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TABLE 6.5¢
Sub-earth Latitude Variations: 5°N

In | Ls=8° |Ls=23°| Ls=37°| Ls=53° | Ls=69° | Ls=82° | Ls=98° |Ls=112°
Hcm 198.2 196.4 194.1 192.6 191.7 191.9 192.6 194.0
10cm | 194.0 192.4 190.4 189.1 188.3 188.4 189.0 190.1
15cm | 192.4 190.9 189.1 187.8 187.1 187.1 187.6 188.6
20cm | 191.6 190.2 188.5 187.3 186.5 186.6 187.0 187.8
30cm | 190.9 189.6 188.1 186.9 186.2 186.2 186.5 187.1
60cm | 190.7 189.7 188.5 187.4 186.8 186.6 186.7 187.1
100cm| 191.0 190.2 189.3 188.4 187.8 187.5 187.5 187.7
140cm| 191.4 190.7 189.9 189.1 188.6 188.4 188.3 188.4
200cm| 191.6 191.1 190.5 189.9 189.4 189.2 189.1 189.2
300cm| 190.5 190.2 189.7 189.3 188.9 188.7 188.6 188.6

ln |Ls=129°|Ls=141°|Ls=157°|Ls=174°|Ls=188°|Ls=203°|Ls=219°|Ls=232°
5cm 196.6 198.6 201.1 203.8 205.0 205.9 206.0 205.2
10cm | 192.3 194.0 196.2 198.6 199.7 200.6 200.8 200.3
15cm | 190.4 192.0 194.0 196.3 197.3 198.3 198.5 198.2
20cm | 189.5 190.9 192.8 194.9 195.9 196.9 197.2 197.0
30cm | 188.5 189.8 191.4 193.3 194.3 195.3 195.6 195.6
60cm | 188.0 188.9 190.0 191.5 1924 193.2 193.6 193.8
100cm| 188.3 188.9 189.8 190.9 191.6 192.3 192.7 192.9
140cm| 188.9 189.3 190.0 190.9 191.4 192.0 192.4 192.6
200cm| 189.4 189.8 190.3 190.9 1914 191.9 192.1 192.3
300cm| 188.8 189.1 189.4 189.9 190.2 190.5 190.7 190.9

lr |Ls=248°|Ls=264°|Ls=280°|Ls=293°|Ls=308°|Ls=323°|Ls=337°|Ls=353°
5cm 204.6 203.8 203.0 202.6 202.3 201.9 201.1 200.0
10cm | 199.8 199.2 198.5 198.0 197.7 197.3 196.6 195.6
15¢cm | 197.8 197.3 196.6 196.2 195.8 195.4 194.8 193.8
20cm | 196.7 196.3 195.7 195.3 194.9 194.4 193.9 192.9
30cm | 195.4 195.1 194.7 194.3 193.9 193.5 193.0 192.1
60cm | 193.8 193.7 193.5 193.3 193.0 192.7 192.4 191.6
100cm| 193.0 193.0 192.9 192.8 192.7 192.4 192.3 191.7
140cm| 192.7 192.8 192.7 192.6 192.5 192.4 192.3 191.9
200cm| 192.4 192.5 192.5 192.5 192.4 192.3 192.3 192.0
300cm| 190.9 191.0 191.0 191.0 191.0 190.9 191.1 190.8
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TABLE 6.5d
Sub-earth Latitude Variations: 0°N

lr Ls=8° |Lg =23°| Ls=37°| Lg=53° | Ls=69° | Ls=82° | Ls=98° |Ls=112°
S5cm 198.7 196.2 193.4 191.3 189.9 189.7 190.2 191.7
10cm | 194.6 192.3 189.8 187.9 186.7 186.4 186.8 187.9
15¢cm | 193.0 190.9 188.6 186.8 185.6 185.2 185.5 186.5
20cm | 192.2 190.3 188.1 186.4 185.1 184.8 184.9 185.8
30cm | 191.6 189.8 187.9 186.2 185.0 184.6 184.6 185.2
60cm | 191.5 190.1 188.5 187.0 185.9 185.4 185.2 185.5
100cm| 191.8 190.7 189.4 188.2 187.2 186.7 186.4 186.5
140cm| 192.1 191.1 190.1 189.1 188.2 187.7 1874 187.4
200cm| 192.2 191.5 190.7 189.9 189.1 188.7 188.4 188.4
300cm| 191.0 190.5 189.9 189.3 188.8 188.4 188.2 188.1

