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Abstract. A model originally developed to explain the
spectral albedo and emissivity of terrestrial snow is
extended to the case of carbon dioxide snow on Mars. The
variation of albedo and emissivity with wavelength is
caused by the spectral variation of the absorption coefficient
of solid CO2. The most important variables controlling the
radiative properties are grain size and contamination by dust
or water. Solar zenith angle and snowpack thickness are of
less importance. The observation that red albedo is higher
than blue albedo in the Martian south polar cap indicates
that the snow is contaminated with red dust. The interband
absorption coefficient of CO2 ice in the thermal infrared is
2-3 orders of magnitude smaller than that of H2O ice, due to
the absence of hydrogen bonding in CO2. This allows CO?
snow emissivity to be sensitive to grain size, emission
angle, and impurities, in contrast to water snow which is
nearly a blackbody under all conditions. The emissivity of
CO2 snow varies substantially with wavelength, so energy
budget modeling should be done in spectral detail. The
addition of a thin layer of water frost over CO2 snow
dramatically raises the thermal emissivity but causes little
change to the spectrally averaged albedo unless the
underlying CO2 snow is dirty. Remote sensing of CO2 grain
size, H2O content, and dust content may be possible.
However, the design of a remote-sensing strategy awaits
more accurate laboratory determination of the optical
constants of CO?7 ice.

Polar Caps of Mars

The polar caps of Mars undergo dramatic seasonal
changes. The south cap, for example, advances to 400-450S
in winter, retreating to 8508 in summer [Briggs et al., 1977,
James et al., 1979]. Atmospheric pressure variations mea-
sured by Viking landers, as well as infrared temperatures
measured by Viking orbiters, indicate that these seasonal
caps are composed of solid carbon dioxide. Photographic
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evidence of wind-drifted material, as well as the high reflec-
tivity for visible light, indicates that this solid CO2 is made
up of small particles, like snow on Earth. It may form in the
atmosphere by nucleating around small dust particles or
H20 crystals, or it may be deposited directly onto the sur-
face as frost. The average depth of this snow layer has been
estimated, from the seasonal cycle of atmospheric pressure
at the Viking lander sites, to be a few tens of centimeters
[Hess et al., 1979]. The CO2 snow is probably mixed with
wind-blown dust from the red Martian soil [Toon et al.,
1980] and with small amounts of H2O ice [Kieffer, 1968,
1990].

In order to help understand the Martian radiation
budget and to help interpret Mariner and Viking
measurements of solar and infrared radiation from the polar
caps, we use a radiative transfer model to calculate the
spectral albedo and emissivity of CO2 snow from the
ultraviolet to the thermal infrared. We examine the
influence of snow grain sizes, snow layer thickness, solar
zenith angle or infrared emission angle, and dust or water
content. These model predictions, however, are only
tentative because of our imprecise knowledge of the
complex refractive index of CO3 ice.

We have no direct Martian surface measurements
against which to compare our model. The spectral radiances
measured by Mariner and Viking refer to the surface and
atmosphere combined, and furthermore they are intensities,
not fluxes as our model predicts. It may be difficult to infer
surface properties from the Viking measurements, because
of the unknown and variable optical thicknesses of dust
clouds and ice clouds in the Martian polar atmosphere. Even
small optical depths of dust can significantly lower the plan-
etary albedo over a bright surface [Davies, 1979, Figure 1].

There are, however, some laboratory measurements of
the reflectance of CO? frost. Kieffer [1968, 1970] measured
bidirectional reflectance for wavelengths 0.8-3.2 pm. He
raised a number of issues which we also address in this
paper, namely, the effect of grain size, the nonunit emissivi-
ties, H2O contamination in small amounts, angular depen-
dence, and the depth necessary for CO2 snow to be effec-
tively semi-infinite.

Polar cap albedo and emissivity seem to have great
influences on the climate of Mars. The energy budget of the
polar regions is dominated by radiative fluxes [Paige and
Ingersoll, 1985]. The energy balance climate model of
James and North [1982] predicted that the formation of the
seasonal CO2 ice caps is very sensitive to longwave emis-
sivity €, with the total CO?2 condensation being roughly pro-:
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portional to €. The best fit of their model to the seasonal sur-
face pressure variation in the non-dust-storm period, as
observed by the Viking landers, was obtained by assuming
€=0.57 and planetary albedo=0.75 over the poles.

The visible wavelength planetary albedos over the
south polar cap measured from Viking [James et al., 1979]
scatter widely, probably due not only to variable dust
content but also to variable fraction of bare ground within
the field of view. The highest blue (A=0.45 pm) albedos
were 0.3-0.4, with corresponding "red" (A=0.59 pm)
albedos of 0.5-0.6. (These albedos were computed using an
empirical bidirectional reflectance function obtained by
viewing the same region from different aspects.)

The broadband (0.3-3'um) albedos of the south polar
cap from Viking were discussed in detail by Kieffer [1979].
He found albedos in the range 0.35-0.50, not large enough
to achieve radiation balance. The albedos were highest near
the cap edge in spring but highest near the pole during
summer. Paige and Ingersoll [1985], however, reanalyzed
these data, developing an empirical bidirectional reflectance
distribution function, and obtained south polar cap planetary
albedos of 0.55-0.75, averaging about 0.65 over the entire
Martian spring and summer seasons.

Infrared emission was measured by Viking's infrared
thermal mapper (IRTM) in five spectral channels. The four
centered at 7,9, 11, and 20 um (in spectral regions of weak
atmospheric absorption) should, in the absence of clouds,
sense the surface temperature. Unlike bare ground and the
summertime H2O-ice cap at the north pole, where the
brightness temperatures T7, T9, T11, and T2( all agreed, at
the CO2-ice-covered wintertime south pole these four tem-
peratures disagreed by up to 45 K. This is illustrated well in
Figures 2a and 3a of Paige and Ingersoll [1985]. Kieffer
[1979] ascribed these differences in brightness temperature
to a combination of atmospheric dust, dark warm patches in
the cap, and low 20-pum emissivity of CO2. Many of the
brightness temperatures are significantly in excess of 150 K,
the CO2 sublimation temperature at the 6-mbar pressure
level. These higher temperatures were attributed by Kieffer
[1979] to dust in the warm atmosphere and to warm sub-
grid-scale frost-free surfaces adjacent to CO2 ice surfaces at

150 K.
There is apparently considerable variation in tempera-

ture or emissivity or both across the south polar cap.
Figure 6 of Kieffer et al. [1977] shows that in midwinter
T2 varied from 148 K near the edge of the polar cap to
130K at the south pole. Assuming that the entire ice cap
surface consists of solid CO? at 150 K, these values of T2(
imply that the surface emissivity varies from near 1.0 at the
edge of the cap to 0.5 at the pole (presuming no atmospheric
emission, which is an oversimplification). The average T20
was 143 K, which could be explained by an emissivity of
0.8. However, the physical temperature may have been
somewhat lower at the pole, due to enrichment of the minor
atmospheric gases and local lowering of the sublimation
temperature [Kieffer et al., 1976].

