
and deep average temperature of Fig. 2 
to the annual behavior of the surface min- 
imum, maximum, and average values 
shown in Fig. 1 (14). 

Although most of the sample trench lo- 
cations were chosen to be reasonably 
rock-free, samples were taken from un- 
der rocks at the VL2 site. These samples 
were modeled as a column of soil capped 
by a 20-cm cubical rock (15). The diurnal 
temperature extremes just under the 
rock were 201 and 230 K and lagged 1 
and 6 hours, respectively, behind the ex- 
posed soil extremes. Since temperatures 
at this latitude are highest at the VL2 
landing season, the material sampled 
from these locations has probably never 
been warmer than 234 K. 
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Temperatures of the Martian Surface and Atmosphere: 

Viking Observation of Diurnal and Geometric Variations 

Abstract. Selected observations made with the Viking infrared thermal mapper af- 
ter the first landing are reported. Atmospheric temperatures measured at the latitude 
of the Viking 2 landing site (48?N) over most of a martian day reveal a diurnal varia- 
tion of at least 15 K, with peak temperatures occurring near 2.2 hours after noon, 
implying significant absorption of sunlight in the lower 30 km of the atmosphere by 
entrained dust. The summit temperature of Arsia Mons varies by a factor of nearly 
two each day; large diurnal temperature variation is characteristic of the south 
Tharsis upland and implies the presence of low thermal inertia material. The thermal 
inertia of material on the floors of several typical large craters is found to be higher 
than for the surrounding terrain; this suggests that craters are somehow effective in 
sorting aeolian material. Brightness temperatures of the Viking 1 landing area de- 
crease at large emission angles; the intensity of reflected sunlight shows a more com- 
plex dependence on geometry than expected, implying atmospheric as well as sur- 
face scattering. 
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sion of atmospheric CO2. Weighting func- 
tions for air masses between 1.0 and 6.0 
are shown in Fig. 1 (2). Since our first re- 

port (1) global atmospheric temperatures 
have continued to show a strong latitudi- 
nal dependence in southern latitudes and 
diurnal variation as the predominant ef- 
fect in the north. There is no evidence to 
date of fine spatial structure in the 15 /xm 
brightness temperature (T15) that would 
indicate the entrainment of dust by local 
dust storms to the pressure levels which 
are sampled. The decrease in T15 toward 
the limb (limb darkening), caused by the 
sampling of higher altitudes for oblique 
viewing, complicates the separation of 
the diurnal and latitudinal effects; decon- 
volution has been applied in one case to 
separate the diurnal variation in a lati- 
tude band. 

A large amount of data on atmospheric 
temperatures in the + 40? to + 55? lati- 
tude band was acquired during site selec- 
tion for the second Viking lander (VL2). 
Direct measurement of the vertical tem- 
perature profile during lander entry (at 9 
H, 3 September 1976) resulted in the clas- 
sic combination of remote global sensing 
and "ground truth," and provided an ac- 
curate means of correcting the global 
data for limb darkening and thus deriving 
the magnitude and phase of the diurnal 
variation. The entry temperature profile 
for VL2 is shown in Fig. 2. Wave struc- 
ture evident above 20 km has been inter- 
preted in terms of thermal tides (3). 
Based on the inferred smooth mean pro- 
file (4) above 20 km and the measured 
profile below that level, a prediction was 
made for the T15 values that would be 
measured with the IRTM at different air 
masses. This modeling incorporated the 
broadening of weighting functions that 
results from the finite size of the IRTM 
field of view. The predicted values were 
found to follow closely the function: 

sion of atmospheric CO2. Weighting func- 
tions for air masses between 1.0 and 6.0 
are shown in Fig. 1 (2). Since our first re- 

port (1) global atmospheric temperatures 
have continued to show a strong latitudi- 
nal dependence in southern latitudes and 
diurnal variation as the predominant ef- 
fect in the north. There is no evidence to 
date of fine spatial structure in the 15 /xm 
brightness temperature (T15) that would 
indicate the entrainment of dust by local 
dust storms to the pressure levels which 
are sampled. The decrease in T15 toward 
the limb (limb darkening), caused by the 
sampling of higher altitudes for oblique 
viewing, complicates the separation of 
the diurnal and latitudinal effects; decon- 
volution has been applied in one case to 
separate the diurnal variation in a lati- 
tude band. 