lr |Ls=129°|Ls=141°|Ls=157°|Ls=174°|Ls=188°|Ls=203°|Ls=219°|Ls=232°
Scm 194.4 196.7 199.6 203.0 204.9 206.5 207.3 207.0
10cm | 190.2 192.2 194.7 197.8 199.4 201.1 201.9 201.8
15cm | 188.5 190.3 192.6 195.4 197.0 198.6 199.4 199.5
20cm | 187.6 189.2 191.4 194.0 195.6 197.1 198.0 198.2
30cm | 186.8 188.1 190.0 192.4 193.9 195.4 196.2 196.6
60cm | 186.4 187.4 188.8 190.6 191.8 193.1 193.9 1944
100cm| 187.1 187.7 188.7 190.1 191.0 192.1 192.8 193.2
140cm| 187.8 188.3 189.1 190.1 190.9 191.7 1924 192.8
200cm| 188.6 189.0 189.5 190.3 190.9 191.6 192.1 192.4
300cm| 188.2 188.4 188.8 189.3 189.8 190.3 190.6 190.9

Il |Ls=248°|Ls=264°|Ls=280°|Ls=293°|Ls=308°|Ls=323°|Ls=337°|Ls=353°
Scm 207.0 206.8 206.1 205.6 205.0 204.2 203.0 201.2
10cm | 201.9 201.9 201.4 200.9 200.2 199.4 198.4 196.7
15cm | 199.7 199.8 199.4 198.9 198.3 197.5 196.5 195.0
20cm | 198.5 198.6 198.3 197.8 197.2 196.5 195.6 194.1
30cm | 197.0 197.2 197.0 196.7 196.1 195.5 194.6 193.3
60cm | 194.9 195.2 195.3 195.2 194.9 194.4 193.8 192.8
100cm| 193.7 194.1 194.3 194.3 194.1 193.8 193.6 192.8
140cm| 193.2 193.6 193.8 193.8 193.8 193.6 193.4 192.8
200cm| 192.8 193.1 193.3 193.4 193.4 193.2 193.2 192.8
300cm| 191.2 1914 191.6 191.7 191.7 191.6 191.8 191.5
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TABLE 6.5¢e
Sub-earth Latitude Variations: 5°S