Most planetary surfaces have emissivities above 90% in
the thermal infrared. In particular, this is true for snow and
sea ice on Earth, which have emissivity about 99% for prac-
tically any grain size and snowpack thickness (Dozier and
Warren [1982]; reviewed below). But the above evidence
suggests that CO2 is an anomalous planetary surface,
having quite variable surface emissivity. We will show that
the reason for the difference in emissivity between H20
snow and CO2 snow is that the interband absorption
coefficient of CO?2 ice in the infrared is 2-3 orders of

magnitude smaller than that of H2O ice, apparently because
of the lack of hydrogen bonding in CO2 ice.

In this paper we often contrast the properties of water
snow and CO2 snow, because both occur on Mars. Kieffer
[1968] suggested that H2O frost may sometimes cover a
CO2 snow surface and dominate the reflectance properties.
Also, the north polar cap in summer consists of H20 ice.

Snow Albedo/Emissivity Model

Our model for the spectral albedo of terrestrial water
snow [Wiscombe and Warren, 1980] (hereinafter referred to
as WWI) shauld also be useful for CO2 snow. This model
uses Mie theory for the single scattering by individual snow
grains, together with the delta-Eddington method [Joseph et
al., 1976] for the multiple scattering in a snowpack. In spite
of the far-field limit taken in Mie theory, the model agrees
quite well with measured spectral albedos even for closely
packed snow [Warren et al., 1986], provided that the
particle sizes and spaces between particles are large
compared to the wavelength of light. This condition is
satisfied for solar radiation but may break down in the
thermal infrared if snow particles are small (grain radius
r<50 pm). It is possible to incorporate near-field effects into
the model.

The single-scattering calculation is done for spheres, so
we assume that we can mimic the albedo of a snowpack of
nonspherical particles by a model snowpack of "equivalent"”
spheres. When the particle size is much larger than the
wavelength, which is generally true for water snow in the
solar and thermal-infrared spectral regions, the equivalent
sphere seems to be best chosen as the sphere with the same
surface-to-volume ratio as the real nonspherical snow grain
[Dobbins and Jizmagian, 1966; Kieffer, 1968; Warren,
1982]. This is because what largely controls the albedo is
the average distance a light ray travels through ice between
air-ice interfaces, i.e., between opportunities for changing
direction. That is also the reason that a coarse-grained
snowpack is more absorptive than a fine-grained snowpack,
as shown below.

The single-scattering calculation at a particular wave-
length A requires as input (1) the size parameter x = 2@r/A,
i.e., the ratio of the particle's circumference to the wave-
length; and (2) the complex index of refraction m at that
wavelength; m = mre - i mjy, where mye is the ordinary
refractive index which determines the phase speed and mjm
is related to the linear absorption coefficient (kabs, units of
inverse length) as kabs = 4tmijm/A (mre and mijm are
together called the optical constants). The single-scattering
calculation follows Mie theory, using the algorithm of
Wiscombe [1980] or (for x>2000) the asymptotic formulae
of Nussenzveig and Wiscombe [1980].

The results of the Mie calculation are single-scattering
albedo @ (the probability that a photon will survive an
extinction event), the extinction efficiency Qex¢ (ratio of the
extinction cross section of a particle to its geometric cross-
section area), and the scattering phase function, which
describes the angular distribution of the photons scattered
by a single particle. The radiative transfer method that we
use, delta-Eddington, requires only one measure of the
phase function, the average value of the cosine of the
scattering angle, called the asymmetry parameter g.

The analytical formula for albedo, a, for parallel-beam
incidence is given by equations 3 and 4 of WWL. It depends
on @, g, and the cosine | of the solar zenith angle 8¢ and
(for a thin snowpack only) on Qex¢, the snowpack thickness



Warren et al.: Albedo and Emissivity of CO2 Snow on Mars 14,719

and the albedo of the underlying surface. The albedo for dif-
fuse incidence is obtained by integrating the direct beam
albedo over all incidence angles in the hemisphere
(equations 6 and 7 of WWI).

On Mars the spectrum of thermal ("longwave") radia-
tion is well separated from the spectrum of solar
("shortwave") radiation energy, even more so than on Earth.
For a typical Martian temperature of 195 K the emitted and
incident spectral fluxes are approximately equal (and small)
at A=6 um, so beyond 6 pm the quantity of interest is the
emissivity rather than the albedo. For an opaque surface,
albedo and emissivity must add to unity, by Kirchhoff's law
[Siegel and Howell, 1972, p. 70]:

€(B,A) = 1-a(8,A)

where £(0,A) is the directional emissivity at wavelength A
into the viewing zenith angle 0, and a(0,)A) is the albedo for
a direct beam coming from zenith angle 6. To compute the
emissivity, we therefore just compute the albedo and sub-
tract it from unity.

Optical Constants
CO» Ice

Laboratory measurements of the absorption spectrum of
pure solid CO2 were reviewed by Warren [1986], who also
compiled a set of recommended values for radiation model-
ing, which we use in this paper. However, there are consid-
erable uncertainties in that compilation, in nearly all spectral
regions except the strong absorption bands at 4-pm and
15-um wavelength. The near-infrared region, 1.0-2.5 pm,
has never been measured. The visible and near-visible, 0.3-
1.0 um, was measured by Egan and Spagnolo [1969], but
they used unpurified commercial dry ice, so we cannot rule
out the presence of trace amounts of an absorptive imipurity.

Spectral transmittance for the infrared region, 2.5-
25 pm, was measured by Ditteon and Kieffer [1979], but
their crystals were poorly formed and probably scattered as
much light as they absorbed. The amount of scattering has
been estimated [Ditteon and Kieffer, 1979; Warren, 1986],
but it is quite uncertain, so the optical constants in this
spectral region are correspondingly uncertain.

The spectrum has never been measured beyond 25-um
wavelength, so our computations of CO2 snow emissivity
also stop there. However, we do compute albedo in the
region 1.0-2.5 um, using optical constants guessed by
extrapolation of mjm from the region 0.3-1.0 um.

