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Martian North Pole Summer Temperatures: Dirty Water Ice

Abstract. Broadband thermal and reflectance observations of the martian north
polar region in late summer yield temperatures for the residual polar cap near 205 K
with albedos near 43 percent. The residual cap and several outlying smaller deposits
are water ice with included dirt; there is no evidence for any permanent carbon diox-

ide polar cap.

Observations of the martian south po-
lar cap obtained by Mariner 7 conclusive-
ly demonstrated that the seasonal polar
caps were composed predominantly of
solid CO, (1). Whether the residual polar
caps are composed of H,O, CO,, or a
combination of them has been the subj-
ect of continued debate [for example,
see (2—4)]. The abundance of martian sur-
face forms attributed to fluvial erosion is
a strong indication that Mars previously
had a more extensive atmosphere than it
does now, and permanent deposits of sol-
id CO, have been invoked as stores of
material that could contribute to periodic

reconstitution of such an atmosphere (5).
A persistent CO, polar cap would also
act as a permanent cold trap and strongly
influence the transport of water vapor
around the planet.

A conclusive test for the absence of
solid CO, is observation of brightness
temperatures appreciably greater than
148 K, the saturation temperature of
CO, at the martian mean total surface
pressure (6.1 mbar). Carbon dioxide can
be ‘“‘condensed’’ as carbon dioxide-wa-
ter clathrate (CO, - 6H,0), with an ef-
fective CO, density of about 0.33 g cm™3,

‘at temperatures about 5 K higher than

pure CO,. Considering both the pos-
sibility of a clathrate and that the polar
surface could be at low elevation (high
pressure) (6), temperatures above 155 K
are incompatible with condensed CO, at
the martian surface. Conclusive observa-
tions were not made by Mariner 9 (7).

A major objective of the Viking ther-
mal mapping investigation has been to
measure the temperature of the residual
north polar cap. The infrared thermal
mapper (IRTM) measures the brightness
temperature at 18 to 24 um (T,) and 10
to 13 um (Ty,) and the total reflected so-
lar energy (expressed as apparent al-
bedo) simultaneously in seven 5-mrad-
diameter spots with three telescopes; the
fourth telescope has three detectors each
at 7 and 9 um and one in the 15-um CO,
band (8).

While the second Viking spacecraft
was searching for a suitable landing area,
the orbiter infrared instruments made ob-
servations which, on several revolu-
tions, extended into the north polar re-
gion. On 31 August 1976, coverage of
nearly 180° of longitude was obtained
with seven accompanying pictures of a
portion of the polar cap.

The measurements of 20-um bright-
ness temperatures over the region of the
imaging coverage are shown in Fig. 1.
The major thermal boundaries clearly
correspond to structure in the visual
brightness. The large dark regions have
T near 235 K, while the main portion of
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Fig. 1. Contours of T,, for part of the 31 August 1976 observations. The
circular field of a single IRTM detector has a diameter one-sixth the width
of a single photograph. The light areas with temperatures near or below
220 K are water ice. The light areas in the lower left portion of the mosaic are almost entirely clouds with little actual brightness variation; the
contrast between adjacent frames indicates the variation of image enhancement. At the center of the mosaic, the geometry at the time of the IRTM
observations was: solar incidence angle 62°, viewing angle 70°, phase angle 49°, local time 1500 hours, and range 3200 km.
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the residual cap has T,, near 205 K. The
bright areas near 77°N, 145°W are a
frost-filled crater and some adjacent
patches which have temperatures of
215 K or less. The warmer region at
84°N, 130°W corresponds to a dark en-
trant into the cap observed by Mariner 9.

Although there is certainly temper-
ature structure below the resolution of
these IRTM observations, the observed
temperatures are so high that the pres-
ence of CO, ice can definitely be ex-
cluded. The IRTM bands are sufficiently
separated in wavelength that a scene
with wide temperature distribution
would produce strong apparent spectral
dependence. Scenes which were in fact
composed of equal areas at 205 K and
240 K would have 3 K difference be-
tween Ty and T,,, approximately that ob-