lr Ls=8° |Lg =23°| Ls=37° | Ls=53° | Ls=69° | Ls=82° | Ls=98° |Ls=112°
S5cm 196.1 190.4 185.5 181.1 178.0 176.7 176.9 178.4
10cm | 192.7 187.5 183.0 178.8 175.9 174.6 174.5 175.7
15cm | 191.6 186.7 182.4 178.4 175.5 174.1 173.9 174.8
20cm | 191.3 186.6 182.4 178.5 175.6 174.2 173.8 174.6
30cm | 191.3 186.9 183.0 179.2 176.4 174.9 174.3 174.8
60cm | 192.0 188.4 185.1 181.8 179.1 1715 176.6 176.6
100cm| 192.6 189.8 187.1 184.2 181.9 180.4 179.3 179.1
140cm| 192.8 190.5 188.3 185.9 183.8 182.5 181.4 181.0
200cm| 192.8 191.1 189.3 187.3 185.6 184.5 183.5 183.1
300cm| 191.4 190.2 188.9 187.4 186.1 185.2 184.4 184.0
Ir Ls=129°|Ls=141°|Ls=157°|Ls=174°|Ls=188°|Ls=203°| L s=219°|Ls=232°
5cm 181.7 184.6 188.8 194.6 198.6 203.3 207.6 209.4
10cm | 178.5 181.0 184.7 189.9 193.4 197.9 201.7 203.8
15cm | 177.3 179.6 182.9 187.7 191.0 195.3 198.9 201.1
20cm | 176.8 178.9 181.9 186.4 189.6 193.7 197.1 199.3
30cm | 176.5 178.3 181.0 184.9 187.9 191.6 194.8 197.0
60cm | 177.5 178.7 180.6 183.5 185.8 188.8 1914 193.5
100cm| 179.5 180.2 181.5 183.6 185.4 187.7 189.8 191.5
140cm| 181.2 181.7 182.7 184.3 185.7 187.5 189.3 190.7
200cm| 183.1 183.4 184.1 185.2 186.3 187.7 189.0 190.2
300cm| 183.9 184.0 184.4 185.2 185.9 186.9 187.9 188.8
lr Ls=248°|Ls=264°|Ls=280°|L s=293°|L s=308°|Ls=323°|Ls=337°|Ls=353°
5cm 213.2 216.6 218.5 217.4 215.0 211.7 207.8 202.1
10cm | 207.3 210.7 212.8 212.0 209.9 206.9 203.4 198.2
15cm | 204.4 207.8 210.0 209.5 207.6 204.9 201.7 196.9
20cm | 202.6 205.9 208.2 207.9 206.3 203.8 200.8 196.3
30cm | 200.1 203.3 205.7 205.8 204.6 202.5 199.9 195.8
60cm | 196.1 198.9 201.2 201.9 201.5 200.2 198.5 195.5
100cm| 193.7 196.0 198.0 198.9 199.0 198.3 197.3 195.2
140cm| 192.5 194.5 196.3 197.1 197.4 197.0 196.4 194.8
200cm| 191.6 193.2 194.7 195.4 195.8 195.7 195.5 194.3
300cm| 189.9 191.0 192.2 192.8 193.2 193.2 193.2 192.5
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TABLE 6.5f
Sub-earth Latitude Variations: 15°S

Ir Ls=8° |Ls =23°| Ls=3T7° | Lsg=53° | Ls=69° | Ls=82° | Ls=98° |Ls=112°
5cm 198.1 193.6 189.5 185.8 183.2 182.1 182.4 183.9
10cm | 194.3 190.2 186.4 183.0 180.5 179.4 179.5 180.7
15cm | 193.0 189.1 185.6 182.3 179.9 178.7 178.6 179.6
20cm | 192.4 188.8 185.4 182.2 179.8 178.6 178.4 179.2
30cm | 192.2 188.8 185.6 182.5 180.2 178.9 178.5 179.1
60cm | 192.4 189.7 187.1 184.4 182.2 180.9 180.2 180.3
100cm| 192.8 190.7 188.6 186.3 184.4 183.2 182.4 182.2
140cm| 193.0 191.3 189.5 187.6 186.0 184.9 184.1 183.8
200cm| 193.1 191.7 190.3 188.8 1874 186.5 185.7 185.4
300cm| 191.7 190.7 189.7 188.6 187.5 186.8 186.1 185.9
Ir Ls=129°|Ls=141°|Ls=157°|Ls=174°|Ls=188°|Ls=203°|Ls=219°|Ls=232°
5cm 187.1 189.9 193.7 198.7 202.0 205.7 208.7 209.7
10cm | 183.4 185.8 189.2 193.6 196.6 200.1 202.8 204.1
15cm | 182.0 184.1 187.2 191.4 194.1 197.5 200.1 201.5
20cm | 181.3 183.3 186.1 190.0 192.7 195.9 198.4 199.8
30cm | 180.8 182.5 185.0 188.4 190.9 193.9 196.2 197.8
60cm | 181.3 182.4 184.2 186.7 188.7 191.1 193.2 194.6
100cm| 182.7 183.5 184.7 186.6 188.1 189.9 191.6 192.8
140cm| 184.1 184.6 185.5 186.9 188.1 189.7 191.0 192.1
200cm| 185.5 185.9 186.5 187.5 188.5 189.6 190.7 191.6
300cm| 185.8 186.0 186.4 187.1 187.8 188.6 189.4 190.0
Ir Ls=248°|Ls=264°| Ls=280°|Ls=293°|Ls=308°|Ls=323°|Ls=337°|Ls=353°
Hcm 211.9 213.7 214.4 213.5 211.9 209.6 206.9 202.8
10cm | 206.2 208.1 208.9 208.2 206.7 204.7 202.2 198.5
15cm | 203.5 205.4 206.4 205.9 204.6 202.6 200.4 196.9
20cm | 201.9 203.8 204.9 204.5 203.3 201.5 199.4 196.1
30cm | 199.7 201.6 202.8 202.7 201.8 200.3 198.4 195.5
60cm | 196.4 198.2 199.5 199.8 199.4 198.5 197.2 195.1
100cm| 194.4 195.9 197.1 197.6 197.6 197.1 196.3 194.8
140cm| 193.4 194.7 195.8 196.3 196.4 196.1 195.7 194.6
200cm| 192.6 193.7 194.6 195.1 195.3 195.2 195.0 194.2
300cm| 190.8 191.6 192.4 192.8 193.0 192.9 193.0 192.5
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TABLE 6.5g
Sub-earth Latitude Variations: 25°S