A large amount of data on atmospheric 
temperatures in the + 40? to + 55? lati- 
tude band was acquired during site selec- 
tion for the second Viking lander (VL2). 
Direct measurement of the vertical tem- 
perature profile during lander entry (at 9 
H, 3 September 1976) resulted in the clas- 
sic combination of remote global sensing 
and "ground truth," and provided an ac- 
curate means of correcting the global 
data for limb darkening and thus deriving 
the magnitude and phase of the diurnal 
variation. The entry temperature profile 
for VL2 is shown in Fig. 2. Wave struc- 
ture evident above 20 km has been inter- 
preted in terms of thermal tides (3). 
Based on the inferred smooth mean pro- 
file (4) above 20 km and the measured 
profile below that level, a prediction was 
made for the T15 values that would be 
measured with the IRTM at different air 
masses. This modeling incorporated the 
broadening of weighting functions that 
results from the finite size of the IRTM 
field of view. The predicted values were 
found to follow closely the function: 

(1) (1) 

We report here several examples of 
martian thermal and reflection behavior 
as observed with the Viking infrared ther- 
mal mapper (IRTM): diurnal variation of 
atmospheric temperatures in a narrow 
latitude band; the thermal character of a 
high-altitude region and several typical 
craters; and the angular dependence of 
thermal and reflection properties at the 
Viking 1 (VLI) landing site. These stud- 
ies were made possible by release of the 
lander capsule from the Viking 1 orbiter 
and by the asynchronous periods of both 
the Viking 1 and Viking 2 orbiters. First 
results from this investigation were re- 
ported previously (1). Additional studies 
of the north polar cap and landing site 
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surface characteristics appear separately 
in this issue. Although a large amount of 
data has been received, thus far it has 
been possible to do only preliminary 
analyses of selected areas. The following 
discussion is intended to demonstrate 
some of the more obvious examples of 
how Mars differs from expectations prior 
to the Viking missions. Since a day on 
Mars is 3 percent longer than a day on 
Earth, the time terminology can be con- 
fusing. Throughout this report, local 
time of day is measured in units of 1/24 of 
a martian solar day, designated H, and is 
referenced to midnight. 

Atmospheric temperatures. The 15- 
utm channel measures the thermal emis- 
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where X is the air mass. This function 
was applied to measured T15 values in the 
data from revolutions 5 to 15 of the Vi- 
king 2 orbiter (13 to 24 August 1976) to 
reduce them to air mass 1.0. Reduced 
temperatures from the latitude band 
+ 46? to + 50?, involving an average air 
mass correction of 1.5 K, show a marked 
diurnal variation (Fig. 3). The data are 
fit well by a sinusoid having the expres- 
sion: 

T15(t) = 175 + lO cos ( - 3.74) (2) 

where t is in H units. Although 15/24 of 
the day is covered, it is possible that a 
minimum is reached near dawn (- 4.5 
H) and that the true minimum is not as 
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low as the 165 K the sinusoid implies. 
The maximum of 185 K occurs at 14.2 H. 
The scatter in the data is consistent with 
the noise in the narrow-band 15-cum chan- 
nel. 

