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Thermal inertias in the upper millimeters of the Martian 
surface derived using Phobos' shadow 

Bruce H. Betts, • Bruce C. Murray, and Tomfig Svitek: 
Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena 

Abstract. The first thermal images of Phobos' shadow on the surface of Mars, in addition to 
simultaneous visible images, were obtained by the Phobos '88 Termoskan instrument. The best 
observed shadow occurrence was on the flanks of Arsia Mons. For this occurrence, we 
combined the observed decrease in visible illumination of the surface with the observed 

decrease in brightness temperature to calculate thermal inertias of the Martian surface. The 
most realistic of our three models of eclipse cooling improves upon our preliminary model by 
including nonisothermal initial conditions and downward atmospheric flux. Most of our 
derived inertias fall within the range 38 to 59 J m ': s 4n K 4 (0.9 to 1.4 10 -3 cal cm ': s 4a K4), 
corresponding to dust-sized particles (for a homogeneous surface), consistent with previous 
theories of Tharsis as a current area of dust deposition. Viking infrared thermal mapper 
(IRTM) inertias are diurnally derived and are sensitive to centimeter depths, whereas the 
shadow-derived inertias sample the upper tenths of a millimeter of the surface. The shadow- 
derived inertias are lower than those derived from Viking IRTM measurements (84 to 147), 
however, uncertainties in both sets of derived inertias make conclusions about layering tenuous. 
Thus, near-surface millimeter versus centimeter layering may exist in this region, but if it does, 
it is likely not very significant. Both eclipse and diurnal inertias appear to increase near the 
eastern end of the shadow occurrence. We also analyzed a shadow occurrence near the crater 
Herschel that showed no observed cooling. This analysis was limited by cool morning 
temperatures and instrument sensitivity, but yielded a lower bound of 80 on eclipse inertias in 
that region. Based upon our results, we strongly recommend future spacecraft thermal 
observations of Phobos' shadow, and suggest that they will be most useful if they improve upon 
Termoskan's geographic and temporal coverage and its accuracy. 

1. Introduction 

Mars' moon Phobos orbits Mars in a roughly 8-hour, circular, 
equatorial orbit at an altitude of approximately 6000 km. During 
the time periods surrounding the Martian equinoxes, Phobos 
casts a completely penumbral shadow on the surface of Mars' 
equatorial regions during portions of each orbit. A passing of the 
shadow would be viewed by an observer on the surface as a 
partial eclipse lasting roughly 20 s. The Termoskan instrument 
on board the Soviet Phobos '88 spacecraft obtained the first 
thermal images of Phobos' shadow on the surface of Mars. 
Simultaneous visible images were also obtained. 

Termoskan was an optical-mechanical scanning radiometer 
with one visible channel (0.5-1.0 Ixm) and one thermal infrared 
channel (8.5-12.0 Ixm) (see Selivanov et al. [1989], Murray et al. 
[1991], and Bens [1993] for more information). The instnnnent 
was fixed to the spacecraft, pointing in the antisolar direction. 
Termoskan used a scanning mirror to build up the north-south 
component of image panoramas and the spacecrafts motion to 
build the east-west component. 
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Termoskan observed the shadow of Phobos on the surface of 

Mars during two of its four panoramas. Using these observations, 
we have been able to combine the observed decrease in visible 
illumination of the surface with the observed decrease in 
brightness temperature to calculate thermal inertias of the 
uppermost tenths of a millimeter of the Martian surface. 
Thermal inertia, a bulk measure of the resistance of a unit 
surface area to changes in temperature, is commonly used to 
characterize the insulating properties of planetary surfaces. It is 
defined as I = (kpcp) in, where k is the thermal conductivity, p is 
the bulk density, and cp is the specific heat of the material. Low- 
inertia materials have smaller thermal skin depths and heat and 
cool more quickly than high inertia materials. In this paper, 
thermal inertia values are given in SI units (J m -2 K 'l S 4a) with 
inertia values in the units (10 '3 cal cm '2 K 'l S 'in) often used for 
the Martian surface [e.g., Kieffer et al., 1977] given in 
parentheses following the SI values. 

Murray et al. [1991 ] presented a summary of the preliminary 
results of an analysis of the best observed and least complicated 
occurrence of the shadow (near Arsia Mars; see Figure 1). We 
now present for the first time (1) a refined analysis of that 
shadow occurrence that incorporates two additional model 
factors: nonisothermal start conditions and atmospheric re- 
radiation, and that includes inertias as a function of longitude in 
the shadowed region; (2) an analysis of another shadow 
occurrence which was observed near the crater Herschel; (3) a 
detailed description of the models used; (4) a comparison with 
the diurnal inertias of Hayashi et al. [this issue], which are based 
upon the combined surface atmosphere (CSA) model of Haberle 

5285 



5286 BETTS ET AL.' MARTIAN INER•S DERIVED USING PHOBOS' SHADOW 

.: 

'•"••••'"5::• ;.:•:• ............ -..':'.'-'• • :.• -. '-• :':'•'•:•'• .• :,, "•• .---.----.--.•:•-• ...... • '•'•'-•':• ............ ..• .............................. '-:, ,•?:• • --• -• ..... ;-'•:'• .... --- ;•...J.•.;• .................................................... •i .................... '••;;••••:.• '"'•'"'•'• .":• • ....... •-•---• ..- ............ & .......................... i.:,-•.!.' ............... •.:•:•"•i•";•i•'•'• ..... ' ........... '½•",• •'"'"•"'•'•;;•':::••';• ..... -'-'• .................................................................... -•.- '• .............. ½ ............ ......... ;:•':•'""•':•:':'•'•:½•'2:.• ......... 
,'"'"'"'"'""•"•"•.•:• ; .:..:::•...:• 

.- ........ '"".i.'".•iii'•"• •' '•'"'"••'• ...... • -.-• ........... ;•-.-.•-.:• •' 

•......•...... ....••:.:• .• ...• -'•' -•.•-••:•::• ........ ••.........•.....-•••;: ..... - ....... 
•.:. .......... • .• • -½•-•-•.• ;-•:•? ,--•%::½;:;; ............. --•.---.--.--.-.•..-•,•-:., ....••.•••• •----- -•:-•:•••;................•• -'•:•.'• .......... • "-;•:• .•:• ........ •,½ ........................... 4-•........•.....:•.•,•:• •:•:,,.•,.:.......• ...... .--..-.-•:-:•;..•.:....'-'• ................ •••.-:••••.•••, ..-•:•.-• 

...... ' "•-'• • ..... *" :• ;•: "• '• •':•• ...... '•' '• :•' :• • ........ •:-• ................. • ........ '•"•':'•.:' '"• L.-•*"•%.. '•' '"" • 

.................. •... •" .•..• •:,.• ........ ......... •= ... ---'----'-•::•':--:-:• -•-:•.:• :•½:•:•:•:•:::•:•:•;•:• ••----••------•-- . .•.-..:•• 

e • •.• -• "'" '"• "'- '•'•••'"'•'"'••"'••::-••"/:• ............... •'•:':':••:•::.;4 •""-"•;' 

½_.. -- ..................... •:•:;• ......... • •- 

½ ... .. ..., .......... 
•::: -•--- 

..•.: 
.. 