lr Ls=8° |Lg =23°| Ls=37° | Ls=53° | Ls=69° | Ls=82° | Ls=98° |Ls=112°
5cm 198.9 195.7 192.4 189.7 187.9 187.3 187.7 189.2
10cm | 194.8 191.9 189.0 186.5 184.8 184.2 184.4 185.6
15cm | 193.3 190.6 187.9 185.5 183.9 183.2 183.3 184.3
20cm | 192.6 190.0 187.5 185.2 183.5 182.8 182.8 188.7
30cm | 192.1 189.7 1874 185.2 183.6 182.8 182.6 183.3
60cm | 192.1 190.2 188.2 186.3 184.9 184.0 183.6 183.8
100cm| 192.4 190.9 189.4 187.8 186.4 185.7 185.1 185.2
140cm| 192.6 191.4 190.1 188.8 187.6 186.9 186.4 186.3
200cm| 192.7 191.8 190.8 189.7 188.7 188.1 187.6 187.5
300cm| 191.4 190.8 190.0 189.2 188.5 188.0 187.6 187.4
Ir Ls=129°|Ls=141°|Ls=157°|Ls=174°|L s=188°|Ls=203°|Ls=219°|Ls=232°
dcm 192.1 194.6 197.9 201.9 204.3 206.6 208.2 208.3
10cm | 188.1 190.2 193.1 196.6 198.8 201.1 202.6 202.9
15cm | 186.4 188.3 191.0 194.3 196.3 198.6 200.0 200.5
20cm | 185.6 187.4 189.8 192.9 194.9 197.0 198.4 199.1
30cm | 184.9 186.4 188.5 191.3 193.1 195.2 196.6 197.3
60cm | 184.8 185.9 1874 189.5 191.0 192.7 193.9 194.7
100cm| 185.7 186.4 187.5 189.0 190.2 191.6 192.6 193.3
140cm| 186.7 187.2 188.0 189.2 190.1 191.2 192.1 192.8
200cm| 187.7 188.0 188.6 189.5 190.2 191.1 191.8 192.3
300cm| 187.5 187.7 188.1 188.7 189.2 189.8 190.4 190.8
lr Ls=248°|Ls=264°|Ls=280°|Ls=293°|L s=308°|Ls=323°|Ls=337°|Ls=353°
S5cm 209.1 209.4 209.1 208.5 207.6 206.3 204.6 202.1
10cm | 203.7 204.2 204.1 203.5 202.6 201.4 199.9 197.6
15cm | 201.4 202.0 201.9 201.4 200.6 199.4 198.0 195.9
20cm | 199.9 200.6 200.7 200.2 199.4 198.4 197.1 195.0
30cm | 198.2 198.9 199.1 198.9 198.2 197.3 196.1 194.3
60cm | 195.7 196.5 196.9 196.9 196.5 195.9 195.2 193.8
100cm| 194.2 194.9 195.4 195.6 195.4 195.1 194.7 193.6
140cm| 193.5 194.2 194.7 194.8 194.8 194.6 194.4 193.6
200cm| 192.9 193.5 193.9 194.1 194.2 194.0 194.0 193.4
300cm| 191.2 191.7 192.0 192.2 192.3 192.2 192.3 191.9
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CHAPTER 7
IMPLICATIONS FOR FUTURE RESEARCH

In this chapter I would like to discuss the implications of the present research
and the directions for the most fruitful future research. The work presented in this
thesis may inspire more questions than it answers. I will not debate whether this is a
commendation or a condemnation. Rather, I will try to address the points I believe
are the most interesting and will hopefully provide the most fertile grounds for further

research.