served in the regions of strong temper-
ature contrasts. At 87°N, 160°W, where
the imaging data suggest that there is
little dark (warm) material in the IRTM
field of view, the brightness temper-
atures in all bands agree at 205 K within
their noise levels. This cannot be accom-
plished with any mixture of 150 K and
240 K material. Were this scene com-
posed partially of CO, ice at 150 K, with
the remainder being dark material near
240 K, the fraction of dark material re-
quired would have to vary from 29 per-
cent for T, to 59 percent for T,,. In addi-
tion, the albedo of the CO, ice would
have to exceed unity to fit the observed
reflected sunlight. These requirements
are independent of the length scale of
mixing; in addition, lengths below the or-
der of 1 m are almost certainly incom-

patible with the necessary temperature
differences. The imaging data imply
that large (scale larger than 1 km) un-
frosted areas comprise at most a few
percent of the IRTM field of view at this
location.

The T,, observations of the north polar
region are shown in Fig. 2. The major
thermal boundary follows the outline of
the bright cap area seen at the end of the
Mariner 9 mission, at a season 12 mar-
tian months earlier than the current ob-
servations. There are also several local
cold areas well separated from the main
polar cap. In particular, the 90-km-diam-
eter crater Korolev, at 73°N, 196°W,
which was observed near local noon, has
T,; = 210 K in its interior, while the re-
gion immediately surrounding it is near
240 K. In the region of the irregular frost

Fig. 2. Polar stereographic projection of T,,. The light dashed line indicates the extent of coverage. Closed contours are positive unless identified
as negative (—). Near longitude 90°, the apparent decrease of T, at constant latitude is probably due to the very oblique viewing. The center of
each of the three sequences was at approximately 1500 hours; no correction for diurnal temperature variation has been made.
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patches seen between 75°N, 180°W, and
76°N, 210°W by Mariner 9, Ty, varies be-
tween 209 K and 220 K.

There is a strong correlation between
temperature and apparent albedo A
measured by the IRTM in the polar re-
gion. Nearly all points fall within
T2 = 240 — 136 (A — 0.2) = 5 K, with
strong concentrations of data at
A =0.24 = 0.05 and A = 0.41 = 0.03;
the intermediate points may largely rep-
resent observations which include appre-
ciable fractions of both these apparent
end members.

There is essentially a one-to-one corre-
lation between areas of high albedo,
areas of low temperature, and bright
areas seen by Mariner 9 earlier in the
summer. All of these areas must be cov-
ered with water ice. There is no evidence
for any frozen CO, in the north polar re-
gion at this season (9).

The apparent albedo of the polar frosts
is much lower than the albedo of clean
terrestrial snow deposits (typically great-
er than 0.7). This could be caused by the
frosts having either included dirt or par-
tially glazed surfaces that reflect much of
the sunlight in the specular direction,
which is not observed by Viking. The
simultaneous measurement of thermal
emission and reflected solar radiation al-
lows a test of the heat balance to distin-
guish between these possible explana-
tions.

Assuming that the surface temperature
is nearly in equilibrium with the ab-
sorbed sunlight, as expected for a water
ice deposit, the broadband brightness
temperature 7 and bolometric albedo Ay
(the fraction of solar radiation reflected
in all directions) will"be related by (7/
245)* = (1 — Ag) at 80°N at this season.
This yields Ay = 0.45at210K.

This agreement between the inferred
bolometric albedo and the apparent al-
bedo implies that the frost does not scat-
ter very anisotropically; therefore, the
likely cause of the low albedo is the pres-
ence of dirt. This dirt could be brought
into the polar regions by the net pole-
ward wind during the fall and winter, by
global dust storms, or by both processes.

Several bright areas occur in the south-
west portion of the imaging mosaic; al-
though the standard image processing
displays some of these areas as nearly as
bright as the polar cap, from IRTM mea-
surements the areas have an apparent al-
bedo only 0.02 to 0.05 greater than that
of the surface material and a thermal con-
trast of only about 5 K. They are in sev-
eral instances associated with ground ice
areas, some are nearly circular in hori-
zontal extent, and the largest has period-
ic cusps along internal bands and near
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its edge, characteristic of condensate
clouds. The small thermal and albedo
contrasts across the clouds imply that
they are both low and thin; they are al-
most certainly water ice clouds, in-
dicating that the lower atmosphere is sat-
urated with H,O.