..... 

..... 

:.:: 

..: ..: . . ...... .... . ..................................... : ............................. :.... ::...:•.:.::.:-.......... ........ .............: ............. ::::::::::::::::::::::::::::::::::::: :.•:::::...:.::.::..:?: ................. •::•:•:•.•:•:•:•:•:•:::::::::::::::::::::::::::::::::::::•::•..:•..:•:.•.:•.::..•:•::.•.•:•:•:.•;:::•:::.•.•:•.:•;:.•::•.•:•:•.•:•:•:•;•:; ............... ........ ::...::•..•=====================::::;•:•:.•;:•:•::::..:: :.: ..... :...:: ;;:;.: ::::::::::::::::::::::::::::::::::::::::::::::: .:.:..... :.....:.: .:.: :.:..? ======================================================================== ............. ::....•: 



BETTS ET AL.: MARTIAN INERTIAS DERIVED USING PHOBOS' SHAIX)W 5287 

Table 1. Phobos Shadow Occurrences Within the Termoskan Data 

West Times of Day 
Longitudes Covered, 

Scan Location Covered, deg hours Notes 

3 Flanks ofArsia Mons 110to 120 9.3 to 10.1 

3 S. of western half of 75 to 105 10.5 to 12.7 
Vailes Marineils 

4 Eastern end is in the 228 to 255 7.4 to 9.5 
crater Herschel 

4 North of Ma'adim 172 to 210 10.8 to 13.8 
Vailis 

Analyzed here. 

No cooling apparent in thermal data. 
Analyzed here. 

No visible channel data for eastern end 

of shadow. Dropped lines in visible 
data that do exist. 

All shadow occurrences are centered approximately upon 14øS latitude. 

and dakosky [1991]; and (5) implications for the planning and occurrence (number 1 in Table 1) was the best observed and is 
analysis of future similar observations. able to yield the most information. Hence, it is the focus of our 

Section 2 of this paper gives an overview of the observations modeling and analysis presented here. 
and the thernml models we used. Section 3 compares the We also present an analysis of occurrence 3 (the "Herschel 
Tennoskan thermal data with the model results to derive thermal occurrence"); however, that analysis is necessarily simplified 
inertias. Section 4 discusses the results, and Section 5 discusses and much less accurate because no cooling from the passage of 
and the potential for future Phobos shadow research. The the shadow was detected. Thus, only a lower bound on thermal 
appendix describes in detail the three thermal models, including inertia could be determined by making assumptions about what 
the inputs that were used from the Termoskan data. level of cooling could be detected in the Termoskan data. 

2. Overview of Observations and Modeling 

The elongated shape of the Phobos shadow (Figure 1) in the 
Termoskan panoramas was due to a fortuitous combination of the 

Occurrences 2 and 4 are both more complex than the Arsia 
occurrence. The shadows themselves appear longer (cover a 
wider range of longitudes), and the E-W shadow profiles do not 
appear as smooth and symmetric (smoothly darkening, then 
brightening) as the Arsia shadow profile. These two factors 

scanning nature of the instntment, unusual orbital geometry (the imply that the spacecraft rocking motion was slower and that the 
spacecraft and Phobos were nearly co-orbiting), the antisolar assumption of uniform rocking motion (used in our analysis and 
orientation of the instntment, and a slight rocking of the discussed in the appendix) is less likely to be valid. In addition, 
spacecraft. The similarity of the spacecraft's orbit to Phobos' the greater apparent lengths of the shadows imply that a wider 
orbit combined with Termoskan's antisolar orientation (zero solar range of local times of day, surrounding temperatures, and 
phase angle) conspired to put Termoskan's instantaneous field of albedos were observed. Occurrence 4 additionally lacks 
view near the location of the Phobos shadow as it traveled across complete visible data coverage. 
Mars' surface. However, because the spacecraft and moon were For the Arsia and Herschel occurrences, we used the observed 
not actually in the same place, this orientation alone would have drop in the visible flux within the shadowed area to model the 
missed observing the shadow. "Fortunately," the spacecraft, and solar insolation as a function of both actual time since the 
hence Termoskan, rocked slightly back and forth. Thus, beginning of eclipse and position in the scan. We then used this 
Tennoskan's instantaneous field of view rocked into and out of in three different one-dimensional, finite difference thermal 
observing the shadow (see Murray et al. [1991] or Betts [1993] models for homogeneous surfaces (adapted from Clifford et al. 
for more detailed descriptions of the observations). [1987]). Model 1 was our preliminary model [Betts et al., 1990; 

Tennoskan's field of view rocked into observing Phobos' Murray et al., 1991]. Model 2 does not assume that the pre- 
shadow four times, twice in each of two observing sessions, both eclipse temperatures are constant with depth as Model 1 did. 
on March 26, 1989. The four shadow occurrences, their Instead it uses a temperature with depth profile derived from a 
locations, and their basic differences are summarized in Table 1. diurnal thermal model (as discussed in the appendix). Haberle 
All are centered roughly on 14øS latitude. and dakosky [1991] concluded that atmospheric effects are less 

Unfortunately, in terms of ease of analysis, each of the shadow important for eclipse-derived thermal inertias than for diunmlly 
occurrences has different characteristics. The Arsia Mons derived thermal inertias, based upon theoretical considerations 

Figure 1. Phobos shadow images. (Top) Termoskan visible and (Bottom) thermal images showing the Phobos 
shadow occurrence on the flanks of Arsia Mons. North is towards the top. Contrast has been enhanced to 
emphasize the shadow. The elongated shape of the shadow is due to a fortuitous combination of the scanning 
nature of the instrument, unusual orbital geometry (the spacecraft and Phobos were nearly co-orbiting), the 
antisolar orientation of the instrument, and a slight rocking motion of the spacecraft. Note that the shadow is 
observed first (i.e., further west because the instnunent built up images from west to east) in the visible, then later 
(to the east) in the thermal. This is due to the delay in cooling after the onset of the shadow. 



