE DEPTHS AT WHICH THE g PLOT VALUES ARE TaKEN

0(1}=0

D(2)=5,0#Dx (1)

D(3)=7.0eDX(1)+2,00DX(2)
0(4’=710“DX(1,‘600“DX(2)
D(5)27.0#DX (1) +8.02DX{2)+1.,0%DX (3)
D(S)GT.OGDX(I}*BQO*(DX(Z)+DX(3)+DX(4)*DX(5))

A2

IN ECLIPSE: CASE REARRANGE KNOWN SUR TEMP FOR NEW NDEPTH


http:ALB=O.07

340

335

330

L0 - S

T D

6ee

A3

IF(MBODY,EQe3)} 340+623

I=2 8 L»] § DEp==DX(1) $ IDUMBaMTX§*}

UP(1}S0UP (1)« (QUP(2)=0UP (1)) #(DEP=DDRP(1})/(0DP(2)=0DP (1))
D0 330 J=1+5 $ D0 330 K=leIDUMB

DEP=DEP+DX (J)
IF(DEP,GE.ODP (L) + AND2DEP.LEWODP(L*1)) GO TD 335
Lst+l

LF (DEP+GE,ODP (L) e ANDWDEP4LESODP{(L*]1)) GO TD: 335
STOP &

UP(I}=0UP (L) +(OUP (L+1)=0UP (L) )¢ (DEP=0DP(L))/
X (0DP(L+1)=0DP(L))}

Iz]+} :

CONTINUE

GO TO S70

INITIAL EQUIL BB SURFACE TEMP IS FOUND

RLAT=XLAT#DR § RLONG=XLONG®DR § COSLAT=COS(RLAT)
S1=SUNRAD®COSLAT®* (1.0~ALB) /{R%#R) % S$S2=PIlI/PER
TEMPS=SART({SQRT(S1®COS(RLONG) / (EMS%SI6) )}

INITIAL TEMP WITH DEPTH ARE FOUND

K72140 3 IF(GAMMAGLTe150.0) K720,0
AMP=(TEMPS=TEMPS) /COS(RLONG) § DEPz(,0 § Jbhe?
DO 11 J=1+5

IDUMB=MT XS+

DO 10 I=1,1Dyu8

PG=DEP/TWAVE ¢ PH=PG=RLONG

UP(J4) STEMPB+AMPREXP (=PG) #COS (PH)
DEP=DEP+DX (J)

WNe=J4v ]

CONTINYE

UP{1)SUPRP(2)+(UP(2)=UP(3)}

COEFS FOR THE C=N SURFACEsBOTTOM,AND LAYER EQS

F122,09DX (1) /XKAPA

D0 533 121,5
ALI)=DIFF*NT/DX (1) ow2
AL(I)=2.0%#A(T)
AZ(1)1=2+0=A1(])
A3(I)=2,04A1(1)

COEFS FOR C~N INTERNAL BOUNDARY EQS

DO §34 I=1,4
CL(I)=1,0/DX(I)
C2(11=1,0/DX(I#1)
C3(I)=DIFF#DT/ (DX (I)+DX(I+1))

COEFS FOR GAUSSS SOLUTION TO EQS



537
504

5356

- g &
(¢ 1

14

305
306
307

586

581

589

AG

AL{1)==A1(1) $ CM(1)=A3(1) § Jm?
DO 53€ K=145

DO 537 Lm14MTXS

CM{J) == (XY

AL(JISAI (KD +A(K)HCM(JU=]) ZAL (J=1)
AGIUIBAIK) ZALLJU=]1)

e+l

GO TO (504¢504950495049536)K
CM(J)==C3(K) #C2 (K)
AL(J)=1.O¢C3(KJ“1CE(K)*Cl{K))+C3(K)*CI(K)*CM{J-1)/AL(J-I)
AG({J)= C3(KI®WCL{K)/AL (J=1)