The T,; measurements of the atmo-
sphere covered latitudes from 72° to
82°N and were 168 = 3 K throughout
this region. For the slant geometry of
these observations, T refers to the 0.5-
mbar pressure level, about 25 km in alti-
tude, yielding an average lapse rate over
the dark regions of —2.8 K per kilometer.
This is well below the adiabatic lapse rate,
even ignoring a possible boundary layer,
which indicates a largely stable atmo-
sphere, although the clouds suggest
some convection in the first few kilome-
ters. The relatively high temperatures of
the water ice and the atmosphere are con-
ducive to relatively large amounts, by
martian standards, of H,O vapor in the
atmosphere. High water vapor abun-
dances were measured in simultaneous
observations by the near-infrared spec-
trometer on the Viking orbiter (10).

Once a high-albedo deposit is estab-
lished in the polar region, its reduced ab-
sorption of sunlight will allow it to main-
tain a lower temperature than unfrosted
areas, and it can grow by trapping water
vapor from the atmosphere at the ex-
pense of partially dehydrating warmer
areas. This positive feedback behavior
explains the sharp albedo and temper-
ature contrasts of the polar region. In-
trinsic to this exchange is a wind system
between the frosted and dark areas, as
would be expected from the 30 K temper-
ature contrast between these two materi-
als in the summer.

The constancy of the frost patches
over 5 years and the large temperature
contrasts in the polar area suggest that
the water ice deposits are fairly thick, al-
though direct measurements are not yet
available (11). Ice thicknesses between a
few centimeters, as required to extin-
guish the solar flux which would other-
wise reach the underlying soil, and about
1 km, the presumed depth of the craters
occupied, would not directly conflict
with any existing observations. If the
north polar ice averaged 10 m thick, it
would represent 1000 times the amount
amount of H,O in the entire martian
atmosphere.

Persistence of the water ice areas
should be expected, as complete H,0 ex-
change with the saturated atmosphere on
a daily basis could only move about 14
cm of ice in a martian summer. Since
there is almost certainly much more H,0
in the polar caps than in the atmosphere,

the polar frost areas are probably stable
as long as the annual climate is not
changed; it is likely that they persist over
periods at least as long as half the short-
est orbital precessional cycle (I2). Be-
cause of the positive feedback discussed
above, there is a potential for building
very thick ice deposits. Based on the sur-
face and atmospheric temperatures mea-
sured by the IRTM, a standard atmo-
sphere over the dark regions would con-
tain about 5 mg cm~2 of water vapor. If
the outlying frost areas trap 10 percent of
this water vapor on a daily basis during
midsummer, they would accumulate 50
m of ice in 100,000 years.

While water ice may accumulate at the
polar surface over long periods, the sum-
mertime polar environment reported
here does not favor a permanent CO, de-
posit. At 5°N, 81°W, near the middle of a
reservoir of solid CO, proposed by Mur-
ray and Malin (3), the measured bright-
ness temperature was 216 K; this is 68 K
higher than solid CO,. This temperature
is typical of the summer polar cap envi-
ronment, and such a temperature differ-
ence for about one-fifth of the martian
year represents the thermal load that any
permanent CO, deposit would have to ac-
commodate. It is unlikely that small
areas of frozen CO,, below the resolu-
tion of the IRTM, could exist in the polar
environment observed; the temperatures
would not even allow a CO, hydrate
clathrate. The IRTM observations in-
dicate that all of the polar condensate at
this season is H,O.
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Soil and Surface Temperatures at the Viking Landing Sites

Abstract. The annual temperature range for the martian surface at the Viking land-
er sites is computed on the basis of thermal parameters derived from observations
made with the infrared thermal mappers. The Viking lander | (VLI) site has small
annual variations in temperature, whereas the Viking lander 2 (VL2) site has large
annual changes. With the Viking lander images used to estimate the rock component
of the thermal emission, the daily temperature behavior of the soil alone is computed
over the range of depths accessible to the lander; when the VLI and VL2 sites were
sampled, the daily temperature ranges at the top of the soil were 183 to 263 K and 183
to 268 K, respectively. The diurnal variation decreases with depth with an exponen-
tial scale of about 5 centimeters. The maximum temperature of the soil sampled from
beneath rocks at the VL2 site is calculated to be 230 K. These temperature calcula-
tions should provide a reference for study of the active chemistry reported for the

martian soil.