5288 BETTS ET AL.: MARTIAN INERTIAS DERIVED USING PHOBOS' SHAIX)W 

involving effects of the short duration of the eclipse relative to a shadow and then subtracting the temperature observed in the 
diurnal period, and the relatively high daytime temperatures middle of the shadow. Using these temperature drops rather than 
(which cause surface emission to dominate atmospheric absolute temperatures is particularly effective at removing time 
emission). In order to test this and to ascertain the magnitude of of day effects. Also, because the area happens to be reasonably 
atmospheric effects, we created model 3 by adding a downward bland thermally, gradual albedo and diurnal thermal inertia 
atmospheric flux term to model 2. Model 3 is the most realistic variations are also removed. In addition, by using temperature 
of the three models, but due to the uncertainty in the downward drops, we reduce the effects of atmospheric scattering, which 
atmospheric flux, it is useful to consider model 2 separately. For should act approximately equally inside and outside the shadow. 
the Arsia occurrence, we present the results of all three models To plot the data versus the model curves, these temperature 
here for comparison and completeness (see the appendix for drops were subtracted from 255 K, the pre-eclipse temperature 
detailed descriptions of all three models.) used in the models. Figure 2 shows the data plotted versus 

3. Comparison of Data With Models 
3.1. Arsia Occurrence 

To best compare Termoskan eclipse temperatures with model 
results, we used temperature drops within the eclipse rather than 
absolute temperatures. Variations in absolute temperature are 
observed outside the eclipse due to variations in albedo, inertia, 
and time of day. These factors also will affect the observed 
temperatures within the eclipse. To minimize these effects, we 
did two things to the data used for comparison. First, for points 
within and outside the shadow, we averaged 10-pixel (in the 
east-west direction) by 1-pixel strips. Second, the data we 
compare with models are estimated temperature drops within the 
eclipse. We find these temperature drops by averaging the 

model 1 curves. Figure 3 shows an analogous plot for model 2, 
Figure 4 shows curves for model 3 with a downward atmospheric 
flux (•4/) of 20% of the absorbed pre-eclipse solar flux, and 
Figure 5 shows curves for model 3 with •4/= 10%. Data error 
bars are discussed in section 4.2.1., and although they are of 
interest in interpreting physical results, they do not affect 
comparisons of different models. Most of the data fall between 
inertias of 38 (0.9) and 50 (1.2) for model l, between 41 (1.0) 
and 67 (1.6) for model 2, between 35 (0.8) and 50 (1.2) for 
model 3 with •4/= 20%, and between 38 (0.9) and 59 (1.4) for 
model 3 with •4/= 10%. In all cases, inertias are slightly higher 
later (towards the east) in the shadowed region. 

3.2. Herschel Occurrence 

For the Herschel occurrence the shadow appears clearly in 
temperatures of points to either side (north and south) of the Termoskan's visible channel, but cooling from the shadow does 

1=84(2.0) 

1=25(0.6) 

Eclipse MODEL 1 (isothermel, no otm. flux) 

curves for inertios of 25, 33 .... 84 (0.6, 0.8 .... 2.0) 

0 10 20 30 40 50 60 

Elopsed Time Since the Beginning of Eclipse (Seconds) 

Figure 2. Eclipse model 1 results. The lines in this plot are model surface temperatures for various thermal 
inertias from 25 to 84 J m '2 s 'la K -I ( 0.6 to 2.0 in units of 10 '3 calcm '• K 'l s'u•). The dots are observational data 
retrieved from the Termoskan thermal infrared channel for the shadow occurrence near Arsia Mons. They are 
derived from 10-line averages of temperature drops at the center of the shadow relative to comparable points 
outside the shadow. Size of the error bars is discussed in the text. The temperature drops have been subtracted 
from 255 K to facilitate comparison with our model results. We chose 255 K for the model because it is a typical 
temperature from the region surrounding the shadow. Most of the observational data values fall between model 
curves corresponding to thermal inertias of 38 (0.9) to 50 (1.2). Results in this figure are the same as those 
presented by Murray et al. [1991 ]. 
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Eclipse MODEL 2 (non-isothermal, no atm. flux) 

curves for inertias of 25, 55 .... 84 (0.6, 0.8 .... 2.0) 

I I • • • • I I I 

0 10 20 30 40 50 60 

Elapsed Time Since the Beginning of Eclipse (Seconds) 

Figure 3. Eclipse model 2 results. Same'as Figure 2 but for model 2 results. Model 2 added nonisothermal with 
depth pre-eclipse conditions to model 1. Most of the observational data values fall between model curves 
corresponding to thermal inertias of 41 (1.0) to 67 (1.6). 

not show up in the thermal channel. Thus, for this occurrence, lower bound on eclipse inertias for the region near the center of 
we cannot measure temperature drops. However, we can the shadow. Modeling was carded out as before but with the 
estimate the level of cooling that could have been detected by appropriate changes in time of day, insolation, albedo, and 
Termoskan, and compare that value to model results to derive a starting temperatures. We only ran one of our models: Model 3 

- 

1=25(0.6) 

Eclipse MODEL 3 (non-isothermal, atm. flux = 20%) 

curves for inertias of 25, 53 .... 84 (0.6, 0.8 .... 2.0) 

0 10 20 $0 40 50 60 

Elapsed Time Since the Beginning of Eclipse (Seconds) 

Figure 4. Eclipse model 3,/If = 20%. Same as Figure 3 but for model 3 results. Model 3 added atmospheric 
downward flux to model 2. The curves plotted here are for a downward atmospheric flux of 20% of the absorbed 
pre-eclipse solar flux. Most of the observational data values fall between model curves corresponding to thermal 
inertias of 35 (0.8) to 50 (1.2). 
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1=25(0.6) 

Eclipse MODEL 3 (non-isothermol, otm. flux = 10%) 

curves for inertlos of 25, 33 .... 84 (0.6, 0.8 .... 2.0) 

0 10 20 30 40 50 60 

Elopsed Time Since the Beginning of Eclipse (Seconds) 

Figure 5. Eclipse model 3, Af = 10%. Same as Figure 4 but with 10% downward atmospheric flux. Most of the 
observational data values fall between model curves corresponding to thermal inertias of 38 (0.9) to 59 (1.4). We 
consider this the most realistic model of those presented for the Arsia occurrence. 

with •1/ = 10%, 'which we determined to be our most realistic 
model (discussed below). We compared the maximum amount 
of modeled cooling for several thermal inertias with an estimate 
of the amount of cooling that could have been detected in the 
Termoskan data either by image processing or digital data 
analysis. 