J=Je+}

CONTINUE

PERIOD LDOOP PARAMETERS

IF(JReEQL0) GO TO 70

JR=JR=1 & T=0,0 $ DAY=0.0 % PTIME=DPLOT $ OM=DT/60,0
IF(JR«GT,0) GO YO 586

PRINT 14

FORMAT {1m1}

OLONGEXLONG®*RD

PRINT 305;PLNAME(1)$DM90X{1)oHTXvTNAVE1GAMHAQXLAToDLONG’JW
FORMAT (/41XsABs® MODEL PARAMETERS DT=®yFT20#M]N DXze-

X1F6e2%CH MYX=a]3@ TWAVE=HF G 2#CM GAMMAzZ®FT .2
K#  XLAT=®#Fgo2¢ XLONG=®#F7,2% JRz#l])

PRINT 3065 (D(I)rImly6)
FORMAT (/1 0X®TEMP (K) RECORDED AT FOLLOWING DEPTHS (CM) A

L)
%

XFrep% B =HF7e.2% C =%F7,20 D s®F7,24% E = #Fnp,p
X F SHFE7,2)

PRINT 307
FORMAT (¢ FOR XeX DAYS AT SUN ANGLE X X%}

ONCE EVERY N HDURS PRINT
i
DO 19 Kl=1,121}
Y1(kl)=Up (2}
IF(JReGT,0) GO TO 309
IF (MBODY.EQ.2) GO TO &8}
SUNANG = RD¥ACOS(COSLAT#COS(RLONG+S24T))
GO TO s89
TFP=DAY+TA § XM=TFP#PII/OPER § SASTFP#PII/SPER
V=(2.0*5-0.25*E“*3)“SIN(XM}*!SoO“E*EIG.O-ll.0*5*64/24.0)

XUSIN(Z2,00xM)+13,08E#230SIN(3,08xM) /12,04103,04E0s6
K#FSIN(Ge 0HXM) /960 ¢ XM

SUNANG=RD*ACOS(cosLAT*cOS(SA-V-DS})

X1(K1)=DaY

X2 (K1 )}=SUNANG

Y2{K1)=Up(7)

Y3(K1l=UP(11)

Y4(K1)=UP(15)

Ys(Kl)=Up(18)

Y&{K1)I=Up{MTX)

PRINT 3039!1(Kl)sSUNANGle(Kl}oYa(Kl)'YBIKl)gY4(K1)


http:TFP=DAY.TA

308
309

#
o
]
0

T W

590

5321

532

594
555
593

599

440

441
640

AS

Ko YS(KL) 9 Y6(K1} K]
FORMAT(11XoFT7e3915X9F64299X96(F6e207X)93X913)
IF(K1,6E,121) GO 7O 19

THE MAIN COMPUTING LOOP
T=T+DT & DAY=T/86400.D
MAKE FIRST BGUESS OF SURFACE TEMP

GO TO (59095911592¢590¢5909550+590¢5909590) MBODY
SURRAD=S] #COS (RLONG+S$2#T)

GO TO S%9

TFP=DAY+TA $ XM=TFPePII/OPER § SA=TFP#PII/SPER
VE(2.,09Em(,2RHERBI)RSIN(XM) + (S, 09ERE/4,0=11,04E#54/24,0)
foIN(Z.O*KMY+13.0*E“*3*SIN(3.0“XM)/12.0*103.0“5**4
X#SIN(640%XM) /960 0¢XM
RI=B%(1+0~E®E) /(14 0+E®COS(V))
SURRAD=S]#(R#R} ®*COS (SA=V=DS) / (RI®R]I)

GQ TO 599

RX=SQRT( ({RF=VELSUN®#T) ##2+D0A%DA)

AREa=0,.0

00 593 19=1+100

PRAD=]19#(0 ,01=0+005

"IF (RXeLT4PRAD*REY GO TO 594

PHI=0.0 $ 60O TO %93 :

IF(REeL T, RX*PRAD) 6O TO 595

PHI=PI1 $§ GO TO: 593

PHIZACOS ( (PRAD®PRAD*RX#RX=REH#RE)} /{2« 0%PRAD*RX))
AREA=AREASFSUN(I9) #(PI=PHI) /PL
SURRAD=S1#AREATCOS (RLONG+PII#T/2.5514429E6)