H)Oice

The laboratory measurements of the absorption spec-
trum of water ice were reviewed by Warren [1984]; we use
that compilation in this paper. These differ slightly from
those used by WWI, because we now have available the
more recent accurate determination of mjmy by Grenfell and
Perovich [1981] for 0.4-1.4 um wavelength. Our graphs of
water snow albedo thus differ slightly from those in WWL

Martian Dust

For our calculations of the albedo and emissivity of
snow containing Martian dust, we use dust optical constants
recommended by Pollack et al. [1979] in the spectral
regions where they inferred them. For wavelengths

0.4-1.1 pm, we took the values of mjmy, from Figure 11 of
Pollack et al. [1977] and reduced them by a factor of 10 as
recommmended by Pollack et al. [1979]. (Pollack [1982]
discussed how the values of mjy, were estimated by analysis
of the spectral sky brightness seen from a Viking lander.)
For 0.35-0.4 pm we extrapolated the trend of mjy(A) from
A>0.4 pm. The real index we assumed constant, mre=1.55,
for 0.35-1.1 pm.

For 5-40 pm, the dust optical constants recommended
by Pollack et al. [1979] were those measured by Toon et al.
[1977] for montmorillonite sample 219b. For the gap in data
from 1.1 to 5 pm, we refer to Grim [1953]. His plots (Figure
115) of transmission versus wavelength for five montmoril-
lonite samples imply that mjy, is approximately constant
from 2 to 6 pm. Toon et al. used a reflection method to
obtain mjm, which is unreliable when mjm«0.1. We thus
ignore their values between 5 and 6.25 pm and simply
interpolate m from 1.1 um (m = 1.55 - 0.01li) to 6.25 um
(m = 1.32 - 0.01i). This gives us the desired constancy of
mjm in this spectral region.

Single-Scattering Quantities for CO?2 Ice Particles

Many of our figures are in four parts. Parts a and b
show the spectral region of solar energy, 0.2-1.6 um and
1.6-6.0 um. Part ¢ shows the part of the thermal infrared
region for which we have optical constants for CO? ice, i.e.,
6-25 pum. There is often considerable variation of radiative
properties in the neighborhood of the sharp absorption lines
characteristic of the CO2 ice spectrum, which is difficult to
display and is not resolved in parts a-c of the figures, but
most of these lines cover only an extremely small spectral
range. The most important such region, both for remote
sensing and for the energy budget, is the 15-um band, so we
expand this region in part d. The thermal infrared figures ¢
and d are drawn with both wavelength and wave number
scales.

Figures 1-3 plot Qext, @, and g for CO? ice spheres of
radii r=10, 100, and 1000 pm. Qext (Figure 1) is close to its
geometric optics limit of 2.0 for =100 and 1000 um, even
in the bands at 4 and 15 pum. The 10-pm particle exhibits a
resonance peak in Qext at A=2r (interrupted by the 15-pum
band).

The wavelength dependence of single-scattering
coalbedo (1-&) shown in Figure 2 parallels that of mjm. It
increases with grain size at all wavelengths, except in the
strong absorption bands. This means that large particles are
more absorptive than small particles, for all particles in the
range of interest for CO2 snow. (The contrary finding by
Hunt et al. [1980) that (1-®) decreases with increasing par-
ticle size is true only for very small particles, i.e., for
r<0.1 pm at A=0.35 pm or r<10 pm at A=30 pm.) The sharp
spikes at 1.4 and 2.0 um are due to very narrow absorption
lines [Warren, 1986] which are not resolved in these figures.
Because the optical constants are not established in the
region 1.0-2.5 pum, there are likely to be other absorption
features yet to be discovered. T. Z. Martin (Mariner 7 IR
spectra of the Martian south polar cap, submitted to Journal
of Geophysical Research, 1989) has found features in
infrared spectra of the Martian south polar cap which do not
appear in our graphs.

The asymmetry parameter g (Figure 3), which can
assume values from +1 (total forward scattering) to —1 (total
backscattering), is generally greater than 0.8 for the larger
particles, outside the strong absorption bands. The asymme-
try parameter increases as r increases. These large values of
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g indicate strongly forward directed scattering, which is
mainly due to a very narrow forward peak in the scattering
phase function representing photons that diffract around the
particle and change their direction only slightly. In order to
calculate fluxes accurately from a medium with g>0.5, a
multiple-scattering method such as delta-Eddington is
appropriate, which approximates a fraction of the slightly
deflected photons as being unscattered, and transforms the
radiative transfer problem into an equivalent one with g<0.5
[Joseph et al., 1976].

Effect of Snow Grain Size on Albedo and Emissivity

The wavelength dependence of albedo or emissivity is
determined by the wavelength dependence of mjm. At any
particular wavelength, however, the most important variable
controlling the albedo is the snow grain size. As mentioned

14,723

above, the "equivalent sphere” for an irregular snow particle
is likely to be the one with the same surface-to-volume
ratio. Nonsphericity becomes less important in situations
with considerable multiple scattering, so its effects are
unlikely to be detected for snow except in the angular
distribution of reflected intensity for near-grazing angles of
incidence.

Albedo of Water Snow

For terrestrial water snow we found that in order to
match field observations of spectral albedo, the radii of the
equivalent spheres ranged from 50 um for new snow to
1000 pum for old melting snow. This also corresponds to
photographic and microscopic measurements of snow grain
size. Figure 4 shows the calculated albedo of water snow for
grain sizes in this range. The grain size normally increases
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Fig. 4. Model-calculated spectral albedo of water snow, for various snow grain radii, at zenith angle 85=60°. (From Figure 8
of Wiscombe and Warren [1980], but using revised values of optical constants of ice from Warren [1984].) Spectrally

averaged albedos a are also given, computed by equation (1).
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as the snow ages due to "destructive metamorphism"
[LaChapelle, 1969]. For wind-blown snow on Earth's
antarctic plateau, where the grains are nearly spherical, the
measured grain radii (50-100 pm) agree rather well with the
optical grain size necessary to explain albedo measurements
there (T. C. Grenfell et al., manuscript in preparation, 1990).

The albedo is high in the visible and rather insensitive
to grain size but drops to low values in the near-infrared.
The region most sensitive to grain size is 0.8-2.4 pum, so
these are the wavelengths most useful for remote sensing of
grain size and for discrimination of snow from clouds
(which have even smaller particle sizes).

The spectrally averaged albedo a is also given on the
curves:

3= [Syaydh[saydr (1)

where S(A) is the spectral distribution of solar energy. S(A)
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varies with cloud thickness, oxygen amount, and ozone
amount, so it is different at the surface of Mars than at the
Earth's surface. For computing a in this paper, we just use
the top-of-atmosphere values of S(A). The limits of integra-
tion are 0.2 um (the lower limit for significant solar radia-
tion at the Martian surface), and 6.0 um (the wavelength at
which the incident shortwave and emitted longwave spectral
fluxes are equal for a blackbody surface at 195 K on Mars).