We estimate for this occurrence that we could have detected 

shadow cooling corresponding to a drop in the infrared channel 
of approximately 3 DN (data numbers) relative to the 
surrounding unshadowed area. This is based upon tested image 
processing of the data, comparisons with other occurrences of the 
shadow, and attempts to detect simulated shadow cooling effects. 
Infrared channel variations in this region due to inherent terrain 
variations are also on the order of 2 or 3 DN, but we are aided in 
looking for shadow cooling by the image nature of the data and 
the fact that we know where the shadow should be based upon 
the visible channel data. 

For the temperatures in the Herschel region, 3 DN 
corresponds to approximately 2.5 K. Comparing with our model 
results, we find that a 2.5 K temperature drop corresponds to an 
eclipse inertia of approximately 80 (2). Thus, the data provide 
an approximate lower bound of 80 (2) for the thermal inertia in 
the upper millimeter of the region near the center of the shadow 
(approximately 14øS, 241øW). At first, it may seem 
counterintuitive that no observed cooling would only constrain 
the inertia to be above a value as low as 80 (2). After all, the 
very obvious cooling observed in the Arsia occurrence 
corresponds to inertias near 40 (1). However, the following 
factors make more accurate constraint impossible: (1) The 
Herschel occurrence was much cooler than the Arsia occurrence 

due primarily to the earlier morning observations as well as the 
inherently higher diurnal inertias in the Herschel region. 
Termoskan had less sensitivity at cooler temperatures (see 

Murray et al. [ 1991 ] or Betts [ 1993] for the infrared response 
characteristics), e.g., 3 DN at 230 K correspond to about 2.5 K, 
but 3 DN at 255 K (characteristic of the Arsia occurrence) 
correspond to approximately 1.5 K. (2) Due to the strong 
dependence of the radiative cooling rate upon temperature, less 
shadow-induced cooling occurs when the initial temperatures are 
cooler. (3) The surface temperature drop during eclipse is very 
nonlinear with inertia, which causes less precision distinguishing 
between high inertia values than between low inertia values. For 
example, models of the Herschel occurrence yield temperature 
drops of 2.5 K, 1.3 K, 0.9 K, 0.7 K, and 0.6 K for inertias of 84 
(2), 168 (4), 252 (6), 336 (8), and 420 (10), respectively. 

4. Discussion 

The results from the Arsia occurrence show that model 2 

raises the derived inertias compared to the less realistic 
(isothermal) model 1. Adding atmospheric downward flux in 
model 3 reduces the derived inertias. First, we consider why the 
differences between the models cause these effects. Then, we 
consider the models' implications for the surface of Mars. 

4.1. Model Differences and Realistic Inertias 

Here we compare and evaluate our three models using the 
Arsia occurrence. Including the nonisothermal, initial 
temperature-versus-depth profile in model 2 allows the model 
surface to cool more quickly. For these low inertias, this 
dominates the simultaneous opposite (heating) effect from the 
additional pre-eclipse insolation caused. by the inclusion of a 
nonzero conduction term in the surface boundary condition (see 
equations (3) and (5) in the appendix). Overall, the faster 
cooling causes higher inertias to be derived in model 2 than in 
model 1. 



BETrS ET AL.: MARTIAN INERTIAS DERIVED USING PHOBOS' SHADOW 5291 

The atmospheric downward flux added in model 3 stays 
constant throughout the eclipse (the validity of this assumption is 
discussed in the appendix), and thus keeps the total insolation 
higher throughout the eclipse. This causes the surface to cool 
more slowly. Thus, including more downward atmospheric flux 
causes lower inertias to be derived. 

Model 3 should be the most realistic model because it 

includes both nonisothermal starting conditions and downward 
atmospheric flux. The next question is, what value of 
atmospheric flux in model 3 is the most realistic? This is hard to 
answer precisely, but fortunately the most likely possibilities 
make little difference in our results and do not affect our 

eventual scientific conclusions. The atmospheric flux depends 
upon the atmospheric optical depth, which is not well known for 
the time of the observations. Analyses of data from other Phobos 
'88 instnm•ents have given optical depths that range from about 
0.2 to 0.6, with the most favored values somewhere near the 
middle of that range. According to modeling by Haberle and 
Jakoslcy [1991, Figure 4], for this range of optical depths and the 
local time of day of the observations, the atmospheric flux will 
range from 6% to 11% of the solar flux. Thus, the 20% model 
nm shown in Figure 4 is probably an extreme and should give 
lower bounds on inertias. Even the 10% run shown in Figure 5 
probably gives inertias that are somewhat low. This is 
particularly true because the shadow was observed on a surface 
roughly 9 km (almost 1 scale height) above the 6.1 mbar 
reference altitude used in the Habefie and Jakosky figure that the 
flux percentages came from. Atmospheric flux contributions will 
be reduced at higher altitudes. 

The model 2 runs, which do not have any atmospheric flux 
contribution, should give inertia upper bounds. The real values 
should lie between the model 2 and model 3-20% values and are 

probably a little higher but not too far from the model 3-10% 
values. Thus, inertias of 38 (0.9) and 59 (1.4) probably bracket 
the majority of the eclipse-derived inertias in this shadow region. 
konically, because the nonisothermal effects nearly balance the 
atmospheric effects for these inertias, these results are nearly the 
same as the model I results (which were originally reported in 
Murray et al. [1991] and Betts et al. [1990]). 

4.2. Implications for the Martian Surface 

4.2.1. Arsia occurrence. The inertias derived from all the 

models are consistent with dust-sized particles. This is 
consistent with previous studies that proposed that the Tharsis 
region has a dust covering and is currently an area of dust 
deposition [Kieffer et al., 1977; Zirnbelrnan and KieJ•r, 1979; 
Palluconi and Kieffer, 1981; Christensen, 1986b]. It is also 
reasonably consistent with the low rock abundances (about 5%) 
in this region [Christensen, 1982, 1983, 1986a]. Assuming a 
homogeneous surface, inertias of 38 to 59 (0.9 to 1.4) likely 
imply particle sizes of approximately 5 to 10 microns (laxn) 
[Haberle and dakosky, 1991; Kieffer et al., 1973; dakosky, 1986]. 
Note, however, that these values are theoretical extrapolations 
from laboratory data that only go down to particle sizes of 
approximately 30 p.m [dakosky, 1986]. Also, all of these particle 
sizes are for homogeneous surfaces, thus the actual surface could 
be composed of all 2-p.m particles and an occasional rock or any 
number of other combinations that yield a thermally averaged 
surface of 5- to 10-p.m particles. 

For the very low inertias involved in this study, diurnally 
derived inertias are representative of thermal skin depths of I or 
2 cm. Due to the short duration of the eclipse relative to the 

length of a Martian day, the eclipse-based inertia determinations 
are sensitive to thermal skin depths of only a few tenths of a 
millimeter. Comparison of inertias derived by the two methods 
can indicate the degree of layering within the upper centimeters 
of the surface. 