G0 TO 599

IF‘SURRAD.LTQOOO) SURRAD = 0.0

D1=A (1) #up(1) ¢A2 (1) #UP(2) +A (1) ®UP(3)
D2=Aa{1)#yup{2) eA2 (1) RUR(3) +A (Y1) %UP(4)
T4=Ur{4)+A (1) M{UR(3) =2, 0%UP (&) +yup (5) )
Gl=A(l)#F10SIGHEMS
G2={A3(1)=2.,0%A (1) ®A(1}/A3(1))

GI={ALl (1) #(D2+A (1) T4} /A3(1) +A (1} #F14#SURRAD#D])
UN3=UP (2)

DO 440 Ké&=14100

UN2Z (340G #UNI#P4+G3) /(44 0#G]1 #UN3I#H3eG2)

IF (ABS(UN2=UN3) «LTe0.01) GO TO 640

UN3=yN2

PRINT 463}

FORMAT (# 440 DO LOOP TTERATION EXCEEDED®™)
F = FI#(EUSH#SIGHUN2##4=SURRAD)

THE GAUSSIAN SOLUTION PARAMETERS aARE CaLCULWTED

SY(L)SA{1Y®UR (1) +A2(1)#UP(2)+A (1) HUP (3) *a())®F
Ju2

DO 546 K=1,5

DO 547 L=1+MTXS


http:IF(ABS(UN2-UN3),LT.0.o1
http:IF(SURRAD.LT,.00
http:IF(RX.LT*PRAO.RE
http:Xi'SIN(4.0XM)/960o.XM

17

733
735

-~ & 5%

Ab

SY(HNBAIKIOUP (Jm]1) +A2(KI#UP (U) +A(K) FUP (J+1)+AG(J) #SY (J=])
JzJ*l '

G0 TO (554+55435569554+546)K
SY(U)SCAIKIHCIIKIBUP (U=1) + {1, 0=CI(K}&(C2(K)+LCL(KI))#UP ()
X¢C3{KINC2(KIRUP (U4 1) +AG(J) #SY (J=1)

J=Jd+1

CONTINUE

10UMBEMT X =1

DO 20 N=1+1DUMB

MapMT XN

UP(M)=(SY (M) =CM(M)®UP (M+]) )} /AL (M}

IF(ABS(PTIME=T) «GT«10.0) GO TO 30

PTIME=PTIME«DPLOT

CONT INUE

A PERIOD IS PaSTe a4 PLOT 1S MaDE

ASUMz22,0%Y1(3)

Do 732 L5=3+120

ASUMSASUMeY] (ILB)

TEMPB=ASUM=ASUM/12040

JX=JR*+1

PSAVE(1sJX)=JR $ PSAVE(2+JX)=Y1(g0) $ PSAVE(39JX)=TEMPS
IF(JReGT,0) GO TO T35

PRINT 14

Ix=]

D0 17 I=1416

AXS(I)=X1(1IX)

IX=1X+8

CALL PRNPLOT(0s 8915419120451 4IMAGE)

CALL PRNPLDT(]190.09ASS(16)9BTEMP+TTEMP 519 IMAGE)
CALL:- PRNPLDOT(2sNXsNYs391951s IMAGE)

CALL PRNPLOT(391HF 1X19e¥6912145] 0+ IMAGE)

CALL PRNPLOT(3+1HE+X19Y5+1219519IMAGE)

CALL PRNPLOT{3s1HD»X1sY49121+519IMAGE}

CALL PRNPLOT(391HCsX19Y39121951 IMAGE)

CALL PRNPLOT{(391HBeX19Y2s121s51¢IMAGE)}

CALL PRNPLOT(391HAsX14Y191219519IMAGE)

CALL PRNPLDT(49309PLNAMEASS,IORDs7 ¢ IMAGE)

PRINT 306+ (D{I)s1I=116)

PLONG=XLONG*RD

PRINT 305ePLNAME (1) sDMeDX{1) sMTX+ TWAVE » GAMMA ¢ XLAT¢DLONG s JR'
PRINT 733+ (PSAVE(I)sI=1415)
FORMAT (S (5 (JRZ=8F] o080 MTTuF 6424 ATZHFGe28)8))
IF(K7eLT21) GO TO i5

TEMPS=UP ()

K729 $ GO TO s22

BATCH PROCESSING LOOPS FOR PARTICULAR RUNS

CONT INUE
END