Albedo of CO? Snow

The calculated albedo of CO2 snow (Figure 5) may be
contrasted with that of H2O snow (Figure 4). Since we do
not know the grain sizes of CO2 snow, we have used the
range of H2O snow grain size as a guide but have also car-
ried out calculations for both larger and smaller grains. The
curves in Figure 5 (and other figures below) are dashed in
regions where mjm is uncertain by more than a factor of 10
to indicate that the albedo is also highly uncertain.
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Fig. 5. Spectral albedo of CO2 snow, at zenith angle 85=600, calculated for various grain radii. Spectrally averaged albedo a
is also given. Dashed curves are drawn for spectral regions where the imaginary refractive index is uncertain by more than a
factor of 10.
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Based on atmospheric CO?2 advection rates, estimated
dust particle concentrations, and the assumption that CO?2
snow nucleates on dust particles, Pollack et al. [1977] esti-
mated an average radius of 25 pm for CO2 snow. However,
one must distinguish the average radius  from the optically
effective radius reff of an ensemble of particles with size
distribution N(r):

T = [N@dr/ [Nedr

whereas Ieff = r3N(r)dr/Jr2N(r)dr

so reff is always larger than T. Hansen and Travis [1974]
showed that reff (which is a surface-area-weighted mean
radius) was usually sufficient to predict the radiative prop-
erties of a cloud, whatever the shape of the size distribution.
The radius estimated by Pollack et al. is probably closer to
T.

The evidence of drifting snow in the south polar region
[Thomas et al., 1979] can suggest upper limits to the grain
sizes if the wind speeds are known. Iversen et al. [1976] and
Pollack et al. [1976] found the friction velocities implied by
the geostrophic winds to be only marginally adequate to
move snow particles of any size. There is an optimum par-
ticle size for suspension by wind, which is between 50- and
200-um radius, depending on the assumed atmospheric sta-
bility, pressure, roughness height, and other parameters.

In the absence of more direct measurements of grain
sizes, we have calculated albedo and emissivity for grain
radii from 5 to 2000 pm. We use r=100 pm as the standard
grain size for investigation of the effects of zenith angle,
depth, and contamination.

The spectral albedo in Figure 5 is calculated for a
"semi-infinite" snowpack (i.e., thick enough that negligible
radiation energy reaches the underlying surface) and for a
direct solar beam at a zenith angle of 609, typical of noon in
mid-latitude winter or subpolar spring and summer (because
the tilt of Mars' axis is 250). This zenith angle is also close
to the "effective” zenith angle of isotropic diffuse radiation
(WWI), so Figure 5 will also apply under a sufficiently
thick cloud.

The albedo decreases with increasing grain size. This is
due in small part to the increase of g with r but mainly to the
increase of (1-@®) with r. For radius 5-20 pm, the visible
albedo is quite high (90-95%) and nearly independent of
wavelength. As the grain size increases, the snow albedo
develops a peak at A=0.5 pm. For r=2000 um the calculated
albedo is as low as 35%. For a given grain size, the visible
albedo of CO2 snow is lower than of H2O snow (Figure 4).
This is because mjm for H20 ice is extremely small in the
visible (mjm<10-9), whereas CO2 ice is considerably more
absorptive (mim~10'6). (However, because of the possible
influence of absorptive impurities in the unpurified com-
mercial dry ice used to measure mjm, in the visible, these
computed albedos for CO2 snow may be too low.) By con-
trast, in the near-infrared the albedo is higher for CO2 snow
than for water snow because CO?2 ice is less absorptive than
H20 ice.

The albedo dips dramatically in the near-infrared
absorption bands of CO2 at 1.4-, 2.0-, and 2.7-um wave-
length. Comparison with Kieffer's [1968, 1970] laboratory
reflectance spectra of CO?2 frosts between 0.8 and 3.2 um
shows overall agreement, for example that "the 2.7-pm band
is saturated for frosts of textural scale greater than about
50 um (i.e., r=25 um) and has a minimum reflectance of
1%" [Kieffer, 1970, p. 503]; also that increase in grain size
progressively deepens these absorption features.

But there are also disagreements with Kieffer's experi-
mental results. Our 1.4-um absorption feature is much
stronger than his, probably because it is very narrow and
was not resolved in the experiment. The three lines near
2 wm are merged into a single absorption feature in his spec-
trum. However, the 3-um absorption feature is narrower in
his observed spectrum than in our calculation. Since H2O
absorbs strongly at 3 pum, this could possibly be due to
water ice contamination in the samples which Ditteon and
Kieffer [1979] used to obtain mjy, so that our calculation is
contaminated by water, if Kieffer's frost spectra were
measured on more carefully purified CO2.

The reflectance spectrum of CO?2 frost has been
extended into the ultraviolet by Wagner et al. [1987, Figure
16]. The reflectance remains high, increasing slightly as
wavelength decreases from 400 to 300 nm (i.e., opposite to
the trend in Figure 5a), then drops sharply to near zero at
220 nm.

A complication that we do not investigate in this paper
is the possible increase of grain size with depth, which is
common in terrestrial snow. This can affect the albedo dif-
ferently at different wavelengths, because light penetrates
more deeply into the snowpack in spectral regions of weak
absorption and the albedo at those wavelengths is affected
by the larger subsurface grains (T. C. Grenfell et al.,
manuscript in preparation, 1990).

Emissivity of Water Snow

In contrast to the albedo, which varies considerably
with snow grain size and wavelength, the emissivity of
water snow (Figure 6) is close to 99% for all grain sizes
throughout the thermal infrared. This is because the absorp-
tion coefficient of H2O ice is large enough (mjm-x>1) that
essentially all the light at these wavelengths which enters a
snow grain is absorbed in the grain, but small enough
(mjm«1) that external reflection at the surface of the grain is
still small. The spectrally averaged emissivity € is given on
each of the curves. Note that the scale of emissivity on
Figure 6 runs only from 0.93 to 1.00, in contrast to the fig-
ures below for CO?2 snow.

Emissivity of CO? Snow

The emissivity of CO?2 snow (Figure 7), by contrast to
that of water snow, should depend strongly on grain size,
because mjm-x«1 for all realistic grain sizes (i.e., small
enough to give a high visible albedo) except in the 15-um
band. The model predicts emissivities in the IRTM surface-
sensing channels which vary from less than 10% for r=5 um
to over 90% for r=2000 pm. The calculated emissivity is for
viewing angle 0gyt=600, but this is also approximately the
same as the hemispherically averaged emissivity. The most
reliable parts of the curves are the region 6.5-8.6 um, where
mjm is based on the accurate transmission measurements of
Gaizauskas [1955] (reviewed by Warren [1986]). The
curves are dashed in regions where mjm is uncertain by
more than a factor of 10, to indicate that the emissivity is
also highly uncertain.