The diurnal variation is at least 15 K. 
Because of the broad weighting function, 
the level at which the temperature excur- 
sion occurs is uncertain. If the atmo- 
sphere below 17 km were unchanging, a 
diurnal tide wave having maximum am- 
plitude at the weighting function peak 
(0.58 mbar) and a half-wavelength equal 
to the weighting function half-width 
would need to have 37 K peak-to-peak 
amplitude. Such a wave amplitude is in- 
consistent with those seen in the VL2 en- 

try profile below 40 km (Fig. 2). More- 
over, the wavelength of the observed 
diurnal tide is short compared to the ex- 
tent of the weighting function, so that the 
T,5 variation would be much less than the 
wave amplitude. 

The observed variation probably 
arises in the lower atmosphere, where 
convection, infrared absorption by the 

gas, and direct solar heating of dust drive 
atmospheric temperatures to some unde- 
termined level. The radiative-convective 
models of Gierasch and Goody (5) show 
only mild diurnal temperature variations 
above 5 km; the most extreme profiles 
given in their work would produce an am- 
plitude of only 2 K in T5. The presence 
of dust particles at higher levels could 
provide the radiative coupling to the so- 
lar flux sufficient to cause large diurnal 
variations in the lower atmosphere. The 
observed phase of maximum temper- 
ature is consistent with heating by in- 
solation. Convective models predict a 
maximum at a later time of day, near 16 
H (5). 

In order to reproduce the observed 
variation in T15, we have generated mod- 
el temperature profiles that are con- 
strained by the mean entry profile of 
VL2 at high altitudes (above 35 km) and 
by measurements in situ of near-surface 
air temperature. The daily minimum and 
maximum temperatures found in the 
lander meteorology experiment were 
about 190 K and 240 K and these temper- 
atures are highly repeatable (6). These 
boundary conditions were used to gener- 
ate profiles that fit the observed T15 mini- 
mum and maximum values of 170 and 
185 K. The high-temperature profile was 
constructed by extending a linear profile 
to meet the mean entry curve. Since a lin- 
ear profile from that level to the near-sur- 
face minimum at 190 K did not give a low 
enough T15, the low-temperature curve 
was developed as a two-part profile, the 
upper portion being isothermal (see Fig. 
2, curves a and b). This model clearly im- 
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Table 1. Dependence of atmosphere optical 
depth on ensemble dust emissivity. 

T 7 

0 0.10 
0.20 0.14 
0.50 0.21 
0.75 0.26 
1.00 0.32 

plies that much more lower-atmosphere 
heating occurs than has been thought 
likely. Observations of twilight atmo- 

spheric brightness from the VL2 imaging 
experiment (7) indicate that dust is pres- 
ent up to at least 30 km. If the mecha- 
nism of sunlight absorption by dust is op- 
erating over a large range of altitudes, 
wide temperature excursions similar to 
those in Fig. 2 probably occur. 

E 

CL 

The introduction of profiles with 
shapes different from that of the entry 
profile will, in general, alter the form of 
the implied correction for air mass. How- 
ever, curves a and b of Fig. 2 are not suf- 
ficiently different to require modification 
of Eq. 1. A time-dependent correction in- 
corporating those profiles would yield at 
most an increase of 2 K in the diurnal am- 
plitude. 

Given this lower-atmosphere diurnal 
variation, and given that the energy 
source is absorption of sunlight by dust, 
we may estimate the implied optical 
depth. Since a large temperature swing 
near the surface is adequately explained 
by convection and radiative coupling 
with the surface, we estimate the energy 
contribution of those effects and derive 
an optical depth corresponding to the re- 

maining energy requirement. 

I E 
CL 
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-. 

[1 iU Fig. 1 (left). Weighting functions for the 
IRTM 15-fm channel, for observations at sev- 

5.0 0.1 0.2 0.3 04 05 eral air masses.. Fig. 2 (right). Atmospher- 
ic temperature profiles. The VL2 entry meas- 

-Tr urement is indicated. Dashed line (-- -) is the 
& lnp inferred mean diurnal profile above 20 km. 

Lines a and b are model profiles which are consistent with the observed T,, variation at + 48? 
latitude and with the daily air temperature extremes recorded in the VL2 meteorology experi- 
ment. The open circle is the T15 measurement appropriate to the time of lander entry, with the 
diurnal range of T15 indicated by bars (-O-). 