This dissertation has taken radio science one more step along the path towards
an understanding of the terrestrial planets. The work presented herein has yielded
best estimates of two electrical parameters, dielectric constant and radio absorption
length, for all latitudes between 60°N and 60°S. Each of these estimates is only for a
limited range of longitudes, however. Hopefully future measurements will allow the
complete mapping of these parameters. To do this will require better estimates of the
thermal parameters for the sub-surface. It is obvious from the region of anomalously
low brightness temperatures found in a band circling the globe between latitudes of
roughly 10°S and 35°S that the current thermal parameters are not sufficient, in either
time or space, to parametrize the sub-surface to the depth from which the observed

radio waves originate.

This is obviously one of most intriguing possibilities for further research. It is
difficult, but not impossible, to determine the make-up of the sub-surface from just
surface temperature measurements. See Figure 5.8 for an example of the surface
manifestation of sub-surface layering. In addition, it would be a useful study to go
back to the Viking infrared data and investigate the possibility that the albedo in

the anomalous region does vary during the year. Another path of research that also



Future Research 124

originates in the anomalous region is the investigation of sub-surface volatiles such
as water. Questions of how deep they would have to be in order not to be seen
by the infrared data and how fast they would sublimate and what would be their

atmospheric signature, immediately spring to mind.

In addition to the estimation of electrical parameters at the given latitudes, the
polar regions were also investigated. Since the published maps of thermal inertia
and albedo do not extend into these polar regions, an additional investigation reveals
itself. That is to lower the standards used by Palluconi and Keiffer (1981) and go
back to the Viking infrared data and attempt to get a ‘best’ estimate of these thermal
parameters above 60°N and below 60°S. Or it may be possible, with additional radio
measurements at different wavelengths, to estimate both the thermal and radio pa-
rameters using just the radio observations. Or inversely, assume the radio parameters
are know by extrapolation from lower latitudes and estimate the thermal parameters
from the current radio measurements. Either way, with these estimates of the ther-
mal parameters, a few of the currently unanswerable questions may be addressed.
For instance, currently it is impossible to know whether the brightness temperatures
in these Polar regions are behaving as they should. From Figures 5.1 and 5.2 it seems
that if the thermal parameters are near the average of those at lower latitudes, the
South Polar Cold Region is colder than would be expected. With surface thermal
parameters determined, the question of the effect of sub-surface volatiles could be

addressed in much the same manner as suggested above for the anomalous region.

It would also be a worthwhile exercise to attempt to determine the thicknesses
of the CO; frost caps and their advancement and recession rates. This would require
the thermal inertia and albedo of the polar region. This ability would, in turn, allow
the determination of the dielectric constant and radio absorption length for the polar

regions. With these numbers in hand, and with more observations at different seasons,
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it may be possible to determine the radio absorption length of CO,.

It 1s also true that with more observations of Mars at different seasons at radio
wavelengths, the thermal inertia and albedo could be determined by adding them as
additional free parameters in the thermal modeling. This would require a revamping
of the thermal model so that several cases with different thermal parameters could
be run and the best fit thermal inertia and albedo could be estimated in addition to
the electrical parameters. This is a rather ambitious project as it would require not
only several more measurements, but good calibration for each of these observations.
It is possible, since the whole-disk measurements are well behaved, to use these mea-
surements to self-calibrate the data in a manner similar to the re-calibration used for
the South data set. In this way a bootstrap process would be begun whereby any
new Mars observations could be used to create better models which are then used
to re-calibrate new data sets. Since the whole-disk measurements of polarization are
dependent on the degree of polarization of the emitted radiation, rather than the
emissivity of the surface, the two sets of measurements are not degenerate and this
bootstrap process would, hopefully, settle down to ground truth rather than merely

being self-consistent.
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APPENDIX A
THERMAL MODEL DETAILS

The thermal model consists of numerically solving the equation of heat conduction

for the sub-surface of Mars. This equation can be written as:

(z,t) 1 9 a7 (z,t)
ot  pcy(z) 0z (kt(x) Oz )

where T'(z,t) is the physical temperature as a function of the sub-surface depth z

A.l

and time t, pc,(z) is the volume specific heat as a function of the sub-surface depth
and k,(z) is the thermal conductivity, also as a function of depth. Although, pc,(z)
and k;(z) are both assumed not to vary with depth for the models calculated in this
thesis, they will be described as functions of the sub-surface depth in this appendix,
because the numerical solution of this differential equation was solved in such a way
as to allow them to vary.