This low emissivity calculated for CO2 snow is unusual
for planetary surfaces, most of which have emissivity above
0.9 in the thermal infrared. The low emissivity is due to the
small interband absorption coefficient. The spectrum of
CO3 ice is characterized by intense narrow absorption lines,
which contrasts with that of other ices. Fink and Sill [1982,
Figure 4] illustrated this, noting the contrast to the much
smoother absorption spectrum of H2O ice and attributing
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the difference to the lack of hydrogen bonding in CO2 ice:
weaker interactions between molecules allow longer life-
times for excited states and thus narrower absorption lines.

Because the emissivity varies greatly with wavelength
and because the spectral distribution of incident longwave
radiation differs from that emitted by the surface, surface
energy budget calculations should ideally divide the long-
wave spectrum into several bands. Broadband models,
which do not do this, require a spectrally averaged emissiv-
ity, but we cannot compute it because we have mjy values
only for A<25 pm, representing only about half of the inte-
gral of the Planck function B(A,T) for T=148 K, a represen-
tative polar cap temperature. The € displayed on the graphs
is therefore an average for only about half the longwave
spectrum:

£ = [BATeWdN [BAT)dA @)

where the limits of integration are 6 and 25 pm.

Ignoring other possibilities to be discussed below, the
observed poleward decrease in the 20-pm channel bright-
ness temperature T2(0 in winter [Kieffer et al., 1977] sug-
gests that snow grain size decreases toward the pole. This
would be reasonable if the snow was still being deposited at
the pole but not at the edge, so that the surface snow at the
cap edge had more time to undergo metamorphism, which
normally leads to larger grains. However, most models pre-
dict CO2 deposition at both the center and the edge during
the winter season.

Without taking into account the detailed spectral
response of the channels, Figure 7 suggests that for a given
grain size, the emissivity at 20 and 7 pm should be larger
than that at 9 and 11 um. This does not agree with the
Viking IRTM data [Kieffer, 1979], which showed
T9>T11>T20 over the south polar cap. However, in order to
make detailed comparisons with Viking data it will be nec-
essary to obtain channel emissivities by multiplying e(A) by
the spectral response function W(A) of the channel [Kieffer
et al., 1977, Figure 1] and the Planck function B(A,T):

echannel = [eWOIBOLTIAN [WBALTHIA

Because our calculations are based on highly uncertain val-
ues of mjm(A), we think it premature to do such detailed
comparisons until mjm(A) is remeasured throughout this
wavelength region.

Figure 7b shows reflection peaks at A=15.13 and
15.28 pm. This is due to external reflection from snow
grains because of the large mjmy at these wavelengths
[Warren, 1986, Figure 15f].

Dependence of Emissivity on Snow Density

As discussed by Dozier and Warren [1982], interparti-
cle interference ("near-field effects”) may cause the emis-
sivity to depend on snow density. The effect is apparently
insignificant if d»A, where d is the center-to-center separa-
tion of the particles. It becomes more significant with
increasing wavelength in the thermal infrared. We ignore
near-field effects elsewhere in the paper, but here we esti-
mate their possible magnitude, which should be kept in
mind when examining the other figures.

Dozier and Warren used the method of Gate [1973] to
estimate the dependence of emissivity on density for water
snow. Mie theory uses the refractive index of the particle
relative to that of the medium. Gate's adjustment, as we
apply it to CO2 snow, is to take the real refractive index of

the medium not that of air (or vacuum) but rather of a
mixture of air and CO2 ice whose volume fractions are
those within a shell one wavelength thick surrounding the
particle [Warren, 1982, Figure 4]. The details are given by
Dozier and Warren [1982].

Figure 8 shows the calculated emissivity of CO2 snow
incorporating this near-field adjustment. The effect is sub-
stantial for small grains at high density, but in snow the
highest densities are usually associated with the largest
grains. We do not know the range of densities for Martian
snow, but Figure 8 raises the possibility that variations of
emissivity, especially in the 20-um channel, could be due to
variations in density. In summary, incorporation of near-
field effects raises the longwave emissivity but does not
decrease the solar albedo.

Effect of Solar Zenith Angle or Infrared Emission Angle

The range of solar zenith angles experienced over the
southern polar cap is about 500-9090, as can be seen in
Figure 9, which is based on the observed springtime reces-
sion of the cap edge given in Figure 18 of James et al.
[1979].

Figures 10a and 10b show that the albedo (for
r=100 pm) increases at all wavelengths as the solar zenith
angle increases from 0° to 809. In the albedo calculation the
zenith angle Op enters only as its cosine i, so the albedo is
more sensitive to Op at low sun than at high sun. Kieffer's
[1968] observations support this: he found reflectance to
vary insignificantly for incidence (zenith) angles between
00 and 459.

The reason that the albedo is higher for low sun is that a
photon on average undergoes its first scattering event closer
to the surface if it enters the snow at a grazing angle. If the
scattering event sends it an upward direction, its chance of
escaping the snowpack without being absorbed is greater
than it would be if it were scattered from deeper in the pack.

These calculations are for a flat surface; because of sur-
face roughness on a natural snow surface, the effective
zenith angle will rarely be as large as 80°. Also, scattering
of the solar beam by the atmosphere will change the effec-
tive zenith angle, bringing it toward the effective zenith
angle of diffuse radiation which is about 500 (section 5d of
WWD).

The observation by Kieffer [1979] that the early spring
albedos were highest near the cap edge is opposite to that
expected from the zenith angle dependence. However, the
Lambertian reflectance assumption used to convert satellite-
measured radiances into albedos would have been
inaccurate at the very large solar zenith angles occurring
near the pole at this season. The bidirectional reflectance of
water show becomes more anisotropic at low sun [Warren,
1982, Figure 14], and that of CO2 snow probably does as
well [Paige and Ingersoll, 1985, Figure 4]. Furthermore, at
large zenith angles the bidirectional reflectance of the
Martian atmosphere may also contribute significantly to the
reflected radiation, so that it is not just the surface that is
being seen.

Figures 10c and 10d show that the emissivity into the
overhead direction is larger than for limb exitance. This will
influence the brightness temperatures seen from satellites, as
discussed by Dozier and Warren [1982]. The dependence of
€ on the look angle Ogy¢ is the likely explanation for the
observation by Kieffer et al. {1977] that the lowest
brightness temperatures generally appeared 2° of latitude
beyond the pole, whatever azimuth the pole was viewed
from.
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Fig. 9. Noontime solar zenith angle during spring at the edge of the Martian south polar cap and at the south pole. (Polar cap

edge data are from Figure 18 of James et al. [1979].)