We compare our eclipse inertias for this region with Viking 
infrared thermal mapper (lRTM)-based diurnal inertias (2 ø x 2 ø 
bins) calculated by both Hayashi et al. [this issue] and Palluconi 
and Kieffer [1981 ]. Hayashi et al. [this issue] used the combined 
surface-atmosphere model of Haberle and dakosky [1991 ] along 
with the results of Palluconi and Kieffer [1981] and average dust 
opacities from Martin and Richardson [1993] in order to more 
accurately model the atmospheric contribution to the surface heat 
balance. Our eclipse inertias of 38-59 (0.9-1.4) compare to 
diurnal inertias for the same region of 86-133 (2.1-3.2) [Hayashi 
et al., this issue] and 92-147 (2.2-3.5) [Palluconi and Kieffer, 
1981]. Note that the atmospheric corrections of Hayashi et al. 
[this issue] have relatively little effect on inertias when compared 
with Palluconi and Kieffer [1981 ] for this region due to relatively 
high altitude and low average dust opacities. Corrections are 
significantly larger elsewhere on Mars [Hayashi et al., this 
issue]. 

Thus, our derived eclipse inertias are significantly lower than 
diurnally derived inertias. However, the uncertainties in both 
sets of inertias make conclusions about near-surface layering 
tenuous. Most of the uncertainty for the Arsia occurrence eclipse 
inertias comes from a combination of approximating temperature 
drops within the eclipse (about +0.4 K) and the precision of the 
instrument (about 0.5 K). Because these errors are independent 
and presumably random, they combine to provide an uncertainty 
of approximately -+0.7 K (which is the data uncertainty plotted in 
Figures 2 through 5). This translates to an inertia uncertainty of 
less than +12 (0.3) for the majority of the inertias derived. It is 
worse for higher inertias where there is less temperature 
distinction between inertias, and for locations far from the 
shadow center. In addition, there are uncertainties due to 
possible inaccuracies in model inputs such as atmospheric 
downward flux (+4 (0.1), based upon trying several values), the 
temperature versus depth profile (_+4 (0.1), would be worse for 
higher inertias), and other parameters such as visible flux, flux 
drop with time, and exact duration of eclipse (_+8 (0.2), based 
upon tests varying these parameters). Thus, the total uncertainty 
for the Arsia occurrence is approximately _+16 (0.4). So far, we 
have assumed that the uncertainty was the same, plus or minus. 
In reality the minus uncertainty is less than 16 (0.4) because 
inertia values are more easily distinguished at lower inertias. 
Note also that these uncertainties are for the Arsia occurrence 
and will vary even for the Termoskan instntment based on time 
of day, surface temperature, and inertia. Therefore, future 
observations can be better optimized than the Termoskan 
observations as discussed in section 5. 

Hayashi et al. [this issue] state their uncertainty as 10-20 
(0.24).5) for regions where albedo _)0.28 and less than 50-60 
(1.2-1.4) for albedos _•0.28. The average albedo for the Arsia 
occurrence was 0.27 (it was 0.17 for the Herschel occurrence) 
[based upon Pleskot and Miner, 1981 ]. For the Arsia occurrence, 
we assume that the emissivity component of error in the Hayashi 
et al. [this issue] inertias is small since the average albedo of the 
region is nearly that of the cutoff albedo (0.28), above which 
emissivity errors are negligible (because the emissivity does 
effectively equal I as assumed [Christensen, 1982]). However, 
since it is slightly below this cutoff, we include some emissivity 
error for comparison's sake. In this case, we have assumed that 
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Figure 6. Eclipse versus diurnal inertias for the Arsia occurrence. Eclipse inertias from our preferred model 
(model 3, AI= 10%, see Figure 5) plotted along with the diurnal inertias (r x 2° binned) of Hayashi et 01. [this 
issue] for the same region. Note that the error bars (discussed in text) often overlap, but that the eclipse inertias 
are consistently lower than the diurnal inertias. Also note that both sets of inertias trend upwards towards the 
eastern end of the shadow. Eclipse errors also increase towards the east because the method is less sensitive far 
from the center of the eclipse and at higher inertias. 

the emissivity error is less than 10 (0.2) in the Hayashi et 01. 
[this issue] diurnal inertias for the Arsia occurrence region. 

Figure 6 compares eclipse inertias (with uncertainties found 
independently for each point) with the Hayashi el al. [this issue] 
inertias, which are plotted with uncertainties of +20 and -30 
(emissivity error wi)) only act in the negative direction since it 
causes the inertias to be overestimated). Note that the eclipse 
inertias are, as discussed, consistently lower than the diurnal 
inertias, but that error bars often overlap. Also, notice that the 
eclipse inertias trend upwards towards the east as do the diurnal 
inertias. Unfortunately, the eclipse errors become large in that 
region because the eclipse is ending and the inertias are higher. 
However, the trend appears in the last few eclipse inertia points, 
making the simultaneous upward trend of both eclipse and 
diurnal inertias more believable than the error bars from anyone 
point would indicate. 

Thus, due to the Wlcertainties in both our eclipse inertias and 
in diurna))y derived inertias, we are unable to say for certain that 
there is layering in the Arsia occurrence region. If there is, we 
can say that it is mostly fine dust over mostly less fme dust. The 
easiest and most interesting locations to look for layering with 
future missions will be in regions that have higher diurnal 
inertias (indicative of average particle sizes significantly larger 
than dust) than those of the Arsia occurrence. 

The few tenths of a millimeter sampled by eclipse cooling 
measurements should present a fair representation of the surface 
that is sensed by optical and near-infrared instruments. Thus, for 
the region studied, it is unlikely that optical and near-infrared 
instruments would sample any significant amOtmt of bare (not 
covered by dust) rock surfaces. 

4.2.2. Herschel occurrence. The inertia lower bound of 80 
(2) that we derive for the Herschel occurrence is consistent with 

diurnal inertias for the shadowed region: 198-252 (4.7-6.0) 
[Hayashi et aI., this issue] and 239-301 (5.7-7.2) [palluconi and 
Kieffer, 1981]. These diurnal inertias are consistent with a 
homogeneous surface of sand-sized particles. UnfortWlately, 
because we are only able to derive a lower bound for this 
occurrence, and because that lower bound is so low, we are 
unable to derive any strong physical conclusions about the 
surface. If eclipse inertias are actually as low as 80 (2), then one 
could say there is a dust covering, but since they also could be 
significantly larger than 80 (2), the surface may be totally devoid 
of layering. Note, that if more advantageous observations 
(midday, greater sensitivity, etc.) are obtained by future 
spacecraft, the question of layering can be addressed effectively 
by the shadow analysis method. 