190 - 

?,o 
?6 6, oo 

. ? ,? 
t . p .:. '.O '? 

oooi o o 

, 
~:?~irr~ ?, 

180 - 

170 
- 

160 

150 

Atmospheric temperatures 

I - I I I l 

Ls = 110? 
Latitudes 46 - 50?N 

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Local time 

Fig. 3. Diurnal variation in atmospheric temperature at + 48? latitude. Data points are the cor- 
rected T15 values collected during orbits 5 to 15 of the Viking 2 orbiter, 13 to 24 August 1976. 
The mean air mass correction was 1.5 K. The solid curve represents the best fitting harmonic 
function (Eq. 2). 
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Let W be the energy needed to induce 
a temperature change AT in the mass of 
gas M in a vertical column of unit area 
and height 28.8 km (above the 6.1-mbar 

surface). This energy also supports the 
differential black-body radiation of that 
mass between the initial and final temper- 
atures. We consider a time period be- 

tween dawn and the time of maximum 
temperature. The temperature change 
used is the density-weighted difference 
between curves a and b of Fig. 2; a con- 
stant density scale height of 9.9 km was 
used. The energy is given by 

W = AT (CpM + 4Eo-T3 At) 

-5' 

23 -10( 

-J 

-15 

-2C 

Longitude 

(3) 

where Cp is the specific heat of CO2, e is 
the ensemble dust emissivity, ar is the 
Stefan-Boltzmann constant, At the afore- 
mentioned time period, and T the den- 
sity- and Planck-weighted mean temper- 
ature of the gas mass M. The profile is as- 
sumed to progress linearly from a to b 
over the time At. 

With these values: M = 12.83 g cm-2, 
Cp = 7.7 x 106 erg g-l, AT = 32.6 K, 
T = 201 K, and t = 10.4 hours, 

W = 3.22 x 109 (1 + 0.7 E) erg cm-2 

(4) 

The incident solar flux at the top of the 
atmosphere over the same time period is 
I0 = 1.23 x 101? erg cm-2. 

From diurnal profiles generated by 
Gierasch and Goody (5) we estimate that 
the energy supplied by the surface to the 
lower 5 km of a clear atmosphere is 2 x 
109 erg cm-2. The remaining energy is 
1.2 x 109 (1 + 1.9 e) erg cm-2, which is 
related to optical depth, r, according to 

(5) 

a) 

4- 

-J -j 

Longitude 

Fig. 4. Residual temperature maps for the Arsia Mons region in the midmorning (A) and 
afternoon (B). The base map is the U.S. Geological Survey shaded relief map of the Phoer 
Lacus quadrangle of Mars. The IRTM spatial resolution for these observations is about 40 
near the Arsia Mons caldera. Local time at longitude 120? is 9.2 H with data collected on 19 t 
August 1976 for (A) and 17.5 H with data collected on 20 to 22 September 1976 for (B). 
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in which dust absorption of reflected sun- 
light and of surface thermal emission is 
ignored. The dependence of optical 
depth upon the ensemble dust emissivity 
is shown in Table 1. 

The absorption optical depths ob- 
tained in this fashion are not inconsistent 
with the extinction optical depth of 0.25 
found by the VL2 lander imaging experi- 
ment (7). If one also considers the afore- 
mentioned lander observation of the ver- 
tical dust distribution, it is reasonable 
that dust absorption of solar energy is re- 
sponsible for the observed temperature 
variation. 