The solution of this problem depends on the boundary conditions that are im-
posed. As was stated in Chapter 3, the lower boundary condition was that no heat
flux passed through the bottom boundary and that the bottom layer was deep enough
that the temperature did not change by more than half a degree during the entire
martian year. Because of the logistical problems with allowing the lower boundary
layer to vary in depth during the calculation of the thermal profiles, extensive testing
was performed to find the maximum depth that these conditions could be met for any
combination of thermal parameters and latitudes. The actual depth steps taken were
calculated according to the following formula. The first depth was taken to be 1mm.
The first depth step was taken to be 1.2 times the first depth, so the second depth
was at 2.2mm. Each of the following depth steps was 1.2 times the previous step.
The actual depths were the sum of these constantly changing depth steps. Part of

the reason of choosing this particular step size was to insure the daily thermal wave



Thermal Model Details 134

was being properly sampled. There were twelve depths sampled above 4cm, whi;:h 18
the diurnal skin depth. This is a reasonable number of samples to insure accuracy,
especially since they are concentrated near the surface.

Given this algorithm for calculating depths and the conditions imposed on the
lower boundary, the maximum depth turned out to be 1270cm. Although these depths
were used to calculate the thermal model for comparison with the data, for testing
purposes the depth step size and time step used were those of Keiffer et al. (1977).
This was done to test the algorithm against a well known standard. Unfortunately,
the levels used by Keiffer et al. were not very good for the purpose of making models
for comparison to the radio data.

The surface boundary condition, as already stated in Chapter 3, is:

Se(1 — A%)cos(v) ar dMco,
RZ(t) % kt(O) 658 sur face * o dt

+ F, = eaT*(0,1) A2

The first term on the left hand side is the solar insolation term, S being the solar con-
stant (whose value was taken to be 1.3533 x 10° erg cm™? sec™!, following Thekaekara
and Drummond, 1971). A* is the Bond albedo, gotten from the work of Palluconi
and Keiffer (1981). R is the heliocentric distance of Mars in AU, and was taken
directly from the Astronomical Almanac, Vohden and Smith (1983,1984,1985,1986)
and 7 is the angle the incident radiation makes with the surface of a planet at a given
latitude and longitude. The orbit of Mars was assumed to be co-linear with the plane
of the ecliptic. Since this angle is currently about 1.8°, I believe this approximation
is justified. The second term on the left hand side of the equation is the heat flux
either going into or coming out of the sub-surface. The third term is the heat lost to
the formation or gained from the sublimation of CO; frost. The fourth term, F,, is
a radiation backscatter term. The only term on the right hand side is the radiative

emission term. The thermal models used for comparison purposes had a ¢ of 1.0.
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As stated in the main body of the thesis the radiative backscatter term was given
a value of about 0.02 of the noontime solar insolation or 0.02 of the value of the surface
frost emission, which ever was greater. This is the value of Keiffer et al. (1977). In
actuality the value used was 0.018 rather than 0.02. This is because one of the main
tests of the thermal model was its ability to reproduce the work of Keiffer et al. (1977).
However, the model they used differed from the present model in a number of ways.
As the model used here does not, it did not agree with the work of Keiffer et al. .
Using the same time steps and depth steps as Keiffer et al., I found that a value of the
radiation backscatter term of 0.018 rather than 0.02 gave the desired reproducibility.
By comparing Figures A.1 and A.2 with those published in Keiffer et al. it is easy to
see that the two are very similar. Therefore, I believe that the current thermal model
reproduces the surface temperatures, as observed by the Viking IRTM instrument,
very well indeed.