For the calculations below we use a standard solar
zenith angle (or infrared viewing angle) of 60°. This is a
typical solar zenith angle for noon at a latitude about 10©
poleward of the south polar cap edge at any time during
spring.

Effect of Finite Snow Depth

The results shown so far are all for semi-infinite snow.
Here we determine how thick a snowpack must be to be
effectively semi-infinite. Figure 11 shows albedo and
emissivity for various depths of CO?2 snow, where depth is
expressed as mass per unit area.

To compute Figure 11, we needed the spectral albedo
of the underlying surface. To estimate this we made use of
the relative reflectance spectra of Martian soil shown in
Figure 3 of Singer et al. [1979] for 0.3 to 2.5 pm
wavelength. We scaled these spectra to obtain an average
shortwave albedo of 0.25, typical of Martian soil. To extend
these results to shorter and longer wavelengths, we assumed
that the value at 0.3 pm applies also to the region 0.2-
0.3 um, and that the value at 2.5 pm applies also to the
region 2.5-6 um. For A>6 um the soil is assumed to be a
blackbody emitter. The assumed spectrum of the underlying
surface is shown as the dashed line in Figures 11a and 11b.
It is unlikely to be correct for 2.5-6.0 pm, but the resulits in
Figure 11 are insensitive to this choice (as opposed to a
black underlying surface) if the snow thickness is greater
than0.2 g cm-2,

Figure 11 shows that the semi-infinite limit is reached
already at 0.1 g cm2 in the absorption bands and at
0S5¢g cm-2 in most parts of the thermal infrared. In the solar
spectrum the albedo for 0.5 g cm-2 of snow is within 2% of
the semi-infinite limit. The semi-infinite limit requires
greater depths for larger grain sizes (Figure 13 of WWI).

In the visible, the depth of an effectively semi-infinite
CO2 snowpack is about a factor of 4 smaller than that of a
water snowpack (Figure 13 of WWI), because of the smaller
visible absorption coefficient of water ice.

Observations of atmospheric pressure [Hess et al.,
1979] indicate a mean thickness of 36 g cm-2 for the south-
ern polar cap at its maximum extent. This is a factor of
about 50 larger than needed to be effectively semi-infinite.

However, a model of growth and decay of the ice cap
[Davies et al., 1977, Figure 6] indicates that during growth
in the winter, snow at the edge of the cap may take about 20
days to reach a depth of 1 g cm-2. Furthermore, the snow
may be blown by the wind to leave bare patches or regions
of thin snow; James et al. [1979] thought this to be respon-
sible for the variability of observed visible snow albedo
across the polar cap. Therefore, even though the finite depth
effect is apparent only for depths less than 1 g cm-2, this
condition may apply over large areas of the Martian high
latitudes.

Effect of Dust Content

Except in Antarctica, the observed visible albedo of
water snow on Earth is often not as high as that predicted by
the model for pure snow, although near-infrared albedos
agree rather well. Warren and Wiscombe [1980] (hereinafter
referred to WWII) proposed that absorptive impurities in the
snow were responsible for this discrepancy. Visible snow
albedo can be reduced several percent by the addition of 10
parts per million (ppm) by mass of desert dust or 0.1 ppm of
carbon soot, but these trace impurities have no effect on
snow albedo or emissivity for A>1 pm where ice itself
absorbs significantly. The model calculations were sup-
ported by field measurements of albedo and laboratory
analysis of soot by Grenfell et al. [1981], as discussed by
Warren [1982].

Clay mineral dust is likely to be important in affecting
the albedo of both H2O snow and CO72 snow on Mars.
Because the Martian atmosphere is so dusty, some of the
dust will reach the snow surface. Pollack et al. thought it
likely that CO7 snow nucleates on dust particles. Toon et al.
[1980] estimated the volume mixing ratio of dust in CO2
snow to be 10-3 in the north polar cap and 10-4 in the south
and showed that it should affect the snow albedo.

To calculate the albedo or emissivity of snow contain-
ing dust, we follow the methods used by WWII. Mie calcu-
lations are done separately for the dust particles and the ice
particles and then averaged using the respective cross-
sectional areas per unit volume as weighting factors. The
calculation assumes that the dust particles are separate from
the ice particles. If the dust particles are instead located
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inside the ice particles (whether in H20 ice or CO? ice),
they may be more effective at absorbing radiation, such that
the effects we attribute to a particular concentration of dust
may actually result from only half that concentration
[Bohren and Huffman, 1983, p. 446; Chylek et al., 1983;
Bohren, 1986].

Pollack et al. [1979] fitted the angular variation of
Martian sky brightness (observed by the Viking lander) best
by using an optically effective Tdyst=2.5 um; we use this
radius for our calculations on the presumption that it is also
representative of dust in snow. We assume the dust has a
density of 2.6 g cm-3, typical of clay minerals.

The albedo of pure water snow is rather flat in the visi-
ble. Figure 12 shows that adding dust reduces the albedo
and gives it a stronger spectral dependence, with higher
albedo for red light than for blue. The dust has no effect on
albedo or emissivity beyond 1.4 um wavelength.

Figure 13 shows that dust also reduces the albedo of
CO2 snow (except in the 2.7- and 4-pum bands), but because

CO2 ice is more absorptive than H2O ice about 5 times as
much dust is required to reduce the albedo by a comparable
amount in CO?2 snow.

Martian surface albedos for the polar cap were inferred
by James et al. [1979] at A = 0.59 um (ared) and A=0.44 pm
(ablye)- The ratio afed/abjue in Figure 13a is smaller than
was observed, suggesting that mjm(A) for Martian dust may
actually depend more steeply on wavelength than we have
assumed, in the spectral region 0.3-0.7 um.

The surface albedo inferred by James et al. depended
on the optical depth 7 they assumed for the atmosphere. For
the residual south cap the surface albedos (ared, ablye) Were
(0.93, 0.73) assuming t=0.1, or (0.65, 0.52) assuming 1=0.
The former values are not consistent with any of our snow
albedo calculations, dusty or clean, CO2 or H20, perhaps
suggesting that the optical depth was less than 0.1.

Earlier Earth-based measurements of the south polar
cap with four colored filters [Lumme, 1976] are in qualita-
tive agreement with James et al., also suggesting the pres-
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ence of dust. Lumme had to deconvolute the raw data
because his field of view extended beyond the polar cap.
The derived albedos were 0.53 at A=435 nm, 0.60 at
550 nm, and 0.68 at 580 and 620 nm.