Arsia Mons and the South Tharsis Up- 
land. Brightness temperature measure- 
ments of Arsia Mons and the surround- 
ing region before dawn and in the morn- 
ing and afternoon are significantly 
different from those expected for an aver- 
age Mars defined by Mariner 9 radiome- 
try (8). The difference between the ob- 
served 11 tm brightness temperature 
(Tj1) and the calculated Mars average 

1050 model (Tm) has been mapped for mid- 
morning and late afternoon measure- 

late ments (see Fig. 4). The Mars average uicis i km model is characterized by a bolometric 
o21 albedo, A = 0.25, and a thermal inertia, 

I = 0.0065 cal cm-2 sec-"/2 K-1 (1). Com- 
SCIENCE, VOL. 194 
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paring the observed brightness temper- 
atures against such a model has the ad- 
vantage of removing to first order the de- 
pendence of temperature on time of day, 
latitude, and season. In the midmorning 
nearly the entire region mapped is 10 K 
or more warmer than the model; the high- 
est temperatures are found on the slopes 
and summit of Arsia Mons. In the late af- 
ternoon nearly the entire region is 10 K 
or more cooler than the Mars average 
model, with deviations of up to 40 K oc- 
curring at the summit of Arsia Mons. 

The temperature variation for the sum- 
mit caldera of Arsia Mons, including pre- 
dawn data, are compared with several 
calculated models in Fig. 5. A low value 
of thermal inertia is necessary to fit the 
observations. The surface albedo of the 
south Tharsis upland including Arsia 
Mons is not well determined because of 
the frequent presence of clouds. How- 
ever, the argument for low inertia made 
here is based on the large diurnal varia- 
tion observed and is to first order inde- 
pendent of the surface albedo. As has 
been pointed out in connection with 
Mariner 9 observations of this region (8), 
a decrease in inertia is expected with in- 
creasing altitude since the thermal con- 
ductivity of divided material partially de- 
pends on the gas pressure in the inter- 
particle pore space. For the range of 
pressures of interest here, the thermal in- 
ertia would vary roughly as the fourth 
root of the gas pressure. If one takes the 
atmospheric pressure at the Arsia Mons 
caldera as 0.6 mbar (corresponding to 
an altitude of 27 km), this implies that 
the inertia of materials would decrease 
by a factor of 1.8 from their value at 
zero altitude. This would explain about 
a third of the observed predawn T20 - 
Tm residual. 

One feature of the observations pre- 
sented in Fig. 5 represents a deviation 
from the calculated low inertia model be- 
havior: the delayed response to sunrise 
and the steepness of the temperature rise 
from 7.5 to 9.2 H. This feature can be ex- 
plained by postulating a two-component 
surface model in which the dominant 
component by area has an inertia as low 
as I = 0.0005. This surface component 
would drop to the CO2 frost point at 
134 K several hours before dawn and re- 
tain the resulting frost deposit for some 
time after dawn, whereupon this surface 
component would quickly heat and be- 
come the principal flux source. Regional 
or local slopes could be proposed to 
cause an apparent phase shift with re- 
spect to predictions for flat-lying terrain; 
a west facing slope of more than 4? over a 
substantial portion of the caldera would 
be required, but would then result in af- 
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Fig. 5. The observed 20 tum brightness temper- 
ature (solid circles) for the summit caldera of 
Arsia Mons, and calculated model temper- 
atures ( ). A is the bolometric albedo, and 
I is the thermal inertia (in units of cal cm-2 
sec-1/2 K-1). CO2 frost condensation has been 
excluded in the model calculations. 

ternoon temperatures being higher than 
observed. A systematic pattern of local 
slopes presenting shadowed faces to the 
IRTM could produce the observed 
delay, but no evidence exists for such 
special geometry. Whether or not the 
suggested two-component model is cor- 
rect, the low predawn and afternoon tem- 
peratures are clearly associated with low 
inertia material in the summit caldera of 
Arsia Mons. 