The first thing that has to be done in order to solve this differential equation
numerically is to discretize it. The discretization was done so as to allow the vertical
depth step to vary and still have the algorithm be stable. The discrete equation that

was actually solved is:

n n ST \n
Tj+1—Tj i 5(k'5.';)j+1 A3
0.5( '

S(kSLyn
105 (kas);
0.5(Az;_y + Azjyy)

where j stands for the depth level and n stands for the nth timestep. The secondary
differences are given by

é(kﬁ) — M_k. (_TJif—l) A4

i+4 ) i—4% ,
z/; A$J+% A:z:]_%

The half-step notation indicates that the quantity should be evaluated half-way be-
tween the two depth levels. For the Az quantities this means the Az between

the given z and the z on the other side of it. That is, A.’BJ-_% = r; — zj—1 and
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FIGURE A.1: Surface temperatures as a function of Martian season. The model
parameters were set up to emulate the work of Keiffer et al. (1977). These are the

maximum and minimum surface temperatures.
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FIGURE A.2: The upper plot is the diurnally averaged surface temperature as

a function of Martian season. The lower plot is the diurnally averaged CO, frost

covering. Units are gm cm™?
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Az. 1 =z — z;. Combining all terms with the same T grid point yields:
43 i+ 3 g

— kjptAz;_1k; 1Az 4 (pSs);
J (A:.:J-_% + Azj+%)Azj+%A:cj_% At

ki 1 k._1
e A AL — T i—2

=3
_qn —kjy Az tk; 1Ay (pp)i
T (A:L‘J-_% + Ai:j+%)Amj+%Azj_% At

-{-Tﬂ kj"'% + T kj_il'
1\ (Az;_1 + Az; 1)z, =1\ (Az;_y + Az 1) Az,
i—% 3+ s -4 i+ i~-%

This is the actual difference equation solved. The Az’s are known before any com-
putation of temperature profiles is begun; as are the volume specific heat, and the
thermal conductivity. At any given time-step the temperatures at the previous time-
step are also known. Therefore, the entire right-hand-side of this equation is known for
any particular time-step, and only the three temperatures at the next time-step need
be solved for. This implicit method is stable for any time step and is second-order
accurate in time. This differencing scheme is sometimes called the ‘Crank-Nicholson’
implicit solution. In addition, the set of simultaneous linear equation that must be
solved is a tridiagonal system. This allows an easy, quick, and robust solution to the
system of equations. For a good discussion of the solution of tridiagonal systems see
Richtmyer and Morton (1967) or Press et al. (1986).

The surface boundary was discretized in a rather straight-forward manner and

the result is:

S5 (1 — A%)cos(™) T Mgl —
(R M = P v

Mn
C% L F, = eo(TL,)"! A6

J

where the surface heat conductivity term is estimated by

6_T il N T;H(Q:L‘O — iy — ) T1n+1(1'2 — ) T2”+1(:L'1 — Zo)

Oz lz=0  (z7— zo)(z1 — Z0) (z1 — zo)(x2 — 1) - (z2 — z1)(x2 — z0)

AT
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This surface temperature gradient is a derived from a Taylor expansion of the tem-

perature at the first depth level.

aT
TI—TQ+E

2
N A8

0(11 ~ o) + 022 lz=0 2

=

Dropping higher order terms and solving for the temperature gradient at the surface

yields:
ar
dz

i FRHL_patt g

=0 21 —Zo dz?

nHl (21 — %o)

=0 2

A9

assuming that the second derivative changes relatively slowly, the second derivative
at the surface can be replaced by the second derivative at the level z = z,. The
standard centered second-order difference can be used to replace the second derivative
in equation A.9, yielding equation A.7.

Since this boundary condition needs the temperature at the time step n + 1, but
is also needed to solve for the temperatures at this time step, the solution to this form
of the heat equation, with this boundary condition, is acquired iteratively. That is,
in place of the temperatures at n + 1, the temperatures at n are used to estimate the

surface thermal gradient, i.e.