Dust also causes an increase in the longwave emissivity
of CO2 snow (Figure 13c). However, the effect of dust is
only a few percent for the small dust amount (0.01%) sug-
gested by Toon et al. [1980] for the south cap. It is only
when the dust content reaches 0.1% that the effect becomes
substantial. The dust content may decrease poleward, as the
snow becomes more remote from sources of dust, but there
are also bare areas even within the cap area which could be
sources of dust. Adding dust should raise the emissivity
more in spectral regions where the emissivity is low, so it
should reduce the brightness-temperature differences among
channels. Kieffer's [1979] observation that these brightness-
temperature differences increased after a dust storm
suggests that the infrared spectrum of Martian dust may be
different from what we assumed.

Kieffer's [1979, Figure 4] observation that the planetary
albedo of the south pole increased after the first global dust
storm is puzzling. Adding dust to snow, or to the atmo-
sphere above the snow, would cause the albedo to decrease
unless the dust caused clouds to form. However, after the
second global dust storm the planetary albedo decreased at
the south pole as expected [Kieffer 1979, Figure 11].

Effect of Water Content

Another contaminant in CO?2 snow which can affect the
albedo and emissivity is water. The total precipitable water
over Mars' Antarctic varies from <1 um in winter to 10-
15 pm in summer [Davies and Wainio, 1981]. (By compari-
son, the precipitable water over the antarctic plateau on
Earth varies from 20 pm in winter (when most of the snow
accumulation occurs) to 300 pm in summer [Kiihn, 1972,
Table 13]).

Some of the features in Earth-based near-infrared spec-
tra of the north seasonal polar cap were attributed to water
ice by Clark and McCord [1982] (corrected by Jakosky
[1983]). Water is not so obvious in the south seasonal cap:
Larson and Fink [1972] were unable to find water ice fea-
tures in Earth-based near-infrared spectra during southern
spring, but Pimental et al. [1974] did detect water ice in the
Mariner spectra.

Kieffer [1968, 1970] investigated the effect of water
content in the laboratory for 0.8-3.2 pm wavelength and
H20 mixing ratios from 0.8% to 23%. At the lowest mixing
ratios only the 3.1-pm band of H20 was noticeable in the
reflectance spectrum, but with 10% water the spectrum was
dominated by water, and CO? could only be identified by its
absorption at 2.7 um. In most of the near-infrared, H2O is
more absorptive than CO2, so, as Kieffer [1970, p. 501]
noted, "...the addition of small amounts of H2O made
appreciable changes in the CO? spectra, but not vice versa.”

The results of mixing water ice into CO2 snow are
shown in Figure 14, where we have arbitrarily assumed that
the water is present as separate ice particles of size r=10
um, such as cloud particles on which the CO2 snow might
have nucleated. The presence of water ice raises the albedo
slightly in the visible (for more than 1% H20) but reduces it
elsewhere in the solar spectrum. This causes a curious
behavior in the spectrally averaged albedo: as water content
is increased from zero to 10% the first effect is to lower the
near-infrared albedo, reducing a, but as the water content
continues to increase beyond 10% the near-infrared

saturates while the visible albedo rises, increasing a.
However, these changes in a are at most a few percent.

The addition of water dramatically raises the emissivity
of CO2 snow over essentially the entire thermal-infrared
spectrum. The observed decrease of 20-um emissivity
toward the south pole could thus be the result of a drier
atmosphere leading to less contamination of the snow with
water ice. However, more than 0.01% H20 is necessary to
have an appreciable effect on the longwave emissivity, if it
is uniformly mixed with CQ7. This is the mixing ratio of
H20 in the average Martian atmosphere and is the expected
mixing ratio of H2O in deposited CO2 snow [Kieffer,
1990].

However, the water ice is unlikely to be uniformly
mixed. In springtime the H2O (and dust) should accumulate
at the surface of the snowpack as a "lag deposit” [Jakosky,
1985], where they can dominate the emissivity. In summer
over the residual south polar cap, water vapor is likely to
deposit onto the surface as a fine-grained frost, reaching a
thickness of 0.05-0.2 g cm2 [Jakosky and Haberle, 1990;
Haberle and Jakosky, 1990]. Kieffer [1990] modeled the
metamorphism of H2O frost and predicted that the deposit
should initially have grain radius r<10 pm, growing to 50-
100 pm in a year.

Figures 15 and 16 show the effect of adding a thin sur-
face layer of pure H2O snow over a semi-infinite CO2
snowpack. Figure 15 uses H2O grain radius r=100 pum;
Figure 16 uses 10 um. Figure 15 shows that the albedo
drops slightly when the H20 layer is added, because the
small increase in visible albedo is more than compensated
by the large decrease in near-infrared albedo. The change in
average albedo is only a few percent, so the H20 layer has
little effect on the solar energy budget. Water is much more
important for the longwave budget: the average emissivity is
dramatically increased even for the thinnest surface layer
(0.002 g cm2 H20).

The H20 frost layer has quite different effects if it con-
sists of 10-pm grains. Only 0.002 g cm2 H0 is enough to
almost completely hide the underlying CO2 in the thermal
infrared (Figure 16c), whereas 10 times as much H20 was
needed if the grain radius was 100 pm (Figure 15c).
However, the asymptotic emissivity is 10% lower for the
fine-grained frost. In the visible, the fine-grained frost raises
the albedo sufficiently to overcome the near-infrared reduc-
tion, so it causes a few percent increase in a.

If pure H20 frost is deposited on the residual south
polar cap in summer, the underlying surface is likely to
contain a substantial amount of dust which became
concentrated as the CO2 sublimated. Figure 17 shows how
the addition of a thin layer of H2O frost causes the albedo to
increase. This is the only situation in which the addition of
small amounts of water ice can increase a significantly. The
increase is much larger for the fine-grained frost (Figure
17b) than for the coarse-grained frost (Figure 17a).

H70 can also combine chemically with CO? to form a
clathrate containing about 80% H2O, but the spectrum of
this clathrate is very similar to that of H2O ice [Smythe,
1975], so this possible form of a CO2-H20 mixture is
unlikely to complicate inferences about water content from
spectral observations of the polar caps.

Effect of Surface Roughness on Albedo and Emissivity
All our calculations are for a flat CO2 snow surface,

i.e., a surface whose irregularities are of a scale smaller than
the flux penetration depth of radiation. Surface roughness
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Fig. 15. Spectral albedo and emissivity of pure CO2-snow (r=100 pm) covered by a layer of water snow (r=100 pm) of various

thicknesses.

may exist on Martian snow as it does on terrestrial snow in
the form of sastrugi, which are longitudinal dunes formed
by wind erosion [Gow, 1965]; or penitents, which are
vertical wedges formed by differential sublimation
[Lliboutry, 1954; Rhodes et al., 1987]. Surface roughness
generally causes a reduction of albedo and an increase of
emissivity, relative to a flat surface, due to "trapping” of
reflected photons [Warren, 1982]. It causes much greater
changes to the bidirectional reflectance distribution
function. Because there is insufficient information about the
magnitude of surface roughness on Martian polar caps, we
have not modeled these effects.