Much of the south Tharsis upland 
must also contain material with relative- 
ly low inertia since it heats more quickly 
in the morning and cools more rapidly in 
the afternoon than an average Mars area. 
Most of the region shown in Fig. 4 is be- 
tween 5 km and 10 km altitude (9), but 
the decreased ambient pressure can ac- 
count for only a small part of this in- 
ferred lower thermal inertia. Indeed, a re- 
gion of moderately cratered plains near 

-25? 
310? 300o 

-12.5, 108?W, at an elevation greater 
than 9 km, has a thermal behavior only 
moderately different from the Mars aver- 
age. At an even greater elevation near 
Arsia Mons there is another region 
(- 1?, 1 17.5?W) which shows far less un- 
usual thermal behavior than does the 
bulk of the south Tharsis upland. Thus 
the south Tharsis upland is characterized 
by low inertia material. Low thermal in- 
ertia requires the presence of finely di- 
vided or extremely porous material. The 
higher elevations in the Tharsis upland 
favor selective deposition of the finer ma- 
terial raised by dust storms; also, aeolian 
removal of this dust is more difficult be- 
cause of the lower atmospheric pressure. 
Alternatively, extrusion of lavas at these 
low pressures could result in a frothy sur- 
face because of the expansion of includ- 
ed volatiles into a near vacuum. 

Thermal signatures of craters in one 
locale. Huygens, a 450-km crater cen- 
tered at -13?, 330?W was observed by 
Mariner 9 to have a thermal signature 
which implied that the crater floor had a 
higher thermal inertia than did the sur- 
rounding material. Huygens and its envi- 
rons have been observed by the Viking 1 
orbiter at local times ranging from 1 to 
10.5 H, with resolutions of 60 to 200 km; 
these observations allow determination 
of thermal inertias. 

The thermal structure of the Huygens 
region at local times of 5 and 10.5 H has 
been mapped as T1l - Tm residual tem- 
peratures (Fig. 6). The crater interior is 
clearly distinguishable from the immedi- 
ately surrounding material. At 10.5 H, 
the material immediately outside of the 
crater walls has the highest residual tem- 
perature. This is not caused by slopes, as 

-25? 

300? 

Longitude Longitude 

Fig. 6. Residual temperature maps of crater Huygens and environs. The contours shown repre- 
sent the difference between T1, and Tm. The outline of the crater rim is shown as a dashed line. 
(A) Predawn (5 to 6 H). (B) Late morning (10 to 11 H). 
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these areas are clearly separated from 
the crater walls. 

Temperatures of the floor of Huygens 
and the region outside the northern rim 
were obtained at nine different local 
times (Fig. 7). This latter area, within 70 
km of the rim, includes the warmest ma- 
terial seen at 10.5 H. Measurements of 
reflected sunlight at this time show that 
the Lambert albedo (1) of the floor of 
Huygens varies from 0.12 to 0.15, while 
the albedo of all immediately surround- 
ing material is 0.15 to 0.18. The thermal 
inertia was determined by fitting a ther- 
mal model to the observed temperatures 
and albedos. The crater floor and adja- 
cent plain to the north have thermal iner- 
tias of 0.008 and 0.005, respectively; if 
one assumes the presence of uniformly 
sized lithic soils at 6 mbar these corre- 
spond to effective grain diameters of 0.05 
and 0.015 cm (8). 

Three additional nearby craters, also 
large enough to be resolved in the pre- 
dawn, have thermal inertias between 
0.006 and 0.008, in each case 0.002 high- 
er than their surroundings. The Lambert 
albedos of these craters are also approxi- 
mately 0.02 lower than their surround- 
ings. 

There are numerous smaller craters, 
with diameters from 30 to 150 km, that 

can be resolved only near periapsis, at lo- 
cal times from 10 to 16 H; at these times, 
temperature and thermal inertia are in- 
versely related. Most of the crater floors 
are cooler than their surroundings; the re- 
mainder show no temperature contrast. 
While the detailed diurnal behavior has 
not been established, the data suggest 
that the floors of smaller craters also 
have higher inertia than does material 
outside the crater walls. These small 
craters also have relatively dark floors, 
so that even those with no thermal con- 
trast probably have floors with higher in- 
ertia. 