4.3. Summary 

Our analyses have shown that thermal and visible 
observations of the shadow of Phobos can be used to derive 
physical information about Ute upper millimeters of the Martian 
surface. Combining our preferred eclipse model with the 
T ermoskan thermal data implies inertias for the Arsia Mons 
shadow occurrence that mostly fall within the range 38 to 59 (0.9 
to 1.4). These inertias correspond to dust-sized particles (5 to 10 
J.UIl for a homogeneous surface based upon theoretical 
extrapolations of laboratory data). The presence of dust at the 
surface is consistent with previous theories of Tharsis as a 
current area of dust deposition. Thus, most of the upper couple 
centimeters is likely composed of unbonded, few micron dust 
particles. There may be a slight degree of layering, and the 
eclipse inertias and diurnal inertias both appear to increase 
towards the eastern end of the shadow. However, uncertainties 
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make these last two conclusions tenuous. Analysis of a shadow 
occurrence near the crater Herschel places a lower bound on 
eclipse inertia of 80 (2). 

These fundings obviously do not preclude layering or higher 
inertias elsewhere. Questions of geographic variability of the 
upper millimeter of the surface can be addressed to some extent 
in the future using the two other Termoskan observed 
occurrences of the Phobos shadow, but can best be addressed by 
future missions with optimized observations. 

5. Future Phobos Shadow Research 

Our results indicate that analyses of Martian surface cooling, 
due to the passage of the shadow of Phobos, can yield unique and 
interesting results about the current physical state of the upper 
millimeters of the Martian surface. However, the fortuitous 
Termoskan observations of the shadow are very limited in 
geographic coverage and, with the exception of the Arsia 
occu•ence, are very limited in accuracy. Because of these 
limitations, some of the key questions that could be addressed by 
this type of observation remain unanswered, e.g., is there a dust 
layer of at least millimeters in thickness coveting much of Mars?, 
or are dust layers regional in nature? Thus, we recommend that 
observations of the shadow be attempted with future missions. 
Future observations should improve upon the Termoskan data in 
geographic coverage, accuracy of the observations, and temporal 
coverage. 

Ideal characteristics of future observations would include 

targeting midday shadow passages to maximize the pre-eclipse 
temperature, which will maximize the shadow temperature 
drops, the distinction between different inertias during eclipse, 
and the signal to noise ratio; utilizing framing rather than 

which assumes that initially all depths are at the same 
temperature; model 2, the nonisothermal model, which utilizes 
an initial temperature with depth profile derived from the 
Clifford et al. [1987] diurnal thermal model; and model 3, the 
nonisothermal atmospheric model, which adds a downward 
atmospheric flux term to model 2. All three models are 
presented here for comparison and completeness. Model 1 was 
used to produce the results in Murray et al. [1991]. Model 2 
improves on model 1. Model 3 is the most complete model 
because it includes atmospheric re-radiation; however, the 
amount of atmospheric flux is highly dependent upon poorly 
known atmospheric conditions at the time of the observations. 
Thus, it is useful to consider model 2 separately from model 3. 

All of the models solve the heat equation: 

•}T 1 • O.•.z T -= pc ) 
where T is temperature, t is time, p is density, c is specific heat, 
k is thermal conductivity, and z is depth. This equation is solved 
using the same numerical method used by Clifford et al. [1987]. 
This is essentially the same diurnal model described by KieJ•r et 
al. [1977]. Modeling the eclipse rather than diurnal and seasonal 
temperature variations requires several important differences 
between the eclipse models and the overall Clifford et al. model. 
Parameters such as the timescales used and inputs such as the 
decrease in visible flux with time in the eclipse must be changed. 
Where possible, we use the actual Termoskan data to make these 
changes, rather than relying on theoretical calculations. For 
example, we use the Termoskan visible data to derive the 
decrease in absorbed solar flux with time. Using the data where 
possible decreases the potential error introduced by poorly 

(Termoskan-like) scanning imaging systems so the entire image known factors such as the complex geometry including spacecraft 
is taken simultaneously, and taking several images as the shadow rocking, atmospheric effects, and uncertainties in albedos. 
crosses the surface so that pre-eclipse, eclipse, and posteclipse All of the models produce model temperatures as a function of 
temperatures are more accurately known for any given location; 
and having at least one broad band thermal channel and one 
broad band visible channel. 

Observations will need to be taken during periods surrounding 
the equinoxes when the shadow will cross the Mars surface. The 

time in eclipse for a given value of thermal inertia. Actual 
thermal inertias are estimated by first running a model for 
several values of thermal inertia; then, model temperatures are 
compared with Termoskan data temperatures to find inertias for 
given values of time eclipsed. This comparison was discussed in 

least shadow distortion and atmospheric interaction will occur in section 3. 
the equatorial region at equinox and during periods near that In the rest of this section we describe the three models by 
time. Because Phobos has an orbital period of approximately 8 pointing out their differences from the Clifford et al. [1987] and 
hours, there should be ample opportunity to observe several KieJ•r et al. [1977] models. In the first five points below, we 
shadow crossings at several latitudes. The most advantageous present the elements that apply to all three models. Then, in the 
orbits for the observations will be equatorial (as is Phobos' orbit) last two points, we address the differences in the three models. 
so that the shadow can be followed across the surface and so pre- Hence, the following are the eclipse model features that are 
eclipse and posteclipse observations can easily be obtained. One different from the Clifford et al. [1987] and, by analogy, the 
ideal observing situation would be to have the instruments on a Kieffer et al. [1977] model. 
lander on the Mars facing side of Phobos. Then, observations 1. Timescales (depth scales). We have adjusted all time- 
could be taken merely by pointing in an antisolar direction. They related variables to account for the 23-s eclipse timescale, rather 
will be particularly useful if the field of view is wide enough and than diurnal timescales. The iteration time, along with the 
if observations are taken frequently enough so a number of modeled inertia, determines the thickness and depths of the 
locations are observed, with temporal coverage for each location model compartments based upon finite difference stability 
providing pre-eclipse, eclipse, and posteclipse temperatures. criteria [e.g., Clifford et al., 1987]. We changed the interval 

Appendix' Thermal Models of the Eclipse Cooling 

In order to derive thermal inertias from the eclipse 
observations, we modeled the cooling of the surface for several 

between iterations from several minutes to 0.001 s. Models with 

smaller iteration times were tested but showed no appreciable 
difference from the models mn with 0.001-s iterations. 