The surface temperatures at the Vi-
king landing sites have been measured at
several times during the martian day by
the infrared thermal mappers (IRTM) on
the Viking orbiters (/). These measure-
ments make possible a calculation of the
daily temperature variation at depth in
the soil and a prediction of the annual be-
havior of temperatures at the landing
sites. This temperature information is di-
rectly applicable to a study of the pecu-
liar chemistry reported for the martian
soil and the possibility of biologic activi-
ty therein (2). In this work, ‘‘soil’’ is
pragmatically defined as material too
fine-grained to have its population accu-
rately determined from Viking lander
imaging, that is, less than a few centime-
ters (3). The term ‘‘surface’ implies all
exposed material, including blocks and
possible bedrock.

The local times and viewing geome-
tries available are governed by the space-
craft orbits. Thus far, high-resolution (8
km in diameter) observations have been
possible only in the afternoon, when tem-
peratures are not strongly dependent on
thermal inertia. Observations shortly be-
fore dawn, which are the most useful for
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the determination of thermal inertia,
have been possible only at very low reso-
lution (about 200 km) for the Viking
lander 1 (VL1) site and not at all for the
Viking lander 2 (VL.2) site. The temper-
ature measurements at high resolution
for both sites are reasonably uniform
over the larger regions viewed at other lo-
cal times; these results indicate that the
thermal properties derived on the basis
of low-resolution observations are prob-
ably representative of the 8-km area
around each site and suggest that the
landing sites are thermally uniform at a
scale down to at least half this size. The
landing areas were selected to be as
bland as possible at the orbiter imaging
resolution of 0.1 km (¢) and to have no
thermal anomalies; lander imaging re-
veals that at least the VL2 site is relative-
ly monotonous at this scale (5).

On the basis of the initial assumption
that the surface is homogeneous within
the area viewed at each site, the ob-
served temperatures were fitted by a
one-dimensional thermal model, which
accounts for the daily and seasonal
changes of insolation and a weak inter-
action with the atmosphere (6, 7). The

physical properties affecting the model
surface temperature are the albedo A, for
which the values measured by the IRTM
were used, the emissivity which was set
equal to unity (8), and the thermal inertia
I = (kpC)'%, where k is the thermal con-
ductivity, p is the density, and C is the
specific heat of the surface.

The albedos measured with near ver-
ticle viewing are 0.26 and 0.225 for the
VL1 and VL2 sites, respectively; al-
though the apparent albedo is higher at
large incidence angles, probably in large
part due to haze in the atmosphere, these
values were adopted as constant. The re-
sulting thermal inertias are, respectively,
9 + 0.5 and 8 = 1.5; the unit of 7 is 1073
cal cm™% sec™! K~! throughout this work.
The uncertainties are not formal but rath-
er estimates based on the limited obser-
vation geometry available and the appar-
ent atmospheric effects present through-
out much of the northern hemisphere;
the large uncertainty at the VL2 site re-
sults from the lack of predawn data. As
was known during Viking site certifica-
tion, both of these locations have ther-
mal inertias higher than the martian aver-
age.

The flat-lying, homogeneous model
used here does not explain completely
the brightness temperatures at all the lo-
cal times observed (/); however, it
should approximate the physical temper-
ature of the surface and subsurface to
within about 5 K. Based on the proper-
ties derived above, the surface temper-
atures at the two sites for an entire mar-
tian year were computed. Because the
model parameters are derived from re-
mote observations, these temperatures
(Fig. 1) represent an area-weighted aver-
age of the soil and rocks; they represent
the environmental extremes at the Vi-
king sites. The diurnal minimum prob-
ably models well the minimum for at
least the first 2 m of the atmosphere; the
diurnal maximum probably models well
the peak temperature of a thinner atmo-
spheric layer (9).

The predicted thermal behavior of the
two sites is quite different. At midday,
the temperature reaches a maximum
near the autumn equinox (aerocentric
longitude of the sun L, = 180°) rather
than at midsummer and has a secondary
peak near the spring equinox (L, = 0°).
This large semiannual behavior results
from the eccentricity of the orbit of
Mars, tending to offset the effect of its po-
lar tilt in the northern hemisphere (the ef-
fects add in the southern hemisphere).
The VL1 site is near the latitude which
experiences the smallest annual varia-
tion of temperature.

The VL2 site, in contrast, has well-de-
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