Although the consistent relative al- 
bedo and relative thermal inertia could 
be attributed to a consistent distribution 
of rocks or exposed bedrock generated 
during impact processes, these craters 
do not appear fresh and it is likely that 
such material has been degraded or man- 
tled. The subdued morphology is consist- 
ent with deposition of transported materi- 
al, and the thermal observations could be 
explained by a sorting of this material. A 
tentative explanation for the thermal in- 
ertia contrast across Huygens and the 
smaller craters is accumulation, due to 
entrapment, of coarse material which is 
more readily transported into, than out 
of, these craters because of the asymmet- 

ric slopes of the crater walls. The obser- 
vation of low albedo dune fields within 
southern hemisphere craters (10) pro- 
vides additional evidence for such a pro- 
cess. The high proportion of craters 
which have the thermal signature de- 
scribed above suggests that accumula- 
tion of coarse material within craters is 
more prevalent than the development of 
identifiable dune forms. 

Photometric and thermal emission 
functions. The determination of surface 
temperature and albedos by remote sens- 
ing is complicated by the dependence of 
measured radiant fluxes on incidence (i), 
emission (e), and phase (() angles of the 
observations (11). To compare temper- 
atures (or visual brightnesses) obtained 
at different illumination and viewing con- 
ditions, the functional dependence of 
emergent flux on the various angles must 
be known. Strictly, this functional depen- 
dence varies from point to point on the 
planetary surface because of in- 
homogeneity of the surface structure. 
Furthermore, surface or atmospheric 
condensates or other sources of atmo- 
spheric opacity cause secular variations 
in the functional dependence even at a 
single surface location. 

Observations intended to lead to a par- 
tial empirical determination of the angu- 
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Fig. 7 (left). Morning temperatures of crater Huygens and 
environs. Model temperature behavior is shown for two 
choices of thermal inertia (I) and albedo (A); I is in units of 
cal cm-2 sec-"2 K-'. Fig. 8 (right). Observations of the 
VL1 area in six wavelengths at a variety of emission and 
phase angles. The phase angles for the observations are in- 
dicated along the 9 1m observations. The dashed lines rep- 
resent radiance - cos0 '8e and are shown for comparison. 
Note that each curve has its own origin along the ordinate. 
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lar dependencies were made by the Vi- 
king 1 orbiter during revolution 42 (1 Au- 
gust 1976). The VL1 site was viewed 
repeatedly, with emission angles varying 
from 78? to 4? and back to 80?; the phase 
angle varied from 52? down to 29? and 
back to 115?. Since the observations 
were made in a relatively short time, so- 
lar incidence angles varied by only 8?, 
from i = 43.4? to i = 51.4?. The predict- 
ed temperature variation during this time 
has been removed. Reflected bright- 
nesses were corrected by assuming they 
vary approximately as cos i. The data are 
shown in Fig. 8 for each of the six IRTM 
passbands. 

An approximate fit to the temperature 
data is obtained by assuming a functional 
dependence of the form: 

Re = R0 cos0e (6) 

where Re is the radiance observed at a 
given emission angle, and R0 is the corre- 
sponding value for vertical viewing. Val- 
ues of /3 derived for the Moon (12) and 
Mercury (13) are near 0.2. Crude mea- 
surements of /3 (= 0.14 + .07 at 20 Mm) 
were obtained for Mars by comparing ob- 
servations of the same area made several 
days apart by Mariners 6 and 7 (14). Un- 
published data from Mariner 9 yield a /3 
of 0.2 ? 0.1 at 20 um. The present mea- 
surements for Mars are of much higher 
quality than those from previous mis- 
sions, and for the first time give informa- 
tion regarding the wavelength depen- 
dence of/3. The thermal fluxes are not in- 
dependent of phase angle, and are 
probably related to the emission angles 
in a more complex fashion than that ex- 
pressed by the above equation. How- 
ever, the data follow this relation fairly 
well for e < 60?. The derived values for 
/3 for e < 60? and for the complete data 
set are given in Table 2. 