Se™(1 — A)cos(yp™) | | M3, — Mo,
(R2)n+1 +L At + Fa

T&l(zmo =y = 1’,‘2) Tln(.’tl = 150) _ T-:,‘((Eg = SEI)

(z2 — zo)(z1 —T0) (71— z0)(T2—71) (72— 71)(22 — T0)

€U(Tf=0)n+1 =
A0

+ (kt)j=0

This equation was solved for 7!, which was then used to calculate a thermal profile.
This thermal profile was used to calculate a new surface thermal gradient and this,
in turn was used to calculate a new surface temperature, say T, If this new
surface temperature differed from the old one by more than a specified amount, a
new temperature profile was calculated. This iterative procedure was continued until
convergence was reached, i.e. T ~ T+l For the final year of the model this

convergence criterion was 0.1K. This final temperature profile was then the solution
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of the heat equation for the n + 1 time step and was stored, to be used at the next

timestep. This process was continued until an entire day was completed.

Because the amount of CO; could also vary it was handled in the following man-
ner. If the temperature dropped below the condensation temperature, here taken to
be 149K, the surface temperature was set to be 149K and the albedo was discontinu-
ously changed to 0.65. The extra heat needed to hold the surface temperature at this
level was made up for by the heat of condensation of CO, frost. The value use for the
heat of condensation was 5.9 x 10%erg gm—1. The mass, Mco,, calculated in this way
was saved for the next time step. The mass stored had units of gm cm=2. As long
as the final surface temperature calculated iteratively was below this temperature of

condensation, the amount of CO; frost increased.

If the mass of CO, frost stored was non-zero and the surface temperature was
estimated to be above the temperature of condensation (or, equivalently, sublimation),
then the amount of CO; frost required to sublimate in order to keep the surface
temperature at the sublimation temperature was calculated. If the amount of CO,
frost deposited was greater than this amount, the amount stored was reduced by this
required amount. If the amount stored was less than the amount required to keep
the surface temperature at the sublimation temperature, the amount of heat required
to sublimate the stored amount was calculated and subtracted from the solar flux
term. The albedo was changed back from 0.65 to its previous value and a new surface
temperature was calculated. Because the albedo of the CO; frost is higher than any
of the other albedos used, this part of the algorithm is stable. If some of the surface
albedos were larger than the CO; frost albedo this part of the calculation might go

into an endless loop.

Since the amount of computer time needed to do a daily temperature calculation

is large, the heat equation was solved only every fifth day. Therefore, although the
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minor time step was about 20 minutes, the major time step was five Martian dayé. A
linear approximation was used to get across one large time step. The final, minor time
step of one day plus the final, minor time step of the day five days previous were used
to estimate the minor time step just before the beginning of the next major time step.
That is, the same time of day temperature profiles were used to make this jump across
the major time step. The problem of what to do when the frost disappears across
a major time step is another difficulty inherent in this interpolation. Here the last
temperature profile from the previous major time step is used as initial temperature
profile for the upcoming day. I have confidence in this method, as long as the major
time step does not get too large. This same model was run on the San Diego Cray
X-MP, but with no missing days. Plots of the surface temperature are identical to
those whose major time step was five days.

Several more approximations were made in order to solve for all latitudes and
longitudes. Since the thermal inertia maps of Palluconi and Keiffer (1981) only extend
as high as 60°N and as low as 60°S the regions above and below these limits needed to
have these parameters estimated. The thermal parameters for the latitude adjacent
to these regions were averaged over longitude and these values were used in each of the
two regions. This means that for latitudes above 60°N the albedo used was 0.1965
and the thermal inertia used was 8.732. For latitudes below 60°S, the albedo and
thermal inertia were 0.2324 and 6.629, respectively. In addition, the volume specific
heat, pc,(z), was needed. This is because, although the thermal inertia is known,
what is really needed to solve the heat equation is the conductivity and the volume
specific heat separately, not combined into the thermal inertia. The thermal inertia

is given by:
I = s fkpe, A.10

where k, is the thermal conductivity. Since volume specific heat does not change
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much for most geologic materials, the value of 1 x 107erg cm™> K~! was assumed for
all latitude and longitude bins. Among geologic materials, the variations in thermal
conductivity are much larger than the variations in the volume specific heat, so all of

the variation in the thermal inertia was assigned to the thermal conductivity.