2. Use of orbital information and albedos. Neither Mars 

orbital information nor albedo information is used in the eclipse 
thermal inertias and compared the results to the observed models. How these are avoided will become more clear in the 
cooling. We present here descriptions and results from three specific discussions of elements below. We generalize this point 
different, but related, models: model 1, the isothermal model, here to emphasize the major differences with the Clifford et al. 
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[1987] model. Note that although the eclipse models do not use 
orbital information or albedo information directly, models 2 and 
3 do use them indirectly because we ran the Clifford et al. [1987] 
model to generate the initial temperature with depth profiles 
(discussed in point 6 below). Errors in albedo introduce only 
very minor errors when used in this indirect fashion. 

3. Downward atmospheric flux term. The downward 
atmospheric flux model term is set equal to 0 rather than 2% of 
the noontime solar insolation. Models 1 and 2 have no 

downward atmospheric flux and model 3 incorporates it 
elsewhere within the model. 

4. Initial surface temperature. Rather than calculating this 
from orbital and albedo considerations, the initial (pre-eclipse) 

using the visible channel profile instead of theoretical 
calculations of the flux decrease is that it already incorporates 
atmospheric effects as well as geometric distortion due to the 
spacecraft rocking. Position within the visible channel can be 
directly correlated with position within the thermal channel to 
within approximately 1 pixel [Betts, 1993; 1992]. 

D. Combining B and C gives the relative absorbed solar 
insolation as a function of time eclipsed, J(t). This function can 
vary from 0 to 1, where 1 represents the pre-eclipse insolation. 

The only remaining step for modeling the insolation is to get 
an absolute pre-eclipse absorbed solar insolation that this relative 
function can be mated with. This is discussed separately below 
in point 7. First, we discuss the initial temperature with depth 

surface temperature is assigned a value that is a representative of profile used because that will be important for point 7. 
observed Termoskan temperatures for regions just outside the 
shadow (e.g., 255 K for the Arsia Mons occurrence). 

5. Relative insolation as a function of time. In order to model 

the cooling as a function of time eclipsed, the model needs a 
description of the total absorbed insolation as a function of time 
within the eclipse. For models 1 and 2 this is equivalent to the 
absorbed solar insolation as a function of time. For model 3 this 

includes atmospheric as well as solar insolation as discussed 
more fully in point 7 below. We derive the shape of the 
insolation-versus-time function from the visible data and the 

magnitude from the thermal data. In point 7 below we consider 
the magnitude of the pre-eclipse insolation used, which differs 
for each of the three models. 

Here we discuss the shape of the insolation versus time 
function. We use this same relative insolation function in all 

three models. To find the relative insolation, we did the 
following: A - calculated the duration of the eclipse for a point on 

6. Initial temperature with depth profile. Model 1 is 
isothermal before the onset of eclipse with all depths set equal to 
the pre-eclipse representative surface temperature (255 K for the 
Arsia occurrence). Models 2 and 3 utilize more realistic 
nonisothermal subsurface pre-eclipse temperature profiles. As 
mentioned, establishing a reasonable estimate for this 
temperature with depth profile is the only place in the models 
where either albedo or Mars orbit information is used. Even 

here, they are used indirectly. Before each run of either models 2 
or 3, we ran our adaptation of the Clifford et al. [1987] diurnal 
model utilizing the appropriate season (L, = 18ø), approximate 
latitude (14øS), and approximate albedo (0.27 for the Arsia 
occurrence and 0.17 for the Herschel occurrence as taken from 
the 1 ø x 1 ø binned bolometric albedos of Pleskot and Miner 

[1981]). Using the diurnal model output corresponding to the 
local time of day of the eclipse, about 10 H for the Arsia 
occurrence (where 24 H = 1 Martian day), we estimated the pre- 

the surface; B - derived a function that connects location within eclipse temperature as a function of depth with a linear 
the shadow in the data to the amount of time that location has approximation: 
been in eclipse; C - used the visible channel eclipse profile to fit 
the decrease in absorbed solar insolation as a function of location 

within the shadow, and D - combined B and C to derive relative 
insolation as a function of time in eclipse. These steps are 
accomplished in the following manner. 

A. Combining the maximum width of a north-south profile, 
the orbital speed of Phobos, and the rotational speed of Mars 
gives an eclipse duration of just under 23 s. 

B. We assumed the E-W rocking motion to be uniform over 
the brief Arsia Mons shadow observation. This assumption is 
justified both by the short duration of the observation and by the 
smoothness and shape of the E-W visible shadow profile. Thus, 
we were able to develop a linear relation between the number of 
lines into eclipse and the time a location had been in eclipse 
using the observed E-W size of the shadow (approximately 180 
lines for the Arsia occurrence) and the eclipse duration 
calculated above (approximately 22.6 s). So, for example, the 
90th line after the beginning of eclipse had been in some form of 
eclipse for approximately 11.3 s. 

C. The next step was to determine the relative decrease in 
solar insolation as a function of location within the shadow. We 

assumed that the visible channel signal was linearly proportional 
to visible flux, consistent with the visible detector's 
characteristics and with all approximate flux calibrations of the 
visible channel [BetIs, 1993]. Thus, the E-W visible channel 
signal profile should approximate the visible flux decrease 
within the shadow. We used this profile to quadradically fit the 
relative decrease in solar insolation as a function of location 

within the shadow. Note that in the darkest part of the shadow 

5' = r, - - rd) D (2) 
where T• is the temperature of the jth compartment, T• is the 
initial surface temperature, i.e., 255 K for the Arsia occurrence, 
Dj is the depth of the top of the jth eclipse depth compartment, 
T,d is the surface temperature in the diurnal model, Tfd is the 
temperature of the first depth compartment in the diurnal model, 
and D is the depth of the first depth compartment in the thermal 
model. Note that this pre-eclipse temperature with depth profile 
d•ds upon the thermal inertia used in the diurnal model. 
Thus, for each value of inertia run in the eclipse model, we first 
modeled the depth profile using that inertia in the Clifford et al. 
[1987] diurnal model. This gave new values of T,•, Tf•, and D to 
use in equation (2) and the eclipse model. Then, for a given 
inertia, all values of T• could be found as a linear function of Dj. 