The difference between values at the 
same emission angle may be exaggerated 
by a more rapid decrease in surface tem- 
perature at the local time of these obser- 
vations (15.5 H) than that predicted by 
the simple thermal model (1, 8). How- 
ever, most of the difference must be due 
to a real dependence of apparent bright- 
ness temperature on phase angle. One 
possible explanation for such a phase 
angle dependence would be the presence 
of a significant number of surface rocks 
at the VLI landing site (15). If the rocks 
were comparable to or larger than the 
thermal skin depth (- 20 cm), their sun- 
facing sides would be warmer than the 
sides facing away from the sun and the 
measured brightness temperature would 
decrease with increasing phase angle. 
Calculations based on a simple model 
with - 10 percent block coverage give a 
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Table 2. Emission angle coefficients for VLI. 

Wavelength /3(e < 60?) 3(e < 80?) 

7 tm 0.18 0.27 
9 gm 0.20 0.32 

11/xm 0.17 0.27 
15 gm 0.21 0.21 
20 ,m 0.12 0.18 

phase angle dependence comparable in 
magnitude with that observed (16). 

The data for 15 ,um are noisier than the 
data from the other passbands. A phase 
angle dependence for atmospheric emis- 
sion is not expected. The difference in 15 
Mtm brightness temperature between 
c = 49? and k = 110? is 4.7 K. Though 
each represents the average of a large 
number of measurements, the zero levels 
are determined by single measurements. 
The 4.7 K difference thus represents 
? 1.5 oC from a mean value, and the ap- 
parent phase angle dependence may 
therefore be spurious. 

If one expresses the emission angle de- 
pendence of the 15-,um measurements in 
terms of temperature and air mass as 
done in Eq. 1, the exponent is 
-0.036 ? 0.008. This is slightly more 
negative than the value given for VL2, 
implying a steeper atmospheric thermal 
profile for the VL1 site. This is consist- 
ent with the measured VLI entry profile 
(17). 

The solar passband measurements are 
characterized by non-Lambertian behav- 
ior (a Lambert reflector would have no 
emission or phase angle dependence). 
The photometric function of Mars has 
previously been represented by a Min- 
naert function with phase-dependent ex- 
ponents (18): 

B(t,e.,) = C(,) (cos i)K0 (cos e)X~1 (7) 

where B is the measured brightness and 
C( = (1 + CO4 + C2(2 + C5 5). The 
present IRTM data resulted in a negli- 
gible phase-dependence of K. However, 
a third-power dependency in C,5 was 
found to be important. The coefficients 
which best fit the observations are: 
K = 0.859, and, for ( in degrees, 
C1 = -7.5 x 10-3, C2 = +2.8 x 10-5, 
C3 = +1.5 x 10-7, C5 = +1.1 x 10-11. 

Extrapolation to normal incidence by 
means of this Minnaert function leads to 
an implausibly high geometric albedo 
(0.34 + .02); the phase integral (1.94) is 
also implausibly high. Thus Minnaert for- 
mulation is inadequate for these observa- 
tions. The behavior of the reflected 
brightness observed at the VLI site and 
the enhanced brightness observed gener- 
ally at large incidence angles indicate 
that much of the variation is due to scat- 
tering in the martian atmosphere. A re- 

peat of these observations, but at much 
lower incidence angles, is planned for 
the Viking extended mission. A com- 
bination of those data with the ones here 
described should permit separation of 
surface and atmospheric contributions to 
the total observed brightness. 

The temperatures reported in the two 
preceding sections are brightness temper- 
atures and have not been corrected for 
any angular dependence. However, for 
almost all those observations, the emis- 
sion angle was less than 30?; an angular 
behavior at those locations comparable 
to that of the VLI area would not affect 
our conclusions. 
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