Sensitivity of Albedo and Emissivity to Uncertainty in
Absorption Coefficient

The uncertainty in the absorption coefficient of CO? ice
varies considerably with wavelength. Warren's [1986,
p- 2672] summary stated: "The imaginary index is probably
accurate to +20% from 0.3 to 1.0 um and from 6.6 to
8.6 um. In the UV and in the strong bands the uncertainty of

both mjm and mye is a factor of ~2. In the infrared, outside
the strong bands, the uncertainty is a factor of ~5 except . . .
near 3.6, 6, and 9 um [dashed lines in our graphs], where the
uncertainty is more than a factor of 10." The real index out-
side the strong bands is uncertain only to about +0.05, so the
albedo and emissivity are much more sensitive to errors in
mjm than to errors in mye. Figure 18 shows the albedo and

emissivity for =100 pm which results from multiplying or
dividing mjm by 2 or 5 at all wavelengths. (This was not
done in the bands at 4.3 and 15 pum because mjpm is unlikely

to be much in error there and because altering mjp, in the

bands would affect mye as well.) A factor of 2 uncertainty in
mjm causes +10% uncertainty in the calculated albedo and

emissivity. A detailed interpretation of Martian radiation
data would thus benefit from more accurate laboratory mea-

surements of the complex refractive index of solid CO2.

Summary

A snow albedo model previously developed for terres-
trial snow is extended to the case of CO72 snow. Pure CO2

8
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snow is calculated to have high albedo at visible wave-
lengths (75-80% for grain radius 100 um) but not as high as
that of water snow (albedo>95%). Albedos measured to be
significantly lower than these values are not necessarily evi-
dence of larger grains; they could be due to thin snow, or
dirty snow, or subpixel dirty patches within the polar cap.
The near-infrared albedo of CO2 snow is higher than that of
water snow.

At any given wavelength, the primary variable control-
ling albedo and emissivity is the snow grain size, with
albedo decreasing and emissivity increasing as grain size
increases, which probably happens as the snow ages. Of
secondary importance is the solar zenith angle (or infrared
emission angle), albedo increasing with zenith angle.

The average thickness of the winter snow cover on
Mars is probably only about 1 m, but this is effectlvely
semi-infinite: only about 0.5 g cm~ 2 of CO7 snow is needed
to hide the underlying soil so that it does not affect the
albedo.

Observations (both from Earth and from Viking
orbiters) that red albedo is much higher than blue albedo in

the Martian south polar cap indicates that the snow (or the
atmosphere) is contaminated with red dust.

The absorption coefficient of CO2 ice in the thermal
infrared is 2-3 orders of magnitude smaller than that
measured for H2O ice, apparently due to the absence of
hydrogen bonding in CO2. Therefore, whereas water snow
emissivity is very close to 100% for all grain sizes and
emission angles, CO2 snow emissivity is calculated to be
much lower, varying substantially with wavelength, and
quite sensitive to grain size and emission angle. Such low
and variable emissivity is unusual for a planetary surface.
The wavelength variations in emissivity are correlated with
the spectral opacity of a CO2 atmosphere. This means that
energy budget calculations should be done in spectral detail.

Factors tending to increase emissivity are large grain
size, small emission (viewing) angle, and large concentra-
tions of dust or water. The poleward decrease of 20-um
brightness temperatures observed by Viking orbiters over
the south polar cap in winter could thus be due to the
expected changes in any of these four variables, to the
extent that the surface is not hidden by clouds.
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Albedo is independent of snow density (for a given
grain size), but the thermal emissivity, especially of fine-
grained snow at longer wavelengths, increases with snow
density. Thus variations in density could cause variations in
brightness temperature in the 20-jm channel more than in
the other IR-TM channels on Viking.

Remote sensing of CO? grain size, H2O content, and
dust content may be possible because they have different
effects in different spectral regions. Dust and H20 both

cause emissivity to increase at 6 and 9 um, but dust causes
visible albedo to decrease whereas H2O causes it to increase
slightly. Emissivity at 7 um is particularly sensitive to CO?
grain size if the water content is not too large. However, the
possible presence of dust, water ice, and CO? ice in the
atmosphere will complicate the determination of surface
properties. The design of a remote-sensing strategy awaits
more accurate determination of the optical constants of
CO2.
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We can offer no new explanation for the large differ-
ences in brightness temperature among the four surface-
sensing channels in spring and summer over the south polar
cap, when these temperatures are higher than the sublima-
tion temperature of CO2. Addition of water or dust to CO2
snow, expected in summer, should reduce these interchannel
differences, and yet they remain. Kieffer's [1979] idea that
unresolved (sub-grid-scale) frost-free regions mix their
warm temperatures (and uniform g) together with CO2 frost
(of variable €) in the same pixel seems reasonable.

The role of water is likely to be crucial in determining
the energy budget of the polar cap. H20 is deposited along
with CO2 in the winter but should accumulate as a layer at
the surface in spring and summer. The addition of a thin
layer of water frost over pure CO2 snow dramatically raises
the thermal emissivity, so that less of the energy balance in
spring and summer has to be contributed by latent heat of
CO?2 sublimation. A surface cover of water frost of
001g cm-2 is sufficient to raise the average emissivity to
97%.

Addition of water ice, either within or as a surface

deposit, is unable to raise the spectrally averaged albedo of
a CO2 snowpack (because H20 snow has low albedo in the
near-infrared), unless the underlying CO2 snow is dirty.

Because of the large uncertainty in the optical constants
of solid CO?2 at most wavelengths, our calculations of CO2
snow albedo and emissivity should be regarded as prelimi-
nary suggestions. The detailed infrared spectra of the
Martian south pole from Mariner 7 (T. Z. Martin, submitted
manuscript 1989) show several features which are likely due
to CO2 but which do not appear in our calculations because
of our lack of accurate spectra for pure solid CO2,
especially in the 1.0-2.5 pm region. Calvin [this issue]
shows that these Mariner spectra indicate inaccuracies in the
optical constants recommended by Warren [1986], in
particular that Warren's values are far too low in the 3-4 um
and 5-6 um regions, by a factor of 10 in some places. We
conclude that considerable insight into the climate of Mars
could be gained by laboratory experiments on Earth.
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