7. Pre-eclipse absorbed insolation. Finally, we need the 
value of the pre-eclipse absorbed insolation to use with the 
relative function found in part 5 above. To do this, we use the 
surface equilibrium boundary condition discussed by Kieffer et 
al. [1977] and elsewhere: 

S(1- A)cosi dT _ L dM R2 + F a =eoT 4 - k az a-•- (3) 
where S is the solar constant, A is the bolometric Bond albedo, i 
is the solar incidence angle, R is the Mars heliocentric distance, 
Fa is the downward atmospheric flux, • is the surface emissivity, 
o is the Stefan-Boltzmann constant, T is the surface temperature, 

the flux decreased by approximately 30%. The advantage of k is the thermal conductivity, z is the depth, dT/dz is the change 
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in temperature with depth evaluated at the surface, L is the CO2 Table 2. Summary of Eclipse Model Differences 
latent heat of condensation, and M is the mass per unit area of .. 

CO2 frost. Pre-eclipse Includes 
The terms on the left in equation (3) represent the total Temperature Atmospheric 

absorbed insolation, i.e., what we need to know for pre-eclipse Modal With Depth Flux Io l(t) 
conditions. The first term on the left is the absorbed solar 

insolation. The second term on the left represents the downward I Isothermal No o/• l,J(t) 
infrared atmospheric flux that reaches the surface. This thermal 2 Nonisothermal No oI n - k(dT/dz) I,J(t) 
infrared flux is assumed to be absorbed completely by the 
surface. The first term on the right is the surface emission. Here 3 Nonisothermal Yes oI n - 16dT/&) Io + l,J(t) 
we assume the emissivity, e, to be 1, as was done by Kieffer et 
al. [1977]. The second term on the right is the surface I0, pre-eclipse total absorbed insolation = I, when there is no 
conduction term. The third term on the right is the term atmospheric downward flux, l(t), total insolation as a function of time in 

eclipse; I,, pre-eclipse absorbed solar insolation; Io, absorbexl 
representing latent heat from carbon dioxide sublimation or atmospheric insolation;j•t), relative absorbexl solar insolation (on a scale 
condensation. The temperatures involved in this shadow analysis of 0 to 1 ) as a function of time in eclipse; t, time. 
are far above the carbon dioxide condensation temperature, so 
this term is set to zero. 

The three models differ in which terms are ignored in eclipse absorbed insolation, I0, by 
calculating the total absorbed insolation. Model 3 only ignores 
the CO2 latent heat term. Model 2 also ignores the atmospheric I 0 = aT 4 -k dT (5) 
term, and model 1 additionally ignores the conduction terms. dz 

In principle, the total absorbed insolation could be calculated Note that including the conduction term here is consistent with 
directly in any of these models from the terms on the left side of the nonisothermal initial conditions of this model. After the 
equation (3). Instead, we choose to solve for the total insolation initial temperature profile with depth is derived for this model as 
by finding the terms on the right side. There are three reasons to described in step 6 above, dT/dz is approximated by Taylor 
do this. One, by more explicitly using the Termoskan data, we expansions of the first three depth steps and their temperatures 
avoid uncertainties in albedo, and the orbital geometry, and we [Clifford et al., 1987]. Note that for the midmorning Arsia 
significantly reduce the effects of atmospheric scattering. Two, eclipse observation, dT/dz is negative. Thus, I0 will be larger in 
utilizing the same initial surface temperature, 255 K, that is model 2 than in model 1. The total insolation as a function of 
already used in the pre-eclipse temperature profile will result in time, I(t), is found in model 2 in the same way as in model 1, 
greater initial consistency within the model. Three, in model 3, using equation (4). 
to calculate the terms on the left side, we also would need to Model 3 determines the value of I0 in the same manner as 
directly calculate the atmospheric downward flux. This is very model 2, using equation (5). Model 3 differs by assuming I0 to 
difficult to do accurately due to the poor knowledge of the state be composed of an atmospheric component (downward infrared 
of the Martian atmosphere at the time of the observations. By flux) in addition to the solar component. Thus, model 3 differs 
using the surface emission and conduction terms to determine the from model 2 in the calculation of I(t). The relative flux drop as 
total insolation, we avoid these problems. 

We summarize the differences between our three eclipse 
models in Table 2. Here we describe in detail the differences in 

the insolations used. In model l, which ignores the atmospheric, 
conduction, and latent heat terms, the pre-eclipse absorbed 
insolation, I0, is approximated by aT •, where • is the Stefan- 
Boltzmann constant and T is a representative value of the surface 
temperature derived from the data itself (255 K for the Arsia 
occurrence). 

Noneclipsed surface temperatures, and the corresponding 
noneclipsed absorbed insolations, will change over the region 
covered by the eclipse and differ from the representative surface 
temperature (255 K for Arsia); however, the short duration and 
small area covered by the Arsia eclipse keep these variations 
small. Also, as discussed in section 3, we use temperature drops 
within the eclipse rather than absolute temperatures for 
comparison with the model to minimize errors caused by 
insolation or initial temperature errors in the model. 

Ignoring the conduction term, k(dT/dz), in model 1 is 
consistent with the initial isothermal assumption in this model 
which implies dT/dz = 0. The insolation as a function of time, 
I(t), combines I0 with the relative flux decrease as a function of 
eclipsed time,J(t), that was derived from the visible channel data 
in step 5. Thus, for model 1, 

I(t)=Iof(t ) (4) 

Model 2 differs from model 1 by approximating the pre- 

a function of time derived in step 5 is based upon the visible 
channel, which sensed only the solar flux drop. We assume that 
the absorbed downward atmospheric flux, Io, remains constant 
throughout the eclipse. This assumption is very reasonable 
because (1) the shadowed portion of the atmosphere represents 
less than approximately 0.5% of the volume of atmosphere that 
contributes infrared atmospheric flux to the shadowed surface; 
and (2) the flux from the shadowed atmosphere will only drop on 
the order of 10-20% even assuming very large amounts of 
atmospheric cooling, so the total atmospheric flux variation will 
be less than 0.1%. Thus, in our model, Ia remains constant 
throughout the eclipse, whereas the absorbed solar insolation, I,, 
will vary with eclipse time as described by the function J(t) that 
was derived in step 5. Thus, rather than using equation (4) as 
models 1 and 2 did, model 3 uses 

I(t) = I a + Isf(t) (6) 

Here, I0, which is what we derived from the surface emission and 
conduction terms in equation (5), represents the combination of 
Io and l,, i.e., 

I o = I s + I a (7) 

Io will depend strongly upon the amount of dust in the 
atmosphere as well as to some extent the elevation of the surface. 
In order to conveniently model different values of I•, we define Io 
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as a fraction, A•s of/,. Thus, 

= (8) 

Combining equations (6), (7), and (8) gives an equation 
dependent upon only I0 and Af: 

l(t) = Io(f (t) + Af ) (9) 
l+Af 

which reduces to equation (4) when A/= 0. So, using equation 
(9), the model can be run for several values of A l to determine 
the effects of different amounts of downward atmospheric flux. 
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